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To effectively reduce the health burden of particulate matter (PM) pollution requires indicators more directly
linked to adverse health effects than total PM mass alone. Oxidative potential (OP)—the ability of PM to induce
oxidative stress based on its chemical composition—is gaining recognition as a health-relevant metric. Inte-
grating source-specific OP values from field measurements into Chemical Transport Models (CTMs) enables the
mapping of source-specific OP with broad spatiotemporal coverage. A critical step is ensuring alignment between
CTM-derived and observation-based source contributions.

This study evaluates and optimises the consistency between the LOTOS-EUROS CTM and Positive Matrix
Factorization (PMF) source profiles, using PM10 data from 15 French sites (2013-2016). While total PM10 shows
reasonable correlation with observations (r*> = 0.35-0.66), source-specific comparisons vary across source-types
and locations. Promising results are obtained for residential biomass burning (r? = 0.34-0.75), secondary
inorganic aerosols (r2 = 0.30-0.71), and sea salt (r2 = 0.18-0.71), whereas road traffic shows weaker alignment
(2 = 0.01-0.40). Using the optimized source matching, OP maps are generated over France, showing stronger
contributions from anthropogenic sources to OP than to PM10 mass. The study highlights key challenges in
matching CTM and PMF sources for OP modelling, due to secondary aerosol formation, source mixing within
PMF profiles, and spatiotemporal representation differences.

Refining emission data, incorporating secondary organic aerosol and aging processes in CTMs, and expanding
source-specific OP measurements, particularly for uncharacterized sources like agriculture are identified as
essential next steps. Despite current limitations, this approach offers a promising framework for advancing
health-oriented air quality management.

1. Introduction

Air pollution is one of the major environmental concerns of the 21st
century due to the wide range of health impacts associated with expo-
sure to air pollutants (Cohen et al., 2017). Exposure to outdoor air
pollution is estimated to have led to 4.2 million premature deaths in
2019 worldwide (WHO, 2022). In Europe, latest estimates (EEA, 2022)
indicate that at least 238.000 premature deaths in 2020 were associated
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with exposure to fine particulate matter (PM) concentrations above the
most stringent World Health Organisation (WHO) guideline level.
Until now, air quality legislation has primarily focused on the total
mass concentration of particulate matter (PM). However, PM is a com-
plex mixture, and evidence suggests that not all PM particles pose an
equal health risk with size, composition, and source playing a role
(Cassee et al., 2019; Liang et al., 2022; Moreno-Rios et al., 2022; Park
etal., 2018; Valavanidis et al., 2008). To prioritise policies with the most
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significant health impacts a shift in particulate matter (PM) regulation is
needed from a mass-based to a health-relevant approach.

Whilst the exact mechanisms behind PM-induced adverse health
effects have yet to be fully understood, it is generally believed that one of
the toxic effects of PM is closely linked to its ability to produce reactive
oxygen species (ROS) when brought into contact with human cells.
Increased ROS levels lead to an imbalance between oxidant and anti-
oxidant levels, triggering inflammatory responses and cellular damage
which increase the risk of cardiovascular and pulmonary diseases
(Crobeddu et al., 2017; Dominutti et al., 2024; Kelly and Fussell, 2015;
Q. Liu et al., 2014). This ability to produce ROS is known as the
oxidative potential (OP) of PM (Bates et al., 2019; Daellenbach et al.,
2020; Leni et al., 2020; Uzu et al., 2011; Weichenthal et al., 2016) and
has been described as a promising complementary exposure metric for
health relevant PM. As recommended by the WHO, the new EU directive
for the regulation of Air Quality (Directive, 2024) includes a require-
ment for the monitoring of OP in order to support further scientific
understanding of its effect on health and the environment.

The availability of harmonized measurements of OP at a large
number of locations will enable more conclusive associations between
OP and health effects (Dominutti et al., 2024) and improve under-
standing of which particles and emitting sources are more harmful to
human health. Complementing this, modelling approaches could be
used to provide historical OP exposure information across wide
geographic coverage, including regions without measurements, for Eu-
ropean cohorts providing valuable data for epidemiological studies
(Daellenbach et al., 2020).

In addition to improving our understanding of the health impacts of
OP there is a need for source-specific OP exposure estimates to support
policies aimed at protecting public health. While recent field and labo-
ratory studies conducted in France, Spain, and Switzerland have iden-
tified residential wood burning and road traffic as major sources to OP in
Western Europe (Grange et al., 2022; in ’t Veld et al., 2023; Weber et al.,
2021), such experimental studies are labour and resource intensive.
Modelling offers a cost-effective complement, capturing key processes
like transport, chemistry, and deposition to provide source-specific OP
exposure maps across large regions. An additional advantage is that
models also allow scenario analysis to evaluate the potential future
benefits of policy measures.

To date, only a few studies have explored source-specific modelling
of OP using CTMs. Bates et al. (2018) estimated OP contributions in the
southeastern U.S. by linking measured OP with PMs.5 source contribu-
tions from the CMAQ-DDM model using regression analysis, identifying
biomass burning and vehicle emissions as major contributors. Daellen-
bach et al. (2020) combined source-specific OP values derived from field
observations in Switzerland with CAMx model outputs to assess key OP
sources over Europe. And recently, Vida et al. (2025) produced a first OP
map for France, using an extensive dataset that overlaps with Weber
et al. (2021), providing insights and challenges of determining OP
exposure. These studies demonstrate the value of OP modelling by
showing that key OP sources can differ from those driving PM mass
concentration (Daellenbach et al., 2020; Vida et al., 2025).

In the approaches by Daellenbach et al. (2020) and Vida et al. (2025)
source-specific OP maps were obtained by combining modelled PM
source contributions with OP values determined in field or laboratory
studies for different sources. The reliability of the results depends not
only on the accuracy of the empirical source-specific OP values, but also
on how well the modelled sources align with the sources for which OP
values are available. Furthermore, it critically depends on the CTM’s
ability to accurately represent the source contributions to PM. In this
study, we focus on these last two aspects - source attribution accuracy
and source matching - to assess current capabilities and limitations of
source-specific OP modelling. Our goal is to help define the needs for
advancing OP modelling toward application in air quality management.
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2. Material and methods
2.1. Experimental dataset

We have selected 13 datasets originating from the French SOURCES
program (Favez et al., 2021; Weber et al., 2019, 2021). Weber et al.
(2019) provides the details of the sites, the sampling periods and
analytical and data processing techniques. For each station, at least one
year of detailed PM chemical speciation data, mostly at a temporal
frequency of every third day, was available. The station types represent
urban, alpine valley, industrial, remote and traffic locations (Fig. 1).
Table 1 provides the details of the sites and the sampling periods.
Typically, around 160 samples were available per site for the study
period 2013-2016, with a range between 38 and 240. Note that the
actual number of observations used herewith refers to the paired com-
parison with the model results. This explains the low data use for the site
of Bordeaux-Talence of about three months, while the dataset for this
site covers more than one year of data (covering also 2012). A detailed
set of chemical components is available for each site from off-line
chemical analysis, including EC/OC (Sunset lab analyser with
EUSAAR-2), CI-, NO3, SO%~, NHf, Na*, K*, Mg?*, and Ca?*, MSA (ion
chromatography), many trace elements (e.g., Al, Ca, Fe, K, As, Ba, Cd,
Co, Cu, La, Mn, Mo, Ni, Pb, Rb, Sb, Sr, V, and Zn) measured by ICP-AES
or ICP-MS and anhydro sugars (including levoglucosan, mannosan,
arabitol, sorbitol, and mannitol) analysed using High Performance
Liquid Chromatography followed by pulsed amperometric detection
(HPLC-PAD).

Subsequently, Positive Matrix Factorization (PMF) was applied to
derive source contributions from the PM composition dataset using the
harmonized methodology and settings. The identified factors and main
contributing chemicals are listed in Table 2 (Weber et al., 2019). All
contributions and profile descriptions are available online at http:
//pmsources.u-ga.fr. Hereafter, we refer to the PMF reconstructed
mass as the “observational PM data”, as the difference between the
actual observed PM and the PMF reconstruction is within the un-
certainties of the measurement.

