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FOREWORD

These thesis works began in October 2018 and were therefore scheduled to be completed by the end of 2021. They were to be supported in the second part of the thesis by a field campaign in the Dunkirk metropolitan area, intended to monitor a significant number of fine particle pollution episodes, allowing the most exhaustive description possible of the factors driving these episodes and their influence on the chemical composition of particles. The development of the COVID 19 epidemic having led to a quasi-complete confinement of the population, in France, in spring and autumn 2020, this field campaign was postponed several times and could thus only start in spring 2021 and end in November 2021, so with one year of delay. Soulemane NGAGINE obtained a six-month extension of his funding (until March 2022), which allowed him to complete this work and in particular the samples analysis, the exploitation of the results of the field campaign and the writing of his thesis manuscript. These time constraints did not allow him to consider the publication of these results on the field campaign, as it had been initially planned. This publication should be completed in the next few months.
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3) de déterminer, pour un dépôt donné, la distribution spatiale des grands types de particules analysées et de mettre en évidence un dépôt homogène de ces différents types de particules sur les traces En résumé, lors de ce travail de thèse de Doctorat, un impacteur en cascade séquentiel, capable de fournir des échantillons de particules atmosphériques grossières (1-10 µm) et fines (0.1-1 µm) à haute résolution temporelle (TRAPS) a été développé et caractérisé en laboratoire et sur le terrain. Son

Introduction

Aerosols are ubiquitous in the atmosphere and encompass groups of airborne solid or liquid particles of a small enough size to remain suspended during a time period from few minutes to tens of hours [START_REF] Raes | Formation and cycling of aerosols in the global troposphere[END_REF]. They can be emitted directly from natural sources such as desert dust, volcanic ashes and sea salts or emitted from anthropogenic activities (road traffic, industries, domestic heating, etc.), for example very tiny soot or metal-bearing particles [START_REF] Boucher | Atmospheric Aerosols[END_REF]. They can also result from transformations and reactions of gaseous pollutants in the atmosphere (VOC, sulphurand nitrogen-compounds, ozone, hydroxyl radicals, etc.). Aerosols produced in this way are called secondary aerosols. They can be removed from the atmosphere, either through chemical processing, dry deposition or wet deposition in the form of rain [START_REF] Raes | Formation and cycling of aerosols in the global troposphere[END_REF]. During the transport of a plume across an urban site (Figure 0-1 and 0-2), particle populations can undergo complex evolutions, including local emissions from the different sources, gas to particle formation, coagulation, and condensation, that can influence their composition, therefore, resulting in the formation of complex mixtures during the aging processes [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF]. This can lead to various physicochemical and morphological changes at the particle level, resulting in considerable implications for health and climate [START_REF] Ching | Metrics to quantify the importance of mixing state for CCN activity[END_REF][START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF]. The concept of the mixing state of aerosols was first introduced by Winkler (1973) as a way to account for differences in chemical composition across an aerosol. This definition was upgraded to characterize the distribution of chemical elements across individual particles within the particle populations of an aerosol [START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF].

In Figure 0-2 the evolution of the mixing state from an internal mixing where all particles have the same composition as in the population, to an external mixing where each particle is unique is presented. We can see that with increasing residence time in the atmosphere, particles tend to become more internally mixed as generally low-volatility compounds, such as sulfates, nitrates and organic matter, can condense onto them, and as the particle coagulate with each other [START_REF] Via | Increase in secondary organic aerosol in an urban environment[END_REF]. This has significant implications for health as well as for climate [START_REF] Ching | Aerosol mixing state revealed by transmission electron microscopy pertaining to cloud formation and human airway deposition[END_REF]. illustrates how aerosol mixing state changes qualitatively between a more or less internally mixed state and how different aerosol processes contribute to that change. Adding new types of aerosol particles makes the population more externally mixed (steps 2 and 4), while aerosol aging processes (step 3) or the addition of one dominate particle type (step 5) moves the population toward a more internally mixed state. DMS = dimethyl sulfide [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF].

For example, modifications of the hygroscopic properties of newly emitted soot particles, induced by the changes in their mixing state have been evidenced to influence the deposition of these particles in the respiratory tract [START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF]. From the climatic perspective, aging of soot particles results in the alteration of their radiative properties and in their ability to activate to form clouds by acquiring coating [START_REF] Ching | Metrics to quantify the importance of mixing state for CCN activity[END_REF][START_REF] Wang | The importance of aerosol mixing state and size-resolved composition on CCN concentration and the variation of the importance with atmospheric aging of aerosols[END_REF]. The main implication is the difficulty to quantify the impact of these particles on climate as most models assume an internal mixing state for all particles [START_REF] Bondy | The diverse chemical mixing state of aerosol particles in the southeastern United States[END_REF][START_REF] Stevens | A Review of the Representation of Aerosol Mixing State in Atmospheric Models[END_REF].

A significant fraction of European citizens (77% in 2017), living nearby industrial and urban areas, are frequently exposed to high levels of Particulate Matter above the threshold of 45 μg.m -3 , as recommended by WHO for PM10, i.e. particles with an aerodynamic diameter below 10 m (WHO, 2021). It is also the case for the Great Dunkirk Area (GDA), a highly industrialized site located on the seacoast of Northern France, where the number of daily PM10 exceedances is still important over the years [START_REF] Atmo Hdf | Impact of Sea Breeze Dynamics on Atmospheric Pollutants and Their Toxicity in Industrial and Urban Coastal Environments[END_REF]. As many industrial areas in the world, the GDA is influenced by pollutants originating from different local sources, including industrial, traffic, urban residential, agricultural and marine, as well as from regional or long-range transport (LRT) [START_REF] Favez | Overview of the French Operational Network for In Situ Observation of PM Chemical Composition and Sources in Urban Environments[END_REF][START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF].

In this context, the main objective of this thesis is to study the evolution of individual particle composition and mixing state during pollution events in a multi-influenced atmospheric environment, such as the GDA.

The GDA has been widely studied in term of PM concentrations, chemical composition and sources using both continuous monitoring through online techniques or through offline methods that require sampling and further laboratory characterization of the pollutants [START_REF] Arndt | Characterization and source apportionment of single particles from metalworking activities[END_REF][START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France -Part 1: Seasonal variations and chemical characterization[END_REF][START_REF] Ledoux | Contributions of local and regional anthropogenic sources of metals in PM2.5 at an urban site in northern France[END_REF][START_REF] Mbengue | Metal-bearing fine particle sources in a coastal industrialized environment[END_REF][START_REF] Setyan | Investigation on the near-field evolution of industrial plumes from metalworking activities[END_REF]. Crenn et al. showed that combining both online and offline methods to provide chemical composition of aerosols at high temporal resolution could help to identify the sources and improve the understanding of air pollution events, especially in sites influenced by various anthropogenic emissions.

Highly time-resolved chemical speciation of particulate matter using online techniques is already available and widely used in northern France [START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France -Part 1: Seasonal variations and chemical characterization[END_REF][START_REF] Roig Rodelas | Characterization and variability of inorganic aerosols and their gaseous precursors at a suburban site in northern France over one year (2015-2016)[END_REF]Zhang et al., 2021).

Using the Monitor for AeRosols and Gases in ambient Air (MARGA) during a 1-year campaign of hourly observations of PM2.5 at the suburban site of Douai (DO), it was possible to identify their sources and composition [START_REF] Roig Rodelas | Chemical characterization, sources and origins of secondary inorganic aerosols measured at a suburban site in Northern France[END_REF]. The results of this study showed that secondary inorganic aerosols, mainly nitrates (28%), sulfates (13%) and ammonium (10%) accounted for nearly half the mass of PM2.5 [START_REF] Roig Rodelas | Chemical characterization, sources and origins of secondary inorganic aerosols measured at a suburban site in Northern France[END_REF]. Along the same lines, by conducting a short campaign of one month at both the Douai suburban site and a second site (Grand Synthe, GS) located in the industrialized city of Dunkirk, [START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France -Part 1: Seasonal variations and chemical characterization[END_REF] reported a variation between 20.5 μg/m -3 and 32.6 μg/m -3 in DO and between 10.6 μg/m -3 and 29.9 μg/m -3 in GS during summer and winter, respectively, showing the seasonal variability to be mainly attributed to increased biomass burning emissions associated with residential heating in winter.

Using a High Resolution Time-of-Flight Aerosol Mass Spectrometer, non-refractory submicron aerosols (NR-PM1) were characterized both at the same suburban site of Douai, but also at the industrials sites of Grande Synthe and nearby industrial installations in the eastern part of the Dunkirk

Harbor [START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France -Part 1: Seasonal variations and chemical characterization[END_REF][START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF]. It was shown that total NR-PM1 concentrations were lower by a factor of 4 (for DO) and 10 (for GS) in summer than those observed in winter. Organics and nitrates dominated the NR-PM1 in DO for both seasons and during winter in GS, while sulfates and nitrates were the most dominant species in summer in GS. Due to the proximity of industrial installations, the amount of freshly emitted aerosols was more important in GS than in DO in winter [START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France -Part 1: Seasonal variations and chemical characterization[END_REF].

In the GDA, the chemical speciation of NR-PM1 was studied during a campaign that lasted more than one-year [START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF]. Results showed a variation of the chemical composition according to the local aerosol emission sectors. In addition, one of the main findings of this work resides in that it allows associating a Positive Matrix Factorization (PMF) factor with ship emissions, revealing that ships are responsible for more than 50% of the OA emissions during short periods of time at the Dunkirk harbor. More specifically, the conversion of gaseous sulfur dioxide (SO2) to particulate sulfates (-SO4) is favored in the presence of high relative humidity (>70%), associated with low vertical turbulence, typically a vertical wind speed fluctuation of less than 0.5 m s -1 , and a wind speed not exceeding 2 m s -1 [START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF].

Beside online methods, the use of electron microscopy together with energy dispersive spectrometry has been shown to be a technique of choice for the characterization of airborne particles. By providing direct information on the physical and chemical characteristics of individual particles collected at different altitudes using Transmission Electron Microscopy (TEM), (W. Wang et al., 2021) were able to perform vertical comparisons of morphologies and mixing state of particles collected in winter in Beijing and their results indicate that coal combustion activities significantly contributed to the large fractions of airborne particles above the boundary layer and in surface when mixing of polluted air occurred. SEM-EDX has been used in the GDA and allowed, for example, to identify specific particle types associated with different emissions sources from an iron-manganese alloy plant. The identified particles could thus serve as tracers of industrial activities in source apportionment studies [START_REF] Arndt | Scanning electron microscopy-energy dispersive Xray spectrometry (SEM-EDX) and aerosol time-of-flight mass spectrometry (ATOFMS) single particle analysis of metallurgy plant emissions[END_REF].

However, the current available offline techniques, such as cascade impaction, although they are less expensive and can easily cover large study areas, are limited in term of providing highly time resolved samples. This is due to the time required to change the aerosol collection substrate between two samplings and before laboratory analysis. Consequently, this limits their ability to investigate rapid changes in particle composition and mixing state, especially in the vicinity of industrial areas, where the repeated passage of emission plumes can lead to rapid changes in air quality in nearby urban areas is limited [START_REF] Guilbaud | Etude du vieillissement des aérosols inorganiques industriels en milieu urbain[END_REF]Marris et al., 2012a;[START_REF] Riffault | Fine and Ultrafine Particles in the Vicinity of Industrial Activities: A Review[END_REF][START_REF] Setyan | Investigation on the near-field evolution of industrial plumes from metalworking activities[END_REF][START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF].

In order to overcome these challenges, the first part of this thesis consisted in developing and characterizing a homemade Time-Resolved Atmospheric Particle Sampler (TRAPS), used to provide individual particle samples suitable for a wide range of single particle analysis techniques such as SEM, TEM and Raman at high time resolution.

The TRAPS was developed and deployed in the second part of this thesis, to study the MIXing sTate of Atmospheric Particles during pollutions Events, during the MIXTAPE campaign that lasted nine months. The sampling site was located in an urban area nearby the Dunkirk harbor, and time-resolved particle sampling was followed by individual particle analysis using TSEM-EDX.
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This manuscript is divided into 5 main chapters. The first chapter presents an overview on the current knowledge about tropospheric aerosols, including their composition, sources and effects, with a specific focus on aerosol mixing state (including the calculation of the mixing state index). In the second chapter (Materials and Methods), the MIXTAPE campaign, the GDA and the analytical-and sampling methodology are presented. In the third chapter, the development of TRAPS, the determination of its size segregation characteristics and particle deposition pattern through laboratory and field experiments are described. A classification of PM10 pollution days that occurred from 2018 to 2020 in the GDA, as well as a presentation of typical PM10 pollution events are presented in Chapter 4. The fifth and last chapter is dedicated to the presentation of the evolution of individual particle compositions, chemical diversity and mixing state during the five pollution events investigated during the MIXTAPE campaign, before a general conclusion on this work is provided.

CHAPTER 1.

ATMOSPHERIC AEROSOLS 1. Atmospheric Aerosols

In this first chapter, a state of the art of the knowledge of the physico-chemistry of atmospheric aerosols, their climatic, environmental and sanitary impacts as well as the study of the mixing state is presented.

Physical characteristics of atmospheric aerosols

In atmospheric sciences, aerosols or particulate matter (PM) are defined as a suspension of airborne solid or liquid particles residing in the atmosphere for at least several hours, excluding hydrometeors such as cloud and rain droplets or ice crystals [START_REF] Mészáros | Fundamentals of atmospheric aerosol chemistry[END_REF]. The size of PM ranges from a few nanometres up to several micrometres (Figure 1-1) and can influence their behaviour into the atmosphere.

Size of aerosols

In order to determine their size, the shape of particles is generally assumed to be spherical. The equivalent aerodynamic diameter is the diameter of a sphere of density 1 g.cm -3 with the same settling velocity as the particle of interest (Renoux and Boulaud, 1998). Particles can be classified according to their aerodynamic diameter(da). The terms PM10, PM2.5 and PM1 (PM for "Particulate Matter") are commonly used and respectively stand for particles having an aerodynamic diameter of less than or equal to 10 μm, 2.5 μm and 1 μm. Among these particulate mass fractions, those with smaller aerodynamic diameters have a high probability of reaching deeper regions of our respiratory track [START_REF] Adamson | Pulmonary Toxicity of an Atmospheric Particulate Sample Is Due to the Soluble Fraction[END_REF] Another classification also distinguishes between coarse, fine and ultrafine aerosols, for which the size ranges are greater than 1 µm, between 1 µm and 0.1 µm, and smaller than 0.1µm, respectively. The distinction between coarse and fine aerosols is fundamental in aerosol studies. As they origin from different sources (see section 1.2.), their formation, transformation and removal processes are also different. Differences in their chemical composition as well as their health effects are also observed (section 1.3.) [START_REF] Baldauf | Ambient Air Quality Monitoring Network Design for Assessing Human Health Impacts from Exposures to Airborne Contaminants[END_REF].

Aerosols life cycle

Throughout their life cycle, particles encounter different phenomena that influence their size, their shape, their composition and physical and optical properties. The differentiation of particles in modes, i.e. different size ranges, often helps having a clear apprehension on these phenomena. Ultrafine and fine particles are generally formed due to condensation of gases and coagulation of smaller particles, although they can also be emitted directly by natural and anthropogenic sources. A more detailed classification into three to four size modes (Figure 1-1) is usually made in order to study different processes and properties that do not affect all fine particles in the same manner [START_REF] Raes | Formation and cycling of aerosols in the global troposphere[END_REF][START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF].

The nucleation or nuclei mode, formed by gas-to-particle conversion or nucleation, is stated as the production and growth of particles in the presence of condensable vapours [START_REF] Hidy | Aerosols, an industrial and environmental science[END_REF]. They are mostly formed via chemical or photochemical reactions from gaseous compounds such as SO2, NOx (NO2 + NO), NH3 and VOC. The particle diameters range up to 10 nm with the lower limit not strictly defined. Their lost is induced by coagulation with bigger particles or condensational growth to give place to particles of the Aitken mode, which gathers particles with sizes comprised between 10 nm and 100 nm (0.1 µm) in diameter. Those are coming from the "condensation nuclei" of inorganic or organic compounds, whose "clusters" have grown as indicated just before, either by condensation of additional molecules or by coagulation with other clusters. The nucleation and Aitken modes account for the majority of particles by number, due to their small size however, are hardly representative of the total particle mass.

The accumulation mode refers to particle with size ranges from 0.1 to 1.0 μm. Particles in this mode are primary particles (directly emitted in the atmosphere) or they originate from the coagulation of particles from the nuclei and Aitken modes and from condensation of hot vapors onto pre-existing particles, making them grow into this size range. The accumulation of particles here is also favoured by the reduced efficiency of particle removal mechanisms (dry and wet deposition) in this regime (Figure 1-1).

The coarse mode comprises particles with diameter greater than 1-2 µm, mainly formed by mechanical processes and having various sources which can be human-made or natural. They are characterized by their large settling velocities, making their residence time in the atmosphere relatively short. The natural sources of coarse particles include sea spray, soil and rock debris, biomass burning, 55 volcanic ashes and terrestrial biological organic particles. In the other hand, anthropogenic coarse particles can originate from different sources grouped as: Industrial processes, fuel combustion, nonindustrial fugitive source (roadway dust, construction, etc.) and emissions from transport.

A synthesized and combined microphysical and dynamical picture of the global evolution of tropospheric aerosols is presented in Figure 1-1. This figure sums up the production and the removal processes that lead to changes in airborne aerosol concentrations. [START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF].

The residence time of aerosols in the troposphere is essentially limited by two processes: dry and wet deposition. Wet deposition is a removal process of particles occurring during precipitation by incorporation of aerosols with right hygroscopic properties inside a cloud droplet in formation and by washing of the air column during rainfalls. Dry deposition or sedimentation is a removal process by the diffusion of small particles to the Earth's surface and gravitational settling of larger particles.

Sources of atmospheric aerosols

Particles can be directly released into the atmosphere as primary particles from natural sources (sea spray, volcanic eruptions, forest fires, wind-blown dust etc.) or anthropogenic sources (traffic and industrial emissions, fuel combustion including coal and oil, biomass burning, etc.). They can also be formed in the atmosphere (secondary particles), by gas to particle conversion, condensation growth (acquisition of coating)or In-cloud processing [START_REF] Calvo | Research on aerosol sources and chemical composition: Past, current and emerging issues[END_REF][START_REF] Kulmala | On the formation and growth of atmospheric nanoparticles[END_REF][START_REF] Pöschl | Atmospheric Aerosols: Composition, Transformation, Climate and Health Effects[END_REF]. The followings, in [START_REF] Fan | A review of secondary organic aerosols formation focusing on organosulfates and organic nitrates[END_REF]IPCC, 2013;[START_REF] Klimont | Global anthropogenic emissions of particulate matter including black carbon[END_REF][START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF] 1.2.1. Anthropogenic sources 1.2.1.1. Traffic Traffic emissions and particularly road traffic constitute the main source of primary and secondary anthropogenic aerosols in urban areas; that is why their characterisation have been a major area of concern in the scientific community for many years. Traffic emissions can be divided into traffic exhaust emissions and non-exhaust emissions. Depending on the mechanisms involved in their formation, their size and chemical composition vary a lot. The proportion of particulate emissions from non-exhaust sources has increased rapidly in recent years due to the application of more and more severe regulations on exhaust emissions. While traffic exhaust emissions are released from the pipes of vehicles, the main sources of non-exhaust emissions are shown in (Table 1-2) mostly come from brake wear, road surface abrasion, tyre wear and the ejection of particles by resuspension processes [START_REF] Grigoratos | Brake wear particle emissions: a review[END_REF].

In addition to elements presented in Table 1-2, non-exhaust emissions also release particles (PM10, 2.5, 1) containing trace elements such as strontium, copper, molybdenum, barium, cadmium, chromium, manganese and iron together with various organic and inorganic constituents coming from the tyres and rubber debris [START_REF] Calvo | Research on aerosol sources and chemical composition: Past, current and emerging issues[END_REF][START_REF] Charron | Identification and quantification of particulate tracers of exhaust and non-exhaust vehicle emissions[END_REF]. Reducing these emissions could help decreasing public health related effects across Europe [START_REF] Daellenbach | Sources of particulate-matter air pollution and its oxidative potential in Europe[END_REF]. On the other hand, traffic exhaust emissions comprise primary pollutants such as nitrogen oxides (main source in urban areas) and SO2 (ship emissions), a wide range of metals in small concentrations, such as copper, zinc and cadmium, but also platinum, palladium and rhodium from the vehicle catalytic converters and other trace elements such as potassium, bromine or chlorine coming from the motor. In addition, ultrafine particle emissions from exhausts (mostly carbonaceous) are huge considering the emitted particle number, together with secondary pollutants resulting from chemical reactions of nitrogen and sulphur oxides, acting as the chemical precursors of nitrate and sulphate compounds. It is important to highlight the fact that exhaust and non-exhaust traffic-related sources are estimated to contribute roughly in the same proportion to traffic-related PM10 emissions., A study reports a contribution of 50-85% varying according to the season and the location [START_REF] Ketzel | Estimation and validation of PM2.5/PM10 exhaust and non-exhaust emission factors for practical street pollution modelling[END_REF].

, with brake wear identified as one of the most important non-exhaust traffic-related source [START_REF] Charron | Identification and quantification of particulate tracers of exhaust and non-exhaust vehicle emissions[END_REF]. This contribution is even more important in Northern European countries due to the use of winter tires and the use of sand and salts on road as antiskid treatment. These emissions are frequently associated with spring dust pollution episodes [START_REF] Amato | Urban air quality: The challenge of traffic non-exhaust emissions[END_REF][START_REF] Kukkonen | Analysis and evaluation of selected local-scale PM10 air pollution episodes in four European cities: Helsinki, London, Milan and Oslo[END_REF].

Industrial activities

There is a wide range of industrial activities that release a huge amount of pollutants in the atmosphere including PM10, PM2.5, nitrogen oxides, sulphur oxides and VOCs. These pollutants are very diverse and their nature depends on the type of industrial process, the technology and the raw material used.

Several activities producing ceramics, bricks and cement, foundries and steelworks facilities, mining and quarrying have been identified as the main activities on the basis of their particles emission rates [START_REF] Querol | Source origin of trace elements in PM from regional background, urban and industrial sites of Spain[END_REF][START_REF] Riffault | Fine and Ultrafine Particles in the Vicinity of Industrial Activities: A Review[END_REF]. Depending of the process stage (production, manipulation or transport of the raw material), these activities release large amounts of clusters of primary aerosols which can evolve under different atmospheric conditions, either immediately after emission or during their near-field transport to the close vicinity of industrial zones [START_REF] Arndt | Characterization and source apportionment of single particles from metalworking activities[END_REF][START_REF] Marris | Fast changes in chemical composition and size distribution of fine particles during the near-field transport of industrial plumes[END_REF].

More details about composition and size of particles emitted from industrial activities is given in section 1.5 on the scheme of previous studies in the highly industrialized site of the Great Dunkirk Area (GDA).

Coal and biomass burning

The combustion of coal leads to the rupture of the chemical bonds resulting to CO2 formation. Energy is released together with other products from side chemical reactions, which carry toxic airborne pollutants and heavy metals into the environment [START_REF] Koppmann | A review of biomass burning emissions, part I: gaseous emissions of carbon monoxide, methane, volatile organic compounds, and nitrogen containing compounds[END_REF]. Coal burning is therefore an important source of particulate matter and gaseous pollutants. It is mainly employed for the production of electricity and heat, even though coal might also be consumed in non-industrial sectors (e.g. residential heating). The pollutants emitted include mercury, lead, sulphur dioxide, nitrogen oxides, PAHs, BC, OC, fly ashes and various other heavy metals which can be very dangerous for human health and environment [START_REF] Sanderson | Characterisation of iron-rich atmospheric submicrometre particles in the roadside environment[END_REF]. While residential coal combustion represents a serious problem in developing countries such as China, the use of coal for energy production has substantially decreased in Europe, over the last decades, favoured by strict regulations adopted by the EU. Thus, the related SO2 emissions have also decreased.

Biomass burning is globally defined as the burning of living and dead vegetation, including a variety of activities such as agricultural expansion, deforestation, bush control, weed and residue burning, and harvesting practices, mainly caused by humans (over 90%) [START_REF] Koppmann | A review of biomass burning emissions, part I: gaseous emissions of carbon monoxide, methane, volatile organic compounds, and nitrogen containing compounds[END_REF]. It can also occur naturally when forest fires are initiated by lightning. As a consequence, biomass burning is an important source of combustion products to the atmosphere including CO2, CO, NOx, CH4 and nonmethane hydrocarbons, soot and organic particulate matter [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF]. Emissions from biomass burning for some pollutants include 40 Tg.yr -1 for CH4, 700 Tg.yr -1 for CO and 7.1

Tg.yr -1 for NOx mainly in the tropics where its climatic effects are also significant [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF]. Black carbon emissions are estimated to be 7.1 Tg.yr -1 as shown in Table 1-1. 1.2.2. Natural sources

1.2.2.1. Mineral dust
Mineral dust aerosols refer to a suspension of soil-constituting mineral particles [START_REF] Nousiainen | Optical modeling of mineral dust particles: A review[END_REF], which may only happen if there is no vegetation cover and the soil is dry. The major sources of mineral dust are located in the arid and semi-arid regions of the world such as deserts, dry lake beds and semiarid surfaces. Mineral dust in the atmosphere is composed essentially of clay and silt. The estimations of global dust emissions range between 1,000 and 4,000 Tg/yr -1 [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF], with a large uncertainty due to the complexity of dust formation and release into the atmosphere. The Saharan desert is considered as the largest source of dust on earth, whose particles significantly contribute to transboundary pollutant transport over the Mediterranean region for example [START_REF] Yücekutlu | INVESTIGATION OF THE DYNAMIC TRANSPORT OF SAHARAN DESERT DUST-IV[END_REF]. Indeed, although most of the mineral dust is recognised to be from natural origin, there is an increase in the amount of these emissions from anthropogenic sources, resulting from modifications of the soil surface due to land-use changes from forested to agricultural areas and changes in climate and meteorological conditions [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF].

Sea spray

Sea spray aerosols are emitted into the atmosphere during the bubble bursting mechanism occurring at the ocean surface [START_REF] Tomasi | Atmospheric Aerosols: Life Cycles and Effects on Air Quality and Climate, 1st ed[END_REF]. Sea spray is the most important contributor to the total aerosol mass in the world. Sea spray particles may have different composition features depending on if they are newly emitted or aged. The major constituents include fresh and partly or completely reacted sea salts, resulting from the reaction of NaCl with sulphuric and nitric acid. These reactions lead to the formation of mixed Na, Mg, K, or Ca sulphates and nitrate and the loss of more or less chloride.

Sea spray aerosols are very hygroscopic and cover sizes range from typically 100 nanometres (nm) to several tens of micrometres (μm), with a bimodal distribution centred at 1.5 µm and 2.5 µm for fine and coarse modes, respectively [START_REF] Tomasi | Atmospheric Aerosols: Life Cycles and Effects on Air Quality and Climate, 1st ed[END_REF]. Biological materials and impurities can also be found in sea spray aerosols, making it inappropriate to called them sea salt aerosols for some authors [START_REF] Boucher | Atmospheric Aerosols[END_REF]. The oxidation of dimethyl sulphide (DMS) to sulphate aerosols formation is among the main source of marine secondary aerosols.

Volcanic eruptions

Volcanic eruptions are responsible for releasing molten rock, or lava, from deep within the Earth, forming new rock on the Earth's surface. But eruptions also impact the atmosphere by emitting huge amount of particle and gaseous species. Ninety-nine percent of the gas molecules emitted during a volcanic eruption are water vapor (H2O), carbon dioxide (CO2), and sulphur dioxide (SO2). The remaining one percent is comprised of small amounts of hydrogen sulphide, carbon monoxide, hydrogen chloride, hydrogen fluoride, and other minor gas species. For particles, the emission rate is variable that's why there are no precise annual mean volcanic dust emissions in the literature. However, some estimations of volcanic dust emissions turn around 30 Tg. yr -1 [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF]. The gases and dust particles thrown into the atmosphere during volcanic eruptions have influences on climate. The eruption of Mount Pinatubo in the Philippines in 1991 released approximately 20 million tons SO2 up the stratosphere. The impact of these emissions lead to a drop of 0.5°C and 0.6° C respectively for global surface and tropospheric temperatures for 2 years [START_REF] Parker | Adverse Health Effects of the Exposure to the Spherical Aerosol [WWW Document[END_REF] . When talking about particle emissions from volcanic eruptions, it's also worth to differentiate those directly emitted fragments from magma to the re-suspended particles within urban areas which can significantly impact local air quality [START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF][START_REF] Trejos | Volcanic emissions and atmospheric pollution: A study of nanoparticles[END_REF].

1.2.2.4. Biogenic aerosols Biogenic aerosols are airborne solid or liquid particles emitted from plants, microorganisms and animals and can originate from primary or secondary sources. They are the third most important contributors to natural PM after sea spray and mineral dust. Primary biogenic aerosols consist of pollens, plant debris, microbial particles, insects, humic matters as well as marine colloids and pieces of animal skins. They exhibit different shapes and sizes, resulting from the large variability, typology and diversity of sources from which they are emitted. Biogenic volatile organic compounds emitted by plants act as precursors of SOA into the atmosphere. However, their emission fluxes are highly variable according to the season, location and altitude [START_REF] Tomasi | Atmospheric Aerosols: Life Cycles and Effects on Air Quality and Climate, 1st ed[END_REF].

Impacts of aerosols on climate and human health 1.3.1. Aerosols and climate

Aerosol emissions have changed significantly overtime. Because of the diversity of sources and their increasing ambient amounts, as in the case for increased emissions of greenhouse gases, anthropogenic atmospheric aerosols affect considerably the climate of the Earth [START_REF] Haywood | Chapter 27 -Atmospheric Aerosols and Their Role in Climate Change[END_REF]. These impacts can be by exerting a significant radiative forcing of climate either via aerosol-radiation (direct effects)

or via aerosol-cloud interactions (indirect effects).

The "direct effect" is described as the scattering and absorbing properties of aerosols on Earth's radiation field (call as "extinction"). Aerosols scatter or absorb sunlight to varying degrees, depending on their physical properties and their composition and since ambient aerosol populations comprise such a broad collection of particles with different properties, the overall effect is anything but simple.

Pure sulphates and nitrates reflect nearly all radiation they encounter, cooling the atmosphere for most of the negative forcing. Black carbon, in contrast, absorbs radiation readily, warming the atmosphere but also darkening the surface (e.g., [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF], giving place to a positive forcing. The impacts of mineral dust on radiation depend on the composition of the minerals that comprise the dust grains, and whether they are coated, with black or brown carbon, i.e. soot or organic matter or inorganic salts.

