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This study focuses on the characterization and understanding of the particulate matter pollution in two medium-
sized cities located in eastern France with contrasting air quality, Dijon and Montbéliard. Measurements of PM;o
(diameter <10 pm) and PMy 5 (diameter <2.5 pm) concentrations are analyzed at two fixed measurement sta-
tions over the 2015-2022 period. If EU thresholds are being respected for PM;y, this is more difficult for PMy 5,
especially at the daily time step, and during the “particulate season” from October to April.

We then used the 8-km SAFRAN reanalyzed database and the 10-m Digital Terrain Model to analyze the
climate and topography effects on air quality in the two cities. We completed this with the study of the influence
of the atmospheric circulation regimes on daily PM levels variability, based on the qualitative “Gropwetterlagen”.

Our study shows that the weather types may help explaining the PM levels in a city, combined with the
climate-topographic effects at the urban scale. Our study also highlights, through the COVID-19 case study, the
complexity of the PM pollution with respect to other pollutants like NOyx (more directly related to traffic). Finally,
our study puts in stress that even in favorable air quality urban conditions, the daily PMj 5 concentration levels

exceed the recommended threshold for human health by around 8%.

1. Introduction

Over the last 20 years, concentrations of SOz atmospheric pollutants
have decreased of 80% in France as a result of lower emissions in the
industrial sectors combined with the introduction of European regula-
tions. Concentrations of NOy and PM, which appear to be decreasing
more slowly (—40% in the 2000-2020 period), regularly exceed EU
thresholds and represent a major public health issue, specifically PM.
Indeed, fine particles with a diameter below 10 pm (PM;) were clas-
sified as a "definite carcinogen" by the International Agency for Research
on Cancer (IARC) in 2013. In France, 40,000 premature deaths per year
(or 7% of mortality) are estimated to be attributed to PM; 5 exposure of
people aged 30 (Santé Publique France, 2021) causing an increased risk
of lung (Brunekreef et al., 2021; J. Chen and Hoek, 2020; Pope et al.,
2002), bronchial, or tracheal cancers. In addition, two observations

* Corresponding author.

remain to be made: there is no PM concentration threshold below which
there is no health risk (Dominici et al., 2019), and chronic exposure,
even to low PM concentrations, induces significant health effects, more
important than in the case of a one-off exposure to a pollution peak. For
this reason, it is crucial to understand PM spatial and temporal vari-
ability and to characterize the pollution levels according to the EU
thresholds and the 2021 very restrictive WHO recommendations.
Moreover, what are the main explaining factors of this pollution, and at
which spatial scales? Circulation regime is, for instance, a significant
factor to be taken into account at the synoptic scale (Giovannini et al.,
2020), particularly in terms of their potential influence on the concen-
tration levels measured and the accumulation-dispersion phenomenon.
For example, a prolonged anticyclone can lead to air stagnation, fa-
voring the accumulation of pollutants when heavy frosts occur in winter
(Planchon et al., 2009, 2015; Quénol et al., 2008) and heatwaves in
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summer (Lupo et al., 1997; Mokhov et al., 2014), while a westerly or
northerly flow could disperse these particles. What about the
micro-scale determinants, notably the urban climate around the mea-
surement station? The urban environment plays a crucial role in the
spatial distribution of air pollution, particularly at the local scale.
Dupont et al. (2016) highlight the crucial role of boundary layer dy-
namics in modulating fine particulate matter concentrations during
extreme air pollution events in urban environments. Similarly, Arkouli
et al. (2010) found that PM concentrations were highest during land
wind events, highlighting the importance of local meteorological con-
ditions in shaping air quality.

In France, the AASQA (Association Agréée de Surveillance de la
Qualité de I’Air - Approved Air Quality Monitoring Association)
constitute the national air quality structure whose missions are to
measure and monitor air quality in each French region with the tech-
nical and scientific support of the LCSQA (Laboratoire Central de Sur-
veillance de la Qualité de I’Air - Central Air Quality Monitoring
Laboratory), which is tasked by the State to provide the reliability of
outdoor ambient air measurements in accordance with European di-
rectives. More than 720 fixed measurement stations have been installed
throughout France, managed by ATMO, the regional air quality moni-
toring network. This study focuses on the air quality in Bourgogne
Franche - Comté (BFC), a region located in eastern France, with a
relatively dense network of 21 p.m. measurement stations. Moreover,
we estimate that 27% of the BFC population is “chronically” exposed to
PM; 5 (Loones et al., 2021), which means exposed to PMj 5 concentra-
tions above the 10 pg/m® annual WHO recommendation threshold over
3-4 years during the period from 1 January 2016 to 31 December 2019.
In BFC, we choose to zoom on two cities: Dijon Metropolis and Pays de
Montbéliard (PMA), representative of medium-sized European cities
(respectively 159,106 and 25,726 inhabitants) with a clear gradient in
air quality conditions. Over the 2015-2022 period, relatively low annual
levels of PM5 5 (9.02 pg/m3) and PMio (15.95 pg/m3) were observed in
Dijon linked to agricultural influence in spring. In Montbéliard, where
large automotive industries are implanted, mean annual PM; 5 and PM;
concentrations are measured at 10.96 pg/m°> and 17.44 pg/m?>, respec-
tively. These values are below the PMs 5 EU annual threshold of 25
pg/m° applied by the AASQA at both sites. However, at the urban level,
78.9% of the population of the Pays de Montbéliard (PMA) was regularly
exposed on 1 January 2018, compared with only 7.7% of the population
of Dijon Métropolis. Analyzing reference data over an extended period
allows for a more comprehensive assessment of air quality by accounting
for variations in pollutant concentrations between geographically
proximate cities, which may experience distinct influencing factors in
terms of particulate matter exposure. Beyond this, the aim of this work is
to propose a method of analysis that can be applied to comparable cities
in order to refine existing knowledge on urban air quality.