In further filter analyses, Weber et al. (2021) conducted measure-
ments of OP using two complementary assays with different sensitivities
regarding PM compounds (dithiothreitol, DTT, and ascorbic acid, AA).
Subsequently, a weighted least squares multiple linear regression (WLS)
model was used, assigning OP per pg (OPp,) to each of the sources
identified with the PMF analysis. The derived OP values are included in
Table 4. More details on the methodology for the OP determination and
subsequent source apportionment are provided by Weber et al. (2021).

2.2. PM source apportionment using LOTOS-EUROS

In this study, we use source contributions to the PM concentrations
modelled with the LOTOS-EUROS CTM and its labelling technique.
LOTOS-EUROS is an open-source 3D chemistry transport model
(Manders et al., 2017). It is used operationally within the Copernicus
Atmospheric Modelling Service (CAMS) for the provision of air quality
forecasts and PM source attribution. Primary anthropogenic PM and
gaseous pollutant emissions are taken from the CAMS-REG emission
inventory (Kuenen et al., 2018). Sea salt and mineral dust emissions are
calculated online in the model. For inorganic aerosol chemistry, the
thermodynamic equilibrium module Isorropia II (Fountoukis and Nenes,
2007) is used. The model explicitly accounts for cloud chemistry,
computing sulfate formation as a function of cloud liquid water content
and cloud droplet pH (Banzhaf et al., 2012). Secondary organic aerosol
(SOA) is currently not modelled by default. A volatility basis set (VBS)
(Donahue et al., 2006) scheme is available for LOTOS-EUROS, however,
the impact of the uncertain amounts of SOA produced by the module
was too small to enhance the model performance. The module is
currently being revised for inclusion in newer model versions. For more
details on the model and its process descriptions, we refer to Manders
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Fig. 1. Site location and France domain of LOTOS-EUROS model (background represents the mean PM10 daily concentration of the 2014-05-01, for illustration).

Table 1
Site description and sampling periods used in this study.
Name Abbrv. Latitude Longitude Altitude Sampling period # obs Typology
Revin REV 49.92 4.64 395 Jan 02, 2013 — Jun 01, 2014 168 rural
Bordeaux-Talence TAL 44.80 —0.59 20 Jan 01, 2013 — Apr 07, 2013 38 urban background
Nice NIC 43.70 7.29 1 Jun 04, 2014 — Jun 29, 2016 184 urban background
Marseille MRS-5av 43.31 5.39 64 Jan 11, 2015 — Jun 27, 2016 102 urban background
Aix-en-Provence AIX 43.53 5.44 180 Jul 18, 2013 — Jul 13, 2014 56 urban background
Nogent sur Oise NGT 49.28 2.48 28 Jan 02, 2013 — Jun 02, 2014 155 urban background
Rouen ROU 49.43 1.06 6 Jan 02, 2013 — Jun 01, 2014 162 urban background
Lens LEN 50.44 2.83 47 Jan 02, 2013 — Jun 01, 2014 167 urban background
Grenoble GRE 45.16 5.74 214 Jan 02, 2013 — Dec 29, 2014 240 urban background/alpine valley
Chamonix CHAM 45.92 6.87 1038 Nov 02, 2013 — Oct 31, 2014 115 urban background/alpine valley
Port de Bouc PdB 43.40 4.98 1 Jun 01, 2014 — Jun 27, 2016 185 urban background/industrial
Roubaix RBX 50.71 3.18 10 Feb 20, 2013 — May 26, 2014 157 urban traffic
Strasbourg STG-cle 48.57 7.75 139 Apr 02, 2013 — Apr 08, 2014 78 urban traffic

et al. (2017) and references therein.

The labelling system of LOTOS-EUROS is used to track the contri-
bution of pre-defined source sectors or regions to the modelled partic-
ulate matter concentrations throughout a model simulation (Kranenburg
et al., 2013). The labelling routine has been initially implemented for
primary, inert aerosol tracers as well as chemically active tracers con-
taining a C, N (reduced and oxidized) or S atom, as these are conserved
within the chemical cycles and thus traceable. The source apportion-
ment module for LOTOS-EUROS provides source attribution valid for
current atmospheric conditions, as all chemical conversions occur under
the same oxidant levels. For the semi-volatile ammonium nitrate, the
source attribution is postprocessed to make sure the mass of ammonium
nitrate is equally attributed to the source profile for ammonium and that
of nitrate (Hendriks et al., 2013). The attribution of secondary organic
aerosols is currently under development and, therefore, not included in
this work. For further details and validation of this source apportion-
ment module, we refer to (Kranenburg et al., 2013) and Timmermans
et al. (2022).

The source apportionment technique in LOTOS-EUROS has been

previously used to investigate the origin of particulate matter (episodes
or annual averages) (Hendriks et al., 2013; Pommier et al., 2020; Piiltz
et al,, 2023; Timmermans et al., 2017, 2022) and nitrogen dioxide
(Curier et al., 2014; Schaap et al., 2013; Thiirkow et al., 2023; Tokaya
et al., 2024). Furthermore, it is applied in an operational setting within
the CAMS policy support service (policy.atmosphere.copernicus.eu) and
the TOPAS source attribution service (Topas - Air Quality Modeling).
In this study, we have applied LOTOS-EUROS version 2.2 using a
nested approach. First, a European simulation was performed at ~20 x
20 km resolution using boundary conditions from the ECMWEF-IFS sys-
tem. A higher resolution simulation was performed over France at a
resolution of ~6 x 6 km. In this way the contributions of distant sources
and sources outside the European domain can be incorporated in a
consistent way. Both simulations were forced using ECMWF meteoro-
logical forecast data, available on a ~9 x 9 km resolution from the
operational weather forecast service. The model was applied for a 4-year
period covering 2013 to 2016, using a one-month spin up period to
cover the different sampling periods at the measurement stations.
Anthropogenic emissions were used from the European CAMS v4
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Table 2
Identified factors and main contributing chemical species from PMF analyses
performed by Weber et al. (2019).

Identified Specific Markers and Indicators Number of sites with this
Factors factor identified
Biomass Levoglucosan, Mannosan, K, 13
burning OC, EC
Road traffic EC, OC, Ba, Cr, Co, Cu, Fe, Mo, 12
Pb, Sb, Sn, Zn
Nitrate rich NO3, NHJ 13
Sulfate rich S0%~, NH{, Se, OC 11
Primary Polyols 13
biogenic
Marine SOA MSA 13
Dust Ca®", Al, Ba, Co, Cu, Fe, Mn, Pb, 11
Sr, Ti, Zn
Sea-salt Na*, Mg?*, Ca®*, Cl~ 11
Aged sea-salt Na®, Mg?*, NO3, SO%~ 11
Industrial As, Cd, Cr, Cs, Co, Ni, Pb, Rb, Se, 3
V, Zn
Heavy fuel oil V, Ni, SOF~, EC 5
(HFO)
Table 3
Labelled sources in the apportionment module of LOTOS-EUROS.
Label Source sector Fuel type
1 Energy Coal
2 Energy Biomass
3 Energy Other
fuels
4 Residential combustion Coal
5 Residential combustion Biomass
6 Residential combustion Other
fuels
7 Road Transport All fuels
8 Non-road transport (incl. shipping, aviation and mobile All fuels
machinery)
9 Industry All fuels
10 Agriculture (livestock and crop cultivation) -
11 Other sources (oil & gas exploration and distribution, landfills  All fuels
and waste incineration)
12 Natural (forest fires, sea salt, desert dust, biogenic NO) -
13 Intercontinental/Boundary -

emission database (Kuenen et al., 2018), with emissions detailed per fuel
type for combustion sources. The inventory includes a refinement of
reported residential combustion emissions following Denier Van Der
Gon et al. (2015). All emissions are distributed over time using
sector-specific monthly, daily and hourly time factors (Manders et al.,
2017). For the residential combustion emissions, a heating degree days
approach is applied (Mues et al., 2014; Simpson et al., 2012) taking into
account a sliding average of the daily average temperature. When the
temperatures rise above 18 °C, we assume residential combustion
emissions for heating to be zero. When the sliding average temperatures
drop below 18 °C the residential heating emissions will increase with
decreasing temperature based on climatological temperature data.
However, 20 % of all residential combustion emissions are excluded
from this heating day approach, since we assume that these emissions
represent non-heating emissions (e.g. cooking) and are spread evenly
throughout the year. This approach was shown to be highly beneficial
for solid fuel source contributions (Timmermans et al., 2022). In the
source apportionment module, labels were introduced for eleven
different sector-fuel combinations (see Table 3). For sectors in which
several fuels are important, e.g. energy and residential, a split between
the solid fuels (coal, biomass) and other fuels was made. To track all
emission sources, also a label “natural” was assigned to emissions of sea
salt, desert dust, forest fires from GFAS (Kaiser et al., 2012) and biogenic
NO emissions. Finally, intercontinental inflow from the boundary con-
ditions is labelled separately.
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2.3. OP modelling strategy