The extent to which these aerosols warm or cool down an atmospheric column, through aerosolradiation interactions, is strongly responsive to atmospheric concentration, altitude, and mixing state [START_REF] Kodros | Size-resolved mixing state of black carbon in the Canadian high Arctic and implications for simulated direct radiative effect[END_REF].

Airborne aerosols can also exert important indirect effects on the terrestrial climate system, by acting as cloud condensation nuclei, leading to changes in their chemical composition, microphysical structure, lifetime, and coverage, therefore influencing their radiative properties and hydrology. This effect, which is known as indirect aerosol effect, tends to cool the global climate [START_REF] Boucher | Atmospheric Aerosols[END_REF].

The absorption of solar radiation by the soot components of particulate matter exerts a semi-direct effect by heating the cloud, resulting in a decrease of its amount. This redistribution of solar energy, as thermal energy, inside cloud layers, will alter the cloud lifetime and strongly influence the heterogeneous chemistry of the atmosphere [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF][START_REF] Haywood | Chapter 27 -Atmospheric Aerosols and Their Role in Climate Change[END_REF][START_REF] Tomasi | Atmospheric Aerosols: Life Cycles and Effects on Air Quality and Climate, 1st ed[END_REF].

Although it is widely accepted that the indirect effects can strongly influence the global climate, and potentially mask the warming effect due to anthropogenic CO2, the magnitudes of indirect aerosol Many studies and reviews have investigated the negative impacts of aerosol particles on human health, leading to respiratory diseases and cancer in particular [START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF]. The impact of the number concentration, mass concentration, size and composition of the particles on human health have been studied [START_REF] Atkinson | Fine particle components and health-a systematic review and meta-analysis of epidemiological time series studies of daily mortality and hospital admissions[END_REF][START_REF] Parker | Adverse Health Effects of the Exposure to the Spherical Aerosol [WWW Document[END_REF][START_REF] Kim | A review on the human health impact of airborne particulate matter[END_REF]. Particle size has been directly linked to the potential of PM for causing health problems, with smaller particles likely to be deposited in deeper parts of the respiratory system [START_REF] Ibald-Mulli | Epidemiological Evidence on Health Effects of Ultrafine Particles[END_REF]. The division of the system in three main locations namely, the extrathoracic airway (ET), the tracheobronchial airway (TB), and the alveolar interstitium (AI), were particles can be deposited as function of their size were reported in previous studies [START_REF] Swuste | Hazard prevention and control in the work environment: A report of a WHO meeting[END_REF][START_REF] Vargas | Air pollution: Impact and prevention[END_REF] (Figure 1-2).

Particles larger than 5 μm are deposited in the ET, particularly the nasopharynx. They can be absorbed by the digestive tract and most of the time can be removed by blowing or swallowing. Particles whose size is between 2.5 and 5 µm will, however, be able to pass this barrier (ET) and enter the upper airways (TB). PM2.5 and particularly PM1 and PM0.1, is able to penetrate deeply into the cardiovascular system, lung and can enter the AI, hence a reduction in lung function, which can lead to an increase in bronchitis (R. W. [START_REF] Clarke | Urban Air Particulate Inhalation Alters Pulmonary Function and Induces Pulmonary Inflammation in a Rodent Model of Chronic Bronchitis[END_REF], asthma and childhood allergies. However, they are usually quickly eliminated by mechanisms such as coughing.

Due to its dominant anthropogenic origin, the impacts of PM1 and PM0.1 are more sensible in urban areas [START_REF] Landkocz | Fine and ultrafine atmospheric particulate matter at a multi-influenced urban site: Physicochemical characterization, mutagenicity and cytotoxicity[END_REF]Y. Li et al., 2016;[START_REF] Mcduffie | Source sector and fuel contributions to ambient PM2.5 and attributable mortality across multiple spatial scales[END_REF]. They play a greater role in human health than PM2.5, because of their ability to penetrate deeper into the alveolar region and their proinflammatory potential related to their chemical composition. [START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF] used aerosol mixing state index and particle-resolved simulations to demonstrate the influence of aerosol mixing state on deposition efficiency. It was reported in their study that a modification in the mixing state of particles could make some particles such as soot become more hydrophilic therefore leading to a modification of their size as well as their ability to react in the interstitium liquid. Suggesting that models should take into account the mixing state of aerosols to reduce by around 35% their uncertainty in particle deposition pattern inside the respiratory track.

Figure 1-2. Regional deposition of particles in the human respiratory track and names of the different locations: the extrathoracic airway (ET), the tracheobronchial airway (TB), and the alveolar interstitium (AI) (adapted from [START_REF] Swuste | Hazard prevention and control in the work environment: A report of a WHO meeting[END_REF] Quantification of the oxidising ability in human cells of PM namely Oxidative Potential (OP), have been shown to be relevant metric to measure PM toxicity on human health [START_REF] Daellenbach | Sources of particulate-matter air pollution and its oxidative potential in Europe[END_REF][START_REF] Gomes | Assessing the actual size distribution of atmospheric aerosols collected with a cascade impactor[END_REF][START_REF] Weber | Source apportionment of atmospheric PM10 oxidative potential: synthesis of 15 year-round urban datasets in France[END_REF]. For example, using OP, a correlation with emergency department visits for multiple cardiorespiratory outcomes including respiratory disease, asthma, and ischemic heart disease was reported and associated with size and PM composition [START_REF] Abrams | Associations between Ambient Fine Particulate Oxidative Potential and Cardiorespiratory Emergency Department Visits[END_REF][START_REF] Valavanidis | Airborne Particulate Matter and Human Health: Toxicological Assessment and Importance of Size and Composition of Particles for Oxidative Damage and Carcinogenic Mechanisms[END_REF]. While mitigation strategies generally focus on reduction in PM concentrations, recent works [START_REF] Daellenbach | Sources of particulate-matter air pollution and its oxidative potential in Europe[END_REF][START_REF] Weber | Source apportionment of atmospheric PM10 oxidative potential: synthesis of 15 year-round urban datasets in France[END_REF][START_REF] Gomes | Assessing the actual size distribution of atmospheric aerosols collected with a cascade impactor[END_REF] showed that it would be more effective, in order to limit the health impact of PM, to control the sources of compounds associated with an high oxidative potential (OP), rather than trying to reduce the overall PM concentration. Thanks to metallic (Cd, Cu, Fe, Mn, Sn, Zn) and organic (levoglucosan, mannosan, galatactosan,..) tracers of non-exhaust traffic and wood-burning emissions, it was possible to link an increase in the OP of both PM10 and PM2.5, to these emissions [START_REF] Gomes | Assessing the actual size distribution of atmospheric aerosols collected with a cascade impactor[END_REF]. The role of each of these compounds or metals on the OP however needs to be further investigated (Calas et al., 2017).

Efficient control of air quality and related health effects requires a comprehensive understanding of the sources, atmospheric interactions, and sinks of hazardous pollutants. This highlights the importance of further investigations on the effects of aerosols on human health [START_REF] Weber | Source apportionment of atmospheric PM10 oxidative potential: synthesis of 15 year-round urban datasets in France[END_REF].

Chemical composition of atmospheric aerosols

Atmospheric aerosols exhibit different chemical composition among different size ranges and even among particles within a given size range. Giving a definition of airborne aerosols involves a multidimensional approach which includes aerosol size distribution and chemical composition of the innumerable particles that are, in principle, different from each other. The multitude of sources (natural vs anthropogenic, primary vs secondary), as well as the type and the strength of the sources, together with the physical and chemical atmospheric processes, undergone by the aerosol and its precursors, can affect the chemical composition of aerosols in any given region of the world [START_REF] Pöschl | Atmospheric Aerosols: Composition, Transformation, Climate and Health Effects[END_REF].

1.4.1. Organic Aerosols (OA)

OA origins from both natural and anthropogenic sources and contain a tremendous variety of molecular species alkanes, alkenes, alcohols, aromatic compounds, carbonylated compounds, organic acids, amines, organosulphurated compounds,...) [START_REF] Hallquist | The formation, properties and impact of secondary organic aerosol: current and emerging issues[END_REF]. It's possible to distinguish Primary OA (POA) directly emitted from fossil fuel combustion, biomass burning, cooking or even fungal spores, etc. from Secondary OA (SOA) resulting from anthropogenic (AVOC) or biogenic (BVOC) oxidation and gas to particle conversion. [START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF]. Almost all studies related to organic aerosols report high complexity in OA composition but also in the formation of SOA [START_REF] Mithlesh | Biogenic secondary organic aerosols: A review on formation mechanism, analytical challenges and environmental impacts[END_REF] which is not only due to large amount of AVOC and BVOC precursors but also the complexity residing into each VOC degradation process [START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF]. However, considerable advancements have been registered recently in this field based on an exhaustive or nearly exhaustive characterization of certain compounds such as carbohydrates, PAH or fatty acids [START_REF] Bozzetti | Organic aerosol source apportionment by offline-AMS over a full year in Marseille[END_REF][START_REF] El Haddad | Towards a better understanding of the origins, chemical composition and aging of oxygenated organic aerosols: case study of a Mediterranean industrialized environment[END_REF][START_REF] Samaké | Polyols and glucose particulate species as tracers of primary biogenic organic aerosols at 28 French sites[END_REF]. Hydrocarbon-like organic aerosol (HOA)

represents the less oxygenated fraction of OA while the more oxygenated one is defined as oxidized organic aerosol (OOA); this fraction mainly representative of SOA or aged OA.

BVOC is made of isoprenoids, whose denomination depends on the number of Carbone units and is dominated by isoprene, monoterpenes, sesquiterpenes, as well as alkanes, alkenes, carbonyls, alcohols, esters, ethers and acids [START_REF] Fan | A review of secondary organic aerosols formation focusing on organosulfates and organic nitrates[END_REF]. In the global scale, BVOCs were estimated to be 1000 Tg•yr-1 which were roughly eight times higher than those from anthropogenic origins (127 Tg•yr-1) [START_REF] Fan | A review of secondary organic aerosols formation focusing on organosulfates and organic nitrates[END_REF][START_REF] Kelly | The impact of biogenic, anthropogenic, and biomass burning volatile organic compound emissions on regional and seasonal variations in secondary organic aerosol[END_REF]. Consequently, a huge fraction of the global SOA (67-95%) is evaluated to originate from biogenic sources [START_REF] Kelly | The impact of biogenic, anthropogenic, and biomass burning volatile organic compound emissions on regional and seasonal variations in secondary organic aerosol[END_REF] Out of the total BVOCs emissions, isoprene comprises nearly 50% of it; followed by monoterpenes and sesquiterpenes. (BVOCs) [START_REF] Mithlesh | Biogenic secondary organic aerosols: A review on formation mechanism, analytical challenges and environmental impacts[END_REF]. BVOCs are extremely reactive in the troposphere with their lifetime ranging from minute to hours [START_REF] Fan | A review of secondary organic aerosols formation focusing on organosulfates and organic nitrates[END_REF]. The BVOCs undergo photochemical degradation to form gas phase oxidation products and as a result of various heterogeneous reactions of gaseous precursors [START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF]). An example is shown for isoprene in Figure xx extracted from [START_REF] Fan | A review of secondary organic aerosols formation focusing on organosulfates and organic nitrates[END_REF]. Isoprene oxidation is initiated by OH radical produces organic peroxy-radical (ISOPO2) whose by products is influenced by the relative abundance of NOx concentrations [START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF]. Under low NOx isoprene epoxydiols is produced from the reaction between ISOPO2 and OH and HO2 radicals and further transformed into low volatility products. Under high NOx, ISOPO2 primarily reacts with NO to form SOA after several intermediate reactions [START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF]. Studies have revealed that day time SOA formation is dominated by OH and O3, however, NOx initiated SOA production is dominated during night [START_REF] Fan | A review of secondary organic aerosols formation focusing on organosulfates and organic nitrates[END_REF][START_REF] Mithlesh | Biogenic secondary organic aerosols: A review on formation mechanism, analytical challenges and environmental impacts[END_REF][START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF].

Organic aerosol referred to as organic matter is ubiquitous and an important contributor to PM2.5, whereas EC makes up a small fraction of the aerosol in Europe. Concentrations of OM ranges from 15% to more than 50% of PM2.5 and (36-64%) PM1 in Europe (Figure 1-4 and 1-5) and sometimes reaches proportion up to 63% at remote and regional sites [START_REF] Bressi | A European aerosol phenomenology -7: High-time resolution chemical characteristics of submicron particulate matter across Europe[END_REF][START_REF] Putaud | A European aerosol phenomenology-2: chemical characteristics of particulate matter at kerbside, urban, rural and background sites in Europe[END_REF].

Similar contribution was found in China (15-45%) [START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF] and globally OM concentrations worldwide are estimated to vary between 20 and 90% of tropospheric particulate matter (Jimenez et al., 2009).

1.4.2. Secondary Inorganic Aerosols (SIA)

1.4.2.1. Ammonium sulphate and nitrate Secondary inorganic aerosols are an important part of inorganic aerosols that also includes for example mineral dust, volcanic ashes and marine sea-salts. The composition of secondary inorganic aerosols (SIA) is dominated by major ions including nitrate (NO3 -), sulphate (SO4 2-) and ammonium (NH4 + ).

The average composition of PM2.5 and PM1 is presented for 19 and 21 sites in Europe in Figure 1.3. and 1.4. respectively. From Figure 1-3. we can clearly observe that SIA (NO3 -, SO4 2 -and NH4+ salts) are dominating, sometimes contributing to more than 50% of the PM2.5 mass on average. In the PM1 fraction, recent reports show that SIA contribute to average 40% to the sum of NR-PM1 of all the components measured by ACSM. This contribution is more important than those of OM for coastal and industrial sites than regional, remote and urban areas [START_REF] Bressi | A European aerosol phenomenology -7: High-time resolution chemical characteristics of submicron particulate matter across Europe[END_REF].

69 [START_REF] Putaud | A European aerosol phenomenology-2: chemical characteristics of particulate matter at kerbside, urban, rural and background sites in Europe[END_REF] In the atmosphere, the majority of sulphate results from the gas-phase and aqueous-phase oxidation of sulphur dioxide while the fraction associated with sea salt and emitted as primary particles is limited [START_REF] Putaud | A European aerosol phenomenology-2: chemical characteristics of particulate matter at kerbside, urban, rural and background sites in Europe[END_REF]. The oxidation of biogenic emissions of reduced sulphur species (H2S and DMS) can also lead to sulphate formation. Anthropogenic sources of sulphur (energy production, shipping, biomass burning) accounting for about 80% of the global sulphur budget have got the attention in many developed countries including China and India due to their negatives impacts on the environment and climate. [START_REF] Smith | Anthropogenic sulfur dioxide emissions: 1850-2005[END_REF]. ( [START_REF] Bressi | A European aerosol phenomenology -7: High-time resolution chemical characteristics of submicron particulate matter across Europe[END_REF] The chemical composition of sulphate therefore varies between pure sulphuric acid (H2SO4), ammonium hydrogenosulphate (NH4HSO4) and ammonium sulphate ((NH4)2SO4). Beyond the sulphate (SO4 2-) and ammonium (NH4 + ) ions, one can also find the nitrate ion (NO3 -) so that a SO4 2-, NH4 + , NO3 -mixture is common. Ammonium is therefore formed by the reaction of ammonia with acidic species (H2SO4 and HNO3). Nitrate is formed by the reaction of NO2 with the OH radical (daytime) and by the hydrolysis of N2O5 in aqueous phase (night-time). Consequently, the global budget of nitrogen aerosols is strongly linked to nitrogen oxides and ammonia budget.

Formation mechanisms of secondary inorganic aerosols

The main source of fine and ultrafine inorganic particles in the atmosphere is gas-to-particle conversion processes, considered to be the dominant source of particles contributing to atmospheric haze. Gas-to-particle conversion is the process by which gaseous molecules become transformed to liquid or solid particles and can occur by three processes: absorption, nucleation, and condensation [START_REF] Vallero | Fundamentals of Air Pollution[END_REF].

Absorption stands for the transfer of a gas into solution in a liquid phase. Nucleation and condensation are terms associated with aerosol dynamics. Nucleation is the growth of clusters of molecules that become a thermodynamically stable nucleus and depends on the vapor pressure of the condensable species, whereas condensation is the result of collisions between a gaseous molecule and an existing aerosol when supersaturation exists. The formation procedures of secondary inorganic aerosols follow the same steps and take place as follow:

The oxidation of gases precursors is the first phase. It can be either gas or aqueous phase oxidation of gaseous precursors. The gas-phase chemical reaction involves SO2, NO2 (1-1) and OH (1-2), leading to an increase in the gas phase concentration of compounds with low equilibrium vapour pressure such as H2SO4 and HNO3 [START_REF] Raes | Formation and cycling of aerosols in the global troposphere[END_REF] following the equations below:

SO2 + OH → HOSO2+M→SO3+H2O→ H2SO4 (1-1) NO2 + OH → HNO3 (1-2)
In ambient air, sulfuric acid is formed either by OH-initiated oxidation of SO2 in the gas phase or by SO2 (i.e. S(IV)) oxidation to SO3 (i.e. S(VI)) by ozone (1-3) following SO2 dissolution (into clouds, fog and aerosol water)(1-4) in the tropospheric aqueous phase [START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF]Raes et al., 2000b)

S(IV) + O3 → S(VI) + O2 (1-3) S(IV) + H2O2 → S(VI) + H2O (1-4)
Sulphuric acid have a high affinity for water leading to its very rapid and efficient removal from the atmosphere by wet processes [START_REF] Tomasi | Atmospheric Aerosols: Life Cycles and Effects on Air Quality and Climate, 1st ed[END_REF].

In contrast, nitric acid (HNO3) has a much higher saturation vapor pressure. Therefore, the gas-phase concentration of HNO3 is not high enough to permit nucleation of nitric acid aerosol in typical atmospheric systems [START_REF] Vallero | Fundamentals of Air Pollution[END_REF]. The heterogeneous hydrolysis of N2O5 (1-5) might also play an important role in NO3 production, particularly in spring, where N2O5 production rate might be increased by higher O3 levels [START_REF] Raes | Formation and cycling of aerosols in the global troposphere[END_REF] and can be favoured by the high gas-phase formation rate of NO3, the high RH, and the high sulphate content. [START_REF] Peng | Evolution of secondary inorganic and organic aerosols during transport: A case study at a regional receptor site[END_REF].

N2O5 + H2O → 2HNO3 (aq) (1-5)
The second step is the condensation of oxidation products and grown clusters of sulphuric or nitric acid, followed by the neutralization reaction of sulphuric or nitric acid with ammonia as shown in the equation (1-6) below for the case of sulphuric acid.

2NH3 + H2SO4 → (NH4)2SO4 (1-6)
The formation of ammonium sulphate (1-6) is generally a two-step process starting with the conversion (mostly heterogeneous) of SO2 to H2SO4 and subsequent neutralization with NH3.

Ammonium nitrate is a semi-volatile secondary specie resulting from the photo-chemical oxidation of gaseous precursors, mainly ammonia (NH3) and nitrogen oxides or nitric acid (NOx/ HNO3), in equilibrium between the gas phase and the particular phase, depending on ambient temperature and humidity [START_REF] Finlayson-Pitts | The heterogeneous hydrolysis of NO2 in laboratory systems and in outdoor and indoor atmospheres: An integrated mechanism[END_REF].

The formation of ammonium nitrate and sulphate is also a function of the concentration levels of these gaseous precursors. The existence of abundant precursor gases (SO2, NOx, NOy, NH3, O3, etc.)

and catalyst (Fe 3+ ) are important for the formation of secondary inorganic aerosols [START_REF] Han | Comparative statistical models for estimating potential roles of relative humidity and temperature on the concentrations of secondary inorganic aerosol: Statistical insights on air pollution episodes at Beijing during January 2013[END_REF].

Reactive nitrogen compounds (NOy) have also been identified as precursors for both ozone and fine particulate matter (PM2.5).

O3 is important for SO2 oxidation in the atmosphere. A study in northern Taiwan investigated importance of the sea/land breezes on O3 distribution and transport at a coastal area. The results of the simulations showed that at night or in early morning land breeze can transport the photochemically produced ozone over the sea, resulting in a decrease in inland O3 concentration. The accumulated O3 can return to the land with the sea breeze contributing significantly to high-ozone episodes in clean coastal areas [START_REF] Liu | A modeling of the sea breeze and its impacts on ozone distribution in northern Taiwan[END_REF]. The occurrence of sea breezes can, therefore, lead to an increase of continental O3, as well as NO3 -, SO4 2-and Cl -concentrations, following the reaction of sea-salts (NaCl)

with gaseous NO2 and SO2 [START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF][START_REF] Colbeck | Formation and Transport of Atmospheric Aerosol over Athens, Greece[END_REF][START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF].

Ammonia is largely derived from agricultural activities. However, important traffic related urban sources have been reported to influence NH3 concentration (Reche et al., 2012, p. 3;[START_REF] Saraswati | Characteristics of gaseous and particulate ammonia and their role in the formation of secondary inorganic particulate matter at Delhi, India[END_REF]. In addition, the use of urea in new-generation catalytic converters could lead to an increase in the influence of automobile traffic on ammonia emissions [START_REF] Suarez-Bertoa | Ammonia exhaust emissions from spark ignition vehicles over the New European Driving Cycle[END_REF][START_REF] Yim | Decomposition of urea into NH3 for the SCR process[END_REF].

1.4.3. Black Carbon (BC)
Black carbon, BC, is a light absorbing carbonaceous particulate matter generally incorrectly referred to as "soot" [START_REF] Brewer | Black carbon emissions and regulatory policies in transportation[END_REF]. They can be easily identified from SEM and TEM images due to their typical chain-like structure that distinguish them from other particles including sulphate, organic, mineral and metals particles [START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF]. The aggregates are made of spherical particles of diameter generally ranging between 10 to 100 nm [START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF][START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF][START_REF] Xu | Tracing the evolution of morphology and mixing state of soot particles along with the movement of an Asian dust storm[END_REF], resulting from incomplete combustion of fossil fuels and biomass, due to the lack of oxygen during combustion processes. Black carbon is considered as the second greatest contributor to global warming after CO2 [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF]. This can be explained by its strong capacity to absorb solar radiation [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF][START_REF] Brewer | Black carbon emissions and regulatory policies in transportation[END_REF]. However, its radiative properties can be altered by ageing through physical and chemical processes involving secondary aerosols such as sulphates, nitrates and ammonium [START_REF] Li | Light absorption properties of brown carbon (BrC) in autumn and winter in Beijing: Composition, formation and contribution of nitrated aromatic compounds[END_REF][START_REF] Liu | Lifecycle of light-absorbing carbonaceous aerosols in the atmosphere[END_REF]. It is also referred to as the coating of BC [START_REF] Kodros | Size-resolved mixing state of black carbon in the Canadian high Arctic and implications for simulated direct radiative effect[END_REF]. This leads to large uncertainties when estimating the warming effects of BC particles on climate [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF][START_REF] Liu | Lifecycle of light-absorbing carbonaceous aerosols in the atmosphere[END_REF]. In a recent study, three groups of BC particles were identified. Freshly emitted and almost pure with very little amount of organic matter, partially embedded, coated with secondary species and fully embedded where the particle is fully encapsulated [START_REF] Xu | Tracing the evolution of morphology and mixing state of soot particles along with the movement of an Asian dust storm[END_REF] as shown in the TEM images below. individual soot particles were only embedded in the organic coating on a sulphur-rich particle [START_REF] Xu | Tracing the evolution of morphology and mixing state of soot particles along with the movement of an Asian dust storm[END_REF].

Moreover, worldwide emissions of BC cause on the order of millions of premature deaths per year (Li et al., 2016;Wang et al., 2021). These effects have been densely discussed in many papers.

Premature deaths from lung cancer, cardiovascular problems, lost work and health care costs from chronic and acute cases of asthma and other disorders have been reported [START_REF] Bauer | The impact of seating location on black carbon exposure in public transit buses: Implications for vulnerable groups[END_REF][START_REF] Brewer | Black carbon emissions and regulatory policies in transportation[END_REF]Y. Li et al., 2016;[START_REF] Pun | Blood pressure and pulmonary health effects of ozone and black carbon exposure in young adult runners[END_REF][START_REF] Zhou | Personal black carbon exposure and its determinants among elderly adults in urban China[END_REF].

Mineral dust

Mineral dust particles can be emitted from both natural (see section 1.2.2.1.) and anthropogenic sources. The anthropogenic sources include road resuspension, industrial activities, construction, cement production etc. On the morphological perspective, TEM and SEM images of mineral particles shows typically crystalline structure and irregular shapes [START_REF] Adachi | Mixing states of Amazon basin aerosol particles transported over long distances using transmission electron microscopy[END_REF]W. Li et al., 2016) (see . From the chemical perspective, they usually display very complex elemental compositions, rather than pure minerals ( [START_REF] Adachi | Mixing states of Amazon basin aerosol particles transported over long distances using transmission electron microscopy[END_REF][START_REF] Deboudt | Mixing state of aerosols and direct observation of carbonaceous and marine coatings on African dust by individual particle analysis[END_REF][START_REF] Li | Size, composition, and mixing state of individual aerosol particles in a South China coastal city[END_REF]). According to (W. Li et al., 2016), they are mainly composed of Si, Al, Ca, and Fe as major elements. This composition is directly influenced by their sources and their formation process [START_REF] Deboudt | Mixing state of aerosols and direct observation of carbonaceous and marine coatings on African dust by individual particle analysis[END_REF][START_REF] Falkovich | Chemical and mineralogical analysis of individual mineral dust particles[END_REF][START_REF] Krueger | Heterogeneous chemistry of individual mineral dust particles from different dust source regions: the importance of particle mineralogy[END_REF]. Example of particle types include clays, quartz (Si-O), and feldspar (K-Al-Si), with minor calcite (CaCO3), dolomite (CaMg(CO3)2), and other oxides. Aged minerals can be CaSO4 and Ca(NO3)2. That's why they are generally found in the coarse particle fraction (diameter > 2 μm). 1.4.6. Sea-salt particles Sea-salt particles (or SSA: Sea Salt Aerosols) are important for a wide variety of processes, including for climate as they contribute to atmospheric cooling because they scatter incoming solar radiation.

They are mainly composed of Na, Cl with minor amounts of Mg, Ca, K and S and are considered as the dominant aerosol particle in marine air (W. Li et al., 2016;[START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF]. They can be found in various shapes and forms including cubic NaCl particles, viscous MgSO4/(NO3)2 and/or Na2SO4/NO3, with some Na2SO4 particles having hexagonal shapes (W. Li et al., 2016). As they undergo multiphase reactions in the atmosphere, either continental or marine, sea-salt particles can be found in the atmosphere in three forms: fresh (Figure 1 [START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF].

Metals

Metal-rich particles are abundant in polluted air influenced by combustion activities, such as waste incineration, biomass burning and biofuel burning. But the main sources are industrial (chemistry, petrochemistry, metallurgy) or related to transport (non-exhaust road emissions ; ship emissions [START_REF] Beji | Nonexhaust particle emissions under various driving conditions: Implications for sustainable mobility[END_REF][START_REF] Daellenbach | Sources of particulate-matter air pollution and its oxidative potential in Europe[END_REF]). Metal particles in the fine and ultrafine particle fraction generally contain a wide range of elements including As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, V, Fe, Zn [START_REF] Mbengue | Size-distributed metallic elements in submicronic and ultrafine atmospheric particles from urban and industrial areas in northern France[END_REF][START_REF] Riffault | Fine and Ultrafine Particles in the Vicinity of Industrial Activities: A Review[END_REF][START_REF] Siciliano | The morphology and chemical composition of the urban PM10 near a steel plant in Apulia determined by scanning electron microscopy[END_REF]. They are generally found mixed with secondary species such as sulfate, nitrate, and organic matter, either at the exit of the chimneys or during their transport over the urban areas. Fe-rich (Figure 1 b) and Mn-rich particles were reported to be the main components of metal particles found in atmosphere as hematite (Fe2O3) and MnO2, ZnO, PbO, and PbSO4, beside viscous Zn(NO3)2 and ZnSO4 (W. Li et al., 2016). The composition and sources of PM10 and PM2.5 have been widely investigated using both online and offline methods, at different locations over the GDA. Main urban areas are located nearby industrial areas (Figure 2-1), as it is the case in many coastal and industrial areas worldwide [START_REF] Evtyugina | Photochemical pollution under sea breeze conditions, during summer, at the Portuguese West Coast[END_REF][START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF][START_REF] Siciliano | The morphology and chemical composition of the urban PM10 near a steel plant in Apulia determined by scanning electron microscopy[END_REF][START_REF] Squizzato | Factors determining the formation of secondary inorganic aerosol: a case study in the Po Valley (Italy)[END_REF]. The presence of a strong industrial component in the GDA has initiated many studies, especially on the steel and metal industry [START_REF] Hleis | Chemical profile identification of fugitive and confined particle emissions from an integrated iron and steelmaking plant[END_REF][START_REF] Kfoury | PM2.5 source apportionment in a French urban coastal site under steelworks emission influences using constrained non-negative matrix factorization receptor model[END_REF][START_REF] Marris | Fast changes in chemical composition and size distribution of fine particles during the near-field transport of industrial plumes[END_REF], to estimate the main sources of metal-rich particles present in PM [START_REF] Alleman | PM10 metal concentrations and source identification using positive matrix factorization and wind sectoring in a French industrial zone[END_REF][START_REF] Arndt | Characterization and source apportionment of single particles from metalworking activities[END_REF][START_REF] Kfoury | PM2.5 source apportionment in a French urban coastal site under steelworks emission influences using constrained non-negative matrix factorization receptor model[END_REF][START_REF] Ledoux | Contributions of local and regional anthropogenic sources of metals in PM2.5 at an urban site in northern France[END_REF][START_REF] Ledoux | A summer and winter apportionment of particulate matter at urban and rural areas in northern France[END_REF].

These particles may evolve rapidly, in a few minutes, after emission, both in size and chemical composition, before reaching the surrounding urban areas [START_REF] Marris | Fast changes in chemical composition and size distribution of fine particles during the near-field transport of industrial plumes[END_REF]. Using models such as Positive Matrix Factorisation (PMF), 8 factors including crustal dust (11%), marine aerosols (12%), ferromanganese industry (6.6%), road transport (15%), resuspension dust (13%), petrochemistry (9.2%), steelworks sintering (8.6%) and coke production (12.6%) were identified by [START_REF] Alleman | PM10 metal concentrations and source identification using positive matrix factorization and wind sectoring in a French industrial zone[END_REF] to explain the abundance of metal-rich particles in PM10. These authors estimated that the respective contributions of industry, sea salts and road traffic on metals concentration in PM10 were 37%, 23% and 15% respectively. By applying the same method to trace elements in finer particles (PM2.5), 7 factors nearly similar to those of [START_REF] Alleman | PM10 metal concentrations and source identification using positive matrix factorization and wind sectoring in a French industrial zone[END_REF] were identified by [START_REF] Mbengue | Metal-bearing fine particle sources in a coastal industrialized environment[END_REF]. In addition, these last results show that the 40% of metallic particles attributed to industry come mainly from Fe-Mn alloys production and steelworks. These results and those of [START_REF] Choël | Fast evolution of tropospheric Pb-and Zn-rich particles in the vicinity of a lead smelter[END_REF],

show that, with also 40% of the emissions, the joint contribution of dust resuspension and marine salts is almost equivalent to those of the industry. Moreover, [START_REF] Mbengue | Size-distributed metallic elements in submicronic and ultrafine atmospheric particles from urban and industrial areas in northern France[END_REF] showed that 60 to 80% of heavy metals over the GDA are found in submicron particles.