The specific objective of this study is twofold. First, we aim at
characterizing particulate pollution (PM;y and PMy5) and its spatio-
temporal variability at a regional scale in eastern France, focusing on
two medium-sized cities representative of the European context, Dijon
and Montbéliard (§3.1.1), with a good air quality index but experiencing
contrasted particulate matter pollution, with a significant health issue
related to the PM, s fraction (§3.2.2 and §3.3). Second, we aim at
delimiting how and to what extent the particulate pollution is influenced
by large scale factors such as climate and topography conditions that
impact the PM levels at a daily time-step during the “particulate season”
in eastern France. We adopt here the original approach of weather type
(§3.2.1 with the 8-km SAFRAN grids and §3.2.2 with the qualitative
“Gropwetterlagen”) in order to explain more precisely the air quality in
BFC when existing literature mainly analyzes the relationship between
air quality and each climate variable separately. Lastly, we seized the
opportunity of studying the changes in traffic during the COVID-19
lockdowns on PMjy 5 pollution in both cities (§3.3).
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2. Materials & methods

For this work we used PM;¢ and PM> 5 data from ATMO, measured at
an hourly time step, in order to carry out an air quality diagnosis of the
region of interest, focusing on Dijon and Montbéliard cities and their
specific features.

2.1. Studied area

The Bourgogne Franche — Comté (BFC) region, located in eastern
France, has three major mountain massifs, with relatively low altitudes
(average altitude ranging from 500 to 800 m). In the east, the Vosges and
Jura massifs meet in the Belfort Gap, while the Morvan dominates the
west (Fig. 1). The region has a temperate oceanic climate (Cfb in the
Koppen Geiger classification (Koppen, 1936)). This climate is defined by
mild, wet winters (average temperatures in the 3 coldest months range
from 0 °C to 18 °C) and cooler summers (average temperatures between
12 °C and 25 °C, with heat waves attenuated by the dominant winds).

The 21 ATMO PM measurement stations in the BFC region are
distributed as follows: 12 stations measure the PM;, granulometric
fraction (circles in Fig. 1) and only 9, the PMj; 5 concentrations levels
(diamond-shaped in Fig. 1). This is partly explained by the later EU
regulation of the finest particles (in 2009). Furthermore, if we consider
the concentration levels, it can be observed that the average annual
PM; concentrations over the historical air quality period (2015-2022)
are generally in line with or close to the annual WHO threshold of 15 pg/
m>, while PM; 5, for which the annual WHO recommendations is 5 pg/
m>, are exceeded at all stations, including the rural Morvan site
(approximately 7 pg/m®).

In 2022, the BFC region was evenly impacted by a high level of PM;,
with agriculture and the residential sector being the main emission
sectors (29% each), never exceeding the European annual threshold of
40 pg/m?® while the WHO annual threshold (15 pg/m®) was approached
or even exceeded over most of the region. As for PM, s, there are slight
disparities between rural areas (recording the lowest levels) and urban
areas (recording the highest levels), exposed in particular to traffic and
exceeding the WHO threshold (5 pg/m?) as opposed to the European
threshold (20 pg/m3).

Among these stations, the Dijon (annotated “PEJ” for Péjoces) and
Montbéliard (annotated “LEV” for Lévy) stations are located in the
central-eastern part of the region. Montbéliard is a key city with its
environment and topography, developed in the Belfort Gap, close to the
Jura mountains, whereas Dijon is mainly on the plain, bordered by a
plateau to the west (Fig. 1).

The thermic atmosphere characterized by the Local Climate Zones
(Fig. 2) also highlight specific features (§2.3.4) of these two cities. Dijon
is a highly residential area, with building density and height decreasing
from the center to the urban surroundings, replaced by agricultural land
(non-irrigated arable land to the east against a mix of mixed forests,
complex cropping patterns pastures and arable land to the west). There
are also large commercial areas and few town parks. PEJ station is
located in the south-east of Dijon (Fig. 2a) in a generally open envi-
ronment, close to large planted residential areas and to agricultural
plains. The main PM sources in Dijon PEJ are residential in winter and
agricultural during spreading in spring. In Montbéliard, the city is
concentrated at the bottom of a valley and built around a main road,
limited by the topography where the more natural areas can be found.
There is a large proportion of residential housing, but also a large in-
dustrial complex (Stellantis) of 202 ha across Montbéliard (in grey,
Fig. 2b) and the neighboring town, Sochaux. The LEV station is located
in the city center (Fig. 2b) in a predominantly built-up environment
close to the road (>3 m), constituting the majority of the municipal area.
The main PM sources in Montbéliard LEV are residential in winter and
intermediate traffic.
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Fig. 1. Map of PM; and PM; 5 measurement stations in the BFC region. Average concentrations over the 2015-2022 period and topography (elevation in meters) are
presented. Study sites are bordered in black: PEJ for "Péjoces" PM measurement station in Dijon, and LEV for the “Lévy” PM measurement station in Montbéliard.
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Fig. 2. Local Climate Zones (LCZ; adapted from GeoClimate (Bocher et al., 2021), see §2.3.4) in Dijon (a.) and Montbéliard (b.). Repositioning of study stations: PEJ
in Dijon and LEV in Montbéliard.
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2.2. Instrumentation in Dijon and Montbéliard

In Dijon, the Péjoces station (PEJ) is a peri-urban station, while in
Montbéliard, the Lévy station (LEV) is an urban station. A peri-urban
station is located on the outskirt of the conurbation and is considered
to be representative of maximum exposure linked to secondary pollu-
tion. An urban station is located in towns and cities outside the imme-
diate influence of traffic or industry, this equipment is considered to be
representative of the air breathed by the majority of the city’s in-
habitants. Despite these AASQA’s characterization, stations are sup-
posed to be representative of air quality at the city level because ATMO
differentiates the geographical classification of the stations and their air
quality typology. Montbéliard — Lévy and Dijon — Péjoces are both
considered to be background or "unexposed" stations, compared with
traffic or industry other stations.