Daellenbach et al. (2020) showed that one of the methods to achieve
the modelling of oxidative potential is by assigning an intrinsic (mass
normalized) OPy, to each source in a CTM model. By matching CTM
source contributions to the PMF source profiles for which the OPp,
values have been derived, a volume-normalized OP (OP") can be derived
from the CTM results:

OPY, = >~ (0Pus x CT)

St

where OPV (nmol min ! m~3) represents the OP normalized for air

volume for source ‘S’ at time ‘t’, OP,, (nmol min~? pg’l) is the intrinsic
OP derived from the PMF source ‘S’, and C°™ is the simulated mass (jg
m~3) of the CTM matched source ‘S’ at time ‘t’. The challenge is to
properly match the CTM’s sources to the PMF sources for which an OPy,
has been derived.

Due to intrinsically different methodologies, the source profiles
identified using PMF differ from those obtained using the CTM. The
source contributions tracked in LOTOS-EUROS reflect the (grouped)
source sectors provided in the input emission database (see section 2.2).
Source factors identified with PMF categorize sources or species from
ambient air into factors based on a large correlation in temporal
behaviour. Hence, when source categories are highly correlated, they
will not be separated. Moreover, PMF results often contain profiles
specific for secondary PM, e.g. nitrate-rich or sulfate-rich which can
encompass secondary PM from multiple sectors. The reason is that the
dependencies in the chemical production cause a different temporal
behaviour as compared to that of primary PM from the same sources.
Based on our expertise on emission sources and an evaluation of the
specific markers contained within each PMF factor we have determined
which source contributions from LOTOS-EUROS would best correspond
to the identified PMF profile. The resulting mapping of OP with LOTOS-
EUROS based PMF profiles is provided in Table 4.

The mapping for biomass burning, road traffic and industrial may
seem straightforward. However, the question rises whether the identi-
fied PMF profiles for these 3 sectors are representative of both the pri-
mary and secondary PM. The PMF factor biomass burning is largely
based on the variation of levoglucosan, which is considered a robust
tracer for biomass burning (Bhattarai et al., 2019). For road traffic, we
considered two mapping options, considering that a significant part of
the secondary nitrate from traffic could be contained in the nitrate-rich
PMF profile. For the industrial factor, the chemical composition and,
therewith also, the determined OP are highly variable for the three sites
where the factor has been identified due to the differences in local in-
dustries. Because of the strong uncertainties associated with this PMF
factor, we have excluded this source from the comparison in section 3.2.

The nitrate- and sulfate-rich profiles are identified as two stable
factors by PMF that capture the majority of the secondary inorganic
aerosols (SIA), without determining specific emission sources for these
profiles (Weber et al., 2019). The nitrate-rich profile mainly consists of
nitrate and ammonium, whereas the sulfate-rich profile is dominated by
SO%_, NHZ, OC and Se (Weber et al., 2019) and can cover several sec-
ondary oxidation processes (Borlaza et al., 2021). On the other hand, the
labelling method assigns each secondary inorganic aerosol (NH4NO3
and NH4S04) formed in the LOTOS-EUROS model to the originating
sources of its precursors NHz, NOy and SO, (e.g. agriculture, traffic or
industry in this inventory). Due to this dissimilarity, the decision was
made to aggregate all mass from the nitrate-rich and sulfate-rich PMF
profiles into a ‘SIA-rich’ profile and match it against the total concen-
tration of the SIA-components present in the model. For sea salt, the
LOTOS-EUROS output does not distinguish between fresh and aged
contributions and is therefore mapped to the total of fresh and aged sea
salt PMF profile contributions. Consequently, we computed an average
intrinsic OP value for the aggregated salt profiles, as well as for the



F. Pekel et al.

Atmospheric Environment: X 27 (2025) 100339

Table 4
Mapping of LOTOS-EUROS sources to PMF sources and intrinsic OP values from (Weber et al., 2021). * = ‘minor’ PMF profiles found at <7 stations, resulting in less
power behind the OP,,,. ** = the average OP,, value for the combined PMF profile for the aged and fresh sea salt profiles and the nitrate-rich and sulfate-rich profiles.

Abbreviations of PM components: elemental carbon (EC), organic carbon (OC), secondary inorganic aerosols (SIA) and primary particulate matter other than EC/OC
(ppm). Major components and tracers of each PMF profile are described in Table 2 and can be found in more detail in http://pmsources.u-ga.fr

PMF LOTOS-EUROS
Source Specific Markers and Indicators Intrinsic OPy, (nmol min~! source PM components
ug 1) DTT/AA
Biomass burning Levoglucosan, Mannosan, K*, OC, 0.129/0.197 Energy and residential combustion, fuel type biomass  All - EC/OC/ppm/NOs/
EC SO4/NH4
Road Traffic EC, OC, Ba, Cr, Co, Cu, Fe, Mo, Pb, 0.223/0.161 Road Transport, all fuel types Version 1 (v1) — All.
Sb, Sn, Zn Version 2 (v2): NO3
excluded.
Industrial* As, Cd, Cr, Cs, Co, Ni, Pb, Rb, Se, V, 0.186/0. 272 Industry, all fuel types EC/0C/ppm
Zn
Heavy fuel oil V, Ni, SOF, EC 0.365/0.073 Non-road transport (which includes shipping) EC/0OC/ppm
(HFO)*
Nitrate rich NO3, NHj; 0.044/ 0.061%**/ All SIA species in the LOTOS-EUROS model were NO3/S04/NHy
0.010 0.010** assigned the same OP,
Sulfate rich SOZ%~, NHj, Se, OC 0.077/
0.009
Primary biogenic Polyols 0.112/0.028 Not available Not applicable
Marine SOA MSA 0.132/-0.020 Not available Not applicable
Dust Ca®*, Al Ba, Co, Cu, Fe, Mn, Pb, Sr, 0.121/0.037 All dust in the model Dust
Ti, Zn
Sea salt Na®, Mg?*, Ca?*, CI™ 0.087/ 0.062%*/ Sea salt from natural label Sea salt
0.062 0.043%*
Aged Sea Salt Na*, Mg?*, NO3, SOF~ 0.038/
0.024

Assumed Intrinsic OP,

(nmol min! pug™) DTT/AA

0.129/0.197
0.223/0.161
0.129/0.197

LOTOS EUROS source PM components

Energy and residential combustion: non-biomass EC/0OC/ppm
Agriculture EC/OC/ppm
Others (contains: Fugitives, Solvents & Waste) EC/0OC/ppm

aggregated SIA-rich profile (Table 4).

The issues related to this mapping will be further elaborated in our
results section.

There are differences in source-specific OP,, between the two
included assays (DTT and AA) due to their sensitivity to specific con-
stituents of PM10 (Bates et al., 2019; Calas et al., 2019). In particular,
the DTT test shows higher OPy, for traffic, sea salt, dust and SIA-rich
sources than the AA test, while the AA test shows higher OPy, for the
biomass combustion source than the DTT test. Consequently, total OP
concentrations are expected to show spatial variability based on the
assay used to determine the intrinsic OP of PM. This variability will be
further discussed in the results.