The nature of the industrial process and its influence on emissions was also studied. [START_REF] Kfoury | PM2.5 source apportionment in a French urban coastal site under steelworks emission influences using constrained non-negative matrix factorization receptor model[END_REF] distinguished between the composition of metal particles from an integrated steelworks plant (ISW, i.e. sintering + blast furnace) and an electric furnace steel plant (ESP). He shows that the Zn/Fe and Zn/Mn ratios allow to differentiate the emissions of the two plants, while Rb/Cr, Pb/Cr or Cu/Cd ratios succeed in attributing a distinct signature to the emissions from the ISW sintering stacks as compared to the ISW fugitive emissions.

During the Nano-Indus campaign, [START_REF] Setyan | Investigation on the near-field evolution of industrial plumes from metalworking activities[END_REF] reported the near-field (< 1000 m from the chimneys) chemical and size distribution changes for particles in plumes emitted by a Fe-Mn alloy making plant. Several processes including condensation, coagulation and new particles formation explained these changes, as previously observed by (Marris et al., 2012a) 93% of PM2.5 from steelworks activities are nitrates, sulfates, ammonium and total (i.e. elemental + organic) carbon [START_REF] Kfoury | PM2.5 source apportionment in a French urban coastal site under steelworks emission influences using constrained non-negative matrix factorization receptor model[END_REF]. [START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France -Part 1: Seasonal variations and chemical characterization[END_REF] showed that NR (i.e. Non Refractory)-PM1

were dominated by organics and nitrates (71%) in winter, while 51% were made of sulphates and nitrates in summer. [START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF] showed that the contribution of SNA (sulphate, nitrate, ammonium) was estimated to account in average for 65.4% of NR-PM1 (27.3% for Organic Matter (OM) and 6.7% for BC). This highlight the importance of secondary processes to the formation of aerosols in the vicinity of industrial areas.

The role played by meteorological factors on PM composition and concentrations was also investigated over the GDA. High levels of PM10 were observed under anticyclonic conditions [START_REF] Gengembre | Variabilité multi-échelles de la météorologie et des aérosols en situation littorale sous influence industrielle[END_REF]Rimetz-Planchon et al., 2008a;[START_REF] Roig Rodelas | Chemical characterization, sources and origins of secondary inorganic aerosols measured at a suburban site in Northern France[END_REF]. Moreover, the coastal location of the GDA exposes it to various mechanisms, as low level jets, fogs or sea breeze events. Sea breeze is an important phenomena that impact atmospheric dynamics (Augustin et al., 2020;[START_REF] Talbot | Impact of a sea breeze on the boundary-layer dynamics and the atmospheric stratification in a coastal area of the North Sea[END_REF], but also pollutant composition and concentrations (Augustin et al., 2020;[START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF][START_REF] Evtyugina | Photochemical pollution under sea breeze conditions, during summer, at the Portuguese West Coast[END_REF][START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF]. The sea breeze occurrence is often accompanied by the formation of a temporary and lower altitude layer, the "thermal internal boundary layer" (TIBL). This layer is located below the boundary layer, then lifted by buoyancy, due to the difference in the two air masses temperature (Augustin et al., 2020;[START_REF] Talbot | Impact of a sea breeze on the boundary-layer dynamics and the atmospheric stratification in a coastal area of the North Sea[END_REF]. The occurrence of sea breeze is generally followed by a diminution of local PM levels, as marine clean air penetrates the continent, then the PM mass increases again over the course of the day (Augustin et al., 2020). Increase in halogen species, O3, and secondary nitrates or sulphates were also reported in these conditions [START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF][START_REF] Evtyugina | Photochemical pollution under sea breeze conditions, during summer, at the Portuguese West Coast[END_REF][START_REF] Liu | A modeling of the sea breeze and its impacts on ozone distribution in northern Taiwan[END_REF][START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF].

1.6. Mixing state 1.6.1 Definition and importance of the study of the mixing state of aerosol particles

The mixing state of atmospheric aerosols is one of the most challenging issue of aerosol science because of its complexity and the lack of available instruments that can fully describe it. In the discussions regarding the mixing state it is important to make clear the distinction between a particle (individual level), a particle population (aerosol level), whilst addressing their properties. Following that, [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF] define the mixing state of an aerosol as the distribution of properties across the particles in the population. This definition includes those of the chemical mixing state, which is the distribution of chemical species over individual particles, within the particle population [START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF] and the physicochemical mixing state, which adds a layer of complexity to the definition by including physical properties (morphology, size etc.) to afore mentioned chemical properties [START_REF] Ault | Atmospheric Aerosol Chemistry: Spectroscopic and Microscopic Advances[END_REF].

In atmospheric research, discussions of mixing states have focused on chemical mixing state when describing the mixing state of a population. The distinction between a more or less internally or externally mixed population is therefore made to help having a better picture. A fully externally mixed assumption represents a population where each particle is composed of a single species (Figure 1-9. a). In contrary, if each particle in the population has an equal proportion of each species present in the population, then the population is said to be fully internally mixed (Figure 1-9. b). Therefore, the per-particle mass fractions are all equal to the mass fractions of the bulk aerosol [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF]. However, due to the diversity of sources and mechanisms influencing aerosol compositions, freshly released or aged particles can contain multiple and randomly distributed chemical compounds, complexifying the real chemical mixing state [START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF], as simply illustrated in Figure 1-9. c). The continuous evolution of particles chemical mixing state in the atmosphere is the result of a number of physico-chemical processes occurring within a particle, between particles or between the particles and the surrounding medium [START_REF] Pratt | Seasonal Volatility Dependence of Ambient Particle Phase Amines[END_REF][START_REF] Whiteaker | Effects of Meteorological Conditions on Aerosol Composition and Mixing State in Bakersfield, CA[END_REF]. These processes include the acquisition of coatings and changes in morphology through ageing, the redistribution of species within a single or an aerosol population, induced by different processes such as coagulation, condensation and heterogeneous reactions (W. Li et al., 2016;[START_REF] Liu | Lifecycle of light-absorbing carbonaceous aerosols in the atmosphere[END_REF][START_REF] Nousiainen | Optical modeling of mineral dust particles: A review[END_REF][START_REF] Xu | Tracing the evolution of morphology and mixing state of soot particles along with the movement of an Asian dust storm[END_REF]. These processes together with the introduction of primary aerosols from different sources and the formation of secondary aerosols, will lead the mixing state to move toward a more internal or external mixture, throughout the transport of the aerosols [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF].

The mixing state of particles significantly affects their physico-chemical properties, in particular their ability to form clouds [START_REF] Ching | Metrics to quantify the importance of mixing state for CCN activity[END_REF][START_REF] Sullivan | Effect of chemical mixing state on the hygroscopicity and cloud nucleation properties of calcium mineral dust particles[END_REF], their ability to absorb or reflect incident light (Zhao et al., 2021) or their deposition dynamics within the respiratory tract [START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF].

The acquisition by primary emitted particles (BC, mineral dust.) of coatings of more or less hydrophilic species (functionalised organic matter or inorganic salts as (NH4)2SO4), will significantly modify their hygroscopicity. As a result, fresh hydrophobic BC particles become aged and hydrophilic and can, therefore, be active to form cloud droplets [START_REF] Ching | Aerosol mixing state revealed by transmission electron microscopy pertaining to cloud formation and human airway deposition[END_REF][START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF][START_REF] Stevens | A Review of the Representation of Aerosol Mixing State in Atmospheric Models[END_REF][START_REF] Sullivan | Effect of chemical mixing state on the hygroscopicity and cloud nucleation properties of calcium mineral dust particles[END_REF][START_REF] Xu | Tracing the evolution of morphology and mixing state of soot particles along with the movement of an Asian dust storm[END_REF].

Depending on whether the aerosol is internally or externally mixed, the aerosol mixing state significantly affects concentrations of cloud condensation nuclei (CCN) and ice nuclei (IN), wet removal rates, thermodynamic properties, heterogeneous chemistry, and aerosol optical properties [START_REF] Ching | Metrics to quantify the importance of mixing state for CCN activity[END_REF][START_REF] Stevens | A Review of the Representation of Aerosol Mixing State in Atmospheric Models[END_REF][START_REF] Wang | The importance of aerosol mixing state and size-resolved composition on CCN concentration and the variation of the importance with atmospheric aging of aerosols[END_REF]. [START_REF] Ching | Metrics to quantify the importance of mixing state for CCN activity[END_REF] estimated that errors in CCN predictions from models varied from -40% to +150% with changes in the mixing state index, highlighting the need to upgrade current models to integrate chemical mixing state information.

The health related effects of particle composition and chemical mixing state have been widely

discussed [START_REF] Ching | Metrics to quantify the importance of mixing state for CCN activity[END_REF][START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF][START_REF] Daellenbach | Sources of particulate-matter air pollution and its oxidative potential in Europe[END_REF][START_REF] Kodros | Size-resolved mixing state of black carbon in the Canadian high Arctic and implications for simulated direct radiative effect[END_REF]Y. Li et al., 2016;[START_REF] Parker | Adverse Health Effects of the Exposure to the Spherical Aerosol [WWW Document[END_REF][START_REF] Pun | Blood pressure and pulmonary health effects of ozone and black carbon exposure in young adult runners[END_REF]. The deposition efficiency of particles inside the respiratory track is impacted by the mixing state, due to changes in their hygroscopic properties and then to their size and therefore to their deposition pathways [START_REF] Ching | Aerosol mixing state matters for particles deposition in human respiratory system[END_REF].

Characterisation of the chemical mixing state

To quantify the chemical mixing state of the aerosol populations, (Riemer and West, 2013b) have developed and proposed a metrics called the chemical diversity and mixing state index, for more quantitative understanding of the chemical mixing state variations. These metrics describe atmospheric particle mixing states more reasonably and quantitatively [START_REF] Ault | Atmospheric Aerosol Chemistry: Spectroscopic and Microscopic Advances[END_REF]. The mixing state index have been used to characterise the chemical mixing state for different environments [START_REF] Bondy | The diverse chemical mixing state of aerosol particles in the southeastern United States[END_REF][START_REF] Fraund | Elemental Mixing State of Aerosol Particles Collected in Central Amazonia during GoAmazon2014/15[END_REF][START_REF] Healy | Single particle diversity and mixing state measurements[END_REF][START_REF] O'brien | Chemical imaging of ambient aerosol particles: Observational constraints on mixing state parameterization[END_REF][START_REF] Ye | Spatial Variability of Sources and Mixing State of Atmospheric Particles in a Metropolitan Area[END_REF].

The mixing state index, χ, is defined as the ratio of mean species diversity (per species) to species diversity (within the total population) [START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF]. Detailed mathematical background and physical meaning of the mixing state index are described below.

Considering a population of N aerosol particles, each consisting of some amounts of A distinct aerosol species. The mass of species a in particle i is denoted 𝜇 𝑖 𝑎 , for i = 1,... ,N and a = 1,... ,A. From this basic description of the aerosol particles we can construct all other masses, as detailed in Table 1-3.

Quantity Meaning

𝜇 𝑖

𝑎

Mass of species a in particle i

𝜇 𝑖 = ∑ 𝜇 𝑖 𝑎 𝐴 𝑎=1
Mass of particle i

𝜇 𝑎 = ∑ 𝜇 𝑖 𝑎 𝑁 𝑖=1
Mass of the species a in the population

𝜇 = ∑ 𝜇 𝑖 𝑁 𝑖=1
Mass of the population Using the distribution of aerosol species within the aerosol particles and within the population, we can now define mixing entropies. The entropy defined here is based on the concept of information entropy was introduced by Claude Shannon in 1948 [START_REF] Shannon | A Mathematical Theory of Communication[END_REF]. The Shannon entropy represents the amount of information contained or carried out by a given source.

Given a random variable i, with possible outcomes, each with probability Pi, the entropy H(i) of i is as follows:

𝐻(𝑖) = ∑ 𝑃 𝑖 𝑙𝑜𝑔 𝑏( 1 𝑝 𝑖 ) ⁄ 𝑛 𝑖=1 = ∑ -𝑃 𝑖 𝑙𝑜𝑔 2 (𝑃 𝑖 ) 𝑛 𝑖=1 (1-7)
The more information there is in a signal, the higher Shannon's entropy. It is therefore a measure of the diversity of information. One can therefore consider entropy and diversity as equivalent notions, hence, either could be taken as fundamental. [START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF] defined the entropy Hi or diversity Di of a single particle i as measures of how uniformly distributed the constituent species are within the particle or population. They took up the above (1-7) equation in base e (𝑙𝑛𝑝 𝑖 = 𝑙𝑛2 × 𝑙𝑜𝑔 2 𝑝 𝑖 ), by assimilating the mass fraction of the species a in the particle i to the probability of appearance of a in i. Then comes the followings summed in Finally, the mixing state index χ is given by:

χ = 𝐷 𝛼 -1 𝐷 𝛾 -1 (1-8)
Entropy and diversity values (see Table 1-5) range from the minimum (Hi = 0, Di = 1) when the particle is a single pure species, to the maximum (Hi = lnA, Di = A) when the particle is composed of equal amounts of all A species. Mixing state index χ of 0 and 100% indicate completely externallymixed and completely internally-mixed aerosol population, respectively. The only way of obtaining particle morphology and direct information about population chemical mixing state is from single-particle measurement techniques [START_REF] Stevens | A Review of the Representation of Aerosol Mixing State in Atmospheric Models[END_REF]. To measure aerosol chemical mixing state experimentally, ambient measurements of individual particles are generally associated to define the properties of the overall population. These single-particle chemical measurements provide diverse type of information (see Figure 1-12), grouped by [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF] into three categories: elemental or oxidation state, functional groups, and molecular composition. provided [START_REF] Riemer | Aerosol Mixing State: Measurements, Modeling, and Impacts[END_REF].

This use of the mixing state index has been applied to several field campaigns. Some of the techniques presented in Figure 1 'Brien et al., 2015) and in the Amazon during the "Go Amazon" campaign [START_REF] Fraund | Elemental Mixing State of Aerosol Particles Collected in Central Amazonia during GoAmazon2014/15[END_REF]. Unlike to [START_REF] Healy | Single particle diversity and mixing state measurements[END_REF], [START_REF] Fraund | Elemental Mixing State of Aerosol Particles Collected in Central Amazonia during GoAmazon2014/15[END_REF] reported no influence of the origin of air masses on χ in the amazon forest.

Data from Table 1-7 also reveal that extreme χ values of 0% or 100% are never reached. This is observed whatever the definition of the chemical species (elemental, molecular, functional), that changes according to the instrument and regardless of the environment studied.

To our knowledge none of the studies in literature specifically investigate the evolution of the χ during periods when PM levels exceed regulated limits. 

MATERIALS AND METHODS

Materials and Methods

This chapter covers the details of the instrumentation and methods used for the sampling and analysis of aerosols and gases. The exploitation of individual particles analyses and the computation of the mixing state indexes are presented in details. Chapter 2 is structured as follows:

 Presentation of the study area (section 2.1.)

 Presentation of the MIXTAPE campaign (section 2.2.)

 Methods for physico-chemical characterization of particles (section 2.3.)

 Calculation of the mixing state index from SEM-EDX data (section 2.4.)

 An overview of the collocated instruments (section 2.5.)

2.1. Study area: Air quality in the Hauts de France Region (HDF) and in the Great Dunkirk Agglomeration (GDA)

The "Hauts-de-France" (HDF) region is located in northern France (Figure 2 91

The use of natural gas heating (65% of the heating energy), instead of coal, oil and wood which are less common (10%) for home heating is also characteristic of the GDA. The residential-tertiary sector is the main contributor to the emissions of PM2.5 (42%) and benzo(a)pyrene (78%). Road transport is the major contributor to the emissions of NOx (50%).

Agricultural and natural sources are the main emitters (53%) of non-methane volatile organic compounds (NMVOCs) and PM10 particles. Industrial activities are the main emitter of sulphur dioxide (SO2), heavy metals (Pb, As, Ni and Cd) and carbon monoxide (CO). NOx emissions (in kilotons) are higher than national average, in particular because of a dense transport network (highways A1, A16, A29, A26).

In the GDA, the industry waste, energy and construction sector contributes to 99% of sulphur dioxide (SO2) emissions, 89% of the PM2.5 particles, 87% of the PM10 and 84% of nitrogen oxides. The GDA is also under the influence of the seashore, which regularly brings marine air masses towards the land.

According to Atmo HDF a pollution episode refers to a period when pollutant concentrations in the air do not respect or may not comply with regulatory levels, according to pre-defined criteria (percentage of area or percentage of population impacted, regulatory level crossed, duration of the episode, ...) (ATMO HdF, 2020). These episodes represent a major public health issue since the industrial revolution. Their occurrence is tried to be minimized with setting regulations worldwide or at the nation levels. The maximum annual number of PM10 pollution episodes (35) from the EU directive is frequently exceeded over the years in the HDF region. 

The MIXTAPE campaign

The MIXTAPE campaign lasted 9 months from January to September 2021 and was designed to study the evolution of the mixing state of particles during pollution events roughly defined as periods into which concentrations of PM10 exceed the safe levels according to WHO. Understanding the variation in the chemical heterogeneity of individual particles during pollution days over GDA could help identifying their potential near or distant sources.

Sampling site

Our sampling site, named "M" for MIXTAPE, is located at the University campus (51.02° N;

2.20° E), on the rooftop (around 15 m high) of the IRenE (Innovation et Recherche en Environnement) building (see Figure 234). Depending on the wind direction, it is influenced by air masses of industrial, urban or marine origin, as well as by road and ship traffic emissions. Our sampling site is located near the main sampling stations of the air quality monitoring network and allows the discrimination of particles transported across the urban, industrial or marine sectors (Fig. 2-1a). The instruments (aerosols monitoring and gas analysers) are implemented in a shelter (Fig. 2-1c). An air conditioning system is used to maintain the shelter temperature constant at 20°±1C.
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Meteorology

A statistical analysis of the main local meteorological parameters (temperature, relative humidity, wind speed and direction and rainfall), between 2018 and 2020, was performed using data collected at the M station (Figure 2.5). The results are shown in the form of diurnal variations, including a wind rose.

In addition to providing information on the seasonal averages of each parameter, the diurnal profiles offer the possibility to observe the daily variation of each parameter and the differences in variation according to the seasons. This information is not accessible by just having averages and standard deviations.

Mean temperatures show limited variations (daily averages: 5.9°C in January and 19.7°C in July), characteristic of a temperate oceanic climate, with nevertheless a broad range of measured values from and 85%. Anticyclonic conditions are often observed in winter, whereas low pressure systems prevail in fall.

Wind speeds (WS) and directions show different seasonal features. In Fall, the dominant wind directions were from the south (frequency > 80%) and southwest (20%). In Winter south-westerlies and southerlies were almost equally dominant. In summer the N-NE and S-SW winds occurred more frequently, with higher speeds recorded in the N-NE direction. Due to thermal turbulence currents, the local wind speed is systematically higher at midday, between 11:00 and 17:00 UTC, whatever the season, with of course higher values in spring and summer, when temperatures are higher. In this study, the local wind directions were divided into 4 main sectors: The W-NW sector (winds coming from the industrial zone), the N-NE sector (marine air masses), the South and East sectors (urban area) and the S-SW sector for which the air masses cross both the industrial and urban areas.

It is possible to differentiate two zones in the urban part of GDA: the main residential area is located on the East and South-East, according to our monitoring site, but a second zone is situated in the SW (Fig. 2-4 a). In this study PM sampling were only performed during pollution events. To be able to study particle composition and evolution during these events requires that all the instruments implemented for particle sampling are ready before, during and at the end of the events. The use of air quality and meteorology prediction models is, therefore, essential to this task. A combination of 2 models is used. Prevair reports predictions of PM, NOx and O3 levels in France over 3 days. In addition, current PM10 and PM2.5 concentrations were available online on the website of the regional air quality monitoring network "ATMO Hauts de France" (www.atmo-hdf.fr). PM concentrations reported by ATMO over the GDA are checked every day to compare the model predictions and the evolution of true concentrations.

Instrumentation and measurements rationale

The view of the rooftop of the site is shown in Figure 2-6 and the list of all instruments used during the MIXTAPE campaign is presented in Table 2-2 Second, during pollutions events, when the models predict the occurrence of an upcoming exceedance of the PM10 or PM2.5 levels, instruments necessary for particle measurements were deployed together with the wind Lidar that was necessary to measure vertical and horizontal wind profiles. These instruments are OPC, SMPS, Aethalometer and the TRAPS. In the following section, we will present the TEM-EDX analysis procedure for individual particles collected using the TRAPS. particles of sufficiently large inertia are deposited on the plate, whereas smaller particles with lower inertia, under the influence of the gas viscosity forces, are carried on with the flowing gas.

Size classification by impaction refers to the particle aerodynamic diameter (da), defined as the diameter of a sphere, whose specific mass is 1 g.cm -3 and which settles in still air at the same velocity as the impacted particle. da is calculated as shown in equation ( 8):

𝑑 𝑎 = 𝑑 𝑝 Κ√ 𝜌 𝜌 0 ( 8 
)
Where dp is the geometrical diameter of the particle, K is the shape factor (= 1 for a spherical particle),

 is the specific mass of the particle and 0 is the specific mass of the equivalent particle (0 = 1 g.cm - ). TEM copper grids, covered with a Formvar© carbon film, were used.

The carbon film is very thin (40 to 60 nm thick) and its contribution to the X-ray emission signal of the analyzed particles is negligible. The use of forecasting models, like Windy and Prevair, does not guarantee that the chosen sampling period will fall exactly at the time of a pollution peak. Therefore, it is necessary to obtain several sets of continuous samples, covering the whole pollution episodes. Furthermore, a few tens of minutes are sufficient to obtain enough individually identifiable particles on the grid, to perform an automated SEM-EDX single particle analysis that makes statistical sense (about a thousand particles analysed).

We have therefore chosen, for a given pollution day, to collect the particles by sample of 30 to 120 minutes, according to the PM2.5 concentration recorded on that day (Beta gauge).

For example, from March 30 th to April 1st, 2021, we have collected 24 samples on TEM grids (12 per TRAPS stage), in only 4 sampling periods, as reported in The preparation of a sampling includes:

1) installation of the polycarbonate membranes on the impaction plates,

2) installation of the grids and their proper positioning perpendicular to the nozzles outlets, 3) programming the sequence according to the sampling plan and 4) installation of the TRAPS inside fridge before the start of the sampling.

In this study only samples collected on TEM grids were presented and exploited. All samples were stored at -18°C, directly after collection and only those selected for their scientific interest were removed and brought to ambient temperature (in a desiccator) prior to TSEM-EDX analysis.

Individual particle analysis by TSEM-EDX

Microscopic observation and analysis of aerosol particles requires a small amount of samples (i.e.

single particles dispersed onto a flat substrate), in order to permit direct observation and measurement of their size, shape and chemical composition. Electron microscopes are used to analyse particles smaller than the limit of resolution of optical microscope and exist in two types Scanning electron microscope (SEM) and Transmission electron microscope (TEM).

The TSEM-EDX technique

The  And infrastructure requirements including power supply, vacuum system, cooling system and a room free of magnetic or electric field.

107 The SEM used in this study (Figure 2-11.) is a FEG-SEM model JEOL JSM-7100F (JEOL Company, Japan. It means that it is equipped with a Schottky Field Effect Gun (FEG). This FEG-SEM is equipped with three EDX Bruker Quantax © 800 spectrometers, fitted with 30 mm² silicon windows and a Quorum © PP3010 cryogenic system. It can be renamed as FEG-TSEM as specimen observation can also be conducted in transmission mode. It is, thus, possible to obtain images/texture and composition of specimens with a resolution up to 3 nm, at an acceleration voltage of 15 kV, a working distance of 10 mm and under a probe current of 5 nA. This instrument makes it possible to observe individual particles with a spatial resolution down to 3 nm and to obtain the elemental composition of particles larger than 100 nm. It was operated in high vacuum mode with an acceleration voltage of 15 kV under a probe current ranging between 150-300 pA, with a working distance of 10 mm. Images and elemental composition (elements with an atomic number higher than Boron-Z ≥ 5) were acquired at magnifications of 2000-4000 and 6000-10000, for the TRAPS coarse and fine stages, respectively. The acquisition time for each particle spectrum was 13 s. An automated particle detection procedure was performed using the ESPRIT © software (Bruker TM , Germany).

The combination of "TEM/Gauss/PhiRhoZ" methods was chosen and applied using the Bruker ESPRIT © version 2.2 software. With the aim, respectively, to extract the continuous background due to the TEM grids used (TEM), to perform a Gaussian (Gauss) deconvolution of the X-ray emission lines, slightly influenced by the particle size and to achieve a "PhiRhoZ" quantification of the different elements. This combination was selected by [START_REF] Guilbaud | Etude du vieillissement des aérosols inorganiques industriels en milieu urbain[END_REF] as the one offering the most satisfactory conditions for the quantification of the elements present in atmospheric particles.

The operating conditions used during SEM-EDX analyses are summarized in 

Classification of particles using R and manual screening

The data are first qualified by reviewing the raw and binary images of all analysed fields to ensure that the automatic particle detection has been performed correctly. Spectra corresponding to artifacts (pixels identified as particles when they are not) are then discarded from the data set. The data are then compiled in an Excel file for statistical analysis, based on the particle elemental compositions (atomic percentages). The chemical elements whose content is lower than 0.1%, whatever the particle, are discarded. Then all particles were sorted according to their C content and all those having C above 50% were associated with the first cluster. For the rest of the particles, the atomic percentages are normalized without C and O elements followed by a classification operated using the R © statistical software.

From Ascendant Hierarchical Clustering statistical analysis, the particles are classified according to their similarities in composition. This can be defined with the smallest distance between two compositions, and the distance of each average composition compared to the centre of gravity of the whole set, in a N-dimensional mathematical space (N = Number of chemical elements considered).

A hierarchical tree is then generated and interpreted from top to bottom. This allow us to choose the number of composition clusters representative of all individual particles, with each cluster characterized by a specific elemental composition.

After classification, each spectrum of the same cluster is reviewed to ensure the environmental consistency of the statistical classification, then the spectra are summed, to obtain a "sum" spectrum for each cluster, in order to improve the signal-to-noise ratio and to be able to quantify with precision the minor elements present in particles.

By this way, a total of 28 029 individual particles for both particles fractions (coarse and fine) were classified, for all studied pollution events. The elemental composition of these particles incorporate 18 elements, including C, O, Al, Ca, Cl, F, Fe, K, Mg, Mn, N, Na, P, Pb, S, Si, Ti and Zn. All the analysed particles were therefore classified into 7 groups (see They are generally observed as chain-like aggregates of several tens to hundreds of spherical monomers and stable under the electron beam [START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF][START_REF] Kazemimanesh | Size, effective density, morphology, and nanostructure of soot particles generated from buoyant turbulent diffusion flames[END_REF]. Soot particles are mainly from the incomplete combustion of biomass and fossil fuel [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF][START_REF] Niu | Soot particles at an elevated site in eastern China during the passage of a strong cyclone[END_REF]. Therefore, an important contribution of these particles from transport and industrial sectors can be expected  Organic matter (OM) represents particles whose elemental abundance of C ranges between 50-80%, with a significant proportion of O (0-50%) (Figure 2-13.a) [START_REF] Choël | Development of Time-Resolved Description of Aerosol Properties at the Particle Scale During an Episode of Industrial Pollution Plume[END_REF][START_REF] Singh | Sources, Composition, and Mixing State of Submicron Particulates over the Central Indo-Gangetic Plain[END_REF]. They can be found internally mixed with minor amounts of other secondary species especially N and S (Figure 2-13. h.) or form carbonaceous aggregates with elements such as Al, Si, Ca, K or some metals as Fe. Several activities can be identified as sources of organic matter, as industrial activities (steelworks, refineries), transport, energy production or solid waste treatment.

Na-Rich particles

The Na-rich group is the second largest particle group accounting for 30% of all the analysed particles.

These particles are expected to be sea-salts, due to the coastal location of the GDA. Na-rich particles were defined as those containing Na, Cl, N, O, with minor amounts of Mg, S, Ca (Figure 2 More than 80% of Na-rich particles were classified as partially or completely aged sea-salts, indicating the degree of processing during transport from the North Sea or the ocean. In coastal regions, Narich particles play an important role in tropospheric chemistry, leading to modifications in the trace gas budgets, by acting as a reservoir for oxidized nitrogen and sulphur species. In this study, aged Narich particles can be formed by the reaction between fresh sodium chloride and SO2 and/or NOx with an industrial origin [START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF][START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF][START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF]. A recirculation from the continent of aged sea salts, previously formed during the reaction of Na-rich particles with gaseous precursors, is also possible, as evidenced by [START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF] in East Asia. In summary, sea-salts can act, by aging, as a significant source of continental halogen gases (HCl, ClNO2, etc.) and as a sink for NOx/SO2 oxidation products [START_REF] Azadiaghdam | On the nature of sea salt aerosol at a coastal megacity: Insights from Manila, Philippines in Southeast Asia[END_REF][START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF].