Both ATMO stations are based on the measurement principle offered
by the Beta Attenuation Monitoring, or BAM, which is currently the most
reliable and accurate for measuring particulate matter concentrations
(Shukla and Aggarwal, 2022). The BAM is a particle analyzer (in this
case, PMjp and PM,s) sampling aerosols on a filter belt before
measuring mass using beta rays (frequency = 1 h). The particles arrive at
the sampling head and stick to a filter belt that passes in front of a beta
ray analyzer. The commonly accepted uncertainty for BAM measure-
ments is + 5 pg/m> (Met One Instruments, 2024).

2.3. Data and methods

2.3.1. Ground-based PM measurements: station data and pre-processing

The in situ data used are PMo and PM5 5 concentrations levels at an
hourly time step from 1 January 2015 to 31 December 2022, aggregated
to a daily time step according to the European and WHO time step for
particulate pollution thresholds application.

PM concentrations below 0 (between —5 and 0 pg/m®) were
retained, the device’s uncertainty being + 5 pg/m>. In order to create a
homogeneous database and avoid values considered to be "extreme", PM
concentrations were pre-processed over the entire series in accordance
with the method used by the AASQA, on an hourly time step, as follows:

PM[i + 1] > PM[i]*3 = NA )

Where i represents the i-th concentration at an hour h and NA means the
removal of the (i-th concentration +1 h).

2.3.2. Modelized meteorological data: SAFRAN grid, clustering method

SAFRAN is a mesoscale analysis system for near-surface atmospheric
variables (Le Moigne et al., 2020; Soubeyroux et al., 2008). It uses
surface observations combined with analysis data from meteorological
models. The parameters (temperature, humidity, wind, solid and liquid
precipitation, incident solar and infrared radiation) are analyzed at a
300-m altitude steps. They are then interpolated on a regular calculation
grid (8 x 8 km). SAFRAN grids are available for the 1960-2022 period at
a daily time step for the whole French territory.

We use the SAFRAN grids for the 2015-2022 period, in order to align
with the air quality data sets (see §2.3.1).

We analyzed 4 meteorological variables (temperature, relative hu-
midity, wind, liquid precipitation) with a daily time step, for all years
and then, averaged over the 8 years. The study of the mean seasonal
cycle of PM is another key input, so that the “particulate season” has
been defined (day of year 1-100 and 275-365) and chosen as the target
period for fine particle pollution study.

The k-means method (non-hierarchical), was used to identify mete-
orological clusters across the BFC region. The algorithm objective is to
classify points into k homogeneous and compact groups. To determine
the cluster number, the Elbow method is applied, based on the notion of
"inertia". This is the sum of the Euclidean distances between each point
and its associated centroid.
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2.3.3. Gropwetterlagen: circulation regimes catalogue

The analysis of PM spatio-temporal variability must take into ac-
count the variety of disturbance trajectories available using the Hess-
Brezowsky classification of circulation patterns (Hess and Brezowsky,
1952). The Hess-Brezowsky method is based on the pressure field at sea
level and at an altitude of around 5000 m (geopotential at 500 hPa) over
the North Atlantic Ocean and Europe. The classification distinguishes 29
types of circulation, known as “GroBwetterlagen” (GWL). The daily
catalogue of GWLs is archived and available on the Deutscher Wetter-
dienst website (http://www.dwd.de/GWL) and used in various studies
assessing frequency trends, changes in the duration of events and tran-
sition probabilities between GWL types (Bardossy and Caspary, 1990;
Klaus, 1993). Weather types, taking into account air flows and pressure
systems (high pressure or low pressure), also play a crucial role in the
dispersion or accumulation of particulate pollution in the atmosphere.
Analysis of Gropwetterlagen is therefore useful not only for
medium-term climate forecasts, but also for understanding particulate
pollution episodes and their seasonal variability.

The study of weather types (Cantat and Savouret, 2014) enables us to
highlight the inter-annual specificities in terms of atmospheric circula-
tion, in particular through the comparative study of two years consid-
ered to be meteorologically similar, 2018 and 2020 (Météo France,
2021), due in large part to these two years being the hottest since 1900.
For the COVID-19 study, each day of the two years was classified as
either high-pressure or low-pressure.

2.3.4. Urban thermal atmosphere: Local Climate Zones

Local Climate Zones (LCZ) are a standardized classification of urban
and rural environments (Stewart and Oke, 2012) based on the physical
characteristics of the landscape, such as vegetation cover, building
density and urban morphology. LCZ can be used to spatialize urban
environments for a better fine-scale (intra-urban) approach and to
quantify the impact of urbanization on local climate. This is a classifi-
cation based on analysis of surface features into 10 classes (4 naturals
and 6 urbans or anthropogenic). Here, the LCZ are more precise by
implementing an algorithm in the GeoClimate software in order to
identify the LCZ based on vector data such as: building footprint,
transport networks, water and vegetation, etc. (Bernard et al., 2024).
LCZ are presented for Dijon and Montbéliard in Fig. 2.