It should be noted that for the moment, LOTOS-EUROS does not
consider all the sources identified by the PMF and, vice versa, there are
no intrinsic OP, values available for the primary components of some
source sectors included in the CTM. For LOTOS-EUROS these sectors are
agriculture, non-biomass residential heating and energy production. As
first attempt we address this issue by assigning OPy, values to the pri-
mary components — elemental carbon (EC), organic carbon (OC), and
primary particulate matter (ppm) — of these CTM sources, based on the
available OPp, from PMF profiles which are deemed most similar to these
CTM sources (Table 4). Therefore, we applied the OP,, value from the
PMF profile biomass burning to the CTM’s non-biomass residential and
energy combustion sector. For the SIA and dust mass fractions in these
sectors, the OPy, of the SIA-rich and dust profiles are used. Finally, we
assigned the OPy, of the traffic profile to the primary pollutants of the

. Crmodet — Crmodet) (Cobservation — :
Temporal correlatlon: r2: Z( model model)( observation observatwn)

Z (Cmodel - Cmodel)2 Z (Cobservation - o).’zservation)2

CTM’s agriculture sector, since handling and transport of agricultural
products also make up this source it was deemed possible that the pri-
mary pollutants (EC/OC/ppm) would largely be emitted combustion
processes similar to that of road transport. But these first guess assign-
ments of OPy, values from a different source are expected to contribute
largely to the uncertainty since the sources are quite different and OP is
not necessarily due to the main tracers in a source.

Conversely, a comparison between LOTOS-EUROS sources and the
primary biogenic and Marine SOA PMF profiles was deemed not
possible, since this LOTOS-EUROS version did not contain biogenic
emissions or any SOA formation processes.

2.4. Statistical performance metrics
The LOTOS-EUROS and observational-based species concentrations

and source apportionment were compared for all valid daily samples
through performance indicators:

. 1
Mean bias = NZ (Cmodel - Cobservation)

1 G — Cobservati
Mean relative bias (MRB) = ITIZ ~model — ~observation

Cobservation

1 2
Root mean square error = \/ ITIZ (Cnodet — Cobservation)
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For r?, values > 0.5 are indicators of good performance, and for mean
bias and RMSE, minimal values are required.

Note that for sites influenced by strong local sources, poorer model
performances are expected due to representativity issues. Such sites are
affected by highly variable emissions, which cannot be represented well
by models with a resolution of a few kilometres. Besides increased model
resolution, detailed local information on emission timing would be
required. Similarly, for alpine stations (GRE and CHAM), the spatial
resolution of the model and its input meteorology do not resolve specific
processes (e.g. inversion layers in mountainous terrain), and are ex-
pected to lead to poorer performances. This can be seen in Fig. 3, where
the performances for Chamonix, located in a narrow valley, are much
lower than for Grenoble, in a more open environment.

AIX CHAM

Atmospheric Environment: X 27 (2025) 100339

3. Results and discussion
3.1. Comparison of concentration levels

For most stations, the modelled PM10 mass shows a good agreement
with the observational data (see Fig. 2). The temporal correlation varies
between 0.35 and 0.66 for the non-alpine stations. The slope of the
regression (a) is systematically below 1. A lower slope value is associ-
ated with a positive value for the intercept (b), meaning that for most
stations, high PM10 concentrations are underestimated while low con-
centrations are typically overestimated. The same behaviour is found for
the majority of regression analyses for the other PM components in the
model: organic carbon (OC), elemental carbon (EC), sodium (Na™), ni-
trate (NO3) and sulfate (SO%_) (Fig. 3 & Table S1), indicating that the
model underestimates the PM components in France and thereby the
total PM10 mass. On average, a slight underestimation of observed
PM10 mass is seen for all the non-alpine stations [average bias = —2,96
pg m~3], except for Revin and PdB [bias = 1.02 and 0.99 pg m 3,

GRE-fr MRS-5av.
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Fig. 3. Statistic of the regression of chemical species between PMF and LOTOS (specie;oros = a xspeciepyr + b). 12 refers to the temporal correlation coefficient.

respectively]. The relative bias (Figure S1) ranges between —22.9 % and
+28.7 %, with an average of —8 %. The PM10 mass underestimation
can, to some extent, be explained by underestimations in OC, EC, and
sulfate. For most of the non-alpine stations, the underestimation in OC
[average bias = —1.21 pg m > or -26 %] is restricted to the summer
months (not shown here), which could be due to both the formation of
secondary organic aerosols and emissions of primary biogenic organic
aerosols (PBOA) that are not accounted for in this LOTOS-EUROS
version but do represent a large fraction of mass at this period
(Bonvalot et al., 2019; Glojek et al., 2024; Golly et al., 2019; Samaké
et al., 2019).

The underestimation for EC is observed for all non-alpine stations,
except the two northernmost non-traffic stations (REV and LEN), which
show very low observed EC concentrations (below 0.5 and 1 pg m~3,
respectively). LOTOS-EUROS overestimates these low EC concentrations
for Lens in winter and Revin all year round (not shown here). Large
underestimation and the lowest correlation are found for Roubaix, an
urban traffic station [bias = —0.46 pg m~3; RMB = —22 %; 2 = 0.09],
which can be expected due to representativity issues (see section 2.4).
The underestimation of sulfate concentrations [average bias = —1.6 ug
m’?’] and rather low correlation coefficient is a common feature in
regional chemistry transport models (e.g. Fagerli et al., 2021; Ye et al.,
2023) and is probably caused by accelerated formation of sulfate due to
multiphase oxidation during severe pollution episodes (T. Liu et al.,
2021; Tilgner et al., 2021; Wang et al., 2021; Ye et al., 2023) which is not
yet represented in most models.

For nitrate the correlations between the modelled and observed
concentrations at the non-alpine stations are moderate to good [r? =
0.31-0.75]. Correlation coefficients decrease with distance away from
the coast. The slope is generally lower than 1 except for three stations
(MRS-5av, NIC and Aix) located close to the Mediterranean coastline in
the south-east of the country, which may be influenced by the formation
of coarse nitrate from the heterogeneous reaction with sea salt and/or
crustal dusts. Spatial heterogeneity in these comparison results may also

be linked to sampling artefacts due the evaporation of ammonium ni-
trate at higher temperatures (Chebaicheb et al., 2024; Schaap et al.,
2004).

Sodium concentrations display in general a good agreement between
modelled and observed values. Correlation coefficients however
decrease with distance away from the coast, probably due to un-
certainties in dispersion parametrization.

The biases in the above-mentioned PM components for some stations
and locations do not add up to the bias in total PM10 therefore other PM
components must be missing or underestimated in the model such as the
exclusion of traffic-induced resuspension of dust (and other) particles in
LOTOS-EUROS, which will be elaborated upon in section 3.2.2.

3.2. Source apportionment

3.2.1. Biomass burning

The biomass burning source contributions from the PMF and the
summed biomass combustion contributions from the residential and
energy sectors of LOTOS-EUROS were compared. The seasonal cycles of
biomass combustion, with the largest contributions during cold episodes
in the winter, correspond very well, as illustrated for the station NGT in
Fig. 4 (and all stations in Figure S1 in the supplementary material). This
is reflected in moderate to good temporal correlation coefficients
(ranging from 0.41 to 0.75), when excluding both alpine stations, Tal-
ence (which only has three months of data) and Rouen, (which misses
observations during the modelled peak in winter). A clear difference at
all stations is the absence of a wood combustion contribution during
summer in the PMF analysis, whereas the LOTOS-EUROS model esti-
mates some mass to the residential combustion source. Within LOTOS-
EUROS, 20 % of residential combustion is estimated to be emitted by
non-heating practices (e.g. cooking) and distributed evenly over the
entire year (see section 2.2). From this comparison, we can conclude
that either this fraction for wood combustion emissions is not attributed
to the selected PMF factor or the percentage of emissions applied in
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LOTOS-EUROS for this non-heating contribution to biomass residential
combustion is too large. A second possibility that partly explains the
difference between LOTOS-EUROS and PMF could be the faster decay of
levoglucosan at higher temperatures (in summer) (Lai et al., 2014).
Since levoglucosan is used as tracer for biomass burning, this could
hamper the ability of PMF to capture smaller biomass burning emissions
during summer (Bhattarai et al., 2019).