Metal particles

Metal-rich particles are abundant in polluted air influenced by combustion activities, such as waste incineration, biomass burning and biofuel burning. But the main sources are industrial (chemistry, petrochemistry, metallurgy) or related to transport (non-exhaust road emissions ; ship emissions [START_REF] Beji | Nonexhaust particle emissions under various driving conditions: Implications for sustainable mobility[END_REF][START_REF] Daellenbach | Sources of particulate-matter air pollution and its oxidative potential in Europe[END_REF]). Metal particles in the fine and ultrafine particle fraction generally contain a wide range of elements including As, Cd, Cr, Cu, Hg, Mn, Ni, Pb, V, Fe, Zn [START_REF] Mbengue | Size-distributed metallic elements in submicronic and ultrafine atmospheric particles from urban and industrial areas in northern France[END_REF][START_REF] Riffault | Fine and Ultrafine Particles in the Vicinity of Industrial Activities: A Review[END_REF][START_REF] Siciliano | The morphology and chemical composition of the urban PM10 near a steel plant in Apulia determined by scanning electron microscopy[END_REF]. They are generally found mixed with secondary species such as sulfate, nitrate, and organic matter, either at the exit of the chimneys or during their transport over the urban areas. Fe-rich (Figure 1 ) and stable under the beam irradiation. We assume that they are in the form of Calcite, gypsum and mixed Ca-salts with aluminosilicates or sea-salts. They can result from both anthropogenic and natural sources, mainly from marine emissions. Their occurrence in the atmosphere in the form of gypsum CaSO4 can be the result of the reaction of marine CaCO3 with atmospheric sulphur compounds as H2SO4, formed by the oxidation of SO2 (direct industrial emissions; [START_REF] Hoornaert | Gypsum and Other Calcium-Rich Aerosol Particles above the North Sea[END_REF]. Dust resuspension can also contribute to Ca-rich particles. The industrial sector may also significantly contribute to Ca-rich emissions, especially from metallurgy (CaCO3 is used as an additive (acid neutralisation agent) in sintering unit dust filters) [START_REF] Hleis | Chemical profile identification of fugitive and confined particle emissions from an integrated iron and steelmaking plant[END_REF].

Si, Al-rich particles

Si, Al-rich particles were mainly com posed of Si, Al, with minor amounts of Ca, Fe, K, Mg (Figure 2-15. e). They represent 3 % of the total analysed particles. They are mainly of irregular shape (Figure 2-14. e and i) and stable under the beam irradiation. The main particles associated with this group are aluminosilicates, Silica, mixed silicates (with Ca salts or Fe oxides) mainly originating from resuspended sand or road dust or industrial ashes.

Unclassified particles

They are defined as particles of complex mixtures of different elements in irrespective proportions that were not associated with any of the types described above and accounted for 1% of all individual particles (Figure 2-15. i,j.).

Computation of the Mixing State Index χ

The determination of χ is based on the method proposed by (Riemer and West, 2013b)(see Chapter 1). The computation of both (Dα), (Dγ) and χ was based on individual particle elemental compositions (atomic percentages) obtained from SEM-EDX analyses, for the 15 major elements: Al, C, Ca, Cl, F, Fe, K, Mg, Mn, N, Na, O, S, Si and Zn.

Before computing Dα, Dγ and χ it is necessary to calculate the mass (µi) of each individual particle i from its volume i and specific mass ρi. For this:

-the volume is calculated from the equivalent diameter, deduced from the projected area of the particle (SEM image), considering the particles as spherical.

-the specific mass ρi is calculated, for A chemical elements present in the particle (major elements except oxygen being systematically present in the particles and the collection substrate) as follows:

𝜌 𝑖 = ∑ At. % × 𝜌 𝑎 𝐴 𝑎=1 (2-2)
Where "At.%" is the atomic percentage of element a (normalised without oxygen), in the particle i, and a is the specific mass of the element a in g.cm -3 (see Table 2-5.).

To determine the specific mass of an element present within the particles, we selected the most abundant solid compound in the atmosphere containing that element. For example, for sulphur, we decided that ammonium sulphate (NH4)2SO4 is the atmospheric compound that contains almost all of the sulphur within aerosols and then a specific mass of 1.77 g.cm -3 was assigned to this element (Table 2345). For chemical elements associated with several major solid compounds in the atmosphere, the specific mass is obtained by averaging the specific mass of each compound. For example, for sodium, we consider three major solid compounds: sodium nitrate NaNO3, sodium chloride NaCl and sodium sulfate Na2SO4. The density assigned to sodium was calculated by averaging the specific mass of these three salts and we obtain 2.36 g.cm -3 . The mass μi of each particle i is then calculated according to Equation 2-3:

Element

𝜇 𝑖 = 𝜌 𝑖 × 𝑣 𝑖 (2-3)
i is here expressed in pg.m -3 and i is the equivalent volume of the particle i in μm 3

The masses μi are then summed to calculate the individual particle mass fraction pi of each particle i in the population of N particles analyzed by SEM-EDX:

𝑝 𝑖 = 𝜇 𝑖 𝜇 𝑡𝑜𝑡𝑎𝑙
(2-4)

With: μi mass of particle i in p 𝜇 𝑡𝑜𝑡𝑎𝑙 : total mass of the population of N particles in pg :

𝜇 𝑡𝑜𝑡𝑎𝑙 =∑ 𝜇 𝑖 𝑁 𝑖=1
The total mass 𝜇 𝑡𝑜𝑡𝑎𝑙 is then used to derive the individual mass fraction p a of the species a in the population following Equation 2-5.

𝑝 𝑎 = 𝜇 𝑎 𝜇 𝑡𝑜𝑡𝑎𝑙 (2-5)
Where μ a is the total mass of species a in the population of N particles:

𝜇 𝑎 = ∑ 𝜇 𝑖 𝑎 𝑁 𝑖=1 (2-6)
Considering the important number of particle groups (7) and the number of samples to be analysed (40) we obtain 320 data sets for which we have to compute the mixing state index. In order to reduce the calculation time and the potential errors, the computation has been coded in Python language using the Jupyter Notebook interface (https://jupyter.org/). The generated code (available upon request) is then applied to all samples collected during this study.

Other measurements 2.5.1. PM2.5 mass concentration

The MP101M analyser (Environment SA) uses the standard Beta gauge method for the measurement of PM2.5 mass concentrations. The principle of the technique is based on beta ray attenuation: the particles concentration is determined by measuring the amount of radiation that a sample, collected on a fibre tape, absorbs when exposed to a radioactive source. The absorption is given by an exponential law and is independent of the physical-chemical nature of the particles.

The measurement consists in calculating the absorption ratio between the blank filter, at the start of a measurement cycle and on the charged filter (sample) at the end of the cycle. The mass concentration

Mc is calculated by equation 2.7 (Beer-Lambert law):

𝑀𝑐 = 10 6 𝐴 . ln (𝐼 0 𝐼 ⁄ ) 𝜇 . 𝑄 . ∆𝑡 = 𝐾 . ln (𝐼 0 𝐼 ⁄ ) (2-7)
where Mc is in µg.m -3 , A is absorption area in cm 2 , I0 is the incident beta flux, I is the transmitted beta flux, and µ is the mass absorption coefficient in cm 2 .mg. Q is the sampling flow rate in Lpm, Δt is sampling time in minutes, and factor K is a dimensional conversion factor. Io/I is unitless.

The instrument deployed during this campaign used Radon 222 as the beta source, together with a high performance Geiger-Muller counter as the detector. The sampling port of the instrument is connected to a PM2.5 cut-off head (Figure 2-15 B) through a heated sampling tube and operates at a sampling flow rate of 1 m.h -1 . The instrument provides dry PM2.5 mass concentrations every 15 minutes.

Aethalometer, SMPS and OPC

These two instruments are located with the MP101M analyser in the campaign shelter and were connected to their own sampling line (Figure 2-16). The latter consists of a PM2.5 cut-off head connected to a line made of stainless steel, extended by a Nafion dryer (1.20m long), inside the shelter.

The PM2.5 head is located approx. 20 meters from ground level and operates at 1 m 3 .h -1 (16.6 Lpm).

An additional pump and parallel ports with adapted diameters are used to maintain isokinetic sampling for the two instruments and the TRAPS, when used.

121 Where:

babs(λ) is the absorption Coefficient in m -1 and σair(λ) is the Mass Absorption cross-section (MAC) in m 2 .

g -1 . AE51 was deployed only during pollution episodes. It was operated at a sampling flowrate of 150 ml/m 3 providing BC concentrations each 300s. The filter was changed every 2 days in order to avoid sample overload.

SMPS

A SMPS consists in the association of a differential mobility analyser (Figure 2-16) and a condensation particle counter (Figure 2-17) and is used for measurements of the size distribution and concentration of particles in the size range of 2 nm to 1 μm, depending on the model and the manufacturer. The method is based on the ability of a particle to move through an electric field (electrical mobility) in relation to its size. Electrical mobility Z depends on the electric charge and size of a particle, following the Equation 2-9:

𝑍 = 𝑉 𝑇𝐸 𝐸 = 𝑞𝐶 𝑐 3𝜋𝜂𝑑 (2-9)
Where:

Z is the electrical mobility in m 2 /V.s, VTE is the terminal electrostatic velocity in m/s, E is the electric field strength in V/m, q = ne is the charge of the particle in coulomb, d is the diameter of the particle in and Cc is the Cunningham factor (dimensionless) . Atmospheric aerosols are naturally charged, often with multiple elementary charges. These particles 123 are first sampled and mono-charged before being introduced in the DMA electric field, using a stream of beta radiations or X-rays, called "neutralizer". They are then accelerated by the electric field in the DMA column. By varying the electric field intensity, it is possible to span and measure the integral aerosol size distribution, because only particles having a fixed size ("monodisperse aerosol") can get out of the analyser and be conducted towards the CPC, for a given electric field. In order to see the origin of air masses affecting our study area, the PC Windows-based HYSPLIT model [START_REF] Stein | NOAA's HYSPLIT Atmospheric Transport and Dispersion Modeling System[END_REF] was widely used for generating backward trajectories to evaluate potential sources for LRT. The Global Data Assimilation System (GDAS) was used as weather input to the HYSPLIT model. 72-h backward trajectories arriving at 500 m and 1000 m above ground level in the GDA were computed.

Methodology of physico-chemical characterization of atmospheric particles

The aim of this chapter is to demonstrate the suitability of a Time-Resolved Atmospheric Particles Sampler (TRAPS) for single coarse and fine particle characterization, with high time-resolved sampling, throughout PM2.5 pollution episodes. The first part of the chapter focuses on a state of art of available sequential cascade impactors in the literature. In the section 2, a description of the TRAPS and the theoretical considerations during its design is done. The third part presents the methodology and experimental setups used for the determination of its size segregation characteristics. The fourth part presents the results, including cut-off diameters, of ambient and laboratory particle deposition pattern experiments and outcomes, and demonstrating the reliability of the time-resolved sampling. In the last part, we present a case study in which the TRAPS is implemented at a multi-influenced site during a PM2.5 pollution event.

This chapter correspond to the article "Development and Characterization of a Time-Sequenced Cascade Impactor: Application to Transient PM2.5 Pollution Events in Urbanized and Industrialized

Environments", by Soulemane Halif Ngagine, Karine Deboudt, Pascal Flament, Marie Choël, Pierre Kulinski and Fabien Marteel, published in Atmosphere, 2022, 13(2), 244.

Time-resolved cascade impactors in the literature

Air pollution has been identified as the greatest environmental cause of premature deaths, with seven million deaths per year worldwide due to the direct or indirect effects of exposure to air pollutants (WHO, 2021). Among these pollutants, particulate matter (PM) has the greatest health impact [START_REF] Kim | A review on the human health impact of airborne particulate matter[END_REF] particularly PM2.5 and PM1 because of their ability to penetrate the deeper regions of the respiratory tract [START_REF] Atkinson | Fine particle components and health-a systematic review and meta-analysis of epidemiological time series studies of daily mortality and hospital admissions[END_REF][START_REF] Seinfeld | Atmospheric Chemistry and Physics: From Air Pollution to Climate Change[END_REF][START_REF] Who | WHO global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF].

Although air quality has significantly been improved in high-income countries, PM2.5 exceedances are frequent in large European cities, and a disparity in exposure between highly industrialized/urbanized cities and rural areas is observed [START_REF] Who | WHO global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF]. This leads us to question the sources of these disparities and, in particular, those responsible for exceeding the regulatory thresholds, especially in urban areas. Most of the source assessment or health impact studies in this respect are based on long-term sampling (typically 24 h), in order to have sufficient quantities of material to be able to perform a chemical characterization as complete as possible, and thus obtain indications on the predominant sources of particulate matter.

In doing so, essential information on the dynamics of threshold exceedances is lost, such as those resulting from day/night cycles [START_REF] Reizer | Measurement report: Receptor modeling for source identification of urban fine and coarse particulate matter using hourly elemental composition[END_REF], hence the interest in shorter sampling to assess aerosol composition and sources variabilities [START_REF] Rai | Highly time-resolved measurements of element concentrations in PM<sub>10</sub> and PM&lt[END_REF]. The difficulty related to the smaller number of particles collected in shorter sampling times (e.g., less than 1 h) can be overcome by using individual particle analysis techniques, such as SEM-EDX [START_REF] Marris | Fast changes in chemical composition and size distribution of fine particles during the near-field transport of industrial plumes[END_REF].

Online instrumentation such as Aerosol Mass Spectrometers (AMS) and Aerosol Chemical Speciation Monitors (ACSM) are well suited for air pollutant monitoring, when dealing with longterm measurements at a specific location. However, increasing the spatio-temporal coverage of the monitoring requires more measurement sites and therefore the implementation of less expensive instruments that are quickly and easily operational. When coupled with individual particle analysis techniques, such as SEM-EDX, cascade impactors appear particularly well suited. They can indeed allow short sampling, providing information on the size, morphology and chemical composition of particles [START_REF] Bzdek | Single particle chemical analysis of ambient ultrafine aerosol: A review[END_REF]W. Li et al., 2016).

For this, it seems relevant to have a system where the particle collection substrate can be changed very quickly, to carry out successive samplings in a limited, according to the evolution of the meteorological conditions and the dynamics of the boundary layer [START_REF] Bukowiecki | X-ray fluorescence spectrometry for high throughput analysis of atmospheric aerosol samples: The benefits of synchrotron X-rays[END_REF]. One of the most suitable solutions is to use a system that automatically switches the particle collection substrate/surface, such as a rotary plate impactor.

To our knowledge, there are two types of commercial cascade impactors able to provide timeresolved and size-segregated aerosol samples: generations of DRUM Impactors [START_REF] Cahill | The importance of simulated lung fluid (SLF) extractions for a more relevant evaluation of the oxidative potential of particulate matter[END_REF][START_REF] Raabe | Calibration studies of the drum impactor[END_REF] and Streaker samplers (PIXE International TM ) [START_REF] Annegarn | Time sequence particulate sampling and nuclear analysis[END_REF]. The Rotative DRUM Impactor (RDI) (Figure 3-1.) is a modified version of a 3-stage DRUM in which rotating wheels were implemented. The sampling flowrate is 16.7 L per minute (Lpm) and the rectangular nozzle of each stage is 10 mm in length and of variable width: 1.52 mm, 0.68 mm and 0.30 mm, corresponding to cut-off diameters of 2.5, 1.0 and 0.1 µm, respectively [START_REF] Bukowiecki | Deposition Uniformity and Particle Size Distribution of Ambient Aerosol Collected with a Rotating Drum Impactor[END_REF]. The RDI wheels (Figure 3-1), replacing the collection plates, have been specifically designed for Synchrotron Radiation-Induced X-Ray Fluorescence (SR-XRF) analysis of uninterrupted aerosol samples, at adjustable sampling durations (generally 1 h), within a sampling period ranging from days to weeks. The films on the wheels are kept consolidated in order to preserve time-resolved information, thus limiting the possibility of sample analyses to only techniques and instruments suitable to analyse the entire film/wheels [START_REF] Bukowiecki | X-ray fluorescence spectrometry for high throughput analysis of atmospheric aerosol samples: The benefits of synchrotron X-rays[END_REF]. [START_REF] Bukowiecki | Deposition Uniformity and Particle Size Distribution of Ambient Aerosol Collected with a Rotating Drum Impactor[END_REF] Unlike the RDI, the Streaker sampler (Figure 3-2) uses a collection plate fixed onto a motor instead of a rotating wheel. It is an instrument which allows collection by impaction, on a rotating film substrate, of particles of the coarse fraction (2.5-10 µm), and by filtration of the entirety of the particles whose aerodynamic diameter is below 2.5 µm. The sampling rate is 1 Lpm. The sampling time, adjustable from a few minutes to a few hours, allows the collection of particles on the same substrate over periods of several days or even weeks.

This functionality makes it suitable for long-term continuous observation of particle composition, obtained from a wide range of Ion Beam Analysis (IBA) techniques, such as Particle-induced Xray emission spectrometry (PIXE) [START_REF] D'alessandro | PIXE and ToF-SIMS analysis of streaker samplers filters[END_REF][START_REF] Formenti | Aerosol study in the town of Genova with a PIXE analysis[END_REF]. The main drawback of the Streaker is that it does not allow a precise aerodynamic separation of the particles from the fine fraction (below 2.5 µm) which are the most abundant in number; this justifies the need for an instrument with this characteristic. The TSI MOUDI II is an aerosol sampling system mainly composed of two parts: the 8-stage cascade impactor and the rotation system (Rotator) inside which the impactor is installed [START_REF] Marple | A Microorifice Uniform Deposit Impactor (MOUDI): Description, Calibration, and Use[END_REF]. A sampling flow rate of 30 Lpm is passed through a nozzle system, whose number per impaction stage increases with the decrease in the nominal cut-off diameter. It goes from three nozzles in stage 1 for a Dp50 of 10 µm to 2000 nozzles for a Dp50 of 0.056 µm. Thanks to the combined use of rotating impaction plates and multiple nozzles, a uniform deposition of particles on substrates, with diameters varying between 2.7 and 2.8 cm, is ensured for each impaction stage.

Contrary to the RDI and Streaker, the rotation of the MOUDI plate does not allow the collection of individual and time-resolved impaction traces, which is one of the objectives of the TRAPS.

In addition, one of the main drawbacks of the RDI and the Streaker resides in the fact that the user cannot purposely define the sampling substrate or use commercial substrates (TEM grids, polycarbonate membranes, etc.) available on the market. In this context, we developed a cascade impactor, the TRAPS, standing for Time-Resolved Atmospheric Particle Sampler. It is a noncommercial (homemade) instrument, designed for the collection of coarse (1-10 µm) and fine (0.1-1 µm) particles; its aim is qualitative characterization, using a wide range of single-particle analysis techniques, such as SEM-EDX or Micro-Raman Spectroscopy.

Samples can be collected on commercial membranes, such as polycarbonate membranes and/or simultaneously on TEM grids. Unlike the Streaker, a more precise size segregation of coarse and fine PM is enabled. Unlike the RDI, the collection of several and discrete impaction traces, on a user-selectable substrate, is possible. In addition, the user can select the sampling time, can adjust the per-sampling duration, and the air flow is cut during the non-sampling periods between two consecutives traces, to avoid any change in the morphology and chemical composition of previously collected particles.

The TRAPS can, therefore, be operated in a semi-continuous sampling mode when necessary. This feature provides the TRAPS with the advantage of limiting the sampling artefacts associated with the chemical evolution of the samples and the loss of semi-volatile species occurring during long sampling times, due to the passage of the air stream over the particles. This highlights the specificity of the TRAPS in monitoring and discriminating aerosols throughout transient atmospheric events.

Furthermore, the development of the TRAPS offers the advantage of easy deployment in the field, for complementary use with online instruments for continuous analysis of individual particles' physico-chemical composition for example, AMS, ACSM, optical particle counter (OPC) and scanning mobility particle sizer (SMPS).

Description and Theoretical Considerations

Description of the TRAPS

The TRAPS is a single jet cascade impactor with two stages on which the collection plate is mounted on a motor for rotation (Figure 3 The pre-impaction stage, located inside the impactor head, is designed to trap particles of specific mass 1 g.cm -3 , with a 50% collection efficiency for an aerodynamic cut-off diameter of 10 µm (PM10 head). Each stage is equipped with a single rectangular-shaped acceleration nozzle, with dimensions theoretically adapted to the collection of particles in the size range 0.1 to 1.0 µm (Figure 

Theoretical Calculations and TRAPS Design

The flow regime during impaction is defined by the Reynolds number (Re-equation (3-1)) of the fluid (dimensionless), which represents the ratio between the inertial forces (due to the mass of gases present in the air) and the viscosity forces that characterize the resistance to the airflow.

𝑅𝑒 = 𝜌. 𝑈. 𝑑 𝜂 (3-1)
where ρ is the specific mass of air (1.205 kg.m -3 at 293 K), U is the air velocity inside the impaction nozzle (m.s -1 ), d is the impaction nozzle "equivalent diameter" and η is the dynamic viscosity of air (1.806.10 -5 Pa.s at 293 K). All the values used for Reynolds number calculations are reported in Using Equation ( 1), Re values of 3540 and 12,420 are obtained, respectively, for the coarse and fine impaction stages. With Re > 3000, the flow regime inside the TRAPS has to be considered turbulent. In the case of turbulent flows, [START_REF] Pui | Experimental Study of Particle Deposition in Bends of Circular Cross Section[END_REF]] empirically demonstrated that the transport efficiency T of a particle following a curvilinear motion making an angle φ = π/2 rad (90°) with the principal direction of the flow can be calculated following Equation (3-2):

𝑇 = 10 -0.963𝑆𝑡𝑘 (3-2)
where Stk is the Stokes number, which represents the ratio between the kinetic energy of a particle suspended in a fluid (here the ambient air) and the energy dissipated by friction with the fluid. If the particle kinetic energy is very high (Stk >> 1), it will easily leave the flow lines while approaching the collection surface (inertial regime). On the other hand, if the particle kinetic energy is dissipated by friction (Stk << 1), the particle will then follow the flow lines regardless of the fluid direction (viscous regime). Stk is calculated by Equation (3-3):

𝑆𝑡𝑘 = 𝑈. 𝜌 𝑝 . 𝐶 9𝜂 × 𝐷 𝑝 2 𝑑 (3-3)
where ρp is the particle density, C is the Cunningham slip factor (which is dimensionless and depends on particle size and pressure [START_REF] Marple | Impactor design[END_REF], Dp is the aerodynamic diameter of the particle (m) and U, η, and d are the same as in Equation ( 1). All of the values used for Stokes number calculations are reported in Table 3-2.

The central point in the design of the TRAPS is the determination of the diameters of the acceleration nozzles, allowing fixation of the median size ("cut-off" diameter) of the particles collected on a given impaction stage. As the TRAPS is specifically designed to study pollution aerosols, we have chosen median sizes of 1 μm for the coarse stage and 0.1 μm for the fine stage, as the majority of pollution aerosols are submicronic.

In the field of cascade impaction, the median size of the collected particles is defined as the aerodynamic diameter of particles collected with 50% efficiency (Dp50), i.e., the equivalent diameter of a sphere of given specific mass, having the same final impaction velocity as the studied particles, with 50% collection efficiency. Calibrated silica particles (ρp = 1.80 g.cm -3 ) were used to experimentally determine Dp50 and compare it with theoretical values reported in Table 3-2.

According to impaction dynamic equations detailed above, the AeroCalc © software [START_REF] Baron | Description of an aerosol calculator[END_REF] was used to calculate the evolution of the theoretical collection efficiency as a function of particle aerodynamic diameters and to determine the 50% efficiency cut-off diameter for silica particles (Table 3-2.).

Materials and Methods

Experimental Setups for Laboratory Experiments

Experimental determination of the particle collection efficiencies of the coarse and fine stages of the TRAPS was performed with a setup divided into two parts: an aerosol generation part and an aerosol sampling and measurement part.

For the characterization of the fine stage, aerosol particles were generated by nebulizing a waterbased solution in which the studied particles were suspended. The setup (Figure 3-6) consisted of a constant output atomizer (model 3076, TSI Inc., Shoreview, MN, USA) used in recirculation mode and at a back pressure of 2 bars [START_REF] Stabile | Ultrafine Particle Generation through Atomization Technique: The Influence of the Solution[END_REF]. A solution was obtained by introducing 50 mg of monodispersed silica spheres (Angström Sphere TM , https://focenter.com/ or https://nanocym.com/ (accessed on 20/01/2020)) into 600 mL of ultrapure water (ρ = 18.2 MΩ.cm -1 ). The particle sizes considered were 0.05, 0.08, 0.1, 0.25, 0.5 and 0.75 µm (relative standard deviations of less than 10%.). The solution was sonicated for 5 min to minimize particle aggregation. After generation, the obtained wet aerosol was dried using a 30 cm-long tube, containing silica gel, followed by a 120 cm-long membrane dryer (Nafion TM , www.permapure.com (accessed on 11/09/2019)). These dryers decreased the relative humidity to less than 20%, which provided silica particles with nearly the size specified by the manufacturer.

The output particle concentration was adjusted to the required value (4000-8000 #.cm -3 ) by using For the coarse stage, a dry aerosol was directly generated at a stable and re-producible concentration For the two experiments (i.e., for the coarse and fine stages), the silicone tubes connecting the different parts of the setups were kept as short as possible, with lengths ranging between 10-40 cm, in order to limit particle losses. The minimum sampling time was 2 min, repeated 5 times for each experiment.

Experimental Setup for Atmospheric Applications

For the monitoring of pollution events, atmospheric particles were collected with the TRAPS onto 3 mm diameter Formvar © carbon-coated TEM grids (200 Mesh), fixed on polycarbonate membranes, allowing electron microscopy observations in TSEM mode. The TRAPS was connected to a membrane dryer (Nafion TM , www.permapure.com (accessed on 11/09/2019)), equipped with a PM10 sampling head (see refer to the description of the sampling site in Chapter 2). The TRAPS was installed in parallel with other instruments: (1) an MP101 beta gauge (ENVEA TM ) for the measurements of hourly PM2.5 mass concentrations.

(2) an optical particle counter (MiniWras model 1371 Grimm TM ) for the measurement of the particle size distribution.

The date and time were reported in Coordinated Universal Time (UTC).

For the particle analysis using Electron Microscopy, please refer to that section in Chapter 2. Configuration 3-9(B) allows for the quantification of the system losses (SL), i.e., the losses on the walls and tubing as well as possible reading differences of the instruments, while configuration3-9(A) allows for the quantification of the overall losses (OL), including the particles deposited on the impaction plate. The two particle counters OPC1 and OPC2 were connected upstream and downstream of the impactor. The transmission efficiency of these systems were calculated using the mass concentrations (C1 and C2, respectively) measured by these OPCs using Equation (3-4):

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑇 𝑒𝑓𝑓 (%) = 𝐶2 𝐶1 × 100 (3-4)
The difference in transmission efficiency between configuration 3-9(B) (for SL quantification) and 3-9(A) (for OL quantification) is used to deduce the experimental collection efficiency (Ceff) of the stage. Experimental collection efficiencies are plotted in Figure 3-10 as a function of particle size, and compared to the theoretical efficiencies deduced from Section 3.2. The experimental cut-off point (Dp50) of this stage is obtained at 1.32 µm, which is very close to the theoretical value of 1.30 µm reported in Table 3-2, indicating a reliable design of this stage. The experimental collection efficiency for the largest particles does not reach 100%, which suggests that a non-negligible fraction of particles is affected by particle bounce or re-entrainment at this stage and is not collected [START_REF] Demokritou | Development and Laboratory Performance Evaluation of a Personal Cascade Impactor[END_REF].

Fine Stage Cut-Off Diameter: For the determination of the collection efficiency of the fine stage, the experimental set-up must include the coarse stage, which is located upstream, because it directly influences the particle concentration at the inlet of the fine stage. Therefore, configurations 3-9(C) and 3-9(D), using the fully assembled TRAPS with and without motor and collection plates (Figure 3-9), were used for the quantification of the size segregation characteristics of the fine stage.

Considering the CPC1 and CPC2 connected upstream and downstream of the impactor, the System Loss (SL), is calculated using configuration 3-9(D), from the number concentrations C1 and C2 measured by the CPC1 and CPC2, respectively, using Equation (3-5):

𝑆𝐿(%) = 𝐶 1 -𝐶 2 𝐶 1 × 100 (3-5)
The configuration 3-9(C) (full configuration) is then used to determine the effective collection efficiency, i.e., the fraction of particles impacted on the two collection plates. For this, the concentration of particles overall lost COL is firstly expressed as the difference between C2 and C1, following Equation (3-6):

COL = C1 -C2 (3-6)
From this amount, assuming that the SL is similar in configurations C and D, the concentration of particle removed/lost due to the system parts (walls, tubing and coarse stage), CSP is quantified according to Equation (3-7):

CSP = COL × SL (3-7)
It is then possible to calculate the experimental collection efficiency (Ceff) for each particle size, which corresponds to the ratio of the collected concentration (COL) on the collectable concentration (C1), corrected in both cases by the SL (Equation (3-8)):

𝐶𝑒𝑓𝑓 = 𝐶 𝑂𝐿 -𝐶 𝑆𝑃 𝐶 1 -𝐶 𝑆𝑃 × 100 (3-8)
An experimental cut-off diameter (Dp50) of 0.125 µm was graphically determined for this fine stage (Figure 3-10. b). It is lower but almost similar to the theoretical cut-off point Dp50 of 0.15 µm. As for the coarse stage, this is an indication of the good agreement between design and operational considerations of the TRAPS. As for the coarse stage, the experimental collection efficiency for the largest particles does not reach 100%, which is evidence of significant particle losses inside the cascade impactor. It can be attributed to several factors, including the bounce-off of spherical silica particles. These deviations from the theoretical curve can also be attributed to the diffusional deposition of small particles and the deviation in generated particle size (±10%). Similar limitations were reported for other cascade impactors [START_REF] Brostrøm | Improving the foundation for particulate matter risk assessment by individual nanoparticle statistics from electron microscopy analysis[END_REF][START_REF] Demokritou | Development and Laboratory Performance Evaluation of a Personal Cascade Impactor[END_REF][START_REF] Gomes | Assessing the actual size distribution of atmospheric aerosols collected with a cascade impactor[END_REF][START_REF] Marple | Characteristics of laminar jet impactors[END_REF][START_REF] Marple | Impactor design[END_REF][START_REF] William | Aerosol Technology Properties, Behavior, and Measurement of Airborne Particles: William C. Hinds[END_REF]. Important error bars observed in the collection efficiency curves can be explained by the variability of the relative humidity in the reactor during the experiments, which causes a change in the particle size and, consequently, their aerodynamic properties.

Observation and Analysis of Collected Particles

Particles Bouncing Effects

To examine the absence of contamination from one impaction spot to another due to particle bouncing, the surface area of an impaction trace has been studied using calibrated particles impacted on a polycarbonate membrane. The flow regime inside the fine stage nozzle being strongly turbulent (Re = 12,420), the risk of particle overlapping between two neighbouring impaction traces is at a maximum for this stage, which justifies its choice for this study. The rotation angle between two traces was fixed to 28.8°, and the sampling duration to 1 and 5 min, respectively (see below). During the experiments, the particle concentration remained consistently close to 300,000 #.cm -3 . The samples were overloaded (inappropriate for individual particle analysis) so as to easily visualize the spatial distribution of particles over the impaction area.

Two experiments were performed using the experimental set-up described previously (Figure 3-7):

one with a solution of silica nanospheres (0.05, 0.08, 0.1, 0.25, 0.5 and 0.75 µm) and the other with a solution of sodium chloride (NaCl, M = 400 mg/L). The shape of impaction traces obtained with silica nanospheres (Figure 3-11. b) are much less regular than the rectangular shapes obtained for NaCl particles (Figure 3-11. a). These differences can be explained by the spherical shape of the silica particles that roll easily on the collection substrate after impaction, which is not the case for angular NaCl particles.

