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GENERAL INTRODUCTION

Particulate Matter (PM) is one of the most important atmospheric pollutants due to its effects on the radiative balance (IPCC, 2014), on ecosystems through its acidification and eutrophication properties (Lovett et al., 2009;[START_REF] Sutton | The European Nitrogen Assessment: Sources, Effects and Policy Perspectives[END_REF] and to its effects on human health (HEI 2018).

In Europe, PM is one of the main target pollutants affecting the air quality and 374.000 premature deaths have been attributed to fine particles -PM2.5 exposure (EEA, 2019), France being one of the most impacted countries. More specifically, the northern part of France is one of the most frequently affected region by high levels of PM, where it has been estimated that between 12 and 18 months of life expectancy would be gained if the levels of PM2.5 were kept below the recommended air concentration of 10 µg m -3 by the WHO (Santé Publique France, 2016).

The region Hauts-de-France (HdF) in the northern part of France has frequent high pollution episodes of PM2.5, mostly composed of Secondary Inorganic Aerosols -SIA (Putaud et al., 2010).

These recurring episodes arise from the highly industrialized and densely populated areas, coupled with the intensive agricultural activities that enhance the production of SIA from this region and the neighboring countries. However, carbonaceous aerosols and more specifically Organic Carbon -OC from biomass burning emissions can be very important contributors, especially during wintertime (Joaquin, 2015;Cavalli et al. 2016).

The HdF territory shows little pronounced relief and is permanently swept by air masses coming from transboundary regions with high loadings of pollutants adding up to the local emissions. Knowing the local and distant sources of PM2.5 is thus of high importance in this region.

The observation of these air masses may help to forecast future impacts and to implement effective air quality management plans, as well as to predict the effectiveness of these measures using deterministic models validated by the collected data. Therefore, the thesis objectives are the determination of the main drivers explaining the variability of the SIA present in PM2.5 at a rural site in the North of France, and to try to understand and foresee how these contaminants will evolve in a global warming context. To achieve these objectives, a 1-year campaign observations of organic and inorganic precursor gases and PM2.5

aerosol speciation was conducted in the rural village of Caillouël-Crépigny using a MARGA 1S (Monitor for AeRosols and Gases in ambient Air), an OC-EC semi continuous analyzer and various gas analyzers (O3, NOx, VOCs). Additionally, an intensive campaign was conducted at different periods of increasing temperature, isoprene concentrations and oxidative atmospheric conditions between the spring and summer seasons, to measure the first degradation products of biogenic VOCs (BVOCs) by using DNPH cartridges.

The thesis manuscript is divided in five chapters. The first two chapters present the general context on SIA and the description of the implementation of the 1-year campaign, while the last three deal with the main questions and objectives of this thesis:

Chapter 1 presents the issues related to the aerosols, their physicochemical composition, their primary sources (with a focus on Northwestern Europe) and secondary formation processes, the instrumentation and methods used to characterize their composition and their sources, the predicted evolution of the aerosol composition under the impact of climate change and the special context of the air quality in the North of France. It ends with the motivation and specific objectives of this work.

Chapter 2 deals with the presentation of the rural site where the campaign was carried out, as well as the sampling periods for the 1-year campaign and the intensive campaign. The instrumentation used and the methods applied to analyze the data are described, with a special focus placed on the MARGA 1S. A detailed uncertainty analysis on MARGA measurements was performed to determine the biggest uncertainty sources on this analyzer. A future publication related to that aspect entitled "Practical approach for an easy determination of the limit of detection and uncertainty budget associated with MARGA measurements" is currently under preparation.

In Chapter 3, the representativeness of the meteorological conditions of the 1-year campaign and the amount of data validated for analysis are presented. Afterwards, the temporal variability of the PM2.5 speciation, the SIA and their precursor gases during the 1-year campaign, and the spatial variations of the PM2.5 composition are evaluated by comparison with a remote and suburban site.

The equilibrium composition of SIA is modelled using the thermodynamic model ISORROPIA II and compared to the observed one in order to know if the observed SIA composition is driven by thermodynamics.

Chapter 4 aims at determining the main sources influencing the rural site by applying both a Chapter 5 deals with the description of the observations carried out during three intensive periods using DNPH cartridges under an increasing gradient of isoprene, the main BVOC in this area. Afterwards, a statistical analysis based on the available summer data of the different variables was performed to determine the possible influence of this BVOC on SIA composition and their acid precursor gases (nitric acid, sulfuric acid).

Finally, the main conclusions extracted from the data analysis of Chapters 2 to 5 are presented along with the future perspectives for this work.

CHAPTER 1 SECONDARY INORGANIC

AEROSOLS

IN NORTHWESTERN EUROPE Chapter 1: Secondary inorganic aerosols in Northwestern Europe

This chapter presents the information and state-of-the-art of the topics related to this thesis work:

 A general introduction on the concepts about aerosols, their effects, primary sources and mechanisms of secondary formation (Sections 1.1 and 1.2).

 The current situation on secondary inorganic aerosols (SIA) modelling and the predicted evolution in Northwestern Europe due to the effects of climate change (sections 1.3 and 1.4).

 The proposed objectives for this thesis and the strategy followed to achieve them (section 1.5).

1.1. Composition, impact and sources of fine particulate matter in the low troposphere

Definition, sizes, and origins of tropospheric fine particles

The atmosphere is a mixture of gaseous and aerosols components. Aerosols or particulate matter (PM) are defined as solid or liquid particles suspended in the air excluding rain droplets or ice crystals, with diameters ranging between a few nm to 100 µm [START_REF] Mészáros | Fundamentals of Atmospheric Aerosol Chemistry[END_REF]. The study of aerosols is necessary due to their multiple effects on human health, ecosystems, economy and global climate (EEA, 2019a). They are formed by several processes such as nucleation of gases, coagulation of nuclei, condensation of vapors, surface adsorption and deliquescence/dehydration phenomena. The removal of aerosols from the atmosphere may occur through dry gravitational deposition, wet deposition by rain or fog events scavenging and interception by larger particles [START_REF] Harrison | Pollution 5th Edition: Causes, Effects and Control[END_REF]. Aerosols can be classified according to their origin, size, source or chemical composition. The size of particles has implications on the optical properties of aerosols, cloud formation and cloud characteristics, aerosol transport in the atmosphere, the processes that may affect them and the effects over human health when they are inhaled or over ecosystems when they settle. PM are usually classified based on their aerodynamic diameter (da), which can range from 0.002 to 100 µm, although there is not clear consensus on when a cluster of molecules becomes a particle (Finlayson-Pitts and Pitts, 1999). In atmospheric sciences, the most common division is based on coarse and fine particles: particles with da > 2.5 µm are considered as coarse, while those inferior to that value are fine (Seinfeld and Pandis, 2006). In health or air quality studies, an additional size classification is made according to their potential to penetrate into the human lung system: PM10

(da ≤ 10 µm) or "inhalable" particles that can penetrate into the human respiratory system, PM2.5

(da ≤ 2.5 µm) or "fine" or "respirable" particles which can reach the alveolar region of the lungs Nucleation & Aitken mode: It accounts for the smallest particles, from 1 to 100 nm (ultrafine particles). From 1 to 10 nm, particles are in the "nucleation" mode, name taken after the nucleation process, where particles are formed either by condensation of hot vapors from combustion processes or when low vapor pressure gas species condense to form new particles. The first step consists in the formation of a cluster of molecules that occurs as molecules react and collide in the gas-phase (Sipilä et al., 2010). Small clusters may be not stable because of their low size which favors evaporation. However, when clusters grow under saturated conditions, they may reach a critical diameter and emerge as stable nuclei (Finlayson-Pitts, 1999). The ternary system H2SO4-NH3-H2O is an important aerosol nucleation route in the atmosphere (Nøjgaard et al., 2012). Other molecules such as organics may also favor the nucleation and growth of new particles in the atmosphere (Sipilä et al., 2010) (Figure 1-3). Particles from 10 to 100 nm are in the Aitken mode, with very similar characteristics to the nucleation mode. In this mode, the particles act as nuclei for the condensation of low-vapor pressure gases. Both nucleation and Aitken modes have a big impact on the number size distribution of particles, but account for a very small percentage of PM mass [START_REF] Solomon | Key scientific findings and policy-and healthrelevant insights from the U.S. Environmental Protection Agency's Particulate Matter Supersites Program and related studies: an integration and synthesis of results[END_REF].

The lifetime of ultrafine particles is short due to surface condensation and coagulation onto larger particles.

Accumulation mode: Particles with da between about 0.1 µm and 2 µm grow through surface condensation of low volatility materials or coagulation processes. The surface condensation process consists on the scavenging of low-pressure products onto preexisting particles. This process rules over the nucleation process when a certain nuclei concentration is reached. The reverse process, evaporation, occurs if the ambient conditions are favorable (Finlayson-Pitts, 1999). In contrast, the coagulation process involves the formation of a single particle via collision of two smaller ones. Small particles go through relatively rapid Brownian diffusion, which leads to sufficient particle-particle collisions to cause coagulation. This process is more effective when the difference in particle size is large, as smaller particles present a large diffusion coefficient and therefore can diffuse fast onto the large surface area of bigger particles. (Finlayson-Pitts, 1999).

Since ultrafine particles (< 0.1 µm) grow rapidly due to coagulation or condensation into the accumulation mode, and since large particles (> 2 µm) sediment rapidly under gravitational influence, the main PM fraction which accumulates in the atmosphere is in the 0.1-2 µm size range.

Only wet deposition is an efficient removal mechanism for this mode. The typical atmospheric lifetime of accumulation mode particles in the lower troposphere is of several days (Figure 1-4). Attending to their origin, aerosols are divided into "primary aerosols" when emitted directly by sources into the atmosphere, while "secondary aerosols" are formed in the atmosphere by physicochemical processes from precursor gases or preexisting aerosols. As there are many primary sources, most of the studies classify primary aerosols based on whether they were released by natural processes (biogenic) or human activities (anthropogenic).

On the contrary, the formation of secondary particles depends on the atmospheric conditions and the availability of precursor gases, making them more unpredictable and difficult to control.

Secondary aerosols are generally divided into Secondary Organic Aerosols (SOA) and Secondary Inorganic Aerosols (SIA), depending on the organic or inorganic nature of their main precursor gases. However real secondary aerosols may present an internal mixing state (Stevens and Dastoor, 2019) between SOA and SIA, such as a shell of SOA around a core of ammonium sulfate (Bondy et al., 2018).

Secondary aerosols can be formed by:  Homogeneous gas-phase chemical reaction of precursor gases to form low volatility compounds, followed by nucleation to form new particles or condensation on preexisting ones.

An example of this process is the oxidation of VOCs into low volatility oxidized products that form new particles of SOA once they reach a critical saturation pressure (Ziemann and Atkinson, 2012).

 Heterogeneous chemical reaction at the interface between the gas phase and the aqueous phase of fog, cloud droplets, or the hydrated/deliquescent surface of aerosols. The heterogeneous formation of sulfuric acid (H2SO4) from sulfur dioxide (SO2) in water droplets would be an example of this path (Seinfeld and Pandis, 2006).

The chemical composition of airborne particles is heterogeneous, as it is composed of mixtures of organic and inorganic substances. The organic fraction encompasses all the C-compounds with different bonds to H, S, N and O containing species, while the inorganic fraction is formed by secondary inorganic salts such as ammonium nitrate (NH4NO3) or ammonium sulfate ((NH4)2SO4), marine-based aerosols (rich in Ca 2+ , Mg 2+ and Na + ) and crustal materials, that are composed of several minerals and metals (Seinfeld and Pandis, 2006). Depending on their composition, aerosols have different effects on human health, ecosystems and radiative forcing, as well as their chemical behavior in the atmosphere (additional information in Annex A1, Table A1-2). 

Ecosystem effects

The two main effects of aerosols on the biosphere are the acidification of soils and waters and the enrichment in nutrients or eutrophication. The acidification occurs when sulfate and nitrate aerosols are deposited in soils or still water masses, changing the conditions of basic cations in soil and replacing them with H + [START_REF] Bowman | Negative impact of nitrogen deposition on soil buffering capacity[END_REF]. In aquatic habitats such as freshwaters and forests (forest soils), the pH of the waters lowers, leading to several negative environmental effects over the biodiversity living in those areas (Lovett et al., 2009). The eutrophication is more related to nitrate aerosols, as they augment primary productivity and can drive major changes in the vegetal communities present in poor N ecosystems, leading to biodiversity loss. [START_REF] Sutton | The European Nitrogen Assessment: Sources, Effects and Policy Perspectives[END_REF]. When the objective is to assess rural background levels, the sampling point shall not be influenced by agglomerations or industrial sites in its vicinity, i.e. sites further away than five kilometers (Annex III, section B). In Annex IV, section B it is specified that the measurement of PM2.5 must include at least the total mass concentration and concentrations of the following chemical species: SO4 2-, NH4 + , NO3 -, K + , Cl -, Mg 2+ , Ca 2+ , Na + , Elemental carbon (EC) and Organic carbon (OC). The main objective of these measurements is to have a good database on background environments, which are assumed to reflect the background contamination of the region to correctly judge the enhanced levels in more polluted areas such as urban or industrial sites.

PM2.5 levels, composition and impact on life expectancy

Air pollution is currently the most important environmental risk to human health and is On the other hand, the average chemical composition of the three areas did not show a significant spatial variation of SO4 2-and NO3 -, although higher contributions of mineral dust and sea salt were found for South Europe and Northwest Europe, respectively (Figure 1-10). However, it is important to highlight that most of the aforementioned studies were conducted using filter samplings subjected to negative artifacts which could lead to an underestimation of ammonium nitrate (more details in Section 1.3).

In fact, other studies did observe a geographical gradient, with Northern Europe dominated by primary and biogenic emissions, while sea salt and mineral dust being the main components of PM in the south of Europe (Yttri et al., 2007;[START_REF] Genberg | Source apportionment of carbonaceous aerosol in southern Sweden[END_REF] The mean concentrations of PM2.5 were particularly high both during the winter (32.6 ± 16.8 µg m -3 ) and summer campaigns (20.5 ± 9.8 µg m -3 ). The contribution to nr-PM1 (non-refractory PM1) was similar at both seasons, with SIA (i.e. the sum of NO3, SO4, and NH4) making for most of the nr-PM1 mass (75% and 74%), with a predominance of NO3 (35% and 28% of the total nr-PM1), and the rest being attributed to OM (34% and 33%). Additionally, during an intensive campaign using an HR-ToF-AMS [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] 

Sources of primary aerosols and inorganic precursor gases in Northwestern Europe

Atmospheric pollutants may have anthropogenic or natural origins. Anthropogenic sources are linked to human activities such as industry, transport, household activities or agriculture, among many others. Biogenic sources are related to natural processes such as sea salt spraying, wind erosion, volcanic eruptions, lightning or emissions by living organisms (animals, plants, oceanic and soil microorganisms). There are also mixed sources that may fall in both categories, such as biomass burning (residential heating, wild open forest fires,). The main anthropogenic sources (traffic, industry and energy sector, biomass burning, waste treatment, agriculture) and natural ones (mineral dust, biogenic emissions, sea spray, volcanic eruptions, lightning) potentially influencing Northwest Europe are presented in the following paragraphs.

Traffic:

The traffic sources are categorized into road and non-road traffic. On one hand, road traffic is a major source of NOx (Figure 1-11a) and primary aerosols in urban areas, and to a lesser degree in rural ones, although in in the period 2000-2017 there has been a decrease of 40% (EMEP, 2019). Previous to the 90-00 period it was also a source of SO2, however the shift from gasoline to diesel engines reduced the emissions significantly (EMEP, 2019). Road traffic emissions consist in particle release through the pipe exhaust, mostly soot made of ultrafine carbonaceous nuclei, PAH, sulfate and metals (Jiang et al., 2005), while non-exhaust emissions include particles from brake wear, tyre wear, road surface abrasion and road dust resuspension (Thorpe & Harrison, 2008;[START_REF] Bukowiecki | PM10 emission factors for non-exhaust particles generated by road traffic in an urban street canyon and along a freeway in Switzerland[END_REF].

The amount and size of the emitted particles depend on the fuel type and technology used, as diesel engines can emit between 10-100 times more particles than gasoline ones [START_REF] Kittelson | Engines and nanoparticles: a review[END_REF].

In Northern Europe are important the resuspension processes during the winter months, when sand and salt are widely used on roads to keep snow from freezing to ice [START_REF] Matter | CAFE Working Group on Particulate Matter[END_REF] 

Industry and energy sector:

The industrial sources may be split into production processes and energy production and use. They produce both precursor gases and particles whose composition depends on the type of industry. Some of the activities generating more particle emissions are the mining and construction material industries, which release large amounts of primary aerosols, toxic This reduction, coupled with the reduction of gasoline engines for vehicles in favor of diesel ones, decreased the levels of SO2 and consequently of SO4 2-. Therefore, the chemical composition of SIA in Europe has shifted from mainly (NH4)2SO4-based towards more thermodynamically unstable NH4NO3 [START_REF] Fowler | Effects of global change during the 21st century on the nitrogen cycle[END_REF].

Biomass burning: This source is very heterogeneous, and may be associated to the energy production sector, residential heating, agricultural waste burning or even wildfires. Aerosols generated in biomass burning mainly consist of carbonaceous species (OC, EC, levoglucosan) and an inorganic fraction composed of elements such as, K + , NH4 + SO4 2-and NO3 -. Most of the particles emitted are in the accumulation mode, but there is also a smaller fraction consisting of carbon aggregates (soot) and a bigger fraction composed of ash and unburnt parts of the biomass [START_REF] Formenti | Inorganic and carbonaceous aerosols during the Southern African Regional Science Initiative (SAFARI 2000) experiment: Chemical characteristics, physical properties, and emission data for smoke from African biomass burning[END_REF][START_REF] Hungershoefer | Modelling the optical properties of fresh biomass burning aerosol produced in a smoke chamber: Results from the EFEU campaign[END_REF][START_REF] Badarinath | Impact of biomass burning on aerosol properties over tropical wet evergreen forests of Arunachal Pradesh, India[END_REF].

This source is especially important in rural areas during winter, where biomass burning in stoves is used as the main household heating system. The size and composition of particles are influenced by the stove design, type of wood, operating and combusting conditions [START_REF] Johansson | Particle emissions from biomass combustion in small combustors[END_REF]. Fireplaces emit more PM per kg of wood with a higher percentage of OC, while more sophisticated stoves release less PM, richer in EC and inorganic compounds [START_REF] Calvo | Research on aerosol sources and chemical composition: Past, current and emerging issues[END_REF].

In addition to household stoves, agricultural residues burning is considered the 4 th most important type of biomass burning emissions globally with estimations of around 500 Tg dry matter yr -1 [START_REF] Bond | A technologybased global inventory of black and organic carbon emissions from combustion[END_REF]). These fires have significant impacts on greenhouse gas emissions and aerosol loading, with consequences at local and regional levels ( Van et al., 2010). In the EMEP region, it was observed that the highest contributions of the biomass burning were in the regional background stations (EMEP, 2019 Agricultural soils and more broadly terrestrial ecosystems may also act as both source and sink for reduced (e.g. NH3) and oxidized (e.g. NO, HONO, N2O) nitrogen. The direction of the net flux resulting from emission and deposition processes is difficult to predict and depends on many factors such as the type of fertilization, the conditions of the soil and of the atmosphere, the mixing ratios of atmospheric pollutants, type of vegetation, plant compensation points [START_REF] Massad | Review and Integration of Biosphere-Atmosphere Modelling of Reactive Trace Gases and Volatile Aerosols[END_REF] or the height of the measurements (Vuolo et al., 2017). Fertilization provides NH4 + and NO3 - which serve as substrate for nitrifying and denitrifying bacteria, resulting in possible NO formation (Ludwig et al., 2001). Moreover, complex heterogeneous chemical processes may explain soil-toatmosphere emissions such as the production of HONO by photosensitized reduction of NO2 on soil humic material (Laufs et al., 2017).

Mineral dust: It is produced by the weathering and wind erosion of Earth's surface. These particles are generally made of calcite, quartz, dolomite and feldspar but the composition depends mainly on the nature of the eroded rock or soil. Around 80-93% of the particles are found in the coarse mode, the rest being less than 1 µm. Particles closer to 100 µm are removed by rapid deposition processes such as gravitational sedimentation.

On the other hand, smaller particles usually aggregate by Brownian diffusion and interception.

Intermediate particles, (0.1 -5 µm) sent to higher altitude (free troposphere) present a longer residence time and can travel up to 500 km in the case of desert aerosol. They are important as they play an important role on the radiative balance of atmosphere by absorbing and scattering solar radiation, either by doing it directly, acting as CCN or decreasing the photolysis rate of trace gases, indirectly modifying the lifetime of some greenhouse gases (Monks et al., 2009) The main sources are deserts, dry lakebeds and semi-arid surfaces, which in their majority are located within the "global dust belt" between 10° and 35° latitude. In rural areas, agricultural activities may increase soil dust atmospheric concentrations.

Biogenic emissions:

The animals, vegetation, soil microorganisms and oceanic phytoplankton may contribute to primary and secondary aerosol formation. Primary biogenic aerosols are emitted directly into the atmosphere in the form of pollens, fern and fungal spores, vegetal debris and other particles with diameters up to 100 µm. Particles with diameters smaller than 10 µm consist of small fragments or excretions from plants, animals, bacteria, viruses, carbohydrate, proteins, waxes or ions. These aerosols can be transported over long distances and very high altitudes. Main processes of secondary aerosols formation from biogenic precursor gases may involve inorganic compounds such as biogenic marine SO2 leading to SIA [START_REF] Ayers | DMS and its oxidation products in the remote marine atmosphere: implications for climate and atmospheric chemistry[END_REF]Meskhidze & Nenes, 2006) or organic ones such as biogenic VOCs (BVOCs) emitted by forests and leading to SOA [START_REF] Henze | Global secondary organic aerosol from isoprene oxidation[END_REF].

Sea spray and biogenic emissions: Sea spray is the most important aerosol fraction globally [START_REF] White | Chemical markers for sea salt in IMPROVE aerosol data[END_REF]. Sea salt emissions are mainly coarse primary aerosols formed by Na + and Cl -, and other components such as SO4 2-, K + , Mg 2+ and Ca 2+ . Ultrafine particles of about 0.05 µm have also been observed [START_REF] Mészáros | Concentration, size distribution and chemical nature of atmospheric aerosol particles in remote oceanic areas[END_REF]. On the sea surface there is phytoplankton emitting various organic compounds, including dimethyl-sulfide (DMS) (CH3SCH3) which is considered one the most significant precursors of atmospheric sulfates in oceanic regions. It is also a source of HCl and Na-based secondary aerosols, as part of the Cl -in the fine NaCl may react with nitric acid or sulfuric acid. Marine aerosol is not exclusive of coastal areas, but is found at relatively high heights inland, showing off the long-range transport capacity of this type of aerosol [START_REF] Pósfai | Aerosol particles in the troposphere: a mineralogical introduction[END_REF].

Volcanic eruptions: Although rare, they have a big contribution to tropospheric and stratospheric pollution by increasing the amount of GHG, SO2 and primary particles. Volcanic ashes are usually in the size range of 1-10 µm. Depending on the strength of the eruption, their atmospheric lifetime can reach between one week when they are only released in the troposphere or, if the eruption is violent, the ashes can reach the stratosphere and remain for 1-2 years, having significant climatic consequences worldwide. Volcanic gas emissions contain mainly H2O (g), followed by CO2, SO2, HCl. The high SO2 levels released in these events enhance the formation of secondary sulfate aerosols. 

Secondary aerosol formation

This section presents the main reactions of inorganic gas precursors forming SIA, as well as the main routes of isoprene oxidation leading to SOA, as isoprene is considered to be one of the major SOA-forming BVOC emitted in the North of France.

Sulfur species

There are several S-based compounds in the atmosphere, the main ones being in an oxidized state such as SO2, H2SO4, and particulate SO4 2-. There are also reduced sulfur compounds, which may react with OH and NO3 radicals, like H2S, CH3SH or DMS, the last one being very important in marine environments where it decomposes into methane sulfonic acid (MSA), SO2 and H2SO4 (Seinfeld and Pandis, 2006). As the present study is conducted far away from the sea, only SO2 oxidation will be covered in detail. SO2 has two main oxidation pathways: one in the gas phase generally slow except when catalyzed by Fe or Mn metals [START_REF] Zhang | Analyse dynamique, en champ proche et à résolution temporelle fine, de l'aérosol submicronique en situation urbaine sous influence industrielle, phdthesis[END_REF] and one in the aqueous phase either in cloud droplets or in the aqueous layer of wet particles more rapid (Figure 1-12). 

SO2 gas-phase oxidation

Among the gas-phase reactions of SO2, the reaction with the OH radical to form SO3 is dominant, as seen in Reaction 1-3 and Reaction 1-4 [START_REF] Stockwell | The mechanism of the HO-SO2 reaction[END_REF]. When water molecules are present, SO 3 forms sulfuric acid (Reaction 1-5). At typical ambient concentrations of OH•, the lifetime of SO2 based on the gas-phase oxidation

with OH is about one week. This low reaction speed makes the oxidation of SO2 in the gaseous phase negligible in comparison to the aqueous phase oxidation.

SO2 aqueous phase oxidation

When there are SO2 and water droplets in the atmosphere (in the form of fog, clouds, rain, hygroscopic aerosols), SO2 will quickly dissolve, starting the aqueous phase oxidation mechanisms to form HSO3 These equilibria are sensitive to pH. HSO3 -is the predominant species under atmospheric normal conditions, for a pH range of 2 to 7. Figure 1-13 shows that the more acidic the droplet, the greater the degree to which the equilibrium moves towards SO2 (g), limiting the concentration of dissolved S(IV) and further oxidation into sulfate species. The total dissolved sulfur in oxidation state of +IV, expressed as S (IV), is equal to Reaction 1-9.

[𝑆(𝐼𝑉)] = [𝑆𝑂 2 • 𝐻 2 𝑂] + [𝐻𝑆𝑂 3 -] + [𝑆𝑂 3 2-] Reaction 1-9

The aqueous-phase oxidation of SO2 to sulfate (also referred as S(VI)) in cloud water is probably the most important chemical route in the atmosphere and can occur by at least 4 different paths triggered by the presence of O2, O3, H2O2 and OH. Under favorable conditions, all the available S(IV) can be oxidized into S(VI) in less than 1 hour (Pandis, 1998):

 Mn and Fe-catalyzed oxidation of S(IV) by O2: The presence of oxygen, iron in the ferric state (Fe 3+ ) and manganese (Mn 2+ ) enhances the rate of the S(IV) oxidation with O2 (Reaction 1-10). It is worth to note that they have a synergic effect and that the rate constant could add up between 3 and 10 times the sum of the independent rates (Martin, 1984). This is important in industrial areas where sufficient airborne concentrations of these metals are present [START_REF] Zhang | Analyse dynamique, en champ proche et à résolution temporelle fine, de l'aérosol submicronique en situation urbaine sous influence industrielle, phdthesis[END_REF].  Oxidation by hydrogen and organic peroxides: H2O2 is one of the most effective oxidants for S(IV) in aqueous media [START_REF] Pandis | Sensitivity analysis of a chemical mechanism for aqueous-phase atmospheric chemistry[END_REF]. Reaction 1-12 is almost independent of the pH and is quite fast. The mechanism proceeds via a nucleophilic displacement by hydrogen peroxide on bisulfite as the principal reactive S(IV) species [START_REF] Overton | Validation of the Hoffmann and Edwards' S(IV)-H2O2 mechanism[END_REF].

𝑆(𝐼𝑉) + 1/2 𝑂 2 → 𝑆(𝑉𝐼) Reaction 1-10
𝐻𝑆𝑂 3 -+ 𝐻 2 𝑂 2 → 𝑆𝑂 2 𝑂𝑂𝐻 -+ 𝐻 2 𝑂 Reaction 1-12 𝑆𝑂 2 𝑂𝑂𝐻 -+ 𝐻 + → 𝐻 2 𝑆𝑂 4 Reaction 1-13
Reaction 1-13 is more rapid as the medium becomes more acidic. There is the possibility of reaction with organic peroxides (CH3OOH), however this reaction is negligible in atmospheric normal conditions and represents less than 1% of the reactions of SO2 in aqueous media. [START_REF] Pandis | Sensitivity analysis of a chemical mechanism for aqueous-phase atmospheric chemistry[END_REF].

 Oxidation of S(IV) by the hydroxyl radical: OH•radical can react with S(IV) in more than 30 aqueous-phase reactions (Seinfeld and Pandis, 2006).

Overall, the oxidation of S(IV) depends on the pH range (Figure 1 Multiphase oxidation of SO2 at the surface of wet particles is also likely to occur, and has been evidenced on dust, sea salt, calcite, BC and metal oxide particles (Seinfeld and Pandis, 2006).

Research is currently done to elucidate these complex heterogeneous schemes involving multicomponent systems such as SO2/NO2/H2O/particles ( In the presence of water, different S(VI) species may predominate depending on the pH, giving a series of different compounds, from the most acidic H2SO4 (aq), NH4HSO4 (s), (NH4)3H(SO4)2 (s) (letovicite) to the fully neutralized (NH4)2SO4 (s). The molar ratio of nitrogen-to-sulfur of these compounds varies accordingly from 0 to 2.

The neutralization of sulfate by ammonia occurs preferentially over nitrate. Therefore, ammonium nitrate is usually formed in areas characterized by high concentrations of ammonia (Seinfeld and Pandis, 2006).

Nitrogen species

This section deals with the processes involving the main inorganic nitrogen-based reactive precursors of secondary aerosols, NOx and NH3, until the formation of NH4NO3. Apart from ammonia (NH3), the main nitrogen-based reactive species in the atmosphere, called "total reactive nitrogen" or "NOy", are composed of: nitric oxide and nitrogen dioxide (NOx), nitric acid (HNO3), nitrous acid (HONO), pentoxide dinitrogen (N2O5), peroxynitric acid (HO2NO2), peroxyacetylnitrates (PAN), the nitrate radical (NO3 . ) and organic nitrates (Seinfeld and Pandis, 2006).

Nitrogen oxides

NOx include nitrogen monoxide (NO), which is emitted in combustion processes such as engine exhausts and heating systems, and nitrogen dioxide (NO2), which is mainly formed by the oxidation of NO with O3 (Reaction 1-15 to 17). Only 10% of atmospheric NO2 is primarily emitted. The heterogeneous hydrolysis of N2O5 on wet aerosols or other surfaces produces HNO3

(Reaction 1-23). The nitrate radical may also react with organic species to produce nitric acid (Reaction 1-24).

𝑁𝑂 3 . + 𝑅𝐻 → 𝐻𝑁𝑂 3 + 𝑅 . Reaction 1-24
Nitric acid is a strong acid and highly water-soluble gas, so when it is in presence of water droplets it dissociates completely into nitrate ions (Reaction 1-25). In urban environments, its sources are similar to NOx, although its formation mainly occurs by heterogeneous reactions of nitrogen dioxide and water on wet surfaces during nighttime, as it is highly photosensitive (Reaction 1-27). However, in recent field studies it has been demonstrated that there were missing sources of HONO, especially in rural and background sites during daytime. Photo-enhanced reactions on the surface of soot and aerosol particles were proposed as some of these missing sources [START_REF] Ma | Review of heterogeneous photochemical reactions of NOy on aerosol -A possible daytime source of nitrous acid (HONO) in the atmosphere[END_REF], but this would not explain the differences between expected and measured HONO values. [START_REF] Su | Soil nitrite as a source of atmospheric HONO and OH radicals[END_REF] suggested that the soil nitrite could be reduced into HNO2 (molecular nitrous acid in the aqueous-phase) and then partition to HONO (gas-phase nitrous acid), as seen in Reaction 1-28. Nitrite is produced in soils as a product of nitrifying and denitrifying bacteria (from ammonium and nitrate, respectively), and may lead to the atmospheric emission of NH3, NO and HONO (along with other species such as N2O) by soils. Figure 1-15 shows a schematic view of the main processes of this suggested route. Furthermore, the rate of conversion from NO2 -to HONO is largely dependent on the soil pH and the gravimetric soil water content. Alkaline and neutral soils favor the accumulation of NO2 -, while acidic soils favor the release of HONO. This mechanism largely explains the missing HONO in field measurements, which could go from tens of ppt in polar and forested regions to several ppb in rural and urban areas [START_REF] Su | Soil nitrite as a source of atmospheric HONO and OH radicals[END_REF]. Even if the emission of HONO from NO2 -is favored by acidic soils, [START_REF] Scharko | Combined Flux Chamber and Genomics Approach Links Nitrous Acid Emissions to Ammonia Oxidizing Bacteria and Archaea in Urban and Agricultural Soil[END_REF] carried out flux chamber experiments on soil samples from urban and rural sites, and determined the optimal parameters for HONO emission, concluding that higher HONO fluxes were emitted in neutral-alkaline soils, as this pH range is optimal for ammoniaoxidizing bacteria (AOB) growth and NH3 availability.

They also determined that following dry periods, large emissions of NO, N2O and HONO were emitted, as the dormant bacterial populations reactivate and start their metabolic processes. The dependence on pH for the emission of HONO can also explain some increased emissions when fertilization events occur. Depending on the type of fertilizer, the soils can have their pH reduced, especially when salts like NH4NO3 or some P-and S-based fertilizers are used (Fertiliser Research Centre, 2013). This fertilization events can trigger HONO emissions from the transformation of NO2 -when acidifying agents (fertilizers) are introduced in the soil system (Bhattarai et al., 2018). Ammonium nitrate is one of the major components of fine PM. The formation of NH4NO3 is hindered by the presence of H2SO4 as sulfuric acid has a very low saturation vapor pressure (contrarily to HNO3) and will react first with ammonia, prioritizing the formation of (NH 4 ) 2 SO 4 (s) over NH4NO3 (s). Therefore, the gas-to-particle conversion of HNO3 depends on NH3 availability (after H2SO4 neutralization) but also on RH and temperature (Monks et al., 2009).

In fact, at typical tropospheric temperatures and RH, the thermodynamic equilibrium between the gaseous and aerosol phase is reversible.

When temperature is low, the equilibrium of the system shifts towards the aerosol phase, increasing the aerosol mass of NH4NO3, while high temperature makes the equilibrium shift towards gas-phase NH3 and HNO3 (Figure 1-16) As NH4NO3 is highly hygroscopic, it may go under deliquescence (See Section 1.2.4) and exist as an aqueous solution of NH4 + (aq) and NO3 - (aq) when RH is above the deliquescence RH (DRH) at a given temperature (Seinfeld and Pandis, 2006). 

Other secondary inorganic salts

When NaCl aerosol is present in substantial concentrations under marine influence, ammonium chloride (NH4Cl), sodium nitrate (NaNO3), sodium sulfate ((Na2)SO4) and sodium bisulfate (NaHSO4) can be formed. As a result of the first reaction, more nitric acid is transferred as nitrate to the aerosol phase and associated with large sea-salt particles. Consequently, hydrochloric acid is released, and aerosol particles appear to be "chloride-deficient". This lack of chloride in the aerosol phase can also be attributed to the reactions of sodium chloride with sulfuric acid in acidic atmospheres (Seinfeld and Pandis, 2006).

Other secondary inorganic salts may be formed by reaction of nitric or sulfuric acids with alkaline surfaces, such as calcite (CaCO3) from soils or from stone building surfaces, forming Ca(NO3)2 or CaSO4.These sodium or calcium-based secondary aerosols will generally exist in the coarse mode, not in fine aerosols. Although the DRH of pure salts is relatively well-known for the range of atmospheric temperatures, it is difficult to predict the hygroscopicity of mixtures of salts, as in atmospheric SIA, and even more difficult when an organic fraction is present as may be the case in real secondary aerosols.

VOCs and SOA

Volatile organic compounds (VOCs) are organic chemicals containing at least one carbon atom associated with hydrogen atoms, that may also contain oxygen, nitrogen, sulfur, halogen, phosphorus, and silicon atoms, except for CO and CO2. The Directive 1999/13/EC on the reduction of organic compounds defines them as compounds having a vapor pressure of 0.01 kPa or more at a temperature of 293.15 K and having a corresponding volatility under the particular conditions of use (UE, 1999).

VOCs include such compounds as methane, benzene, xylene, propane and butane. CH4 is primarily emitted from agriculture (from ruminants and cultivation), whereas non-methane VOCs (or NMVOCs) are introduced into atmosphere by fossil fuel burning, emission from vegetation and sea, biomass burning, transportation and geochemical processes, among others. NMVOCs include several hundred species and 23 major families (Kansal, 2009). NMVOC are usually categorized as biogenic (BVOC) or anthropogenic (AVOC), attending to their sources. Some of these VOCs are important in the atmospheric system due to their overall high reactivity and effects on human health: carcinogenetic (formaldehyde, benzene, 1,3-butadiene), teratogenic (some ethers and glycol), irritation of the skin, eyes and mucus (most of aldehydes). In this study only BVOCs will be described in detail, due to the special interest they will have in Chapter 5.

Biogenic VOCs

BVOCs are part of a wide range of volatile chemical compounds of biogenic origin, usually alkenes or cycloalkanes, which are emitted into the atmosphere for various reasons, and make up for 90% of total VOC emissions (Monks et al. 2009). The most common BVOCs are isoprene (C5H8) and monoterpenes (C10H16). Isoprene is emitted from a wide variety of vegetation, especially deciduous trees, while terpenes are more related to conifers. There are also some oxygenated compounds (OVOCs) relevant due to their SOA formation potential (Seco et al., 2007).

Table 1-2 shows the global emissions and atmospheric lifetimes of BVOCs. BVOCs are removed from the atmosphere by wet and dry deposition, photolysis, and reaction with OH . , O3 and NO3 . oxidative species. Their high reactivity is due to the presence of double bonds between carbon atoms, which are susceptible of reacting with the atmospheric oxidative species (Atkinson et al., 2003). BVOC emission drivers are temperature and solar radiation, however events such as drought periods, land use changes, high atmospheric CO2 levels and O3 concentrations and enhanced UV radiation can heavily modify the regional BVOC fluxes, making the BVOC measurements to have large uncertainties [START_REF] Peñuelas | BVOCs and global change[END_REF]. Table 1-3 shows some of the typical BVOC found in the troposphere and their main degradation products. In France the studies have been mainly focused on isoprene, monoterpenes, and OVOCs (Curci The highest potential emissions occurred in the central and southern areas of the country, with potential emissions up to 4.5 x 10 12 molecules isoprene m -2 h -1 , while in the northern region this decreased to potential isoprene emission between 1.5 and 2.45 x 10 12 molecules isoprene m -2 h -1 .

In contrast to the more even isoprene potential emissions, the monoterpene emissions were located mostly in the southern regions of Nouvelle Aquitaine and Occitanie, areas where the biggest forested masses of the country are located, while in the center and north only small forested areas may have some terpene emission potential.

Isoprene emissions occur during photosynthesis and photorespiration processes, which are linked to temperature and solar radiation, therefore occurring mostly during daytime. Although its SOA formation potential has been questioned many times in the literature, some studies pointed out that second and third-rate isoprene oxidation products, heterogeneous reactions of isoprene degradation, in-cloud processing of isoprene or biogenic secondary organic aerosol (BSOA) formation onto acidified sulfate aerosols product had high SOA formation potential [START_REF] Lim | Isoprene Forms Secondary Organic Aerosol through Cloud Processing: Model Simulations[END_REF][START_REF] Surratt | Effect of acidity on secondary organic aerosol formation from isoprene[END_REF]. In these studies are stated that, as the oxidation chain progresses, isoprene degradation products react on heterogeneous media or particle surfaces that act as CCN to form humic-like substances which have lower vapor pressure (Surratt et al., 2006).

Nowadays, it is understood that, although the SOA yields are low, the total amount of SOA derived from isoprene degradation is significant (6 to 30 Tg yr -1 ) due to the high global concentrations of isoprene (Carlton et al., 2009). Nonetheless, there are some issues like the speciation of the second and third-rate degradation products, or the influence of inorganic precursor gases on the formation of SOA.

Influence of inorganic precursor gases on SOA formation

It is well known that isoprene degradation routes depend on the ambient NOx levels (Figure 1- 21), and studies conducted in the last years have acknowledged that precursor inorganic gases, SO2

and NH3, could also modify the conditions and the concentrations of SOA from isoprene degradation products. Yet those mechanisms and effects are not well understood, except for the first-rate degradation products, generally based on laboratory reactivity chamber measurements not on field observations. This makes highly difficult to predict the amount of SOA and O3 produced by BVOC in general and more specifically due to isoprene, as there are large uncertainties in their emission inventories, modelling of chemical pathways, and the ambient NOx variation compounds [START_REF] Curci | Modelling study of the impact of isoprene and terpene biogenic emissions on European ozone levels[END_REF][START_REF] Aksoyoglu | Secondary inorganic aerosols in Europe: sources and the significant influence of biogenic VOC emissions especially on ammonium nitrate[END_REF]. Depending on the site typology, one or another route may be followed. To our knowledge, there are few studies addressing the topic of the influence of inorganic gases NOx on SOA formation. Here are presented two studies to illustrate some findings:

On one hand, Lin et al. ( 2013) conducted a field study by using conditional sampling, meaning that PM2.5 were filter-sampled only when ambient concentrations of NH3 and SO2 were above a certain threshold, in order to determine their effects on isoprene degradation products. The SOA yield was found to be enhanced when high SO2 levels were observed, while weak correlations were found for NH3. However, the authors stated that high temperature episodes occurred during the sampling, therefore volatilization from the sampling filters was most probably affecting the measurements.

On the other hand, Chu et al. ( 2016) performed experiments in a laboratory chamber using fixed amounts of toluene and NOx, with or without SO2 and NH3at 50% RH and 30 °C (Figure 1- 22). Their results showed that SOA formation increased significantly in presence of both NH3 and SO2. The effects of NH3 and SO2 on the generation of ammonium sulfate and nitrate were found to be highly dependent on the surface area concentration of suspended particles, which was enhanced by increasing SO2 concentration. At the same time, sulfate aerosol formation was enhanced in presence of NH3, as it might provide liquid surface layers for the absorption and subsequent reaction of SO2. Interestingly enough, it was observed that both precursors enhanced SOA formation through the heterogeneous oxidation of the organic subproducts and the augmentation of the new particles diameter. They also found that less oxidized-organic matter concentration increased under high SO2 / low NH3 conditions, while more oxidized-organic matter and organonitrates increased with both high SO2 / NH3. 

NH3

Uncertain, as it has been reported to produce contradictory effects:

-NH3 presence on ozonolysis of cyclohexane and α-pinene increases SOA yields by reacting with organic acids present in the atmosphere enhancing the formation of organonitrates. It has some form of influence in the formation of brown carbon (BrC) by reacting with SOA, forming hemiaminal.

-No significant effects were reported on isoprene ozonolysis; moreover, it decreased SOA yield in ozonolysis of styrene and hydroxyl-substituted esters. To conclude, although SO2 effects were confirmed to be similar in both laboratory and field observations, it is unclear which effects NH3 have in ambient SOA formation pathways (Table 1- 4). The aforementioned studies only reflect individual species and their effects, however in the atmosphere several species can be present at the same time, and synergies between them are known to occur. The knowledge on the influence of inorganic and organic precursor gases on secondary aerosol formation is much scarcer and further study is necessary to understand how these relationships may affect atmospheric chemistry in the future, when BVOC emissions are expected to increase due to the climate change. In particular the possible influence of BVOCs on SIA formation has to be explored.

Techniques for SIA and precursor gases observation and modelling of SIA

Atmospheric sampling methods for SIA and precursor gases

In atmospheric sciences, several techniques have been developed for the sampling and analysis of precursor gases and aerosol chemical speciation. Offline measurements have the sampling of ambient air on site, followed by an analysis in the laboratory, while online measurements do the sampling and analysis simultaneously in situ. Both methods have their advantages and disadvantages and are chosen accordingly to the objectives of the measurements.

On one hand, offline measurements have been used extensively in the last decades due to their simplicity and low cost, allowing to perform long campaigns without spending high amounts of money. For aerosols, the filter material is usually cellulose, Teflon, nylon or quartz, depending on the target species and chemical analysis method. Filter samplings are usually performed during relatively long time periods (usually 24 h), and afterwards they are either stored or transported for posterior analysis in the laboratory. However, during the sampling time it has been observed that positive and negative artifacts may happen such as the volatilization of some compounds from the filter or chemical reactions between the sampled species (Dong et al., 2012).