The temporal correlation, bias and RMSE of this source’s contribu-
tion to PM10, OC and EC are presented in Fig. 5. The absolute biomass
burning contribution to PM10 apportioned by LOTOS-EUROS on
average is higher than the mass contribution apportioned to this source
by PMF. The same holds for the OC biomass burning contributions. The
modelled “biomass” contribution is thus suspected to overestimate the
contribution of this source at the national/regional scale. The positive
bias is likely linked to an overestimation of the emissions. Simpson et al.
(2022) developed new emission estimates (ref2v1.2) using improved
estimation of fuel consumption (in particular wood) and emission fac-
tors, as well as an updated split of fuel use over different appliances and
technologies. These changes lead to considerably lower wood combus-
tion emissions for some European countries (nearly 50 % reduction for

France). These ref2v1.2 emissions are now being included in updated
CAMS emission inventories but were not included in this work.

Another possible reason for the bias could be that a limited part of
the primary and/or secondary OC from biomass burning is distributed
into other PMF factors, such as aged sea salt, PBOA, SIA-rich profiles, in
the PMF analysis (see 3.2.5).

Variability in the biases across different sites may be due to un-
certainties in the spatial distribution of emissions from wood burning for
residential heating. These emissions are spatially attributed according to
population density and the proximity of forests in the model. However,
it is expected that wood heating is not widespread in the majority of
buildings (except for the old buildings) in the centre of cities, but rather
present in suburban housing. As a consequence, the approach followed
in the model could overestimate wood burning emissions for these cities
as a whole. This distribution may be improved by incorporating local
information on building type and height (Manders et al., 2021). Addi-
tionally, the temporal distribution of emissions in the model does not
take into account the surge in tourism during the winter period for the
valley of Chamonix, which could partly explain the underestimation at
this station, in combination with local temperature inversions and
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Table 5

Ratio of OC/EC and OC/Levoglucosan contributions in Biomass burning and
Road Traffic PMF factor. * = average and standard deviation without outliers of
LEN and REV, ** = average and standard deviation are without outlier REV.

Station Biomass burning Road traffic

OC-EC ratio OcC- OC-EC ratio

Levoglucosan

PMF LE PMF PMF LE
AIX 7,22 6,32 5.60 1,21 0,32
CHAM 3,18 6,18  4.89 0,52 0,33
GRE-fr 3,03 6,15  4.39 1,54 0,32
LEN 60,83 6,34  6.22 3,31 0,34
MRS-5av 2,39 6,26  3.20 2,44 0,32
NGT 7,08 6,37 5.13 1,80 0,34
NIC 3,36 6,27 5.72 1,84 0,34
PdB 3,83 6,92 6.44 NA 0,38
RBX 9,73 6,31 7.89 0,10 0,33
REV 14,84 6,35 5.87 15,96 0,37
ROU 4,87 6,34 2.63 2,79 0,34
STG-cle 3,05 6,08 7.11 2,06 0,33
TAL 7,94 6,31  3.69 0,59 0,33
Mean 10,10 (* 6,32  5.29 2,85 0,34

5,06) (**1,65)
Standard 15,03 0,19 1.52 4,24 0,02

dev. (+2,38) (**1,00)

stability situations that may not be resolved by the CTM.

Interestingly, the OC-EC ratio between the PMF biomass burning
factor fluctuates significantly from station to station (see Table 5),
whereas this ratio is stable by parametrization for the LOTOS-EUROS
source [between 6.08 and 6.92]. The EC levels for the stations LEN
and REV for the biomass burning profile are substantially lower in
comparison to the other stations, resulting in unexpectedly high OC-EC
ratios of 14.8 and 60.83, respectively. When excluding these stations,
the OC-EC ratios of the remaining stations vary between 2.39 and 9.73,
which is more in line with observed biomass burning OC-EC ratios in
literature (Klimont et al., 2017; Ledoux et al., 2023; Pio et al., 2011) and
the values applied to the residential combustion emissions driving the
LOTOS-EUROS model (Table S2). The three higher OC/EC ratio are from
three sites from the north of France close to Belgium (Lens, Roubaix,
Revin), the only area in France where coal burning may still have some
influence on the emission. Note that the OC-EC ratios in literature are

Atmospheric Environment: X 27 (2025) 100339

mostly for measurements directly at the emission while at the moni-
toring locations, the observed aged OC could be enriched by secondary
formed organic matter from aging. Moreover, in Weber et al. (2019) no
constraints for expected OC-EC ratios of biomass burning profiles were
set in the PMF-analyses, which could help in avoiding the ratios
observed here.

The OC/Levoglucosan ratios in the PMF biomass burning contribu-
tions fluctuate between 2.6 and 7.9, which is within the range of values
previously reported for wood combustion measurements (Schauer et al.,
2001; Schmidl et al., 2008) and the range of environmental observations
(Herich et al., 2014). This variability is most probably due to un-
certainties in the PMF resolving system. The range may also reflect the
use of different types of wood for heating purposes, although it is ex-
pected that the woodmix seen at the sampling sites is probably not
varying significantly. The inventory used in LOTOS-EUROS implicitly
assumes an average mix of wood applied everywhere, a procedure that
may need to be optimized depending on the availability of good proxy
data for wood types.

3.2.2. Road traffic

The PMF road traffic factor was compared to the road transport
contribution of LOTOS-EUROS. The statistical metrics for the compari-
son of this source’s contribution to PM10, OC, and EC are presented in
Fig. 6. Fig. 6 contains two versions of PM10: PM10 version 1 (PM10 v1)
which includes all model components that are labelled within road
traffic, and PM10 version 2 (PM10 v2) which excludes nitrate from the
labelling. PM10 v2 has been included because, for 7 out of 12 stations,
none to a very limited amount of nitrate is contributing to the PMF
traffic profile (not shown); even when measured nitrate concentrations
can be substantial at these stations (>10 pg m~). At these stations, the
majority of the nitrate is attributed to the nitrate-rich profile. Average
annual LOTOS-EUROS nitrate contributions to the traffic source range
from 0.52 to 1.45 pg m~°>, whereas nitrate contributions in the PMF
traffic profile range from 0 to 0.38 pg m°. This highlights the impor-
tance of separately evaluating the contributions of the different species
per source.

Excluding nitrate from the road transport label improves the tem-
poral correlation between the mass contributions of LOTOS-EUROS and
PMF for the majority of stations. Overall, r> value improved by 0.08,
with the stations TAL and ROU showing the largest improvements (in-
crease r? by 0.24). Moreover, for all stations, the RMSE decreased from
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the site of LEN.

version 1 (RMSE: 0.95-2.33) to the alternative version 2 (RMSE:
0.19-1.42). However, since LOTOS-EUROS version 1 already showed
lower average PM10 mass contributions from road traffic than PMF,
excluding nitrate further increases the negative bias (from —0.83 to
—1.91 on average).

For those stations with larger nitrate contributions in the PMF road
traffic profile, such as Lens, the PMF road traffic contributions show a
similar peak to LOTOS-EUROS in spring (see Fig. 7 & S.2). This peak is
associated with the formation of secondary ammonium nitrate from the
NOy emissions from road traffic, in combination with NH3 emissions
from the agricultural sector, which also peak in spring.

The temporal correlation between PMF and LOTOS-EUROS is low to
moderate, with r? values below 0.4 for PM10, OC and EC. The low
correlation observed at all stations indicates that modelling the highly
variable traffic contributions in a time-consistent manner is challenging
with either of the two approaches used here. This is consistent with a
similar comparison study conducted in Germany (Timmermans et al.,
2022). The fact that PM10 from road traffic can originate from either
exhaust emissions, non-exhaust emissions (brake and tire wear) and the
resuspension of road dust plays a role here. This is reflected in the lowest
temporal PM10 correlation being observed where the PMF profiles show
larger contributions from road dust (not shown here).