3. Results and discussion

First, it is important to establish a diagnosis of the air quality at the
two study sites (3.1) before approaching atmospheric conditions as a
factor influencing fine particles concentrations (3.2). This work will be
completed by the preliminary results of a study carried out on COVID-19
lockdowns in 2020 (3.3).

3.1. Diagnostic of the particulate pollution in Dijon and Montbéliard from
2015 to 2022

PM, which is a multi-sources pollutant, involves a multi-temporal
analysis to better diagnose the air pollution on an annual basis (3.1.1),
over the particle season (3.1.2) and, on a finer scale, over the day
(3.1.3).

3.1.1. Mean annual levels of PM;¢ and PM 5 concentrations (2015-2022)

For the 2015-2022 period, the mean annual level of PM concentra-
tions (Table 1) in both cities (PM;¢: PEJ = 15.95 pg/m°>, LEV = 17.44
pg/m>; PMy s5: PEJ = 9.02 pg/m?, LEV = 10.93 pg/m?>) are below the EU
annual thresholds (40 pg/m3 for PMo and 10 pg/m3 for PM55). The
annual PM; quality target of WHO is respected in both cities based on
2005 WHO recommended value (i.e. 20 pg/m3 for PM;). This is also the
case for the PM; 5 pollutant (10 pg/m?’), but to a lesser extent, and
especially in Montbéliard. However, considering the 2021 WHO rec-
ommendations, neither the PMj;y, nor the PMys mean annual
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Table 1
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Annual averaged concentrations from 2015 to 2022 for PM;o and PM, 5 fractions in Dijon (grey
area) and Montbéliard (white area). Highlighting 2021WHO threshold daily exceedances (in %) for
year and PM season period. Bold numbers highlight the year when each site comply to the 2005

WHO thresholds.

Years  2015- 2015 2016 2017 2018 2019 2020 2021 2022
2022
PM10 PEJ 1595 / / 13.66 17.45 1637 1594 1576 16.46
LEV 17.44 2071 18.53 19.60 19.62 16.66 14.82 13.94 1547
PM2.5 PEJ 9.02 1348 11.87 10.09 8.15 6.83 6.89 755 7.40
PEJ / 28.33 2440 1497 1193 881 6.14 921 858
out/year
(%)
PEJ / 2444 20.86 13.85 1133 798 6.14 9.14 831
out/PM
season
(%)
LEV 1096 13.62 1342 10.73 11.17 10.65 9.67 9.49 8.88
LEV / 31.37 30.36 20 2277 19.55 1699 19.55 18.83
out/year
(%)
LEV / 29.58 27.82 1945 225 1735 1699 1790 18.28
out/PM
season
(%)

concentrations meet the quality target (15 pg/m? for PM;o and 5 pg/m®
for PM2_5).

Since 2015, annual PM;, concentration levels are stable for Dijon
and highlight a decrease in Montbéliard (from 20.71 pg/m? in 2015 to
15.47 pg/m? in 2022). It should be noted that the measuring equipment
was replaced in 2018 at both sites, leading to an insignificant reduction
in concentration levels. For PM, s, there has been a decrease over the last
8 years, even if the phenomenon, common to both sites, seems to be
“slower” in Montbéliard (Table 1). If both sites comply with the 2005
WHO annual threshold, Dijon respects this quality limit since 2018
(8.15 pg/mB), whereas Montbéliard had to wait until 2020 (9.67 pg/mB).
As a result, the 2021 stricter WHO quality objective (5 pg/m®) has not
been respected either in Dijon, nor in Montbéliard, this being more
pronounced for PM, 5 pollutant. Annual averages of PMy 5 are +5 pg/
m®, to the WHO threshold which means that people are chronically
exposed to the finest regulated particulate matter pollution, whatever
the city considered (Health Effects Institute & Institute for Health

Metrics, 2020).
We will now diagnose if there is a period of the year which favors this
chronicle exposition.

3.1.2. A marked PM seasonal cycle

As expected, the PM mean seasonal cycle in Dijon and Montbéliard
show a similar marked seasonal pattern, with a maximum in January
and a minimum in July (Fig. 3). At the daily time step, the PM con-
centrations, for each size fraction, are always higher in Montbéliard than
in Dijon, whatever the day considered, with the hierarchy between
particle size fractions always respected at both sites (PMjp > PMy5).
This observation is in line with existing literature (Cesari et al., 2018; Z.
Chen et al., 2018; J. Zhang et al., 2024) emphasizing the role of resi-
dential heating-related emissions during the colder months in eastern
France (see §3.2.1 for the climate analysis).

In Montbéliard, this effect may be slightly higher than in Dijon as
there is more traffic and the heating network is less centralized thus

Concentration (in ug/m?)
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Fig. 3. Daily PM;( (in colored solid line) and PM, 5 (in colored dotted line) concentrations in Dijon (in green) and Montbéliard (in blue) over the 2015-2022 period.
The 2021 WHO daily recommendations value (PMq in solid black line, PM, 5 in dotted black line).
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likely to be less efficient. For PM;, concentrations measured in January
in Montbéliard are close to 38 pg/m°® and around 25 pg/m? in Dijon, so
that both sites comply with the 2021 WHO daily threshold of 45 pg/m°.
For PM3 5, Montbéliard has, on average, 22% of days exceeding a con-
centration of 15 pg/m° over the 8 years considered while Dijon has 15%.
As a result, the “particulate season” is determined by the quantification
of exceedances of the WHO 2021 daily PM; 5 threshold for each year
from 2015 to 2022 and corresponds to the periods during which 90% of
exceeding values are observed. The pronounced “particulate season”
observed in Dijon and Montbéliard spans from 1 January to 10 April and
from 3 October to 31 December, i.e. from day 1 to day 100 then from day
275 to day 365.