The underestimation of NH4NO3 concentrations has been reported in several studies, particularly under high temperatures and dry conditions [START_REF] Appel | Loss of nitric acid within inlet devices intended to exclude coarse particles during atmospheric sampling[END_REF]Schaap et al., 2002, Schaap et al., 2011). The contrary situation may happen if cellulose filters are used, as they retain HNO3 and during the analysis it will account as NO3 -, overestimating ambient nitrate values [START_REF] Schaap | Artefacts in the sampling of nitrate studied in the "INTERCOMP" campaigns of EUROTRAC-AEROSOL[END_REF]Keck and Wittmaak, 2006). To overcome this issue, gas denuders are often coupled to filter packs, to remove interfering gases before aerosol sampling, hence minimizing the artifacts. In fact, this is one of the reference methods used for the European Monitoring and Evaluation Program (EMEP) network, which consists in a membrane filter, a OH-impregnated filter and an oxalic acid-impregnated filter for collecting particulate ammonium nitrate and sulfate

(1 st filter), HNO3, SO2 (2 nd filter) and NH3 (3 rd filter) [START_REF] Fern | Final report from NMR project "Test of a filter pack combined with a PM10 inlet[END_REF]. Denuder-filterpacks are a good option for having unbiased ambient measurements but are costly to operate in long campaigns as they need to be replaced daily.

On the contrary, on-line systems allow to sample and analyze consecutively, with minimum storage time between sampling and analysis operations, thus preventing several artifacts affecting offline techniques. The selected system depends on the target analytes; for inorganic gas precursors 2007). In this work, MARGA is the main instrument used for sampling the inorganic gas and aerosol phases and will be explained in detail in Chapter 2.

The ability to measure both precursor and aerosol phases at high time resolution has been very useful to better understand the SIA formation and the partitioning of ammonium nitrate (Schaap et al., 2011; Aan de Brugh et al., 2012). Furthermore, the prediction of ammonium nitrate episodes requires the improvement of the actual models using data with high time resolution, as it will be explained in the next section.

Modelling of ammonium nitrate and its precursor gases

Modelling is a powerful tool used to reproduce atmospheric concentrations of pollutants, in order to test the accuracy of current knowledge on atmospheric processes, predict future pollution episodes and help in the development of mitigation policies. To be as accurate as possible, models must be based on high quality data from field observations. In Europe, one of the major aerosol mass contributors is NH4NO3, whose formation mechanism is governed by an equilibrium with HNO3 and NH3, which depends on temperature and relative humidity. This implies that concentrations may change rapidly and might therefore not be reflected in filter-based low time resolution measurements. Accurate modelling of SIA precursor gases and aerosols has proven to be a challenge, due to the lack of high time resolution datasets on both precursor gases and aerosols and of detailed knowledge on emission sources and processes. In this section the studies of Schaap It is clear that HNO3 has the biggest disagreements for LOTOS EUROS and EMEP predictions.

The sources for this discrepancy are thought to be pointing to flaws in the equilibrium controlling its gas/aerosol partitioning together with meteorological parameters in the model. Other factors that build uncertainties are the spatial and temporal emission patterns, cloud or multi-phase chemistry, dry deposition, ammonia compensation point and the effective emission height of emission sources (Schaap et al., 2011). It has to be mentioned that MARGA HNO3 measurements may be subjected to artifacts (further details will be given in Chapter 2). NO3 -temporal trend is well captured by both models. However, the concentration levels are misrepresented both in LOTOS-EUROS (high underestimation) and EMEP (overpredicted) models.

NH3 trend is well reproduced by LOTOS-EUROS and EMEP models, but both fail to predict concentration levels accurately. Both studies stated that local emissions of NH3 variate greatly from site to site and the disagreement between observed and modelled concentrations were partially attributed to unaccounted local emissions. NH4 + is acceptably reproduced in LOTOS-EUROS and EMEP models, both in temporal trend and concentration levels. The inconsistencies found in the EMEP modelled profiles were explained by the failure in reproducing NH3 emissions. The influence of SIA is predicted to decrease due to emission changes in NOx and SO2.

However, these changes may be caused by changes in the chemical regime, as the oxidation of BVOC is faster than the NO2 and SO2 oxidation, so biogenic SOA formation is preferred over SIA (Atkinson et al., 2003). Therefore, if the climatic conditions evolve to warmer temperatures, it may affect the oxidation pathways of the inorganic precursor gases and therefore the future speciation of PM2.5. Although it is known that inorganic precursor gases influence the organic phase of aerosols, as stated in Section 1.2.5.2, the reverse situation is almost unknown to the scientific community, but it could be a potentially important driver of atmospheric chemistry.

Studies based on field measurements are scarce, but there have been some attempts to model and quantify the influence of BVOCs levels over SIA formation. In this section the main finding of Karambelas (2013) and Aksoyoglu et al. ( 2016) will be presented, as they did model the atmospheric chemistry with increasing levels of BVOCs on North America and Europe, respectively.

Karambelas (2013) used the Community Multi-Scale Air Quality model to compare "normal" and "no biogenic" scenarios. The "normal" scenario (or "base case") includes all emissions sectors while in the "no biogenic" scenario BVOC emissions are set to zero. After eliminating BVOC emissions and thus biogenic SOA formation, the PM2.5 concentration would rise on eastern USA and decrease in the western part (Figure 1-26b). This East/West difference was explained by the fact that the share of biogenic SOA in PM2.5 was inferior in eastern USA (< 30%) than in western USA (>30%). The % of variation of SO4 2-and NO3 -levels across USA between the "normal" and "no BVOC emission" scenarios is shown in Figure 1-27. The major variations are predicted in Eastern USA where SO4 2-and NO3 -levels are enhanced up to +42% and +60-100%, respectively, when there is no BVOCs. The study of Karambelas concluded that the influence of BVOCs on SIA was the biggest in rural areas. The results show that NO3 -is reduced between -15 % to -35 %, while SO4 2-reduction is only up to -12 %, and this reduction is maximized on Eastern Europe when BVOC emissions are maximized (Figure 1-28). The authors attribute this SIA reduction to the OH . radical being depleted by BVOCs and not available for NOx or SO2 oxidation, thus effectively reducing SIA formation. In winter there was no significant differences between both cases as BVOCs did not have a big impact, due to fewer vegetation and low solar radiation and temperatures inhibiting biogenic emissions. In the "doubled BVOC emission" case, the OH . radical consumption is slightly increased during daytime; however, the HNO3 production is halved both during day and night. Only in the "no NO3 . chemistry" case is the HNO3 production doubled during nighttime. These findings suggest that the major reduction of particulate nitrate across Europe in the "doubled BVOC" scenario is caused by the BVOC competition for NO3 . rather than for OH. These studies pointed out the potential influence that BVOCs could exert over SIA. However, they are based on modelling simulations with several uncertainties in their inputs, so more studies based on real measurements are needed to improve the understanding of this topic. 

Identification of potential emission source areas by source-receptor statistical modelling 1.4.1 Source apportionment analysis

In atmospheric sciences, the most common approach to determine the possible sources of pollutants at specific sites is the use of source receptor models (SRM). The basic principle behind them is that the variability of the species concentrations observed at the receptor site is similar if the species are emitted by the same source. The input data must correspond to measurements at the receptor site. However, SRM rely on the assumption that the source profiles are constant on the whole measurement period, which may be unrealistic, especially for secondary pollutants. Furthermore, the number and nature of the identified factor sources depend strongly on the number of variables given to the model and on their relevance as tracers of the sources effectively impacting the receptor site [START_REF] Hopke | Review of receptor modeling methods for source apportionment[END_REF]. SRM increase in complexity between multivariate models to chemical mass balance (CMB) models (Figure 1- 30). CMB models are used when large parts of information about the pollution sources are known and the mass contribution of each source has to be determined. However, this is not usually the case, and the application of multivariate models is more adequate as it is possible to obtain information about the number of sources, their typology and their contribution from a set of observations of tracers representative of the emission sources (More information in Table A1-3) at the receptor site.

Common examples include Principal Component Analysis (PCA), UNMIX, Positive

Matrix Factorization (PMF) and Multilinear Engine (ME). In this thesis, the PMF model was chosen as it can be used without prior knowledge of the sources and additionally, it is possible to identify unknown or missing sources. Moreover, it has the advantage to be run in datasets with missing data or below the DL, and each data point will be scaled individually using an uncertainty matrix assigning a higher weight to data with high precision. Further details on PMF will be given in Chapter 2.

The 

Source apportionment studies in Northwestern Europe

The Northwestern European area does not have many PMF studies on PM2. Seven factors were identified: NO3-rich aerosol (44%), SO4-rich aerosol (25%), traffic and resuspended road dust (10%), industrial activities/incineration (10%), sea spray (7%), crustal material (3%) and residual oil combustion (1%). Nitrate and sulfate-rich source factors were the major contributors to PM2.5 (69% on average) and their long-range origin was concluded from their limited spatial variability among the five sites.

The study of Bressi et al. (2014) was carried out at an urban background site during 2009-2010 in Paris, where seven factors were determined: SO4-rich (with an average annual contribution to the total PM2.5 mass of 27%), NO3-rich (24%), heavy oil combustion (17%), road traffic (14%), biomass burning (12%), marine aerosol (6%) and metal industry (1%). They also concluded that the SIA factor sources were major contributors to PM2.5 (51%) and were coming mostly from mid-or long-range transport from continental Europe.

Roig (2018) performed two PMF analyses on a 1-year database from August 2015 to July 2016 in suburban site of the North of France. The first PMF was conducted using hourly measurements from a MARGA and aethalometer, while the second one used only daily averages of the online instruments and additional tracers coming from daily filter samplings analyzed by ICP-MS. The first PMF resulted in 5 factors: SO4-rich (41%), NO3-rich (27%), road traffic (17%), marine aerosol (11%) and biomass burning (5%), while the second PMF expanded the source factors to 8: SO4-rich (35%), NO3-rich (30%), biomass combustion (12%), marine aerosol (8%), road traffic (6%), metal industrial background (6%), crustal dust (3%) and local industry (1%). Both PMFs highlighted the importance of SIA, with contributions of 69% and 65% to PM2.5 for PMFhourly and PMFdaily.

Although it was conducted on PM10 fraction, the PMF performed by Waked et al. (2014) in the city of Lens from March 2011 to March 2012 found that PM10 main sources were SIA (28% of total PM10 mass; divided in nitrate-rich and sulfate-rich with equal contributions of 14%), aged marine emissions (19%), biomass burning (13%), mineral dust (13%), primary biogenic emissions (9%), fresh sea salts (8%), primary traffic emissions (6%) and heavy oil combustion (4%).

The contribution of SIA was found to increase to more than 50% of the total PM10 during PM exceedance episodes. Similarly, Oliveira (2017) conducted a PMF analysis on PM10 samples collected at five locations spread over the North of France: Lens (urban), Roubaix (kerbside), Revin (remote), Rouen (urban) and Nogent-sur-Oise (urban). The contributions to PM10 were similar to those of Waked et al. (2014), with nitrate-rich (12-23%), sulfate-rich (7-15%), traffic (10-26%), biomass burning (8-15%), oxalate-rich (4-19%), fresh marine (4-11%), land biogenic (2-9%), and marine biogenic (3-12%). Also, a higher contribution of SIA was observed during high PM concentration episodes.

The transported nature of the secondary inorganic factors is mentioned in all of these studies, supported in some cases by means of PSCF analysis (Figure 1-31). All of the mentioned studies stressed the importance of SIA in Northwestern Europe, particularly in PM2.5, mostly coming from mid-to-long range transport from continental Europe, rather than being from local production. The climate is identified as oceanic, with high relative humidity over the year, soft and rainy winters and cool summers. On the coasts of the Channel and the North Sea, the ocean influence is very strong. When moving away from the coasts, the climate gradually approaches the continental climate, with less wind (degraded oceanic climate). The annual average temperature is 11 °C, while the monthly precipitations range from 52 mm to 67 mm of rain. In addition, the topography of the region is relatively flat and should favor the dispersion of pollutants.

However, there are several anthropogenic pollution sources coming from the dense road network, the highly populated urban areas, the domestic heating in both urban and rural places, the industrial activity (11,000 factories) and the extensive agricultural activities (Figure 1 The air quality in rural areas has generally been considered cleaner than in urban ones because of the lesser levels of primary emissions, coupled with the higher dispersion and the disappearance of the "heat island" effect (Harrison, 2018). Yet, the agricultural sources and the potential different chemical regime in rural areas (with lower NOx and SO2 but higher NH3, O3 Moreover, the atmospheric chemical regime in the HdF may change in the future due to the effects of global warming, which may enhance the emissions of BVOCs, possibly competing with the inorganic gas precursors for the oxidative species and increasing the weight of SOA in the PM2.5 composition and the proportion of sulfate compared to nitrate.

Additionally, the models predicting the concentrations of fine aerosols and precursor gases have been using datasets with low time resolution and affected by artifacts, that result in inconsistencies and outputs different from the reality. This stresses the necessity to do studies with high time resolution measurements over long time periods in order to improve the accuracy of the predictive tools by better taking into account rapid processes with artefact-free observations.

Therefore, this thesis work aims at helping to understand the processes behind SIA concentrations in a rural site in the North of France by conducting (i) a 1-year observation campaign at a rural site in the HdF region with high time resolution equipment and (ii) an intensive campaign during summertime heatwave episodes to study the influence of high temperatures and BVOCs on inorganic gas precursors and SIA, in order to develop mitigation policies in a context of high pollution episodes and climate change.

This PhD work is centered on the following scientific questions:

① What are the main drivers (sources, processes, meteorological and chemical variables) explaining the currently observed concentrations of PM2.5 and SIA in a rural site in the north of France?

② How may these concentrations evolve in the future in the perspective of climate change (increasing temperatures and heatwaves)?

To do so, three main operational objectives were determined:

1. Document the hourly variability of precursor gases and fine aerosol components during a 1-year observation campaign, with special emphasis on SIA at a rural site to identify their origins.

2. Compare the variability of pollutants during the rural field campaign of this thesis with previous observations at a suburban site of the same region (Roig, 2018) and at an EMEP natural background site in the North of France, to infer from the similarities and differences between sites the influence of human activities and of regional processes on SIA and PM2.5.

3. Identify species and processes potentially competing in the future with the oxidation of inorganic precursor gases and therefore influencing SIA concentrations and speciation, focusing on BVOCs, temperature and RH conditions.
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CHAPTER 2

SITE, INSTRUMENTATION AND METHODS

Chapter 2: Site, instrumentation and methods

This chapter covers the details of the site where the 1-year campaign was carried out, as well as the instrumentation and methods used for the sampling and analysis of the data on precursor gases and PM2.5 mass chemical speciation. It is structured as follows:

 A description of the site and the dates of the 1-year field campaign are in Section 2.1 and 2.2.

 The detailed description of the main instruments of the 1-year campaign in Section 2.4.

 A detailed study of the performance and uncertainties related to MARGA measurements is presented in Sections 2.4 and 2.5.

 The tools used for the data analysis of the 1-year campaign are explained in Section 2.6.

Site of the campaign.

The Regarding the potential traffic sources, the site is 20 km away from the A26 (East) A29

(North) and 25 km from the A1 (West) highways. In addition to the highways, the site is surrounded by the departmental roads D1032, D932 and D938 (less than 10 km from the site).

There are also two railways less than 10 km away, one double railway on the north and one electrified double railway on the south (Figure A2-9).

Several industries may potentially impact the sampling site: the chemical factories of the industrial zone of Chauny, the sugar refineries located in the north (from NW to NE) and some glass and chemical factories in the SW. In Table 2- The weather situation is variable and depends on the wind direction. On one hand, the most frequent and fastest winds (>8 m s -1 ) come from SW sector, therefore receiving influences from the nearby Paris area, and on a larger scale, from inner France and the Atlantic Ocean. On the other hand, there are moderate and slow wind speeds (<8 m s -1 ) from NE and, on a minor scale, SE sectors, making this region a receptor of continental influence.

Dates of the campaigns

The 1-year long campaign

The installation of the site in Caillouël-Crépigny begun on mid-December 2017 and was fully operational two months later. The site was installed with the technical support of the regional air quality monitoring network ATMO Hauts-de-France. The 1-year campaign started on the 1 rst March 2018 and lasted until 28 th February 2019 (See Table 2-2). The instruments were set up by IMT Lille Douai (MARGA, OC/EC analyzer and TD-GC-FID) and ATMO HdF (O3 and NOx analyzer, TEOM-FDMS, weather station). All instruments were calibrated on-site before the campaign and were then regularly calibrated during the 1year period, following specific protocols. Further information on the online measurement of the gas species NOx, O3, VOCs, OVOCs and for PM2.5 mass may be found in Annex 2.2.

The semi-continuous instrumentation used for the determination of the aerosol speciation is presented in section 2.3. Additional tests were performed before the 1-year campaign in order to validate the online measurement of HNO3 by the MARGA by comparison with manual denuder sampling and off-line Ion Chromatography (IC) analysis.

The intensive campaign

In order to better characterize photochemical pollution associated to biogenic emissions, additional measurements of some OVOCs were taken during a 2-month period presenting increasing concentrations of isoprene (Waked et al., 2016) between June-July 2018 for 3 periods of 1-3 days long each (Table 234). These 5 short sampling periods were chosen on weather predictions in order to fulfill the following conditions.

 Stormy or rainy weather before the sampling beginning to "restart" the atmospheric pollutants to "zero" concentrations via wet deposition.

 Sunny weather after the rain period, with daytime temperature around 20 °C or more to stimulate the photochemistry and the BVOCs emissions, and nighttime temperature around 10 °C or less to favor condensation processes. During these periods, low wind speeds were desired to promote stagnant atmosphere conditions, favoring the increase of concentrations from local sources and their processing without external influences. 1. Non-oxidative atmosphere: the oven is continuously purged with He while a steppedtemperature ramp increases progressively the oven temperature from ambient temperature to 650 °C. The organic compounds and pyrolysis products are thermally desorbed into a MnO2-catalyzed oxidizing oven in which they are converted to CO2 gas.

The CO2 is swept out of the oxidizing oven with the He stream and measured directly by a self-contained non-dispersive infrared (NDIR) detector system.

Oxidative atmosphere:

A second temperature ramp up to 850°C is then initiated in an oxidizing gas stream (98% He and 2% O2) and any elemental carbon is oxidized off the filter and carried into the oxidizing oven, transformed into CO2 and detected by the NDIR.

In Figure 2-4 is shown a schematic view of the functioning principle of the OCEC analyzer.

A tuned diode laser (660 nm) is aimed at the sample chamber to record the initial absorbance or transmittance of the filter and its variation over time, as the charring of OC during the He mode leads to the overestimation of EC in the next analysis step. After the first temperature ramp, in the He/O2 atmosphere, the EC is totally oxidized and the laser absorbance is reduced to the background level.

The point in the second phase of oxidizing ramp at which the laser absorbance equals the initial laser absorbance is the split point. Any EC detected, before this point, is considered formed pyrolytically by charring of the organic carbon [START_REF] Lim | Semicontinuous aerosol carbon measurements: Comparison of Atlanta Supersite measurements[END_REF]. This carbon is subtracted from the elemental and assigned to organic carbon, correcting the measured concentrations. At the end of the analysis, an internal standard of He-CH4 5% is injected, securing the accuracy of the analysis by checking its constant response.  The quartz filter was replaced every 2-3 weeks, depending on the decrease of the laser correction factor, to restore the laser absorbance. After changing the filter, a sucrose standard was analyzed to check the quality of the analysis.

 Automatic instrumental blanks every day at 0:00; after the blank was performed, the sampling started back at 00:25 for 10 min and then was analyzed normally.

 A fixed volume of IS (He-CH4 5%) was injected in every analysis sample at the last part of the analysis cycle to normalize the response factor of each sample to prevent any drift of the detector over time.

 The active carbon denuder plates to remove volatile VOCs were replaced after 6 months of use.

For the field campaign, two-time resolutions were used, as shown in Table 2-5. The reason behind this change was the low concentrations expected in the spring and summer periods, so the time of sampling was extended to 3 hours to accumulate the samples. 

Inorganic water-soluble precursor gases and aerosol ionic species

The Monitor for AeRosols and Gases in Ambient air (MARGA, Metrohm-Applikon) allows semi-continuous measurements at an hourly basis of inorganic water-soluble gases (NH3, HCl, HONO, HNO3, SO2) and aerosol ionic species (NH4 + , Na + , K + , Ca 2+ , Mg 2+ , Cl -, NO3 -, SO4 2-, C2O4 2-). Both gases and aerosol species are solubilized in water, dissociated in ionic form and analyzed by IC. The parameter configuration used for the IC analysis is shown in Table 2-6. In the anion IC it is necessary to diminish the eluent background conductivity before the conductivity detection, so the samples go through a suppressor module, consisting on three rotating ion exchange units to ensure that each analysis is conducted with a fresh ion exchange unit, regenerated with phosphoric acid (H3PO4).

To ensure a maximum of valid MARGA data, preventive measures and checks are undertaken:

-The recording of day-to-day technical events (e.g. replacement of solutions and of several parts of the MARGA: chromatographic columns, filters, tubes.).

-Cleaning of the inlet sampling head every month to ensure a suitable cut-off size of 2.5 µm, preventing blockages by particles or insects.

-Use of the cleaning solution (concentrated H2O2 solution) at least once per season to clean and prevent biological growth inside the instrument.

-Injection of a certified standard solution to adjust the retention time (RT) of the analytes after an IC column was changed.

After the data was collected, several steps were followed to validate the measurements:

-Checking of the peak integration accuracy for both the internal standard (IS) and the sampled species in every hourly chromatogram. In case of wrong integration, a correction of the integration performed with a post-analysis reprocessing software MARGA Tool. If the values of the IS exceed the normal value of 320 ± 16 µg/L for Li+ or 3680 ± 184 µg/L for Br-(tolerance of ≈ 5 %), a detailed examination of the chromatograms, peak integration and recorded events was performed to decide whether to keep the data or discard it.

Finally, the mass concentration of an hourly gas or aerosol species in ambient air is calculated following Equation 2-1:

C i,air = (C i,l × C IS,ref C IS,l × V l ) V air × f i R i Equation 2-1
In which :

C i,air Concentration of a gas or aerosol species i in ambient air (µg m -3 ).

C i,l

Concentration of the ion corresponding to the gas or aerosol species i in the liquid sample measured by IC (µg L -1 ).

C IS,l Concentration of the IS ion in the liquid sample measured by IC (µg L -1 ). The V l Volume of liquid sample injected in the IC (26 mL).

V air Volume of air sampled during one hour (m -3 ).

f i Specific constant factor of conversion (µg µg -1 ) used to calculate the mass concentration of a gas species from the mass concentration of its corresponding measured ion. It corresponds to the ratio of the molar mass of the gas to the molar mass of the ion. For aerosol species, this factor is equal to 1 as the species is the measured ion.

R i

Recovery of species i after solubilization from ambient air into the absorbance solution of the MARGA. It may vary theoretically between 0 (no solubilization at all) to 1 (full solubilization, resulting in a total representativeness of the liquid sample). Note that if the recovery is zero, then the species concentration in ambient air cannot be determined by the MARGA (in coherence with the mathematical impossibility of applying Equation 2-1).

Study of the performance of the MARGA

The performance of the MARGA as regards the accurate collection and analysis of gases and aerosols depends on the type of on-site installation (characteristics of the sampling head, length of inlet tube, etc.) and on the operation conditions of the instrument (nature of eluents, water quality, maintenance frequency). As these parameters vary from a study to another, it is necessary to well characterize the response of the instrument under the specific conditions of this study.

Determination of the Limit of Detection (LOD) of gases and aerosols

The LOD is defined as the minimum detectable concentration considering the background level and the noise. In our case, the measurements are conducted in a rural site which is presumed to have low concentrations and therefore closer to the LOD, stressing the necessity of correctly assessing them. The LODs calculation follows Equation 2-2:

LOD i = C ̅ i,blk + 3𝜎 𝑖,𝑏𝑙𝑘 Equation 2-2
In which :

LOD i Limit of detection of species i in ambient air (µg m -3 ).

C ̅ i,blk

Average of repeated measurements of the concentration of species i in the blank solution (µg m -3 ), normally close to zero.

𝜎 𝑖,𝑏𝑙𝑘

Standard deviation of the repeated measurements of the concentration of species i in the blank solution (µg m -3 ).

The background level (C ̅ i,blk ) may be different from zero for some species (e.g. for the nitrate ion) even though in most cases it is null and only the background noise (𝜎 𝑖,𝑏𝑙𝑘 ) matters.

There are several practical methods to determine the LOD of a species analyzed by MARGA, either limited to the IC analysis (analytical LOD) or extended to the sampling module (method LOD or MLD). The analytical LOD may be determined by repeated manual injections (MI) with a syringe of a "blank solution" through the "manual port" of the MARGA, which is directly connected to the IC. The blank solution may consist of ultrapure (UP) water or absorbance solution.

In the literature, several methods for producing blank samples for MARGA or similar instruments (AIM, GAC-IC) are reported: Apart from the blank methods reported in the literature, it is also possible:

 Placement of
 To use a low concentration of a multi-ion standard solution, which has the advantage of always giving a detectable signal whatever the species, and to determine the LOD by calculating the standard deviation of the repeated concentrations of this standard. This protocol is similar as the AEB but with a standard low concentration and was named "automatic external standard" (AES).

 To deduce the LOD from an external calibration curve (CC).

As no standardized procedure exists, we tested in this work three types of solutions (UP water, absorbance solution, low concentration of a multi-ion standard solution) and three operation modes (manual injection, dry air filtration, automatic external injection) which were combine in different protocols to determine the LODs of the species measured by the MARGA.

Additionally, the calibration curve method was used with different standard solutions in automatic external injection mode. In Table 2-7 are synthetized the main characteristics of these methods. Repeated analyses (n = 10) of a blank solution (UP water or absorbance solution) injected manually with a syringe using the IC manual port.

-Almost immediate results

-Allows to directly check the blanks of the IC.

-Only analytical LOD.

-Requires to be physically present.

-Reduces the reproducibility.

-Subject to the sensitivity of the MARGA for detecting all components -Internal calibration disabled.

Air Filtration (AF)

Continuous analysis of filtrated field air (using dry PTFE or impregnated quartz filter, ø = 47 mm, replaced every 24 h).

-Provides results automatically.

-High number of blank samples are produced -Determination of MLD -Allows to check the background levels of the MARGA.

-Only for species in the aerosol phase. -May increase the system pressure.

-Possibility of no visible peak at the species retention time k.

Automatic External Blank (AEB)

Continuous analysis of absorbance solution introduced by the automatic external protocol for 6 hours (2h rinsing, 2h of analysis, 2h rinsing again) with no airflow. This procedure was applied with 3 types of columns: new, mid-aged (1 month for anions, 5 months for cations) and exhausted (2 months for anions, 10 months for cations).

-Provides results automatically.

-Determination of MLD -Can be scheduled online -Allows to check the blank levels of the MARGA.

-Time consuming -Provides small number of samples.

-Subject to the sensitivity of the MARGA for detecting all components.

Automatic External Standard (AES)

Same as AEB but using a low concentration multi-ion standard solution prepared from a certified solution 250 µg/L (Sigma Aldrich) at a low concentration of 5 and 10 µg/L for cations and anions, respectively. Analyses are repeated 10 times.

-Provides results automatically.

-Determination of MLD -Can be scheduled online -Provides results for all species.

-Time consuming.

-Provides little number of values -Does not give any information on blank levels

Calibration Curve (CC)

Same as the AES but using five concentrations of multi-ion standard solution to get a calibration curve. Each concentration is measured 10 times.

-Provides results automatically.

-Determination of MLD -Can be scheduled online -Provides results for all species.

-Enables checking the measurement precision -Most time-consuming method.

-Does not give any information on blank levels.

-Use of high concentrated multi-ion standard solutions may decrease the lifetime of the IC columns.

For the first three methodologies in Table 2-7 (MI, AF, AEB), the LODs were calculated using the standard deviation σ of the blanks (or of the low standard solution) in Equation 2-2, while for the CC method, the standard error of the regression curve was used instead, calculated using the LINEST function of Excel 2010 [START_REF] Shrivastava | Methods for the determination of limit of detection and limit of quantitation of the analytical methods[END_REF]. All the tested methodologies provided data for sulfate and nitrate due to their ubiquitous presence in the absorbance solution. However only the AES and CC methodologies involving the use of multiion standard solutions were able to provide information for all species. Results are presented in The AEB methodology was applied by using 3 columns with different usage state to check the influence of the column lifetime over the LODs. The differences were found to be small, with slight increases on the LODs for all species except SO2 and SO4 -2 , which had constant LOD regardless of the column age. There were no major differences between the AF and AEB LODs, but the latter is simpler to set up, as the AF involves to be physically placing and taking off the filters at the WRD entrance while the AEB only requires to place and connect the aspiration tube into the blank sample container, with the possibility of being activated on-line, allowing to make quality controls of the absorbance solution periodically.

The AES was performed by analyzing low concentrated solutions of the analytes 10 times.

The NH3 high LOD (0.13 µg m -3 ) is remarkable compared to the NH4 + low LOD (0.03-0.06 µg m -3 ), because both LODs should be similar. This is possibly explained by not disconnecting the inlet tube from the denuder, allowing the diffusion of the ammonia gas from the outdoor air into the MARGA even when the air was not being pumped in the instrument. This also would explain the NH3 presence in the AEB, while NH4 + was missing in the blank of the aerosol phase. The blank spaces refer to the fact that the species were not detectable at sufficient concentration to be recognized by the software;

The grey background refers to the impossibility for the method to measure the gas species. 1: An interference from the outside NH3 diffusing into the sampling line increased abnormally the NH3 concentrations; preventing the correct LOD determination.

Finally, the CC combines the measurements of 5 levels of concentration to build up the calibration curve of each analyte. It provides a dataset that allows repeatability and precision calculations of the measurements at different concentration levels to be done. But the determined LODs for some species were higher than most of the other methods, especially for HCl/Cl -, K + , Na + , and Ca 2+ . This may happen because of the following reasons:

-For the HCl/Cl -species, the chloride peak in the chromatogram appears right after the injection peak and presents a consistent "negative peak" at its retention time for blank levels, making difficult to detect it when the concentrations are low.

-For the cationic species, the low peak resolution for small concentrations when using the fixed loop integrated in the standard configuration of MARGA lead to higher values for the standard deviation of the regression curve. Using a pre-concentration column would enhance the resolution of these species, making their integration less uncertain and improving their LODs significantly.

For the sake of simplicity and efficiency, the methodology selected for determining the LODs for the 1-year campaign was the average of the AES procedures applied before and after the campaign, as seen in 2019) who used the same MARGA 1S instrument. Therefore, an aim of this study was to improve the measurement of HNO3 by the MARGA. Different assumptions have been suggested, linked to: (i) the nature of the cation eluent, (ii) the influence of the material of the air tube and (iii) the presence of N2O5.

Influence of the cation eluent over HNO3 concentrations

The cation eluent recommended in the standard configuration of the MARGA by the manufacturer is a nitric acid aqueous solution. However, several authors (Makkonen et Outdoor air was pumped at 1 m 3 h -1 during 24 h through three cartridges, while the fourth one was left without air flow to estimate HNO3 diffusion only. One last cartridge was left in the laboratory as a laboratory blank. More details on the preparation and posterior extraction of the cartridges can be found in Annex 2.3.

The results of the comparison between the MARGA daily-averaged HNO3 concentrations and the KOH-denuder 24-h HNO3 concentrations, as well as similar comparisons found in the bibliography, are shown in Table 2-10. On the contrary, in the study of Makkonen et al. (2014) this effect was not identified, as in their comparison the MARGA 2S used methane sulfonic acid (MSA) as the cation eluent. The regression between the MARGA and the filterpack found a good linear correlation with a low offset of 0.07 µg m -3 , confirming that using another eluent than HNO3-based prevents high NO3 - blank levels. To assess this in our instrument, we didn't choose to perform again a comparison using the denuder method, because of the difficulty to implement it (as it is subjected to numerous sources of possible contamination). We carried out instead blank measurements with the AEB methodology for 3 cycles using p-TSA-based cation eluent. The reason for using p-TSA instead of MSA is the better baseline obtained for cation chromatograms, it is less aggressive to the conductivity detector and it is easier to handle [START_REF] Proost | Cation eluent option for MARGA applications[END_REF]. After examining the chromatograms, the processing software of the MARGA could not find any peak signal at the retention time for NO3 -, contrary to what was seen when nitric acid eluent was used (Figure 2345678). These blank measurements confirm a reduction of the offset below LOD and that the nitric acid used in the standard cation eluent is the main cause of the high nitrate background contamination in the blank solution. Therefore, the cation eluent of the MARGA was replaced by p-TSA for the 1-year campaign.

Influence of the air tube length and extent of use

Nitric acid gas may get adsorbed on the inner walls of the inlet tube (transferring the air sample between the sampling head and the WRD), where it can stay or get evaporated again, biasing the following analysis. This phenomenon is difficult to control as it depends on the HNO3 concentration, the ambient conditions and the inlet tube material [START_REF] Neuman | Study of Inlet Materials for Sampling Atmospheric Nitric Acid[END_REF][START_REF] Phillips | The detection of nocturnal N2O5 as HNO3 by alkali-and aqueous-denuder techniques[END_REF]). For the assessment of the air tube length and duration of use effect over the HNO3 quantification, parallel samplings of HNO3 were performed using different lengths and states of air tubes. Four Chemcomb cartridges were simultaneously placed in a Partisol sampler with impregnated denuders and outdoor air sampling was done at 1 m 3 h -1 during 24 h.

One cartridge was left without any tube attached at its entrance, while the three others had different types of tubes of high-density polyethylene (HDPE), of various lengths and usage time, attached to the air inlet: 1-m clean new tube, 2.5-m clean new tube and 2.5-m of a 1-year used tube. All the tubes were wrapped in aluminum foil to prevent photochemistry to occur inside the tube during the sampling. The new tubes were rinsed with UP water after each experiment several times and dried using pressurized air. The expected concentrations of nitric acid, in case of interaction with the tube material, would decrease as shown in Equation 2-3:

[HNO3]NO TUBE > [HNO3] SHORT NEW > [HNO3] LONG NEW > [HNO3] LONG USED Equation 2-3
The reasoning behind is that shortening the inlet tube decreases the residence time of the gas in the tube. The clean tubes also are not likely to show HNO3 reemission from old condensed particles or HNO3 absorption into former liquid drops on the inner surface of the tube. The "no tube" denuder is considered to represent the "true" HNO3 air concentration and acted as the reference value for the other tube-denuder assemblies types (n = 5). After quantifying the HNO3 concentrations with subtraction of the HNO3 average blank, the coefficients of variation relative to the "no tube" reference case were calculated for each experiment to highlight any bias. In Table 2-11 are shown the averaged relative variations for each type of tube, and their associated standard deviation. The effect of the tube length and duration of use on the value of the HNO3 concentration was found limited to an averaged relative variation of  8% (although with a rather large uncertainty of  20% corresponding to the uncertainty of HNO3 gas measurements with denuders). This is consistent with the findings of Trebs et al. (2004), who calculated the performance of their inlet system for HNO3 transmission and found between 15% to 30% of HNO3 losses. On average, the short clean tube exerted almost no influence on the measured HNO3 (relative variation: -0.2 %) while the longer clean tube adsorbed some HNO3 (relative variation: -8%), probably due to a higher adsorption surface and a longer residence time. For the long 1-year used tube, the results suggested a small overestimation of the HNO3 concentration (observed relative variation; +8 %). Despite of the length of the tube, which should favor the loss of nitric acid, it is possible that the 1-year used tube had some nitric acid adsorbed on its inner surface, which would be desorbed under the effect of the pressure drop when air was pumped through the tube, thus increasing the quantity of HNO3 collected by the denuder. This desorption phenomenon was observed by Rumsey et al. ( 2014) when doing day/night measurements, favored by temperature change.

As the results from the tube-denuder experiments had a rather large variability, it is considered that the age and length of the tube may affect the transfer of HNO3 to the entrance of the MARGA in the range of 10 to  30%, thus maximizing these potential artifacts in the uncertainty calculation. For the 1-year campaign, a new air tube was used with a length kept as short as possible (1.3 m).

Possible influence of N2O5 on nitric acid measurements

According influence over nocturnal HNO3 measurements could be even higher in areas with colder and darker conditions, so it is possible that studies conducted in this kind of environment might need to further adjust the HNO3 uncertainties.

Uncertainty calculation of the MARGA measurements

An uncertainty assessment of the MARGA measurements was conducted in order to understand which parameters add the most uncertainty to the measurements and to improve the performance of the instrument. Moreover, these uncertainties will be applied to the 

𝑢 𝑟 2 (C i,air ) = 𝑢 𝑟 2 (C i,l ) + 𝑢 𝑟 2 (C IS,ref ) + 𝑢 𝑟 2 (V l ) + 𝑢 𝑟 2 (V air ) + 𝑢 𝑟 2 (R i ) + ( LOD C i,air ) 2 Equation 2-4
where :

𝑢 𝑟 2 (𝑥) = [ 𝑢(𝑥) 𝑥 ] 2
Squared relative uncertainty of a non-zero variable x (expressed in %) with u(x) the uncertainty of x.

𝑢 𝑟 2 (C i,air )

Squared relative uncertainty of the air concentration of species i.

𝑢 𝑟 2 (C i,l )

Squared relative uncertainty of the ion concentration in the liquid sample measured by IC, corresponding to the squared standard deviation of repeated measurements (repeatability).

𝑢 𝑟 2 (C IS,ref )

Squared relative uncertainty of the reference concentration of the IS. It considers the preparation of the IS solution used for the internal calibration (Equation 2-6).

𝑢 𝑟 2 (V l )

Squared relative uncertainty of the liquid sample volume, which is the sum of the sample volume from the syringe pump and the volume of the IS mixed with it.

𝑢 𝑟 2 (V air )

Squared relative uncertainty of the air sample volume.

𝑢 𝑟 2 (R i )

Squared relative uncertainty associated to the recovery of species I (sample representativeness).

( LOD C i,air )

2

Squared relative uncertainty associated to the LOD. It is 100% when the concentration level is equal to LOD and decreases in a power regression manner when the concentration level increases over this value (Konieczka and Namiesnik, 2010).

In the following sections, each one of the elements of Equation 2-4 will be further explained.

Air flow rate

The uncertainty associated to the fluctuation of the airflow entering the instrument is represented by the precision of the mass flow controller (MFC), the calibration of the air pump and the influence of the meteorological variables over the air sampling, as described in Equation 2-5.

𝑢 𝑟 2 (V air ) = (U MFC 2 + U calibration 2 + U T,RH 2 )/V 𝑎𝑖𝑟 2 Equation 2-5
in which:

𝑈 𝑀𝐹𝐶 2
The precision of the MFC is provided by the manufacturer, which is 2% of the standard airflow (1 m 3 h -1 ).

𝑈 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 2

The air pump is calibrated by a 3-point curve of 0.85, 1.0 and 1.15 m 3 h -1 . The uncertainty associated with the goodness of fit of the air pump calibration was assessed by calculating the standard deviation of 5 measurements of the 1.0 m 3 h -1 point using an external reference flowmeter.

𝑈 𝑇,𝑅𝐻 2 
The uncertainty related to T and RH variations on the air sample volume was estimated through the standard deviation of n=20 airflow measurements, carried out during the field campaign in winter and spring of 2018 for a large range of different T and RH conditions.

The estimated uncertainty associated to the fluctuation of the airflow entering the instrument is given in Table 2-12: The uncertainty related to the precision of the Mass Flow Controller (UMFC) is the main contributor of the airflow uncertainty. The air volume sampling uncertainty is almost unaffected by the changes of temperature or RH in ambient air.

Representativeness of the measured species

The representativeness quantifies how close the measured concentrations are compared to the real ambient ones. It can be expressed for each species i as the recovery ratio Ri, equal to the ratio of the "MARGA measured concentration" divided by "the real ambient air concentration". Compact IC system, and found a good regression coefficient (0.8), although the scattering of the data suggested that in-between sampling and analysis processes, some of the dissolved NO2 and SO2 would react in the aqueous solution forming HONO, something that would happens to lesser degree in the MARGA due to the online sampling and analysis.

Overall, the bibliographic study points out the very high collection efficiencies for all gases in the denuder. Therefore, a 100 % efficiency collection is assumed for all the gases measured by the MARGA. For the main SIA (NO3 -, SO4 -2 and NH4 + ), the comparisons between MARGA and other instruments are generally very good in terms of correlations and slopes close to 1. In some of the comparisons however, these values were not as good, usually due to different cutoff sizes, especially when comparing MARGA with AMS/ACSM instruments which are limited to PM1. Overall, the scientific literature confirms the good performance of MARGA in the aerosol collection efficiency, assuming that all the particles arriving in the SJAC are 100% solubilized.

Only the loss in the sampling line will be considered for the uncertainty calculation. Therefore, adjusting the 𝑢 𝑟 2 (R i ) of all aerosol species to the relative uncertainty of (0.02) 2 . 

Liquid sampling volume

The liquid sampling volume variation refers to the precision of the syringe pump, and is provided by the syringe pump fabricant, which is ≤1% of the nominal volume injected into the IC. In our study, the MARGA injects 0.026 L h -1 , therefore the relative uncertainty of the liquid sample volume 𝑢 𝑟 2 (V l ) is fixed to (0.01) 2 .

Internal standard

The IS solution of LiBr is prepared from a concentrated IS solution of 320 mg L -1 Li and where :

𝐶 𝐼𝑆,𝑟𝑒𝑓 Final concentration of the LiBr IS injected into each sample of the MARGA.

𝑚 𝐼𝑆

Weighted mass of LiBr used for the preparation of the IS 𝜂 𝐶𝑜𝐴 Purity coefficient of the LiBr reagent provided by the manufacturer.

𝑉 𝑏𝑜𝑡𝑡𝑙𝑒

Volume in which the mIS is dissolved for preparing the stock solution of IS.

𝑉 𝑝𝑖𝑝𝑒𝑡𝑡𝑒

Volume of the IS stock solution used for preparing the field IS container.

𝑉 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 Volume of the field IS container from where the MARGA will draw the IS solution.

The uncertainty associated to the IS preparation process is calculated using Equation 2-7. In which:

𝑢 𝑟 2 (𝐶𝑜𝐴)
Squared relative uncertainty given by the certificate of analysis of LiBr.

𝑢 𝑟 2 (𝑚 𝐼𝑆 )
Squared relative uncertainty of the mass of LiBr weighted for preparing the concentrated IS solution.

𝑢 𝑟 2 (𝑉 𝑏𝑜𝑡𝑡𝑙𝑒 )
Squared relative uncertainty of the total volume of the concentrated IS solution stored in the bottle.

𝑢 𝑟 2 (𝑉 𝑝𝑖𝑝𝑒𝑡𝑡𝑒 )
Squared relative uncertainty of the volume of concentrated IS solution pipetted to prepare the diluted IS solution.

𝑢 𝑟 2 (𝑉 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 )

Squared relative uncertainty of the total volume of diluted IS solution stored in the container. 𝒖 𝒓 𝟐 (𝑽 𝒄𝒐𝒏𝒕𝒂𝒊𝒏𝒆𝒓 ) Volumetric preparation of the IS container (7.9 x 10 -4 ) 2

Repeatability

The relative uncertainty associated to the repeatability of measurements 𝑢 𝑟 2 (C i,l ) is given by the standard deviation of repeated measurements divided by their average. In this study, we took advantage of the measurements of the standard deviations (σ) associated to the 5 calibration concentrations (C) used in the CC methodology to estimate the repeatability uncertainty for a broad range of concentrations (More information can be found in Annex 2.6). For each species, the curve obtained with the standard deviations against the calibration concentrations was a decreasing function, which was adjusted to a logarithmic fit (σ = slope*Ln(C) + offset). The parameters of the logarithmic fit are given in Table 2-16. All the species have R 2 close or higher than 0.9, allowing us to calculate the relative uncertainty of repeatability using the logarithmic fits, as seen in Equation 2-8. In Figure 2 b. Other uncertainties-driven species: For HNO3/NO3 -, NH3/ NH4 + , SO4 -2 and Cl -the LOD uncertainty component is predominant until the 25 th percentile (≈80% of total uncertainty). Afterwards, the representativeness, repeatability and both liquid and air volumes components become the principal contributors of the total uncertainty.

-HNO3 uncertainty is mainly affected by its representativeness component due to the losses in the inlet tube. In contrast, NH3 is very impacted by the repeatability component after the 50 th percentile:

-The main compounds of SIA display a common uncertainty distribution, with air volume, liquid sampling volume and representativeness components adding up to ≤70% of the total uncertainty in the higher concentration percentiles.