This LOTOS-EUROS run did not include the resuspension of traffic-
related particles, which likely explains the overall underestimation
compared to the PMF profile. Especially since resuspension can
contribute significantly to PM10, at traffic-dominated locations. Liter-
ature findings estimate that the contribution of resuspension to PM10
concentrations ranges from 13 % (Amato et al., 2016) up to 43 %
(Kupiainen et al., 2016) at road-sites in Paris and Helsinki, respectively.
Estimates of resuspension contribution variy strongly per study and are
highly dependent on the measurement technique, period and,
site-topology (Casotti Rienda and Alves, 2021; Charron et al., 2019;
Lawrence et al., 2016).

No distinction between exhaust and non-exhaust contributions is
available in the PMF analysis of this study. This distinction would
require the measurement of specific tracers, such as trace metals for the
brake wear and crustal elements, however due to collinearity between
emission sources it will remain challenging to differentiate these sources
with PMF. Another factor affecting the results is the effect of tempera-
ture on the exhaust emissions. Several studies have shown
(Borken-Kleefeld et al., 2018; Weilenmann et al., 2009) that exhaust
emissions increase in colder temperatures. In this study,
spatial-temporal profiles have been applied to the traffic emission in-
ventories in LOTOS-EUROS based on average traffic intensity patterns,
however they do not include this temperature dependence. Ongoing
improvements to include (partly) temperature-dependent temporal
emission profiles (Guevara et al., 2021; Mues et al., 2014) are expected
to enhance the representation of modelled traffic concentrations for the

10

newer version of the model.

The largest biases are found at NGT, MRS-5av, and ROU. The ROU
station, classified as an urban background site, may not be well repre-
sented due to the model’s resolution, as it shows higher PMF road traffic
PM10 contributions than RBX and STG-cle, both classified as traffic
stations, from which one would expect a large bias. Similarly, for NGT,
the PMF captures peaks with relatively high traffic PM10 contributions,
which may better reflect traffic-dominated locations. These PMF traffic
contributions which are not consistent with the station typology may
also reflect biases — obtained for some sites and/or factors — when using a
default standardized receptor modelling approach such as in Weber
et al. (2019), and not a specific tailored PMF for each site.

Overall, the difference can also partly be explained by the lower
estimated OC in the modelled source in comparison to the PMF traffic
profile. In the modelled source label, OC makes up on average 14 % of
the PM mass (approx. 0,12 pg m~%). In contrast, the PMF traffic profile
consists, on average, for 30 % out of OC (approx. 0,85 pg m™~>). The
chemical profiles of the PMF analyses present noticeable variability
between sites. The OC/EC fraction in the PMF traffic varies significantly,
ranging from 0.1 at ROU to nearly 16 at REV, with most values falling
between 1 and 3 (see Table 5). In comparison, the OC/EC ratios of the
fuel emissions used in LOTOS-EUROS varies between 1.8 for gasoline
and LPG fuel types, 0.5 for diesel heavy-duty and 0.3 for light-duty ve-
hicles (Table S3). When adjusting for daily contributions of specific fuel
types to the road traffic source, LOTOS-EUROS shows a relatively stable
OC/EC concentration ratio, ranging from 0.32 (AIX) to 0.38 (PdB) for
the non-alpine stations. In the literature, measured OC/EC ratios at
roadside locations vary between 0.3 and 1.0 (Pio et al., 2011; Amato
et al., 2011; Pant et al., 2017; Jafar and Harrison, 2021). Charron et al.
(2019) estimated median OC/EC emission factors (EFs) for different
diesel passenger cars, ranging from 0.16 (Euro 4 Diesel) to 0.61 (Euro 4
Diesel + filter), resulting in an average traffic EF of 0.44 (SD; 0.32). Jafar
and Harrison (2021) showed that OC/EC ratios increased over the years
for a traffic site from 0.42 (2010-2012) to 0.70 (2015-2017), likely
attributed to the improvements in vehicle filter systems. Overall, the
OC/EC profiles belonging to the vehicle emissions applied in
LOTOS-EUROS seem to be in accordance with OC/EC ratios in literature
but more representative for older vehicles without improved filters. The
traffic OC/EC ratios in the PMF data for most stations lie above the
literature findings for traffic site emissions, which again may be related
to the formation of secondary aerosols and aging processes that increase
the organic carbon mass (Suarez-Bertoa et al., 2015). Borlaza et al.
(2021) indeed state that the high OC/EC ratio (16.0) observed in the
road traffic profile at REV, which is located in a dense forested area
suggests a strong influence from SOA, at this location instead of primary
traffic aerosols. As for the biomass burning source, the REV site is also
characterised with very low contributions of EC to the traffic source,
which explains the high OC/EC ratios for both these sources. Weber
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et al. (2019) mention a low confidence for the PMF road traffic source at
this rural site.

Finally, the difference between the PMF and LOTOS-EUROS traffic
contributions may also be explained by the mixing of non-road traffic
sources (e.g. shipping, aviation and mobile machinery) into the identi-
fied PMF road traffic profile because of some similarity in emitted
species.

3.2.3. Non-road transport

The non-road transport label in LOTOS-EUROS corresponds to
summed contributions from shipping, aviation (landing and take-off
only), rail transport, and other machinery. In practice, (international)
shipping is the largest contributor to this non-road transport label,
especially for harbour areas. In the PMF analyses, the factor named
“Heavy fuel oil” (HFO) was identified for some of the (coastal) stations
based on Vanadium (V) and/or Nickel (Ni) metal concentrations. For
other sites, these contributions were not differentiated from the road
traffic profile, in which the V and Ni contributions ended up, which may
partly explain the differences discussed in the previous section. Inter-
national shipping and oil refineries are suspected to be the main con-
tributors to HFO combustion, which, besides V and Ni, also emit large
quantities of SO and NOy from which secondary inorganic aerosols are
formed (Salameh et al., 2015). As the PMF analyses mostly include the
secondary aerosol contributions in the sulfate- and nitrate-rich factors,
we here present an indicative comparison between the primary PM
(PPM) contribution in the LOTOS-EUROS non-road transport label and
the concentration of vanadium in the PMF HFO factor (see Figure S4). A
moderate relationship between V in the HFO factor and ppm in
LOTOS-EUROS is observed for the sites of MRS-5av (r> = 0.49, see
Fig. 8), NIC % = 0.29) and PdB (r* = 0.38), all three being located in
harbour cities with intense shipping traffic or refinery activities. It has to
be noted that no V was analysed at the RBX, ROU sites and additionally
no Ni and V at the REV site. Moreover, no road traffic factor was iden-
tified at PdB.

3.2.4. Sea salt

The sea salt concentration in LOTOS-EUROS is estimated as 3.26
times the sodium concentration in the model. The PMF factors for sea
salt are often split in two: one factor representing the fresh sea salt (with
mainly Cl- and Na+) and a second one, the aged sea salt (with less-to-no
Cl-, and the presence of other ions (NO3, SO7, Mg2+, K*, Ca®") and OC
in a larger amount). We compare both the total sea salt as well as the
sodium contributions for this natural source. A very good fit is seen
when comparing the Na™ contributions in LOTOS-EUROS with the Na™
contributions in the PMF aged + fresh salt factors (Fig. 9 right plot). The
temporal correlation is highest for the coastal stations TAL, PdB and
MRS-5av, but also for the stations ROU and LEN (Figure S5.1 & S.5.2).
Contrarily, the coastal stations AIX and NIC show lower correlations in
time.
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This fit of LOTOS-EUROS Na™ to the Na' in PMF restricted to the sea
salt factors is better than with the total observed Na+ (see section 3.1).
Part of the observed Na™ ends up in the sulfate-rich factor and marine
SOA factor representing respectively the formation of sodium sulfate
from the heterogenous reaction of sodium with sulfate and the reaction
of sodium with marine biogenic aerosols. Neither of these processes are
included in LOTOS-EUROS.