Surprisingly, the key difference between the two cities emerges
outside the "particulate season," where the concentrations in Dijon drop
sharply, while those in Montbéliard remain relatively stable. This
pattern underscores the strong link between air quality, local climate
conditions, and topography (§3.2.1 for detailed analysis). While Dijon
benefits from a milder climate and better atmospheric dispersion due to
its more favorable topography (less prone to stagnation of pollutants),
Montbéliard’s elevated concentrations are sustained even during off-
season periods. This reflects the combined influence of more localized
pollution sources and geographical features, such as valley locations,
which trap pollutants and exacerbate their persistence in the air. The
findings corroborate the established relationship between topography
and pollutant behavior, as noted in broader studies on air quality and
urban geography (B. Cheng et al., 2024; Samek et al., 2020; L. Zhang
et al., 2020).

As a summary, the PM pronounced seasonal cycle in eastern France is
due to the residential heating-related emissions during the colder
months in eastern France, thus directly to regional climate conditions
(see §3.2.1 for the demonstration). In particular, this is quite interesting
to note the PM, 5 levels in summer in Montbéliard, which means that
people are chronically exposed to levels close to WHO threshold in a
particular topographical configuration, all year round. For this reason,
and considering that the PM; daily concentrations is close to the 2021
WHO strict recommendations, the rest of this work will focus on the
finest fraction and during the particulate season, as this is period during
which the PM; 5 concentrations mainly exceed the threshold of 15 pg/

m®,

3.1.3. The PM3 s during the particulate season

From a public health perspective, chronic exposure to PMy5 is a
major concern, particularly regarding exceedances of the World Health
Organization (WHO) recommended thresholds. This paragraph aims to
analyze daily PM3 5 concentrations during periods when these thresh-
olds are exceeded. Density distribution of the daily PM, 5 concentrations
above the WHO recommendation (15 pg/m>) over the particulate

Dijon

0.200

0.150

0.100

Density
Density

0.050

0.000

20 40 60
Concentrations (ug/m?)

0.100

0.075

0.000

Atmospheric Pollution Research 16 (2025) 102423

seasons from 2015 to 2022 are plotted for Dijon and Montbéliard
(Fig. 4).

This approach, both spatially and temporally fine-scaled, allows us to
highlight specific variations in concentrations and investigate pollution
sources in greater detail during particulate season. The results of our
analysis show that, in general, Montbéliard consistently presents higher
levels of “exceeding” PMys concentration compared to Dijon, as
confirmed by the concentration densities illustrated in Fig. 4. In 2021
and 2022, Montbéliard shows a maximum concentration density
approximately half that of Dijon (0.100 vs. 0.200), although this
maximum is similar in other years. In Dijon, the density function re-
mains relatively stable over time, with a peak at 18 pug/m?. For higher
value classes, the density is approximately 0.025 at 30 pg/m?®, 0.010 at
40 pg/m?, and almost zero above 50 pg/m?®. In contrast, in Montbéliard,
the density function shifts slightly towards 20 pg/m?, and the modes are
flatter at low values. For the other PM, s concentration classes, the
density is 0.030 at 30 pg/m?, 0.015 at 40 ug/m?, and 0.005 above 50 pg/
m?>. While the range of high values remains comparable, it remains
higher in Montbéliard. 2021 (light blue lines in Figs. 4) and 2022 (dark
blue lines in Fig. 4) show a peak in PMj 5 concentrations that slides
towards higher values in the post-COVID-19 period, raising questions
about the impact of sources present on site. Indeed, at the maximum of
the distribution the concentrations are +5 pg/m® above the WHO
recommendation, whereas in Dijon the levels have been +3 pg/m® for
several years. This pattern underscores the importance of local factors,
such as residential heating and traffic, as well as the impact of topog-
raphy on the accumulation phenomenon of particulate matter.

To further refine these observations and better understand the PM; 5
concentration variations, it is essential to consider the diurnal cycle,
which adds another layer of insight into local behaviors such as traffic.

The analysis of diurnal cycles (Fig. 5) reveals specific features for
each station, particularly in Montbéliard, where concentrations peak
consistently between 6 and 9 a.m. and again after 7 p.m., mainly related
to morning and evening commuting. This pattern is more nuanced in
Dijon, where diurnal peaks are less pronounced (max 15 pg/m° in the
mornings and min 9 pg/m® at night) and limited to a few days. This is
related to the nature of the measurement station which is more influ-
enced by residential effects than traffic (see §2.1). During commuting
periods, Montbéliard records a higher daily gradient in PMy 5 concen-
trations than Dijon (max 13 pg/m? in the mornings and min 12 pg/m? at
night), highlighting the strong link between traffic and pollution on the
site. These finer-scale results help explain the density functions observed
in Montbéliard, which are heavily influenced by road traffic, and also
raise questions about the influence of atmospheric conditions at the
microscale, such as accumulation phenomena (Badach et al., 2023; Chan
et al., 2000). This will be addressed further in section 3.2.2.