-Finally, Cl -uncertainty budget was only assessed for the 90 th percentile, as the study site was located 140 km away from the sea and the marine influence was limited. The uncertainty budget for the 90 th percentile shows that repeatability is the main component of uncertainty which can be explained by the detection issues of the Cl - peak.

Regardless of the species and their concentration levels, the IS component does not play a significant role on the uncertainty budget and therefore could be neglected.

Overall, it is important to evaluate the uncertainty budget depending on the concentrations of the species which are mainly controlled by the emissions, the physicochemical processes and the transported concentrations according to wind speed and direction and the type of sampling site. 

Application of the uncertainty calculation function to other MARGA studies

Because uncertainty budgets might be different in areas with higher concentrations than in Caillouël-Crépigny (rural site), such as urban and industrial areas, Equation 2-4 was applied to estimate the uncertainty budget associated to average concentrations observed in Eastern Asia with a MARGA. The uncertainty budgets for SO2, SO4 -2 , NH3, NH4 + and NO3 - were compared to the spring averages in Caillouël-Crépigny. The details and concentrations from the Asian studies can be found in Table 2-18, while the uncertainty distributions are shown in Figure 2-12. For the comparison, the LOD and repeatability uncertainties have been calculated using the same numerical values than in Caillouël-Crépigny, for LODs and for the parameters of the repeatability logarithmic functions. Therefore, the real uncertainty budgets (unknown) of the Easter Asian observations may vary depending on the true LODs and repeatability features of the specific MARGA instruments used in these studies.

The uncertainty budgets of the main SIA compounds (NO3 -, NH4 + , and SO4 -2 ) are similar to the ones observed in Caillouël-Crépigny, with the fixed terms of representativeness, liquid sample volume and air volume being the main sources of uncertainty, in accordance with the decrease of the LOD uncertainty influence for higher concentrations. 

Ion balance

The ion balance refers to the principle of electro-neutrality of aqueous solutions. It requires that the sum of cations must equal the sum of anions in solution in eq/L. In our case, the electro-neutrality must be respected by the water-soluble aerosols species sampled and analyzed by the MARGA.

There are several ways to assess whether the balance is correct, being the most direct one the regression of the sum of cations versus the sum of anions in eq/L. where the species concentrations are expressed in µg m -3 and the numbers refer to the molar mass in g mol -1 . If the IB is positive, there is an excess of analyzed anions compared to the analyzed cations, which may be related to a significant amount of H + present in the aerosol.

On the contrary, an IB close to zero indicates that the aerosol is neutral, whereas a negative IB points out a lack of analyzed anions compared to the analyzed cations. It is also useful to check the quality of the MARGA measurements, because a too high absolute value of IB may originate from an error in the IC measurements (due to an error in the retention time, an error in the peak integration, biological interferences, or loss of sensitivity in the measurement system).

The NR it is used to check the relationship between the main acidic (NO3 -and SO4 -2 ) and alkaline (NH4 + ) SIA species, as seen in Equation 2-11.

𝑁𝑅 = [𝑁𝐻 4 + ] (2 * [𝑆𝑂 4 -2 ] + [𝑁𝑂 3 -]) Equation 2-11
Where the concentrations of the species are expressed in µmol m -3 . The NR value depends on the neutralization state; a neutral aerosol will have values close or equal to 1, while more acidic aerosols will have values below 1. A more refined version of the NR can be calculated by using all the ions measured by the MARGA, considering other aerosols sources such as the water-soluble organics, dust and sea salt components:

𝑁𝑅 𝑎𝑙𝑙 = [𝑁𝑎 + ] + (2 * [𝐶𝑎 2+ ]) + (2 * [𝑀𝑔 2+ ]) + [𝐾 + ] + [𝑁𝐻 4 + ] (2 * [𝑆𝑂 4 2-]) + [𝐶𝑙 -] + (2 * [𝐶 2 𝑂 4 2-]) + [𝑁𝑂 3 -]) Equation 2-12
These ratios were used both in the data validation process and in the characterization of the aerosols during the 1-year campaign.

Thermodynamical equilibrium of SIA

The speciation and predicted concentrations of the K + -Ca 2+ -Mg 2+ -NH4 + -SO4 2--NO3 --Cl --H2O aerosol system have been calculated using thermodynamic equilibrium model ISORROPIA II (Fountoukis and Nenes, 2007). ISORROPIA II performs the calculation of the composition and phase state of the inorganic aerosol system in thermodynamic equilibrium with the gas phase precursors. ISORROPIA II can be applied in two different modes :

-A forward or "closed system" in which the input consists of the temperature, relative humidity and the total (gas + aerosol) concentrations of NH3, H2SO4, Na + , Ca 2+ , K + , Mg 2+ , HCl, and HNO3.

-A reverse or "open system" in which the input consists of the temperature, relative humidity and the aerosol phase concentrations of eq-NH3, eq-H2SO4, Na + , Ca 2+ , K + , Mg 2+ , eq-HCl, and eq-HNO3 (where "eq-" stands for equivalent concentrations).

In addition, in both cases the aerosol can be considered either in a thermodynamically stable state, where salts precipitate once the aqueous phase becomes saturated, or in a metastable state, where the aerosol is only composed of a supersaturated aqueous phase. This distinction comes from the hysteresis in the saturation curve of hygroscopic salts, which generally presents two branches. The mutual deliquescence relative humidity (MDRH) is the characteristic RH for which all salts are simultaneously saturated with respect to the other components (Wexler and Seinfeld, 1991).

When an aerosol mixture is initially at a low RH below the MDRH and that the RH increases, the particles are kept solid and absorb more and more water until the deliquescence, given that the aerosol follows the "stable state" branch. However, conversely when a wet deliquescent aerosol mixture is under a decreasing RH, the wet aerosol might not crystallize below the MDRH and instead might remain aqueous in a so-called metastable state. In this work, the forward mode was applied assuming that aerosols were in a metastable state. This choice was done following Guo et al. ( 2018) who state that: (i) the forward mode gives more reliable results since it takes into account more information and is less sensitive to measurement uncertainties, and (ii) an aerosol metastable state may be assumed when average ambient RH is above 50% (which is the case in Caillouël-Crépigny, being the annual average RH equal to 71.4 ± 14.9).

The output results of ISORROPIA II have been used in order to check whether the measured gas-aerosol partitioning of ammonium nitrate was in agreement with the theoretical thermodynamic equilibrium, to determine the most likely speciation of the inorganic aerosols and to calculate the aerosol pH.

Oxidation ratio of atmospheric nitrogen

The oxidation state of atmospheric nitrogen can be assessed using their respective oxidation ratios, the nitrogen oxidation ratio (NOR). This ratio is helpful to characterize the 

𝑁𝑂𝑅 = [𝐻𝑁𝑂

3 ] + [𝑁𝑂 3 -] [𝐻𝑁𝑂 3 ] + [𝑁𝑂 3 -] + [𝑁𝑂 2 ] Equation 2-13
where concentrations are expressed in mol m -3 .

High NOR values usually suggest a high conversion of NO2 to particulate NO3 -. This may indicate either that the NOx precursors originate from distant sources and that the nitrogen conversion has taken place during the transport of the air mass to the measurement site and/or that the rate of nitrogen oxidation is high.

Geographical origin of pollutants

To point out the most probable geographical origins where the pollutants measured in Caillouël-Crépigny come from, two hybrid source-receptor models were used:

- For this study, the smoothing factors have been suggested by the software, while the angle and radial resolution of the polar plots were set to 3 and 0.2, respectively. The concentration estimate obtained from Equation 2-14 must be weighted by the frequency of the winds passing over a defined wind direction with a defined speed.

To do so, an empirical joint probability density of wind speed and direction is calculated using the kernel density estimate, as seen in Equation 2-15:

𝑓 (𝜃, u) = 1 𝑁𝜎ℎ • ∑ 𝐾 1 ( 𝜃 -𝑊 𝑖 𝜎 ) 𝑁 𝑖=1 𝐾 2 ( 𝑢 -𝑈 𝑖 ℎ ) Equation 2-15
Where N is the total number of points.

An Where 𝑆(𝛩, 𝑈) is the average concentration of a specific pollutant associated with winds with a speed and from a sector defined respectively by the intervals U and 𝛩. These calculated average concentrations are positioned on a color polar plot where colors referred to a concentration scale.

PSCF

PSCF models are based on air mass back-trajectories to backtrack the origin of the pollutants at a regional scale. Back-trajectories were calculated with HYSPLIT 4 (HYbrid High values of the PSCFij probability indicate that the ij th cell possibly represents a source location. In this study, the 75 th percentile of a species concentration or of a PMF source factor contribution was used as a threshold. In order to get more realistic outcomes, the PSCF model was used with conditions relative to precipitation intensity and air mass altitude:

-The condition on the precipitation intensity accounts for the wet deposition of pollutants, assuming that whenever an effective precipitation takes place (>1 mm h -1 ), the impacted air parcel is cleaned, and consequently it is impossible to identify emission source areas located before.

-The condition on the air parcel altitude is linked to the height of the planetary boundary layer (mixing layer), above which the air parcel is diluted in the free troposphere. In this work, a maximum altitude of 1500 m was set corresponding to the maximum PBL height found in the HYSPLIT files.

In addition, in order to consider only areas with good representativeness (i.e. with a high number of trajectory endpoints), a weighting function is applied to decrease the probability values of areas with a low number of trajectory endpoints. Two types of weighting functions can be used: discrete or sigmoidal functions. For this study, a sigmoidal function was used as it presents a similar shape to the discrete function, but it is more continuous and with less parameters to be controlled. The sigmoidal function used in Zefir is described in Equation 2-

18.

𝑾 = 𝟏 (𝟏 + 𝒄) • (𝟏 + 𝒆 -𝒂•(𝒙-𝒃) ) + 𝒄 𝟏 + 𝒄

Equation 2-18

In this work, the sigmoidal function was applied in all the PSCF analyses, with a = 10, b = 0.5 and c = 0. The result of the PSCF analysis is given as a PSCF map showing the weighted probabilities of the different geographical areas to be potential emission source areas. Only areas crossed by a sufficient number of air masses arriving to the receptor site are considered as possible origins.

Source apportionment

To apportion the sources of inorganic ions and carbonaceous components of the PM2.5 aerosols, Factor Analysis (FA) and Positive Matrix Factorization (PMF) were applied to the yearly dataset. Briefly, FA and PMF distinguish linear combinations (factors) of variables (chemical species) which explain most of the data variability. These factors may be interpreted as specific sources of pollutants (or as mixtures of sources). The species in FA factors may be positively or negatively correlated, whereas in the PMF only positive coefficients are allowed (for a clearer physical meaning). However, the positivity constraint in the PMF requires more information (the number of factors must be known). Therefore, a FA was performed beforehand the PMF to better assess the possible number of factors for the PMF.

Factor Analysis (FA)

FA procedure is designed to extract m common factors from a set of p quantitative variables X to represent the largest possible percentage of the variability in the original variables. Factor loadings may be extracted from either the sample covariance or sample correlation matrix. The FA analysis was performed on the yearly dataset using the STATGRAPHICS software v. 15.1 (Centurion XV). The aerosol components were standardized, and the factor loadings were rotated using the Varimax rotation.

Positive Matrix Factorization

After selecting the best number of factors, PMF was applied to the database to determine factor profiles and apportion each factor. PMF is a multivariate source-receptor statistical analysis tool based on factor analysis of the data, created in an attempt to resolve some limitations of previous receptor models such as the Principal Component Analysis (PCA).

It is widely used in atmospheric studies due to its advantages, such as the no need of prior knowledge of the sources, possibility to identify unknown or missing sources, ability to work with missing data and with measurements below the DL, and application of individual data scaling with an uncertainty matrix assigning a higher weight to data with high precision (Paatero and Tapper, 1994). The foundation of the PMF model is the principle of mass conservation and is summarized in Equation 2 The mass conservation equation is also written in matrix form as:

𝑋 = 𝐺. 𝐹 + 𝐸 Equation 2-20.
Where X is the matrix of observations (xij), G is the matrix of the contributions of the factors (gij), F the matrix of the factor chemical profile (fij) and E the matrix of the residuals (eij). In this model the values of G and F are constrained to be zero or positive. For a specific number of factors, the goal is to determine G and F by minimizing a function Q(E), defined as:

𝑄(𝐸) = ∑ ∑ 𝑒 𝑖𝑗 2 𝑠 𝑖𝑗 2 𝑚 𝑗=1 𝑛 𝑖=1 Equation 2-21
Where sij is the uncertainty of the species j at time i. The resolution of the previous equation is performed iteratively until a solution converges by the use of the least-squares method.

In the minimization of Q(E), the model will preferably represent data points with a low uncertainty, or high signal-to-noise ratio, than points with a higher uncertainty, or low signalto-noise ratio. Different functions of Q can be defined: Qtrue calculated taking into account all the data; Qrobust obtained by excluding all the values classified as outliers (i.e. their normalized residual is higher than 4); and Qexp (expected Q) which is calculated from n (the total number of samples), m (the total number of species) and p (the selected number of factors).

𝑄 𝑒𝑥𝑝 = (𝑛 -𝑝) × (𝑚 -𝑝) Equation 2-22

The choice of the best number of factors for a specific solution is often the critical step In order to help evaluating the quality of the obtained solution, the residuals are also analyzed. The residuals of a good solution should fit a Gaussian distribution with values comprised between ±3 and centered on 0. A value higher or lower than 0, suggests that the residuals have been overestimated or underestimated, respectively. In addition, it is possible to obtain different minimums of Qtrue/Qexp, due to the possibility of local minima. To address this, the fpeak parameter is used, which allows to alter the function Q(E) by applying a positive or negative rotation which will help to get a better solution of the model. In general, the solutions found in the literature present a fpeak value between ±1 [START_REF] Reff | Receptor Modeling of Ambient Particulate Matter Data Using Positive Matrix Factorization: Review of Existing Methods[END_REF].

The EPA PMF 5.0 software requires two input matrices: the concentrations of each species for each sample and the uncertainties associated with each concentration. The concentration matrix was obtained by editing the 1-year hourly database, eliminating all the hours in which one or more of the PM2.5 species were missing. If some missing values could be calculated using statistical relationships (such as linear correlations) between different chemical species (Mooibroek et al. 2011), the uncertainties were multiplied by a factor of 4.

The data points below LOD were replaced as well by LOD/2. For OC, EC, and PM2.5 an uncertainty corresponding to the DL was associated to values under LOD.

An additional uncertainty can be attributed directly in the software to each species, depending on its signal-to-noise ratio (S/N). According to the S/N, the different chemical species are classified as strong (S/N > 2), weak (2 ≥ S/N ≥ 0.2) or bad variables (S/N < 0.2).

The uncertainty of a strong variable does not change and that of a weak variable is multiplied by 3, while the variables classified as bad are not considered anymore. In addition, the total PM mass is generally defined as the "total variable" of the dataset (i.e. the sum of all the analyzed species) and is automatically categorized as a weak variable in order to decrease its influence. In addition to the analysis of the Qtrue/Qexp ratio, the analysis of the residuals, the comparison of the measured and modelled concentrations, the rotation of the Q function with fpeak, and the comparison of the results with external variables, the quality and robustness of the PMF solution might be evaluated with the bootstrap methodology. The bootstrap method was developed by Efron (1979). The general idea behind this methodology is to re-distribute the data in order to create replicates of the initial dataset, the variability of which will be evaluated. In this work, an approach combining all the precedent methodologies for the evaluation of the PMF solution was taken.

In the application of the PMF analysis, the following technical parameters were taken into account:

-100 simulations were run in order to ensure the quality and robustness of the final solution;

-Different numbers of factors have been tried, ranging from 3 to 7 factors;

-The final solution has been validated by the application of the bootstrap method with a total of 100 simulations with a minimum correlation coefficient of r = 0.6. 

Chapter 3: Variability of SIA and precursor gases at a rural site

This chapter aims at determining the factors influencing the levels and composition of PM2.5

and SIA at a rural site, based on the field observations carried out for 1 year. It deals with:

 The representativeness of the weather conditions during the study year in Section 3.1.

 An overview of the specificity of PM2.5 and SIA in the rural site compared to other site typologies (remote, suburban) from the same region, at the annual and seasonal scales in Section 3.3.

 The detailed description of the monthly and hourly variability of the chemical composition of PM2.5 and SIA at the rural site, including the determination of the acidity of the aerosol in Sections 3.4 to 3.6.

 The conclusions about the possible sources and processes governing PM2.5 and SIA at the rural site in Section 3.7.

Climate representativeness

The average values and wind roses for the main meteorological variables measured during the 1-year campaign are reported in Table 3-1 at seasonal and annual scales, while their time series are presented in Figure 3-1. Additional information on the monthly statistics and seasonal profiles of the main variables are in Annex 3.1 (Table A3-1 and Figure A3-2). 1: Bold values represent the avg ± std, while values between brackets represent the range of temperatures (T).

The rainiest seasons were spring (32% of precipitations) and winter (31% of precipitation). There were also some storms that increased the overall rainfall in summer. On the contrary, autumn was in deficit of rain and therefore the driest period during the campaign.

During summer there were various heatwaves (periods with nighttime temperatures ≥ 25°C) occurring at the end of July and beginning of August in the region, attaining maximum hourly temperatures of 36 °C in our site. During winter, in December and January, some ice and snow events occurred in the periods of temperatures below 0 C.

The local wind speeds were measured locally at Caillouël-Crépigny except in spring, when the local station was out of service and estimations were used instead based on the nearest Météo-France weather station at Chauny (5 km E). To see if the measurements of both stations were comparable, a linear regression between the wind speeds measured locally and at Chauny was searched for, finding a significant correlation between them (R²=0.6, see Figure A3-2). The regression also showed that the Chauny station measured wind speeds 1.2 times faster. Therefore, the wind speeds at Caillouël-Crépigny in spring were calculated from the ones measured at Chauny using the parameters of the linear regression in order to correct this bias.

Seasonal statistics show that the rainiest seasons also had the highest wind speeds, usually coming from the SW sector, due to more unstable conditions and lower atmospheric pressures. On the contrary, in summer and autumn the conditions were anticyclonic and stable, although in September some influence from the Florence tropical cyclone was registered (Météo France, 2018). On an annual basis, the other prevailing wind sector is from the NE (continental origin) with lower wind speeds than for the oceanic SW winds. These features are also reflected in the results of the seasonal clustering of 72h-back air mass trajectories calculated by HYSPLIT (Figure A3-4 in Annex 3.1). The year 2018 has been the hottest year in the history of the records in France (since 1900), with +1.4 °C over the national average (12.5 °C). This is confirmed when comparing the annual average temperature of Caillouël-Crépigny (12.3 ± 6.2 °C) to the normals of Saint-Quentin (10.3 ± 5.4 °C). This difference was particularly marked during July, which was the hottest month of the period. (with an average of 22.4 °C). The biggest seasonal difference was observed in winter, as the +2.3 °C over the Saint-Quentin normal winter average represent an increase of 69%. The number of solar hours is 40% higher compared to the normal value. This trend was also observed in summer and autumn, with 28% and 37% more hours of sun compared to the normal seasonal values. The increase of temperature and insolation is also reflected in the amount of precipitations, as 2018 was 19% drier compared to the normal value in Saint-Quentin.

Overall, during the 1-year campaign conducted in Caillouël-Crépigny from March 2018 to February 2019, the weather conditions were not representative of the climate normal values as the annual averages suggested warmer (+29%), sunnier (+25%) and dryer (-19%) conditions than for the 1981-2010 period. However, the annual wind rose for this study showed a similar pattern as the reference wind rose from Saint-Quentin (Figure A3-3), with some faster and more frequent winds from the SW and from NE directions.

Data validation of precursor gases and PM2.5 speciation

The % of measured hourly data and the % of validated data, i.e. data above the LODs (given in The amount of data measured by IMT Lille Douai and ATMO HdF instruments was satisfactory, with all seasons having ≥ 75% of measured data, except for NH3 in winter as some bacterial contamination occurred during the Christmas period.

HCl was not detected during most of the year and only appeared during a few days in summer and winter, therefore it was discarded for subsequent analysis. The main reasons for the missing data were either due to technical issues (electric storms that caused power cutoffs in the cabin during spring and summer) or maintenance tasks (filter changes, cleaning of the instruments, etc.).

The % of data above LOD depends on the species. All the gases but HCl, HNO3 and NO during spring have ≥ 60% of data above LOD. For aerosols, all the major components of PM2.5 (NO3 -, SO4 2-, NH4 + , OC, and EC) have ≥ 80% of data above LODs. However, the minor components (Cl-, C2O4 2-, K + , Mg 2+ Ca 2+ , and Na + ) display less than ≤ 50% of their data above the LOD. The main reasons were the lack of sensitivity considering the minor cations ambient concentrations, the influence of the origin of the air masses passing over the site (Na + and especially Cl -usually only appear when marine air masses arrive to the site), the analytic difficulties for some species (Cl -and C2O4 2-retention times shifting with the column age) and the seasonality of some of the sources for the measured species (for example, biomass burning for K + mostly in winter).

Differences in PM2.5 and SIA compositions between site typologies at the annual and seasonal scales

The PM2.5 concentrations and chemical speciation in our rural site were compared to the observations done for the same time period at two other sites in the North of France, one suburban and one remote, in order to better understand the contributions of the anthropogenic sources (shown by the suburban site) and of the regional background (shown by the remote site) to the PM2. 

Comparison of PM2.5 chemical composition at the rural and remote sites

The concentrations of PM2.5 at the Revin remote site in 2018 were compared to the 8-year period 2011-2018, at the annual and seasonal scales, to estimate the representativeness of the PM2.5 chemical composition in this study compared to previous years (Annex 3.2). The comparison shows that the regional background at the remote site in 2018 had less SIA (-17%), more OC (+24%) and same EC levels than in previous years. This finding is in accordance with the higher temperatures observed for the study period (cf. 3.1.), which disfavor SIA formation and enhances SOA.

The comparison between the annual or seasonal averages of the major PM2.5 species at the remote (based on 24h filter samples) and rural (based on hourly measurements) sites is shown in The levels of SO4 2-and NH4 + are about 30% higher in the rural site compared to the remote; these differences are consistent in time, with less than 15% of variation through seasons. This concentration differences are probably a consequence of the increased sources of precursor gases (SO2 from nearby industries, NH3 from agricultural sources).

The annual levels of OC are almost identical at both sites, but the levels of EC and K + , both tracers of combustion sources, are higher at the rural site. Different annual OC-to-EC ratios at the rural (OC/EC = 5.3) and remote (OC/EC = 10.9) sites also confirm the different origins of OC, possibly influenced by biomass combustion at the rural site (highest OC in winter) and by more natural sources at the remote one. At the seasonal level, the rural has higher OC and EC concentrations in all seasons except in summer, when the remote OC is almost twice the levels of rural OC. This latter could be explained by the enhancement of biogenic OC (due to the high temperatures and the proximity to large forested areas like the regional park of Ardennes (11,200 km 2 )). The hypothesis of wildfires was discarded because of the low levels of K + and EC in summer and because no such event was reported in this area (Table A3-3). In fact, a recent study on the sources of particulate OC based on molecular tracers showed a high correlation in Revin between OC and terrestrial primary biogenic aerosols (Golly et al., 2019).

The minor ions present higher concentrations at the rural site except for Na + (although the variability is also higher), and it can be explained by differences in:

 Anthropogenic sources: In the rural site higher K + concentrations are explained by domestic biomass burning. The Ca 2+ levels come from the soil dust resuspension processes due to the use of heavy machinery (for maintenance tasks on agricultural soils and reaping of the crops), while the increased vegetal cover at the remote site prevents soil dust from being suspended easily.

 Geographical location: The higher concentrations of marine elements (Cl -, Na + and Mg 2+ ) at the rural site are consistent with the smaller distance to the sea: Caillouël-Crépigny is 125 km away from the nearest coast, while Revin is almost 190 km.

To conclude, the higher concentrations and variability for every species at the rural site advocate for additional anthropogenic sources not found at the remote site (agriculture, biomass combustion). The only exception is the higher OC at the remote site in summer, due to natural primary biogenic emissions.

Chemical composition of the increment of PM2.5 between sites

It is clear that there is an increasing PM2.5 gradient from the remote to the rural and suburban site typologies, as seen in Section 3.3.1. To determine which the main species responsible for this increase are, the annual compositions of PM2.5 at the different sites were calculated for the two common periods (Table 34). Prior to this comparison, an assessment of the possible change in the composition of PM2.5 at Revin showed small variations (16%) between the two periods, as OC and the unspeciated mass had significant changes (more information can be found in Table A3-5). It is observed that SIA are the major contributor to the increase of PM2.5 between site typologies, especially nitrate. The molar ratios NH4 + /NO3 -were 0.72 and 0.96 for the increments of suburban and rural sites respectively, indicating that most of the NO3 -was present in the form of neutralized NH4NO3, although it was less neutralized in the suburban increment. In fact, NO3 - dominates the PM2.5 difference at both sites, but the relative contribution to the suburban site is even higher, reflecting the increase of anthropogenic NOx sources compared to the rural and remote sites. There is also a doubling in the relative contribution of BC compared to the rural site possibly due to the increased traffic in the suburban site.

To conclude this section, the differences in the chemical composition of the PM2.5 increment from the remote site to the rural and suburban sites are mostly due to SIA, with NO3 -being the responsible of ≥ 39% of the PM2.5 mass increment, being more important in the suburban site (58%) due to the increased sources of NOx compared to the rural site.

Hourly variability of inorganic precursor gases and PM2.5 speciation at the rural site

This section gives details on the times series of the inorganic precursor gases and PM2.5 speciation observed at the rural site from 1/03/2018 until 28/02/2019 in Figure 3-8 to Figure 3-10. Additionally, the seasonal average values calculated for all measured species can be found at Table 3-5 are presented. The gaps in the time series correspond either to maintenance or malfunction of the instruments, or power cutoffs triggered by electrical storms.

Hourly variability of precursor gases

In Figure 3-8 are shown the inorganic precursor gases time series.

NOx has a background concentration level around 20 µg m -3 , with minimum values observed in summer and maximum values at the end of December (130 µg m -3 ). Sharp increases occurred when the temperature decreased below 0°C, highlighting the household heating systems as a primary source of NOx. When there were high pollution episodes of NOx (> 80 µg m -3 ), HONO, OC and EC high concentrations were observed as well. These species have common sources (OC, EC) or are oxidation products (HONO). The seasonal correlation matrixes (Table A3 -6) show that positive correlations between NOx, OC, EC and HONO occurred, although they got weaker in spring (between HONO and NOx) and summer (between OC, EC and HONO). Although HONO is related to NOx, it is known that there are other HONO sources in rural areas that can affect the levels of this gas, such as NO2 -emissions from soil or from bacterial origin [START_REF] Scharko | Combined Flux Chamber and Genomics Approach Links Nitrous Acid Emissions to Ammonia Oxidizing Bacteria and Archaea in Urban and Agricultural Soil[END_REF]Ermel et al., 2018), which may explain some of the spikes occurring in spring independently of NOx.

O3 is one of the main pollutants in rural areas, and at our site it was consistently over 20 µg m - 3 . In summer several heatwaves occurred rising the temperature over 30°C, enhancing the production of O3 and even surpassing the information threshold (180 µg m -3 ) at the end of July (further discussed in Chapter 5). Minimum concentrations were achieved in winter, following the inverse trend of NOx.

NH3 is the major SIA precursor gas, with background concentrations around 3 µg m -3 and several spikes from end of February until the end of summer. These peaks correspond to fertilization events, in which concentrations of NH3 can reach up to 30 µg m -3 . On the contrary, during the cold periods the concentrations are low and only at the end of February a big spike is observed, provoked by the first fertilization of the year.

HNO3 is clearly more present during the warm period. In spring there are several spikes but the background levels are lower than in summer. The most probable explanation for these occasional events is the volatilization of some fraction of the NH4NO3 formed in the fertilization events. In summer the concentrations are consistently around 0.5 µg m -3 during June and July, coinciding with the hottest period of the year and most probably are products of the enhanced photochemistry. During the rest of the year the levels of nitric acid are low and only sporadic peaks occur.

SO2 display its highest concentrations during summer and autumn, with several peaks over 4 µg m -3 in summer. Minimum concentrations are registered during winter.

Hourly variability of PM2.5 species

The time series of PM2.5 and its major components are shown in Figure 3456789.

PM2.5 is mainly driven by SIA (NO3 -, SO4 2-, and NH4 + ), OC and EC. High pollution episodes (over 25 µg m -3 ) occur in all seasons, but are especially common during spring and winter, when they also reach maximum hourly concentrations (up to 62 µg m -3 ).

During spring, very high concentrations of SIA are observed, especially of NO3 and NH4. This is a consequence of the fertilization of the fields, which enhances the formation of NH4NO3, being the main component of PM2.5 mass during this season. The SIA species usually appear together and correlate well between them. However, during summer and autumn, there are episodes of high SO4 2-which are not related to high NO3 -, pointing out to local formation processes or the transport of (NH4)2SO4-rich particles. During winter they still show significant concentration peaks, although not at the same scale as in spring.

The carbonaceous species OC and EC are also highly correlated between them. Both species show minimum concentrations during summer and maximum in autumn. OC becomes the main species during the cold period, reaching 30 µg m -3 and being consistently high whenever temperatures decrease below 10 °C. As it was mentioned previously, OC and EC are related to NOx emissions from either traffic or household heating systems, therefore the high OC levels are most probably a consequence of the biomass burning for domestic heating purposes.

The time series of the minor ions are shown in Figure 3-10:

Ca 2+ is a crustal tracer and therefore is higher when the conditions are favorable to dust resuspension (high T, low RH). There were several episodes of Ca 2+ increase from mid-spring until the end of summer. In spring these tasks usually involve preparing the land for the crops and spreading of fertilizers, while in summer the reaping of the fields are the principal operation. This performed using heavy machinery that resuspends high amounts of soil dust. During the "wet" season, there is not as much farming activities and the higher amount of precipitations and RH reduces the dust resuspension, decreasing the concentrations of Ca 2+ K + background is consistently high (around 0.1 µg m -3 ), mostly noisy due to analytical limitations. However, there are differentiated events occurring in summer, autumn and winter.

During summer and autumn, there were several spotted burning piles of agricultural waste in the surrounding fields, which may explain the appearance of K + spikes, while in winter the peaks are associated to biomass burning.

Cl -, Na + and Mg 2+ are considered to be marine-related species. Due to analytical limitations, Cl -does only appear when the concentrations are high enough, and Mg 2+ time series is noisy, but whenever there are marine air masses arriving at our site, increases of Mg 2+ , Na + , and Cl -are usually observed simultaneously. There is a very high episode during winter (8 µg m -3 of Na + ), when the temperatures were below 0 °C which is mostly associated to the salting of the roads to prevent ice formation, since road salting is known to increase the levels of Cl -and Na + [START_REF] Kolesar | Increases in wintertime PM2.5 sodium and chloride linked to snowfall and road salt application[END_REF].

The most intense episodes occur in autumn and winter, as seen in Table 3-5. 

Monthly aerosol chemical composition

The monthly PM2.5 chemical composition is shown in Figure 3-11a -b. Only hours including all the chemical species were used for the calculation. The compositions for January and, to a lesser degree August, might not be representative due to the lack of data caused by some technical issues that resulted in a loss of several sampling hours (Figure 3-11c). There is a clear seasonality in the PM2.5 levels, which decrease in summer and notably increase during mid-autumn until early spring. The main components are the NO3 -, SO4 -2 and NH4 + (SIA) which account for 30 -60% of the total aerosol mass. The rest is composed of OC, EC, minor ions (Na + , Cl -, K + , Mg 2+ , Ca 2+ ), and a variable amount of unaccounted mass (water and other components not measured in this study). The unspeciated fraction of PM2.5 might be related to the presence of adsorbed water, insoluble components such as metals and to the other atoms (N, S, H, O) of the organic matter (OM). In hydrophilic aerosols, adsorbed water can account up to 30-80% of the unspeciated fraction at 50% RH and 20°C (Tsyro et al., 2005). In our dataset, the unspeciated fraction represents ≈20% of the PM2.5 mass in all seasons except winter, when it accounts up to 40%. This could be explained by the favorable condition for the condensation and adsorption of water onto aerosols due to high RH and cold temperatures.

The SIA are dominated by NO3 -and NH4 + , which represent 26% and 10% respectively of the annual average PM2.5 mass. On the other hand, SO4 2-represents 13% on an annual average of the aerosol mass, and is present as (NH4)2SO4, which is stable regardless of the environmental T. It is seen in Figure 3-11 that the levels of SO4 2-are kept constant during the year except in summer, when it becomes the main SIA species as the heterogeneous transformation of SO2 into SO4 2-is enhanced by the high T and solar radiation.

The minor ions (Cl -, Na + , K + , Mg 2+ , Ca +² ) represent around 3% of the annual PM2.5 mass, with slightly higher contributions occur during winter season. This may be due to the high wind speeds coming from the ocean carrying higher concentrations of sea salt components (Cl -, Na + , Mg 2+ ) to the site.

OC and EC show high concentrations from November until April, when they progressively decrease until reaching their minimum in August. Heating necessities and traffic sources are their main drivers, therefore the increase of T and the lower volume of traffic during summer explain their decrease. On the contrary, the increase of primary and secondary OC from biogenic origin in summer could have partially compensate the decrease of the anthropogenic sources, but this was not the case at our site. However, the relative contribution of OC to the total PM2.5 mass is always constant around 20% regardless of the season (Figure 3-11b and Figure A3-10). Minor ions correspond to the sum of Cl -, Na + , K + , Mg 2+ , and Ca 2+ when they were available in the publication. Blank spaces correspond to missing data in the publication. [START_REF] He | Fine particles at a background site in Central France: Chemical compositions, seasonal variations and pollution events[END_REF]: data were averaged from the historical annual data 2011-2014

The composition of the aerosols observed in our rural site is comparable to other studies conducted in North Western Europe, as seen in Table 3-6. SIA and OC/OM are the major contributors of the PM2.5 mass, with NO3 -being the predominant SIA ion. The unspeciated mass fraction in these studies range between 15-40% of the total PM2.5 mass, similarly to our study, but part of it may also result from some sampling artefacts, linked to the evaporation of semi volatile nitrates and organic compounds (Rogula-Kozlowska et al., 2014; [START_REF] He | Fine particles at a background site in Central France: Chemical compositions, seasonal variations and pollution events[END_REF], contrary to our study where this kind of sampling artifacts are mostly avoided.

Overall, the PM2.5 chemical speciation at our site is dominated by SIA (50%) and OC (20%), as expected from previous studies conducted in Northwest Europe (Putaud et al., 2010). The unspeciated mass represents 23% of the PM2.5 mass, without taking into account the OC to OM conversion, further explained in Section 3.5.1.

Aerosol chemical mass closure

Aerosol chemical mass closure was performed in order to study the origin of the mass difference (unspeciated mass) between the total PM2.5 measured by TEOM-FDMS and the sum of the chemical components from the MARGA and OCEC measurements. Part of it is due to the mass difference between OM and OC. OM is commonly estimated by multiplying OC by a conversion factor FOC-OM, which is representative of the average molecular weight of OM per carbon weight. This factor is assumed to be higher for non-urban organic aerosols (more oxygenated) than for urban ones. [START_REF] Turpin | Species Contributions to PM2.5 Mass Concentrations: Revisiting Common Assumptions for Estimating Organic Mass[END_REF] proposed a FOC-OM of 2.1 ± 0.2 for non-urban sites and 1.6 ± 0.2 for urban sites. Other studies calculate this factor based on mass balance methods or by analyzing the organic species present in the OC [START_REF] Xing | Seasonal and spatial variability of the OM/OC mass ratios and high regional correlation between oxalic acid and zinc in Chinese urban organic aerosols[END_REF]. In this study FOC-OM was calculated following one of the methods described in [START_REF] Bressi | A one-year comprehensive chemical characterisation of fine aerosol (PM2.5) at urban, suburban and rural background sites in the region of Paris (France)[END_REF], by plotting the remaining mass of PM2.5 (PM2.5 -SIA -ECminor ions) against OC, assuming that a large part of this remaining mass corresponds to OM, as explained in Section 2.6.1. In their study, the linear function was applied forcing the intercept to 0. However, in this study, this was not applied as implies that all the remaining mass is exclusively attributed to OM, without considering the adsorbed water or the non-measured species. In Table 3-7 are shown the FOC-OM used in different studies. An annual FOC-OM of 1.81 ± 0.02 (r 2 =0.57, n=5293, Figure A3-8) was obtained. However, as a high number of data was available, and to take into account the possible seasonal variability of OM and of weather conditions, seasonal FOC-OM were calculated, as shown in Figure 3 as the values of R 2 are 0.68 and 0.63 for autumn and winter, suggesting that OC is more linked to the unidentified mass fraction in these seasons. On the contrary, the correlation is weaker during "warm seasons", with R 2 =0.45 and 0.47 for spring and summer, respectively. predicted value for Northwestern Europe was in between 1.8 -1.9, in agreement with this study, the seasonal variation is at its highest during summer and lowest during winter, being in disagreement with the seasonality observed in our study.

During winter, OM is mostly related to biomass burning, which releases high amounts of OC and OM, explaining the higher correlation found during the "cold seasons". The effect of biomass burning on FOC-OM was also observed in Xing et al. (2014), which stated that sites with larger contributions of biofuels and biomass burning had higher FOC-OM than in the sites where coal was used for heating purposes. In the North of France, Roig et al (2019b) stated that 40% of the winterearly spring PM1 mass was OM, from which 58% was coming from biomass burning and moderately oxidized organic matter (MO-OOA). These two sources were highly associated to aqueous processing of primary biomass burning emissions. Moreover, even if the atmospheric conditions in winter are not as favorable as in summer for the production of oxidants OH and O3, Khan et al (2016) estimated that the contribution of secondary OC was higher in winter than in summer, due to the lower mixing height promoting the stagnation of the precursors.

In summer, although FOC-OM is high, the correlation is not as strong as in winter. This could result from the multiple sources of OC during summertime, such as primary biogenic aerosols coming from plant debris and release of fungal spores (Yttri et The rather good R² do not change significantly after the calculation of OM, but the slopes do improve, especially for autumn and winter (See Figure A3-9).

Aerosol neutralization state and ratios

The chemical properties and effects over health and ecosystems of aerosols largely depend on their acidity. Aerosol acidity is also a key factor for many atmospheric processes. Usually, several proxies of aerosol acidity have been used to determine the acidity of the particles, such as the ionic balance (IB) or the neutralization ratio (NR). However, recent studies have stated the unreliability of these proxies for acidity determination as they neglect aerosol water content and the partial dissolution of organic acids, proposing instead thermodynamic phase partitioning models as valid estimators of aerosol pH (Hennigan et al., 2015). Nonetheless, as they were extensively used in past studies, they can be calculated for comparison, although in this study additional information will be given in Section 3.5.3 on aerosol pH calculated using the thermodynamic model ISORROPIA II.

To characterize the ion balance, the regression of the observed NH4 + against the predicted NH4 + necessary to fully neutralize the main anionic species (Equation 3-1) was represented on a seasonal basis in Figure 3-14. The assumption is that NH4 + is the principal cation neutralizing acidic species, therefore a slope close to 1 or implies that aerosol acidity is neutralized. With the concentrations of the ions expressed in µg m -3 .

A lack of NH4 + is observed during spring and autumn, when the predicted NH4 + is respectively 3% and 8% superior to the actual observations. On the contrary, summer and winter slopes indicate a slightly overrepresentation of NH4 + , pointing out to the presence of some missing acidic species such as organic ions. In order to check whether the "lack" of ammonium found in spring and summer could be explained by the non-accounting for the minor cations, the sum of all cations (NH4 + , Mg 2+ , Na + , Ca 2+ , K + ) was represented against the anions. However, the seasonal regressions still present almost identical slopes (Figure A3-12). The influence of marine aerosols over the availability of NH4 + was also checked specifically, as marine aerosols may carry sea-salt sulfate and nitrate not associated to NH4 + (but rather to Na + , Mg 2+ and Ca 2+ ) and microorganisms that may influence the ammonium availability [START_REF] Rumsey | An assessment of the performance of the Monitor for AeRosols and GAses in ambient air (MARGA): a semicontinuous method for soluble compounds[END_REF]. When representing the predicted vs observed NH4 + colored by the Na + concentration, it is noticeable that high Na + concentrations correspond to overpredicted NH4 + particularly at low observed NH4 + concentrations, confirming that at least some of the missing NH4 + comes from the influence of marine air masses (Figure 3-15). To further investigate the neutralization state of SIA, seasonal profiles, averages and standard deviations of NR were calculated (Figure 345678910111213141516). The NR had a very small daily variation, but seasonal averages were different with lower values for warm seasons (spring and summer) than for cold ones (autumn and winter). The lowest value was found in spring. This could be linked to higher concentrations of more acidic species, either inorganic (as shown by the increase of HNO3 and SO2 averages in spring and summer) or organic (as produced from BVOCs by enhanced photochemistry during these seasons). Overall, the annual NR estimates that aerosols are most likely neutralized during most of the year-long period, with a slight acidic trend during the warm seasons and a more neutral trend during the cold ones. Our site is affected to some degree by marine air masses and by photochemical production of acids. However, the NR is a proxy of acidity and additional calculations such as the pH of aerosols are required to confirm this.

Thermodynamic modelling of the equilibrium gas-aerosol partitioning of SIA, the aerosol liquid water content and acidity using ISORROPIA II.

The thermodynamic model ISORROPIA II calculates the gas-partitioning of NH3/NH4 + , HNO3/NO3 -and HCl/Cl -at thermodynamic equilibrium for given RH, T and total (gas + aerosol) atmospheric concentrations of water-soluble inorganic ions (Fountoukis and Nenes, 2007). In this study, owing to the relatively high average RH observed during the study period (71.4 ± 15%), the aerosol was considered mainly deliquescent (Guo et al., 2018). Consequently, the model was operated in "forward" mode using the "metastable" aerosol state (further information is given in Chapter 1). The equilibrium state of the SIA and its precursor gases observed in the 1-year campaign will be covered in Section 3.5.1.3, while in Section 3.5.3.2 the modelled liquid water content (LWC) and H + concentrations will be used for estimating the aerosol pH.

SIA and precursor gases equilibrium state

The hourly equilibrium concentrations calculated by ISORROPIA II are in good agreement with the observed ones (R 2 ≥ 0.95, n=6225 h) except for HNO3, as seen in Table 3-9. This result indicates that SIA in Caillouël-Crépigny are in thermodynamic equilibrium with their precursor gases. The discrepancy for HNO3 between observed and modelled concentrations has been reported in other studies, which suggest that HNO3 can react with coarse particles and non-volatile cations such as Na + and Ca 2+ , and thus bias the equilibrium state between SIA and their precursor gases (Guo et al., 2017b, Guo et al., 2018). In this study, 87% of the modelled HNO3 hourly concentrations were close to zero. These very low values suggest that, in this study, the unavailability of HNO3 is the factor limiting the formation of ammonium nitrate, while NH3 is always in excess. Another way to evaluate if the equilibrium between precursor gases and SIA was reached is to compare the apparent equilibrium constant of formation of ammonium nitrate with the theoretical one. Here, the considered equilibrium constant Kf: (Equation 3-2) is the one for the formation of deliquescent ammonium nitrate by reaction between ammonia and nitric acid precursor gases (Reaction 3-1).

NH3 (g) + HNO3 (g)  NH4 + (aq) + NO3 -(aq) Reaction 3-1

𝐾 𝑓 = [𝑁𝐻 4 + ] × [𝑁𝑂 3 -] 𝑝 𝑁𝐻3 × 𝑝 𝐻𝑁𝑂3 Equation 3-2
with concentrations in mol kg -1 and partial pressures in atm (total P=1 am). The positive slope seen in Figure 3-17 is consistent with an exothermic reaction, i.e. the formation of ammonium nitrate is favored by low temperatures. From the linear regression fitted to the ISORROPIA data, the standard molar enthalpy and entropy, H° and S°, and the standard equilibrium formation constant can be calculated.

H° (298 K, 1 atm) -154 kJ mol -1 .