The hygroscopicity of NaCl vs. silica particles can also play an important role, as wet particles are more likely to adhere to the collection surface. The lengths of the more loaded traces (5 min sampling) are comparable to the nozzle length (2 mm), whereas their measured widths represent 7-10 times the nozzle width (0.13 mm). This dimension of the impaction area suggests that the working angle of 28.8°, which maintains a distance of around 8 mm between two adjacent impaction areas, is enough to prevent inter-sample contamination. Unlike the experiments conducted for the fine stage, the particle bouncing in the coarse stage was studied by sampling monodisperse silica particles of sizes 0.5, 0.75, 1, 1.5, 2 and 4 µm (Angström SphereTM, https://focenter.com/ (accessed on 20/01/2020)), using the setup presented in Figure 3-7. The particles were generated and sampled size by size, for 1 min for each size, for a total sampling time of 6 min, and subsequently collected. The concentration of the generated particles varied between 10,000 #.cm -3 for the finest to 4000 #.cm -3 for the largest particle sizes. Figure 3-12. shows the spatial distribution of particles collected on a polycarbonate membrane during this experiment. A homogeneous deposit of particles on this trace is observed, which follows the shape of the nozzle. The width of this trace is about 1 mm, i.e., twice that of the nozzle. By comparison, it was 10 times larger for the trace of the fine stage. This demonstrates that particle bouncing is less important at this coarse stage. showing silica microspheres collected for 6 min.

Particle Deposition Patterns

In order to obtain a complete characterization of the particles associated with air mass, our original methodology is based on the combination of an optical particle counter, time-resolved sampling with the TRAPS and characterization of the collected particles by SEM-EDX. Individual particle analysis is a statistically sound approach-as long as it requires the possibility of analysing a large number of particles (>10 3 ) to have a database that allows robust statistical analyses, and to have a statistically sound result representative of all of the particles present in the studied air mass.

Obtaining this representative sample is therefore based on a homogeneous distribution of the particle types/composition on the impaction trace, because only a fraction of this trace is exploited.

In order to verify this homogeneity, real particles were collected on TEM grids during a 2 h sampling with the TRAPS, at our monitoring site in Dunkerque, when the PM2.5 mass concentration was 5 ± 2 µg.m -3 . The particle size distribution (Figure 3-13) shows a bimodal distribution, with a principal mode centered on 0.2 µm and a minor mode at 1 µm. Green, blue and purple rectangles represent the analysed areas.

The distribution of the six particle types over the three rectangles is presented in Figure 3-15. We can observe that particles are more loaded at the extremities than at the center of the trace, which is coherent with observations made in Section 4.1. The homogeneity of this distribution is evaluated by calculating the contribution of each particle type in each of the three observed rectangles. Contributions of the most (Na-rich particles) and a less (Ca-rich particles) abundant particle type, are relatively similar over the whole analysed sections with 88.6% and 3.7%, 77.8% and 3.5%, and 89.5% and 5.3% for the green, blue and purple areas, respectively. This allows us to conclude that, if the number of particles analysed is sufficiently high (n ≈ 1000 particles) [START_REF] Choël | Development of Time-Resolved Description of Aerosol Properties at the Particle Scale During an Episode of Industrial Pollution Plume[END_REF], the composition of the analysed particles will be representative of all the particles collected on the impaction stage, regardless of the area of the impaction trace observed. 

Application to Fine-Particle Pollution Event Monitoring

The TRAPS was implemented to monitor a transient fine-particle pollution event, from 20 April to 21 April 2021, on the rooftop of the University building located near the coastline, in the vicinity of the Dunkerque (≈200,000 inhabitants) harbour ("Sampling Site" in Figure 2-1). As highlighted in previous studies, the urban area studied is characterized by the presence of a large industrial complex, which is a source of significant steel and metallurgy emissions [START_REF] Arndt | Characterization and source apportionment of single particles from metalworking activities[END_REF][START_REF] Arndt | Scanning electron microscopy-energy dispersive Xray spectrometry (SEM-EDX) and aerosol time-of-flight mass spectrometry (ATOFMS) single particle analysis of metallurgy plant emissions[END_REF][START_REF] Marris | Fast changes in chemical composition and size distribution of fine particles during the near-field transport of industrial plumes[END_REF][START_REF] Mbengue | Metal-bearing fine particle sources in a coastal industrialized environment[END_REF][START_REF] Setyan | Investigation on the near-field evolution of industrial plumes from metalworking activities[END_REF]. It is also characterized by a dense traffic network, an important agricultural activity and obviously a significant residential area.

The pollution event lasted 33 h, with PM2.5 above the WHO daily limit (15 µg.m -3 ) from 20 April, 9:00 to 21 April, 18:00 (Figure 3-16). During this event, two pollution peaks were observed, with maximal PM2.5 concentrations reaching nearly 2.5 times the WHO limit on 20 April, 12:00 and 21

April, 6:00, respectively. Eight samples were automatically collected with the TRAPS during the event (P1-P8) and two of them are of particular interest since they were collected during the pollution peaks: P1 and P5 . For these two samples, a total of 2500 particles (NTotal)

were analyzed by automated TSEM-EDX and classified into six particle types (Figure 3-17.). During the first pollution peak (P1), the chemical composition was dominated by: metal particles (51.8%), S-rich (18.8%), Ca-rich (10.1%) and carbonaceous particles (9.1%) for the fine fraction (coarse stage); and S-rich (34.7%), carbonaceous (33.6%) and metal-bearing particles (22.5%) in the ultrafine fraction (fine stage). The high predominance of metal-rich particles during this pollution peak was clearly due to emissions from the neighbouring industrial area, located northwest of our sampling site. These particles are typical of steelwork and metallurgical plant emissions, but can also be emitted by coil fire plants, oil refineries or re-suspended road dust from tire abrasion [START_REF] Beji | Nonexhaust particle emissions under various driving conditions: Implications for sustainable mobility[END_REF][START_REF] Young | Size-segregated compositional analysis of aerosol particles collected in the European Arctic during the ACCACIA campaign[END_REF]. These particles of spherical and irregular shapes are composed of Fe and Mn oxides mixed with small amounts of some other elements (Si, Al, K, Ca or Na).

During the second pollution peak (P5), the analysed sample was composed principally of: carbonaceous (44.8%), Na-rich (33.8%) and S-rich (9.3%) particles in the coarse fraction; and carbonaceous (53.3%), S-rich (24.1.3%) and Na-rich (18.4%) particles, in the fine fraction. In contrast to the first pollution peak, this second peak is characterized by the predominance of carbonaceous aerosols (44.8% of analysed particles in the coarse fraction, 53.3% for the fine fraction). Considering that metal-rich particles are virtually absent from the P5 sample (<5% of analysed particles), the dominant carbonaceous particles observed during the second episode most likely do not come from local industrial emissions, but from the regional or long-range transport of particles (see back-trajectories shown in (Figure 3-18.). They can be due to the incomplete combustion of fossil fuels (car traffic) or biomass burning. The significant increase in the contribution of sea spray to the PM2.5 concentrations, given the fraction of Na-rich particles, also supports the regional origin of particles during P5.

Conclusion

In summary, this case study demonstrates that the TRAPS, associated with the SEM-EDX technique, is well adapted to describe the evolution of the physico-chemical characteristics of atmospheric particles during pollution events. It can be notably very helpful for the identification of the main sources explaining the transient exceedance of fine particle concentration thresholds, as defined by international organizations such as the WHO.

Analysis and evaluation of typical PM10 pollution days in the Great Dunkirk Area

In this chapter, PM10 pollution days (PD) that occurred in the Great Dunkirk Area (GDA) between 2018 to 2020 were analyzed, classified and described in term of spatial extent of the pollution plume, associated meteorological conditions and PM concentration level. The main objective is to identify the main characteristics of the different types of PD observed in GDA. In addition, a detailed description of typical PD is realized at the hourly scale to reveal the specific characteristics of each pollution day (similarities and differences) in terms of potential sources and the evolution of the PM concentration. These characteristics can then be related to the composition and mixing state of the particles in chapter 5.

In summary, the following specific objectives are covered:

 Identify and compare PM10 pollution days observed in the Great Dunkirk Area from 2018 to 2020, using international standards.

 Using WHO recommendations, classify them and identify the main parameters characterizing these typical pollution days  Providing more information on the possible local or distance sources of PM and their possible formation mechanism during these pollution days. According to the AQMS, hourly measurement of PM10, PM2.5, O3, NO2 and/or SO2 in µg/m 3 were recorded during the studied period starting from January 2018 to December 2020 (Table 4-1). In complementary, 15 min averaged meteorological parameters including temperature (T), relative humidity (RH), pressure (P), solar radiation (SR), rain (R), wind speed (WS) and wind direction (WD)

Data availability

were recorded at the meteorological station (M) installed at 15 m high, inside Dunkirk harbor on the rooftop of the university research building. These data were resampled to hourly mean for comparison with hourly measurement of the 5 main air pollutants. An algorithm taking into account the zonal and meridional components of the WD was applied when resampling the WD data. Table 4-1 shows the data availability and the mean and maximum values of each parameter measured by each station. More than 90% of the data are available for all the parameters, except for PM10 (88%) and SO2 (87%) of the S station. The data availability is therefore suitable for the analysis carried out in this chapter. The count is the number of daily data for this period, SD is for standard deviation.

4.2. Overview of air pollution days in the GDA.

Compliance with air quality standards

In the context of this study, a pollution day (PD) is defined as an exceedance of 24 hourly mean concentration of PM10 and PM2.5 based on the limit values of internationally approved standards including European Union (EU) (European Parliament, 2008), US Environmental Protection Agency (EPA) or World Health Organization (WHO) [START_REF] Who | WHO global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF]. This definition is different from the French regulation definition that takes into account the spatial coverage of the pollution plume and the fraction of the population exposed during the episode (www.atmo-hdf.fr/). These policies do not have the same juridical values. Practically, while WHO "standards" are just guidelines, therefore, not legally binding standards for any country, the EU directive in return is a binding standard for the EU member states.

PM10 and PM2.5 data obtained from the four AQMS stations described above (U, I, S and R), between 2018 to 2020, are exploited in this chapter. Table 4-2 presents the number of PD recorded, according to EU, EPA or WHO standards, at the each of the four AQMS. WHO limit values are lower than those of EPA and EU for the considered pollutants as shown in Table 4-1. The results of the comparison applied to PM10 reveals that while there is no PD observed when applying EPA standard, the number of PD using WHO standard is nearly twice that of the EU standard for U, I and S stations and 3 times for the R station. The number of PM2.5 PD increased by 5.7 times from EPA to WHO standard between 2018 and 2020 at the urban station and is not regulated by EU. Moreover, 234 PD were registered for PM2.5, representing 4.7 times the number of PM10 PD (50) recorded within the same period at the same station (U) relative to WHO standard. Unfortunately, PM2.5 data are not available for all studied stations and this has constrained only PM10 to be considered in the following study of PD characterization. As the WHO standard is the most restrictive, a PM10 pollution day will be defined as an exceedance of the WHO daily limit value of 45 µg/m 3 .

Monthly variability

For the 2018-2020 period, a total of 91 PM10 pollution days (PDs) was accounted, corresponding to days when the daily PM10 level reached the WHO daily limit (45 µg/m 3 ) at least one of the three GDA The month of April with a total of 28 PD for 2018-2020 is the most represented month, followed by May (14 PD) and August (14 PD). These results show a clear seasonality in the occurrence of these Indeed, mean rainfall of 42 mm and atmospheric pressure of 1011±9 hPa characteristics of low pressure systems were recorded during fall months between 2018 and 2020. Comparatively, in spring the mean rainfall was 27 mm and 1013±10 hPa. These results are in good agreement with previous studies that showed that the concentration of PM10 and even PM2.5 depends on the alternation between low and high pressure systems in northern France in general and in the GDA particularly [START_REF] Gengembre | Variabilité multi-échelles de la météorologie et des aérosols en situation littorale sous influence industrielle[END_REF]Rimetz-Planchon et al., 2008b).

Classification of PM10 pollution days in the GDA

In this section, all days for the 2018-2020 periods are classified based on the flowchart presented in The classification scheme can be described as follow. First, only days for which the daily mean PM10 concentrations are available for the 4 GDA stations (U, S, I and R) are considered, the other days are classified as "Not Analyzed (NA)". Then, clean days "CD" are identified as days with daily PM10 concentration lower than the WHO daily limit value (45 µg/m 3 ) at the three GDA stations (U, S and I), the other days are considered as PD. Among the 1096 days of the 2018-2020 period, 811 (74%)

were CD, 76 (6.9%) were PD and 209 (19.1%) were NA.

A PD is then considered as regional (REG) if the PM10 concentration at the remote (R) station is above the standard. If not, the PD is classified as local (LOC). The DPs are then discriminated according to the state of the atmosphere considering the local wind speed (recorded at station M).

Pollution episodes generally happen under anticyclonic conditions characterized by a stagnant atmosphere leading to pollutant accumulation which is mainly frequent in winter [START_REF] Evtyugina | Photochemical pollution under sea breeze conditions, during summer, at the Portuguese West Coast[END_REF][START_REF] Hu | Formation mechanism of a severe air pollution event: A case study in the Sichuan Basin, Southwest China[END_REF][START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF][START_REF] Peng | Evolution of secondary inorganic and organic aerosols during transport: A case study at a regional receptor site[END_REF]Rimetz-Planchon et al., 2008b;[START_REF] Roig Rodelas | Characterization and variability of inorganic aerosols and their gaseous precursors at a suburban site in northern France over one year (2015-2016)[END_REF]. However, PM10 pollution exceedance can also be caused by long range transport [START_REF] Aggarwal | Carbonaceous and inorganic composition in long-range transported aerosols over northern Japan: Implication for aging of water-soluble organic fraction[END_REF][START_REF] Karaca | Long-range potential source contributions of episodic aerosol events to PM10 profile of a megacity[END_REF][START_REF] Kim | Measurement report: Characterization of severe spring haze episodes and influences of long-range transport in the Seoul metropolitan area in March 2019[END_REF][START_REF] Roig Rodelas | Chemical characterization, sources and origins of secondary inorganic aerosols measured at a suburban site in Northern France[END_REF]. The temporal evolution of temperature inversion, atmospheric stability and wind speed were found to be among the best meteorological variables that can be used to predict pollution episodes [START_REF] Kukkonen | Analysis and evaluation of selected local-scale PM10 air pollution episodes in four European cities: Helsinki, London, Milan and Oslo[END_REF]. In this study, wind speed (WS) being an available data for the entire period (2018-2020), this parameter was considered to distinguish between stationary conditions that can be assimilated to stagnation therefore accumulation of pollutants in opposition of the conditions of dispersion.

A wind speed (WS) value between 1 and 4 m.s -1 is generally associated with conditions of stagnation [START_REF] Bodor | Major air pollutants seasonal variation analysis and long-range transport of PM10 in an urban environment with specific climate condition in Transylvania (Romania)[END_REF][START_REF] Hu | Formation mechanism of a severe air pollution event: A case study in the Sichuan Basin, Southwest China[END_REF][START_REF] Ly | The effects of meteorological conditions and long-range transport on PM2.5 levels in Hanoi revealed from multi-site measurement using compact sensors and machine learning approach[END_REF][START_REF] Stirnberg | Meteorology-driven variability of air pollution (PM1) revealed with explainable machine learning[END_REF][START_REF] Sun | Rapid formation and evolution of an extreme haze episode in Northern China during winter 2015[END_REF][START_REF] Yoshino | Contribution of Local and Transboundary Air Pollution to the Urban Air Quality of Fukuoka, Japan[END_REF][START_REF] Yu | Heavy air pollution with a unique "non-stagnant" atmospheric boundary layer in the Yangtze River middle basin aggravated by regional transport of PM2.5 over China[END_REF][START_REF] Zhang | Near real-time PM1 chemical composition measurements at a French urban background and coastal site under industrial influence over more than a year: Temporal variability and assessment of sulfur-containing emissions[END_REF]. In this study, a threshold of 3 m/s for the daily mean WS was set to classify PD associated with stationary (STAT) or dispersion (DISP) conditions (see Figure 4-4). On the other hand, if a threshold of 2 m/s had been set, an increase in the proportion of local and regional PD in dispersive conditions of 16% (for LOC-DISP) and 5% (for REG-DISP)

would have been registered. However, this is not representative of the real situation because, for PD in which sea breezes occur, WS peaks causing an increase in their daily average value between 2 and 3 m/s are frequently observed, without inducing dispersion conditions as sea breezes generally happen under anticyclonic and stagnant conditions [START_REF] Talbot | Impact of a sea breeze on the boundary-layer dynamics and the atmospheric stratification in a coastal area of the North Sea[END_REF]. A WS threshold of 3 m/s is therefore fully justified in the coastal area of the GDA to discriminate between stationary (STAT) and dispersion (DISP) conditions.

Finally, the PDs are classified as U, S or/and I depending on whether the daily PM10 levels exceed the WHO daily limit value (45 µg/m 3 ) at the U, S or/and I station.

As an example, the two following cases are considered:

-The daily PM10 concentrations is 12, 48, 24 and 28 µg/m 3 at the R, U, S and I station respectively, with a daily WS of 2.3 m/s: This day is classified as LOC-STAT-U -The daily PM10 concentrations is 12, 48, 24 and 54 µg/m 3 at the R, U, S and I station respectively, with a daily WS of 5.8 m/s: This day is classified as LOC-DIS-U-I

The spatial extent of the pollution plume can then be appreciated according to the number of stations classified as PD: 1 (either U, I or S), 2 (U+I, U+S or I+S) or 3 (U+I+S) stations.

Chapter 4. Analysis and evaluation of typical PM10 pollution days 163 4.3.1. Local vs regional polluted days

The results of the classification are presented in Figure 4-5. The contribution of transported pollution from regional, continental or remote sources has a relatively small impact on PM levels during PD, since local PD represent 77.6% of the PD, all meteorological situations considered (STAT or DISP).

Therefore, it is mainly local pollution sources that are responsible for the PD in the GDA. Moreover, there are as many PD in the dispersion condition as in the stationary condition. So, it would seem that it is more the sources of pollution than the meteorological conditions that explain these PD.

In addition, while the local episodes are observed all over the year with a more important frequency in winter and spring, the regional episodes are mainly recorded in spring, principally April and May as shown in Figure 4-6. This can be explained by cumulative effects of favorable atmospheric conditions conducive to stagnation, local emissions and also stronger solar radiation compared to winter conducive to more efficient production of atmospheric oxidants such as O3 and then for secondary aerosol formation [START_REF] Morawska | The state of science on severe air pollution episodes: Quantitative and qualitative analysis[END_REF]. In order to discern the influence of industrial sources to PM concentrations, the ratio between daily PM10 measured at I and U and I and S were determined for the mostly represented local pollution days where the I station is concerned. The mean ratios are summarized in From Table 4-3, high ratios (above 1 and more important for I/S) can be observed. This indicate that regardless of the PD and assuming U and S stations as representative of the background concentrations at their respective locations, supplementary PM10 from industrial sources are systematically recorded. For PDs of very limited spatial amplitude (1 station), there is an important the ratio I/U or S is nearly 2 indicating important extra contribution of industrial sources to PM10 during these PDs. This tends to reduce with increasing spatial amplitude of the PDs. If these results

show that industrial sources are undoubtedly an essential local PD source, it also suggests that reduced wind speed synonym of stationary conditions caused the nearly uniformly high PM levels across the stations.

Pollution events

A pollution event (PE) is a period during which 2 or more pollution days (PD) are recorded consecutively. The relative abundance of PE recorded in the GDA from 2018 to 2020 is presented in should be given to pollution events (PE).In addition, several different types of PDs can occur consecutively during a PE and the transition from one type to another would depend mainly on the meteorological conditions at micro and mesoscale as reported in many studies [START_REF] Hu | Formation mechanism of a severe air pollution event: A case study in the Sichuan Basin, Southwest China[END_REF][START_REF] Kim | Measurement report: Characterization of severe spring haze episodes and influences of long-range transport in the Seoul metropolitan area in March 2019[END_REF][START_REF] Peng | Explosive Secondary Aerosol Formation during Severe Haze in the North China Plain[END_REF][START_REF] Sun | Rapid formation and evolution of an extreme haze episode in Northern China during winter 2015[END_REF][START_REF] Yu | Heavy air pollution with a unique "non-stagnant" atmospheric boundary layer in the Yangtze River middle basin aggravated by regional transport of PM2.5 over China[END_REF]. Thus, the high concentrations in PM10 at the urban site are associated with a relatively high contribution of the fine mode, which is consistent with industrial and urban emissions in the GDA generally associated with fine particle emissions [START_REF] Alleman | PM10 metal concentrations and source identification using positive matrix factorization and wind sectoring in a French industrial zone[END_REF][START_REF] Hleis | Chemical profile identification of fugitive and confined particle emissions from an integrated iron and steelmaking plant[END_REF][START_REF] Kfoury | PM2.5 source apportionment in a French urban coastal site under steelworks emission influences using constrained non-negative matrix factorization receptor model[END_REF][START_REF] Ledoux | A summer and winter apportionment of particulate matter at urban and rural areas in northern France[END_REF][START_REF] Marris | Fast changes in chemical composition and size distribution of fine particles during the near-field transport of industrial plumes[END_REF][START_REF] Mbengue | Metal-bearing fine particle sources in a coastal industrialized environment[END_REF]. During PE-D, two PD were marked by the occurrence of sea breezes: On March 29 th and 30 th , starting at around 13:00-14:00 . A sea breeze is a mesoscale atmospheric phenomenon that occurs on the coast, generally by spring and summer weather under anticyclonic conditions. Indeed, the heating of the continental low atmospheric layers during the day leads to their elevation by convection and increases the temperature gradient between the sea and the coast. This creates an area of low atmospheric pressure over the continent and leads to a movement of a generally colder air mass from the sea to the continent, replacing the warmer continental air mass that has risen. This circulation, which lasts a few hours and can sometimes extend into the night after sunset, is called a sea breeze.

The opposite phenomenon, called land breeze, usually occurs during the night. In the GDA, the occurrence of the sea breeze is generally marked by a sudden shift of the wind direction towards the north followed by a sharp decrease in temperature and increase in relative humidity (Augustin et al., 2020;[START_REF] Talbot | Impact of a sea breeze on the boundary-layer dynamics and the atmospheric stratification in a coastal area of the North Sea[END_REF]. During PE-D, a high pressure system (1023±7 hPa) synonym of anticyclonic conditions was prevailing, the sudden shift in WD from E to NE on march 29 th and S to N on March 30 th , accompanied by decreasing T and increasing RH and WS when SR reaches daily maximum indicate the presence of sea breeze dynamics during these 2 days.

The meteorological conditions during PE-D3 and during PE-B and C were nearly similar. During PE-B and PE-C, high wind speed sometimes reaching 10 m/s were observed and their variation was not influenced by highly fluctuating wind direction which, however, significantly influenced the evolution of PM10 concentrations during this event. As shown in Figure 4-11, the highly variability of PM10 as well as SO2, NO2 and to a lesser extend O3 are influenced by the wind direction. The event ended during PE-C2 when stable northerly wind of high speed prevailed in the GDA.

In conclusion, the evolution of PM concentrations is inherently influenced by meteorological conditions and particularly changing wind direction and speed before the starting, during and after the pollution peaks during pollution events in the GDA. was similar with the evolution of PM10 at the same station U, reaching their respective maxima at the same time: Dec 26 th at 15:00, Dec 27 th at 22:00 and Dec 28 th at 14:00. In winter, the contribution of carbonaceous species from biomass burning due to residential heating is particularly important in Dunkirk [START_REF] Crenn | Fine particles sampled at an urban background site and an industrialized coastal site in Northern France-Part 2: Comparison of offline and online analyses for carbonaceous aerosols[END_REF] and might significantly contribute to the peak observed at the end of the day during PDA-1 on Dec 27 th . However, the daytime peaks are observed in the periods not corresponding to the diurnal peaks (08:00 and 18-20:00) associated with residential heating. These peaks can be related to prolonged daytime heating as a lot of people are on Christmas holidays. In the GDA, 89% of PM2.5 are emitted by the waste, industry and energy sector (according to the air quality report of (ATMO HdF, 2018), suggesting that high PM2.5 levels and peaks could also be associated to industrial emissions from industries located southward (see figure 4-13 a) this also supported by the very localized PM2.5 pollution area in the pollution polar plot (Figure 4-13). In conclusion, beside primary emissions from industries, transport and residential heating, secondary aerosols formation account among the possible sources of PM10 during this PE-A. In addition, temperature inversion, that happens under stagnant conditions and leading to a trap of the pollutants near the surface at night, could better explain the exceedance of the WHO limits during PE-A [START_REF] Kukkonen | Analysis and evaluation of selected local-scale PM10 air pollution episodes in four European cities: Helsinki, London, Milan and Oslo[END_REF][START_REF] Sun | Rapid formation and evolution of an extreme haze episode in Northern China during winter 2015[END_REF]. The GDA is the first energy platform in northern France; NOx can be emitted from the combustion processes happening in the refinery plants and waste incineration or from shipping emissions [START_REF] Eea | Air quality in Europe 2021 -European Environment Agency[END_REF][START_REF] Ledoux | Influence of ship emissions on NOx, SO2, O3 and PM concentrations in a North-Sea harbor in France[END_REF]. SO2 in return is a tracer of industrial activities and 80% of its emissions are associated with the industrial sector. The Pearson correlation factor between NO2, SO2 and PM10 at the I station is weak for the NO2 (r=0.29) and significant for SO2 (r=0.5). In the meantime, relatively high and constant O3 levels, above the seasonal mean, of 48.7±17.3 µg/m -3 and 50.1±17.3 µg/m -3 , at I and S are recorded.

As O3 production depends on insolation which was significantly low during these events, only long range transport could explain the levels of O3 recorded. By saying it we assume that beside local industrial source of PM10 a contribution from LRT is also to take into account especially when air masses come from the north as shown in the backward trajectories in Figure 4-14. During these events, air masses arriving in the GDA at 500 m altitude, principally came from the UK. As an example, the air mass that arrived on January 5 th at 02:00 during the first peak carried pollutants from the densely populated cities of Birmingham from inner England before passing by the industrial city of Hull, then Norwich before arriving to Dunkirk. There was no correlation (r=-0.04) between urban PM2.5 and industrial PM10 as it was observed during PE-A and the urban PM2.5/PM10 ratios were low (0.5 in PE-B and 0.3, 0.2 in PE-C) indicating the primary origin of PM10 during these pollution days. During PE-D PM10 and PM2.5 concentrations are of course higher. The levels are comparable and nearly constant at all stations from 01:00 and 11:00. From 12:00 to 24:00 an increase in PM levels is observed for all the stations, but more pronounced at the U and I stations.

The peak is localized between 21:00 and 24:00 indicating that nighttime processes might explain high levels of PM during this event. During this event the Pearson correlation factor (r) between PM2.5 and NO2 at sites I and S is respectively 0.66 and 0.73. In comparison, this factor is low with SO2 (0.16) indicating limited contribution of SO2 and significant contribution of NO2 to PM2.5 formation from secondary processes during PE-D. This is possible during the day; we assume the formation of gaseous HNO3 as a result of NO2 oxidation by OH radicals. Nitric acid can then be transformed into particulate nitrates as a result of the heterogeneous reaction with sea salts following the reaction R4-1:

𝐻𝑁𝑂 3 + 𝑁𝑎𝐶𝑙 → 𝑁𝑎 + + 𝑁𝑂 3 -+ 𝐻𝐶𝑙 (R4-5)
This does not mean that there are not nighttime processes contributing to nitrate formation. However, we attribute nighttime maximum PM2.5 concentrations to the decrease of the boundary layer height followed by a reduction in the mixing volume and leading to an increase of the accumulated PM2.5 concentrations. In term of pollution, 18 pollution days (PD), where PM10 concentrations exceeded the WHO daily limit of 45 µg.m -3 were registered. The number PM10 PDs was 72 from 2018 to 2020 (mean of 24 PDs/year) within the same period suggesting that this year were comparable to previous years in term of pollution. During the campaign, for PM2.5 at the site (M), 67 days with exceedances of the WHO daily limit of 15 µg.m -3 were also recorded (Figure 5-3), which is also comparable to those of the previous years. The number of consecutive (at least 2) PDs defined in chapter 4 as pollution events (PE) grouped more than 67% of the PDs. In this campaign, particle sampling and following individual particle analysis were effective during 5 PEs (cyan rectangles) from march to September 2021 (Figure 5-3) based on the previsions from Prevair (http://www2.prevair.org/). PE4 and PE5 were PM2.5 pollution days. For these 2 events, although the PM10 limit at none of the local stations were exceeded, the PM2.5 levels recorded at the urban station U were above the WHO limits. These PM2.5 levels were similar to those observed during the first PE (PE1) for which the urban site U was concerned by the exceedance of the PM10 level. During this campaign, a total of 29 samples arranged in a chronological order, from the first S1 collected during PE1 to the last sample S29 (Table 5-2) collected during PE5, are exploited in the following sections. These samples were collected during classified PM10 PDs, during PM2.5 PDs for polluted samples "PS" and during periods were any of the threshold values were exceeded for both PM10 and PM2.5. Those last samples were classified as clean samples "CS". The SEM-EDX data of all samples were available for the fine particle fraction, but not for the coarse fraction. In order to quantify and describe the chemical evolution of particles during this pollution events, a mixing state index χ was calculated based on the concept of mixing entropy [START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF] from automated TSEM-EDX data of individual particles. This mixing state index indicates the distribution of elemental species across particle population of an aerosol, as exposed in Chapter 2. For memory, χ varies between 0 when each particle in the population bears single element (external mixing) to 1 when each element present in the population is present in the same proportion at the particle level (full internal mixing). Calculated from the affine ratio between the average particle diversity (Dα) representing the number of effective elements present in particles and the bulk diversity Dγ representing the number of effective elements in the population. In this study, the values of Dα and Dγ vary between 1 and 13 which is the total number of elements considered during the determination of the mixing state index, χ.

Evaluation of the accuracy of TSEM-EDX data

In order to correctly interpret this parameter, it is imperative to firstly evaluate the associated errors.