As a summary, the detailed analysis of air quality in Dijon and

Montbéliard
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Fig. 4. Density of average daily concentrations above the WHO recommendation of 15 pg/m> measured over the 2015-2022 period during the particulate season

(day of year 1-100 and 275-365) in Dijon and Montbéliard.
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Fig. 5. Mean diurnal cycle of PM, 5 in Dijon (a) and Montbéliard (b) depending on the day of the week (Monday to Sunday). The period considered is the

2015-2022 period.

Montbéliard, and specifically the analysis of PM3 5 diurnal cycles, clearly
shows that the differences in PMy 5 concentrations in both cities are
largely linked to local factors such as traffic, combined with large-scale
topography. These elements are crucial for refining our understanding of
pollution sources and improving air quality management at a microscale
level. The next part of the work aims at analyzing the climate conditions
that impact the PM levels at a daily time-step during the “particulate
season” in eastern France. We adopt here the original approach of
weather type (§3.2.1 with SAFRAN and §3.2.2 with the GWL) in order to
explain more precisely the air quality in BFC when existing literature
mainly analyzes the relationship between air quality and each climate
variable, separately. Lastly, we seized the opportunity of studying the
changes in traffic during the COVID-19 lockdowns on PM; 5 pollution in

both cities (§3.2.3).

3.2. Influence of the atmospheric conditions on air quality

3.2.1. Climate in the particulate season: cluster analysis

Atmospheric modulators of air quality are here studied by clustering
the BFC region (Fig. 6). This method enables us to demonstrate the
impact of climate on the PM seasonal cycle in Dijon and Montbéliard
(Fig. 3) and more specific characterics during the particulate season.
Meteorological factors like average temperature, relative humidity,
wind, and liquid precipitations (Z. Chen et al., 2018; Kukkonen et al.,
2005) have made it possible to determine 3 major "weather types" cor-
responding to a specific area referred to as “clusters”.
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Fig. 6. Regional clustering based on meteorological variables (average temperature, relative humidity, wind and liquid precipitations) (A) and sub-clustering of
areas of interest from SAFRAN: Montbéliard (B) and Dijon (C). The letters a, b and ¢ correspond to sub-clusters of Montbéliard cluster. The letters d, e, f and g

correspond to sub-clusters of Dijon cluster.
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Cluster 1 — CL1 (in blue, Fig. 6A), called “relief marges”, includes the
city of Montbéliard. It records an average wind speed of 2.75 m/s, the
highest average temperature (6.57 °C) and a medium rainfall rate (2.4
mm/day).

Cluster 2 — CL2 (in red, Fig. 6A), called “relief areas” (Jura and
Morvan) is defined by the highest rainfall rates (3.58 mm/day) and the
lowest average temperature (4.34 °C) and relative humidity (82.8%).

Cluster 3 — CL3 (in purple, Fig. 6A), called “plateau - low altitudes”
includes Dijon and records the highest relative humidity rates (84.6%)
and the best ventilation (wind speed: 3.09 m/s).

While the temporal variability of the meteorological parameters
studied follows the same patterns during the "particle season" (Fig. 7), as
expected, here is a notable difference between low-altitude (CL3) and
high-altitude clusters (CL1 and CL2). Indeed, the more elevated areas
(CL1 and CL2) are also more exposed to the phenomenon of precipita-
tion with the highest values in the case of mountains (up to 10 mm).
Ventilation appears to be lower in areas such as the Jura massif or the
Morvan, influenced by the topography and the potential barrier effect
favouring the accumulation phenomenon.

Fig. 7 highlights relatively small difference between Cluster 1
(including Montbéliard) and Cluster 3 (including Dijon). To better un-
derstand the specific characteristics of the two cities, and to highlight
the influence of topography and local environmental factors on air
quality, we found it useful to create sub-clusters for Clusters 1 and 3. As
shown in Fig. 6B, Montbéliard’s distinct characteristics are observable,
particularly in terms of lower temperatures (6.35 °C compared to
approximately 6.60 °C in other sub-clusters of CL1) and a relatively low
average wind speed (2.83 m/s, the maximum of the CL3 sub-clusters).
Dijon sub-clusters don’t show much variability whatever the meteoro-
logical variable targeted, but present the advantages of reflecting, at this
fine spatial scale, the open/close characteristics of the areas.

When considering the average PM,s concentrations, calculated
using the IDW (Inverse Distance Weighting) interpolation method
(Shepard, 1968), we observe that the Montbéliard sub-cluster exhibits
an average concentration of 14.43 ug/m?®, which is close to the daily
WHO recommended value of 15 pg/m?. This is in stark contrast to the
relatively consistent PMs 5 levels across the Dijon sub-clusters, where
the highest concentration recorded is only 11.96 pg/m?>.

This difference confirms the climate-topographic effect on air quality
during the particulate season in eastern France: Montbéliard’s valley

Atmospheric Pollution Research 16 (2025) 102423

setting fosters pollution accumulation while Dijon benefits from better
natural ventilation due to its more open environment. Here, the creation
of sub-clusters, which reflect the spatial opening and closing of areas at
the kilometer scale, allows for a more granular analysis of pollution
spatial distribution. This is particularly useful given the grid used for
climate variables in our study, SAFRAN, which operates at an 8 km
spatial resolution. This finer resolution of climate grids enables a more
detailed understanding of spatial variability in PM at finer scale,
compared to coarser scale products such as the CAMS (Copernicus At-
mosphere Monitoring Service) dataset, which typically operates at much
larger spatial scales (e.g., 50 km or more).