S° (298 K, 1 atm) -156 J K -1 mol -1 Kf (298 K, 1 atm) 5.6 x 10 +18 mol 2 L -2 atm -2 .
They compare well with the values given in Seinfeld and Pandis (1998), confirming the accuracy of the thermodynamic calculation at equilibrium performed by ISORROPIA II, as seen in Table 3-10. The values of the equilibrium constant of deliquescent ammonium nitrate, calculated with the observed data and the modelled LWC, are in the same order of magnitude as the theoretical values, except for high temperatures above 30°C (1/T < 0.0033 K -1 ). This finding suggests that the hypothesis of a deliquescent aerosol may no longer be valid when temperatures are exceeding 30°C.

Aerosol liquid water content (LWC) and Aerosol acidity

The mean aerosol LWC modelled by ISORROPIA II is 7.84 ± 12.44 µg m -3 (n=6108), at the same order of magnitude as the mean SIA (NH4 + + NO3 -+ SO4 2-) concentration of 5.88 ± 6.05 µg m -3 (n=6108). This value is close to the one predicted using ISORROPIA by Ansari and Pandis (1999) for ammonia-rich environments (7.97 µg m -3 ). The aerosol LWC was found moderately correlated with the SIA concentration, as seen in Figure 3-18. Although there are other factors influencing the LWC, such as the presence of organic matter in the aerosol either being dissolved in the aqueous phase or as a coating, this is not taken into account in ISORROPIA II. This good correlation with SIA could also explain the low value of Foc- with:

[H + ]
Hydronium concentration in the aerosol liquid phase (µg m -3 ) LWC Aerosol liquid water content (µg m -3 ) MH 1 g mol -1 , the molar weight of protons ρH2O 1000 g L -1 , the density of water (20°C, 1 atm).

The aerosol acidity is characterized by the pH of the aqueous phase of the deliquescent particles. In this study, the mean annual pH of the aerosol is acidic with pH = 3.25 ± 0.92 (n=6108).

This value is in accordance with the pH = 3.7 ± 0.6 averaged for the one-year study (June 2012 -June 2013) conducted in Cabauw, Netherlands (Guo et al., 2018). According to Hennigan et al.

(2015), aerosol pH can be estimated from the phase partitioning of certain semi-volatile species which control the equilibrium of the system. As at our rural site we have ammonia-rich conditions, it can be assumed that NH3/NH4 + are the controlling species, as shown in Reaction 3-2 Reaction On average, the pH from the NH3/NH4 + equilibrium is 1 pH unit more acidic (pH = 2.25 ± 0.59, n=6091) than the pH calculated by ISORROPIA II, but relatively in good agreement.

However, a small group of values (n=160, 3% of the dataset) do not match, when the pH values from ISORROPIA II are alkaline pH (> 7) while the corresponding ones from the NH3/NH4 + equilibrium are acidic. This is due to the extreme sensitivity of the aerosol pH calculated by thermodynamic models to the ion balance near zero (Hennigan et al., 2015). Therefore, the aerosol pH deduced from the phase partitioning of NH3/NH4 + may be considered a relevant proxy of the "real" aerosol pH in this rural site.

The monthly variation of the aerosol pH from ISORROPIA II indicates a more acidic aerosol pH in summer. Despite of a possible temperature effect (reduction of aerosol pH by water evaporation), the lower pH in the warm months may also be linked to the higher concentrations of acidic species. In fact, the aerosol pH is rather well correlated with SO2, SO4 To conclude this section, the SIA and the precursor gases at our rural site are at thermodynamic equilibrium most of the time in a deliquescent state. This seemed to work for most of the temperature range except for temperatures ≥30 °C. The aerosols were found to be acidic for all the study period, ranging between 2.5 -4.5, this acidity being correlated to acidic precursor gases (HNO3, SO2) and sulfate, components that were at their maximum concentrations during summer. The water content of the aerosols was found to be related to SIA and has its highest share during spring, when the OM factor did not explain well the unspeciated mass, reinforcing the possibility that this unexplained mass could be being adsorbed water by the SIA.

Daily variability of PM2.5 species

The daily profiles of the inorganic precursor gases and PM2.5 species were studied on a seasonal basis, to better understand the processes and sources responsible of their concentrations (Figure 3-22 and Figure 3-25).

Precursor gases

NO/ NO2/ HONO: Depending on the seasons, NO, NO2 and HONO daily profiles have one or two peaks, in the morning (08:00-12:00) and in the evening (19:00-23:00) except in summer (in accordance with the high levels of ozone in summer). This group of precursor gases is associated with combustion processes, such as engine exhaust, biomass burning or fuel-based domestic heating systems. NOx may act as precursor gases for HONO (Figure 3-22a-c).

During winter, HONO reaches its highest concentrations around 20:00, as the dark and cold conditions prevent its photolysis and enhances the emissions of NOx (from fossil fuel and biomass burning). In summer, only a nocturnal-early morning peak remains as HONO is photolysed until were double, so if there is any industrial influence in Caillouël-Crépigny, this industry is located at least a few kilometers away (more details are given in Chapter 4).

HNO3: HNO3 may be formed during daytime, when NO2 reacts with OH radicals, therefore the highest concentrations are expected to occur in spring and summer seasons [START_REF] Griffith | Characterizing the thermodynamic and chemical composition factors controlling PM2.5 nitrate: Insights gained from two years of online measurements in Hong Kong[END_REF].

This was confirmed with daytime maximums between 12:00 (summer) and 15:00 (spring), whereas during autumn and winter, the levels of HNO3 were closer to the LOD due to the lack of sunlight.

In summer and spring there is also a nocturnal peak (01:00), suggesting another process of formation, implying a reaction of OH with NO2 or the reaction of NO2 with O3 to form the nitrate radical and then the production of nitric acid (see Section 1.2.2 in Chapter 1). NH3: Amonnia is the main precursor gas in the study site, surrounded by farms and agricultural fields, which are fertilized from spring until autumn with both animal manure and mineral fertilizers. These circumstances are reflected in the high concentrations achieved, especially during spring and summer, when the fertilization events and the higher temperatures enhance its emissions. In all seasons NH3 daily profile has a morning peak just after the sunrise. In spring and summer; this occurs around 10:00-11:00, while in autumn and winter this is delayed until 12:00 -13:00. Afterwards a decreasing trend is observed until reaching minimum concentrations during nightime.

In spring this decreasing trend is slower than in other seasons, possibly as an effect of both the fertilization of the fields and the volatilization of NH4NO3 during daytime, when the T rises enough for shifting the equilibrium towards the gas phase until sunset.

Ammonia daily pattern is largely controled by T and RH:

Influence of T: NH3 is largely driven by ambient T, as it does favor the evaporation of NH3 from soils and wet surfaces into the atmosphere. As seen in Figure 3-23, a strong correlation (R² = 0.87) between NH3 and T was observed at our site, with an apparent increase of 0.22 µg NH3 m - 3 per °C.

Influence of RH: Regardless the season, the morning peak of NH3 starting after sunrise may be attributed to the volatilization of dew droplets containing dissolved ammonia (Hesterberg et al., 1996). Although direct measurements of dew accumulation were not available, nighttime RH can be used as a surrogate for dew and fog formation. Therefore, in order to assess if the morning peak observed at our site was coming from the evaporation of NH3 at sunrise, we plot the amplitude of the peak against the nocturnal RH, following a methodology derived from Wentworth et al. (2014).

In order to take into account the possible particle-to-gas conversion of NH4 + into NH3, 3-hour averages of the amplitude of the NHx (sum of NH3 and NH4 concentrations in ppb) peak were considered. Only summer and autumn seasons were used, as during spring the local meteorological station was out of service (RH unavailable), while in winter there were several snow and ice episodes which prevented the evaporation process from occuring normally. The 3-hour periods shown in Table 3-11 were selected by observing the seasonal daily profile (Figure A3-15) of NHx for summer and autumn. The average RH during the nighttime period was represented against ∆NHx, as seen in The ∆NHx rapidly increases for RH ≥80%, confirming that under very humid conditions (close to the condensation point), wet surfaces such as dew droplets will be formed and will act as NHx reservoirs.

Aerosol phase

The daily profiles of the inorganic precursor gases and main aerosol components are shown in (further details will be given in Chapter 4). On the contrary, summer has the lowest concentrations due to unfavorable environmental conditions and NOx levels being at their lowest on the summer period.

Ammonium has its highest concentrations during spring and summer.The high NH4 + concentrations in spring are explained by the same drivers as NO3 -and the abundance of NH3 from soil emissions. However, summer NH4 + concentration levels keep constant even when NO3 decreases, pointing out to the formation enhancement of. NH4)2SO4 over NH4NO3; which is thermally stable and keepi the levels of NH4 + constant in contrast to NO3 - [START_REF] Cesari | Seasonal variability of PM2.5 and PM10 composition and sources in an urban background site in Southern Italy[END_REF].

SO4 2-: Sulfate daily trends do not vary strongly, but there are clear seasonal differences. Spring and summer show an increasing trend from 08:00 until 13:00, then the levels stabilize until 21:00, where a slight decrease of the concentrations is observed to base levels until the next morning. This could be either a product of the photochemical oxidation of SO2 into SO4, or the effect of higher wind speeds during daytime transporting SO4 2-to our site.

As summer had the highest concentration levels and the lowest wind speeds (see Table 3-1), it is most likely that photochemistry had a relevant role during this season. However, even when the strongest correlation between the two species occurs during summer, it is still quite low (R²=0.21). Although more details will be given in Chapter 4, it is most probable that a majority of the observed SO4 2-comes from transport processes (See Section 3.7). During autumn and winter the variability is lower, probably due to the weakness of the photochemistry during those seasons.

As with SO2, winter sulfate has the lowest concentration levels, something also observed at Douai OC is composed of a large pool of organic primary and secondary compounds,either from anthropogenic or biogenic origins. There is a clear pattern for all seasons but summer, with two distinctive peaks, one in the morning (between 7:00 and 10:00) and the second in the evening (17:00 to 20:00) which is more intense during winter and spring seasons, probably caused by the worsening of the atmospheric dillution [START_REF] Grivas | Elemental and organic carbon in the urban environment of Athens. Seasonal and diurnal variations and estimates of secondary organic carbon[END_REF]. The profiles coincide with NO2 and EC ones, so it is most likely that OC and EC are related to traffic rush hours and residential heating sources, respectively. In summer the diurnal profile is quite flat and only around 20:00 there is a slight increase of the OC concentrations. It is known that during summer the contribution of biogenic emissions, coupled with the intense photochemical activity and the high levels of O3 could enhance significantly the production of SOA. In Section 3.5.1 it was shown that summer FOC-OM factor value was the second highest, therefore it could be assumed that the variation of organic aerosols during summer is more related to this source than in the other seasons.

During the cold period, the OC is mostly coming from biomass burning; Golly et al (2019) assessed the contribution of fossil fuel and biomass burning in 5 rural sites in France, concluding that biomass burning tracers could add up to 20% of the total OC present in winter samples.

EC is related to incomplete combusion processes, either by exhaust emissions or by biomass burning (wildfires, domestic heating) and it presents similar daily profiles. The seasonal daily profiles of EC are very similar to the OC except for summer, when the profile flatlines as a consequence of the decrease of the traffic volume and the dissapearance of the heating necessesities during the estival period.

Minor ions: The minor ion fraction is composed of Ca 2+ ; Mg 2+ ; K + , Cl -ad Na + . As seen in Table 3-2, this species concentrations are <LOD at our site for a large part of the 1-year campaign, and only when certain events occur they became detectable. Due to the very low concentrations measured over the year the diurnal profile of Mg 2+ could not be assessed.

K + daily seasonal concentrations are usually below its LOD and it does not show any clear variability. However, it can be seen that the winter profile has the highest concentrations, with a slight increase around 19:00, at the same time as the OC and EC evening peak, pointing out to the use of wood as fuel for household heating devices.

Ca 2+ is a tracer of crustal sources, and it shows a clear differentiation between the warm and cold seasons, as Ca 2+ concentrations are doubled during spring and summer when compared to autumn and winter. During the warm seasons there are several labouring operations on the agricultural fields during daytime ( 10:00-18:00), when Ca 2+ concentrations increase.It is observed that during the cold seasons.

Na + and Cl -are usually presented together as they are tracers of sea salt and appear whenever the air masses have oceanic origin. Cl -has its highest concentrations during winter, while Na + has similar concentrations during autumn and winter. This may be explained by the higher wind speeds recorded during winter that may carried more fresh marine aerosols into our site. They have peaks from 12:00 to 16:00, when the wind speed is the strongest (See Figure A3-1). Moreover, some of the NaCl could be coming from the salt used to prevent icy roads in winter season, when temperatures go below 0 °C. 

Comparison between the 1-year campaigns of suburban and rural sites in the north of France

Despite of the different periods, the statistical diurnal patterns of precursor gases and PM2.5 speciation from the 1-year study conducted at the suburban site of Douai (August 2015 -July 2016)

by Roig (2018) were compared to this study (March 2018 -February 2019). The instrumentation used at the suburban site was similar to this study, except for the measurements of carbonaceous aerosol and HNO3 (See Table 3-3). As the suburban site was located 90 km N from the one of this study (Figure 3-3), it can be considered that the regional background and climate are comparable, and that only local anthropogenic sources and local processes should explain the differences.

However, as the datasets were acquired at different time periods, the main weather variables were compared to determine if the meteorological conditions were comparable (Figure 3 Tracer of industry: Both sites displayed a similar diurnal profile of SO2, with higher concentrations during daytime and lower ones during nighttime, but with double levels at the suburban site, which was under the influence of a Zn smelter 2 km away. On the contrary, at the rural site, the SO2 sources were more dispersed and further away, being the sugar refinery located in the North and the industrial area of Chauny (Table 2-1) the most probable emitters of SO2.

Tracers of agriculture: Both sites presented similar diurnal profiles of NH3 with maximum concentrations around noon and 30 to 50% higher levels at the rural site. In fact, the suburban site in Douai was surrounded as well by agricultural fields, explaining why the levels were in the same range as the rural site. However, even when the levels of Ca 2+ were under the LOD at both sites, they were consistently higher at the rural site, reflecting the proximity of our site to the more agricultural field maintenance tasks.

Marine tracers:

The marine species (Cl -and Na + ) had very similar daily profiles and concentration levels, in agreement with their similar distance from the sea.

SIA:

The SIA species had identical daily variations and very similar concentration levels at both sites, suggesting common origins. In Douai, Roig (2019a) explained that the SIA concentrations came mainly from medium to long range transport. However, the higher level of NO3 -at the suburban site (+1 µg m -3 ) was probably due to some local oxidation processes of NOx into NO3. This is confirmed when comparing the NWR plots of NO3 -from Roig et al (2019a) and the ones of this study, where a clear local signal was detected at the suburban site but not at the rural one (See Chapter 4). To check it there were major differences in the seasonal distribution of SIA species, the triangular diagrams representing the mass % of each SIA species for both sites are presented in for both sites the cloud of points is concentrated between 10 and 30% of NH4, with an annual average mass composition of 55-25-20 (NO3-SO4-NH4) for the suburban site and 50-30-20

for the rural one. In the suburban site the SIA were more deviated towards being NO3-rich, with small seasonal variations. At the rural site the seasonal dispersion was higher, notably in summer being more deviated towards SO4-rich. This sulfate enrichment of the SIA at the rural site might result from the warmer period of this study, which favored the photochemical oxidation of SO2 and subsequent formation of sulfate.

Overall, it is concluded that the differences between the suburban site and the rural site are more evident for the inorganic precursor gases, as the suburban site had anthropogenic sources of NOx and SO2, while the rural site reflects the increased agricultural activities and photochemistry in NH3 and O3 levels. SIA profiles are very similar, and the differences in the concentration levels are mostly explained by the increased concentrations of their respective precursors. Only in summer there was significant differences concerning SO4 2-contribution to PM2.5, with a more SO4 2-rich aerosol in the rural site, probably reflecting the enhanced photochemistry and the warmer conditions of our campaign. 

Conclusions and perspectives

In this chapter the following conclusions were extracted:

-The 1-year field campaign conducted on the rural site of Caillouël-Crépigny during March 2018 until February 2019 resulted in a satisfactory amount of valid data of both precursor gases (89%) and PM2.5 speciation (85.4%) by using a combination of MARGA, online OCEC, TEOM-FDMS and various gas analyzers. The meteorological conditions of the campaign were not representative of the normals of the region, with warmer (+29%), sunnier (+25%) and dryer (-19%)

conditions on an annual basis as 2018 was the hottest recorded year since 1990.

-The rural PM2.5 is dominated by SIA (51%) and OM (32%) on an annual basis. These shares variate seasonally according to the processes and sources of each season. NO3 -is the major SIA in all seasons (22-33% of PM2.5 mass) except in summer, when SO4 2-is equally dominant (24%). OM is most present during winter (37% PM2.5 mass), when it does have the same contribution to PM2.5 mass than SIA. The annual composition was similar to the ones found in other studies conducted in Northwest Europe which had important shares of SIA in PM2.5.

-The aerosol mass was reconstructed by taking into account the OM content, calculated based on a factor of conversion of OC to OM (FOC-OM), extracted from the linear regression between OC and the unspeciated mass, using a published method [START_REF] Bressi | A one-year comprehensive chemical characterisation of fine aerosol (PM2.5) at urban, suburban and rural background sites in the region of Paris (France)[END_REF] modified to take into account the mass of adsorbed water (linked to SIA concentrations). The annual FOC-OM was equal to 1.8, close to the 2.1 ± 0.2 commonly used in the bibliography for rural sites. However, as a high number of data was available (n=5239) in this study, seasonal FOC-OM could be calculated, finding a significant variation in an increasing order from spring (1. The use of seasonal FOC-OM resulted in ≥80% of PM2.5 mass characterized for all seasons and a good correlation between TEOM-FDMS and PM2.5 chemical mass (slope =0.86, R 2 =0.85) on an annual basis. To our knowledge, this work is one of the few studies dealing with the seasonality of the FOC-OM, especially based on high time resolution data, therefore it may prove useful for future studies dealing with the seasonality of OC/OM.

-The neutralization state of the aerosol predicted by the NR and the predicted vs observed NH4 + was mostly neutral, with a slight acidic trend during the warm seasons. However, these methods were not able to determine the aerosol pH as they did not take into account the LWC, while the thermodynamic model ISORROPIA II and the NH3/NH4 + partitioning equilibrium do take it into account, making them good proxies for determining the pH of the aerosol.

-Similar pH annual values were found with both the NH3/NH4 equilibrium (2.25 ± 0.59) and ISORROPIA II (3.25 ± 0.92), close to the 3.7 ± 0.6 found in Netherlands (Guo et al., 2018). This indicates the validity of both methods as good proxies for calculating the aerosol pH. Summer was found to be the most acidic of all seasons with pH =2.8 ± 0.2, explained by the high concentrations of, SO2, SO4 2-and HNO3 during this season. This was further supported by the high correlation found between pH and this species (R 2 = 0.78, 0.75 and 0.69, respectively).

-Using ISORROPIA II, it was determined that the NH4NO3 at our site was in equilibrium with the precursor gas NH3, assuming that it was present in deliquescence state. This worked for all the range of temperatures except ≥30 ºC. The model replicated well most of the aerosols and precursors except for HNO3, which had 87% of its modelled concentrations close to 0, being the limiting factor over the formation of NH4NO3. The bad modelled HNO3 concentrations may be due to the low environmental levels, the difficulty to measure it correctly without artifacts, the possibility of HNO3 reacting with coarse particles and non-volatile cations such as Na + and Ca 2+ , and the fact that ISORROPIA II does not take into account additional sources of HNO3, such as the nighttime reactions with NO3 radical. To improve the modelling of HNO3, efforts in the sampling and analytical methodology (shortening the sampling tube, installation of a preconcentration column for decreasing the HNO3 LOD) as well on the ISORROPIA model to account for the aforementioned processes would improve the accuracy of the model.

-The concentrations of the PM2.5 mass and chemical speciation of our rural site were compared in different time scales and periods to a suburban site located in Douai and a remote site in Revin:

-The PM2.5 mass concentrations followed the expected increasing gradient from remote (+56%) to rural (+13%) to suburban, confirming the significant differences between the remote (more natural) and the rural and suburban sites (more anthropogenized), while indicating a small difference between the rural and suburban sites.

-These differences were mostly attributed to SIA, which account for 76% and 58% of the ∆remote to suburban and ∆remote to rural sites, mostly driven by NO3 -, indicating the influence of the anthropogenic sources of NOx over the levels of PM2.5.

-The seasonal average comparison between the rural and remote sites showed superior levels of almost every species in the rural site except for OC in summer, when the remote site duplicates the levels of the rural site, pointing to the enhanced sources of primary and secondary OC in the remote site (forested area). For the rest of the year, the differences could be explained by the agricultural and anthropogenic sources (biomass burning, traffic) present in the rural site. In a future study, the sampling of tracers of primary and secondary biogenic aerosols should be carried out at the remote site in order to better determine the origin of this increase.

-The comparison between the rural site and the suburban site has been conducted by comparing the annual daily profiles and the SIA speciation at both sites. The daily profiles have proven to be useful to observe similar processes driving the diurnal variation of SIA components while having slight differences in the concentration levels. The speciation of SIA was found similar at both sites, with NO3-SO4-NH4% of 55-25-20 and 50-30-20 for the suburban and rural sites, respectively. Both sites stayed predominantly NO3-enriched, however in the rural site there was higher seasonal dispersion and a clear shift to SO4-enriched conditions during summer, when the photochemistry and temperature were at their highest.

Suburban BC and rural EC profiles were almost identical in daily variation and concentration, although their sources were different, with suburban BC coming mostly from traffic sources (Roig et al., 2018) and rural EC from biomass burning. Clear differences were observed for the suburban site, while O3 and NH3 were superior in the rural site due to the increased agricultural sources and photochemical activity.

Given the rather small differences between PM2.5 levels and chemical composition of the particles at the suburban and rural sites, it may be assumed that their potential health effects could be similar. However, this has to be confirmed by epidemiological or toxicological evidences to take into account the "cocktail effect" linked to the simultaneous exposure to both aerosols and gases, taken into account that the gas composition is different between the two site typologies (i.e., more NOx and SO2 in the suburban, more O3 in the rural).

Chapter 4: Source apportionment of PM2.5 in Caillouël-Crépigny

This chapter addresses the source apportionment (SA) analysis of the PM2.5 in the rural site of Caillouël-Crépigny, in order to understand which main sources and geographical origins are influencing PM2.5. To do so, the 1-year database has been analyzed by means of a Factor Analysis (FA) and Positive Matrix Factorization (PMF). NWR polar plots and PSCF maps have been drawn

to determine the local and distant origins of the main identified sources. The chapter will be structured as follows :

 Application of a FA to help circumscribing the optimal number of source factors representing the variability of PM2.5 at the rural site in Section 4.  The main conclusions and the perspectives of the SA study for this rural site are reported in Section 4.6.

Estimation of the optimal number of factors by factor analysis

Prior to the PMF analysis, a Varimax-rotated factor analysis (FA) was performed on the aerosol species dataset to estimate the possible number of factors and see the correlations between the aerosol species (Cl -, Na + , NO3 -, SO4 2-, NH4 + , K + , Mg 2+ , Ca 2+ , OC, EC) and PM2.5 using the software STATGRAPHICS Centurion XV.II. The aim of the FA is to extract m factors by linear combination from a set of p quantitative variables (m ≤ p), which in our case correspond to the PM2.5 species.

Only hours including all the species from MARGA, OCEC and TEOM were considered (6132 h out of 8760 h, Table 4-1). The FA was performed on standardized variables without any replacement of values under LOD. Only August had less than half of total hours represented in the FA, but overall all seasons are evenly taken into account (Figure A4-1a). After performing the FA, the optimal number of factors corresponding to eigenvalues superior than 1 was set to 4, as shown in Figure 4-1 (further information on the FA can be found in Annex 4.1). The 4 factors are associated to the following species:

a) N of factors vs eigenvalue b) Factor score coefficients

 Factor 1: NO3 -, NH4 + and SO4 2-. This factor contains all SIA species, therefore represents the secondary inorganic aerosols.

 Factor 2: OC, EC and K + : Carbonaceous aerosols and K are in this factor, representing mainly combustion processes such as traffic or biomass burning.

 Factor 3: Cl -, Na + , and Mg 2+ : These species are related to marine sources. Although the FA suggests an optimal number of factors equal to 4, it is possible with the PMF to further separate some of these factors, depending on the application of additional constraints on the tracers. For example, the SIA factor, the carbonaceous aerosols factor and the marine factor could be split in subsets of two factors each: "sulfate rich / nitrate rich", "traffic / biomass burning"

and "fresh / aged marine aerosols", respectively. However, because of the low concentrations of marine tracers, the long distance from the sea-shore and the fact that most of marine salts are found in the coarse mode, it was assumed that the split of the marine factor was unlikely. Therefore, we only attempted to split the SIA and carbonaceous aerosols and so the number of factors tested in the PMF varied from 4 to 6.

PMF implementation

Number of data used and exclusion criteria

The FA dataset was used as a basis for the PMF. Concentrations under the LOD were substituted by half of the LOD [START_REF] Norris | Positive Matrix Factorization (PMF) 5.0 Fundamentals and User Guide[END_REF], and their uncertainties were assigned to be the same as the uncertainty of the LOD, in order to down weight their influence on the final solution.

An additional 10% of uncertainty was introduced into the model to include unaccounted error sources. In Table 4-3 is shown the amount of data above the LOD for each species. The major components of the aerosol (NO3 - , SO4 2-, NH4 + , OC, EC) and the PM2.5 display more than 80% of their concentrations above their LOD, while the minor ions (Cl -, Na + , K + , Mg 2+ and Ca 2+ ) have only between 6 and 32% of their values above their LOD. The causes behind these low values are multiple and may involve a weak source intensity or a poor analytical resolution. After the replacement of the data >LOD and excluding the hours with outliers (having very high residual values), the total amount of hours used is n= 5678 h.

Categorization and selection of variables for the PMF

The criteria used for categorizing the variables as strong, weak or bad are flexible in the bibliography. Usually, the signal-to-noise ratio (S/N) is used as an estimate to determine the strength of a tracer. The EPA PMF 5.0 manual suggests that variables with a S/N between 0.5 and 1 should be categorized as "weak", and if less than 0.5 as "Bad". However, for example Giannini et al. ( 2012) considered as bad variables, tracers with S/N less than 1, while Roig (2018) categorized tracers with S/N ratios between 0.2 and 1.6 as weak, and those below 0.2 as bad.

Therefore, in this study the categorization of the variables was mostly done based on the confidence of the tracer analysis and representativeness towards the final solution. The main descriptive statistics of the database used in the PMF are shown in Table 4-4. The major aerosol components have all high S/N ratios, automatically being categorized as strong variables. However, this is not the case for the marine tracers, K + and Ca 2+ , as all of them have high percentages of their data replaced by ½ LOD, as explained in the previous section. The marine tracers have S/N ratios of 0.7, 0.4, and 0.1 for Cl -, Na + and Mg 2+ respectively, which would categorize them either as weak or bad variables. On one hand, Cl -is a tracer for fresh marine aerosols. As stated in Chapter 2, the MARGA does measure Cl -correctly when the chromatographic column is new. As the aging process of the column decreases its retention time, this may lead to some losses of Cl -concentrations.

On the other hand, Na + and especially Mg 2+ had low environmental concentrations during all the campaign, leading to have most of their observations under their respective LOD. Several configurations with different categorizations of the marine tracers were tested in order to determine the best approach. Finally it was decided that, in order to account for the marine influence, Cl -and Na + would be kept as strong variables, while considering Mg 2+ as a weak variable. K + may be considered as a biomass burning tracer, and it always appeared linked to OC regardless of its categorization or number of factors selected. However; due to its low S/N, it was categorized as a weak variable. Finally, Ca 2+ was put as bad variable, as its S/N was 0.1, and the preliminary tests did not establish a significant dust factor in the PM2.5 at our site.

. Results of the PMF

Factor profiles and temporal variability of the extracted PMF factors

The statistical parameters of the modeled species in the PMF are shown in Table 4-5. The number of factors tested for the final PMF solution varied between 4 and 6 as suggested by the FA. It was found that considering 5 or 6 factors lead to over separating source factors, with meaningless chemical profiles and geographical origins. Therefore, a 4-factor solution was finally chosen, based on the good Qtrue/Qexpected value (1.4), on the physical meaning of the chemical profiles and on the good correlations between observed and modelled species of the PM2.5 (Paatero and Taper, 1993).

The four factors extracted, by decreasing order of total PM2.5 mass contribution are: combustion (40.2%), nitrate-rich (26.8%), sulfate-rich (18%) and aged marine (15.0%). The stability of the solution was assessed by the bootstrap method, which was run over 100 simulations and a minimum correlation coefficient of R² =0.6. It was observed that the marine factor was slightly unstable, being sometimes mixed in the bootstrap process with the sulfate-rich factor (See Table A4-3a). To improve the result and better separate the marine influence, the marine factor was constrained by maximally pulling up the marine tracers (Na + , Cl -, Mg 2+ ), while minimizing OC, EC and K + contributions. The results of the constrained solution show that the changes in the concentration of the species were not significant, but the % of species in the marine factor was effectively increased for all marine tracers by ≥10%, while OC, EC and K + were increased 10%, 9% and 45% in the combustion factor source (See Figure A4-2). Moreover, the bootstrap of the constrained solution shows that the constrained solution is fully stable, separating completely all the extracted factors (See Table A4- The combustion factor was the main driver of PM2.5 at our site, with a contribution of 40.2% on an annual basis. This factor is characterized by high species contributions for OC (84.1%) and EC (92.5%), K + (79.4%), and a minor share of Mg 2+ (3.35%), Cl -(7.81%), Na + (5.9%) and NH4 + , (3.6%). The sum of OM, EC and K + accounts for 87.6% of the factor mass. The OC/EC ratio is 5.4, which is higher than the value of 1 or less, generally associated with car traffic emissions, indicating that the predominant combustion source rather comes from biomass burning, although the influence of some traffic at our site cannot be discarded completely. This factor is strongly correlated to both OC and EC (R² = 0.89 and 0.77), but weakly to NO, NO2 and HONO (R 2 =0.18, 0.27, and 0.36, respectively).

A high seasonal variation is observed, with the lowest contribution to PM2.5 mass (28.7%) in summer doubling in winter (53.3%). Biomass burning is the main household heating system in the study area, therefore this factor shows a negative correlation (albeit weak) with temperature. This is also confirmed by the differences between daytime (34.1%) and nighttime (40.6%) contributions to PM2.5 (Figure 4-5) and in the monthly variability (Figure 4-6a). From October until May, the concentrations of the combustion factor were high, then decreased between May and September when the average temperature was over 16 °C, making unnecessary to keep the heating systems on. There is a slight increase of the factor mass during July, influenced by the increase of OC and K + during that month, probably reflecting the local agricultural waste burning after the reaping of the crops (legally forbidden, but still used). On a daily basis, all seasons but summer have two peaks, a small one in the morning (8:00 -12:00) and a more intense one during the evening (19:00 -21:00). Although the factor is mostly driven by biomass burning, the traffic influence may be observed in the morning peak, which is concomitant with NO and NO2 daily profiles, where their morning peaks reflect the traffic rush hours.

As stated before, the mass of ammonium sulfate accounts for four-fifths of the factor mass, while the rest of the mass is coming from OM. The presence of OM in this factor may be related to multiple causes. Ammonium sulfate has a high specific surface area and may serve as condensation surfaces for organic substances (Amato et al., 2009). Moreover, as sulfate aerosols are more acidic, this favors SOA formation. Besides, SOA and SO4 of anthropogenic and biogenic sources (Hettiyadura et al. 2017). Therefore, as our site is located between Paris and Douai, the presence of OM in the sulfate-rich factor, especially during summer, appears consistent.

There are slight differences between the daytime (19.5%) and nighttime (15.6%) mass contributions of the sulfate-rich factor to PM2.5 (Figure 45). Taking into account the weak correlation of this factor with SO2 and the generally slow oxidation kinetics of SO2, it may be assumed that most of the sulfate is from long range transport (LRT), and that the cause of the day/night difference is mostly due to the higher wind speeds during daytime.

Aged Marine factor

The fourth factor was identified as aged marine sources, driven by Cl -(81.4%), Na + (94.1%) and Mg 2+ (96.7%), with lesser species contributions of NO3 -(23.4%), SO4 2-(35%) and OC (7.6%).

As it was stated before, the marine factor was constrained to maximize the contribution of Cl -, Na +

and Mg 2+ (more information in Figure A4-2). As seen in Chapter 3, marine tracers were mostly coming from either N or SW directions, passing over the polluted areas of Benelux and Paris metropolitan area, respectively, which are known to be sources of SIA and possibly of OC and EC. 

Geographical origin of the sources

In order to identify the most probable geographical origins, NWR and PSCF analyses were used:

-Local origins were identified using NWR analysis on both PMF factors and their primary tracers (Section 4.4.1).

-Possible distant origins were studied using the PSCF is (Section 4.4.2). The PSCF was applied with a concentration threshold corresponding to the 75 th percentile, removing the air mass trajectory endpoints when rain was superior to 1 mm h -1 and using a weighted sigmoidal function, meaning that only high concentrations presenting a high number density of trajectories passing by one cell with no significant event rain will be accounted. The color scale in the map determines the probability of one area being responsible of emitting the measured species.

NWR to identify local sources

The NWR polar plots for PMF factors and their primary tracers are shown in Figure 4-9 and The combustion factor has its strongest signal on a local scale, associated to low wind speeds (<7 km -1 ), particularly in winter. This is consistent with the NWR plots of NO, NO2, OC, EC and K + , which have as well high average concentrations associated to low wind speeds.(≤10 km h -1 ).

On one hand, NO and K + , which are tracers of local combustion processes and biomass burning respectively, have their highest concentrations during the cold seasons, pointing to the domestic heating systems from nearby houses. On the other hand, the high average concentrations (around The sulfate-rich factor has the highest concentrations (≥5µg m -3 ) from NE direction, associated to fast wind speeds (≥15 km h -1 ), most likely coming from LRT. As this factor is driven by (NH4)2SO4, it was expected that SO4 2-and, on a lesser degree NH4 + , displayed the same signals from NE direction. Apart from the strong NE signal, the NWR plot also shows weaker signals coming from N associated to average wind speeds (7 km h -1 ), probably signaling the SO2 emissions of the fuel shipping enterprise located in Béthancourt-en-Vaux (1.8 km NE from the site) and the sugar refinery located in (15 km N) of the sampling site (Figure 2-2), which may partly contribute to increase the sulfate rich factor.
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Finally, the aged marine factor does show high concentrations associated to fast wind speeds (14 km h -1 ) from all directions except SW. This is in contrast with the NWR plots of Cl -and Na + , which show strong signals sectors associated with fast wind speeds (≥15 km h -1 ), from N and W-SW directions, pointing out to the North Sea and the Atlantic Ocean, respectively. This suggests that this fourth factor is not a "pure" aged marine factor but rather a mixture of minor sources linked to long range transport and secondary processes occurring during the warm seasons (Annex 4.3).

PSCF to identify distant sources

The PSCF map of PM2.5 during the 1-year campaign is presented below. It is more likely that the signal near the Channel may be due to the presence of several steel, oil refining, petrochemical and aluminum production industries in the Dunkirk area, rather than the contribution of sea shipping emissions. In fact, Roche (2016) observed very high levels of NOx, SO2 and PM10 in the harbor of Calais and Cap Gris-Nez from ship emissions whenever they were under the influence of ship traffic. However, as our site is 100 km away, it is possible that part of the observed signal comes from the oxidation of SO2. An estimation of the sea shipping activities in the Netherland coasts conducted by Hamming et al. ( 2012) concluded that they could contribute to about 3% for Belgium and 2% for France PM2.5 levels.

As the oxidation of SO2 is slower compared to other precursor gases, it is possible to apply PSCF to determine its medium to long distance origin. The signal from Germany may be explained by the use of coal as fuel for electricity power generation in Germany (Figure A4-14), which could explain the signal coming from eastern Germany. Additional sources of the sulfate rich factor could be deduced from the moderately high probabilities (≤30%) that both SO2 and SO4 2-may be coming from the North Sea, which could be explained by the biological emissions of methanesulfonic acid (MSA) during warm periods, increasing the SO4 2-levels (Chen et al., 2012).

In the previous section it was seen that NWR was not able to pinpoint a clear location for the aged marine factor. However, when plotting its PSCF map, it is obvious that the main origin areas are the North Sea and to a lesser degree, the Channel and the near Atlantic sea, highlighting the marine origin of the factor (Figure 4-12d). This result is in agreement with the PSCF maps for Cl - and Na + showing higher probabilities of coming from the Atlantic, the UK islands and the Channel, while the highest probability for Cl -is found in the North Sea. In fact, it also may explain the enrichment in SO4 2-of this factor, as the North Sea is a hotspot for algal blooms which produce high concentrations of DMS, a biogenic precursor of SO2, especially during spring and summer seasons [START_REF] Uher | Distribution and air-sea exchange of reduced sulphur gases in European coastal waters[END_REF], when the concentrations of SO2 and SO4 2-are at their highest. This difference could be attributed to the different states of aging of the marine air masses, with fresher aerosols coming from the North and more aged aerosols coming from the Atlantic Ocean. It also confirms that the mixed composition of this aerosol may be due to the enrichment of marine air masses with anthropogenic pollutants as they pass over populated areas. The following conclusions could be drawn:

-The combustion factor accounts for 40.2% of the PM2.5 mass at our rural site, being the major sole source factor. Most likely, it is driven by biomass burning, as the OC/EC ratio (5.4) is much higher than the value of 1 representative of traffic sources. The NWR and PSCF analysis highlighted that this source is mainly local, with some transport events occurring during the spring season, most likely due to an extreme event that occurs in Europe.

-The major source drivers of PM2.5 at our site are the two secondary inorganic factors which account for 44.7% of the total aerosol mass, with the nitrate-rich factor being the dominant one (26.7%). Similar shares are found across Northwestern Europe, with increasing values of the nitrate-rich factor in a south-to-north gradient, pointing to the very high emissions of NOx from power generation and industries located in Netherlands, coupled with the excess of NH3 caused by the intensive agricultural activities occurring at Northwest Europe. The sulfate factor does not seem to follow this gradient, with variable shares in both % and mass, although the lowest values were found at our site. The NWR and PSCF analysis suggest that the highest concentrations of sulfate and nitrate-rich factors found at our rural site are explained by long transport events from the Benelux area mainly, and in the case of the nitrate-rich factor, also from the Grand Est region.

-The aged marine factor was mixed with nitrate, sulfate and OC, although it is driven by marine tracers as seen in the PSCF. Some of the SO4 2-present in this factor may be due to biogenic sources occurring in the warm seasons. The NWR and the chemical profile of this factor would benefit from improving the separation of marine tracers from SIA.

-The high time resolution of the measurements has allowed to determine the temporal variability of the sources such as the nighttime formation of NH4NO3, the enhancement of the photochemical production of the sulfate-rich factor during summer at noon, or the different combustion processes occurring at different time periods, such as the agricultural waste burning in July, the daily peaks in the morning (traffic) and afternoon (household heating systems), especially during wintertime.

Due to the high impact of the SIA-related factors, originating mainly from Benelux and Western Germany areas, it is necessary to further improve the emission control over NOx and NH3 at the European scale and more specifically, in the mentioned areas in order to decrease the concentrations of fine pollutants impacting the North of France.

The future perspectives for this work are:

 The implementation of a preconcentration column for cations in the MARGA would improve the detection of Na + , K + , Mg 2+ and Ca 2+ measurements, which could improve the separation of the marine factor, the split of the combustion factor into sub factors such as traffic and biomass burning, and eventually a dust factor could be identify using Ca 2+ .

 The comparison of the yearly PMF to the seasonal one in order to assess whether the fractioning of the yearly dataset into seasonal sub datasets improve the solution and allow the extraction of more factors. For example, it was observed that the S/N ratio of Ca 2+ during the summer improved up to 0.4, suggesting the possibility to determine a dust factor during that season. some source apportionment studies have also mixed the gas datasets into the PM apportionment (Saarikoski et al., 2008[START_REF] Crippa | Primary and secondary organic aerosol origin by combined gas-particle phase source apportionment[END_REF]. Although the mixing of gas and aerosol datasets is not recommended due to the high reactivity/non-conservative state of some gases, their higher mobility in the atmosphere and the fact that the mass balance is not respected, the use of both datasets may be feasible if reasonable correlations are observed between chemical species (for example, OCEC and NOx/HONO as seen in Table A4-5) and if their concentrations values are transformed into lower units to nullify their impact in the mass balance, allowing to better differentiate some of the sources. following section, July 1 and July 2 trajectory analysis showed that these periods had very little transported air masses arriving to the site, in contrast with the more mixed atmosphere of June 1.

Overall, the intensive campaign data collection was satisfactory, with more than 90% of data collected for all the periods. The desired gradient-like conditions for the key variables to observe possible processes between inorganic gas precursors and organic biogenic precursors were achieved, as the intensive campaign started with "clean conditions" (June 1) and ended with stagnant, very hot and high concentrations of BVOCs and O3 (July 2).

Temporal variability of species during the intensive campaign

Time series of the periods

The time series of the main meteorological variables, PM2.5 chemical speciation, and the main gas precursors for the three periods are presented in this section. Additionally, the average PM2.5 composition and trajectory analysis for each period is also reported to identify which periods had transported air masses or more local conditions. The average PM2. where species concentrations are in µg m -3 and FOC-OM value corresponds to the summer seasonal value equal to 1.85, as calculated in Chapter 3 (Section 3.5.1).

June 1

June 1 (1 rst to 4 th of June 2018) weather conditions were humid and temperate, with cool nights (Tavg=16.7 ºC) and mild daytimes (Tavg = 19.6 ºC). The trajectory analysis indicates some marine influence coming from the Channel and the Bay of Biscay (Figure 5-3). At the beginning of the period, a local thunderstorm with intense rains occurred in a short time lapse. This was reflected in the aerosol phase, as it had the lowest concentrations of PM2.5 of all the intensive campaign (PM2.5avg = 5.8 µg m -3 ). 

Evolution of the main species during the campaign

The temporal variability of the organic and inorganic species involved in the intensive campaign is of great interest in order to determine the possible production of SOA and detect fluctuations in the expected trend for some of the species. In the following sections, the evolution of the average concentrations for organic and inorganic precursor gases and aerosol speciation will be presented.

Biogenic precursors and carbonaceous aerosols

The main BVOC during the intensive campaign was isoprene, as terpenes were in the range of the LOD for the whole year. Previous studies had already determined its predominance in the HdF region (Table A5- Instead, the concentrations are increasing during daytime until 18:00, when the maximum occurs, suggesting that isoprene arrives at our site partly oxidized during noon; and the maximum observed at 18:00 is a consequence of the decrease in OH production. This type of profile has been observed in other studies (Figure A5-7).

The origin of the isoprene observed at our site was presupposed to be coming from the nearby forests located 1-1.5 km N-NW direction from our site. The analysis of the time series of isoprene and the MVK/isoprene ratio, used as an indicator of the oxidation state of the isoprene mases, was performed to confirm this (Figure 567). Isoprene concentrations were low for the first two periods (<0.2 ppb) and surpassed this threshold only after temperature was above 20 ºC (July 1). During July 2 isoprene, MVK and MACR were detected in significant concentrations. This increasing trend was shared with OC, rising by a factor of 3.2 from June 1 (1.3 µg m -3 ) to July 2 (4.1 µg m -3 ). As combustion sources

were not important during this season (only rare agricultural waste burning) and the environmental conditions were favorable, this increase of OC may be due to the enhanced production of secondary SOA due to the high temperature and O3 levels. On the contrary, EC average concentrations were low and stable regardless of the period.

Overall, it was observed that both isoprene and particulate OC concentrations did increase significantly from the "clean period" of June 1 to the stagnant, very oxidant conditions of July 2, suggesting that probably, a certain amount of the particulate OC increase was due to the formation of secondary SOA from biogenic origin.

Inorganic precursors gases and aerosols

The evolution of the inorganic gas precursors and aerosol species during the intensive campaign is presented on Figure 56789. Almost all species but NO2, HNO3 and NO3 -have increasing concentrations trends.

PM2.5 concentrations show an increasing trend from June 1 to July 2. As mentioned in the previous section, an intense and short rain event occurred at the beginning of June 1, efficiently eliminating particles by wet deposition. However, such a phenomenon did not occur before July 1 and July 2, therefore the accumulation of pollutants allowed the PM2.5 levels to increase, reaching their maximum concentrations during July 2. This accumulation was carried out by the increasing levels of SO4 2-, NH4 + and OC, as observed in the chemical increments from one period to the next one (Figure A5-2). The OC increase is explained partly by the formation of SOA from BVOC degradation, enhanced by the oxidizing and hot atmospheric conditions. The increasing trends of SO4 et al., 2018). This increased HONO concentrations imply that more OH radicals may be present in the atmosphere during the hottest periods when HONO is photolysed. EC levels were stable during the intensive campaign, along with with NO2 due to minimum emissions sources during summer, and only eventual agricultural waste burning would increase its levels.