For most stations, the total PM in the PMF aged and fresh sea salt
factors is higher than the total LOTOS-EUROS sea salt (Fig. 9 left plot).
This is related to the mixture of sea salt with ions and OC from other
sources present in the aged sea salt factor. In LOTOS-EUROS aging of sea
salt is included through the heterogenous reaction of sea salt with HNOs.
However, the source attribution in LOTOS-EUROS currently does not
differentiate between fresh and aged sea salt preventing a matching with
the separate sea salt profiles from the PMF.

The OC and other ions included in the aged sea salt factor are
possibly part of some of the other labels in LOTOS-EUROS, such as
shipping, thereby leading to lower contributions than calculated with
PMF.

3.2.5. Mineral dust

The mineral dust contributions are compared using the PMF factor
“Dust” and the total dust in the LOTOS-EUROS model. In LOTOS-EUROS
mineral dust coming through the lateral boundaries of the model
domain is determined, while the anthropogenic emissions from agri-
cultural activity and road resuspension were excluded.

As illustrated by the remote station of REV, the LOTOS-EUROS model
is sometimes able to accurately represent dust peaks identified in the
PMF dust profile, in terms of both timing and amplitude (Fig. 10, top
plot). A large dust event at the beginning of April 2014, which is also
captured by the model for other locations, reflects the long-range
transport of dust from the African continent. However, in some other
cases, LOTOS-EUROS is showing dust peaks with moderate amplitudes,
which are not visible in the PMF results (Fig. 10, bottom plot for site
PdB, and Figure S6 for other stations). These discrepancies may arise
because the sampling frequency of the filters used in the PMF may
prevent distinguishing all local features or small events that LOTOS-
EUROS, with its hourly resolution, is able to resolve. In addition, some
of the spikes in the PM observations may have been intentionally
excluded from the analysis, being considered as extreme events that the
PMF is not able to resolve. The dust peaks present in LOTOS-EUROS for
PdB are also detected for the other Mediterranean coastal stations, MRS-
5av and Nice, indicating these peaks are actually due to the transport of
dust from more distant sources.

3.2.6. Primary biogenic organic aerosols

The primary biogenic organic aerosol (PBOA) factor identified in the
PMF shows largest contributions in summer and fall (Samakeé et al.,
2019; Weber et al., 2019), making up to 20 % of the total PM10 for the
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non-alpine stations, which have been linked in France to direct biolog-
ical emission (Samaké et al., 2019), sometimes potentially related to
agricultural activities (Golly et al., 2019; Samaké et al., 2019).
Primary biogenic emissions from land management are currently not
implemented in LOTOS-EUROS and could explain part of the underes-
timation of PM10 by the model shown in section 3.1. Several para-
metrisations for emissions of fungal spores are available (Heald and
Spracklen, 2009; Hoose et al., 2010; Hummel et al., 2015; Janssen et al.,
2021; Sesartic and Dallafior, 2011) which have been implemented in
atmospheric models (Hummel et al., 2015; Janssen et al., 2021; Vida
et al., 2024). Vida et al. (2024) implemented fungal spore emissions in
the CHIMERE CTM and compared modelled concentrations to the PMF
PBOA data, which we have used in our study. A good performance was
found over northern and eastern France, but underestimation for Med-
iterranean areas indicated missing sources of spores or missing factors
influencing emissions. Furthermore, while monthly average results are
good, differences in temporal evolution of the PBOA PMF contribution
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for the different sites indicate that it may be complex to incorporate
primary biogenic emissions with the correct high-resolution temporal
distribution.

Some sites (AIX, CHAM, MRS-5av) also show increased PBOA con-
tributions in spring, which align with primary PM emissions from
agriculture in the LOTOS-EUROS model (Figure S8). This suggests that
the PMF PBOA data could potentially be used for evaluating and
improving temporal distributions of agricultural activities in the model,
however this pattern is not consistent between sites.

3.2.7. Nitrate & sulfate rich

When comparing the SIA-rich PM10 mass against the LOTOS-EUROS
SIA concentrations, a relatively good fit for most non-Alpine stations is
observed, with intermediate to good correlations for the total PM mass
(rrzwln = 0.51, range = 0.30-0.71) as well as for the individual species:
nitrate (rfnem-l = 0.52, range = 0.3-0.76), ammonium (r,znean = 0.52,
range = 0.31-0.73), and to a lesser extent sulfate (t2ean = 0.32, range =



F. Pekel et al.

Remote Urban

Lo

Atmospheric Environment: X 27 (2025) 100339

Urban valley  Industrial Traffic

0.8

0.6

0.4

0.2

0.0 -

MRS-5av

NIC

GRE-fr CHAM

MRS-5av NIC AIX GRE-fr CHAM
1 1
1 1
27 | 1
[ 1
| . I | - I_- n__
1
R ! _ . T o -__I _-I ! ! -_1 -
] I 1 1
1 1 1
: |
—2+] I 1
1 1
1 1
T - T T T T T T T - T T T T T
REV MRS-5av NIC AlX TAL LEN NGT ROU GRE-fr CHAM PdB RBX STG-cle

Station
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0.13-0.63), within these source contributions (Fig. 11). The PMF profile
Nitrate-rich is found for all sites, while in AIX and TAL no Sulfate-rich
factor is found, resulting in relatively low sulfate concentrations in the
aggregated SIA-rich profile (merely consisting out of the nitrate-rich
profile for these locations). For the AIX site, the majority of the
measured sulfate (approx. 58 %) was included in a local sulfate-rich/
HFO profile, which likely explains the low 12 of 0.15 for sulfate at this
station.

Where LOTOS-EUROS, in general, underestimates total measured
nitrate and sulfate concentrations (Section 3.1), the current comparison
restricted to the SIA-rich profiles shows nitrate concentrations of a
similar magnitude or a slight overestimation of the model for nitrate or
sulfate (Fig. 11). This can be expected since only a percentage of the SIA
is explained by the SIA-rich profiles and differs substantially between
locations. On average, the SIA-rich profiles explain 81.5 %, 67.8 %, and
54,7 % of the total measured ammonium, nitrate, and sulfate concen-
trations, respectively. The remainder of the SIA concentrations is mostly
explained by other PMF profiles; ‘aged sea salt’ and ‘HFO’ or the ‘Marine
SOA’ which has been identified for some sites (Borlaza et al., 2021;
Weber et al., 2021). This may also explain the lower correlation for
sulfate shown in Fig. 11.

On the other hand, the comparison also shows the effect of other
species on the total mass of the PMF SIA-rich contributions. In the
sulfate-rich profiles, a noticeable contribution of OC (18.4 %, SD; 7.1 %)
is found (see Table S4), which can be attributed to the formation of
secondary organic species (Weber et al., 2019). This could be the result
of similarity in oxidation processes leading to both SOA and SIA, as
suggested by the presence of some secondary biogenic species partly
included in the SIA-rich profiles. Note that this is particularly the case
when no specific tracers of secondary biogenic fraction are not included
in the input data of the PMF (Borlaza et al., 2021).

These results underline one of the main limitations of the PMF
method: its difficulty in many cases to attribute secondary species to the
initial precursor source sectors, while simultaneously capturing the
secondary aerosol formation in clear self-contained secondary profiles.
This limitation arises from the temporal collinearity produced by the
simultaneous oxidation processes of these species during aging. This can
only be partially overcome with additional specific secondary tracers, as
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exemplified in (Glojek et al., 2024). In most cases, the secondary inor-
ganic aerosols are captured in the nitrate- and sulfate-rich factors, but
the origin of its precursors remains unclear. Depending on the site, SIA
can be present in the other ‘primary’ or ‘secondary’ profiles. Conversely,
other primary or secondary components are sometimes included in the
SIA-rich profile, believed to be due to real mixing of species during
aging, but it makes a general approach for matching with the CTM
contributions complicated. Although probably too rigorous, aggregating
the nitrate-rich and sulfate-rich profiles also eliminates some of the is-
sues associated with mixed source profiles.