As a summary, the consideration of “opening” and “closing” of areas
at the spatial scale of 8 km introduces a groundbreaking approach for air
quality assessment. While CAMS provides valuable insights into larger-
scale atmospheric conditions and pollutant distributions (Inness et al.,
2019), its coarser resolution makes it less effective for capturing local-
ized variations that can be critical in understanding particulate matter
concentrations in specific urban settings. The finer spatial granularity of
the SAFRAN grid, in contrast, offers an important intermediate scale that
better aligns with the needs of urban air quality studies, enabling more
accurate and localized assessments.

To follow, as the meteorological differences between the sub-clusters
of Dijon and Montbéliard are not that marked, we complemented this
analysis looking at the regional atmospheric circulation patterns in
order to understand their influence on air masses and therefore on the
pollutants present and their concentration. In the following, we adopt
the GWL approach, which allows us to integrate a synoptic analysis
beyond the principal meteorological variables (such as temperature,
wind etc.). The use of GWL provides a more comprehensive view of
atmospheric conditions by taking into account the structure of large-
scale weather systems. The analysis focuses on two specific years:
2018 and 2020.

3.2.2. Daily PM3 5 levels influenced by atmospheric circulation

A comparative study was carried out between 2018 and 2020 (Fig. 8a
& b.), which are considered to be similar in terms of meteorology, based
on Gropwetterlagen (GWL). The objective was to classify types of
weathers according to the presence of high- (in red, Fig. 8) or low-
pressure (in blue, Fig. 8) systems and associate the concentration
levels measured in Dijon and Montbéliard, particularly during the
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Fig. 8. Atmospheric conditions based on GWL: high-pressure (in red), low-pressure (in blue) for the years 2018 (a.) and 2020 (b.). PM, 5 concentration levels
measured in Montbéliard (in dotted line) and Dijon (in solid line) in 2018 (c.) and 2020 (d.) during the « particulate season». COVID-19 lockdowns are represented in

light grey areas.

“particulate season”. Both years present numerous alternations between
high and low-pressure systems, especially during the second part of the
particulate season (the end of October, November and December). The
year 2018 starts with low pressure, accompanied by rather low PM; 5
concentration levels (around 5 pg/m?), followed by a February—March
period that was mainly unsettled but with high PMy 5 concentrations,
with Montbéliard reaching its annual maximum of >60 pg/m?® at the
beginning of March. On the other hand, at the end of the year, there is a
quick alternation of low-pressure and high-pressure weather, with PM5 5
concentrations being higher during high-pressure systems, and con-
centration levels decreasing more or less rapidly once the low-pressure
weather settles, depending on the duration of the preceding episode
(e.g., Fig. 8). The year 2020 begins with high pressure, with episodes
lasting several days, affecting concentration levels a few days later. This
raises questions about the performance of the dispersion-accumulation
phenomenon. The end of the year provides a good example, with
Montbéliard seeing an increase in PMy 5 levels around the 345th day
(approx. +15 ug/ms), raising questions about past high-pressure periods
combined with a slower decrease in concentrations at this site compared
to Dijon (approx. +3 pg/ms).

Atmospheric blocking, which refers to a stable atmospheric process
due to the formation of a warm, inactive anticyclone in the middle
troposphere at mid and high latitudes, plays a key role in these phe-
nomena (Xu et al., 2019). As known from the literature, high-pressure
systems generally lead to stagnation and accumulation of pollutants,
as the lack of atmospheric circulation traps the air near the ground,
preventing the dispersion of particulate matter (Barmpadimos et al.,
2011; Lyamani et al., 2012). However, what is interesting in this study is
the observation of an inertia in the accumulation of pollution, particu-
larly in areas with specific topographic features, such as Montbéliard.
While the theory suggests that the air should clear once the
high-pressure system breaks, we observe that in Montbéliard, the
pollution persists for longer periods, likely due to the local topography
acting as a "dispersion barrier" (J. Baldasano et al., 2003). This is
obvious in Fig. 8, where the PMy 5 concentrations show a delayed
response to atmospheric changes, highlighting the important role that
the local landscape plays in shaping the dynamics of air pollution
accumulation.

To complete this study, the case of COVID-19 and the analysis of its
lockdowns is a good opportunity to explore the impact of changes in

pollution emission sources. Indeed, the pollution analysis during the
COVID-19 lockdowns makes it possible to remove traffic from the other
pollution sources (here mainly from heating-residential activities) to a
greater or lesser extent and thus to discriminate its effects. We can
therefore suggest that the effect should be more marked in Montbéliard
(see diurnal cycle in Fig. 5b) than in Dijon (Fig. 5a).

3.3. The case study of the PM 5 pollution during the COVID-19
lockdowns in 2020

A comparative analysis of the first and second COVID-19 lockdowns
in 2020 revealed several interesting findings regarding the joyplots of
PM; 5 concentrations in Dijon and Montbéliard (Fig. 9). During the first
lockdown, which took place in spring, the concentration levels in
Montbéliard were similar to those in 2018, while in Dijon, a noticeable
decrease in PMy 5 levels occurred from 9 pg/m? in 2018 to 6 pg/m?® in
2020. This difference in response between the two cities could be
attributed to the local environmental and meteorological conditions. In
Montbéliard, despite the significant reduction in traffic, the expected
improvement in air quality was not as pronounced because of the
climate-topography effect described before (§3.1.2). In contrast, the
PM, 5 levels in Dijon showed a clearer decrease, likely linked to the open
aspect of the area. It is noteworthy that for PM;( the reduction was not as
pronounced in Dijon, notably due to the proximity of agricultural ac-
tivities and the resuspension of particles, especially as the first lockdown
took place during the agricultural season. This highlights the complex
interplay between meteorological conditions, local emissions (e.g., road
traffic and agricultural practices), and topography.