The decrease of NO3 -between July 1 and July 2 may be attributed both to the lowering of NO2 concentrations or to the thermodynamic shift in the equilibrium of NH4NO3 back into NH3 and HNO3, due to the unfavorable hot and dry conditions of the last period. This latter is in agreement with the observed trend for NH3 which increased from July 1 to July 2, but surprisingly the mean HNO3 concentrations decreased from July 1 to July 2 more than 50 %.

This implies that there may have been losses of HNO3 by mechanisms such as surface reactions onto coarse particles. However, this also may be a hint of possible reactions between NO2 or nitric acid and the organic degradation products from isoprene or particulate organic matter. In fact, during July 2, OC did increase to its highest level and HNO3 levels were minimum at nighttime when MVK and MACR concentrations were maximum, something not observed during the previous periods. Overall, the inorganic precursor gases mostly followed the expected trend according to the temperature and oxidative species present in the atmosphere except for HONO and HNO3.

HONO could in fact provide a reservoir of OH radicals during the hottest period, while the decreasing evolution of HNO3 from July 1 to July 2 indicated a loss of HNO3 due to other processes than NH4NO3 formation. The PM2.5 major species followed the expected trend with temperature, with SO4 2-, OC and NH4 + increasing due to the possible enhanced formation of (NH4)2SO4 and SOA, while NO3 -decreased due to the unfavorable thermodynamic conditions, and EC remains stable.

Statistical evolution of atmospheric species with temperature (1 year)

The representativeness of the intensive campaign periods was assessed by comparing them with their annual statistical trends with temperature, ranging from -4 to 35 ºC (Figure 5-10). NH3 and SO2 also increase with temperature, although over 33ºC the trend changes and concentrations decrease, though this may be an effect of the limited amount of data available at these high temperatures. The intensive campaign periods match with the range of concentrations for each temperature, although the average NH3 of June 1 is on the lower end of the range, while the other periods are closer to the expected average.

HNO3 mean concentrations tend to increase with temperature (Figure 5-11c). While June 1 does fit the annual HNO3 trend, July 1and 2 strongly deviate from the expected range of concentrations. July 1 mean HNO3 concentrations exceed the expected annual mean concentration by a factor of 2.3. On the contrary, July 2 is below the expected range of concentrations for the 29-30 ºC range, although still within the relative standard deviation. This can be interpreted either by July 1 having additional HNO3 sources, increasing significantly the mean levels during this period, or July 2 period encountering additional sinks of HNO3 depleting its concentrations.

HONO annual average concentrations have a slight tendency to decrease with temperature, while a significant decrease occurs below 0º C, suggesting the possibility of biological sources of HONO being stopped when the soil is frozen. The mean levels of the periods were not uniform in their distribution, as June 1 and July 1 are in the range of expected concentrations, while July 2 is slightly above, although still in range. This is surprising, considering that HONO is often related to NO2, which perfectly matches all periods within the annual trend. Therefore, additional sources or processes enhancing HONO concentrations may have occurred during July 2.

Contrary to the precursor gases, most of the PM2.5 chemical species averages present a good agreement with the annual average trend for the three periods (Figure 5-12), except for SIA during June 1 and OC during July 2. SIA levels of June 1 were under the expected range of concentrations, most likely due to the intense rain event prior to the measurement period. As for OC, although the mean concentration during July 2 (4.1 ± 2.1 µg m -3 , TJuly2 = 29.2°C) was slightly over the expected value (2.9 ± 1.2 µg m -3 , Tavg= 29ºC), it was still in the range of the statistical trend.

To conclude this section, most of the inorganic precursor gases (NOx, O3, NH3 and SO2) and 

Organic carbon estimated speciation

In previous sections, it was determined that OC had an increasing trend of concentrations with increasing temperature and BVOC levels, assumedly linked to the enhanced oxidation of VOCs, including isoprene, present in the atmosphere under high temperatures and oxidant concentrations.

On one hand, although the instrumentation used for the campaign was not able to speciate OC, it is possible to use proxies such as the OC/EC ratio to estimate the sources of carbonaceous aerosols [START_REF] Zeng | Nationwide summer peaks of OC/EC ratios in the contiguous United States -ScienceDirect[END_REF]. The OC/EC ratio has been used extensively in the bibliography as a rough, yet effective indicator of the source types and strength, depending on the proportion of OC and EC [START_REF] Gelencsér | Source apportionment of PM2.5 organic aerosol over Europe: Primary/secondary, natural/anthropogenic, and fossil/biogenic origin[END_REF], Pío et al., 2011). Values inferior or close to 1 are usually associated to road traffic sources, while higher values may indicate the presence of less efficient combustion processes related to biomass burning, secondary OC (SOC) production, or primary biogenic OC emissions. In our study, the annual OC/EC ratio is 8, indicative of a large presence of biomass burning sources rather than traffic ones. Slightly lower annual OC/EC ratios were observed in other rural and remote sites in Europe, although this may be related to the amount of data used for the calculations (Table 5-4). Interestingly, even when the summer EC levels had very little variations, as seen in its statistical summer profile, (See Chapter 3, Figure 3-25e), the OC/EC ratio increased to 9.2, suggesting that during this period there may were additional OC sources were occurring, including SOC production. The statistical trend of the OC/EC ratio according to temperature is increasing, especially over 25 ºC (Figure 5-13). As biomass burning occurs only occasionally during summer, it can be assumed that this increase may be related to additional summer sources like primary biogenic particles from vegetation or agricultural activity, or SOA production. On the other hand, the OC/EC ratio can be used to distinguish the OC from the average summer background (OCbackground) from the OC due to additional summer sources increasing with the temperature (OC). To do so, the average OC/EC ratio corresponding to the summer background has to be determined when the influence of additional temperature-dependent sources is negligible, the composition of primary fossil fuel carbonaceous aerosols sources are temporally and spatially constant and the contribution of other primary OC and EC sources is small (Castro et al., 1999).

This methodology has been applied in other studies during long campaigns [START_REF] Mbengue | Four years of highly time resolved measurements of elemental and organic carbon at a rural background site in Central Europe[END_REF].

The exact speciation of the primary and secondary OC is out of the scope of this study, therefore an estimation of the summer background levels of OC (OCbackground) was done by choosing the 50 th percentile of the summer OC/EC ratio (( ∆OC would correspond to all additional temperature-dependent summer sources of OC occurring during the intensive campaign periods, such as primary biogenic OC or SOA production from VOC oxidation processes. This approach worked better for July 1 and July 2, as June 1 had several hours in which OCbackground > OC for most of the hours (Table 5-5). 

1.9 ± 0.9

2.3 ± 0.7

0.89** ± 0.5

* correspond to the pH calculated using the NH3/NH4 equilibrium constant for a deliquescent aerosol state **corresponds to the pH calculated using the NH3/NH4 equilibrium constant for a solid and liquid aerosol state, assumed to occur during the heatwave of July 2.

It is observed that the ∆OC increases of 1.1 µg m -3 from one period to the next one, July 2 presenting the highest concentrations and contributing 55 % of the mass of total OC. On the contrary, June 1 was dominated by the OCbackground. The relationship between the levels of isoprene, MVK and MACR with the estimated ∆OC fraction were examined to determine whether these additional summer sources of OC could be related to oxidation products of isoprene (Figure 5 temperature for ammonium nitrate aerosols to be formed. The high levels of NH3 regardless of the period pointed out to HNO3 availability as the limiting factor controlling the formation of particulate NO3 -. Regardless of the period of the intensive campaign, this profile of reduced N species was kept stayed constant, and therefore only the changes for Nox will be detailed for July 1 and July 2 (Figure 5-17). During July 1, NO and NO2 represent the major speciation of the Nox pool, showing a peak at 22:00 for both species, and the expected peak during nighttime, while decreasing their contribution during daytime. NO3 -followed the normal summer behavior and the concentrations increased during nighttime (05:00-08:00). HNO3 did not follow the expected thermodynamic pattern, and although HNO3 production occurred at noon on the 16/07, nighttime levels did not decrease but stayed stable, around 3 times higher than the summer nighttime levels. Considering the time series, the previous days of July 1 period also displayed the same behavior, implying that there might have been additional nighttime sources of HNO3 of less sinks (Figure A5-9). The NOR followed the same pattern as the statistical summer profile, decreasing during nighttime and increasing during the afternoon due to the decrease of NO2 and the production of HNO3.

On the contrary, July 2 had lower concentrations of NO2, although the morning peak of NO and NO2 was the highest of the intensive periods. HNO3 levels increased during daytime and were very low during nighttime. However, NO3 -did not increase during nighttime, only increasing during daytime at 12:00, when a peak from unknown origin occurred. In fact, when looking at the contribution of N(+V) species to the Nox pool, it can be observed that the sum of HNO3 and NO3 - accounted less than 5% of the total nighttime Nox pool. The NOR had its lowest values of the campaign, and only increased during daytime coinciding with the NO3 -peak.

It is unclear whether July 1 had additional HNO3 sources at night, or if there were additional sinks or reduced oxidation of NO2 toward HNO3 due to the low concentrations during July 2.

Therefore, the summer average oxidation ratio N(+V) to N(+IV) was compared to the mean ratios from the periods and summer statistical values (Figure 5-18). The ratio was calculated as shown in Equation 5-9.

N(+V) N(+IV) = [𝐻𝑁𝑂 3 ] + [𝑁𝑂 3 -] [𝑁𝑂 2 ]
Equation 5-9 The statistical trend with temperature of the N(+V)/N(+IV) ratio shows a stable evolution from -3 to 27 ºC temperature for which there is an evident increase of the ratio is seen, pointing to the decrease of the sources of NO2 and/or the increase of the concentrations of HNO3 from photochemical production and thermodynamic partitioning of NH4NO3 in favor of the gas phase.

Both the intensive campaign periods and the summer season ratios were within the expected ranges for their respective temperatures. However, July 2 mean ratio is the most underrated compared to the others. This is in agreement with the observed decrease of NO3 and HNO3, as even increasing temperatures should favor the increase of oxidation of NO2, although this is not reflected in the concentrations of N(+V). During this period, high O3 and isoprene concentrations were registered, and high nighttime levels of MVK and MACR were measured as well. Although the instrumentation and the sampling hours are insufficient to extract clear conclusions, this may be a hint of the interference of isoprene degradation products on the oxidation of N (+IV) to (+NV).

A similar approach was taken with the sulfur species, although the availability of measured species was limited to SO2 and SO42-, therefore the oxidation ratio between sulfur species was calculated as shown in Equation 5-10.

S(+VI) S(+IV

) = [𝑆𝑂 4 2-] [𝑆𝑂 2 ]
Equation 5-10 The ratio between S(VI) and S(IV) has a decreasing trend with temperature from -4 to 0 ºC, although very few points were available for this temperature range. After 0ºC it keeps stable regardless of the temperature. This was unexpected, considering that SO4 2-levels are at their highest during summer and the seasonal NWR plot for the sulfate-rich factor extracted in the PMF (See Chapter 4, Annex 4.3) had high concentrations on a local area, hinting at the partial local production of particulate SO4 2-. However, as both SO2 and SO4 2-covariate in the same manner (See Figure 5-11f and Figure 5-12c), then it explains why the ratio is stable. Moreover, as the main oxidation mechanisms of particulate sulfur occur in aqueous phase and depends on other variables such as the presence of Fe or Mn (Martin, 1984), apparently temperature does not have a significative effect on the oxidation of SO2 into SO4 2-.

Overall, the speciation of the Nox and Nred for the summer season does follow the expected patterns for all species. NO2 oxidation into HNO3 is the limiting factor controlling the formation of NO3 -which occurs mainly at noon and in the afternoon. During the intensive periods, it was observed additional nighttime production of HNO3 on July 1 only. During July 2 the low levels of NO2, coupled with an abnormal decrease of N (+V) species coinciding with high levels of MVK and MACR indicate the possibility that these species could interfere with the oxidation and partitioning of NO2 and/or partitioning of HNO3 to particulate NO3 -. The sulfur species oxidation does not seem to be affected by temperature from 0º onwards.

Conclusions

The results of the intensive campaign conducted during three periods with differentiated conditions between June and July 2018 resulted in a satisfactory recovery (>90%) of valid data collected using a combination of hourly online measurements (MARGA, OCEC, and TEOM gas analyzers) and 3 h-time resolution OVOCs measurements using DNPH cartridges. The main conclusions of the chapter are:

-The evolution of the atmospheric conditions during the periods showed increasing temperatures, isoprene and O3 concentrations, and a decrease of the wind speeds and shortening of the back trajectories.

-The levels of PM2.5 had an increasing trend from June 1 to July 1 (+4.5 µg m -3 ) and from July 1 to July 2 (+5.6 µg m -3 ). The mean chemical composition of the periods was dominated by OM (>40% of PM2.5 mass) and SIA, which accounted between 20 and 40% of the PM2.5 mass. The predominant SIA was SO4 2-, with maximum concentrations during July 2 (3.2 µg m -3 ). The unspeciated mass remained below 13% except for June 1, as an intense rain event at the beginning of the period significantly decreased the PM2.5 levels and probably increased the amount of adsorbed water -Isoprene emissions were moderately correlated with temperature (R 2 =0.45) at our site, with a summer daily profile showing increasing concentrations from 10:00 until 18:00, reaching a maximum. Afterwards the concentrations decrease rapidly to base levels during nighttime. During the intensive campaign, isoprene concentrations remained low until July 1, when the mean temperature exceeded 25 ºC and isoprene concentrations surpassed 0.5 ppb during the afternoon of 15/07 and the morning of 16/07. Isoprene first degradations products, MVK and MACR, also appeared during the morning of July 1, indicating the partial processing of the isoprene emitted during this period. During July 2, the background levels of isoprene were moderately high, and at 18:00, a spike of 4 ppb was observed. No degradation products were observed until 6-9 hours later, when peaks of MVK and MACR were measured from midnight to 03:00.

-The statistical annual concentration trends of species concentrations against temperature of the main precursors and PM2.5 chemical species allow determining if the mean levels of each intensive period were representative of the temperature range, with 18.5, 23.6 and 29.2 ºC for June 1, July 1 and July 2, respectively. Most of the inorganic precursor gases and PM2.5 major species were representative of the temperature conditions of each period. The only species out of the mean concentration range ± standard deviation was HNO3, especially during July 1, while during July 2 it was underestimated.

-The OC/EC ratio was used as a proxy to better understand the behavior of OC with temperature. The annual statistical trend suggests a significant increase on the OC/EC ratio over 27 ºC, suggesting a higher contribution of SOA to the total OC. During summer, the mean OC/EC ratio for our site was 9.2 ± 5.1, representative of biomass burning and secondary OC production. This ratio increased along the period, with the highest mean value occurring during July 2 (max OC/EC = 20.1 ± 8.6). Based on a published method to estimate the speciation of OC, an approximate level of OCbackground was calculated. The difference between the total OC and this OCbackground represented the additional sources of OC during high temperature conditions. This ∆OC increased during the intensive periods, from June 1 representing 7% of OC to 55% during July 2. A moderate correlation was found between ∆OC and isoprene (R 2 = 0.41), while a better one good (R 2 = 0.66) was observed between ∆OC and (MVK + MACR), hinting a possible influence of isoprene degradation products on ∆OC like SOA production. This is further supported from the acidic point of view, as the aerosol pH decreased as temperature increased, with the most acidic aerosols occurring during July 2.

-The speciation of Nox during summer was mostly dominated by NO2 and particulate NO3 -. The oxidation of NO2 into HNO3 was likely to occur as expected during daytime, when photochemistry was maximum, and the partitioning into NO3 -occurred during nighttime. Abnormal levels of nighttime HNO3 during July 1 were observed, suggesting additional sources of nitric acid. The oxidation ratio between N(+V)/N(+IV) further supports this assumption as it was slightly underestimated compared to the annual trend of this ratio with temperature. It may be assumed that interactions with isoprene oxidation products prevented NO2 oxidation into HNO3 or consumed either NO2 or HNO3 species to eventually form organonitrate products (not analyzed in this study).

Conclusions and perspectives

This thesis work was performed in order to determine some of the main drivers of the secondary inorganic aerosol pollutants in the North of France and to try to predict how these pollutants may evolve in a global warming context. To attain these objectives, a 1-year field campaign was carried out between March 2018 and February 2019 at the rural village of Caillouël-Crépigny, located in the HdF region using hourly time resolution instrumentation. MARGA and OCEC analyzers were the main monitoring instruments. During summer, an intensive campaign was performed to observe the behavior of SIA under positive gradients of temperature and isoprene.

Prior to the campaign, a detailed methodological study was performed on the MARGA in order to precise its LODs, improve its performance, assess its main sources of uncertainty and refine the uncertainty calculation.

For most species, the main sources of uncertainty were the LOD and the repeatability. LOD term dominates the uncertainty budget in the lower concentration levels, while repeatability is more relevant when the concentration levels increase.

The analysis of the 1-year field campaign dataset was focused on the temporal variability of the precursor gases and PM2.5 speciation. The combination of this dataset and the use of ISORROPIA II allowed to determine whether NH4NO3 was at equilibrium with its precursors and to estimate the pH of aerosols at our site. In addition, the spatial variation of PM2.5 levels and chemical speciation was assessed by comparing our rural site to the hourly dataset of Roig (2018) from the suburban site of Douai and the weekly 24-h dataset from the remote site of Revin (EMEP station). The PM2.5 mass was dominated by NO3 -, SO4 2-, NH4 + , OM and EC, accounting for 27%, 14%, 10%, 32% and 4% of PM2.5 annual mass respectively, therefore making the SIA the major fraction of the PM2.5 mass (51%). The highest SIA levels were observed at the end of winter and during the spring seasons, when the emissions of NOx from household heating systems and NH3 from agricultural fertilization, coupled with low temperatures and high RH, favored the formation of NH4NO3, in agreement with previous studies conducted in Northwestern Europe. NH4NO3 was the predominant SIA for the whole year except in summer, when the dry and high temperatures induced the volatilization of NH4NO3 back into HNO3 and NH3 and enhanced (NH4)2SO4, production, making both salts equally important (24%).

The thermodynamic model ISORROPIA II allowed to confirm that most of the time, the NH4NO3 aerosols were in equilibrium with NH3 in a deliquescent or metastable state, except for temperatures above 30 ºC, suggesting that at higher temperatures, the aerosol must be in a solid state. On the contrary, most of HNO3 observations were lower than the equilibrium values calculated by the model. This discrepancy was attributed, on one hand, to the low HNO3 concentrations, difficult to sample and measure accurately by the MARGA. On the other hand, the ISORROPIA II calculations only took into account the thermodynamic equilibria of HNO3 with the main inorganic PM2.5 components, neglecting its possible sinks through the interactions with coarse particles, OM or VOCs. Nonetheless, these results suggest that the formation of NH4NO3 is limited by HNO3 availability. Therefore reducing further the emissions of NOx seems an efficient way to decrease the levels of atmospheric ammonium nitrate.

The pH of the aerosol was calculated based either on the LWC and the H + concentration modelled by ISORROPIA II, or based on the H + concentration from the equilibrium constant of NH3/NH4 + and the modelled LWC. Both methods agreed in the acidic nature of the aerosols with a pH range between 2.25 and 3.7, respectively. Summer season presented the most acidic aerosols, most likely due to the enhanced emission and/or production of acidic species (HNO3/SO2 and SO4 2- ) correlating well with pH values (R 2 of 0.69, 0.78 and 0.75 respectively). OM was the sole major contributor to PM2.5, having its maximum contributions during winter and summer. Given the high number of data points (n= >1000 per season), the FOC-OM was determined by means of a statistical method based on the correlation between OC and the unspeciated mass of PM2.5, as published in [START_REF] Bressi | A one-year comprehensive chemical characterisation of fine aerosol (PM2.5) at urban, suburban and rural background sites in the region of Paris (France)[END_REF]. An annual FOC-OM of 1.8 was found, while seasonal FOC-OM of 1.3, 1.96, 1.51 and 1.85 were calculated respectively for spring, summer, fall and winter seasons. The higher FOC-OM for winter and summer were explained respectively by the enhancement of primary emissions of anthropogenic VOCs from biomass burning and by the photochemical oxidation of biogenic VOCs. As this method relies on the unspeciated mass, the low value of FOC-OM in spring might be explained by the very high concentrations of SIA which are known for being very hygroscopic, increasing the LWC of the aerosol and in consequence, the unspeciated mass. In fact, SIA correlated moderately well with LWC modelled by ISORROPIA II during spring (R 2 =0.41).

The spatial variation of the PM2.5 mass concentration levels displayed an increasing gradient from remote-to-rural (+56%) and from rural-to-suburban (+13%) of compared typologies, showing the importance of local anthropogenic sources present in the rural and suburban sites. Despite of their different population density, the rural and suburban sites showed a small gap between their annual PM2.5 mass concentrations, suggesting that the PM2.5 exposure of people living in both types of places could be almost similar. These increases of PM2.5 mass concentrations were mostly due to SIA, NO3 -being the major species in both cases.

The comparison of the seasonal PM2.5 composition between the rural and remote sites showed that the levels of most species were higher at the rural site due to higher agricultural and anthropogenic sources (biomass burning, traffic) except for OC in summer, pointing to the enhanced sources of primary and secondary OC at the remote site.

A more detailed comparison of annual diurnal profiles between the rural and the suburban datasets was possible thanks to the use of a similar instrumentation with hourly time resolution in both campaigns. Despite of the differences in the NOx/NH3 regimes, the diurnal profiles of the PM2.5 species were very similar, with SIA species behaving similarly at both sites. The annual proportion of NO3-SO4-NH4 were 55-25-20 % and 50-30-20 % for the suburban and rural sites respectively. However, the warmer, dryer and sunnier conditions during the rural campaign favored the predominance of sulfate aerosols during summer. Surprisingly, the suburban BC levels and daily profile were almost identical to the rural EC ones, even if their sources were most likely different, with suburban BC coming mainly from mostly from traffic sources, and rural EC from biomass burning. Contrary to particulate species, clear differences were observed for SIA precursor gases, as SO2 and NOx levels were higher in the suburban site, reflecting the local industrial and traffic sources, while NH3 and O3 were higher at the rural site due to agricultural sources and the increased BVOCs-related photochemical activity.

The source apportionment analysis was performed using EPA PMF v5.0 software using ≥5000 MARGA and OCEC hourly observations. An optimal number of 4 stable factors were extracted, explaining well the PM2.5 mass observations (R 2 =0.85), which had meaningful chemical profiles and were comparable to other Northwestern European studies: combustion (40.2% of PM2.5 mass), nitrate-rich (26.8%), sulfate-rich (18%) and aged marine (15.0%). The sum of both secondary inorganic-related factors explains 44.8 % of the PM2.5 mass and drives overall the PM2.5 mass along with the combustion factor. This latter is mostly related to biomass burning sources coming from household heating systems and agricultural waste burning, based on the OC/EC ratio of 5.4. The hourly dataset allowed to observe the daily and seasonal processes of these factors, such as the nighttime formation of NH4NO3 and the enhancement of the photochemical production of sulfate aerosols at noon during summer. The different combustion processes occurring at different time periods, such as the agricultural waste burning in July, the daily peaks in the morning (traffic) and afternoon (household heating systems), especially during wintertime were also noticed.

The combination of the PMF, NWR and PSCF analyses allowed to determine the geographical origin of the source factors. The nitrate-rich factor was dominant throughout the year, with Belgium and Netherlands as its main origin. On the contrary, the sulfate-rich factor source did not seem to have a spatial trend in Northwestern Europe but shares the transported nature of the nitrate-rich factor and most of the high pollution episodes also came from Benelux. The combustion factor was confirmed to be mostly local, although the occurrence of an extreme cold period during spring triggered high concentration levels of combustion tracers transported to our site mostly from Central Europe.

Finally, the PSCF analysis on the aged marine factor determined that the most probable origins for its highest concentrations were the North Sea and the Atlantic Ocean. However, the aged marine factor mass was controlled by NO3 -, SO4 2-and OC, with only 6 % attributed to marine tracers (Cl - , Na + and Mg +2 ), making uncertain the NWR analysis. A possible origin for the SO4 2-might be the biogenic sources occurring during the warm seasons, related to algal blooms, while the NO3 -and the OC might be related to the aging of the air masses passing over polluted areas before arriving to our site.

The main BVOC at Caillouël-Crépigny was isoprene, which was mainly emitted from the nearby forests. Isoprene concentrations had a moderate correlation with temperature, and higher concentrations were observed when the mean temperature was over 25ºC, reaching the maximum under a heatwave and high O3 conditions. Isoprene first degradation products, MVK and MACR, were observed in July, indicating the likely oxidation of isoprene by OH radicals. The MVK/MACR ratio was equal to 2.2, characteristic of fresh isoprene degradation. The PM2.5 mass concentrations increased with temperature and O3, OM, SO4 2-and NH4 + being the main drivers of the mass increase, pointing to temperature-dependent OC sources and (NH4)2SO4 formation enhancement.

The annual OC/EC ratio at Caillouël-Crépigny was 8 ± 7.8. By using a simple two-component approach based on the 50 th percentile of the summer OC/EC ratio, it was possible to estimate the background summer OC and the amount of additional OC (∆OC) related to temperature-dependent sources Moderate correlations were found between ∆OC and isoprene (R 2 =0.41), and ∆OC and (MVK+MACR) (R 2 =0.66), suggesting that a part of ∆OC could be related to SOA production from isoprene degradation, favored by the increased acidity of aerosols in summer.

The statistical trend with temperature of the N(+V) /N(+IV) ratio shows an increase, consistent with the decrease of the main NO2 sources and increase of the HNO3 production (either by OH oxidation of NO2 or by particle-to-gas partitioning) in summer. However, low levels of HNO3 were measured during the heatwave period, possibly explained by interactions with isoprene oxidation products that prevented NO2 oxidation into HNO3 or the consumption of these species to eventually form organonitrate products (not analyzed in this study). The statistical trend of the S(+VI) / S(+IV) does not show any variation regardless of the temperature level, suggesting that the oxidative process at our site is not controlled by this variable.

Based on these thesis conclusions, the perspectives for the improvement of future studies can be organized into (i) solving technical issues and (ii) further deepening scientific questions, as presented below:

From a technical point of view, concerning the MARGA:

The use of a preconcentration column for cations IC analysis is recommended, in order to improve the amount of data over LOD, the chromatographic resolution and integration of their peaks and reduce the uncertainty associated to their measurement. This would allow to better define their temporal variability and increase their usefulness as tracers of crustal (Ca 2+ ), marine (Na + , Mg 2+ ) and biomass burning (K + ) sources in the PMF analysis.

-A new type of anion chromatographic column or new eluent conditions could be sought for and tested, in order to better analyze the species with the lowest (Cl -) and highest (C2O4 2-) retention times and extend, if possible, the anionic source tracers. For example, it would be interesting for site locations near marine sources to analyze MSA, to better distinguish the marine biogenic SO4 2- [START_REF] Chen | Latitudinal distributions of atmospheric MSA and MSA/nss-SO4 2ratios in summer over the high latitude regions of the Southern and Northern Hemispheres[END_REF]. MARGA can measure MSA (if added into the analysis program), However improvement on its detection must be done, either by shortening its retention time or extending the analysis time over 15 min to fully integrate its peak, regardless of the column age.

-The accuracy of the determination of HNO3 and HONO by the MARGA could be controlled by comparison with external instruments such as CIMS, since it is yet poorly documented.

Concerning the scientific questions to deepen and the improvement of the strategy for future campaigns on PM2.5 and SIA in rural sites:

-The origin of atmospheric nitrogen species has been studied in this thesis from the point of view of atmospheric sciences only, without considering thoroughly the biosphere-atmosphere interactions, in particular the determination of the fluxes from soil and vegetation and their main determinants. Which is the relative contribution of ecosystems (soil and plants) to atmospheric nitrogen levels compared to the anthropogenic one in a rural village? -A particular attention has been given to sources of inorganic precursor gases and formation processes of SIA but little to sinks (such as nitric acid interaction with coarse dust) and deposition processes or the influence of the changing climatic conditions on these sinks, particularly precipitations. What will be the effect of the expected increase in intensity and frequency of rainfall on SIA? -The speciation of OM in only two fractions (OC and EC) could be improved by using other online instruments such as a multi-wavelengths aethalometer, to better discriminate between possible anthropogenic primary sources or AMS/ACSM instruments. These latter would be useful, if used in parallel to the instruments of this thesis with the same cut-off sizes, to confirm the seasonal conversion factors of OC to OM. Also, the evolution of BTEX, particularly the use of the ratio of benzene to toluene, would add useful information.

-The analysis of primary biogenic OC tracers such as sugars (arabitol, mannitol, and sorbitol) for biogenic primary sources, even off-line, would help to discriminate the OC coming from BVOC-related SOA and biogenic POA. Some of the corresponding questions are: Which are the determinants of the variation of the OC-to-OM conversion factor? How does OM speciation divide between primary biogenic/anthropogenic and secondary biogenic/anthropogenic? -Thanks to the measurements of O3 as an indicator of photochemistry, the influence of the daytime atmospheric oxidation on SIA has been studied. However, the measurement of the nitrate radical or N2O5 would be necessary to determine its impact on the nighttime formation of nitric acid and to better understand whether the NH4NO3 formation comes from condensation processes or oxidative processes. The corresponding question is: What is the origin of the nocturnal increase of NH4NO3: chemistry or thermodynamics? -Concerning the PMF analysis, additional source factors could appear if PMF was performed on datasets per season instead of the 1-year database, as it is suggested by the improved S/N of Ca 2+ during summer. Moreover, although the use in PMF of both gas and aerosol observations implies complications due to their different reactivity state, deposition and transport velocities, some publications managed to extract source factors from this type of datasets. Finding a method to limit the impact of the gas concentrations on the total PM2.5 mass variable and choosing meaningful variables may allow to profit from the high number of observations from the precursor organic and inorganic gases. Also, in rural places, an online determination of crustal elements, such as Si, Al or Fe, for instance using an online XRF analyzer, could help to distinguish and quantify the impact of soil dust on PM2.5. 

Energy use in industry

Energy production Total primary energy production (Eurostat, 2019b) and total gross electricity production (Eurostat, 2019c)

The production of primary energy is the extraction of energy products, in any useable form, from natural sources, and the total gross electricity generation covers gross electricity generation in all types of power plants.

Agriculture

In terms of gross value added (GVA) in euros GVA is a measure of the value of goods and services produced by the sector.

Waste sector

Total mass of waste generated in tonnes Both hazardous and non-hazardous waste from all classified economic activities plus households. 

Annex 1.2 Additional information about aerosol properties.

Table A1-2 gives a short resume on principal aerosol properties and sources. 

A2.2.3 Volatile organic compounds

The sampling and analysis of the VOCs was done using a TurboMatrix Thermal Desorption (TD) unit coupled to a Clarus 580 Gas Chromatographic (GC) (Perkin Elmer) system with a flame ionization detector (FID). The TD allows to preconcentrate the target VOCs via an adsorbent trap cooled down at 10°C by a Peltier system.

Choice of the sampling volume for the preconcentration step.

A sampling volume of 600 mL corresponding to 60 min of sampling with a sampling rate of 10 mL min -1 was chosen for the preconcentration phase, after testing a range of volume samplings was tested. 

Main operational parameters of the TD-GC-FID

After the sampling phase, the trap is heated quickly (40°C s -1 ) up to 350 °C to thermally desorb the analytes into the chromatographic system for the separation and analysis phases. A2-1 and Table A2-2, respectively. The LOD and the uncertainties of the measurements were taken from the study of [START_REF] Salameh | Sources d'émission du carbone organique gazeux à Beyrouth[END_REF], where the same instrument was used to measure more than 70 VOCs at Beirut. Overall, the LODs were determined to be between 20-30 ppt. As for the uncertainties, they were determined to be between 5 -35 %, depending on the season (there were differences between winter and summer) and the VOC.

A2.2.4 Aldehydes and ketones (OVOCs)

The sampling of OVOCs during the intensive campaign was carried out using 2,4-DNPH The extraction of the OVOCs from the cartridges was done by manually injecting 3 ml in a "drop by drop" manner of acetonitrile (ACN) 99,95 % (Bisolve Chimie) per cartridge. The resulting extract was stored in a 5 ml glass vial in the fridge until analysis. The analysis was done by filtering 1 ml of extract through a PTFE filter 0. Considering particles of density equal to 1000 kg m -3 with aerodynamic diameters of respectively 10 and 2.5 µm, and neglecting the movements of air, the ratio between the terminal settling velocity of a 10-µm particle to the terminal settling velocity of a 2.5-µm particle is about 15, as seen in Table A2-7 As for the wind speed, the seasonal profiles show their highest speeds at the same time as the T peak, due to temperature being its main driver [START_REF] Halblaub | Daily Wind Changes in the Lower Levels of the Atmosphere[END_REF]. This is also consistent with the variation of the PBL, as during the afternoon the vertical mixing is maximized due to the convection of the hot air masses.

Correction of wind speed variable by comparison with Chauny Meteo France station

To determine whether the hourly wind speed measured locally at Caillouël-Crépigny and the hourly wind speed measured 5 km away at Chauny were comparable, an annual regression between them was plotted for their common period, from summer to winter 2018 (Figure A3-2). Values ≥ 0.5 m s -1 were discarded from the regression, as they were considered inaccurate (no wind situation). The parameters of the linear regression indicate that both sites were correlated (R 2 =0.58)
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Wind speed -0,17 0,01 0,17 0,00 -0,07 0,13 -0,08 -0,14 0,07 0,03 -0,20 -0,12 -0,17 -0,20 0,26 -0,15 0,08 -0,06 1 Combustion 0,60 -0,08 -0,07 0,17 0,00 -0,20 0,15 0,21 0,02 -0,03 0,95 0,88 0,41 0,50 -0,33 0,53 -0,02 -0,35 -0,19 1 Marine -0,13 0,21 0,15 0,09 0,43 0,10 0,04 -0,03 0,08 0,23 0,00 -0,04 -0,08 -0,05 0,34 0,06 -0,07 0,27 0,13 -0,09 1, SO4-rich 0,07 0,15 -0,03 0,57 0,97 -0,15 0,79 0,15 -0,05 0,02 0,17 0,15 0,08 0,15 0,01 0,59 -0,02 0,17 -0,12 0,02 0,19 1, NO3-rich 0,27 0,12 -0,03 0,99 0,49 -0,19 0,94 0,13 -0,05 -0,06 0,30 0,34 0,10 0,35 -0,22 0,81 -0,02 -0,17 -0,02 0,17 -0,01 0,55 1 O3 and NH3 are present in all wind directions, regardless of the wind speeds pointing to their ubiquitous sources. The sampling site is surrounded by agricultural fields which emit NH3 when the ambient T rises (See Section 3.6.1), therefore signals appear regardless of the wind direction. In the seasonal plots it is seen that spring, summer and autumn (autumn with lower concentrations) display the same pattern seen in the annual plot, while during in there is a strong local NE signal, which is possibly caused by the birdhouse located on that direction a few meters away from the sampling site. Something similar occurs with O3, which is produced as a side product of the photochemical reactions involving NOx and VOCs. When looking at the seasonal NWR plots, O3 is produced at high concentration on a regional scale regardless of the wind direction, although in autumn and winter it can be appreciated lower concentrations due to the lack of photochemistry compared to the warm seasons.
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Finances

  effort aims at studying the concomitant evolution of the environment and climate in the HdF region, to observe and analyze consequences of these changes on air quality, biodiversity, health and society. The central objective of the project is the development and application of countermeasures by acting on the sources of the problem to mitigate its effects and to use predictive tools to assist decision-makers.

Factor

  analysis and a Positive Matrix Factorization (PMF) model on the hourly database from the 1-year campaign. The geographical origin of the determined sources in the PMF is searched for by Non-Parametric Wind (NWR) regression for local sources and Potential Source Contribution Function (PSCF) analysis for regional ones. The chapter concludes with a comparison of the different PM2.5 source apportionment studies in Northwestern Europe from the literature in the last years.
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 11 Figure 1-1. General scheme on the life cycle of aerosols and their main impacts.

  and PM0.1 (da ≤ 0.1 µm) or "ultrafine" particles which can potentially translocate from the lung alveoli to the blood capillaries (Brunekreef & Holgate, 2002; Kelly & Fussell, 2012). The division of coarse and fine particles is fundamental, as their primary sources, transport, atmospheric removal processes, chemical composition and physicochemical processes in the atmosphere are different. The size distribution of aerosols generally presents three main modes: nucleation & Aitken, accumulation and coarse (Figure 1-2).
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 12 Figure 1-2. Representation of aerosol size distribution and main processes of the aerosol life cycle (Buseck and Adachi, 2008).
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 13 Figure 1-3. Nucleation from H2SO4, NH3, organic molecules and other ions (Pierce, 2011).
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 14 Figure 1-4. Typical lifetime of tropospheric aerosols according to Jaenicke (1993).
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 151122 Figure 1-5. Penetration in the respiratory tract of each size range of PM (Guarnieri et al., 2014).
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 16 Figure 1-6. Estimated contribution of all aerosols to radiative budget (red rectangle) (left. IPCC, 2013a) and by aerosol species to the radiative balance (right, IPCC 2013b).
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 13 Particulate pollution in Northwest Europe 1.1.3.1. Legal framework European countries have their air quality legislation based on the European Directive 2008/50/EC on ambient air quality and cleaner air for Europe and its four daughter directives 1999/30/EC, 2000/69/EC, 2002/3/EC, 2004/107/EC, regulating ambient air concentrations of SO2, NOx, PM10 PM2.5, Pb, benzene (C6H6), carbon monoxide (CO), O3, As, Cd, Hg, Ni and polycyclic aromatic hydrocarbons (PAH). The directive 2008/50/CE has been transposed to French legislation by the publication of the "Décret n o 2010-1250 du 21 octobre 2010 relatif à la qualité de l'air." The annual limit values for PM2.5 was 25 µg m -3 since 2015, while in a second stage the limit value has to decrease to 20 µg m -3 by 2020. The Directive 2008/50/EC sets an objective of reduction of the exposure of the population to fine particles, based on the average exposure indicator (AEI) for PM2.5. The AEI is determined as a 3-year running annual mean PM2.5 concentration averaged over selected monitoring stations, representative of the background urban pollution all over the territory of a Member State. The limit AEI to be respected in 2015 all over the EU was set to 20 µg m -3 averaged on 2013 -2015. Recently, the French Ministry of Health published the "Arrêté du 7 décembre 2016", that fixes an objective IEM for 2030 of 10 µg m -3 in accordance with the guideline values of the World Health Organization (WHO) for Europe. This ministerial order also sets an intermediate objective value of 11.2 µg m -3 for 2025. In this Directive is specified that "detailed measurements of fine particulate matter at rural background locations should be made to understand better the impacts of this pollutant, to develop appropriate policies, to provide information on the total mass concentration and the chemical speciation concentrations of PM2.5 on an annual average basis" (Article 6, section 5). Such measurements should be consistent with those of the cooperative program for monitoring and evaluation of the long-range transmission of air pollutants in Europe (EMEP) set up under the 1979 Convention on Long-range Transboundary Air Pollution. It also contemplates the subtraction of significant natural aerosols sources (Sahara dust on southern European countries) from the total mass accounted if they are clearly quantified.

  perceived as the second biggest environmental concern after climate change for European population (European Commission, 2017). More specifically, the Benelux and the North of France areas have been recognized as a hotspot for inorganic precursor gases and PM, due to very high population densities (Figure A1-7), a high number of industries and power plants emitting high levels of NO2 (Figure A1-4, Figure A1-5), and intensive agricultural practices maintaining consistent high NH3 levels (Figure A1-6), promoting the occurrence of several pollution episodes during winter and spring seasons, with annual mean values ranging from 10-20 µg m -3 , in between of the recommended value of 10 µg m -3 by the WHO and the 20 µg m -3 limit value established for 2020 by the Directive 2008/50/EC (Figure 1-7).
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 17 Figure 1-7. Observed concentrations of PM2.5 in 2017 (EEA, 2019a) (The red ellipse highlights the continental Northwestern part of Europe)

Figure 1 - 8 .

 18 Figure 1-8. Relationship between the average PM2.5 concentrations observed during the APHEKOM project (left) and the expected gain of lifespan related if the PM2.5 concentrations at the studied cities were decreased to 10 µg m -3 (Medina, 2012). (Inside the green rectangles are enclosed the participant French cities)
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 19110 Figure 1-9. Chemical composition of PM2.5 (bottom) in urban, rural and near urban sites in Northwestern Europe (Modified from Putaud et al., (2010) (The color of the background determines the type of site: green (rural), yellow (near city), red (urban))

  . The study of Drugé et al. (2019) based on aerosol optical depth simulated by the ALADIN-climate model did also observed a decreasing trend of NO3 and NH4 aerosols from north-to-south, being predominant in the Benelux and Po Valley regions in contrast to their lower importance on the Mediterranean Sea and Africa. More evidence was reported by recent studies which used high time resolution instrumentation proving the importance of SIA in the Northwestern Europe. Roig et al. (2018) conducted a 1-year campaign of hourly observations at the suburban site of Douai using a MARGA, finding average contributions to PM2.5 of 28%, 13% and 10% for NO3 -, SO4 2-and NH4 + , respectively. Similar results were found by Crenn et al. (2017), who conducted 1-month intensive campaigns at the urban site of Douai and industrialized coastal site of Grand-Synthe in summer and winter, measuring PM2.5 and PM1 using a High Resolution-Time-of-Flight-Aerosol Mass Spectrometer (HR-ToF-AMS).

from the 5

 5 February to 16 March 2016, nonrefractory submicron (NR-PM1) organic aerosols were investigated, finding moderate concentrations of NR-PM1 (11.1 ± 9.3 µg m -3 ) dominated by inorganic ions (62%), with NO3 being the major inorganic species (35.9%), followed by NH4 (15.9%) and SO4 (8.8%). These results also reflect the change in the chemical composition of the aerosols due to the vast reductions in SO2 emissions in the last years (Figure A1-3c), as NO3 -aerosols gained importance over SO4 2-(Monks et al., 2009; Petit et al., 2017a; Drugé et al., 2019).
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 15111 Figure 1-11. Main sources of the inorganic gas precursors and primary PM2.5 in Northwestern Europe in 2017. (EEA, 2019b).

  metals and metalloids, either during the production itself, or during the manipulation and transport of the raw materials employed (Sánchez de la Campa et al., 2010; Csavina et al., 2011). The production of energy from fossil fuels, especially coal-based ones, release high amounts of SO2 (Figure 1-11b), NOx, carbonates, chlorides and mercury-containing fine particles (Shindell & Faluvegui, 2010). Nonetheless, there has been a reduction of 75% on SO2 emissions in the 2000-2017 period due to the reduction of fossil fuels used in power generation plants (EMEP, 2019).
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 112 Figure 1-12. The two main pathways of atmospheric oxidation of SO2 in the gas and aqueous phases (in-cloud droplets or on aerosols) (NARSTO, 2004).
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 113 Figure 1-13. Concentrations of aqueous S(IV) species and total S(IV) as a function of solution pH for a SO2 mixing ratio of 1 ppb at 298 K (Seinfeld and Pandis, 2006).

  -14). Hydrogen peroxide is the dominant mechanism when pH < 5. If pH rises over 5, ozone mechanism dominates the S (IV) oxidation, with coexistence of O2 Fe/Mn-catalyzed mechanism. At low pH, most of the oxidation mechanisms get inhibited due to lower solubility of SO2 with increasing acidity(Seinfeld and Pandis, 2006).
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 114 Figure 1-14. Comparison of the rates of aqueous-phase main SO2 oxidation paths at 298 K depending on pH (Seinfeld and Pandis, 2006).
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  ) + 𝐻 + (𝑎𝑞) ↔ 𝐻𝑁𝑂 2 (𝑎𝑞) ↔ 𝐻𝑂𝑁𝑂 (𝑔) Reaction 1-28
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 115 Figure 1-15. Relation between atmospheric HONO with soil nitrite (NO2 -) (Su et al., 2011). Red arrows represent the acid-base reactions and phase partitioning, green arrows represent biological processes, orange arrows represent heterogeneous chemical reactions, and blue arrows represent other related physicochemical processes in the N cycle
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 1 Figure 1-16. (Left) NH4NO3 concentration as a function of temperature for a system containing 7 µg m -3 of total reduced nitrogen (NH3 + NH4 + ) and (right) Calculated aerosol NH4 + and NO3 - concentrations as functions of RH at T=300 °K and [TotalNH4] = 5 µg m -3 , [TNO3] = 10 µg m -3 (Seinfeld and Pandis, 2006).
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 24 Hygroscopicity of SIA Under increasing ambient RH, aerosols made of solid inorganic salts like SIA may take up some amount of water until reaching the DRH, where they spontaneously absorb a high amount of water producing a deliquescent aerosol, i.e. a saturated liquid droplet (Figure 1-17).
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 117 Figure 1-17. Deliquescence behavior of NH4NO3 observed by environmental scanning electron microscopy (modified from Bai et al., 2018).
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 118 Figure 1-18. Theoretical change of aerosol growth factor with RH (modified from Tang et al., 2019).