The comparison of the SIA time series for several sites in the North of
France (e.g. LEN, NGT and RBX) shows that LOTOS-EUROS captures the
increase of SIA mass observed in the spring of 2014, similar to the SIA-
rich PMF profiles, but not fully capturing comparable increases in first
few months of 2013 (Figure S.7). The first quarter of 2013 was char-
acterised by low temperatures and frequent large-scale snowfalls in
Northern France (Meteo-France, 2013). Cold temperatures can lead to
build up of pollutants due to low vertical, and an increase in emissions
(e.g. traffic (see section 3.2.2) and heating emissions). Stern et al. (2008)
showed that CTMs have difficulty modelling the high concentrations for
such inversion-induced winter episodes due to uncertainties for key
boundary layer parameters and emissions. The temperature dependency
of emissions is currently not fully represented in LOTOS-EUROS or any
other CTM. However, the biomass burning contributions in
LOTOS-EUROS, which do take into account the actual temperature,
show increased values in the beginning of 2013.

3.3. OP modelling

Using the mapping between the PMF and LOTOS-EUROS sources (see
Table 4), we are able to simulate source-specific OP from PM on a
regional scale with the CTM. Fig. 12 shows the PM10 and OP maps for
biomass burning, traffic, industry sources and the total (aggregated)
map for France in 2014.

When moving from the PM10 mass to the OP maps, the contributions
from biomass combustion (both OPprr and OPaa) and traffic (OPprr)
become more relevant and dominant over the source areas (road
network and urban areas), which is consistent with Vida et al. (2025),
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reinforcing the significance of biomass combustion and traffic sources in
OP metrics. Moreover, the industrial contribution in urban areas is more
highlighted in the OP maps. However, it is important to note that the
industry profile is often not identified by PMF, and thus the intrinsic OP
(Table 4) is based on fewer stations than the ‘major’ PMF sources (Weber
et al., 2021).

Note also that the traffic contributions have been shown to be
underestimated by the model in Section 3.2.2. While the secondary
inorganic aerosols are one of the main contributors to yearly averaged
PMj; concentrations over the country (contributes to approx. 34.3 % of
PM;( mass), the role of SIA becomes less prominent when moving to OP
(contribution of approx. 4.6 % (AA) and 22.5 % (DTT)). These results
demonstrate that policy measures targeting specific sources of PM may
be more efficient than those addressing total PM mass. They also un-
derscore the necessity of incorporating health-relevant metrics, such as
OP, to better represent the potential health effects of air pollution.

Several considerations should be taken into account regarding the
current application of source-specific OP modelling. The average OPy,
from all stations is applied to the LOTOS-EUROS source contributions,
even though regional differences in OPp, for identical sources can be
substantial (Daellenbach et al., 2020; Ngoc Thuy et al., 2024; Weber
et al., 2021). This regional variability in OP,, may be attributed to
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several factors. It can be expected that chemical composition of PMF
profiles differ between locations due to slight regional differences in
emitting activities and meteorological conditions affecting the aging
process of aerosols and thereby the OP of the PM mixture (Attah et al.,
2025; Chen et al., 2020).

This also highlights that differences in the relative chemical
composition between the PMF and CTM source contributions may lead
to an incorrect OP value applied to the CTM source. For example, as
shown in (Weber et al., 2019, 2021), the PMF nitrate- and sulfate-rich
profiles also contain other species, such as a substantial OC contribu-
tion to the sulfate-profile, which likely affect the intrinsic OP assignment
for these profiles. The assignment of this intrinsic OP value to the SIA
contribution in the LOTOS-EUROS, which does not contain any other
species, probably leads to an overestimation of the modelled SIA OP.
Similar examples can be given for relative EC/OC/secondary composi-
tion differences between PMF and CTM contributions for other sources.

The variation in the source-specific OP values can also be influenced
by the type of regression model. Recently, Ngoc Thuy et al. (2024)
showed that the optimal regression model is dependent on the charac-
teristics of the dataset, which can differ for each sampling location.
Furthermore, source-specific OP values can be affected by interaction
effects with constituents from other sources in the sample.
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Laboratory-controlled studies show that synergistic or antagonistic ef-
fects between compounds can influence OP assays as well as biological
interactions (Pietrogrande et al., 2022; Samake et al., 2017). However,
the number of sources (i.e. independent variables) and samples per
station make it difficult to include interaction effects due to the over-
fitting of the regression models. Note that sample handling and protocol
practices are also known to influence the observed OP output (Calas
etal., 2018; Dominutti et al., 2024) but are of lesser concern in this study
since all samples follow a similar protocol (Weber et al., 2021).

Overall, the dynamic nature of PM composition in the atmosphere,
and consequently the observed OP, brings up the challenge of assigning
a single OPy, value to all CTM sources in such a way that they are
representative of multiple locations and periods. A spatially and
temporally dynamic OPp, estimate for emission sources and their species
is important to come to a reliable ambient OP exposure that is useable in
future health effect studies, although challenging to achieve. For larger-
scale applications over the European domain, this requires long-term
chemical speciation measurements, source attribution (e.g. through
PMF) and source-specific OP analysis covering various geographical
areas and site typologies.

For distinctive sources for which no intrinsic OP values are currently
available, dedicated measurements and OP analyses are recommended
near such sources and distant from any other major sources. For agri-
cultural activities, some dedicated campaigns and localised measure-
ments are ongoing to understand the variabilities of practices regarding
the rural background signal (e.g. culture, livestock, agroforestry) in the
Netherlands (unpublished data).

Moreover, CTM models used for OP modelling should be extended
with sources and species which have been shown to have high intrinsic
OP associated to them. This includes metals from non-exhaust transport
emissions (Bates et al., 2019; Daellenbach et al., 2020) and (primary)
biogenic organic aerosols (Samake et al., 2017; Weber et al., 2019).
Although modelling studies for these PM components are being per-
formed (Daellenbach et al., 2020; Janssen et al., 2021; Vida et al., 2024)
they do not (yet) cover the whole range of relevant sources and are not
as common as for other (regulated) air pollutants. Further development
of accurate emission inventories or parametrisations are required to
make further progress.

4. Conclusion

This study demonstrates the potential of source-specific OP model-
ling using CTMs at the regional scale. By focussing on a critical step in
OP modelling - the accuracy of matching PM source contributions from
CTM and PMF - we not only validate key aspects of the approach but
also identify specific improvements required to enhance its reliability.

The generated OP maps illustrate that populations in close proximity
to anthropogenic sources (particularly urban areas) are more likely to be
exposed to PM mixtures with higher oxidative (re)activity. A key
requirement for reliable OP modelling is the consistency between PM
source contributions modelled by CTMs and those derived from obser-
vational data, both in terms of magnitude and source profile charac-
teristics. Evaluation and optimisation of this alignment proved to be
challenging due to the fundamentally different paradigms of CTMs
(mechanistic, process-based) and PMF (empirical, data driven).

Our results reveal promising agreement for several sources, such as
biomass burning emissions, sea salt and secondary inorganic aerosols
components, validating the potential of the OP modelling approach. At
the same time, the study highlights limitations and areas for further
improvement in both modelling frameworks. Recommended enhance-
ments to CTMs like LOTOS-EUROS include refinement of emissions and
OC/EC emission ratios to reflect fuel shifts and technological de-
velopments, improved spatiotemporal emission distributions accounting
for temperature and local practices, and incorporation of SOA produc-
tion, aging of aerosols and emissions of PBOA and metal components.

A key limitation of PMF is its reduced ability to assign secondary
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aerosols to distinct primary sectors and to resolve minor source contri-
butions in separate profiles, due to mixing in the atmosphere, producing
co-linearity in the evolution of concentrations. The integration of CTM
and PMF results facilitates the identification of primary sources (e.g.
linking the PMF HFO factor to the shipping sector) and helps clarify
previously unresolved sources in PMF. An important improvement
would be to conduct targeted observations and PMF studies to derive
source-specific OP values for currently uncharacterized sources such as
agriculture.

In conclusion, despite the methodological complexity, source-
specific OP modelling with CTMs shows strong potential as a tool for
advancing air quality management. Future work should focus on
refining both CTM and PMF, alongside extending and harmonising
source-specific OP measurements across multiple locations. While
further epidemiological research is needed to confirm the health rele-
vance of these findings, this modelling framework and these de-
velopments will support more targeted and effective policies, ultimately
contributing to improved air quality and public health outcomes.
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