The relative error can influence the interpretation of the results on many aspects as it concerns the relative abundance of individual particles, the calculation of Dα, Dγ diversities and χ. In a recent publication, [START_REF] Gasparik | Quantifying errors in the aerosol mixing-state index based on limited particle sample size[END_REF] evaluated the error introduced in quantifying aerosol mixing states due to a limited particle sample size, by using models and observation data from a field campaign. By varying the sample size from 10 to 10 000 individual particles, they demonstrated that small sample sizes led to an overestimation of the average particle diversity Dα while the bulk diversity Dγ was underestimated. This leads to an overestimation of χ. Although a mathematical function was not proposed to quantify directly the error associated with χ, these results suggest that it decreases as the number of analyzed particles N increases with a rate of 1/√N, which is in the same line with counting error associated with SEM-EDX analysis. In our study, the relative error associated to Dα, Dγ and χ for fine particle fraction (Figure 5-4) varies between 2% to 11%. 75% of the samples are associated with a relative error below 5% and 97% below 10%. If we consider 10% as the maximal acceptable error, we can conclude that the interpretation of the results of this study for all the sample's Dα, Dγ diversities and χ are reliable. However, the Dα, Dγ diversities and χ of individual particles (Carbonaceous, S-rich, Na-rich, Ca-rich, Si, Al-rich and Metals) might have been over and or underestimated especially for samples of N lower than 1000 and for individual particle fraction lower than 10% [START_REF] Choël | Development of Time-Resolved Description of Aerosol Properties at the Particle Scale During an Episode of Industrial Pollution Plume[END_REF]. In conclusion, only 7 samples have a relative error associated to Dα, Dγ and χ above 5% due to the sample size. Others limitations on the TSEM-EDX data could also be considered in this study:

• Analytical and counting errors on C and O during TSEM-EDX analysis associated with the presence of these two elements in the formvar carbon film of TEM grids used as substrate for particle sampling, that can lead to overestimation of these elements.

•

The EDX quantification method (PhiRhoZ) from the Bruker software used in this study is subject to overestimation of nitrogen due to a limited correction of the X-ray absorption of this element by the ultra-thin window of the detector. Considering the high number of analyzed particles for this study, a time-consuming quantification using the Monte Carlo method and leading to a more reliable quantification was not considered.

• Sampling and analytical artefacts due to the loss of volatile and semi-volatile compounds such as ammonium nitrates and some organics [START_REF] Worobiec | Thermal stability of beam sensitive atmospheric aerosol particles in electron probe microanalysis at liquid nitrogen temperature[END_REF]. Since the EDX analyses were performed at room temperature, only the most refractory compounds were detected.

Individual particle composition and mixing state during MIXTAPE

An overview of particles composition as well as their diversities (Dα and Dγ) and mixing state index (χ) for all samples collected during the Mixtape campaign are respectively presented in Figure 5-5 for the coarse and Figure 5-6 for the fine fraction. These results reveal that individual particle composition is dominated by carbonaceous and Na-rich particles, representing nearly 40 and 30% of all particles in both fractions, followed by S-rich (between 9 and 17%) and metal-bearing particles (around 5%).

A high variability of particle composition and mixing state index is observed and cannot be related to the relative error. These results also highlight that individual particles apparently identical in composition can hide important diversities in their mixing state. As an example, the fine fraction of samples S5, S10, S22 are all dominated by carbonaceous particles (Figure 56), but they are associated with very diversified mixing state, with χ values ranging from 0.16 to 0.74 indicating more or less heterogeneous particles and populations of particles. In the same way, S6 and S12 are both dominated by sea-salt particles, but their mixing states are completely different.

Thus, with automated individual particle analysis, and thanks to the mixing state index, we can show that cases that may seem simple can be more complex without resorting to the more time-consuming methods of fine particle observation such as TEM.

Furthermore, the high variability of mixing state index for particles with apparently a rather similar chemical composition allows to conclude that the exploitation of the mixing state is meaningful only if it is related to the environmental conditions observed during the sampling. There is thus, a need to investigate the factors influencing it.

Impact of environmental factors on the composition and mixing state of fine particles

In this section we will investigate the influence of several environmental factors on individual particle composition and the mixing state index. First of all, the pollution level will be considered by a comparison of individual particles collected during clean and polluted days. Then, the influence of local dominant winds that affected the GDA during the events will be assessed. Finally, the influence of the type of pollution day as defined in Chapter 4 (local or regional, with stationary or dispersion conditions) on particle characteristics will be studied. As coarse particles are not available for all samples, only particles collected in the fine fraction will be discussed in this section 5.3. Although they represent a low fraction of particle mass (PM10 and PM2.5), this fine fraction dominates the number concentration of aerosols and has an incontestable impact on human health.

Influence of pollution level

The half of PM10 PS (from S9 to S20), but the composition of these particles is clearly different. For CS, the fine particles were composed in majority of Carbonaceous (45%) and Na-rich (42%) particles. For PM10 PS, the proportion of Na-rich (39%) and Carbonaceous (28%) is slightly lower than for CS, to the profit of S-rich (13%), metals (8%) and Si-rich (5% each). The increase of the relative contribution of S-rich particles is an indication of the presence of secondary particles during PM10 polluted samples.

For PM2.5 polluted samples, the particles were composed essentially of carbonaceous particles (82 %). Concentration (in #.cm -3 ) for the fine (0.1-1µm) size fraction.

In Figure 5-7, the evolution of Dα, Dγ and χ for all the sample categories is also presented. The Dα, Dγ and χ showcased similar variation whatever of the sample type (CS, PS). The mean (Dα, Dγ and χ) are (4.3, 5.2, 0.77), (3.8, 5.5, 0.63) and (2.8, 3.5 and 0.71) respectively for CS, PM10 PS and PM2.5 PS.

The high variability in particle mixing state within different categories can be related to the alternation between more homogeneous population composed of mainly Na-rich and Carbonaceous (S6, S7) and highly diverse heterogeneous populations (S3, S4). There is no significant difference between χ values during clean and polluted periods for this fine fraction, so the mixing state variability would be explained by factors other than the exceedance or not of PM10 and/or PM2.5 concentrations. 

Influence of the local wind sector

In this section, the influence of local wind direction on particle composition and mixing state was investigated. As particle composition in the GDA is known to be significantly influenced by meteorology, knowing the origin of the wind during periods of PM exceedance could help to identify the potential local or regional sources of particles. For this study, the seven samples collected during clean days were removed, the 22 other samples are classified according to the prevailing local wind sector: urban, marine, mixed industrial-marine or mixed industrial urban (Figure 5 Whatever the wind sector considered, all particle types are observed. Moreover, for a same wind sector, the relative proportion of particle types presents a very strong variability which suggests that the local wind direction does not permit to discriminate the fine particle sources.

Concerning particle mixing state top), χ values oscillate between 0.6 and 0.92 except in the urban sector were a minimal χ value of 0.2 was obtained for one sample. Mean Dα, Dγ and χ are 4.1±0.6, 5.1±0.7 and 0.77±0.14 for the marine sector, 3.2±1.0, 4.3±1.5 and 0.7±0.1 for the urban sector and 3.4±0.6, 4.9±1.3 and 0.6±0.14 for the mixed industrial/marine and industrial/urban sectors. Therefore, there is no significant difference between the mixing state of the different wind sectors.

The conclusion of this classification is that the samples of the same wind sector present a very great heterogeneity in composition and mixing state, which tends to show that this classification is not relevant and that other parameters than the wind direction must be considered.

Influence of the pollution type

The 29 samples collected during the five studied pollution events in 2021 were classified base on daily PM10 data recorded at U, S, I and R stations as in Chapter 4. 2 non classified (NC) samples (in case of missing PM10 data for one station) as well as 7 samples collected during clean days were excluded from this analysis. PM2.5 pollution samples were also added as a complementary group with PM2.5 concentrations recorded on the M station. The relative number percentage of individual particle types and their mixing state (D, D and X values) are presented in Figure 5-9 and By focusing on the four samples collected when polluted air mass has a very local extent (only one station in PM10 exceedance), although it is the industrial station I which is always the only station in exceedance (S12, S20, S13 and S19), the particle chemical composition associated to these samples is highly variable. As an example, no metals-rich particle is observed in sample S20 while this particle type, good tracer of industrial emissions in the GDA, is clearly present for the 3 other samples.

In the same way, the three samples collected when the local polluted air mass is slightly more extensive (S7, S17 and S8 with I+U stations in PM10 exceedance) have very different chemical composition. As an example, S7 is essentially composed of Na-rich particles while S8 does not contain them.

It is difficult to comment Dα, Dγ and χ values for each episode, however, the differentiation based on stationary and conditions of dispersion allow us to say that:

 In stationary conditions, the Loc-Stat-2 and Loc-Stat-3 episodes show relatively low mixing state index (close to 0.5) which indicates a significant contribution of externally mixed particles so probably freshly emitted particles. Under the same stationary conditions for the Loc-stat-1 and reg-stat-3 episodes, high χ (close to 1) are observed. This shows that during these episodes the particles are older and strongly heterogeneous. In conclusion neither the number of stations nor the wind strength conditions might explain variation in the mixing state index.

 Under dispersion conditions, the Loc-Disp-1, Loc-Disp-2, Reg-Disp-1 and Reg-Disp-2 episodes present χ varying between 0.58 and 0.91 with an average around 0.74. This allows us to say that under these conditions we have mixed populations of rather fresh and aged particles. It's possible to say that the condition of dispersion does not influence the mixing state index. However, the limited number of samples does not favor clear-cut conclusions.

 There are no significant differences in the individual composition and mixing state of the particles for the local and regional episodes.

 The Lowest Dα and Dγ (around mean 2 effective species) are observed during PM2.5 episodes where the composition of the particles is dominated by carbonaceous (80%) particles which are mainly composed of C and O. These particles would thus be composed of soot (C) and organic matter (C and O). For these episodes, despite χ varying between 0.16 and 0.97, it's not possible to conclude on whether they were freshly emitted or aged particles. More attention in these particles in necessary.

Temporal variability of particulate pollution at the hourly scale

Classification of samples by local wind sector or by sample type (local/regional steady state/dispersion) did not provide conclusive findings on particle composition and mixing state. In fact, it seems that a fine analysis of the pollution episode on an hourly scale is necessary to understand the origin of the air masses impacting the M station and to apprehend the physicochemical processes impacting the composition and the mixing state of the particles. Thus, it is proposed in this section to study in depth the pollution event PE-1 which is typical of the pollutant events encountered in the Great Dunkirk Area (GDA).

The pollution event PE-1 is made of 2 pollution days (PD) respectively classified as "Loc-Stat-3" PD i.e. a local plume concerning 3 stations in stationary conditions and "Reg-Disp-3" i.e. a regional scale plume in conditions of dispersion as shown in was collected at 22:00, at the transition period when winds shifted from northern to eastern direction and from low speed (below 2 m/s) to higher wind speed that might indicate potential LRT. The pollution peak was recorded at 04:00 when PM2.5 concentrations value of 70 µg.m -3 , nearly 5 times the WHO limit, was reached. This corresponded to the period when sample S4 was collected. S5 was collected during a lower peak under easterlies of high speed. Samples S6 and S7 however, were collected when PM2.5 were returned to safe levels during a clean period. The individual fine and coarse particle composition and the mixing state index of these particles are discussed hereafter. Therefore, an evolution of the particle composition and mixing state during these days is expected.

Evolution of individual particle composition and mixing state

The relative number percentage (N(typei)/N(total)*100) of individual particles according to each event type is provided in On average, during "Loc-Stat-3" PD (S1, S2 and S3), the refractory particles were composed of Carich (32%), Na-rich (23%), carbonaceous (15%), Si-Al-rich (12%), S-rich (10%), Metals (6%) and unclassified (2%) for the coarse particle fraction (Stage 1) and carbonaceous (36%), S-rich (16%), Si-Al-rich (14%), Na-rich (13%), Metals (8%), Ca-rich (6%) and others (4%) for the fine particle fraction (Stage 2). Thus, the contribution of minerals (Ca-rich and Si-Al-rich) is very important as observed in During "Reg-Disp-3" PD (S4, S5 and S6), in the coarse fraction (stage 1), particle composition was dominated by carbonaceous (60%), Na-rich (35%), Ca and Si-Al-rich (4%), Metals (1%) and others (1%). The fine particle fraction was mainly composed of Na-rich (50%), carbonaceous (36%), Si-Alrich (4%), S-rich (3%), Ca-rich (2%), Metals (1%) and others (1%).

There individual particle composition during PE1 is highly variable from S1 to S7 for both fractions.

The chemical composition of individual particles is diverse for the first 3 samples (S1 to S3) and more homogeneous for samples S4 to S6 with a predominance of carbonaceous or Na-rich particles in variable proportions from the coarse to the fine fraction. This high variability can be explained by the change of wind direction which was more variable during "Loc-Stat-3" PD (SE and N winds of low speed) and dominated by Easterlies of high speed during "Reg-Disp-3" PD. In the "Reg-Disp-3" PD type, the particles collected during the high PM2.5 concentrations (S4 and S5) are dominated by carbonaceous and Na-rich particles. There is a clearly decrease in the relative amount of minerals and metals while the proportion of carbonaceous and Na-rich is increasing as we move from S1 to S6 (Figure 5-13 and 5-14). Carbonaceous particles can be emitted from various activities mainly from combustion processes whereas Na-rich are mainly carried to the continent from the sea [START_REF] Azadiaghdam | On the nature of sea salt aerosol at a coastal megacity: Insights from Manila, Philippines in Southeast Asia[END_REF]. Prevailing marine sector winds of high wind speed at the collection time indicate a non-local but rather regional or LRT source of the carbonaceous particles.

The evolution of the particle mixing state described by Dα, Dγ and χ is presented in Figure 5-13 for the coarse (Stage 1, top) and Figure 5-14 for the fine (Stage 2, middle) particle fraction. χ varies between a minimum value of 0.5 during S1 and maximum value of 0.92 during S7 depicting an increasing trend as we move from S1 to S7. This shows that particles tend to be more heterogeneous (internally mixed) over the course of PE1.

On march 31 st (samples S1 to S3), an average χ value of 0.6 and 0.56 were respectively obtained for the coarse and fine fractions. Dα and Dγ values varied similarly for the three samples in both fractions resulting in highly diverse particles and heterogeneous populations (rather externally mixed). On April With increasing residential time in the atmosphere, particles can undergo physico-chemical transformations through coagulation, condensation and heterogeneous reactions. This leads to an increase in Dα, thus, an increase in χ. In conclusion, particles become on average more heterogeneous i.e. more aged, therefore, leading to a more internally mixed population.

Evolution of particles mixing state according to their particle type

The previous paragraph focused on a global evolution of the composition and mixing state of the particles during the PE-1. However, two samples may appear similar in composition (for example, S3

and S4 in Figure 5-14), whereas if we focus on one type of particle (Na-rich for example), differences may appear. Indeed, the composition and mixing state of the Na-rich particles can vary between these two samples (S3 and S4), although Na remains the dominant element. It is therefore interesting to take a deeper look at the physico-chemical evolution of the main types of particles during a pollution event. Nevertheless, it must be kept in mind that a minimum number of particles is necessary for the accuracy calculated on the mixing state index to be reliable (see section 5.2.1.). For that, the following discussion will focus on the fine fraction of major particle types observed during this PE-1, i.e.

carbonaceous and Na-rich particles. dynamics, a mix of transported and more aged sea-salts with local sea-salts and also carbonaceous particles available on the site is possible [START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF]. As a result, an increase in their Dγ is observed. Later, the Dγ decreases from S6 to S7 from an average of 4 elements to an average of 3 effective elements. Under the influence of local sea-salt emissions, Na-rich particles are more diverse because other elements such as Mg, Ca, and Al can be found in small proportions. On the other hand, at S6 the average elemental composition shows a domination of Na, O and N elements, which is an indication that the Na-rich particles are completely aged at S6 compared to S1.

Carbonaceous particles showed high χ (above 0.8) for all samples during PE1 except for S4 when a decrease in χ was observed (Figure 5-16 b.). Dα and Dγ varied from nearly 2.5 effective elements during the first day (S1, S2 and S3) to nearly ≈ 5 elements with a high variability during the second day (S4 to S6). This variability can be explained by the mixing of local emissions with regional air masses during this time characterized by the starting of turbulent atmospheric conditions. It results in the mixing of homogeneous freshly emitted particles with aged carbonaceous particles associated with longer residential time. This change in the chemical composition of carbonaceous particle is chemically possible for example for soot particles as they can experience aging process by acquiring coating of either organic or inorganic species [START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF][START_REF] Liu | Lifecycle of light-absorbing carbonaceous aerosols in the atmosphere[END_REF][START_REF] Peng | Evolution of secondary inorganic and organic aerosols during transport: A case study at a regional receptor site[END_REF].

Conclusion

29 individual particle samples were collected during the MIXTAPE campaign and analyzed by TSEM-EDX. The results of the analyses allowed the identification of 7 main individual particles types whose names are attributed on the basis of the major elements constituting them. Thus, carbonaceous particles, Na-rich, S-rich, Ca-rich, Si, Al-rich, metals and unclassified types were identified for both the fine (0.1-1 µm) and the coarse fraction (1-10 µm) of TRAPS sampler. The unavailability of a large part of the samples of the coarse fraction has resulted to focus the interpretation of the majority of the results only on the fine fraction, whose health impact is not to be demonstrated.

In order to quantify the particle chemical diversity, the mixing state index () has been calculated for each sample. The influence of environmental factors such as pollution level, local wind origin and pollution type on this mixing state index has then been tested on the fine fraction samples.

Comparisons between the different pollution day categories within these factors showed that neither the pollution level, nor the type of pollution, nor the origin of the local wind explain the observed variations of the mixing state index. Therefore, we were interested in the evolution of the individual composition of the particles and of the mixing state throughout a typical pollution event in the Great Dunkirk Area. An increasing mixing state index of the particles is observed during the pollution event, which tends towards an internal mixing state with the increase of the residence time of the particles.

Local coverage is associated with externally mixing while regional coverage leads to a more internal mixing of atmospheric particles. The residence time can also be correlated to the duration of the event during which the meteorological conditions and atmospheric dynamics which favors the physicochemical evolution of the particles particularly in the case of a regional pollution day. Consequently, there is an increase of the average particle diversity i.e. of the heterogeneity of the particles. This can be explained by mechanisms such as condensation, coagulation etc. during transport which are characteristic of pollution episodes. The study of the mixing state variability of carbonaceous and Narich particles characteristic of our site reveal that an increase in diversity within the population does not necessarily imply an increase of the diversity of each particle type. This allows us to highlight the influence of the singular evolution of each type of particles on the evolution of the overall mixing state of the population.

During the MIXTAPE campaign, high values of the mixing state index are recorded (0.45 <χ<0.98) in the fine fraction and (0.54<χ<0.88) in the coarse fraction. The average mixing state in the GDA during the pollution days is 0.70 in the fine fraction and 0.65 in the coarse fraction. Similar results

were reported in the literature for different field campaigns. Overall, this study shows that with high mixing state index (above 0.5), the pollution particles are in general very heterogeneous in GDA.

The levels of pollutants frequently used in regulations to reduce population exposure to PM have low or no influence on the mixing state of PM. Approaching the issue from a health perspective, recent studies showed that there would be a significant benefit if pollution reduction measures targeted specific sources of particularly harmful particles, such as carbonaceous and metals. With this methodology, it is possible to track the physico-chemical changes observed within potentially harmful particles at high temporal resolution. A study combining the use of the mixing state index and the oxidative potential of PM could be of major use for improving pollution mitigation strategies.

General Conclusion

Despite a significant decrease in the levels of air pollutants (except for ozone) during the last 10 years in Europe in general and in France in particular, exceedances of the WHO thresholds for atmospheric particles are frequently observed, thus exposing the health of nearly 97% of the urban population of the EU as indicated by the European Environment Agency in its 2021 report [START_REF] Eea | Air quality in Europe 2021 -European Environment Agency[END_REF]. Indeed, populations living in urban and industrial sites are exposed to pollutants from a multitude of sources. On the other hand, the exceedance of thresholds for these pollutants is the result of a combination of emissions and meteorological factors. When these sites are located near the coast, the specific meteorological conditions make it complex to analyze the physico-chemical and dynamics mechanisms that lead to exceedance of the daily PM thresholds.

In this context, the main objective of this thesis was to propose a methodology to study the physico-chemical characteristics of atmospheric particles during pollution events on the industrial and urban Great Dunkirk Area (GDA), notably their chemical composition and mixing state. The experiments were to allow observations and sampling of the particles with a high temporal resolution but also at a lower cost.

In the first part of this thesis, a state of knowledge on atmospheric aerosols was summarized.

Knowledge on sources, global and individual chemical composition, formation processes, health and climate effects, as well as the chemical mixing state of aerosols were provided. The complexity of aerosols and the need for a better understanding of atmospheric processes were highlighted. In the last part of this chapter, we have underlined the incompatibility between the instruments available on the market for sampling particles at high temporal resolution and the achievement of the objectives of this thesis. This justifies the need to develop a device able to provide timely and cost-effective samples for analysis by scanning electron microscopy.

In Chapter 2, the methodology for the physico-chemical characterization of particles and the determination of their chemical mixing state have been extensively discussed. The 9 months' field campaign (MIXTAPE), designated to achieve the objectives of this thesis, was presented. After presenting the study site in GDA and a state of the art on previous aerosol studies conducted there, the set of instruments deployed for both sampling and measurement of particles and gases, as well as monitoring of meteorological conditions, was presented. A particular emphasis was put on the use of the scanning electron microscopy technique, coupled with X-ray emission spectrometry (SEM-EDX)

for the analysis of atmospheric particles. The elemental chemical composition data provided by the SEM-EDX can be processed with robust statistical methods, in order to identify the main groups of particles that constitute each of our samples. Once these particles are classified, their intra-particle diversity, their global diversity and their chemical mixing state index can be calculated. In order to reduce the computation time and the potential errors, the calculation methodology has been coded in "Python" language using the Jupyter Notebook interface. The generated code is applied, in Chapter 5, to all samples collected during this study.

To obtain a detailed characterization of particles when concentrations exceed the regulatory thresholds, a new rotary cascade impactor named the Time-Resolved Atmospheric Particle Sampler (TRAPS) was designed in our laboratory and tested for coarse and fine particle sampling. The determination of the cut-off diameters and deposition dynamics of the sampled particles using TRAPS are discussed in Chapter 3. After describing the impactor, a presentation of the theoretical calculations of the cut-off diameters was made, resulting in a collection efficiency of 50% for particles with diameter of 1.3 µm and 0.15 µm, for the coarse and fine stage, respectively. These calculations were confirmed by laboratory experiments, with experimental cut-off diameters of 1.32 and 0.13 µm found for the coarse and fine stages, respectively. The homogeneous distribution of collected particles over an impaction trace was also verified, allowing us, in the same time: 1) to estimate the magnitude of the bouncing effects and trace overlap within TRAPS for each impaction stage; 2) to observe the influence of the particle shape on the aspect of the impaction trace; 3) to determine the particles spatial distribution, over the impaction trace, which is a crucial factor for saving time during SEM observations, by thoughtfully selecting the analysed areas and finally 4) to estimate the sampling time required to obtain individualized particles. The last two objectives were achieved by organizing two short sampling campaigns of ambient aerosols.

In Chapter 4, a classification of pollution days over the GDA was carried out using a 3 years' data base on gaseous pollutants (SO2, NO2, O3) and PM10 and PM2.5, as well as wind speeds. This classification is based on 3 local stations (urban, industrial and peri-urban) and a remote station, from the air quality monitoring network ATMO-Hauts de France. The pollution days were identified according to the atmospheric dynamics (dispersion or stationary conditions) and the extent of the pollution plume (regional, local or very localized). The local episodes, with a limited extent (only one station in PM10 exceedance) are the most frequent and were observed all over the year. Five typical episodes were then finely studied in order to describe atmospheric phenomena explaining the PM10 exceedances.

The previous classification is then applied to the MIXTAPE campaign in Chapter 5. 29 samples were collected during the campaign and analyzed by TSEM-EDX for both the fine fraction (0.1-1 µm) and the coarse fraction (1-10 µm) of TRAPS. 7 individual particle-types including Carbonaceous, Na-rich, S-rich, Ca-rich, Si, Al-rich, Metals and Unclassified particles were identified, after analyzing 28 029 single particles. Based on the calculated error which is <5% for 77% of the analyzed samples and <10% for 97% of the samples, we showed that our results on the particles chemical composition and mixing state are reliable. High variability in composition and chemical mixing state were observed, considering the total particle population and at the single particle level. The influence of several factors on the mixing state index was tested. Results show that neither local winds and PM10 mass concentrations, nor the geographical coverage of the pollution event (local vs. regional) significantly influence the mixing state index. Conversely, an evolution of this index and of the chemical composition of single particles were observed when, during the same pollution event, a local extension of the pollution plume evolves rapidly (a few hours) to a plume of regional amplitude, signifying a transported pollution. In conclusion, the dynamics of the pollution plumes significantly influence the single particle chemical composition and the mixing state index. This results in a parallel augmentation of the mixing state index with the atmospheric residence time of the particles

To our knowledge, this study is the first to provide information on single particles chemical mixing states at an industrial and coastal site, for such a long period (9 months). Although being a meteorological parameter easy to measure, the local wind direction cannot be related to the evolution of the mixing state index and thus does not allow to conclude, within a multi-influenced and thus complex environment, about the influence of local sources on the nature of particles driving air quality.

Conversely, rapid changes in the pollution plume coverage significantly influences the chemical composition and diversity of the particles. This would tend to prove that single particles chemical composition and the resulting mixing state are principally influenced by their local vs.

transported origin, i.e. their residence time.

The perspectives of this work principally covers two aspects: the improvements of the TRAPS instrument and the potential link between the mixing state of atmospheric particles and their oxidative potential.

About the TRAPS, a few ways of improvement are already in consideration. First, to limit the risk of incorrect positioning of TEM grids on the impaction plate, an engraving according to the rotation angle is currently investigated. The use of an upstream dryer could also extend the sampling time up to several hours, for chemical analyses needing larger numbers of particles. Experiments will be performed to optimize sampling times with and without a dryer for this purpose. Finally, in this work, only the refractory part of particulate matter was studied, for both the fine and coarse fractions.

The implementation of the TRAPS could be of great interest in the future for the study of secondary aerosols and their mixing state. These aerosols have the characteristic to be often semi-volatile and unstable under the SEM electron beam. For this, the TRAPS would be installed in a refrigerated chamber to allow a better sampling of semi-volatile particles and their subsequent analysis by Cryo-SEM-EDX.

The other next step of this work could be to relate the chemical diversity of the particles to an indicator of their health impact, as their oxidative potential (OP). With the help of complementary instruments (OPC/SMPS for real time size distribution measurements), by performing parallel sampling with the TRAPS for SEM-EDX characterization and a high volume sampler for OP determination, the main sources contributing to OP, as non-exhaust traffic emissions as an example, could be identified both in term of composition but also in term of chemical diversity. The results of this work could then be used to improve pollution mitigation strategies.

. This thesis aims at improving our knowledge of the near and distant sources controlling the exceedance of the regulatory thresholds of air quality, as detected by the air quality monitoring networks, at the strongly industrialized and urban site of the Great Dunkirk Area (GDA). This appreciation is notably based on the calculation of a mixing state index of the particles, taking into account the heterogeneity of their elementary composition, this one being related to their residence time in the atmosphere and the distance between the sources and the studied receptor site.

To do that, it was firstly necessary to develop a time resolved cascade impactor with high temporal resolution, named "TRAPS", which answered the need to follow the rapid changes observed within the atmospheric particles during pollution episodes. Coupled with a particle size analyser and after individual analysis of the collected particles by electron microscopy (SEM-EDX), TRAPS allows to report the physicochemical evolution of atmospheric particles over time. In the first part of this thesis, laboratory experiments and a field campaign allowed to validate our prototype, to report the dynamics of particle deposition on the impaction stages and to verify the cut-off diameters of the coarse and fine stages of TRAPS, determined respectively at 1.32µm and 0.13µm.

A statistical study of PM10 pollution episodes occurring over the GDA was then carried out over 3 years, between 2018 and 2020. It allowed us to identify 12 main types of episodes based on their spatial extent, but also on the local conditions of pollutant dispersion. We were able to identify local episodes and regional episodes observed, either in stationary or dispersive atmospheric conditions. While 78% of the PM10 exceedance days correspond to local episodes, the remaining 22% correspond to pollution plumes with at least a regional extent, with an equal proportion of exceedance days in dispersion and stationary conditions. Except for very localized episodes, a detailed study of these pollution episodes shows the systematic presence of a period of pollutant accumulation, of about 10 hours, characterized by an important contribution of fine particles (PM2.5) except for episodes of limited spatial coverage.

The last part of this work consisted in the study of the composition and mixing state of the individual particles collected during pollution events in the GDA in 2021. The campaign allowed the sampling and characterization of 5 pollution episodes, during which TRAPS was deployed in parallel with other instruments providing complementary information on aerosol granulometry, or atmospheric dynamics. Nearly 28,000 individual particles were characterized by SEM-EDX. With more than 90% of the samples associated with values of the mixing state index higher than 0.5, it can be said that the particles collected in the GDA during pollution episodes are in general of very heterogeneous composition at the particle scale (internal mixing). Nevertheless, the results show an influence of the local or transported origin of the particles on their chemical composition, but also on the mixing state index. An increasing evolution of this index with the particles residence time during these events is observed.

Keywords: atmospheric particles, mixing state, pollution events, urban and industrial site, rotative cascade impactor, SEM-EDX.
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Chapitre 1 .

 1 Généralités sur les particules atmosphériquesDans la première partie de cette thèse, un état des connaissances sur les aérosols atmosphériques a été établis. Des connaissances sur les sources et émissions (naturelles et anthropiques), la composition chimique globale (PM10, PM2.5 et PM1) et individuelle, les processus de formation (Aérosols organiques et inorganiques), les effets sanitaires et climatiques, ainsi que de l'état de mélange des particules atmosphériques, ont pu être fournis. La complexité inhérente à l'étude des aérosols, notamment en raison de la forte variabilité spatio-temporelle de leur concentration et la nécessité de mieux suivre leur évolution lors de leur dispersion en milieu urbain a été illustrée, permettant ainsi de mieux comprendre leur comportement. Un état de l'art des travaux effectués sur le Dunkerquois a également été fourni. Dans la dernière partie de ce chapitre, l'incompatibilité entre d'une part la plupart des instruments disponibles sur le marché pour l'échantillonnage des particules à haute résolution temporelle et d'autre part la poursuite des objectifs de cette thèse, a été mise en évidence. Cela a permis de démontrer la nécessité de développer un instrument d'échantillonnage basé sur le principe de l'impaction en cascade et capable de fournir, en temps opportun et à moindre cout, des échantillons adaptés à l'observation et l'analyse individuelle des particules, incluant la Microscopie Electronique à Balayage (MEB). La recherche de la meilleure résolution temporelle possible lors de l'échantillonnage nous a conduit à développer un impacteur à plateaux rotatifs, compatible avec les contraintes de l'analyse individuelle de particules. Chapitre 2 : Méthodologie de caractérisation physico-chimique des particules et détermination de leur état de mélange La campagne de 9 mois portant sur l'étude des particules atmosphériques lors des évènements de pollution (MIXTAPE), conçue pour atteindre les objectifs de cette thèse, est présentée dans ce chapitre. Le site d'étude choisi est la zone du « Grand Dunkerque » (Communauté Urbaine), une agglomération faisant partie des Hauts-de-France et située sur la côte de la Mer du Nord. C'est un site multi-influencé caractérisé par une importante activité industrielle, facilitée notamment par la présence du troisième plus grand port commercial de France, à laquelle est greffé un réseau routier dense permettant de connecter la ville aux principales métropoles comme Paris, Londres, Bruxelles, Amsterdam, etc... Des installations urbaines côtoient les sites industriels et sont circonscrits par de vastes terres agricoles. La position côtière du site l'expose par ailleurs aux émissions de particules marines, en plus de celles provenant des sources anthropiques incluant le transport, le chauffage résidentiel et les émissions industrielles. Un ensemble d'instruments (Figure 1) permettant à la fois l'échantillonnage (impacteur en cascade) et la mesure des particules (Jauge beta MP101, SMPS TSI et Grimm) et la surveillance des conditions météorologiques et de dynamique atmosphérique (Lidar WLS 100) a été déployé durant la campagne MIXTAPE.