  BVOC temperature dependence is clearly seen in the increase of emissions during spring and summer seasons at mid-latitudes. Waked et al. (2016) reported increasing concentrations of isoprene from April until June at 6 French sites (3 urban, 3 rural) during different periods in between 1997-2013. Maximum concentrations occur from June to August, coinciding with the hottest months (Figure 1-19).
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 119 Figure 1-19. Isoprene monthly profile at different sites in France (Waked et al., 2016).

  et al., 2009; Oderbolz et al., 2013). In the study of Solmon et al. (2004), the potential emissions of isoprene and monoterpene areas were highlighted (Figure 1-20).
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 120 Figure 1-20. BVOC potential emitting areas for isoprene (top) and monoterpenes (bottom) in France (Solomon et al., 2004). (The black dot corresponds to Paris)
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 121 Figure 1-21. Influence of NOx on isoprene chemistry path (Lin et al., 2013).
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 122 Figure 1-22. Secondary aerosol formation in photooxidation of toluene/NOx in the presence or absence of NH3 and/or SO2 (Chu et al., 2016). T: toluene, N: NOx, S: SO2, A: Ammonia; ATN2 is a repetition of the ATN.

  Amarnath et al. (1991); Na et al. (2006, 2007) ; Lin et al. (2013)

  and aerosols it is common to find in the bibliography IC-based analyzers such as Particle-Into-Liquid Sampler (PILS) (Weber et al., 2001), the Gas and Aerosol Collector (GAC-IC) (Dong et al., 2012), the Ambient Ion Monitor-Ion Chromatograph (AIM-IC) (Wu and Wang 2007; Markovic et al., 2012), the Monitor for AeRosols and GAses and ambient air (MARGA) (ten Brink et al.,

  scheme uses about 140 reactions between 70 species. The MARS equilibrium model[START_REF] Binkowski | The Regional Particulate Matter Model: 1. Model description and preliminary results[END_REF] is used to calculate the partitioning of inorganic species (HNO3/NO3 -and NH3/NH4 + ) between the gas and aerosol phases as a function of RH and temperature. Ammonium nitrate was assumed to be all associated with PM2.5.
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 123 Figure 1-23. Daily profiles of HNO3, NO3 -, NH3 and NH4 + observed and modelled, based on the studies of Schaap et al (2011) and Aas et al. (2012).
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 124133 Figure 1-24. Measured and modelled monthly concentrations for NO3 -(a), NH4 + (b), SO4 2-, HNO3 (d) and NH3 (e) (Schaap et al., 2011)
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 125 Figure 1-25. Predicted changes for PM10 and PM2.5 based on a +2ºC climate change scenarios for 2050 (Lacressonniere et al., 2017)
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 1 Figure 1-26. PM2.5 concentrations on a base case (a) and "no BVOC" emission situation (b (Karambelas, 2013).
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 127 Figure 1-27. Plots of base case sulfate concentrations (a), nitrate concentrations (b), and no biogenic case minus base case percent differences for sulfate concentration (c) and nitrate concentration (d) averaged over July 2007 (Karambelas, 2013).
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 128 Figure 1-28. Changes in particulate nitrate pNO3 (a) and particulate sulfate pSO4 (b) concentrations when BVOC emissions are doubled on June 2006 (Aksoyoglu et al., 2016).
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 1 Figure 1-29 shows the daily OH reactivity depending on the different scenarios. In the
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 129 Figure 1-29. Simulated rate of OH consumption(a), HNO3 production during daytime conditions (b), HNO3 production during nighttime (c), and nitrate radical concentration (d), for normal (in black), doubled BVOC (in red) and doubled BVOC without NO3 chemistry (in blue) scenarios (Aksoyoglu et al., 2016).
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 130 Figure 1-30. Diagram of the different receptor models sorted by the amount of information required for estimating the source contributions (Viana et al., 2008).

  use of PMF in conjunction with geographical origin analysis tools based on receptor methodologies, such as Non-parametric Wind Regression (NWR) or Potential Source Contribution Field (PSCF) is especially interesting to have a more precise view on the origin of these sources(Petit et al., 2017b). The NWR couples concentration data with co-located measurements of wind direction and speed to highlight the local origins of the pollutants, allowing to focus on more specific sources(Henry et al., 2009). On the contrary the PSCF is based on trajectory analysis and aims to search the potential transport of pollution plumes over large geographical scales by coupling concentration data with back trajectories and residence time information (given by the meteorological data coupled to the trajectory files) to identify geographical air parcels that have high possibilities of being responsible for the high concentrations observed at the receptor site(Polissar et al., 2001;[START_REF] Fleming | Review: Untangling the influence of air-mass history in interpreting observed atmospheric composition[END_REF].

  5 based on long time series of measurements, with most of them conducted on PM10 (Waked et al., 2014; Maenhaut et al., 2016, Oliveira, 2017) or during short periods of time (Ledoux et al., 2017). The most important studies conducted on PM2.5 were Mooibroek et al. (2011), Bressi et al. (2014), and Roig (2018), all of them for periods of 1-year. However, only Roig (2018) had online measurements, while the others were performed by having daily filter samplings. Mooibroek et al. (2011) performed a PMF analysis using data collected during 2007 to 2008 from 5 different sites in the Netherlands, 3 rural background sites (Cabauw, Hellendoorn and Vredepeel), one urban background site (Schiedam) and one curbside site (Rotterdam).
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 131 Figure 1-31. Geographical origins of the secondary inorganic factors sources by means of PSCF in other studies conducted in France.

  The HdF region is located in the North of France, with Lille being its capital. It was created by the territorial reform of French Regions in 2014, which merged the Nord-Pas-de-Calais and Picardie former regions. The HdF region is composed of the Pas-de-Calais, Nord, Somme, Aisne and Oise departments (Figure 1-32).
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 132 Figure 1-32.French regions (left) and HdF region (right) maps.
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 133 Figure 1-33. Main anthropogenic sources of primary (a) PM2.5, (b) SO2 and (c) NOx in the HdF region (Atmo HdF, 2018).

and

  BVOCs) compared to (sub)urban ones (opposite trends) may influence local SIA formation in rural areas, particularly concerning ammonium nitrate. Atmospheric oxidant capacity may also differ with recent studies suggesting the predominance of O3-based chemistry for OH production in rural sites, whereas urban sites are more dominated by the photolysis of HONO, HCHO and the decomposition of Criegee biradical intermediate formed from O3-alkene reactions (Atkinson et al., 1993; Heard et al.,2004; Harrison et al., 2006).

  Figure A2-5) was linked to the local climatology. In fact, the Aisne department generally experiences the highest temperatures in the HdF region, favorable to the emission of biogenic pollutants by the vegetation and to the observation of photochemical pollution. The cabin which housed the instrumentation was located on a grass field next to a quiet road, being surrounded by a children playground, open-air sports fields, familiar houses, farms and agricultural fields (Figure 2-1, Figure A2-1 Figure A2-2 and Figure A2-4).
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 21 Figure 2-1. Location of the site and footage of the measurement station in Caillouël-Crépigny.

  1 are given the registered atmospheric emissions (NOx, SO2, VOCs, and PM) of the main industries located 40 km away from our site, while in Figure 2-2 they are shown on the map.
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 22 Figure 2-2. Nearest industries to the campaign site (red marker). The orange lines represent the roads with the highest traffic affluence.
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 23 Figure 2-3. Meteorological parameters of Saint-Quentin station between 1981 and 2010. (Météo-France). (The wind rose corresponds to the data between 1989 and 2005)
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 24 Figure 2-4. Schematic view of the working principle of the OCEC Sunset Model 4.

  Air pumping: Outdoor air is pumped inside the instrument at a flowrate of 1 m 3 h -1 , controlled by a Mass Flow Controller through a Teflon-coated PM2.5 sampling head (impaction type, Sven Leckel, Berlin, Germany) connected to the MARGA by a 1.3 m long polyethylene (PE) tube (outer diameter of 1.27 cm). The tube is insulated throughout its length to keep the air at its outdoor temperature and prevent any condensation along the tube as well as any modification of the gas-aerosol partitioning of semi-volatile species.Absorption in water:The pumped outdoor air arrives to the "Sample box" of the MARGA, first arriving to the Wet Rotating Denuder (WRD) where the water-soluble gases are trapped, and afterwards to the Steam Jet Aerosol Collector (SJAC) where the water-soluble aerosol species are collected, as seen in Figure2-5. These devices are constantly fed with absorbance solution, which is made of diluted H2O2 (10 µg/L) in ultrapure water (18.2 MΩ) to act as a biocide and as an oxidant to convert SO3 2-into SO4 2[START_REF] Rumsey | An assessment of the performance of the Monitor for AeRosols and GAses in ambient air (MARGA): a semicontinuous method for soluble compounds[END_REF].
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 25 Figure 2-5. MARGA Sample box components (modified from Metrohm-Applikon).
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 26 Figure 2-6. Detector Box components (Modified from Metrohm)

  MARGA software uses a moving median of the IS ion concentrations measured each hour, to smooth the potential variations. The number of values taken into account for the moving median calculation is set to 5 in this study as proposed by the manufacturer. C IS,ref Reference (theoretical) concentration of the IS ion in the liquid sample (µg L -1 ).

  al., 2012; Roig et al., 2019) have suggested that traces of cation eluent remain in the dead volume of the injection valve of the cation chromatograph and contaminate the sample for the anion analysis. In fact, the sample to be analyzed passes first in the cation valve before reaching the anion valve. To assess the extent of this possible contamination, we compared the measurements of HNO3 made by the MARGA in its standard configuration (using HNO3 as cation eluent) with a reference method using impregnated denuders (Keck et al., 2006, Song et al., 2011). A comparison between the MARGA and a set of parallel KOH-impregnated denuders placed inside PM2.5 ChemComb Model 3500 cartridges (Thermo Electron corp., East Greenbush, NY, USA) was carried out. Four cartridges were positioned in a Partisol 2300 Speciation Sampler (Rupprecht & Patashnick Co., Inc., Albany, NY, USA). A scheme of the denuder setup is shown in Figure 2-7:
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 27 Figure 2-7. Chemcomb Cartridge parts (left) and schematic view of its working principle (right).

  n.c.: not communicated. a: 12-h averages b: 24-h averages Our study found a positive correlation (R 2 =0.60) between the MARGA and the denuder reference method, however the slope was low (0.05) and the offset high (0.63 µg HNO3 m -3 ), meaning that regardless the concentrations measured with the denuders, the MARGA concentrations were always almost constant at 0.63 µg.m -3 . This discrepancy between MARGA HNO3 measurements and external measurements was witnessed in other studies for the same reason. Schaap et al. (2011) found that the yearly mean level of HNO3 was 0.63 ± 0.36 µg m -3 , and their daily and seasonal profiles were flat and unresponsive to changes in the season or hour of the day. Rumsey et al. (2014) compared 2 MARGA Units (MU) in parallel with 12-h denuder-filterpacks and identified that their MARGAs had an offset of 0.23 and 0.22 µg HNO3 m -3 for MU1 and MU2. Stieger et al. (2017) had similar results when they compared a MARGA to a rotating batch denuder (RBD) and a Midefix unit (coated mini denuder and mini filter module) and found 0.33 and 0.44 µg HNO3 m -3 offsets, respectively. All of these studies with a high offset in their measurements used the standard cation eluent (HNO3-based), indicating that it does in fact interfere with the HNO3 measurement.
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 28 Figure 2-8.Typical blank chromatograms using HNO3 based cation eluent (left) and p-TSAbased-cation eluent (right).
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 29 Figure 2-9. Scheme of the tube experiment with the impregnated denuders. The color of the denuder corresponds to the expected concentration of HNO3.
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 52122 to Phillips et al. (2013), the measurement of nitric acid during nighttime by the MARGA may be interfered by N2O5. N2O5 is formed in the equilibrium reaction with NO3 . radical and NO2 to form N2O5, as shown in Reaction 2-1: 𝑁𝑂 2 + 𝑁𝑂 3  𝑁 2 𝑂 N2O5 concentration depends on concentrations of O3, NOx, and low T, as the Keq of Reaction 1 is strongly dependent on T and N2O5 sinks can be either direct by hydrolysis on particles or other wet surfaces or reacting with aqueous chloride particles. The first case can occur inside the WRD absorbance solution forming 2 molecules of NO3 -(Reaction 2-2) that are wrongly attributed to HNO3, overestimating nighttime HNO3.𝑁 2 𝑂 5 + 𝐻 2 𝑂  2 HNO3 (aq)  2 H + +2 NO3 Phillips et al. (2013) study was done near Frankfurt (Germany) in summer, with night temperatures between 15-25 °C and despite the warm temperatures, the average contribution of N2O5 to the nocturnal HNO3 MARGA signal was 17 %. The study points out that N2O5

  1-year database for determining the sources of the pollutants by applying the PMF source-receptor model. According to the Guide to the Expression of Uncertainty in Measurement (GUM, 1995), the parameters possibly affecting the measurements of the MARGA shall be identified prior to any uncertainty calculation. An Ishikawa "fishbone" diagram presented in Figure 2-10 summarizes the main sources of uncertainty considered in this study. They are related to the sampling step and the IC analysis.
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 210 Figure 2-10. Ishikawa "fishbone" diagram of the sources of uncertainty influencing the air concentrations of species measured by the MARGA.

For example,

  Mensah et al. (2012) compared the MARGA sizer (MARGA with different cutoffs) for cutoff sizes of 0.56 and 1 µm to an AMS (limited to 1 µm). They found better regression slopes for the 0.56 µm channel, but a better time variability reflected in the 1 µm channel, thus showing the sensitivity to aerosol size. Similarly, Roig et al. (2019) compared a MARGA (PM2.5) with an AMS (PM1) and found very good R² for NO3 -, SO4 2-and NH4 + , but slopes between 0.4-0.6 indicating a significant SIA concentration in the 1-2.5 µm size fraction. Accordingly, Makkonen et al. (2014) found a poor correlation for NO3 -between AMS and MARGA PM2.5 measurements, attributed mainly to the low response of MARGA to organic nitrates and the low concentrations registered during the comparison. For SO4 2-and NH4 + , the correlation and regression slopes were consistent with other studies. High correlation coefficients and slopes close to unity for anionic species when compared to filter measurements, with some variations depending on the filterpack used. Makkonen et al. (2014) reported that the MARGA particulate NO3 -compared well with the sum of both HNO3 and NO3 -from EMEP filterpacks. Stieger et al. (2017) compared MARGA NO3 -(PM10) to quartz filters (PM10) and a Midefix unit (no cut-off size), finding very good correlation and slope for the Midefix unit (slope = 0.91; R 2 =0.8), while the filters showed some seasonal variation, having a better agreement in winter (slope = 0.70, R 2 =0.88) than in summer (slope = 0.66, R 2 =0.76), most likely due to the volatilization of NH4NO3 from the filter. These good agreements are not observed for the cationic species (Makkonen et al., 2012 and 2014; Stieger et al., 2017) and it was stated that MARGA was not sensitive enough to the low ambient concentrations of these cations, therefore the use of a cation preconcentration column was advised instead of a cation fixed loop.

  The internal standard uncertainty refers to the uncertainty associated with the preparation of the IS. The main factors affecting the IS variation are the certified value of the reagents used and the uncertainties associated to the volumetric measurements to prepare it (See Equation 2-7), which are shown in 

𝑢 𝑟 2 (- 8 2. 5 . 6 .

 2856 C i,l ) = (𝑠𝑙𝑜𝑝𝑒 𝑖 * 𝐿𝑛(𝐶 (𝑖,𝑙 ) ) + 𝑜𝑓𝑓𝑠𝑒𝑡 𝑖 ) 2 Equation 2Combined uncertainty The combined uncertainty was calculated using Equation 2-4; To exemplify the species influence on the different components of the uncertainty depending on the concentration level, the percentiles 5 th , 25 th , 50 th , 75 th and 90 th observed in the spring season at Caillouël-Crépigny) were used to assess the uncertainty budget (

  -11 are shown the contributions of each source of uncertainty for the different MARGA species. They can be classified in two groups, according to their uncertainty distributions.a. LOD-driven species: HONO, SO2, K + ; Mg +2 , Ca +2 and Na + have their uncertainty budget dominated by the LOD component. (Table2-9). For HONO and SO2 ambient concentrations the quality of the analytical background is the most important parameter for the lower percentiles, but after the 50 th percentile, the uncertainty components of repeatability, liquid sample volume and air volume start to be more relevant (up to 20% of the total uncertainty) as the detection issues fades. On the contrary, the minor cations (K + , Mg +2 , Ca +2 and Na + ) do have this detection issues as their ambient air concentrations are at the same level or below the LOD, making their uncertainties completely dependent on the LOD term of Equation 2-4. The installation of a preconcentration column would help by decreasing the LOD (theoretically by 10 times).
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 211 Figure 2-11. Uncertainty budget and relative contribution of each component. The red line indicates the percentile corresponding to the LOD, distinguishing the species which were accurately measured from the ones which were measured with difficulty because of air levels often below the LOD (Ca 2+ , Mg 2+ , and Na + ).
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 2122626129 Figure 2-12. Uncertainty budget for MARGA measured species in other studies compared to this study.

  degree of ageing of the aerosol[START_REF] Bencs | Mass and ionic composition of atmospheric fine particles over Belgium and their relation with gaseous air pollutants[END_REF][START_REF] Behera | A study of diurnal variations of PM2.5 acidity and related chemical species using a new thermodynamic equilibrium model[END_REF] Shon et al., 2013;[START_REF] Masiol | Spatial, seasonal trends and transboundary transport of PM2.5 inorganic ions in the Veneto region (Northeastern Italy)[END_REF]. The nitrogen oxidation ratio (NOR) has been calculated to assess the degree of conversion of NO2 (reduced nitrogen +IV) to NO3 -(oxidized nitrogen +V) in ambient air, as shown in Equation 2-13.

  estimation of the pollutant concentration associated with wind speed u in the closed interval U = [u1; u2] and wind direction θ in the interval 𝛩 = [θ1; θ2] is obtained by multiplying f(θ, u) and E(C|θ, u) and integrating over the belonging ranges of wind speed u and direction θ as shown in Equation 2-16. 𝑆(Θ, 𝑈) = ∫ ∫ 𝑓(𝜃, 𝑢)𝐸(𝐶|𝜃, 𝑢)

  Single-Particle Lagrangian Integrated Trajectory,Stein et al., 2015) for an arrival height of half the mixing layer, at a 3-h interval (8 trajectories per day at 0, 3, 6, 9, 12, 15, 18, 21 UTC), 72 h back in time (resulting for each trajectory in 72 endpoints which characterize the temporal evolution of the air mass latitude, longitude and height). Cluster analyses were performed by season to PM2.5 concentrations to assess its possible origins throughout the year. The calculated back-trajectories were used for PSCF analysis, which determines the probability for a geographical area of given latitude and longitude to emit high concentrations of gaseous or particulate species. The PSCF probability is calculated as seen in Equation 2ij th grid cell (with latitude i and longitude j) to be associated with concentrations exceeding a specific threshold. mij Number of endpoints belonging to back-trajectories which both cross the ij th cell and are associated to concentrations exceeding a specific threshold. nij Total number of endpoints belonging to trajectories falling into the ij th cell.

- 19 .

 19 𝑥 𝑖𝑗 = ∑ 𝑔 𝑖𝑘 • 𝑓 𝑘𝑗 + chemical species j at time i; gij contribution of the factor or source k at time i; fij fraction of the factor or source k from the chemical species j; eij fraction of the species j at time i unexplained by the model, or simply the residual (i.e. the difference between the measured value and the predicted value of the concentration of the species j at each time i); p the user-chosen number of factors.

  for the interpretation of the results. The observation of the variation of the ratio Qtrue/Qexp in relation to the number of factors is one of the principal ways to help in choosing the number of factors. A strong decrease of Qtrue/Qexp with an increase of the number of factors suggests that the additional factor explains a significant part of the residual variability. The correct number of factors generally corresponds to a marked decrease of Qtrue/Qexp, followed by a change of slope. The expected value of Q should not exceed the number of degrees of freedom of the model. Therefore, a proper solution with weak errors should present a value of Qtrue/Qexp close to 1 (Ulbrich et al., 2009). When the number of factors has been chosen, the physical meaning of each obtained factor must be verified. This can be done with additional knowledge, by comparing their variability with that of external tracers and analyzing their daily profiles (if possible) and their relationship with meteorological variables.
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 31 Figure 3-1.Time series for the main meteorological variables during the campaign period (the dashed line in the temperature time series correspond to 0 °C)

Figure 3 - 2 .

 32 Figure 3-2. Average temperature, cumulative rain and insolation hours from the 1-year campaign at Caillouël-Crépigny (in blue) compared to the climate normals (1981-2010) from the reference Météo-France station of Saint-Quentin (in red).

  5 and SIA concentrations and chemistry observed at our rural site.The suburban site is located in Douai-Theuriet (50°23'3.088''N, 3°5'8.302''E, 30 m a.s.l., Nord department, Atmo HdF air quality monitoring station, more information in Roig (2018)), while the remote site is located at Revin (49°54'28.008''N, 4°37'48''E, 395 m a.s.l., Ardennes department, MERA-EMEP long-range transport station, more information in Oliveira (2017)). The locations of the three sites are shown in the map of Figure3-3. They present an increasing density of population, from Revin (0 inh km -2 ) to Caillouël-Crépigny (66 inh km -2 ) and Douai (2347 inh km - 2 ), and thus an increasing gradient of human activities.
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 3334 Figure 3-4. Time variability at monthly (a), daily annual (b), daily seasonal (c) scales and NWR plots of PM2.5 ((d) in µg m -3 ) at a suburban, rural and remote sites during the 1-year campaign. The box plots whiskers correspond to the 10 th and 90 th percentiles.

  Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. 5 =8.7±6.0 µg m -3 Yearly PM2.5 = 13.6±9.3 µg m -3 Yearly PM2.5 = 15.4±11.0 µg m -3
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 3 Figure 3-5 and in Figure 3-6, respectively.
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 3536 Figure 3-5. Comparison of annual concentrations of major components (left) and minor ions (right) between remote (Revin, daily filters) and rural (Caillouël-Crépigny, hourly observations) sites.Rural PM2.5 site is clearly enriched in nitrate, chloride, magnesium, calcium and potassium compared to the remote site. The biggest difference can be observed in nitrate, with a rural-toremote ratio of 2.3, and this difference occurs in all seasons but winter, as seen in Figure3-6d. It may be related to the fertilization of the agricultural fields and its enhancement over NH4NO3 concentrations. However, the fertilization of the fields is forbidden during the winter months, dropping the levels almost to the remote site ones (UE, 1991).
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 337 Figure 3-7 shows the chemical composition of the increments of PM2.5 observed between site typologies. The difference between the increments mass is about 20%, which is in the same range as the difference in PM2.5 at the remote site (Revin) between the 2015-2016 and 2018-2019 periods.
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 38 Figure 3-8. Time series of the main inorganic precursor gases at the rural site.
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 39 Figure 3-9. Time series for PM2.5 and its main components at the rural site (The dashed red line in PM2.5 time series corresponds to the annual limit value for PM2.5).
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 310 Figure 3-10. Time series for the PM2.5 minor ions at the rural site.
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 3 Figure 3-11. (a)Monthly aerosol composition in µg m -3 , (b) relative contribution to total PM2.5 mass % (c) number of data used for the average calculation per month (blue) and maximum number of hours for each month (orange dots).

  -12. The seasonal regressions show that indeed there were seasonal variations in the FOC-OM: winter (1.96) > summer (1.85) > autumn (1.51) > spring (1.3). According to Table 3-7, these values are in the range of commonly found values. Interestingly, correlations are stronger during the "cold seasons",

Figure 3 - 12 .

 312 Figure 3-12. Seasonal regressions of the remaining mass of PM2.5 vs OC. The regression slope corresponds to the FOC-OM. Philip et al. (2014) used both satellite NO2 surface concentrations from the Dutch-Finish O3 monitoring instrument (Bucsela et al., 2013) and NOx modelled concentrations from the GEOS-Chem CTM as proxies of primary organic aerosols to determine the FOC-OM. Although the annual

  photochemistry plays a more important role than at our site.
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 313 Figure 3-13. Monthly aerosol composition in µg m -3 (left) and % relative to the total PM2.5 mass (right) applying the seasonal FOC-OM to estimate the OM values.
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 314 Figure 3-14. Seasonal regressions of predicted vs observed NH4 + concentration (µg m -3 ).
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 315 Figure 3-15. Annual predicted vs observed NH4 + colored by Na + .
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 316 Figure 3-16. Daily profiles of NR at Caillouël-Crépigny.
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 333 Figure 3-17 shows that the equilibrium constant calculated from the concentrations modelled by ISORROPIA (considered as the theoretical constant) follows the van't Hoff equation (Equation 3-3), as expected.
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 3 Figure 3-18. SIA vs LWC modelled in ISORROPIA II.

Figure 3 - 19 .

 319 Figure 3-19. Seasonal profiles of a) LWC and b) pH modelled in ISORROPIA II. The model gave the aqueous concentration of hydronium cations ([H + ]) and the aerosol liquid water content (LWC), both in µg m -3 , from which the aerosol pH has been calculated assuming an hydronium activity coefficient equal to unity (Guo et al., 2017a):

3 Equation 3

 33 Therefore, the liquid H + concentration can be calculated from the Henry constant of NH3(Sander, 2015) and the acid constant of NH4 + /NH3 (aq) (Mohammed-Nour et al., 2019), following Equation 3-5 to Equation 3-7(Hennigan et al., 2015).[𝑁𝐻 3 (𝑎𝑞)] = 𝐻 × 𝑝 𝑁𝐻3 NH3 (mol kg -1 atm -1 )KaAcid constant of NH4 + /NH3(aq) (mol kg -1 )PNH3Partial pressure of NH3 (atm).Under the simplifying assumption of activities equal to 1 and using the aerosol LWC calculated by ISORROPIA II, the pH corresponding to the equilibrium NH3/NH4 + can be calculated and compared to the aerosol pH from ISORROPIA II (Figure3-20).
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 320 Figure 3-20.Aerosol pH predicted by the phase partitioning of NH3/NH4 + compared to the pH predicted by ISORROPIA II in the forward mode, metastable state.

Figure 3 -

 3 Figure 3-21. (a) Monthly evolution of the aerosol pH at Caillouël-Crépigny and (b) seasonal evolution compared with Squizzato et al. (2013).

  sunset. A similar summer profile was observed byStieger et al. (2017), which was attributed to the reaction of OH with NO once the sun goes away, increasing notably HONO concentrations.Makkonen et al. (2014) also observed high HONO levels and a similar daily profile during summer at Hyytiälä forest (FIN), something that was attributed to soil nitrite emissions[START_REF] Su | Soil nitrite as a source of atmospheric HONO and OH radicals[END_REF], Bhattarai et al., 2018). In this study, both explanations are possible.SO2 : In France the emissions of SO2 are atributted to energy transformation, manufacturing industry and residential emissions, such as coal burning for household heating purposes, especially in rural areas. In our site SO2 displays a peak in the morning that variates depending on the season, with summer season displaying the earliest and highest peak around 9:00, while winter season has the latest and lowest concentration of all seasons around 13:00. After this peak the concentrations decrease during midday and stabilize by the end of the afternoon.It is surprising that SO2 highest concentrations are found during summer and not winter, as observed in several studies across Europe due to the use of S-containing fuels and the lower levels of OH in the atmosphere(Makonnen et al., 2012, Makkonen et al., 2014, Stieger et al., 2017). This is not the case in our site. This feature is shared with the study performed in Douai (Roig et al., 2018), where SO2 was mainly emitted by a local industry 2 km away. However the levels in Douai
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 322 Figure 3-22. Seasonal daily profiles for the main precursor gases during the 1-year campaign. All the species concentrations are expressed in µg m -3 . Dashed lines represent the LOD.

Figure 3 - 23 .

 323 Figure 3-23. Influence of temperature on NH3 concentrations. Each point corresponds to averaged concentrations per degree (top) with the vertical error bars representing the standard deviations, while the orange line represents the number of data used per temperature (bottom).
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 3 Figure 3-24.
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 324 Figure 3-24. Influence of the nighttime RH over the increase of NHx during the morning peak.

Figure 3 - 25 .

 325 Figure 3-25.

Figure 3 - 25 .

 325 Figure 3-25.Seasonal daily profiles for main aerosol components during the 1-year campaign. All the concentrations are expressed in µg m -3 .The black dashed line corresponds to the LOD of the species.
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 326327 Figure 3-26. Monthly profiles of temperature (a), cumulative rain (b) and wind roses (c) for this period (green color) and for the period of Roig (2018) (black color).
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 328329 Figure 3-28. Annual daily profiles of aerosol components for urban (black) and rural (green) sites.The concentrations are expressed in µg m-3 The LOD is represented by the black dashed line.

  3) <autumn (1.5) <summer(1.85) <winter(1.96). Summer and winter represented the periods with the most oxidized organic matter, with increased photochemistry favoring SOA formation in summer and the highest primary emissions of OC and EC from combustion sources in winter. The relatively low value of FOC-OM found in spring (and the associated low concentrations of OM) may be explained by the high SIA concentrations occurring in that season, which imply high concentrations of adsorbed water. In fact, SIA concentrations in spring are moderately correlated (R 2 =0.41) with the LWC modelled by ISORROPIA II.



  1. The parametrization (substitution of data under LOD, categorization of the tracers) and implementation of the PMF is discussed in Section 4.2. Presentation in Section 4.3 of the chemical profiles of the extracted factors and their time variability and geographical origin in Section 4.4.  A comparison with a selection of SA studies (with special focus on PM2.5) conducted in Northwestern Europe in the last 10 years is discussed in Section 4.5.
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 41 Figure 4-1. (a)Optimal number of factors depending on the seigenvalue (b) the species highly correlated to each factor are highlighted in bold.

 Factor 4 :

 4 Ca 2+ and Mg 2+ : This factor may represent the crustal sources present from the agricultural fields surrounding the site.

Figure 4 - 2 . 4 . 3 . 1 . 1 .

 424311 Figure 4-2. Chemical profiles in concentration in µg m -3 (blue bars), % of species (red squares) and time series of the PMF factors and their main tracers
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 434445464748 Figure 4-3. Time series of the observed mass concentration of PM2.5 (top) and the sum of the mass concentrations of the 4 extracted PMF factors (bottom).

Figure 4 - 10 .

 410 Figure 4-10. Additional information on the seasonal plots can be found at Annex 4.3 (Figure A4-7 to Figure A4-10).

  µg m -3 ) in the annual NWR plot of the combustion factor from the NE-SE sector are associated with fast wind speeds (≥14 km h -1 ), in accordance with the NWR plots of OC and EC, which may account for the combustion sources of traffic and heating of the population centers located in this direction, such as Saint Quentin (20 km NE) or Chauny-Tergnier (6 km SE).As observed in the seasonal plots, this signal comes from the very high concentrations (>5µg OC m -3 and >1.2 µg EC m -3 ) coming from the east during spring (FigureA4-9d & e). In fact, during late winter-early spring of 2018, there was a polar vortex passing over Europe, decreasing the temperatures to negative values (Meteo France, 2018), and therefore, increasing the heating necessities over Central Europe. This is also hinted by the spring NWR NO2 plot (FigureA4-8) which although quite ubiquitously, displays a strong East signal associated with high wind speeds (>21 km h -1 ). This observation matches the signals seen in OC and EC spring plots, suggesting a medium-long range transport of NOx and EC from combustion processes. This was partially confirmed when looking at the PSCF maps (see Section 4.4.2). Interestingly, although summer has the lowest concentration values for this factor, it was perceived an increase during July (Figure4-6c). This may be explained when looking at the summer NWR plots of OC and K + (FigureA4-9Figure A4-10), which display a local signal, probably related to the agricultural waste burning after the reaping of crops (directly observed on the surrounding agricultural fields while coming to the site for maintenance tasks).The nitrate-rich factor has a strong signal (≥12 µg m -3 ) coming from NW associated to fast wind speeds (≥15 km h -1 ), highlighting the contribution of LRT over this factor (likely from large urbanized areas such as the city of Lille). There are also contributions from the NE, although the concentrations are not as strong (≈ 8 µg m -3 ) and from local sources. The NW signal is explained by the polar plots of NO3 -and NH4 + displaying the same NW signals associated to average to fast wind speeds (15-21 km h -1 ). This suggests that the highest concentrations of this factor are transported, while the local signal may be explained by the HNO3 NWR plot, which has its strongest signal at local scale with a northern component, associated to average wind speeds (≤12 km h -1 ). As NH3 is ubiquitous at our site, this may draw attention to some local production of NH4NO3, however the transported nature of the nitrate rich factor in the north of France has been already observed in other locations, such as the study conducted in Paris on PM2.5 by Petit et al.(2017) or most recently, in Douai on PM2.5 by Roig (2018), which observed large contributions coming from N to NE wind directions associated to average to high wind speeds, suggesting the transport from the Benelux areas and the Eastern Germany. More details are given in Section 4.4.2.
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 411 Figure 4-11. PSCF map for PM2.5 (the study site is indicated by a black dot).The strongest probabilities of emission sources impacting our study site correspond to the Benelux countries and the French "Grand Est" region (with intensive agriculture and large forested areas in the Vosges and Jura). Other highlighted areas with lower probabilities encompass Paris, the Dutch North Sea coast (with the harbors of Antwerp and Rotterdam), the London area and the West of Germany (including the Ruhr valley), suggesting that some particulate pollution came from the nearest densely populated areas of Northwestern Europe, the coastal maritime traffic, the regions of important agricultural activities (Netherlands, French Grand Est region) and combustion emissions (Ruhr valley power plants, biomass burning in French forested areas). As SIA and OM compose the majority of the PM2.5 mass, it is expected that the PSCF maps for the SIA-related factors and the combustion factor should highlight the same areas (Figure4-12).

Figure 4 - 14 .

 414 Figure 4-14. Simplified version of the selected PM SA studies in Northwestern Europe in the last 10 years. The frame colors correspond to the particle size (PM2.5 are represented in yellow and PM10 in red), while the names of the sites are colored based on the site typology: urban (black), rural (green), and remote (blue).

10 20 27 * 4 . 6 .

 2746 SIA and carbonaceous refer to the sum of those factors including the main inorganic salts or combustion related sources, such as industrial, oil burning, biomass burning or traffic. 1-Roig 2018: The tracers of the 5-factor solution were also included for the 8-factor solution Conclusions and perspectivesIn this chapter, the use of EPA PMF v5.0 applied to the PM2.5 mass speciation from the 2018-2019 field campaign at Caillouël-Crépigny produced a stable 4-factor solution which modelled well the PM2.5 mass concentrations (R 2 =0.85). This was achieved by combining the hourly measurements with MARGA, TEOM-FDSM and OCEC valid observations, resulting in 5678 hours of survey to extract 4 main sources: combustion (40.2%), nitrate-rich (26.7%), sulfate-rich (18%) and aged marine (15.0%). Their chemical profiles were comparable to the ones found in the bibliography, and their geographical origins were determined in agreement with previous studies and environmental meaningfulness by means of NWR and PSCF analysis.

  chemical speciation, inorganic gas precursors (HONO, NH3, SO2, O3, NOx and HNO3) and a selection of VOCs. Most of the studies mixing gas datasets with aerosols are based on PM number size distributions (Zhou et al., 2005; Marmur et al., 2005; Ogulei et al., 2007), although
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 51 Figure 5-1. Wind roses of the periods of the intensive campaign.

2 Equation 5 - 3

 253 Minor ions = [Na + ] + [Cl -] + [Mg 2+ ] + [Ca 2+ ] + [K + ] Unspeciated mass = PM2.5 -(SIA + OM + Minor ions + EC) Equation 5-4
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 53 Figure 5-3. Time series, aerosol average composition and trajectory analysis of the June 1 period.
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 55 Figure 5-5.Time series, aerosol average composition and trajectory analysis of the July 2 period.

  1). The local sources of isoprene were the nearby forested areas in the surroundings of the cabin, roughly in the South-West to North-East sector (225° to 45°) (FigureA5-3). Isoprene emissions occurred during warm and insolated periods, when the biological activity and emission of isoprene are enhanced(Kansal, 2009;[START_REF] Hakola | In situ measurements of volatile organic compounds in a boreal forest[END_REF]. In fact, isoprene temporal evolution was studied to determine the periods of highest emissions, finding several spikes between the end of July and the first half of August 2018 in the afternoon, discarding the hypothesis of eventual isoprene emissions after agricultural activities (Brilli et al., 2012) (FigureA5-4). An exponential fitting with temperature (R 2 =0.45) was found for the complete summer dataset (FigureA5-5), which is in agreement with the observations made in previous studies[START_REF] Lee | Ozone photochemistry and elevated isoprene during the UK heatwave of august 2003[END_REF][START_REF] Kalogridis | Concentrations and fluxes of isoprene and oxygenated VOCs at a French Mediterranean oak forest[END_REF].
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 57 Figure 5-7. Time series of isoprene and MVK/ isoprene ratio for July 1 and July 2. The green colored areas correspond to hours in which the winds were coming from the forest sector 225º to 45º (See Figure A5-1)
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 59 Figure 5-9. Evolution of inorganic gas precursors and PM2.5 main species over the intensive campaign.
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 510 Figure 5-10. Range of temperatures of the intensive campaign periods compared to the annual range of temperatures.

PM2. 5 Figure 5 - 11 .Figure 5 - 12 .

 5511512 Figure 5-11. Statistical annual trends of the inorganic precursor gases with temperature. The triangle markers correspond to the sampling period average: June 1 (green), July 1 (yellow) and July 2 (red). The highlighted areas correspond to the temperature range of each period. All the concentrations are expressed in ppb.
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 513 Figure 5-13. Statistical annual trend of OC/EC ratio with temperature. The triangle markers correspond to the sampling period average: June 1 (green), July 1 (yellow) and July 2 (red).

𝐸𝐶)

  𝑃50 =8.1).This value was chosen instead of the average as it is free of the influence of outliers (FigureA5-8) The calculations were done by following Equation 5-5 and Equation 5-6.
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 5 Figure 5-14. (a) Isoprene vs ∆OC, (c) MVK + MACR vs ∆OC regressions.
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 516 Figure 5-16. Average oxidized (left) and reduced (right) nitrogen speciation for summer season in Caillouël-Crépigny. Gas species are in solid color, while aerosols are striped.
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 518 Figure 5-18. Statistical trend of the ratio between the sum of the molar concentrations of N(+V) species and N (+IV) with temperature. The triangle markers correspond to the three intensive periods (June 1 in green, July 1 in yellow and July 2 in red) while the black dot corresponds to the mean value for summer.
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 519 Figure 5-19. Statistical trend of the ratio between the sum of the molar concentrations of S(+IV) and S (+VI) with temperature. The triangle markers correspond to the three intensive periods (June 1 in green, July 1 in yellow and July 2 in red) while the black dot corresponds to the mean value for summer.
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 2 Figure A1-2. Emission trends for the main precursor gases over the period 1990-2017 in Northwestern Europe. Source: EEA & LRTAP databases.Table A1-1. Detailed description of the sources found in the EEA 2019 report.

Figure A1- 3 .

 3 Figure A1-3. Evolution of source emissions in Northwestern Europe for (a)PM2.5, (b)NH3, (c)SO2 and (d)NOx.

Figure A1- 4 .

 4 Figure A1-4. 2017 concentrations of SO2 (top) and NO2 (bottom) in µg m -3 calculated by the EMEP model (Gauss et al., 2019). The triangles represent actual observations over the modelled concentration..

Figure A1- 5 .

 5 Figure A1-5. Annual mean NO2 concentrations in 2016 (EEA, 2018). The two last categories in the legend correspond to values above the EU annual limit value and WHO AQG (40 µg m -3 ).
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 67 Figure A1-6. NH3 emissions (CMIP6) over the period 1979-2016 (Drugé et al., 2019). The different zones studied (Europe, Mediterranean) are represented in red. The observation data are symbolized by a black dot (EMEP stations) and by a black triangle (AERONET stations)

Figure A2- 3 .

 3 Figure A2-3. Map of the Caillouël-Crépigny area with a 5 km radius area, showing the lack of big population centers on it.

Figure A2- 4 .

 4 Figure A2-4. Close up to the area of Caillouël-Crépigny. The red square marks the location of the two villages, while the pink line represents the municipality of Caillouël-Crépigny.

Figure A2- 5 .

 5 Figure A2-5. Map of the Hauts-de-France climatological conditions between 1991-2010 (INSEE & IGN GeoFla).

Figure A2- 7 .

 7 Figure A2-7. Hauts-de-France population in 2012. (INSEE & IGN GeoFla).

Figure A2- 8 .

 8 Figure A2-8. Hauts-de-France principal infrastructures network. (CRP).

Figure A2- 9 .

 9 Figure A2-9. Hauts-de-France railway network. (INSEE & IGN GeoFla).

Figure A2- 10 .Annex 2 . 2 .A2. 2 . 1 2 Figure A2- 11 .

 102221211 Figure A2-10. Hauts-de-France natural parks & forested areas. (AEE & IGN GeoFla).

A2. 2 . 2 Ozone

 22 The O3 O342e analyzer (Environment S.A) uses the UV Direct Absorption (UV-DA) technique to detect and quantify O3. It consists on measuring the UV light absorption by ozone molecules at 254 nm. The ozone concentration is deduced by applying a ratio between two different UV signals. One signal is determined when the air sample passes through an ozone scrubber, used as a catalytic converter to eliminate completely the ozone molecule. The other signal corresponds to the air passing directly through the measurement cell. Both signals are detected by a photodiode, and the ratio between the two detected signals, with a performance of pressure and temperature compensations, gives the ozone measurement. Data are taken every 15 minutes and provided as hourly measurements. Figure A2-12 shows a schematic view of the O3 O342e analyzer.

Figure A2- 12 .

 12 Figure A2-12. Schematic view of the working principle of the O3 O342e analyzer (Environment S.A.). This instrument has a linear range of 10 ppm and a LOD of 2 ppb, according to the manufacturer. Calibration was done by ATMO HdF at 90 nmol/mol using a portable ozone generator connected to the national calibration chain. The relative uncertainty under field conditions is around 10 % (Mary et al., 2018).

Figure A2- 13 .

 13 Figure A2-13. Linear response of the TD-GC-FID to increasing sampling volumes for isopentane (left) and toluene (right).

Figure A2- 14

 14 Figure A2-14 shows a scheme of the TD-GC-FID.

Figure A2- 14 .

 14 Figure A2-14. Scheme of the TD-GC-FID (adapted from Salameh, 2014). The separation is done by two columns, a CP Sil 5CB (50m x 0.25mm x 1 µm) for the heavy VOCs from C6 to C14 and a Plot Al2O3/Na2SO4 (50m x 0.32 x 5 µm) for the light C5-C6 compounds. The two columns are placed in series; first the light and more volatile compounds enter and go through the CP-Sil 5CB column, then to the Plot Alumina column, where they are separated and eluted to the FID B. Afterwards, the columns are placed in parallel and the heavy compounds are separated in the CP column and then eluted to the FID A. The cycle of sampling lasts 90 min: 60 min of sampling and 30 min of analysis, which is done while the next sample is being collected. The main operation parameters of the instrument and the list of VOCs measured during the 1-year campaign of Caillouël-Crépigny are found in Table A2-1 and Table
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 24 dinitrophenylhydrazine) cartridges (SEP-PAK, Waters). In Figure A2-15 are shown the different parts of the cartridge.

Figure A2- 15 .