In contrast, the second lockdown (2020) exhibited a clearer and
more contrasting effect. While Montbéliard, rather traffic, saw a slight
decrease in PM, 5 concentrations (from 17 pg/m® to 15 pg/m?), Dijon
experienced a surprising increase, from 7 pg/m® to 11 pg/m? in link
with the residential heating. In addition, the weather conditions are
favorable to accumulation, which means that the effect of PM pollution
in Dijon is amplified. Both cities exhibited a wider range of values and
higher median concentrations compared to the first lockdown. This
suggests that, in addition to changes in traffic (less marked than the first
lockdown), other factors were at play, potentially the heating-
residential effect more pronounced in Dijon than in Montbéliard
because of the site located in a residential urban area associated with the
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Fig. 9. Joyplot of daily PM, 5 concentrations in Dijon (in green) and Montbéliard (in blue). Comparison of lockdowns periods in 2018 and 2020 (as a reminder:
lockdown 1 from 17 March to 3 May 2020 and lockdown 2 from 30 October to 15 December 2020). The dashed red line indicates the main mode.

increase in tele-work. Moreover, the prolonged presence of high-
pressure systems and thermal inversions during Lockdown 2 likely
hindered the dispersion of pollutants, leading to their accumulation near
the ground, notably in Dijon where the sources of pollution were more
important than usual (in Fig. 8). Notably, these atmospheric conditions
likely had a more significant impact on PMj 5 concentrations than the
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reduction in traffic alone, reflecting the nuanced and context-dependent
nature of air quality during the COVID-19 lockdowns.

The results from both lockdowns underscore the complexity of
interpreting air quality data in times of reduced human activity. The
diurnal cycles in both cities in 2018 and 2020 (Fig. 10) complete the
previous analyzes. For instance, in Montbéliard, despite the decline in
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Fig. 10. Mean diurnal cycle of PM, 5 concentrations during lockdowns 1 (column 1) and 2 (column 2) in 2020 in Dijon (line 1) and Montbéliard (line 2).
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road traffic, the high concentration levels persisted and even showed a
nocturnal cumulative effect during both lockdowns. This "recharging" of
particulate matter on Monday nights, followed by a slight decrease over
the weekend, suggests that residential heating and localized sources
were still contributing significantly to pollution levels.

While some studies have observed a sharp decrease in NOy levels
during the COVID-19 lockdowns (J. M. Baldasano, 2020), the response
of PM> 5 concentrations is more ambiguous and depends heavily on local
source emissions notably from residential heating, or meteorological
conditions, and climate-topographic influences.

Looking ahead, the comparison of these two distinct phases of the
COVID-19 pandemic provides valuable insights into the dynamics of
particulate pollution. In the future, a comparison with post-pandemic
conditions in 2024, when normal traffic and emissions have resumed,
will be crucial to assess whether Montbéliard’s specific characteristics
such as its topography and traffic-related emission continue to drive
elevated pollution levels, or if the return to normal conditions leads to
significant changes in PMy 5 concentrations. This will help in further
discrediting or confirming the role of various pollution sources and will
contribute to our understanding of the long-term impact of lockdown-
induced behaviour changes on air quality.

4. Conclusion

This study on air quality in eastern France examines PM pollution,
focusing on regions with generally good air quality, but with concerns
about the 2021 WHO PMj 5 guidelines. A clear seasonal pattern of PM3 5
pollution is observed in both Dijon and Montbéliard, driven by an
apparent climate-topography effect. The "particulate season,” from
October to April, shows average concentrations of 11.55 pg/m? in Dijon
and 15 pg/m3 in Montbéliard. Moreover, daily PM; 5 concentrations are
highly influenced by alternating high- and low-pressure systems.

The method developed in this study, which establishes a link be-
tween weather patterns and air quality through the analysis of
geographically close but contrasting sites, paves the way for the gener-
alization of this approach to other cities, particularly in Europe. What is
innovative here is the adoption of an integrated approach that allows the
joint analysis of air quality in relation to several factors such as tem-
perature, topography, and wind something that is generally not done in
traditional studies. Indeed, conventional approaches often focus on one
factor at a time (e.g., air quality vs. temperature, air quality vs. topog-
raphy, air quality vs. wind) but do not consider these factors into a
combined analysis. This comparative approach, based on both quanti-
tative (SAFRAN) and qualitative (GWL) weather types, enables a more
nuanced understanding of local dynamics and opens up perspectives for
a more comprehensive analysis of air quality.

The study also explores the effect of COVID-19 lockdowns on PMj 5
levels. The effects are very contrasted in the two cities studied. In
Montbéliard (under intermediate traffic influence) air quality remains
relatively unchanged whatever the lockdowns because of the domi-
nating climate-topography effects. In Dijon (under residential influ-
ence), air quality improves slightly during the first lockdown (due to a
clear traffic decrease), but worsens during the second lockdown as
heating-residential increases related to tele-work. These findings show
that reducing traffic alone does not ensure compliance with WHO PM3 5
limits, as PM pollutant is multi-sources and complex.

Furthermore, even during the COVID-19 periods, fine particulate
concentrations showed an alarming proximity to annual chronic disease
thresholds, highlighting the persistence of daily exposure to potentially
harmful pollution levels. This reinforces the public health challenge and
demonstrates that, even under exceptional conditions, air quality man-
agement remains crucial. In particular by looking at each pollutant
individually. These results support the idea that this method could be
transferable to other regions, emphasizing the long-term importance of
air pollution monitoring for public health.
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