Figure 1 .

 1 Figure 1. Localisation du site d'échantillonnage MIXTAPE sur la carte du Grand Dunkerque (a.), vue extérieure de l'abri (b.) dans lequel sont installés les instruments d'échantillonnage des particules et de suivi des polluants (c.). La station météorologique est également visible sur le toit du bâtiment voisin (b.).

Figure 2 .

 2 Figure 2. Les échantillons de particules à haute résolution temporelle sont collectés sur des grilles TEM à l'aide du TRAPS(a). Ils sont ensuite analysés par MEB-EDX en mode automatisé. On obtient une image binaire finale (b) permettant l'identification automatique des particules et l'acquisition d'un spectre par particule. Après classification, un spectre EDX (c) moyen des particules est calculé (exemple de particules riches en sodium présenté ici) pour chacun des 7 types de particules (d).

Figure 3 .

 3 Figure 3. Vue interne de l'impacteur TRAPS (a) et schéma des buses d'accélération avec leurs dimensions et vues internes (dessin en coupe A-A), pour les étages grossier (b,d) et fin (c,e).

1 .

 1 30 µm et 0.15 µm, respectivement pour l'étage grossier et fin. Des expériences conduites en laboratoire, dans lesquels 2 bancs ont été montés respectivement pour l'étage fin et pour l'étage grossier (Figure4), ont permis d'obtenir des diamètres de coupure expérimentaux de 1.32 et 0.13 µm et de confirmer que les conditions de fonctionnement du TRAPS sont en accord avec les estimations effectuées lors de sa conception (Figure5).

Figure 4 .

 4 Figure 4. Vue schématique du montage expérimental permettant de déterminer l'efficacité de la collecte de l'étage fin en utilisant des sphères de silice monodispersées nébulisées.

Figure 5 .

 5 Figure 5. Courbes d'efficacité de collecte théoriques (ligne pointillée bleue) et expérimentales (ligne noire) pour les étages grossier (a) et fin (b) (barres d'erreur = 1 S.D avec n = 5 pour l'étage grossier et 3 S.D avec n = 5 pour l'étage fin).

  d'impaction (Figure 6). Ce facteur est crucial pour réduire considérablement les temps d'analyse en MEB par l'observation d'une partie limitée de la trace d'impaction, surtout lorsqu'on est en possession d'un nombre important d'échantillons (58 étages d'impaction dans notre cas, pour les 29 échantillons collectés). 4) d'estimer les temps d'échantillonnage nécessaires pour obtenir des particules individualisées. Les deux derniers objectifs ont été atteint en organisant deux campagnes tests de mesure pour l'échantillonnage des aérosols ambiants.

Figure 6 .

 6 Figure 6. Distribution des 6 types de particules sur les zones des traces d'impaction analysées par MEB-EDX. Chaque point représente une particule et chaque couleur un type de particule. Un total de 405, 763 et 567 particules sont observées dans les zones vertes, bleues et violettes, respectivement.

Figure 7 . 1 √𝑁,

 71 Figure 7. Répartition des 91 jours de pollution enregistrés en 2018-2020, selon l'étendue du panache (local ou régional) et la condition atmosphérique (condition stationnaire ou de dispersion).

Figure 8 . 1 .

 81 Figure 8. Erreur relative associée à Dα, Dγ et χ pour les différents échantillons (S1 à S29) pour la fraction fine (0.1-1µm)

Figure 9 .Figure 10 .

 910 Figure 9. Evolution du Dα, Dγ et χ (en haut) et de l'abondance relative des particules individuelles (en bas) collectées sur l'étage fin (0,1-1 µm) pour tous les échantillons (S1 à S29) de la campagne MIXTAPE. Les barres

Figure 11 .

 11 Figure 11. Evolution de la série temporelle des PM2.5 à la station U (cyan foncé) et des paramètres météorologiques : Vitesse du vent (rouge) et Direction du vent (noir), Température (orange), humidité relative (bleu), Radiation solaire (cyan foncé rempli). Les rectangles colorés en cyan représentent les périodes d'échantillonnage TRAPS.

Figure 12 .

 12 Figure 12. Evolution de l'abondance relative des particules individuelles pour les échantillons (S1 à S7) des fractions grossière (1-10 µm en haut) et fine (0.1-1 µm en bas) du TRAPS collectées lors de l'évènement de pollution allant du

Figure 13 .

 13 Figure 13. Evolution du Dα, Dγ et χ des échantillons des particules individuelles (S1 à S7) de la fraction grossière (1-10 µm en haut) et fine (0.1-1 µm en bas) du TRAPS collectés lors de l'évènement de pollution allant du 31 mars au 01 er avril 2021.
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 01 Figure 0-1. Basic scheme of the life cycle of aerosols, including emissions from their natural and anthropogenic sources, their transformations and their removal in the atmosphere

Figure 0

 0 Figure 0-2. Evolution of aerosol mixing state of an aerosol that is transported in the atmosphere. The line graph (top)

Figure 1 - 1 .

 11 Figure 1-1. Representation of aerosol size distribution and the main formation and removal processes that influence aerosols composition and concentration in the atmosphere[START_REF] Adachi | Internally mixed soot, sulfates, and organic matter in aerosol particles from Mexico City[END_REF].

  effects are poorly understood. The Intergovernmental Panel on Climate Change (Stocker and IPCC, 2013) classified the indirect effects into two types, denoted as cloud albedo effect and cloud lifetime effect, and considers the indirect effects of aerosols the most uncertain components in forcing of climate change over the industrial period.1.3.2. Aerosols and healthHuman health is strongly influenced by the air quality. Air pollution affects people in all areas of the globe. Health effects of air pollution can be classified into two types, short-term effects and long-term effects. Short term effects result from hours and days exposure caused by episodes of high air pollution, which can lead to an increase in respiratory diseases (exacerbation of asthma, cough, wheezing, shortness of breath etc.), cardiovascular hospitals admissions and mortality. Long-term effects such as stroke, lung cancer, cardiovascular diseases etc., result from months to year's exposure and can lead to a reduction in the human life expectancy(SOGA Report, 2018). According to the State Of Global Air report (SOGA) published by the Health Effects Institute (HEI) and the Institute for Health Metrics and Evaluation (IHME)(SOGA Report, 2018), air pollution is the fifth leading risk factor for worldwide mortality, responsible for more deaths than many better-known risk factors such as malnutrition, alcohol use, and physical inactivity. Population with pre-existing lung or heart diseases, as well as elderly people and children, are particularly vulnerable[START_REF] Who | WHO global air quality guidelines: particulate matter (PM2.5 and PM10), ozone, nitrogen dioxide, sulfur dioxide and carbon monoxide[END_REF]. A recent publication investigating mortality attributable to specific PM2.5 sources reveals that the fossil fuel (mainly coal) combustion, residential, industry and energy sectors contributed to respectively 1.05, 0.74, 0.45 and 0.35 million premature deaths worldwide mainly from regions with large anthropogenic activities[START_REF] Mcduffie | Source sector and fuel contributions to ambient PM2.5 and attributable mortality across multiple spatial scales[END_REF].
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 1 Figure 1-3. SOA formation from BVOCs reactions under low and high NOx concentration.

Figure 1 -

 1 Figure[START_REF] Stevens | A Review of the Representation of Aerosol Mixing State in Atmospheric Models[END_REF][2][3][4] relative average composition at different European sites[START_REF] Putaud | A European aerosol phenomenology-2: chemical characteristics of particulate matter at kerbside, urban, rural and background sites in Europe[END_REF] 

Figure 1 -

 1 Figure 1-5. Annual average PM1 relative chemical composition across Europe. In panels (top and bottom), percentages (%) are the ranges of the annual averages and figures in italics are the number of sites for each category.

Figure 1 -

 1 Figure 1-6. TEM images showing morphology of soot-bearing aerosol particles: (a) fresh chain-like soot aggregates with no visible coating; (b) partially embedded soot (c) fully embedded soot (d) a subtype of fully embedded soot:

Figure 1 -

 1 Figure 1-7. Example of SEM images of mineral particles during haze episodes in Jinan City (North China).Mineral particles coated by Ca(NO3)2 (left), mixture of aggregation of many regular CaSO4 rods and minerals together coated by Ca(NO3)2 (middle) and irregular mineral particle (right). (adapted from (W.Li et al., 2016)) 

  -4.a), generally NaCl and Mg salts; partially aged (Figure 1-4.b) NaCl with a reduced amount of chlorine and increasing amount of N and S and aged sea-salts (Figure 1-4.c.), in the form of Na2SO4 or NaNO3 (AzadiAghdam et al., 2019; Bondy et al., 2017; W.Li et al., 2016;[START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF]. It was also shown that ageing of SSA can happen in the marine atmosphere from the heterogeneous reaction of SSA with continentally transported gaseous species (NOx, SO2).

Figure 1 -

 1 Figure 1-8. TEM images and EDS spectra of the typical fresh, partially aged and fully aged SSA. The main anionic elements are shown in the square brackets[START_REF] Xu | Long-range transport of anthropogenic air pollutants into the marine air: insight into fine particle transport and chloride depletion on sea salts[END_REF].

  -8.c), Zn-rich (Figure 1-8.a-d), Pb-rich (Figure 1-8.a-

Figure 1 -

 1 Figure 1-9. Morphology and composition of metal particles in East Asia. (a) one Pb-S bar mixed with Zn-rich coating, with minor S. (b) one regular Pb-S and two Fe-rich (Fe oxides) spheres mixed within S-rich aggregates. (d) one aggregate of many Fe-rich spheres with Zn-rich coating. (c) one Fe-rich sphere mixed within S-rich coating.(Adapted from (W.Li et al., 2016) 

Figure 1 -

 1 Figure 1-9 shows a simple representation of the chemical mixing state within an aerosol population.

Figure 1 -

 1 Figure 1-10. Diagram showing a fully externally mixed (a), a fully internally mixed (b) aerosol populations and an intermediate internal mixture (c), close to reality, with three different chemical species, symbolized by the colours blue, green and orange (adapted from Guilbaud, 2018).

Figure 1 -

 1 Figure1-11. Illustration of the relationship between Dα, Dγ and χ for representatives aerosol populations[START_REF] Riemer | Quantifying aerosol mixing state with entropy and diversity measures[END_REF] 

Figure 1 -

 1 Figure 1-12. Summary of the categories of chemical measurements used for mixing state and the type of information

  -1. a) with a population of about 6, 000, 000 inhabitants and an area of 31,813 km 2 , it presents a high population density of 188 inhabitants per km 2 . Making it the 2 nd most densely populated region of Metropolitan France after the "Île-de-France" region. It is bordered by Belgium to the north-east, by the North Sea to the north and west, by the "Île-de-France" region to the south, by the "Normandie" region to the south-west and by the "Grand-Est" region to the south-east. A total of five departments (Aisne, Nord, Oise, Pasde-Calais, and Somme) form this region, which until recently was separated in two regions: Nord-Pasde-Calais (Nord and Pas-de-Calais departments) and Picardie (Aisne, Oise, and Somme).The region is one of the most industrialised in France with many metallurgical and chemical industries, including steel plants, cement plants, petrochemical installations, automobile factories.The Great Dunkirk Area (GDA) (Figure2-1. b) is an important city of the region. Located on the coast, the city is connected by two main highways, with high traffic density (A25: ∼ 40 000 vehicles/day; A16: ∼ 30 000 vehicles/day) and is the 3 rd largest commercial harbour in France (freight transport: 53 million tons in 2019). It is also the first energy platform in the region, with the Gravelines nuclear power plant and the terminal LNG tanker at Loon-Plage.

Figure 2 - 1 .

 21 Figure 2-1. Localisation of the Great Dunkirk Area (GDA) (b), in the Hauts-de-France Region (a), located on the North Sea coast of France, close to Belgium and England. Principal land occupation includes industrial areas (purple), urban (brown), the North Sea (blue), farmlands (green) and road network (black). U, I, I2, S and R represent the different air quality monitoring stations, mainly of the air quality monitoring networkATMO-HDF (www.atmo-hdf.fr). M is the MIXTAPE sampling site hosting the meteorological station and presented later.

Figure 2

 2 Figure 2-2. Major pollutant emissions according to different sectors of activity in the Hauts de France region in 2018(adapted from the report "Bilan de la qualité de l'air en 2018",[START_REF] Atmo Hdf | Impact of Sea Breeze Dynamics on Atmospheric Pollutants and Their Toxicity in Industrial and Urban Coastal Environments[END_REF] 

Figure 2

 2 Figure 2-3. presents the number of PM10 pollutions episodes, considered as days when PM10 concentrations exceeded the EU limit of 50 µg.m -3 , that occurred in the HDF region from 2014 to 2020[START_REF] Atmo Hdf | Impact of Sea Breeze Dynamics on Atmospheric Pollutants and Their Toxicity in Industrial and Urban Coastal Environments[END_REF]. We can see that there is a decrease from 60 days in 2014 to 27 days in 2017 and then an increase from 2017 to 2019, followed by a drop to below 20 days in 2020. This drop in 2020 is certainly linked to the sanitary context and to the containment measures, which limited travel and transportation for several months. From 2017 to 2019 we can also see that there is an increase in consecutive polluted days (yellow), despite a general decrease of 30% in PM10 concentrations from 2008 (27 µg.m -3 ) to 2018 (19 µg.m -3 : (ATMO HdF, 2018).

Figure 2

 2 Figure 2-3. Number of days of PM10 levels exceedance of the daily EU limit in Northern France from 2014 to 2020[START_REF] Atmo Hdf | Impact of Sea Breeze Dynamics on Atmospheric Pollutants and Their Toxicity in Industrial and Urban Coastal Environments[END_REF] 

Figure 2

 2 Figure 2-4. Location of the MIXTAPE sampling site on the map of the Great Dunkirk Area (a.), external view of the shelter (b.) into which the instruments for PM sampling and pollutants monitoring are installed (c.). The meteorological station can also be seen on the rooftop of the nearby building in (b.).

Figure 2

 2 Figure 2-5. Daily profiles of principal meteorological parameters (a): temperature (T), relative humidity (RH), wind speed (WS), pressure (P) and principal winds (b) observed at the M station in 2019.

  . Some instruments are used for continuous measurements, as gas analysers or Beta gauge. Others, as SMPS, BC are only used during pollution events. MIXTAPE was then operated by two ways. First, PM2.5 concentrations, as well as meteorological parameters were recorded continuously. The calibration of the Beta-gauge was done twice a year. When processing the data, we checked for outliers and if 75 % of the data over 24 hours are lost due to power failure or other technical problem, values were considered as non-representative and excluded from analysis.

Figure 2

 2 Figure 2-6. View of the shelter in which all the instruments are installed for monitoring. The sampling heads used respectively for the TRAPS, the Beta gauge "MP101" are shown together with the meteorological station. (Credit: Marc Fourmentin).

2. 3 .

 3 Individual particles characterisation during MIXTAPE 2.3.1. Particles sampling using the TRAPS Cascade impactors operate on the principle of curvilinear motion of particles in the aerosol stream. In a single-stage impactor (Figure 2-7 a), a gas jet containing suspended particles impinges on a flat plate;

3 )A

 3 Figure 2-7. Schematic representation of impaction principle (a), a view of a multistage cascade impactor (b) and a collection efficiency curve for stage characterization (c)(Hinds, 2012) 

Figure 2

 2 Figure 2-8. Image showing the instruments used for in-situ characterisation of particles during the MIXTAPE campaign. The TRAPS is set inside a fridge (+4°C). Other instruments installed in the shelter such as the SMPS (TSI Inc.), the Optical Particle Counter (OPC) Mini-Wras (Grimm TM ) and the aethalometer AE55 (Mc Gee Scientific) were connected to the same sampling line. (Credit: Marc Fourmentin)

Figure 2

 2 Figure 2-9. View of a TRAPS impaction plate (Stage 2) onto which TEM grids are stacked on the polycarbonate membrane. The rotation of the plate in clockwise favouring collection of samples in a chronological order from T20 the initial sample at position zero to maximum T210 as shown here.

  working principle of the couple Scanning Electron Microscope (SEM) and Energy Dispersive Xray spectrometry (EDX) is based on the interactions between light and matter, which leads to emissions of several types of electrons of wavelength much shorter than light. A typical SEM is presented in Figure 2-10. and is made of the following parts:  An electron source ('Gun")  Electron lenses  Sample stages  Detectors for all signals of interest  Display output devices (mainly computers)

Figure 2 -

 2 Figure 2-10. Illustration of a scanning electron microscope. Source: Liberal Dictionary (https://www.tekportal.net/scanning-electron-microscope/)

Figure 2 -

 2 Figure 2-11. Image of the FEG-SEM model JEOL JSM-7100F located inside the IRENE-ULCO research building. (Credit: Marc Fourmentin)

  -14 c. and g.). Three main types of Na-rich particles were identified in this study. The first type, mainly representing freshly emitted sea-salts, is composed of particles containing Na, Cl and Mg (Figure2-14. c). The second one is made of partially aged Na-rich particles, composed of Na, Mg, N or S and reduced amount of Cl. The third type, made of Na, N, O or Na, S, O elements, with small amount of Si, Ca, Fe, K and no Cl, is classified as aged sea-salts[START_REF] Bondy | Inland Sea Spray Aerosol Transport and Incomplete Chloride Depletion: Varying Degrees of Reactive Processing Observed during SOAS[END_REF][START_REF] Young | Size-segregated compositional analysis of aerosol particles collected in the European Arctic during the ACCACIA campaign[END_REF] ; Figure2-14.g). Partially aged sea-salts are mots of the time heterogeneous particles with sodium-and chloride-rich cores, surrounded by organic enriched surface layers and containing minor amount of magnesium and calcium[START_REF] Sultana | Effect of Structural Heterogeneity in Chemical Composition on Online Single-Particle Mass Spectrometry Analysis of Sea Spray Aerosol Particles[END_REF].

Figure 2 -

 2 Figure 2-13. SEM images of individual particles collected during the MIXTAPE campaign (a) OM particle coated with N and S, (b) soot particles, (c and g) fresh and aged sea salts particles, (d and h) Ammonium sulphate and internally mixed sulphate particles with OM and soot, (e and i) particles rich in Si, Al, (e, f and j) metal-bearing particles and particularly iron oxides spheres and (k and l) particles mainly composed of Ca.

  -8.c), Zn-rich (Figure 1-8.a-d), Pb-rich (Figure 1-8.a-b) and Mn-rich particles were reported to be the main components of metal particles found in atmosphere as hematite (Fe2O3) and MnO2, ZnO, PbO, and PbSO4, beside viscous Zn(NO3)2 and ZnSO4(Li et al., 2016).

Figure 2 -

 2 Figure 2-14. mean EDX spectra of the main individual particle types (a and b) Carbonaceous, (c and g) Na-rich, (d and h) S-rich, (e) Si, Al-rich, (f) Metal-rich, (k and l) Ca-rich and (i) Unclassified type. (j) SEM image of the mixed particle composed of soot and silicates. The colours of the spectra are those used to represent each particle in the figures in chapter 5. The Cu-lines are due to the support of the carbon film (Cu-grids).

Figure 2 -

 2 Figure 2-15. External view of the rooftop of the shelter into which the instruments are installed.

A

  Differential Mobility Analyzer (DMA: Figure 2-16) separates charged aerosol particles according to their mobility in an electric field prior to optical detection by a Condensation Particle Counter (CPC).

Figure 2 -

 2 Figure 2-16. Schematic view of a Differential Mobility Analyzer

Figure 2 -

 2 Figure 2-17. Schematic cross-section and operating principle of a Condensation Particle Counter

Figure 3 - 1 .

 31 Figure 3-1. Rotating drum impactor (RDI) with PM10 inlet (left picture), nozzles for RDI stages A-C (middle), RDI sampling wheel with a stage C (0.1-1 μm) sample (right picture)[START_REF] Bukowiecki | Deposition Uniformity and Particle Size Distribution of Ambient Aerosol Collected with a Rotating Drum Impactor[END_REF] 

Figure 3

 3 Figure 3-2. Working principle of the Streaker (a) and a view of a typical particles sample on a 82 mm polycarbonate membrane with streaks readily visible (b) (http://www.pixeintl.com/Streaker.asp)

  -3. a). Its full size is 10.2 cm by 35 cm, with an approximate weight of 6.75 kg. It is made of stainless steel to minimize contamination due to metal corrosion and electrostatic attraction.

Figure 3

 3 Figure 3-3. Internal view of the TRAPS impactor (a) and scheme of the acceleration nozzles with their dimensions and internal views (A-A cross-sectional drawing), for the coarse (b,d) and fine (c,e) stages.

Figure 3 

 3 Figure 3-4. Photographs of (a) the fully assembled TRAPS and its command board, (b) TRAPS parts (credit photo: Marc Fourmentin)

3- 3

 3 . b-e) see Section 2.2. Each collection plate can be equipped with a circular commercial membrane (47 mm diam.). A stable sampling flowrate of 5 Lpm is provided by a pump connected at the air outlet (KNF, model Laboport N816.18).The TRAPS can be used either:[START_REF] Stevens | A Review of the Representation of Aerosol Mixing State in Atmospheric Models[END_REF] in a single impaction mode where all particles are collected on the same trace, with no stage rotation or (2) in a rotating mode, where up to 12 samples can be collected at discrete positions without sample overlap on the same substrate (Figure2-9). The rotation angle of the TRAPS collection plate is fixed at 28.8° (please refer to the SM for the determination of the rotation angle). The collection of particles can be performed directly on the 47 mm diameter membrane, or on 3 mm TEM grids fixed on it when the study requires transmission microscopy. In this last case, a maximum of 12 TEM grids can be positioned on the impaction plate, according to the stop position of the motor (Figure2-9).

Figure 3

 3 Figure 3-5.Output file extracted at the end of each TRAPS sampling series. Main information in the colored frames include: 1. date and time of the introduction of the SD card in the command board; 2. sample's (impact)

Figure 3

 3 Figure 3-6. Schematic view of the experimental setup for determining the fine stage collection efficiency using nebulized monodisperse silica spheres.

a

  dilution flow of dry air (or N2) and, if necessary, by passing a part of the flow through a HEPA filter. The obtained aerosol was introduced in the "concentration and measurement" part of the setup. In this part, a 1 L flask was first connected to a Condensation Particle Counter (CPC1) (model 3775, TSI Inc.) installed upstream, and another 1 L flask was connected to a second particle counter (CPC2) (model Nano 5410, Grimm TM ) (Figure 3-6.) downstream of the impactor. To ensure a constant particle concentration throughout the experiment, two magnetic agitators were permanently rotating at a constant speed (600-800 rpm) in both flasks. The constancy of this concentration was checked for 10 min at the beginning of each experiment, upstream of the TRAPS. Flow balance was achieved by introducing 2.3 Lpm of ambient air through the HEPA filter. The total number concentration of particles generated was monitored upstream by the particle counter CPC1 and downstream by the particle counter CPC2, both operating at a low flow mode of 0.3 Lpm. The two CPCs were tested in parallel prior to experiments to allow direct comparison between them (see Annex, Figure A-1.). Finally, the pump ran at 4.7 Lpm to ensure a total constant sampling flowrate inside the TRAPS of 5 Lpm. An image of the experimental set-up is shown in Figure 3-7.

Figure 3

 3 Figure 3-7. Image of the experimental set-up in the laboratory (LPCA-Dunkerque).

  using a powder generator by vortex shaker (model VS-1000, ADDAIR-IRSN). For this, monodisperse silica particles of sizes 0.5, 0.75, 1, 1.5, 2 and 4 µm were used (Angström SphereTM, https://focenter.com/ (accessed on 20/01/2020)). For each size, 0.5 mg of particles was mixed with 3 mg bronze powder and introduced inside the vortex. Bronze powder favored individualized dispersion of the particles. An internal pump provided clean and dry air into the vortex through a pipe. The combination of particle-shaking and arriving airflow contributed to the dispersion of the suspended particles.For our measurements, an output concentration ranging between 1000 and 10,000 #.cm -3 was obtained with a generation flowrate of 5 Lpm. This output flow was connected to a 1 L flask, itself connected to a HEPA filter to ensure flow balance and atmospheric pressure inside the system (Figure3-9.). The particle concentrations were monitored upstream of the impactor by an optical particle counter (OPC) (model MiniWras model 1371 Grimm TM ) and downstream by the OPS (Optical Particle Sizer) (model 3330 TSI Inc.). Prior to each experiment, the room air was measured by both the OPS and OPC. Both instruments showed similar reading for PM size distributions (see Annex, Figure A-2.).

Figure 3

 3 Figure 3-8. Schematic representation of the experimental setup for determining the coarse stage collection efficiency using vortex shaking of powders of monodisperse silica spheres.

1 .

 1 Experimental Determination of the Cut-Off DiametersTwo different calculations were used for the determination of the cut-off diameters of each impaction stage, and to take into account the influence of the coarse stage on the collection efficiency of the fine stage. For each experiment, particles of different sizes were generated separately and the cascade impactor was completely cleaned before and after each test.Coarse Stage Cut-Off Diameter: The characterization of the coarse stage was performed without the presence of the fine stage, which had no influence on the collection efficiency of the coarse stage. Moreover, the presence of the fine stage during the experiments would make it unfeasible to directly measure the particle concentrations at the outlet of the coarse stage. The experimental setup presented in Figure3-9 (configurations A and B) was used to determine the collection efficiency Ceff of this stage. The procedure applied is similar to that described by[START_REF] Brostrøm | Improving the foundation for particulate matter risk assessment by individual nanoparticle statistics from electron microscopy analysis[END_REF].

Figure 3

 3 Figure 3-9. Schematic representation of the four configurations used for the experimental determination of the collection efficiency. The nozzles of the coarse and fine stages are represented, respectively, in red and yellow. The motors and plates were removed in configurations (B, D), while the stages were fully assembled (with all their nozzles, motors and collection plates) in configurations (A, C).

Figure 3 -

 3 Figure 3-10. Theoretical (blue dotted line) and experimental (black line) collection efficiency curves for the coarse (a) and fine (b) stages (Error bars = 1 S.D with n = 5 for the coarse stage and 3 S.D with n = 5 for the fine stage).

Figure 3 -

 3 Figure 3-11. TSEM images (magnification: 50×, accelerating voltage: 15 kV) of the fine stage samples showing sodium chloride particles (a) and silica nanospheres (b) collected for 1 and 5 min, respectively.

Figure 3 -

 3 Figure 3-12. TSEM images (Magnification: 25×, Accelerating voltage: 15 kV) of the coarse stage samples

Figure 3 -

 3 Figure 3-13. Mean particle mass size distribution obtained using an optical particle counter (MiniWRAS model 1371 Grimm TM ) on June 13 th 2021 from 08:00 to 10:00 UTC.

Figure 3 -

 3 Figure 3-14. Image of the TEM grid (fine stage) used to evaluate the homogeneity of the repartition of impacted particles. The width of the impaction trace is marked by 2 horizontal lines and the nozzle width by 2 dotted lines.

Figure 3 -

 3 Figure 3-15. Distribution of the 6 particle types over the analysed areas identified in Figure 7. Each point represents a particle and each colour a particle type. A total of 405, 763 and 567 particles are observed in the green, blue and purple areas, respectively.

Figure 3 -

 3 Figure 3-16. Time series evolution of PM2.5 mass concentration at our sampling site. Coloured rectangles represent the TRAPS sampling periods, where P1 and P5 (cyan) are the analysed samples whose results are discussed in the paper.

Figure 3 -

 3 Figure 3-17. Relative contribution of different particle types during P1 and P5, respectively, for the TRAPS fine fraction ((a) coarse stage) and ultrafine fraction ((b) fine stage).

Figure 3 -

 3 Figure 3-18. 72 hours backtrajectories calculations arriving at 500 m altitude at the sampling site respectively on April 20th and April 21st at 08:00 UTC.
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 41 Figure 4-1 shows the geographical localization of the Great Dunkirk Area (GDA) in the Northern-France Region (HDF), as well as the land occupation between industrial (purple), urban (brown), rural (green), coastal (blue) and traffic zones (black). The area is mainly influenced by S and SW winds in winter and fall and NE, SW winds in spring and summer. Three Atmosphere Quality Measurement Stations (AQMS) of the air quality monitoring network (https://www.atmo-hdf.fr/) across the GDA are considered in this study (Figure 4-1b): The stations U, S, and I respectively classified as Urban, Sub-urban (located nearby the main highway A16 and close to an agricultural area) and Industrial (urban station in proximity of industrial installations). A 4 th AQMS (R) was also selected, inside the forest of Campagne-les-Boulonais located 67 km far from Dunkirk (Figure 4-1a). This station

Figure 4 - 1 .

 41 Figure 4-1. Map of the Great Dunkirk Area located in the Northern-France Region. Seasonal variation of wind speed and direction in 2019. The industrial installations (purple), urban settlements (brown), agricultural and forest areas (green), main roads (black) are also represented, together with the different measurement stations of the ATMO HDF air quality monitoring network (AQMS) and the meteorological station M.

  Number of polluted days (PD) at the U, S, I or R stations for WHO, US-EPA and EU standards forthe 2018-2020 period.

  stations (U, I or S). The monthly and yearly variability of these PDs recorded between 2018 and 2020 are presented in Figure 4-2.

Figure 4

 4 Figure 4-2. Seasonal variability of PM10 polluted days (PD) recorded at at least one of the 3 GDA stations (U, S and I) in 2018 (black), 2019 (dark blue) and 2020 (light blue).

Chapter 4 .