 15 Figure A2-15. Scheme of the different parts of the DNPH cartridge (left) and photo of one cartridge (right).

  2 μm into a glass HPLC vial. The sample vials were placed into the automatic sampler of the HPLC Ultimate 3000 (Thermo), which was equipped with a column Acclaim TM RSLC Carbonyl 2.1 x 150 mm (2.2 μm). The analysis method consisted on a gradient of ACN and a mixture 90/10 of UP water-isobutanol at a flow of 0.4 ml min -1 for 15 minutes (Figure A2-17). All the solutions used in the mobile phase were continuously micro filtered.

Figure A2- 17 .

 17 Figure A2-17. Gradient of acetonitrile (ACN) in the mobile phase for the analysis of OVOCs by HPLC-UV. The detection of compounds was done by UV photometry (λ= 360 nm). The retention times of all target analytes and some response coefficients were determined using a certified standard solution (CRM4M7285, SUPELCO TO11/IP-6A Aldehyde/Ketone-DNPH Mix). In Figure A2-18 is shown a typical chromatogram obtained for the standard solution.

Figure A2- 18 .Annex 2 . 5

 1825 Figure A2-18. Chromatogram of the certified standard solution of DNPH-derivatives of aldehydes/ketones used to check the retention times in HPLC-UV analysis.

Annex 2 . 6 . 9 .

 269 Modelling of the repeatability relative uncertainty depending on the concentration for MARGA measured species Table A2-8. Logarithmic regressions used for calculating the precursor gases repeatability relative uncertainty component. Logarithmic regressions used for calculating the inorganic aerosol speciation repeatability relative uncertainty component.

Figure A3- 2 .Annex 3 . 3 .

 233 Figure A3-2. Regression between the hourly wind speeds measured locally at Caillouël -Crépigny and at the Chauny Météo-France station from summer to winter 2018.

Figure A3- 11 .

 11 Figure A3-10. Seasonal and annual PM2.5 relative chemical compositions with OC.

Figure A4- 1 .

 1 Figure A4-1. Seasonal distribution of the optimized dataset used for FA (a) and PMF (b).
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 68 Figure A4-6. Selected PM SA studies in Northwestern Europe in the last 10 years. The frame colors correspond to the particle size (PM2.5 are represented in yellow and PM10 in red), while the names of the sites are colored bases on the site typology: urban (black), rural (green), and remote (blue).

5 Figure A4- 9 .

 59 Figure A4-9.Seasonal NWR plots for major PM2.5 components. The horizontal axis corresponds to the wind speed expressed in km h -1 .
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 5 Figure A5-5. Summer temperature vs isoprene.

Figure A5- 6 .Figure A5- 7 .

 67 Figure A5-6. MVK vs MACR for July 1 and July 2 periods.
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Table A5 -

 A5 1 BVOC emissions in Hauts de France departments. ..............................................................

	PM10	Particulate Matter of aerodynamic diameter ≤10 µm
	PM2.5	Particulate Matter of aerodynamic diameter ≤2.5 µm
	SIA	Secondary Inorganic Aerosols
	SOA	Secondary Organic Aerosols
	VOC	Volatile Organic Compounds

  This thesis work was developed in the frame of the CPER/CLIMIBIO project, a multidisciplinary project carried out by 16 different research laboratories in the HdF region. This project is funded by the HdF Regional Council, the European Regional Development Fund (FEDER) and the French Ministries of National Education, higher education and Research and of

Gathering high time-resolution datasets is essential to understand and reproduce the fine temporal variability patterns of the sources, to develop and implement mitigation policies, especially when dealing with secondary pollutants (Peng et al. 2016). Additionally, although previous source apportionment studies were conducted in this region (Waked et al., 2014; Oliveira, 2017; Roig 2018), none of them had high time resolution observations of PM2.5 in a rural site.

  . On the other hand, non-road traffic emissions comprise other means of transportation, such as air and ship traffic. The heavy fuel used by ships releases a vast amount of SO2 and sulfate particles when burned[START_REF] Marmer | Impact of ship emissions on the Mediterranean summertime pollution and climate: A regional model study[END_REF], while airplanes engines release high amounts of NOx, SO2,

OC and metal particles (Starik, 2008;

[START_REF] Barrett | Global Mortality Attributable to Aircraft Cruise Emissions[END_REF]

.

  ). When the emission comes from wildfires (burning of woodlands, pasture, agricultural lands or forests), very heterogeneous particles are released due to the variety of fuels, mostly in the ultrafine mode (Alonso-Blanco et al., 2012;[START_REF] Calvo | Research on aerosol sources and chemical composition: Past, current and emerging issues[END_REF].

	for meat for consumption, animal production has been increased considerably in the last decades,
	resulting in a rapid increase in ammonia-based emissions.
	Currently, it is estimated that the global NH3 emissions caused by manure and fertilizer use
	account for 21 Tg N yr -1 and 12 Tg N yr -1 respectively, although the emission inventories are
	subjected to big uncertainties due to the regional differences and meteorological influence over
	NH3 emission and deposition processes (Riddick et al., 2016). Contrary to the NOx and SO2
	emission reduction, NH3 has been constant for the past years due to a lack of regulation in the
	emission of ammonia from agricultural sources but in Netherlands and Denmark (Erisman et al.,
	2004). Moreover, the increase of temperature in Europe has enhanced the emission of ammonia
	from the agricultural field (EMEP, 2016). France is one of the principal emitters of NH3, being
	responsible for 15.1% of the total NH3 emissions in the UE28, only surpassed by Germany, which
	accounts for 16.8% (EEA, 2019b). These emissions come mostly from agricultural activities
	(97%), with 40% caused by land fertilization. However, there are large uncertainties in NH3
	emissions inventories due to the influence of the soil type (texture, pH, and agricultural practices),
	air temperature, humidity and season of the year, as fertilizers are usually applied on autumn, spring
	and summer (Hamaoui-Laguel et al., 2014).
	Waste treatment: The waste treatment source accounts for the emissions coming from landfills
	and waste incineration. As garbage is a heterogeneous fuel, it releases several toxic substances as
	dioxins, furans, metals, chlorines and fine particles when burnt. Waste incineration is usually
	carried out at incineration plants with air pollution control systems; however in suburban and rural
	areas it is common to have household or garden waste incineration on burn barrels emitting
	atmospheric pollutants without any control. Although they are not usually accounted for in
	emission inventories, as it is illegal in most countries, it was estimated that half of the global
	generated garbage (≈ 1000 Tg yr -1 ) is burnt in open (Forster et al., 2007; Christian et al., 2010).
	Landfills are emission sources of greenhouse gases (GHG) mainly CO2 and CH4, H2, VOCs, H2S
	and NH3 among others. Recycling and composting plants may release bacteria and fungi to the
	atmosphere as well as NH3 (Calvo et al., 2013).
	Agriculture: Agriculture and cattling are the main sources of atmospheric NH3, essentially
	because of animal manure and fertilizer application on soils (Figure 1-11c). Due to more demand

to Reaction 1-8).

  

	𝑆𝑂 2 (𝑔) + 𝐻 2 𝑂 (𝑙) ⇌ 𝑆𝑂 2 • 𝐻 2 𝑂	Reaction 1-6
	𝑆𝑂 2 • 𝐻 2 𝑂 ⇌ 𝐻 + + 𝐻𝑆𝑂 3 -	Reaction 1-7
	𝐻𝑆𝑂 3 -⇌ 𝐻 + + 𝑆𝑂 3 2-	

-(Reaction 1-6

Reaction 1-8

  

1.2.1.3. Sulfate aerosol

  

	Yu et al., 2018; Zhao et al., 2018; Wang
	et al., 2019).	
	After the oxidation of SO2 into sulfuric acid, this latter is neutralized by ammonia present in
	the atmosphere to produce thermodynamically-stable ammonium sulfate (Reaction 1-14).
	2 𝑁𝐻 3 (𝑔) + 𝐻 2 𝑆𝑂 4 (𝑔) ⇆ (𝑁𝐻 4 ) 2 𝑆𝑂 4 (𝑠)	Reaction 1-14

Reaction 1-17 1.2.2.2. Ammonia

  

	It is readily sorbed by surfaces such as water bodies and soil, and thus its residence time in the
	lower atmosphere is expected to be low (ca. < 10 days). Ammonia is very soluble in water and
	dissociates readily into NH4 + ions (Reaction 1-18Reaction 1-19).	
	𝑁𝐻 3 (𝑔) + 𝐻 2 𝑂(𝑙) → 𝑁𝐻 3 • 𝐻 2 𝑂	Reaction 1-18
	𝑁𝐻 3 • 𝐻 2 𝑂 ⇌ 𝑂𝐻 -+ 𝑁𝐻 4 +	
	𝑂 3 (𝑔) + 𝑁𝑂(𝑔) → 𝑁𝑂 2 (𝑔) + 𝑂 2 (𝑔)	Reaction 1-15
	𝑁𝑂 2 (𝑔) + ℎ𝑣 (𝜆 < 424 𝑛𝑚) → 𝑁𝑂 (𝑔) + 𝑂(𝑔)	Reaction 1-16
	𝑂(𝑔) + 𝑂 2 (𝑔) + 𝑀 → 𝑂 3 (𝑔) + 𝑀	
	Ammonia is the major alkaline gas in the atmosphere and plays an important role in
	atmospheric chemistry as a precursor of fine SIA by neutralization of atmospheric acids (Sharma
	et al., 2007). It is known to also play a key role in the formation of new particles (Kulmala, Pirjola,
	and Mäkelä 2000). After N2 and N2O, it is the most abundant N-containing species in the
	atmosphere and is principally emitted by agricultural activities.	

Reaction 1-19 1.2.2.3. Nitric acid

  

	The main product of the oxidation of NO2 is nitric acid (HNO3), which is very hygroscopic,
	has fast deposition velocities in the range of 1-5 cm s -1 and adsorbs easily to surfaces, especially if
	they are wet (Seinfeld and Pandis, 2006). The oxidation of NO2 into nitric acid can occur in either
	gas or aqueous phase, but the latter is usually negligible due to low speed reactions and NO2 low
	aqueous solubility. Therefore, gas-phase reactions are much more rapid, being the preferred
	mechanism of oxidation of NOx (Seinfeld and Pandis, 2006). Two main gas-phase routes of
	atmospheric HNO3 formation may be distinguished depending on the main oxidant involved: OH
	(daytime) or O3 (nighttime).	
	During daytime, the main HNO3 formation mechanisms occurs by the oxidation of nitrogen
	dioxide by hydroxyl radical, which occurs faster than the SO2 gas-phase oxidation.
	𝑁𝑂 2 (𝑔) +• 𝑂𝐻 → 𝐻𝑁𝑂 3 (𝑔)	Reaction 1-20
	During nighttime, nitric acid can be produced via reactions of the nitrate radical (NO3 . ), which
	is the main atmospheric oxidizer during nighttime. The formation of this radical is controlled by
	NO2 and O3. NO3 lifetime mainly depends on relative humidity (RH); if it is below 50%, NO3
	lifetime is around 40 min, while if RH is above 50%, then lifetime drops to few seconds. (Seinfeld
	and Pandis, 2006). When formed, it quickly forms equilibrium with N2O5 and NO2.
	𝑁𝑂 2 + 𝑂 3 → 𝑁𝑂 3 . + 𝑂 2	Reaction 1-21
	𝑁𝑂 2 + 𝑁𝑂 3 . ⇆ 𝑁 2 𝑂 5	Reaction 1-22

1.2.2.4. Nitrous acid

  

	HONO is a gaseous compound which has a high importance in the sunrise chemistry, since its
	photolysis produces the OH radical (Reaction 1-26), which can happen between 10 min and 1 h,
	depending on the solar radiation (Seinfeld and Pandis, 2006).	
	𝐻𝑂𝑁𝑂 (𝑔) + ℎ𝑣 (λ < 370 𝑛𝑚) → 𝑂𝐻 . + 𝑁𝑂	Reaction 1-26

1.2.2.5. Ammonium nitrate

  

	Ammonia reacts with nitric acid to form ammonium nitrate (NH4NO3) (Reaction 1-29).
	𝑁𝐻 3 (𝑔) + 𝐻𝑁𝑂 3 (𝑔) ⇆ 𝑁𝐻 4 𝑁𝑂 3 (𝑠)	Reaction 1-29

Reaction 1-32

  

	𝑁𝑎𝐶𝑙 (𝑠) + 𝐻𝑁𝑂 3 (𝑔) → 𝑁𝑎𝑁𝑂 3 (𝑠) + 𝐻𝐶𝑙 (𝑔)	Reaction 1-30
	2 𝑁𝑎𝐶𝑙 (𝑠) + 𝐻 2 𝑆𝑂 4 (𝑎𝑞) → 𝑁𝑎 2 𝑆𝑂 4 (𝑠) + 2 𝐻𝐶𝑙 (𝑔)	Reaction 1-31
	𝑁𝑎𝐶𝑙 (𝑠) + 𝐻 2 𝑆𝑂 4 → 𝑁𝑎𝐻𝑆𝑂 4 + 𝐻𝐶𝑙 (𝑔)	

Table 1 -1. Deliquescence and crystallization RH of ammonium nitrate and ammonium sulfate at 25°C.
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	Pure salt	Initially dry aerosol DRH (%)	Initially supersaturated aerosol CRH (%)
	NH4NO3	61.8	25 -32
	(NH4)2SO4	79.9	37 -40

Table 1 -2. Global emissions of BVOCs and reactivity atmosphere by family (Peñuelas et al., 2003).

 1 

Table 1 -3. Typical BVOCs described in the literature (Atkinson et al., 2003).

 1 

			Half-life time due to	First reaction products	
	BVOC	Structure	OH . (h)	O3 (days)	NO3 (min)	OH .	O3	NO3
						Formaldehyde Formaldehyde Formaldehyde MVK
	Isoprene		1.4	1.3	96	MACR Organic nitrates	MVK MACR	MVK MACR Organic nitrates
						Pinonaldehyde Pinonaldehyde Pinonaldehyde
	𝛼-pinene		2.6	0.2	11	Formaldehyde Formaldehyde Organic nitrates OH	Organic nitrates
	β-pinene		1.8	1.1	27	Nopinone Formaldehyde	Nopinone Formaldehyde OH .	Organic nitrates

Table 1 -4. Effects of NOx, SO2, and NH3 precursor gases on BVOC degradation.

 1 

	Precursor	Effects on BVOC degradation	References
		High NOx conditions: The main SOA formation path is the	
		reaction of alkylperoxy (RO2) radicals with NO to form alkoxy	
		(RO) radicals. RO radicals decompose to MVK and MACR.	
		MACR has been reported to form methacryloylperoxynitrate	
		(MPAN), and methacrilyc acid epoxide (MAE). MAE	
		produces 2-methylglyceric acid (2-MG) plus oligoesters; 2-	
	NOx	MG is a prominent tracer of isoprene SOA.	

Low NOx conditions: RO2 reacts predominantly with HOx (=OH, HO2 and RO2) producing hydroxy hydroperoxides and epoxidiols, such as isoprene hydroxy hydroperoxides (ISOPOOH) and isoprene epoxydiols (IEPOX), which are important SOA precursors when the environmental acidity is high. Surratt et al. (2006, 2007, 2010). Seinfeld, 2007; Tanner et al. (2009); Offenberg et al. (2009) Lin et al. (2013).

SO2

It enhances SOA formation yields from isoprene and monoterpenes because acidic aerosols produced in the photooxidation of SO2 can either take up organic species or increase the formation of large molecular compounds, by catalyzing the necessary reactions (for example, providing wet surfaces where IEPOX products can react to form sulfate esters (organosulfates). Edney et al. (2005); Jaoui et al. (2008); Santiago et al. (2012) Lin et al. (2013).

Table 2 -1.Main industries found around the sampling site of Caillouël-Crépigny and related main atmospheric emissions.

 2 

		City	Enterprise	Distance from site	Activity	Main emitted species	NOx (t y)	SO2 (t/yr)	VOCs (t/yr)	PM (t/yr)	Year of data
			DOW France	8 km SE	Production of resins	VOCs 1 , amines 2 , acids 3			40.9	
		Chauny (02)	SICA SPR	8 km E 8 km E	Antimony production Solvent recycling	SbO3 VOCs	1.5	0,014	3.4	
			D.E.M	8 km SE	Industrial waste incinerator	PM, NOx	41	1.5	0.52	0.71
	Eppeville (80)	Saint Louis Sucre	15 km NW	Sugar refinery and distillery	NOx, SO2, VOCs, PM, CO	174	73	31	19
	Villers Faucon (80)	Cristal Union	40 km N	Sugar refinery	NOx, SO2, PM, CO	145	407		43
	Estrées Mons (80)	CBEM	28 km N	Biomass power plant	NOx, PM	165	0.4	1	18
		Nesle (80)	Kogeban	25 km NW	Power plant	NOx, PM	156	0.24	2.3	4.4
	Trosly-Breuil (60)	Weylchem lamotte sas	25 km SW	Chemical production of organic and inorganic acids	NOx; SO2, VOCs	72	331	186	0.1
	Thourotte (60)	Saint Gobain Glass	21 km SW	Glass production	NOx, SO2, HCl, CH4	678	224		1.8
	Origny-Sainte-Benoite (02)	TEREOS	34 km NE	Sugar refinery	NOx, SO2, VOCs, PM, CO	285	4.2	237	16
	References :								
	-	DREAL Hauts-de-France, Bilan d'activités annuel 2018, 35 pages & DREAL Hauts-de-France, Bilan annuel d'activités 2017, 39 pages.		
	-	DREAL Hauts-de-France, L'industrie au regard de l'environnement, Données 2016, 207 pages					
	-DEM -Site de CHAUNY -Rapport d'information des tiers -Année 2016, 28 pages.					

1 . DOW's VOCs: formaldehyde, toluene, isobutanol, styrene, acrylonitrile, chlorinated VOCs; 2 . DOW's amines: DMA, TMA, DMEA; 3 . DOW's acids: oleum (H2SO4 + SO3), chlorosulfonic acid (HSO3Cl), HCl.

Table 2 -2. Season periods of the 1-year campaign
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	Season	Start	End
	Spring	1/03/2018	31/05/2018
	Summer	1/06/2018	31/08/2018
	Autumn	1/09/2018	30/11/2018
	Winter	1/12/2018	28/2/2019

The concentrations of 8 inorganic precursor gases, 11 PM2.5 chemical species, the PM2.5 total mass and the values of meteorological parameters were recorded on an hourly basis. When the local meteorological data were not available, data from Chauny (temperature, RH, wind speed and direction) and Saint Quentin (global radiation, atmospheric pressure) Météo-France weather stations were used instead. Additional semi-continuous measurements of VOCs were available at the same site (outside the scope of this study) and were punctually used in this work (isoprene, butane). Also, during the 3-intensive spring-summer periods (presented in Section 2.2), tri-hourly samplings were performed for OVOCs (aldehydes and ketones) analysis.

Table 2 -3. Details of the instrumentation used in the 1-year campaign.
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	Instrument	Species	Detection type	Manufacturer
	M200EH/EM NOx Analyzer	NO, NO2	Chemiluminescence	Envirocontrol, Teledyne
	O3 O342e analyzer	O3	UV	Environnement S. A
	GC-FID 580	VOCs (isoprene, butane)	TD-GC-FID	Perkin-Elmer
	HPLC Ultimate 3000	OVOCs (18 aldehydes, 2 ketones)	HPLC-UV	Thermo
	TEOM 1405-FDMS	PM2.5	microbalance	Thermo Fischer
	OCEC Online analyzer Model 4	OC, EC	Thermal & optical	Sunset
		HCl, HONO, HNO3, SO2, NH3		
	MARGA 1S	Cl -, NO3 -, SO4 -2 , C2O4 -2	Denuder-SJAC-IC	Metrohm Applikon
		NH4 + , Na + , Mg +2 , Ca +2 , K +		

Table 2 -4. OVOCs sampling periods of the intensive campaign in spring-summer 2018.
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	Start of OVOC sampling	End of OVOC sampling	Method of OVOC sampling
	1/06	4/06	ACROSS
	15/07 25/07	16/07 26/07	Manual

optical transmittance (TOT) composed of two successive steps

[START_REF] Birch | Elemental Carbon-Based Method for Monitoring Occupational Exposures to Particulate Diesel Exhaust[END_REF]

:

Table 2 -5. Time resolution of the OC-EC measurements during the campaign.
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	Time resolution	Campaign period	Sampling time (min)	Analysis (min)
	1h	01/03/2018-24/04/2018 13/07/18-28/02/2019	35 min	20 min
	3h	24/04/18 -13/07/18	155	20 min

Table 2 -6. Configuration of the IC system for MARGA

 2 

		Anion	Cation
	Column	Metrosep A Supp10-75	Metrosep C4 100 x 4mm
	Eluent	7 mM Na2CO3-8 mM NaHCO3 3.2 mM p-toluene sulfonate (p-TSA)
	Flow (mL min -1 )	0.7	
	Fixed Loop (µL)	250	500
	T of column oven (°C).	40 ± 5	
	Detection	Conductivity with chemical suppression	Conductivity

  impregnated filters (with oxalic acid for NH3, KOH for acidic gases) or blank filters at the entrance of the Sample box to do an "air filtration" (AF) and prevent precursor gases and particles of the sampled air from entering the instrument and thus obtain a "clean air" (ten Brink et al. 2007; Makkonen et al. 2012; Makkonen et al. 2014).

	 Injection of synthetic "zero air" from an air generator or a gas cylinder at the air sampling
	entrance of the instrument (Dong et al. 2012).
	 Sealing the air sample entrance of the MARGA and injection of a "blank solution"
	throughout the MARGA Sample box and IC, using the automated "external calibration"

procedure of the MARGA software (Thomas et al. 2009; Rumsey et al. 2014; Rumsey et al. 2016, Chen et al. 2017). This protocol was named "automatic external blank" (AEB).

Table 2 -7. Protocols of determination of the LOD used in this work.
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	Methods	Protocol	Advantages	Disadvantages
	Manual			
	Injection			
	(MI)			

Table 2

 2 

	-8.
	The MI provides fast results compared to the automatic measurements but is heavily
	subjected to random errors due to inconsistent volumes of injection, explaining the higher LOD
	values for species like NO3

-and SO4 -2 and does not give information on the Sample Box possible contamination. On the contrary, automatic methodologies do assess both Sample and Detector boxes contamination. Out of all of the automatic methodologies, AF is the most productive one as it gives 1 sample per hour, but it does not provide data for the gas phase, although it may be solved using impregnated filters according to

Makkonen et al. (2014)

.

Table 2 -8. MARGA LODs obtained using different methodologies. All values are expressed in µg m -3

 2 

			MI	AF			AEB				
		UP water	Abs. Solution	Quartz	Teflon	New column	Mid age column	Old column	AES (2017)	AES (2019)	CC
	N samples	10	10	24	24	12	12	12	10	6	100
	HCl								0.04	0.03	0.72
	HNO2								0.07	0.07	0.06
	SO2	0.18	0.20			0.03	0.03	0.03	0.06	0.08	0.16
	HNO3	0.37	0.26			0.10	0.12	0.16	0.09	0.06	0.19
	NH3		0.06			0.13	0.10	0.25	0.13	1	0.26
	Cl -								0.03	0.03	0.72
	NO3 -	0.37	0.26	0.05	0.09	0.10	0.09	0.14	0.07	0.09	0.19
	SO4 2-	0.18	0.20	0.05	0.07	0.08	0.07	0.08	0.04	0.04	0.16
	Na +	0.12			0.06				0.05	0.09	0.25
	NH4 +								0.03	0.06	0.26
	K +								0.17	0.10	0.3
	Mg 2+								0.08	0.08	0.11
	Ca 2+	0.30	0.30						0.16	0.14	0.22

Table 2

 2 

-9. As the multi-standard solution did not include oxalate, the LOD used for this analyte was based on the work of Roig et al. (2019), which used the same MARGA instrument and a similar set up in a previous campaign.

Table 2 -9. Calculated LODs for the 1-year campaign (in µg m -3 ).

 2 

	HCl HNO2 SO2 HNO3 NH3 Cl -NO3 -SO4 2-C2O4 -2 Na + NH4 +	K +	Mg 2+ Ca 2+
	0,04	0.07 0.07 0.08 0.06 0.03 0.08 0.04	0.08	0.07 0.05 0.14 0.08 0.15
	2.4.2. Parameters influencing HNO3 sampling and measurement
	Several authors have reported that HNO3 MARGA concentrations might be erroneously
	quantified when measuring ambient air (Makkonen et al. 2012; Makkonen et al. 2014; Rumsey
	et al. 2014). The same observation was made by Roig et al. (	

Table 2 -10. Comparisons of nitric acid determination between MARGA and other techniques in this work and in the bibliography.
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	References	This work	Stieger et al. (2017)	Rumsey et al. (2014)	Makkonen et al. (2014)
	MARGA configuration	1S	1S		MU1	MU2	2S
	Sampling head material	Teflon-coated		White acrylic	Teflon-coated
	Cut-off size (µm)	2.5	2.5		26		2.5
	Air tube length (m)	2.5	3.5		4		0.9
	Air tube material				Polyethylene		
	Air tube o.d. (mm)	12.7	n.c.		12.7		12.7
	Air flow rate (m 3 h -1 )	1	1		1		2
	Mean transfer time (s)	0.64	n.c.		n.c.		0.12
	Cation eluent			HNO3			MSA
	Reference method	KOH denuder	Midefix RBD	Na2CO3 denuder	EMEP filterpack
	Ref. time basis (h)	24	336	1	12	12	48-72
	Concentration range (µg m -3 )	0.4 -2.3	0.2-4.5	0.05-10.5	0.1 -4	0.1 -4	0.1-1.1
	Number of analyses	18	55	263	120	120	n.c.
	Linear regression						
	slope between MARGA and	0.05	0.08	0.16	0.73 a /0.9 b 0.57 a /0.69 b	0.5
	denuders						
	Y-intercept (µg m -3 )	0.63	0.44	0.33	0.23	0.22	0.07
	R 2	0.60	0.06	0.45	0.88	0.88	0.70

Table 2 -11. Averaged relative variation (%) and associated standard deviation of denuder HNO3 (n=5) measured concentration compared to the "true" value depending on the characteristics of the air tube attached to the denuder inlet.

 2 

	Type of tube (length)	HNO3 averaged variation (%) Standard deviation (%)
	Short Clean (1 m ;)	-0.2%	18%
	Long Clean (2.5 m)	-8.0%	23%
	Long Use (2.5 m)	+8.8%	20%

Table 2 -12. Uncertainty components associated with the airflow variation Symbol Component of uncertainty Number of measurements Square relative uncertainty

 2 

	𝐮 𝐫 𝟐 (𝐕 𝐚𝐢𝐫 )

Table 2 -13. Linear regression coefficients for gas species analyzed by MARGA compared to other methods or instruments.

 2 NH3, collection efficiencies for wet annular denuders (WAD) have always been reported as very high, with 100% in Wyers et al. (1993) and 92-99% in a GRAEGOR by Thomas et al. (2009), In Bobrutzki et al. (2010), eleven instruments with different working principles of measurement were compared, and it was determined that wet denuder technique showed good recovery and long-term stability, therefore it can be concluded that MARGA is efficient and stable enough for measurements of NH3. Similar outputs were found in Roig et al. (2019), who compared the MARGA to a NH3 analyzer (PICARRO) for 12 days, finding a good correlation and a slope of 0.9, in agreement with previous studies. To our knowledge, there are very few comparisons for HCl and HONO between MARGA and other analyzers. Keuken et al. (1993) compared a WAD HCl measurements to NaF impregnated filters, obtaining very good agreement between them (R²=0.99, slope = 0.8).

	1: The SO2 monitor data was 1h-averaged
	2: Comparison with two parallel MARGA units.

Moreover Stieger et al. (2019) also found good correlation and slope values for HCl (R²=0.79, 1.16.). For HONO, Stieger et al. (2017) compared MARGA results with an off-line annular denuder and found that MARGA overestimates a little bit HONO (slope 1.1, R 2 =0.41), stating that denuder-based HONO measurements are susceptible to the pH of the absorbance liquid used as the coating. Stieger et al. (2019) compared the gas sampled by the MARGA in a

  Comparison with other techniques: Another way to test the aerosol recovery by the MARGA is to compare it with other instruments or methods. The main regression values (MARGA vs another technique) from bibliography comparisons are shown in Table 2-14.

Table 2 -14. Linear regression coefficients of aerosol species analyzed by MARGA against other instruments or methods.

 2 

	Species	MARGA cutoff (µm)	Method (cutoff size)	R 2	Slope	Intercept (µg m -3 )	Measurements	Range (µg m -3 )	Reference
		10	Teflon filter (10 µm)	0.98	0.85	0.24	87	LOD -7	Makkonnen et al. (2012)
		0.56	AMS (1 µm	0.22	1.12				Mensah et al. (2012)
		1	AMS (1 µm)	0.69	1.81				Mensah et al. (2012)
		26	Teflon filter (2.5 µm)	0.99/0.99	0.97/0.98	0.29/0.21	60/60	LOD -7	Rumsey et al. (2014) 2
		10	Teflon filter	0.90	1.08	0.05	30	LOD -1.6	Makkonnen et al. (2014)
	SO4 2-	2.5	AMS (1 µm)	0.92	0.99	0.25		LOD --9	Makkonnen et al. (2014)
		10	Quartz filter (10 µm)	0.91	0.83	0.02	1474		Stieger et al. (2017) 4
		10	Midefix Unit	0.71	0.70	0.66	56		Stieger et al. (2017) 4
		10	ACSM	0.79	1.39	-0.19	12480		Stieger et al. (2017) 4
		2.5	AMS (1 µm)	0.92	1.89				Roig et al. (2019)
			Offline IC analysis	0.97	0.88	0.39	2705	LOD -12	Stieger et al. (2019)
		10	Teflon filter (10 µm)	0.93	0.90	0.46	84	LOD -14	Makkonnen et al. (2012)
		0.56	AMS (1 µm)	0.70	1.03				Mensah et al. (2012)
		1	AMS (1 µm)	0.82	1.91				Mensah et al. (2012)
		26	Teflon/nylon filters (2.5 µm)	0.80/0.81	2.36/1.73	-0.23/-0.14	60/60	LOD -1.4	Rumsey et al. (2014) 2
		10	Teflon filter	0.93	1.31	0.08		LOD -1.6	Makkonnen et al. (2014)
	NO3 -	2.5	AMS	0.07	3.44	-0.62		LOD -0.8	Makkonnen et al. (2014)
		10	Quartz filter (10 µm)	0.88	0.68	0.56	1488		Stieger et al. (2017) 4
		10	Midefix Unit	0.79	0.91	0.10	56		Stieger et al. (2017) 4
		10	ACSM	0.84	0.88	0.39	12616		Stieger et al. (2017) 4
		2.5	AMS (1 µm)	0.96	1.47				Roig et al. (2019)
			Offline IC analysis	0.99	1.02	0.20	2707	LOD -14	Stieger et al. (2019)
		10	Teflon filter (10 µm)	0.83	0.91	-0.30	85	LOD -6	Makkonnen et al. (2012)
		0.56	AMS (1 µm)	0.37	0.73				Mensah et al. (2012)
		1	AMS(1 µm)	0.72	1.32				Mensah et al. (2012)
		26	Teflon filter	0.97/0.96	1.02/0.97	0.04/0.10	60/60	LOD -2.5	Rumsey et al. (2014) 2
	NH4 +	10 2.5	Teflon filter AMS (1 µm)	0.61/0.83 0.83	1.23/1.19 1.52	0.15/0.04 0.01		LOD -1.6 LOD -2	Makkonnen et al. (2014) Makkonnen et al. (2014)
		10	Quartz filter (10 µm)	0.86	0.82	-0.10	1453		Stieger et al. (2017) 4
		10	Midefix Unit	0.68	0.64	0.05	26		Stieger et al. (2017) 4
		10	ACSM	0.85	1.2	-0.12	12527		Stieger et al. (2017) 4
		2.5	AMS (1 µm)	0.94	1.38				Roig et al. (2019)
		10	Teflon filter (10 µm)	0.55	0.49	-0.03	28	LOD -1.4	Makkonnen et al. (2012)
	Na +	10	Teflon filter	0.70/0.95	1.5/0.88	-0.03/-0.01		LOD -0.15	Makkonnen et al. (2014)
		10	Quartz filter (10 µm)	0.57	0.41	0.07	333		Stieger et al. (2017) 5
		10	Teflon filter (10 µm)	0.86	3.03	0.09	82	LOD -1.8	Makkonnen et al. (2012)
	Ca 2+	10	Teflon filter	0.97/0.62	2.95/0.89	0.07/0		LOD -0.35	Makkonnen et al. (2014)
		10	Quartz filter (10 µm)	0.13	2.83	-0.21	343		Stieger et al. (2017) 5
		10	Teflon filter ((10 µm)	0.69	3.03	-0.02	69	LOD -0.7	Makkonnen et al. (2012)
	Mg 2+	10	Teflon filter	0.86/0.85	3.39/0.73	0.01/0		LOD -0.15	Makkonnen et al. (2014)
		10	Quartz filter (10 µm)	0.59	0.73	0.06	109		Stieger et al. (2017) 5
		10	Teflon filter (10 µm)	0.83	0.72	0.03	38	LOD -1.4	Makkonnen et al. (2012)
		0.56	AMS (1 µm)	0.49	0,72				Mensah et al. (2012)
	Cl -	1	AMS (1 µm)	0.68	1.30				Mensah et al. (2012)
		10	Quartz filter (10 µm)	0.85	0.65	0.08	710		Stieger et al. (2017) 4
			Offline IC analysis	0.95	1.11	-0.02	1768	LOD -3	Stieger et al. (2019)
	K +	10 10	Teflon filter Quartz filter (10 µm)	0.75/0.90 0.41	1.51/1.00 0.56	-0.02/0 0.02	151	LOD -0.15	Makkonnen et al. (2014) Stieger et al. (2017) 5

1-Makkonnen et al. (2012): PM10 data from Teflon filters were averaged to 24h; 2-Rumsey et al. (2014): two MARGA units, MU1 (left values) and MU2 (right values); 3-Makkonnen et al. (2014) : MARGA fixed loop (left) and preconcentration column (right); 4-Stieger et al. (2017): The presented values correspond to an orthogonal regression.

Table 2 -15. Internal standard uncertainty components

 2 

	Symbol	Uncertainty component	Square relative uncertainty	𝒖 𝒓 𝟐 (𝐂 𝐈𝐒,𝐫𝐞𝐟 )
	𝒖 𝒓 𝟐 (𝑪𝒐𝑨)	CoA	(9 x 10 -3 ) 2	
	𝒖 𝒓 𝟐 (𝒎 𝑰𝑺 )	Weight of the LiBr reactive	(1 x 10 -4 ) 2	
	𝒖 𝒓 𝟐 (𝑽 𝒃𝒐𝒕𝒕𝒍𝒆 )	Volumetric preparation of IS stock solution	(1.53 x 10 -3 ) 2	1 x 10 -4
	𝒖 𝒓 𝟐 (𝑽 𝒑𝒊𝒑𝒆𝒕𝒕𝒆 )	Volume taken from stock solution with the pipette	(4.26 x 10 -3 ) 2	

Table 2 -16. Calculated parameters of the logarithmic regression between the standard deviation of repeated measurements against the logarithm of the measured concentration for each MARGA species for precursor gases (top) and aerosol species (bottom).

 2 

	Species	HCl		HNO2		SO2	HNO3		NH3
	Slope	-0.020	-0.017		-0.017	-0.007		-0.040
	Offset	0.120	0.084		0.091	0.051		0.170
	R 2	0.93	0.90		0.92	0.94		0.99
	Species	Cl -	NO3 -	SO4 2-	Na +	NH4 +	K +	Mg 2+	Ca 2+
	Slope	-0.013 -0.060 -0.070 -0.040 -0.018 -0.060 -0.060 -0.020
	Offset	0.090	0.045	0.043	0.180	0.096	0.270	0.260	0.110
	R 2	0.88	0.92	0.94	0.96	0.95	0.95	0.98	0.95

Table 2

 2 

-17)

.

Table 2 -17. Spring concentration percentiles (in µg m -3 ) used to calculate uncertainty budget HNO2 HNO3 SO2 NH3 Cl - NO3 -SO4 2-Na + NH4 + K + Mg 2+ Ca 2+ 5 th

 2 

		0.16	0.02	0.16	0.92	0	0.60	0.51	0	0.04	0	0	0.02
	25 th	0.46	0.09	0.26	2.57	0	1.21	0.9	0	0.26	0	0.02	0.06
	50 th	0.69	0.21	0.38	4.43	0	2.48	1.34	0	0.59	0.07	0.04	0.08
	75 th	0.97	0.35	0.62	6.76	0	5.23	1.95	0.03	1.56	0.12	0.06	0.14
	90 th	1.33	0.49	1.05	9.62	0.33	11.	3.25	0.14	3.51	0.18	0.08	0.24
	Average 0.76	0.25	0.53	5.17	0.11	4.42	1.72	0.04	1.31	0.05	0.04	0.12

Table 2 -18. Average concentrations (in µg m -3 ) measured in the Eastern Asian studies compared to spring averages in Caillouël-Crépigny for the SIA components and their precursor gases. This study Shon et al. (2012) Gao et al. (2016) Liu et al. (2017)

 2 

	Location	Caillouël-Crépigny (Rural)	Seoul (Urban background)	Beijing (Urban)	Xichong (Coastal rural)
	Campaign duration	03/2018-02 2019	1-year campaign (2010)	22-07 to 12-08-2014	1-year campaign (2012)
	Type of data	Spring average	Spring average (only gases)	Sampling period average	Yearly average
	SO2	0.53	4.22	6.65	n.p.
	SO4 -2	1.72	-	14.8	8.42
	NH3	5.17	4.66	24.54	-
	NH4 +	1.31	-	8.9	2.8
	HNO3	0.25	8.95	-	-
	NO3 -	4.42	-	15.18	1.56

  If the slope is 1 or close, the aerosols charges are neutralized. If not, there may be missing ions, often protons (H + ). Other tools to assess the degree of neutralization of the aerosols are the ionic balance (IB) and the neutralization ratio (NR) (Bencs et al., 2008; Makkonen et al., 2012; Squizzato et al., 2013; Twigg et al., 2015; Stieger et al., 2017). The IB is defined as the sum of anions minus the sums of cations in equivalents of charge according to Equation 2-10.

	𝐼𝐵 = ( [𝑁𝑂 3 -] 62	+	2[𝑆𝑂 4 2-] 96	+	[𝐶𝑙 -] 35.5	+	2[𝑂𝑥𝑎𝑙𝑎𝑡𝑒] 88 ) -( [𝑁𝐻 4 + ] 18	+	[𝑁𝑎 + ] 23	+	[𝐾 + ] 39	+	2[𝐶𝑎 2+ ] 40	+	2[𝑀𝑔 2+ ] 24.3

) Equation 2-10

  66. Ulbrich, I. M., Canagaratna, M. R., Zhang, Q., Worsnop, D. R. and Jimenez, J. L.: Interpretation of organic components from Positive Matrix Factorization of aerosol mass spectrometric data, Atmospheric Chemistry and Physics, 9(9), 2891-2918, doi:https://doi.org/10.5194/acp-9-2891-2009, 2009. 67. Waked, A., Sauvage, S., Borbon, A., Gauduin, J., Pallares, C., Vagnot, M.-P., Léonardis, T. and

	Locoge, N.: Multi-year levels and trends of non-methane hydrocarbon concentrations observed
	in	ambient	air	in	France,	Atmospheric	Environment,	141,	263-275,
	doi:10.1016/j.atmosenv.2016.06.059, 2016.			
	68. Weiden, S.-L. von der, Drewnick, F. and Borrmann, S.: Particle Loss Calculator -a new software
	tool for the assessment of the performance of aerosol inlet systems, Atmospheric Measurement
	Techniques, 2(2), 479-494, doi:https://doi.org/10.5194/amt-2-479-2009, 2009.	
	69. Wexler, A. S. and Seinfeld, J. H.: Second-generation inorganic aerosol model, 4TMOS.
	ENVIRON., 25(12), 2731-2748, doi:10.1016/0960-1686(91)90203-J, 1991.		
	70. Wyers, G. P., Otjes, R. P. and Slanina, J.: A continuous-flow denuder for the measurement of
	ambient concentrations and surface-exchange fluxes of ammonia, Atmospheric Environment.
	Part A. General Topics, 27(13), 2085-2090, doi:10.1016/0960-1686(93)90280-C, 1993.

Table 3 -1. Statistics of the meteorological variables for the 1-year campaign. Spring Summer Autumn Winter Annual

 3 

T (˚C)

1 

11.2 ± 6.4 (-5.5 -28.5)

20.2 ± 4.8 (

  

 

12.2 ± 5.7 (-0.9 -27.6)

5.7 ± 4.2 (-3.6 -19) 12.4 ± 5.3

  

						(-5.5 -36)
	RH (%)	78.5 ± 16.9	60.4±17.1	70.7 ± 14.5	75.8 ± 11.3	71.4 ± 15.0
	ΣRain (mm)	181.9	117.7	91.2	172.8	563.6
	Wind speed (m s -1 )	1.9 ± 1.5	1.6±0.8	1.61±1.1	2.03±1.5	2.14±1.3
	(m s -1 )					

Table 2 -

 2 11), from the 1-year campaign are shown in Table3-2.

Table 3 -2. Percentages of measured data and of data >LOD for each season.

 3 

			Spring	Summer	Autumn	Winter
			Meas. data (%)	Data > LOD (%)	Meas.data (%)	Data > LOD (%)	Meas.data (%)	Data > LOD (%)	Meas.data (%)	Data > LOD (%)
		HCl	81.8	0.0	93.0	0.4	86.9	0.2	85.7	1.2
		NO	91.6	23.7	99.9	11.1	97.5	28.9	90.9	26.7
	GASES	NO2 O3 HONO	91.6 94.9 81.7	89.9 94.8 78.2	99.9 100 87.4	79.1 100 84.5	99.9 98.8 87	89.6 97.7 86.5	90.9 96.7 85.7	82.1 94.5 77.9
		HNO3	81.8	64	88.2	71.7	84.0	54.2	85.6	44.8
		SO2	81.8	81.4	88.2	88.1	85.9	85.4	85.7	78.6
		NH3	81.8	81.8	88.2	87.7	88	87.9	69.4	68.9
		Cl -	79.9	10.0	88.4	5.1	86.3	10.4	87.1	15.3
		NO3 -	79.6	78.8	88.4	86.3	86.3	84.9	87.1	85
		SO4 2-	79.5	79.4	88.4	88.3	86.3	86.3	87.1	86.3
		C2O4 -2	52.4	21.2	88.0	33.8	86.3	36.1	60.8	25.5
	AEROSOLS	Na + NH4 + K + Mg 2+	79.5 79.5 79.5 79.5	13.8 74.0 16 7.8	86.0 88.4 86.0 86.0	22.3 87 18.9 2.4	88.4 88.4 88.4 88.4	47.2 88 27.1 5.4	86.7 87.8 86.7 86.7	30.1 87.5 29.1 7.4
		Ca 2+	79.5	17.2	86.0	20.4	88.4	10.4	86.7	7.1
		OC	77.6	77.3	85.0	83.4	92.6	91.3	82.4	73.7
		EC	77.6	73.6	85.0	68.2	92.6	75.3	82.4	58.5
		PM2.5	91.2	89.1	99.0	91.2	97.5	71	95.0	91.7

Table 3 -5. Averages, standard deviation and 5 th , 25 th , 50 th , 75 th and 97.5 th percentiles in µg m -3 for the precursor gases and PM2.5 speciation measured at Caillouël-Crépigny during the 1-year campaign.

 3 

	Spring

Table 3 -6. Chemical composition of PM2.5 in North West Europe (Concentrations are expressed in µg m -3 ; the relative mass contributions of the species in % are shown between parentheses).