 4 Analysis and evaluation of typical PM10 pollution days 160 PM10 exceedance days: Most of PM10 PDs (54 %) occur in spring (Mar-Apr-May), 24% in summer (Jun-Jul-Aug), 17% in winter (Dec-Jan-Feb) and 7% in fall (Sep-Oct-Nov).The lowest occurrence in fall can be explained by maximum frequency of rainfall during this season, as shown in Figure4-3, associated with low pressure systems favorable to the dispersion of pollutants.

Figure 4

 4 Figure 4-3. Seasonal variation of the total rainfall that was recorded in the GDA from 2018 to 2020.

Figure 4

 4 Figure 4-4. Here, after distinguishing between clean days (CD) and PD based on daily PM10 concentrations, the detailed characteristics of the different types of PD frequently observed over the GDA are presented. The objective is to identify PD that tend to repeat and describe them.

Figure 4

 4 Figure 4-4. Flowchart for the classification of PM10 pollution episodes in the GDA. U, S, I and R refer to the Urban, Sub-urban, Industrial and Remote AQMS. WS refer to the wind speed recorded at the M station.

Figure 4

 4 Figure 4-5. Repartition of the 91 PD recorded in 2018-2020, according to the plume extent (local or regional) and atmospheric condition (stationary or dispersion condition).

Figure 4

 4 Figure 4-6. Monthly variation of local scale and regional polluted days in the GDA from 2018 to 2020

Figure 4

 4 Figure 4-7. Number of stations impacted by the PM10 pollution plume during the local PD recorded from 2018-2020.

Figure 4 - 8 .

 48 Figure 4-8. The figure reveals that only 25% of the pollution periods are single PD, i.e. 19 PDs, temporally bounded by clean days. Most of these PDs (16) are of type LOC-1 i.e. pollution days of reduced spatial amplitude implying an exposure limited mostly to populations located in the immediate vicinity of the area where exceedance if recorded. In return, 75% of the PDs are comprised in pollution events (PE) i.e. lasted 2 days or more, indicating that in the Great Dunkirk Area (GDA) most of the pollution days are pollution events. Most of the PDs (43) accounted in PEs are of wider spatial coverage therefore a more important fraction of population is exposed. As the fraction of population exposure to PM increases with increasing number of successive pollution days a specific attention

Figure 4

 4 Figure 4-8. Proportion of single pollution days compared to pollution events for 2018-2020. 4.4. Hourly description of few typical PM10 pollution events

  The PM2.5 levels are unfortunately not available at the industrial site, but the study of the PM2.5/PM10 ratio at the urban site (U) shows that it is strongly dependent on the PM10 levels (FigureX).

Figure 4

 4 Figure 4-9. Evolution of the PM2.5/PM10 ratio according to PM10 concentrations (in µg/m 3 ) at the urban site (U).

4. 4 . 1 .

 41 PM evolution and meteorology The time series evolution of PM10, PM2.5, SO2, O3, NO2 and meteorological parameters including T°, RH, WS, WD and SR during PE-A, PE-B and PE-C and PE-D are presented respectively in Figure 4-10, 4-11 and 4-12. Except for PE-B (Figure 4-11.) where a sawtooth evolution alternating growth and decrease of PM10 concentrations can be observed, the evolution of PM10 during PE-A (Figure 4-10.), PE-C (Figure 4-11.) and PE-D (Figure 4-12.) is nearly similar. Indeed, a progressive increase in PM10 concentrations is observed until the pollution peak is reached for all the events. However, while the evolution of urban PM2.5 follows that of all local PM10 during PE-A and PE-D, it is not the case during PE-B and C (see Figure4-11.) which is expected since these PE do not impact the urban station (U) but only the industrial station (I). During PE-A and PE-D, the PM10 pollution peaks of 95.1 and 150.1 µg/m 3 representing 2 and 3 times the WHO limit is reached during the night (22:00 and 21:00 respectively). During PE-B and PE-C both daytime peaks and early morning (3:00 and 5:00) peaks are observed. This is an indication that different mechanisms contribute to the occurrence of these peaks and globally to aerosol formation and evolution during these pollution events.

Figure 4 -

 4 Figure 4-10. Evolution of PM, precursor gases and meteorological parameters during PEA

Figure 4 -

 4 Figure 4-11. Evolution of PM, precursor gases and meteorological parameters during PE-B and PE-C

Figure 4 -

 4 Figure 4-13. Location of the main land occupation map in the GDA together with pollution roses of urban PM2.5 (a) and industrial NO2 (b) concentrations during PEA (both PDA-1 and PDA-2). Urban (brown) and industrial (purple) areas can be identified in the south-western direction using the urban station (U) as a reference.

Figure 4 -

 4 Figure 4-14. 3 days backward trajectories simulation showing air masses crossing the UK before arriving at 500 m altitude in the GDA during 2 pollution peaks recorded during PE-B and PE-C using the web-based version of HYSPLIT (https://www.ready.noaa.gov/).

Figure 4 -

 4 Figure 4-15. Daily cycle of PM10, O3, NO2 and SO2 concentrations during PED for remote (orange), sub-urban (green), industrial (purple) and urban (brown).

Figure 5 - 1 .

 51 Figure 5-1. Map showing the Mixtape sampling site (M) and air quality monitoring stations (U, I and S) of the Atmo-HdF (www.atmo-hdf.fr) network. Industrial (purple) and urban (brown) areas, farmlands (green), northern sea (blue) as well as the road network (black lines) characteristics of the GDA are also presented. 4 main wind sectors influencing the M site are also represented: the marine, industrial-marine, industrial urban and urban sectors. MP: Metallurgy plant, EP: energy plant, R: Oil Refinery, CP: Chemical plant, AZ: Astra Zeneca, ESP: Electrical steel plant are among the main industrial installations across the study area.

Figure 5

 5 Figure 5-2. Monthly temperature variation from 2018 to 2021 (a.) and seasonal variation of wind speed and direction (b) in 2021 in the Great Dunkerque Area (GDA). Error bars = ±1 S.D.

Figure 5

 5 Figure 5-3. Temporal variation of daily PM2.5 concentrations at the M and U stations from January to September 2021. Cyan rectangles highlight the studied pollution events where particle samples were collected.

Figure 5

 5 Figure 5-4.Relative error associated to Dα, Dγ and χ for the different samples (S1 to S29) of fine particle fraction.

Figure 5

 5 Figure 5-5.Atmospheric concentration (in cm -3 , 1-10 µm range) (top), Dα, Dγ and χ (middle), and relative abundance of individual particles (bottom) for all the samples collected on the coarse stage (1-10 µm) during this MIXTAPE campaign. Error bars plotted together with χ values. The number of analyzed particles is indicated above the sample number.

Figure 5

 5 Figure 5-6. Atmospheric concentration (in cm -3 , 0.1-0.7 µm range) (top), Dα, Dγ and χ (middle) and relative abundance of individual particles (bottom) collected on the fine stage (0.1-1µm) for all the samples collected during the MIXTAPE campaign. Error bars plotted together with χ values. The number of analyzed particles is indicated above the sample number (Sx).

  29 samples collected on the fine impactor stage during the five PE of the MIXTAPE campaign are considered here (22 714 analyzed particles by TSEM-EDX). All the samples collected when hourly average PM10 and/or PM2.5 concentrations at any local station (M, S, I and U) were below respectively 45 and 15 µg.m -3 were considered as Clean Samples (CS). The remaining samples were then classified as PM10 or PM2.5 Polluted Samples (PS) when respectively PM10 or PM2.5 exceeded the WHO limits during the collection time. Samples exceeding only the PM2.5 limits are classified as PM2.5 PS Thus, PM10 PS is characterized by a coarser particulate pollution than PM2.5 PS. The relative number percentage (N(typei)/N(total)*100) of particle types for each sample category (CS, PM10 PS and PM2.5 PS) are provided in Table 5-3. and presented in Figure 5-7. It can be noted that the atmospheric concentration of particles (PC) in the range 0.1-1µm is not very different between CS, PM2.5 PS and

Figure 5

 5 Figure 5-7. Atmospheric concentration (in cm -3 , 0.1-0.7 µm range) (top), Dα, Dγ and χ (middle) and relative abundance of individual particles (bottom) collected on the fine stage (0.1-1µm) during clean days (left) and polluted days (right) for samples S1 to S29.

  -1). A total of 16844 individual particles were compared and the results are provided in Figure5-8.

Figure 5

 5 Figure 5-8. Atmospheric concentration (in cm -3 , 0.1-0.7 µm range) (top), Dα, Dγ and χ (middle) and relative abundance of individual particles (bottom) collected on the fine stage (0.1-1µm) under blowing winds from sectors Marine, Urban, Industrial (Industrial-urban and Industrial-Marine) sectors.

Figure 5

 5 Figure 5-9. Atmospheric concentration (in cm -3 , 0.1-0.7 µm range) (top), Dα, Dγ and χ (middle) and relative abundance of individual particles (bottom) collected on the fine stage (0.1-1µm) for each type of polluted day. Results of the samples collected when only PM2.5 levels exceedance were observed are also presented.

Chapter 5 .

 5 Physico-chemical characterization of individual particles 202 As we can see in table 5-1, PM2.5 data of the MIXTAPE sampling site (station M) are missing due to instrument malfunction. In this case, we referred to the PM2.5 of the urban station located around 10 km away from the M station. The hourly PM2.5 measured at these two stations (M and U) during a similar pollution day (Loc-Stat-3) observed in August 2020 are relatively correlated (Figure 5-10, R 2 =0.64), as the variability can be explained by changes in wind direction during the day.

Figure 5 -

 5 Figure 5-10. Linear regression between hourly Mixtape PM2.5 and urban PM2.5 data

Figure 5 -

 5 Figure 5-11. Time series evolution of PM2.5 at the U station (darkcyan) and meteorological parameters: WS (red), WD (black), T(orange), RH (blue), SR (filled dark cyan). Colored rectangles in cyan represent TRAPS sampling periods.

Figure 5 -

 5 Figure 5-12. Time-height cross-sections of horizontal wind speeds and wind direction (top) and vertical wind dispersion (bottom) measured by the Doppler Lidar on March 31 th and April 1 st . Rectangles in red represent particle sampling periods

Figures 5 -

 5 Figures 5-13 and 5-14. The Ca-rich particles varied from high contribution during S1 under south easterlies to low contribution (S2) under northerlies and rose again during S3 under N-NE winds. This suggest that different anthropogenic and natural sources of Ca-rich including residential installations, re-suspended soil dust, road dust and marine emissions are probably the sources of Ca-rich particles during S1, S2 and S3.

Figure 5 -

 5 Figure 5-14. Atmospheric concentration (in cm -3 , 0.1-0.7 µm range) (top), Dα, Dγ and χ (middle) and relative abundance of individual particles (bottom) collected on the fine stage (0.1-1µm) for all the samples collected during PE1 from S1 to S7. Error bars plotted together with χ values. The evolution of particle number concentration (100-750 nm) is also plotted on the top.

1

  Figure 5-15.Three-day back trajectories of continental air (left) arriving in Dunkirk from the W-SW direction in March 21 st , 2021 and both continental and marine air arriving in Dunkirk from NE direction in April 1 st , 2021 at 12:00. In the second day both continental pollutants from the great Paris region and the English Channel and marine pollutants can be transported to Dunkirk.

Figure 5 -

 5 Figure 5-16. Evolution of Da, Dy and X of (a) carbonaceous particles and (b) Na-rich particles for each sample from S1 to S7.

Figure A- 2 .

 2 Figure A-2. Comparison between OPC MiniWRAS Grimm and OPS TSI for particle size distribution. The observed shift is related to the differences in the measurement channels of the two instruments.

Figure A- 3 .

 3 Figure A-3. Time series evolution of PM10 concentration (top) from the industrial (I), urban (U), suburban (S) and remote (R) stations from March 30 th to April 2 nd 2021 period of PE1. The daily mean PM10 concentrations maps (bottom) obtained from http://www2.prevair.org/ are presented for the same period. We can clearly distinguish between the local pollution day on 31/03/2021 and the regional one on 01/04/2021.
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Résumé de la thèse en français

  Malgré une diminution significative des concentrations des polluants atmosphériques réglementés (excepté pour l'ozone) lors de ces 10 dernières années en France, les dépassements des seuils

		Aerosol time-of-flight mass spectrometry
	BC	Black carbon
	CCN Européens annuels (25 µg.m -3 pour les particules PM10 et PM2.5) sont fréquemment observés, comme Cloud Condensation Nuclei Computer-controlled scanning electron microscopy/energy dispersive X-CCSEM/EDX ray spectroscopy l'indique l'Agence Européenne de l'Environnement dans son rapport de 2019. Ces dépassements
	EEA annuels sont le résultat des multiples dépassements de seuils journaliers enregistrés principalement European Environmental Agency
	GDA HCPC dans les sites urbains et industriels, sites caractérisés par une multitude de sources de polluants. Great Dunkirk Area Hierarchical clustering on principal components
	MIXTAPE Lorsque ces sites sont situés à proximité des côtes, les conditions météorologiques singulières rendent MIXing sTate of Atmospheric Particles during pollution Events
	OPC complexe l'analyse des mécanismes physico-chimiques et dynamiques donnant lieu aux dépassement Optical particle counter
	PCA PD des seuils journaliers en PM. Principal components analysis Pollution day
	PE	Pollution events
	PM	Particulate matter
	PMF	Positive matrix factorization
	SEM	Scanning electron microscopy
	SEM/EDX	Scanning electron microscopy/energy dispersive X-ray spectroscopy
	SMPS	Scanning Mobility particle sizer
	STXM/NEXAFS	Scanning transmission X-ray microscopy/near edge X-ray absorption fine structure spectroscopy
	TEM	Transmission electron microscopy
	TRAPS	Time-Resolved Atmospheric Particle Sampler
	VOC	Volatile organic compounds
	WHO	World health organization

L'objectif de cette thèse est de proposer une méthodologie pour étudier l'hétérogénéité chimique des particules atmosphériques lors des évènements de pollution sur le site industriel et urbain du Grand Dunkerque. La méthodologie proposée doit pouvoir permettre de renseigner sur la composition chimique et l'état de mélange des particules, avec une haute résolution temporelle, mais aussi à un coût supportable et avec des temps d'analyse raisonnables.

Table 1 -

 1 1, are the average aerosol emissions from major sources.

	A-Natural Sources	Estimated rate (Tg yr -1 )
	Primary	
	Mineral dust	1000 -4000
	Sea salt	1400 -6800
	Volcanic dust	Variable ~ 30
	Biological particles	50 -1000
	Secondary
	Sulfates from DMS	12.4
	Sulfates from volcanic SO2	20
	Organic aerosol from BVOC	11.2

B-Anthropogenic emissions (Tg.yr -1 ) PM10 PM2.5 PM1 BC OC+OM

  

	Agriculture	6.6	3.8	2.9	0.3	3.7
	Residential combustion	23.1	21.9	20.7	4.2	24.2
	Industry + Waste	26.8	16.6	9.2	0.9	3.8
	Transports	4.2	3.7	3.3	1.7	3.1
	Shipping and Aviation	1.9	1.8	1.6	0.1	0.9
	Global anthropogenic	62.5	47.8	37.8	7.3	35.7
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1. Global emission estimates for major aerosol classes

Table 1 -

 1 

	Quantity	Meaning
	𝑝 𝑖 𝑎 =	𝜇 𝑖 𝜇 𝑖 𝑎	Mass fraction of the species a in the particle i
	𝑝 𝑖 =	𝜇 𝜇 𝑖	Mass fraction of the particle i in the population
	𝑝 𝑎 =	𝜇 𝜇 𝑎	Mass fraction of the species a in the population

3. Aerosol mass definitions and notations. N is the number of particles in the population, and the number of species is A.

The probability of occurrence of the specie a in the particle i or in the population is defined as the mass fractions as shown in
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 1 4. Aerosol mass fraction definitions and notations. N is the number of particles in the population, and the number of species is A.
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	Quantity	Name	Range	Meaning
	𝐷 𝛼 = 𝑒 𝐻 𝛼	Average particle species diversity	1 to A	average effective number of species
					in each particle
	𝐷 𝛾 = 𝑒 𝐻 𝛾	Bulk population species diversity	1 to A	effective number of species in the
					population
	𝐷 𝛽 =	𝐷 𝛼 𝐷 𝛾	Inter-particle diversity	1 to A	amount of population species diversity due to inter-particle
					diversity
			Table 1-6. Definitions of particle diversities (Dα, Dγ, Dβ).

5. Definitions of aerosol mixing entropies and particle diversity.

The diversity Di of a particle measures the effective number of equally distributed species in the particle. Extending the single-particle diversity Di to the entire population of particles gives three different measures of population diversity (Table

1-6

). Alpha diversity Dα, beta diversity Dβ, and gamma diversity Dγ.

  -particle mass spectrometry was deployed during the MEGAPOLI campaign in Paris[START_REF] Healy | Single particle diversity and mixing state measurements[END_REF]. Their results highlight the dependence of the mixing state upon diurnal/nocturnal cycles and air masses origin. They computed χ values between 0.37 and 0.72. In a similar way, elemental

	Singleconcentrations provided by Computer-Controlled Scanning Electron Microscopy with Energy-
	Dispersive X-ray spectroscopy (CCSEM-EDX) and Scanning Transmission X-ray Microscopy-Near-
	Edge X-ray Absorption Fine Structure Spectroscopy (STXM-NEXAFS) were used to compute mixing
	state parameters during the Carbonaceous Aerosol and Radiative Effects Study (CARES) in the
	Central Valley of California (O

-11 were used to investigate the influence of several factors on chemical diversities (diurnal/nocturnal cycles, air mass origin, particles residence time.). Calculated mixing state indexes are summarized in

Table 1-7 (Bondy et al., 2018;[START_REF] Fraund | Elemental Mixing State of Aerosol Particles Collected in Central Amazonia during GoAmazon2014/15[END_REF][START_REF] Healy | Single particle diversity and mixing state measurements[END_REF][START_REF] O'brien | Chemical imaging of ambient aerosol particles: Observational constraints on mixing state parameterization[END_REF][START_REF] Ye | Spatial Variability of Sources and Mixing State of Atmospheric Particles in a Metropolitan Area[END_REF]

.
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	Reference	Location	Period	Instruments	Species	Particles size range	Range of χ
	(Healy et al., 2014)	Paris, France	26-Jan-2010 11-Feb-2010	ATOFMS	SO4 2-, NO3 -, NH4 + , OA and BC	150-900 nm	37-72%
		Sacramento, CA	27-28 June 2010 STXM/NEXAFS	Organic, inorganic, and BC	0.36-2.5 μm	62-93%
	(O'Brien et				Na, Mg, Al,		
	al., 2015)	Sacramento, CA 27-28 June 2010	CCSEM/EDX	Si, P, S, Cl,		
					and K,	0.1-2.5 μm	40-91%
					Ca, Mn, Fe,		
					and Zn		
					C, N, O,		
		Amazon, Brazil	Selected	STXM/NEXAFS	Na, Mg, P,		
					S, and Cl,		
	(Fraund et al., 2017)		days/times during		K, Ca, Mn,	180-320 nm	>80%
			September 2014	SEM/EDX	Fe, Ni, and		
			and		Zn		
			Oct-14				
	(Bondy et al., 2018)	Centreville, Alabama	5 June -11 July 2013 STXM/NEXAFS	CCSEM/EDX S, Cl, K, Ca, Ti, and Fe	C, N, O, Na, Mg, Al, Si, and P,	56 nm to 1.8 μm	5%-25
	(Ye et al., 2018)	Pittsburgh, PA	Aug/Sep 2012, Dec/Jan/Feb	SP-AMS	SO4 2-, NO3 -, NH4 + , OA, and	50 nm to 1 μm	36-70%
			2011/2012		BC		

7. Field studies that used individual particle data to determine the mixing state index, χ 89 CHAPTER 2.

  Table 2-1. Summarizes the main activities and potential particle sources according to wind sectors which can influence our monitoring site.

	Wind sector	Wind direction	Potential source/activity	Possible particles
	Marine	N-NE	Major: Marine, harbor, Minor: tourism (beach), road traffic, residential heating	Na-rich including Mg and Ca, S-rich, EC/OC, Ca-rich, Si-Al rich
			Major: Steelworks,	
	Industrial-marine	W-NW	metallurgy, oil storage, cement industry, chemical and polymer plants, energy production	Metals, EC/OC, S-rich, Na-rich including Mg and Ca
			Minor: sea traffic	
			Major: Steelworks,	
			metallurgy, oil storage,	
	Industrial -urban	S-W	cement industry, chemical and polymer plants, energy production	Metals, EC/OC, S-rich
			Minor: sea traffic, residential	
			heating, road traffic	
				Secondary species
	Urban	S-E	Major: residential heating, road traffic Minor: Agriculture	(S, N-rich particles, AOS), K-rich, Metals,
				EC/OC

Table 2
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	-1. Main potential sources and local activities over the GDA, according to wind sectors, with a focus on
	possible PM emissions (OC = Organic Carbon, i.e. functionalised; EC = Elemental Carbon, i.e. soot, tar balls,)

  The first one is a weather information source named "Windy" (https://www.windy.com/) developed by Windy. this website offers the possibility to switch between global models such as ECMWF (European Centre for Medium-Range Weather Forecasts, resolution ≈9 km, www.ecmwf.com) or GFS (Global Forecast System, resolution ≈22km, https://www.weather.gov/) operated by the United States' National Weather Service (NWS) and local models such as NEMS produced by www.meteoblue.com from the Swiss weather geniuses of ~4 km resolution only available for Europe.

The weather models use observed sources that are available at the time of ingest. Common ingest sources are RADAR, satellite, aircraft reports, weather balloons, ground stations, and ocean buoys. In this study, the ECMWF was used as it offered a wider spatial coverage across Europe allowing to forecast the patterns of air masses. Windy provides 15 days forecast of meteorological parameters (surface pressure, temperature, rain events, cloud coverage, etc.). The second model is "Prevair" (http://www2.prevair.org/) provided by INERIS (National institude of industrial environments and risks) in collaboration with Meteo France and CNRS (French National Research Center) and the French central laboratory for monitoring Air quality (LCSQA). It is based on the result of numerical simulations and field observations to predict and map the concentrations of regulated air pollutants.

  Table 2-2.

				Sampling	Sample
		TRAPS	Grid	duration	Starting time
	Date/Period	stage	Position	(min)	(UTC)
		Coarse (1-10 µm)	T10 T12	30 60	8:00 9:00
	31.03.2021		T14	120	11:00
	(Period 1)	Fine (0.1-1 µm)	T20 T22	30 60	8:00 9:00
			T24	120	11:00
		Coarse (1-10 µm)	T10 T15	30 120	17.00 22.00
	31.03.2021		T19	120	4.00
	(Period 2)	Fine (0.1-1 µm)	T20 T25	30 120	17.00 22.00
			T29	120	4.00
		Coarse (1-10 µm)	T10 T12	60 60	8:10 10:10
	01.04.2021		T14	60	12:10
	(Period 3)	Fine (0.1-1 µm)	T20 T22	60 60	8:10 10:10
			T24	60	12:10
		Coarse (1-10 µm)	T10 T15	60 120	17.00 23.00
	01.04.2021		T19	60	4.00
	(Period 4)	Fine (0.1-1 µm)	T20 T25	60 120	17.00 23.00
			T29	60	4.00

Table 2
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	-2. TRAPS sampling plan implemented during the first studied pollution event (PE1). As a maximum of
	12 samples (i.e. impaction traces: see Chapter 3) can be collected per impaction plate, T10 represent the grid position
	of the first sample: i.e T (for Trace), 1 (for the coarse stage S1 or 2 in case of stage 2 see below) and 0 (for the sample
	0) (see figure 2-10). The time necessary to rotate from one position to another is 60 seconds.
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	.3:

Table 2

 2 

	-4.), namely: Carbonaceous, Na-
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 3 1. Technical characteristics of the TRAPS.

Table 1 .

 1 In order for the impaction traces to be distinctly separated on the collection surface, we opted for rectangular acceleration nozzles, without any impact on the Reynolds number values.

	Coarse Stage	Fine Stage

Table 3 -
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2. Theoretical calculations of the stage parameters of the TRAPS at T = 293K and p = 101.3 kPa.
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 4 1. Data availability in each of the U, S, I, R and M stations for the 3-years studied period(2018)(2019)(2020).
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	-3. together with mean

Table 4-3.Average wind speed, pressure and PM10 concentration at the industrial, urban, suburban and remote stations for each class of the most represented local pollution days.
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	-4. Summary of the daily mean values of PM10 (U, S, I and R), PM2.5 (U), wind speed (WS), and
	atmospheric pressure (P) associated to the different types of PD comprising the studied PE.

Table 4

 4 In Figure4-11, it is noticeable that the variation in NO2 and SO2 concentration follows that of PM10 concentrations at the I station. In northern France and particularly Dunkirk, NOx are mainly emitted by road transport (around 40 to 50%) due to the dense transport network of the region connected with three main highways A16, A26 and A29. The industry, waste, energy and construction sectors contribute to almost 30% of NOx emissions with the highest fraction attributed to energy production.

	-5. Determination of the correlation factors between PM10, PM2.5, O3, NO2, SO2, T°, RH, WS and WD
	at the Urban, Industrial, Sub-urban or Remote stations during PEA in the GDA.
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 4 6. Determination of the correlation factors between PM10, PM2.5, O3, NO2, SO2, T°, RH, WS and WD at the Urban, Industrial, Sub-urban or Remote stations during PED in the GDA.
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1. Classification of the pollution days (PD) investigated during MIXTAPE. Daily mean PM10, PM2.5 and BC concentrations are given in µg/m 3

Table 5
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	PE		Sample	Date	Starting time
			S1	3/31.	08.00
		PD1-1	S2	3/31.	17.00
			S3	3/31.	22.00
	PE1		S4	4/1.	04.00
		PD1-2	S5 S6	4/1. 4/1.	08.00 12.00
			S7	4/1.	17.00
	PE2	PD2-1 PD2-2	S8 S9	4/20. 4/21.	08.00 09.00
		CD	S10	6/13.	01.00
		PD3-1	S11 S12	6/14. 6/14.	04.00 24.00
		CD	S13	6/15.	12.00
		CD	S14	6/15.	11.00
	PE3	CD	S15	6/15.	18.00
			S16	6/16.	01.00
		PD3-2	S17 S18	6/16. 6/16.	11.00 16.00
			S19	6/16.	21.00
		PD3-3	S20	6/17.	02.00
	PE4	CD CD	S21 S22 S23 S24	9/6. 9/6. 9/7. 9/7.	11.00 16.00 14.00 08.00
		CD	S25	9/18.	18.00
			S26	9/19.	24.00
	PE5	CD	S27 S28	9/19. 9/19.	05.00 16.00
			S29	9/19.	21.00
		-2. Sample ID and collection starting time
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	Sample category	NS	NP	PC	Carb.	S-rich	Na-rich	Ca-rich	Si, Al -rich	Met.	Uncl.	χ	Dα	Dγ
	CS	5	5871	32312	45%	3%	42%	5%	2%	3%	1%	0.77±0.17 4.3±0.6	5.2±0.2
	PM10 PS	9	6898	125044	28%	13%	39%	5%	5%	8%	2%	0.63±0.10 3.8±0.4	5.5±0.5
	PM2.5 PS	8	6392	27763	82%	1%	12%	1%	1%	3%	0%	0.71±0.26 2.8±0.9	3.5±1.2

3.Relative number percentage of individual particles for clean samples (CS), PM10 and PM2.5 polluted samples (PS). NS is the number of samples, NP the number of analyzed particles and PC the mean Particle

  Table5-4. It should be kept in mind that the analyzed particles were collected at station M which is located between stations I and U (Figure5-1), while the classification of the sample is based on the PM10 levels recorded at the four Air Quality Monitoring Station (U, S, I and R stations). One of the goals here is firstly to reveal if the composition of fine particles at station M is related to the PM10 exceedances observed at the other 3 sites (I, U and S) in GDA.

	Type	NP	NS	Carbonaceous	S-rich	Na-rich	Ca-rich	Si, Al -rich	Metals	Unclassified
	Loc-Disp-1-I	1806	2	12%	8%	61%	10%	3%	5%	1%
	Loc-Disp-2-I+U	1618	2	13%	5%	65%	6%	5%	6%	1%
	Loc-Stat-1-I	1568	2	26%	12%	42%	3%	2%	13%	1%
	Loc-Stat-2-I+U	1291	1	34%	35%	2%	1%	1%	23%	5%
	Loc-Stat-3-U+I+S	1779	3	36%	19%	13%	6%	14%	8%	4%
	Reg-Disp-1-U	615	1	53%	24%	18%	1%	1%	2%	0%
	Reg-Disp-2-U+I	921	1	9%	0%	89%				1%
	Reg-Loc-3-U+I+S	854	2	69%	5%	9%	3%	9%	3%	2%
	PM2.5	5320	6	93%	0%	5%	0%	0%	1%	0%
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4.Relative number percentage of individual particles calculated for each PD type based on hourly PM10 concentrations (NP = number of analyzed particles, NS = number of analyzed samples)
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-1. Local episodes account for nearly 77% of all episodes observed in the GDA. This event is therefore highly interesting as it accounted both a local and a regional pollution day consecutively from March 31 st to April 1 st , 2021.
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	-5.
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	-5. Relative number percentage of individual particles collected using the TRAPS coarse (Stage 1) and fine
	(Stage 2) stages per pollution day type during PE1.

effectivité et opérationnalité dans la fourniture d'échantillons analysables par des techniques diverses de microscopie électronique a été démontré. Le TRAPS a été déployé lors de la campagne MIXTAPE dont le but était d'étudier la composition individuelle et l'état de mélange des particules atmosphériques lors d'évènements de pollution sur la zone du Grand Dunkerque. Une analyse statistique des jours de dépassement survenus entre 2018 et 2020 a permis de mieux classifier ceux-ci en différents types et de constater qu'ils étaient plus nombreux en hiver et au printemps. Ils sont essentiellement liés aux émissions industrielles et sont en majorité d'une durée moyenne de 2 jours, ce qui correspond à notre définition de « l'évènement de pollution ». Les résultats d'analyse des particules échantillonnées lors de ces évènements ont permis de mettre notamment en évidence l'absence de lien direct entre l'hétérogénéité chimique des particules d'aérosol de pollution et l'origine des vents locaux.En s'intéressant aux facteurs qui pourraient influencer la composition chimique de ces particules et l'indice d'état de mélange qui en découle, il a été nécessaire de s'arrêter à une description horaire de l'évolution dans le temps d'un évènement de pollution. On a alors pu constater pour l'évènement de pollution étudié que c'est l'étendue, locale ou régionale, du panache de pollution qui explique principalement l'évolution de l'état de mélange chimique des particules. Les résultats de cette thèse pourraient être exploitables dans le cadre d'une amélioration des stratégies d'atténuation des effets de la pollution, notamment en matière de santé humaine.
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