 3 

	Reference	Location	Typology	Sampling methodology	Cut-off size (µm)	Period	Nsamples	PM	NO3	NH4	SO4	OC OM	EC	Minor ions	Unspeciated
	This study	Caillouël-Crépigny (FR)	Rural	Online (MARGA, OCEC)	2.5	03/2018-02/2019	6108	12.88	3.35 (26)	1.8 (14)	1.3 (10)	2.6 (20)	0.38 (3)	1.03 (8)	2.97 (23)
	Mensah et al. (2009)	Cabauw (NL)	Rural	Online (AMS, MARGA)	1	May 2008 March 2009	--	10.21 6.86	2.65 (26) 2.88 (42)	1.84 (18) 1.1 (16)	1.53 (15) 1.17 (17)	4.08 (40) 1.5 (22)	--	0.1 (1) 0.2 (3)	--
		Schiedam (NL)	Urban				46	17.2	2.8 (16.3)	1.2 (7)	2.6 (15.1)	2.1 (12.2)	2.2 (12.8)	0.5 (4.8)	5.48 (32)
	Mooibroek et al. (2011)	Hellendoorn (NL) Vredepeel (NL)	Rural Rural	Quartz Filter	2.5	2007-2008	82 86	14 17.5	4.2 (24.8) 4.2 (24)	1.9 (10.7) 1.93 (10.9)	2.9 (17.4) 2.98 (16.6)	2 (13.4) 1.92 (11.4)	1.4 (11.4) 2.28 (10.9)	0.22 (2) 0.7 (4)	1.4 (10) 5.6 (32)
		Cabauw (NL)	Rural				34	18.5	3.51 (19.5)	1.48 (7.6)	2.4 (13)	1.85 (9.7)	1.66 (8.6)	0.37 (2)	7.4 (40)
							330	12.6	2.2 (17.4)	1.2 (9.5)	1.9 (15.1)	2.9 (23)	0.5 (4)	0.47 (3.7)	3.43 (27.2)
	Bressi et al. (2012)	Paris (FR)	Rural	Quartz filter	2.5	09/2009-09/ 2010	359	11.7	2.6 (22.2)	1.3 (11.1)	1.9 (16.2)	2.2 (18.8)	0.5 (4.3)	0.49 (4.2)	2.71 (23.2)
							351	10.8	2.2 (244)	1.2 (11.1)	1.8 (16.7)	2.1 (19.4)	0.4 (3.7)	0.52 (4.8)	2.58 (23.9)
	He et al. (2018)	Verneuil (FR)	Rural	Quartz filter	2.5	2011-2014		11.3	1.58 (14.3)	1.46 (8.4)	0.92 (13.2)	4.67 (42.4)	0.25 (2.2)	0.4 (5.4)	1.56 (14.2)
	Roig et al. (2019)	Douai (FR)	Suburban	Online (MARGA, Aethalometer)	2.5	08/2015-07/ 2016	4570	13.3	3.77 (28)	1.33 (10)	1.67 (13)		0.42 (3)	0.26 (2)	5.78 (44)
	Pandolfi et al (2019)	Lens (FR) Revin (FR)	Urban Remote	Filter sampling	10	2013-2014	167 168	20.51 16.3	5.05 (29) 3.25 (19)	1.87 (11) 1.27 (7)	2.33 (13.5) 2.03 (11.8)	3.2 (18.6) 2.2 (12.8)	0.6 (3) 0.17 (1)	0.82 (4.8) 0.76 (4.4)	5.91 (34) 6.3 (37)
	Bold values correspond to OM instead of OC.												

Table 3 -7. Factors of conversion of OC to OM, FOC-OM found in this study and in the bibliography.

 3 

	Reference*	FOC-OM	Method	Site	Campaign duration (months)	Time resolution (h)	N samples	Location
		Annual	1.81 ± 0.02					5293	
	This study	Spring Summer Autumn	1.30 ± 0.04 1.85 ± 0.05 1.51 ± 0.03	Remaining mass vs OC	Rural	12	1	1186 1339 1473	Caillouël-Crépigny (FR)
		Winter	1.96 ± 0.04					1295	
	Turpin and Lim (2001)	1.6 -2.1 ± 0.2	Average mass weighted compounds	Urban Rural	n.p	n.p	n.p	n.p
	Kiss et al. (2002)	1.93 ± 0.02	Estimate from WSOC	Rural	9.5	48-144	25	K-puszta (HU)
	Guinot et al. (2007)	1.4 1.6 1.6 1.5	Estimation from OC origin	Urban	13 10 13 36	336 168 12 168	28 40 49 52	Paris (FR) Gonesse (FR) Realtor (IT) Florence (IT)
	Xing et al. (2013)	Summer Winter	1.95 ± 0.52 1.93 ± 0.49 1.95 ± 0.3 1.86 ± 0.14	Mass balance Organic speciation	Urban	0.5 1	24	14	China 1 (CN)
			1.95 ± 0.02		Urban			348	Paris
			1.98 ± 0.02		Suburban			335	(FR)
	Bressi et al. (2013)	2.08 ± 0.02 2.12±0.02	Remaining mass vs OC	Rural	12	24	330 359	Crouy sur Ourcq (FR) Frémainville (FR)
			2.03±0.02					351	Bois Herpin (FR)

1:

The values presented are representing the averages of 7 northern and southern Chinese cities (each). More information is available in

Cao et al. (2007)

.

Table 3 -8 Parameters of the seasonal linear regressions between PM2.5 mass concentration and the sum of the mass concentrations of all the determined chemical components, taking into account either OC or OM. Only hours with all species measured were taken into account.

 3 

		Slope	with OC	R 2	with OM Slope	R 2	N data
	Spring	0.85		0.83	0.88	0.83	1360
	Summer	0.86		0.91	0.91	0.91	1563
	Autumn	0.83		0.90	0.97	0.91	1634
	Winter	0.57		0.78	0.76	0.78	1427
	Annual	0.75		0.81	0.86	0.85	5984

Table 3 -9.Annual mean concentration, 5 th and 95th percentiles (µg m -3 ) and correlation coefficient (R 2 ) of NH3, HNO3 and main SIA species observed in this study and calculated by ISORROPIA II (forward mode, metastable aerosol).

 3 

	Species	Obs.	Mean	Model	5 th percentile Obs. Model	95 th percentile Obs. Model	R 2 (6225)
	NH3	3.92		3.81	0.86	0.78	9.91	9.91	0.99
	HNO3	0.23		0.06	0.00	0.00	0.69	0.44	0.00
	NH4 +	1.28		1.39	0.09	0.06	4.74	4.88	0.95
	NO3 -	3.13		3.30	0.23	0.24	12.59	12.78	0.99
	SO4 2-	1.76		1.52	0.47	0.24	4.76	4.50	0.97

Table 3 -10. Comparison of the standard enthalpy and of the equilibrium constant for the formation of deliquescent ammonium nitrate as calculated by ISORROPIA II for this study and given by Seinfeld and Pandis (1998).

 3 

	Reference	H° (298 K, 1 atm) (kJ mol -1 )	Kf (298 K, 1 atm) (mol 2 kg -2 atm -2 )	Ln( Kf)
	From this study, data modelled by ISORROPIA II	-154	5.6 x 10 +18	43.2
	Seinfeld and Pandis (1998)	-160	4.0 x 10 +17	40.5

Table 3 -11. Time periods selected for calculating ∆NHx

 3 

		Night time period	Morning peak
		(Minimum NHx)	(Maximum NHx)
	Summer	5:00-7:00	09:00-11:00
	Autumn	7:00-9:00	12:00-14:00

(

  Roig et al., 2019a), but not seen in other European studies where SO4 2-is emitted through the use of coal or fuels containing S for heating purposes and therefore showing maximum concentrations during this season. (Makkonen et al., 2012; Stieger et al., 2017).

OC & EC: OC and EC are related as they share common sources of combustion, or that they, and in our study there is a consistent correlation between them, with R²=0.55 for all seasons but summer ( R²=0.18). This may be related to the difference in the origin of OC during summer, more related to SOA

[START_REF] Claeys | Formation of Secondary Organic Aerosols Through Photooxidation of Isoprene[END_REF] Na et al., 2006;[START_REF] Alves | Organic compounds in aerosols from selected European sites -Biogenic versus anthropogenic sources[END_REF]

. The observed seasonal averages (Table

3-

5) are in between or very close to the average values (1.8-2.7 µg m -3 for OC and 0.1-1.11 µg m -3 for EC) found in other rural studies across Europe (Bressi et al., 2013; Herich et al., 2014; Zanatta et al., 2016; Mbengue et al., 2018).

Table 4 -2. Number of data per month used in the FA.

 4 MonthMar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb ∑Total

	Hours per month	744 720 744 720 744 720 744 744 720 744 744 672 8760
	Hours considered in the FA 438 530 391 597 646 398 571 551 584 664 169 593 6132

Table 4 -3. Amount of data (out of n=6132) under LOD replaced by ½ LOD by species in the PMF dataset.

 4 

		NO3 -SO4 2-NH4 +	OC	EC	Cl -	Na +	K +	Mg 2+ Ca 2+ PM2.5
	LOD (µg m -3 )	0.07	0.04	0.05	0.50	0.05	0.03	0.07	0.14	0.08	0.15	2.00
	Ndata >LOD	6049 6093 5944 5951 4987	674	1941 1632	386	961	5873
	% data > LOD	99	99	97	97	81	11	32	27	6	16	96

Table 4 -4. Percentiles, S/N and LODs of the variables used as inputs for the PMF

 4 

	Variable	S/N	Category	Min	25 th	Median	75 th	Max	½ LOD (µg m -3 )
	Cl -	0.7	Strong	0.015	0.015	0.015	0.015	3.6	0.015
	NO3 -	8.5	Strong	0.035	0.69	1.4	3.7	36.3	0.035
	SO4 2-	9.7	Strong	0.02	0.79	1.3	2.1	14.1	0.02
	Na +	0.4	Strong	0.035	0.035	0.035	0.095	1.5	0.035
	NH4 +	5.6	Strong	0.025	0.30	0.63	1.4	12.3	0.025
	K +	0.1	Weak	0.070	0.070	0.078	0.14	0.78	0.07
	Mg 2+	0.1	Weak	0.040	0.040	0.040	0.05	0.21	0.04
	Ca 2+	0.1	Bad	0.075	0.075	0.075	0.11	2.3	0.075
	OC	3.4	Strong	0.25	1.1	1.86	3.0	29.7	0.25
	EC	1.7	Strong	0.025	0.12	0.27	0.54	6.60	0.025
	PM2.5	4.3	Weak*	1	5.4	9.04	15.47	62.9	1

Table 4 -5. Coefficients of the linear regressions between observed and modelled species in the 4- factor PMF solution

 4 (Significant correlations are marked in bold and PM2.5 is marked in italic as the total variable).

	Species	Category	R 2	Slope	Offset
	Cl -	Strong	0.001	0.001 ± 0.004	0.017 ± 0.00012
	NO3 -	Strong	0.998	0.99 ± 0.0005	0.0098 ± 0.0027
	SO4 2-	Strong	0.997	0.965 ± 0.0007	0.044 ± 0.0015
	Na +	Strong	0.0005	0.004 ± 0.002	0.048 ± 0.0004
	NH4 +	Strong	0.991	1.0 ± 0.001	-0.007 ± 0.002
	K +	Weak	0.040	0.1 ± 0.006	0 ± 0.002
	Mg 2+	Weak	0.0001	0.012 ± 0.013	0.034 ± 0.0006
	OC	Strong	0.908	0.88 ± 0.004	0.25 ± 0.011
	EC	Strong	0.772	0.69 ± 0.005	0.11 ± 0.003
	PM2.5	Weak	0.851	0.89 ± 0.005	0.95 ± 0.07

  2-are associated due to their dependence to photochemistry and are expected to have similar temporal variations(Kim et al., 2003). In fact, Roig (2018) stated that ammonium sulfate only accounted for 33% of the mass of the sulfate-rich factor impacting the suburban site of Douai, implying that OM, although not measured in that study, was also present in this factor (as indicated by the high species contribution of oxalate). Also, in another previous study conducted in Douai, Crenn et al. (2011) observed a high OM contribution (17%) to the PM2.5 in summer. In Paris, Bressi et al (2014) did also found high contributions of OM on the sulfate-rich factor, identifying this as SOA coming from a mixture

Table 4 -6. Selected SA studies conducted in Northwestern Europe from 2011 until nowadays.

 4 

		Reference	Location	Sampling type	Period	PM average (µg m -3 )	Site typology	N samples	Tracers	Nfactor	SIA* (%)	Combustion * (%)
		This study	Caillouël-Crépigny (FR)	MARGA OCEC	01/03/2018-28/02/2019	11.8 ± 9.1	Rural	5678	PM2.5, NO3 -, SO4 2-NH4 + , Cl -, Na + Mg 2+ , K + , OC, EC,		44.6	37.8
			Schiedam			17.2 ± 11.6	Urban	76	PM2.5, NO3 -SO4 2-, NH4 + , OC,		66	21
		Mooibroek et al. (2011) (NL)	Vredepeel Rotterdam Cabauw	Quartz & PTFE filter	15/08/2007-4/09/2008	17.5 ± 9.2 19.5 ± 11.1 Kerbside Rural 18.5 ± 12.3 Rural	65 85 65	EC, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Se, Si, Sn, Sr, Ti, V,		74 61 72	16 31 18
			Hellendoorn			14 ± 6.9	Rural	65	Zn.		73	18
									PM2.5, OM, EC, NO3 -SO4 2-NH4 +		
	PM2.5	Bressi et al. (2014)	Paris (FR)	Quartz & PTFE filter	11/09/2009-10/09/2010	14.7	Urban	337	Pb. Na, Cl, Mg, K, Levoglucosan, Mannitol, V, Ni, Fe, Mn, Cu, Cd,		51	43
									PM2.5, NO3 -, SO4 2--NH4 + , TC,		
		Ledoux et al. (2017)	Saint Omer (FR)	Cellulose & Quartz filter	10/03-30/04/2011	32.2 ± 17.8	Urban	103	Cl, Ag, Al, As, Ba, Ça, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni,	10	73.8	21.2
									Pb, Rb, Sb, Sn, Sr, Ti, V, Zn.		
		Roig (2018) 1	Douai (FR)	MARGA Aethalometer *Filter	08/2015-07/2016	12.1 ± 8.7 13.3 ± 7.9	Suburban	7862 298	PM2.5, NO3 -, SO4 2-, NH4 + , Na + C2O4 2-Mg 2+ , K+, BC, Delta C Ça, Fe, K, As, Ba, Bi, Cd, Ce, Co, Cr, Cu, Mn, MO, Ni, Pb, Rb,		68 65	22 25
									Sb, Se, Sr, Zn		
									PM10, EC, OC 2 , Cl -, NO3 -SO4 2-		
		Waked et al. (2014)	Lens (FR)	Quartz Filter	01/2011-01/2012	20.5 ± 13	Urban	117	NH4 + , Levoglucosan, Polyols, Ba, Cu, Mo, Ni, Pb, Rb, Sb, Sr,		28	23
									V, Zn, Al, Ça, Fe, K, Na, Mg, Ti,		
	PM10	Oliveira (2017)	Revin (FR)	Filter	2/01/2013-2/06/2014	16.3 ± 9.7	Remote	168	PM10, EC, OC, Cl -, NO3 -, SO4 2 , Na + , NH4 + , K + , Mg 2+ , MSA, Oxalate, Levoglucosan, Polysaccharides, sugar alcohols, Ca, Cd, Ce, Ci, Cu, La, Mn, Rb,		
									Sb, Se, Sr, Ti, Zn, Al, Fe, Cs,		
									Mo.		

Table 5 -2. Average concentrations, standard deviation and % of valid data captured for each period of the intensive campaign.

 5 

			Average ± standard deviation		Valid data (%)	
			June 1	July 1	July 2	June 1 (n=60)	July 1 (n=23)	July 2 (n=23)
		HONO	0.22 ± 0.1	0.38 ± 0.2	0.47 ± 0.3	94%	100%	91%
		HNO3	0.17 ± 0.1	0.46 ± 0.1	0.22 ± 0.2	93%	100%	91%
	Gases (ppb)	SO2 NH3 NO NO2 O3	0.23 ± 0.3 3.6 ± 2.1 0.8 ± 0.9 4.9 ± 1.8 30.6 ± 11.7	0.32 ± 0.2 8.6 ± 2.4 0.58 ± 0.7 4.04 ± 1.9 53.0 ± 18.3	0.39 ± 0.21 11.7 ± 4.8 0.44 ± 0.7 3.1 ± 2.4 66.7 ± 22.9	93% 93% 100% 100% 100%	100% 100% 100% 100% 100%	91% 91% 100% 100% 100%
		Isoprene	0.1 ± 0.02	0.24 ± 0.2	0.79 ± 1	93%	100%	100%
		MVK	0.08 ± 0.06	0.07 ± 0.1	0.76 ± 0.3	96%	100%	100%
		MACR	0.02 ± 0.02	0.03 ± 0.04	0.3 ± 0.2	96%	100%	100%
		Cl	0 ± 0	0.00 ± 0	0.00 ± 0	94%	100%	91%
	-3 )	Na	0.0 ± 0.02	0.02 ± 0.02	0.06 ± 0.07	94%	100%	91%
	Aerosols (µg m	NO3 SO4 NH4 OC EC SIA	0.53 ± 0.35 0.68 ± 0.60 0.18 ± 0.19 1.26 ± 0.28 0.20 ± 0.06 1.3 ± 1.06	1.70 ± 0.7 1.8 ± 0.8 0.66 ± 0.2 2.8 ± 0.5 0.31 ± 0.2 4.20 ± 1.1	1.3 ± 2.1 3.2 ± 1.1 1.2 ± 0.6 4.1 ± 2.4 0.23 ± 0.3 0.23 ± 0.2	93% 94% 94% 100% 100% 99%	100% 100% 100% 100% 100% 100%	91% 91% 100% 100% 100% 100%
		PM2.5	5.8 ± 2.73	10.3 ± 2.4	13.9 ± 2.5	100%	100%	100%
	Weather	T (ºC) RH (%) W speed (m s -1 )	18.5 ± 3.2 69.7 ± 15.8 1.21 ± 0.6	23.6 ± 4.4 61.8 ± 11.7 0.82 ± 0.5	29.2 ± 4.4 38.7 ± 11.4 0.79 ± 0.3	100% 100% 100%	100% 100% 100%	100% 100% 100%

Table 5

 5 

-3 shows the different levels of isoprene found in other studies conducted in Europe.

Table 5 -3. Isoprene levels found in other studies in Europe

 5 

	Reference	Avg ± Std (ppb)	Time period	N data	Site	Typology
	This study	0.16 ± 0.37	06-08/2019	1370	Caillouël-Crépigny	Rural
	Derwent et al. (2000)	0.05	1996	399	Harwell	Rural
		0.40 ± 0.65	1997-2006	977	Donon	
	Sauvage et al. (2009)	0.49 ± 0.79	2000-2006	505	Peyrusse-Vieille	Rural
		0.15 ± 0.26	2002-2006	484	Tardière	
	Kalogridis et al. (2014)	1.2	June 2012	-	Observatoire de Haute Provence	Remote
	Baudic et al. (2016)	0.73 ± 0.62	01-11/2010		Paris	Urban

Table 5 -4. OC/EC ratios found in this study compared to other studies conducted in Europe Reference Mean OC/EC ratio N data Period Site Typology

 5 

		Annual	8 ± 7.8	6517	03/2018-02/2019		
	This study	Summer June 1 July 1	9.2 ± 5.3 6.7 ± 1.7 11 ± 5.7	1518 60 21	06-08/2018 1-4/06/2018 15-16/07/2018	Caillouël-Crépigny	Rural
		July 2	20.1 ± 8.6	19	26-27/07/2019		
			5.4 ± 2.3	103	07/2002-06/2004	Aveiro	Rural
	Pío et al. (2011)	5.2 ± 3.9 4.1± 1.1	135 21	11/2005-05/2006 06/2005-06/2006	Birmingham El Arenosillo	Rural Rural coastal
			9.6 ± 12.6	96	10/2002-09/2004	Sonnblick	Remote
	Bressi et al. (2013)	2.5 2.1	348 335		Paris	Suburban Urban
			5.8	330	10/2009-10/2010	Crouy sur Ourcq	
	(FR)		4.4	359		Frémainville	Rural
			5.3	351		Bois Herpin	
	Mbengue et al. (2018)	5.1 ± 2.6		03/2013 -12/2016	NAOK center	Rural

Table 5 -5. Statistics of the OC/EC related variables for the intensive campaign periods. The number of hours used for the averaging is indicated between parentheses.

 5 

		OC (µg m -3 )	EC (µg m -3 )	OCbackground (µg m -3 )	∆OC (µg m -3 )	pH of aerosol
	June 1	1.3 ± 0.3 (60)	0.2 ± 0.1 (60)	1.2 ±0.3 (12)	0.1 ± 0.1 (12)	2.1* ± 0.5 (n=45)
	July 1	2.8 ± 0.5 (23)	0.3 ± 0.2 (23)	1.5 ± 0.7 (14)	1.2 ± 0.6 (14)	1.6* ± 0.4 (n=23)
	July 2	(23) 4.1 ± 0.4	0.2 ± 0.2			

Table A1 -2. Principal properties of tropospheric aerosols. (IPCC, 2014)

 A1 

	Species	Size distribution	Sources	Lifetime (days )	Relevant properties
	SO4 2-	Primary : Aitken, accumulation & coarse mode Secondary: Nucleation, Aitken & accumulation.	Primary: volcanic emissions Secondary: oxidation of SO2	7	 Light scattering properties  Very hygroscopic.  Enhances absorption on BC  Active CCN  Acidifying agent
					 Light scattering,
					 Very hygroscopic,
	NO3 -	Accumulation & coarse	Oxidation of NOx	7	 Active CCN.  Enhances primary
					productivity
					 Acidifying agent
		Fresh : <100 nm	Combustion of fossil		 Light absorption (large).
	BC	Aged : Accumulation	fuels, biofuel and	1-10	 CCN active
		mode	biomass		 Ice Nuclei -like
	OA	POA : Aitken & accumulation SOA : Aitken & accumulation	Combustion of fossil fuels, biofuel and biomass Biogenic emissions from marine and continental ecosystems	7	 Light scattering.  Enhances absorption when deposited as coating  Active. CCN
	BrC	Fresh : 100-400nm Aged : Accumulation	Combustion of biofuels and biomass. Biogenic humic like substances	1-7	 Variable light absorption and dispersion activity
					 Light scattering,
	Sea spray	Coarse & accumulation mode	Wind erosion, sea foam spray	1-7	 Very hygroscopic,  Active CCN. Can include primary organic compounds
					in smaller size range.
	Mineral dust	Coarse & accumulation mode	Wind erosion, soil resuspension	1-7	 Can act as IN.  Light properties depending on composition.

Table A2 -1. Configuration parameters used in the GC for the VOCs analysis.

 A2 

	Parameter	Value
	TD Pressure (psi)	40
	Tps commutation (min)	14
	Middle point (psi)	24
	Initial T	40°C during 12 min
	1°Gradient T	7°C.min -1 up to 160 °C (12 min)
	2°Gradient T	5°C.min -1 up to 200 °C
	Final T(°C)	200°C (21 min)
	Stab time (min)	2 min

Table A2 -3. Concentrations and uncertainty associated to the compounds in the NPL calibration bottle.

 A2 

	Component	Amount fraction (nmol/mol)	Component	Amount fraction (nmol/mol)
	Ethane	4.03 ± 0.08	2-methylpentane	4.00 ± 0.08
	Ethene	3.88 ± 0.08	Hexane	3.97 ± 0.08
	Propane	4.06 ± 0.08	Isoprene	4 ± 0.08
	Propene	3.99 ± 0.08	Heptane	4 ± 0.08
	2-methylpropene	4.18 ± 0.11	Benzene	3.98 ± 0.08
	Butane	3.95 ± 0.08	2,2,4 trimethylpentane	3.96 ± 0.08
	Ethyne	4.11 ± 0.21	Octane	4.01 ± 0.08
	Trans-but-2-ene	3.95 ± 0.08	Toluene	3.98 ± 0.10
	But-1-ene	3.95 ± 0.08	Ethylbenzene	3.97 ± 0.10
	Cis-but-2-ene	4 ± 0.08	m-xylene + p-xylene	7.99 ± 0.20
	2-methylbutane	4.02 ± 0.08	o-xylene	3.98 ± 0.10
	Pentane	4.02 ± 0.08	1,3,5-trimethylbenzene	3.99± 0.10
	1,3-butadiene	3.94 ± 0.08	1,2,4-trimethylbenzene	4 ± 0.10
	Trans-pent-2-ene	3.95 ± 0.08	1,2,3-trimethylbenzene	4.02 ± 0.10
	Pent-1-ene	3.95 ± 0.08	N2	-

Table A2 -7. Terminal settling velocities for particles of 10 and 2.5 µm diameter.

 A2 

	Aerodynamic diameter (dp, µm)	10	2.5
	Cc	1.022	1.089
	vTS (mm/s)	3.67	0.245

Table A3 -6.Seasonal correlation matrices (r values) for (a) spring, (b) summer, (c) autumn and (d) winter 2018-2019.

 A3 The values in red indicate negative correlations. The correlations ≥ than 0.8 and 0.9 are highlighted with simple and double underline, respectively.

	a)	HNO2 HNO3 SO2	NH3	Cl	NO3	SO4 C2O4 -2	Na	NH4	K	Mg	Ca	OC	EC	NO	NO2	NOx
	HNO3	0,28														
	SO2	0,14	0,50													
	NH3	0,46	0,26	0,29												
	Cl	-0,06	-0,12 -0,04 -0,07											
	NO3	0,35	0,29	0,23	0,38 -0,03										
	SO4															

Table A3 -7. Monthly averages ± standard deviation for the precursor gases and PM2.5 speciation measured at Caillouël-Crépigny during the 1-year campaign.

 A3 ±17.1 66.4 ± 23.6 76.1 ± 21.3 66.5±27.7 85.5±33.3 61.71±29.8 56.18±20.7 45.12±19 31.06±18.2 40.56±21.3 46.15±17.5 46.80±19.2

	Species	Mar	Apr	May	June	July	Aug	Sep	Oct	Nov	Dec	Jan	Feb
	HNO2	0.9 ±0.5	0.7 ± 0.5	0.7±0.4	0.5 ± 0.3	0.7 ± 0.5	0.60 ± 0.3 0.55 ± 0.3 0.78 ± 0.3 0.93 ± 0.5 1.09 ± 0.9 0.40 ± 0.6 0.87 ± 0.5
	HNO3	0.3 ±0.2	0.20 ± 0.2	0.30±0.3	0.4 ± 0.2	0.5 ± 0.3	0.2 ± 0.2	0.15 ± 0.1 0.19 ± 0.1 0.13 ± 0.2 0.11 ± 0.1 0.09 ± 0.5	0.19±0.2
	SO2	0.4 ±0.3	0.5 ± 0.3	0.7±0.6	0.8±0.7	0.9±0.7	0.60±0.7	0.56±0.4	0.69±0.2	0.35±0.2	0.31±0.2	0.23±0.2	0.55±0.4
	NH3	5.5 ±4.6	6.2 ± 3.9	3.8±1.9	2.9±1.4	5.4±2.2	5.2±3.1	3.33±1.4	3.34±1.4	2.12±1.2	1.54±0.6	1.45±0.6	5.21±5.6
	Cl -	0.1 ±0.4	0.07 ± 0.2	0.10±0.4	0.07±0.2	0.01±0.1	0.01±0.1	0.06±0.2	0.05±0.2	0.03±0.1	0.16±0.5	0.07±0.3	0.16±0.5
	NO3 -	4.6 ±5	4.2 ± 5.6	4.4 ± 4.8	3.7±4.6	2.1±2.5	0.97±1.1	2.18±3.6	3.78±4.6	3.70±3.4	1.63±2	2.98±3.8	4.04±3.5
	SO4 2-	1.5 ±1.2	1.4 ± 1.1	2.3 ± 1.4	2.7±2.4	2.3±1	1.5±1.2	1.58±1.4	2.14±1.5	1.77±1.7	0.77±0.7	0.90±0.6	1.06±0.5
	C2O4 -2	0.6 ±0.2	0.13 ± 0.20 0.2 ± 0.2	0.1±0.1	0.2±0.3	0.04±0.3	0.06±0.1	0.34±0.4	0.09±0.1	0.47±0.3	0.17±0.3	0.13±0.1
	Na +	0.05 ±0.1 0.01 ± 0.05 0.06 ± 0.1	0.07±0.1	0.04±0.06	0.07±0.1	0.17±0.2	0.12±0.1	0.08±0.1	0.13±0.4	0.16±0.2	0.10±0.2
	NH4 +	1.3 ±1.6	1.1 ± 1.9	1.5 ± 0.8	1.5±2.0	1.03±0.9	0.84±0.7	1.04±1.6	1.78±1.7	1.67±1.5	0.64±0.8	1.04±1.3	1.50±1.2
	K +	0.09 ±0.1	0.07 ± 0.1 0.06 ± 0.1	0.07±0.1	0.13±0.1	0.06±0.1	0.06±0.1	0.12±0.1	0.13±0.1	0.08±0.1	0.11±0.1	0.17±0.1
	Mg 2+	0.04 ±0.03 0.04 ± 0.03 0.05 ± 0.03 0.03±0.02 0.03±0.02 0.03±0.02 0.03±0.02 0.05±0.02 0.04±0.02 0.04±0.04 0.05±0.03 0.03±0.03
	Ca 2+	0.08 ±0.1 0.13 ± 0.10 0.14 ± 0.1	0.2±0.2	0.10±0.1	0.11±0.2	0.09±0.1	0.11±0.1 0.06±0.04	0.08±0.1	0.09±0.1	0.07±0.1
	OC	3.9 ±3.0	2.5 ± 1.7	2.3 ± 1.2	1.8±0.9	2.2±1	1.14±0.6	1.35±1.4	2.19±1.2	3.98±2.6	2.79±2.6	2.17±2.1	3.41±3.2
	EC	0.8 ±0.6	0.4 ± 0.3	0.3 ± 0.2	0.3±0.2	0.2±0.2	0.10±0.1	0.23±0.3	0.44±0.3	0.79±0.7	0.63±0.7	0.38±0.4	0.38±0.5
	PM2.5	15.2 ±11.2 12.4 ± 10.3 13.5 ± 8.8 12.5±11.3	10.2±5.3	5.89±3.8	8.31±7.1 12.82±8.1 15.13±10.1 11.86±9.2 14.73±12.0 17.49±10.6
	NO	2.1 ± 1.5	1.4 ± 2.0	0.8 ± 1.6	0.8±0.9	0.80±1.1	0.89±1.2	1.73±3.1	1.52±1.9	3.55±5.3	3.48±8.3	1.85±3.5	2.16±2.7
	NO2	10.3 ± 4.9	8.4 ± 4.3	7.4 ± 3	7.1±2.8	5.4±3.2	3.86±2.9	6.03±4.3	8.50±4.5 10.77±7.2	9.81±8.3 11.64±10.3 12.86±11.9
	O3	56.6											

Table A4 -1.Variation of the eigenvalue and explained variance depending on the number of factors. Highlighted in bold is the optimal minimum eigenvalue

 A4 

	Number of factors	Eigenvalue	% of explained variance per factor	% cumulated variance
	1	2.95	29.55	29.55
	2	1.72	17.22	46.77
	3	1.45	14.48	61.25
	4	1.05	10.54	71.79
	5	0.88	8.80	80.59
	6	0.80	8.04	88.63
	7	0.46	4.61	93.23
	8	0.38	3.81	97.04
	9	0.27	2.67	99.71
	10	0.03	0.29	100.00

Table A4 -2. Descriptive statistics of the database used in the FA

 A4 

		NO3	NH4	SO4	OC	EC	Cl	Na	Ca	K	Mg	PM2.5
	Average (µg m -3 )	3.12±4.0 1.22±1.5 1.68±1.4 2.47±2.1 0.41±0.5 0.07±0.3 0.08±0.2 0.10±0.1 0.10±0.1 0.04±0.03 12.01±9.3
	Range (min-max)	<LOD-36.3	<LOD-12.3	<LOD-14.1	<LOD-29.7	<LOD-6.6	<LOD-3.6	<LOD-7.2	<LOD-2.4	<LOD-0.8	<LOD-0.9	<LOD-62.9
	Communality	0.85	0.96	0.69	0.83	0.77	0.72	0.78	0.83	0.24	0.47	0.89
	Specific variance	0.15	0.04	0.31	0.17	0.23	0.28	0.22	0.17	0.76	0.53	0.11

Table A4 -5. Annual correlation matrix of the measured species and the PMF factor concentrations. The values in red indicate negative correlations. The correlations ≥ 0.5 are highlighted in bold, and those ≥ than 0.8 and 0.9 with simple and double underline, respectively.

 A4 

		HONO	SO2	Cl	NO3	SO4	Na	NH4	K	Mg	Ca	OC	EC	NO	NO2	O3	PM2.5 Rain	T	Wind speed	Comb.	Aged Marine	SO4-rich	NO3-rich
	HONO	1																				
	SO2	-0,02	1																			
	Cl	-0,07	-0,05	1																		
	NO3	0,26	0,14 -0,02	1																	
	SO4	0,03	0,19	0,00	0,53																	
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The recovery ratio is linked to the efficiency of the WRD and the SJAC to dissolve the water-soluble gases and aerosols, respectively. In this section both precursor gases (except for HNO3, which was already studied in Section 2.4.2) and aerosol efficiencies from both the bibliography and experiments are presented.

Gas recovery

Several authors tested the WRD efficiency and the agreement between MARGA and external analyzers for gas measurements. In Table 2-13 are synthetized the regression parameters of the comparisons found in the bibliography. Except for nitric acid, the regressions between MARGA and other techniques were satisfactory.

SO2 was often used as the "control" gas because of its lower diffusion coefficient compared to other measured gases (Matsumoto & Okita, 1992). Therefore, if a high WRD efficiency is achieved with SO2, it is likely that the other measured gases will have similar or better efficiencies [START_REF] Simon | Wet effluent denuder coupled liquid/ion chromatography systems: annular and parallel plate denuders[END_REF]. [START_REF] Stieger | Development of an online-coupled MARGA upgrade for the interval quantification of lowmolecular-weight organic acids in the gas and particle phases[END_REF] calculated the theoretical collection efficiencies for the MARGA gases (HCl, HONO, HNO3, SO2, NH3) and found 99.9% for all of them, confirming the suitability of this instrument for field campaigns. Possanzini et at. (1999) found 95% or more efficiency for SO2 at airflows up to 20 L min -1 (1.2 m 3 h -1 ), while Keuken et al. (1988) found 98%, 90% and 85% of SO2 collection efficiency for an annular denuder of 30 cm at airflows of 20, 30 and 50 L min -1 1 (1.2, 1.8, 3 m 3 h -1 ), respectively.

Therefore, in past studies on denuders efficiency ranged from 85% to 98%, while in a recent study on MARGA it was almost 99.9%.

Similar values were found (94-99%) in the study of Dong et al. (2012) in a GAC-IC, a comparable device to MARGA, although it uses an alkaline absorbance solution. They pointed out that the efficiency of the SO2 sampling also depends on the pH of the absorbance solution and the outdoor concentration. This is especially important because when the absorbance solution is alkaline and both NO2 and SO2 are present in the aqueous solution, an artifact of HONO formation might happen [START_REF] Spindler | Size-segregated physical-chemical characterization of tropospheric particles in winter 2003 at Melpitz (Germany)[END_REF]). As MARGA uses H2O2 to oxidize the dissolved SO3 -(from SO2) into SO4 2-, the pH is around 5.7, thus preventing the HONO artifact and favoring the oxidation of SO2.

Aerosol recovery

The aerosol sampling efficiency depends on the losses in the sampling line, the gravitational settling in the WRD and on the efficiency of the SJAC to solubilize the particles in the aqueous phase.

Losses in the sampling line: Particles may be retained in the sampling line, particularly during collision with the inner material of the inlet tube. Collisions are favored by turbulence, so the air flow in the inlet tube has to be laminar to avoid them. Roig et al. (2019) used the Particle Loss Calculator extension for Igor Pro (von der Weiden et al., 2009) considering a PM2.5 cutoff, a tube length of 2.5 m, ½ inch of diameter and an airflow rate of 1 m 3 h -1 , finding less than 5% of losses for particles with a diameter between 10 nm and 5 µm. In this study, we used this software to estimate the losses of particles with the same conditions but using a shorter tube of 1.3 m, finding less than 2% of losses of the PM2.5. This result is in accordance with the value of the Reynolds number inferior to 2000 indicating a laminar flow in the inlet tube (Annex 2.4).

Gravitational settling in the WRD: Gravitational settling and diffusion are two removal mechanisms which may result in aerosol losses in the WRD. Gravitational settling increases with the mass of the particle, and settling velocity is roughly proportional to the square of the aerosol diameter [START_REF] Delmas | Physique et chimie de l'atmosphère[END_REF]; Annex 2.5). [START_REF] Thomas | An Automated Analyzer to Measure Surface-Atmosphere Exchange Fluxes of Water Soluble Inorganic Aerosol Compounds and Reactive Trace Gases[END_REF] described a loss of 3.3 % of Na in the coarse mode (PM10) from gravitational settling inside the WRD. Owing to the expression of the terminal settling velocity (Annex 2.5), a 2.5-µm particle µm has a settling velocity 15 times lesser than a 10-µm particle. So, the gravitational settling for PM2.5 may be considered negligible in the WRD. For diffusion, the aerosol diffusion coefficient of aerosols in air at 20°C is about 10 -7 cm 2 s -1 while the diffusion coefficient of gases is about 0.1 cm 2 s -1 (Seinfeld and Pandis, 2006), so the losses of aerosols in the WRD by diffusion may be considered negligible. In conclusion, no loss of particles in the WRD will be considered in this study.

Efficiency of the SJAC: This was first estimated by [START_REF] Khlystov | The steam-jet aerosol collector[END_REF], who obtained more than 99% of collection efficiency for particles between 20 -886 nm. It was later confirmed and updated in [START_REF] Slanina | The continuous analysis of nitrate and ammonium in aerosols by the steam jet aerosol collector (SJAC): extension and validation of the methodology[END_REF], who stated that regardless of the critical parameters for the collection efficiency (sample flow, volume of the condensation in the mist chamber or thermal isolation) the SJAC has an efficiency of 99.9% for particles over 10 nm. Aethalometer (Magee Scientific) operating at 2 wavelengths (λ=370 and 880 nm). In Revin it was obtained using a sequential sampler HVS DA80 (DIGITEL) equipped with quartz filters (PALLFLEX Tissuquartz) and subsequent chemical analyses; the samples were taken every 6 days for 24h, then analyzed in the laboratory following NF EN 16913(2017) and NF EN 16909 (2017) normative for the analysis of inorganic ions and carbonaceous aerosols. In Table 3-3 are synthetized all the instrumentation for each site. 

CHAPTER 3 VARIABILITY OF SIA AND PRECURSOR GASES AT A RURAL SITE

PM2.5 concentrations levels at the 3 sites of different typologies

In Figure 3-4 are shown the monthly, daily annual and daily seasonal variabilities of PM2.5 at the three different sites, as well as the NWR plots to determine the most likely origins of these concentrations. The assumption is that the PM2.5 levels at the remote site reflect the regional background mainly from natural origin, while at the suburban site they are increased due to local road traffic and house heating emissions. The rural site should be an intermediate state in between them, with some differences on the nature of the anthropogenic sources (agriculture) or their intensity (less road traffic than in suburban sites). This is confirmed by the increasing gradient of the observed PM2.5 annual averages from the remote to the rural sites ( = +4.9 µg m -3 ; +56%) and from rural to suburban ( = +1.8 µg m -3 ; +13%). This trend was observed as well in other studies [START_REF] Querol | Speciation and origin of PM10 and PM2.5 in selected European cities[END_REF]Putaud et al., 2010;Pandolfi et al., 2019).

The temporal variation of the PM2.5 concentrations is highly linked to the environmental conditions and the seasonality of its main components: SIA (NO3 - , NH4 + , SO4 2-), OC and EC (more details will be given in Section 3.5). The annual daily profiles of PM2.5 at the suburban and rural sites are similar, with two peaks (early morning and late afternoon), while almost no variation is observed in the annual daily profile of the remote site. This gives further proof of the influence of local anthropogenic sources at the suburban and rural sites. At all sites, the maximum concentrations of PM2.5 are found during spring and winter, while minimum concentrations are observed in summer. On one hand, during winter the meteorological conditions favor the emissions from domestic heating sources and the condensation of semivolatile species; while in spring high pollution episodes may occur in the region due to continental transport and the impact of both remote and local agricultural activities.

The temperatures were similar in both periods, with slightly higher values achieved in summer at the rural site, and a softer winter at the suburban site. The wind roses have a common predominant SW sector. The main difference is the drier conditions (less rain) at the rural site, which may have favored the accumulation of pollutants.

The comparison between the suburban and rural sites has been done by comparing the daily annual profiles of the inorganic precursor gases (Figure 3 Tracers of combustion sources: NO, HONO and NO2 are two to three times lower at the rural site, as expected from the difference in the density of population between the urban site of Douai (>2000 inhab. km²) and the rural one of Caillouël-Crépigny (<120 inhab. km²) (Figure A2-6). The maximum difference is observed for the traffic rush hour peak at 08:00, with suburban NO levels exceeding the rural NO by a factor of 3. This is in accordance with the fact that the suburban site was influenced by the traffic of the city and of the commercial center nearby, whereas no significant road traffic was observed at the rural site apart from the school bus, tractors and some commuting to work. Surprisingly, although road traffic is much lower at the rural site, the annual daily profiles of the urban BC and rural EC are matching in their daily variations and concentration levels, with two peaks occurring at 08:00 and 18:00. This could be explained by the higher use of biomass combustion for heating in the rural site (located near a forested area). Although the levels of K + are under the LOD for both sites and the daily variabilities are quite low, higher levels of K + were detected at the rural site comforting this hypothesis (Figure 3-28h).

O3: Rural ozone concentrations were higher than in the suburban site, in agreement with the lower levels of NOx and with other studies conducted in France [START_REF] Sicard | Spatiotemporal trends in ground-level ozone concentrations and metrics in France over the time period 1999-2012[END_REF]. At both sites the O3 peak occurred during the afternoon, the rural one being two times higher than the suburban, suggesting more photochemistry.

CHAPTER 4 SOURCE APPORTIONMENT OF PM 2.5 IN A RURAL SITE IN

NORTHERN FRANCE

Nitrate-rich factor

The second factor identified was the nitrate-rich, which has high species contributions of NO3 - (76.7%), NH4 + (50.3%) and minor contributions of EC (7.5%) and Cl -(5.9%).The factor mass is predominantly driven by ammonium nitrate salts, as the molar ratio between NH4 + and NO3 -is equal to 0.88, which is close to the value of 1 expected for NH4NO3. Moreover, the correlation coefficients between the factor and NO3 -and NH4 + concentrations are R 2 = 0.99 and 0.94, respectively, while the sum of the mass of both components equals to 90.4% of the factor mass.

The residual of the mass (9.6%) comes from OM and EC, this latter suggesting that some nitrate may derive from combustion sources.

The nitrate-rich factor is the second most important driver of PM2.5 at our site, accounting for 26.7% of the PM2.5 annual mass. This factor displays seasonal variations, with a maximum share during spring (36.9%) and a minimum during summer (27.5%). As explained in Chapter 3, the high values in spring are linked to the fertilization of the agricultural lands that cause high NH4NO3 pollution episodes. On the contrary, the lower share found in summer correspond to the unfavorable meteorological conditions that promote the volatilization of the ammonium nitrate salts back into ammonia and nitric acid. During the cold seasons the contribution of this factor is quite the same, as the cold and humid conditions favor the nitrate aerosol formation.

Sulfate-rich factor

The sulfate-rich factor has high species contributions of SO4 2-(65%) and NH4 + (46.2%), with minor species contributions of K + (20.6%) and OC (8.3%). The species SO4 2-and NH4 + account for 80.5% of the factor mass, suggesting that this factor is driven by (NH4)2SO4. This is most likely as the molar ratio NH4 + /SO4 2-of this factor is equal to 2.7, slightly over the representative value of 2 for ammonium sulfate. The factor accounts for a total of 18% of the PM2.5 mass on an annual basis, with large seasonal variations, from 9.8% observed in winter to 26.5% during summer (Figure 4-4c). As discussed in Chapter 3, the summer season was characterized by high temperatures, very high levels of O3 and long insolation periods which enhanced the photochemical oxidation of SO2 into SO4 2-, as evidenced by the maximum sulfate concentration reached in July (Figure 4-6a).

Although spring is the rainiest season and therefore this may increase the presence of Cl -and Na + , there might be an overrepresentation of this factor, as it accounts for 15.0% of the total PM2.5 mass. This is in contrast with the fact that the marine tracers only account for 7% of the factor mass while the SIA (NO3 -+ SO4 2-) and OC constitute 82% and 11% of the PM2.5, respectively (Figure A4-4). The monthly and seasonal daily profiles do not match the profiles of the main marine tracers. However, it can be seen that, although the variation is slight, the annual daily profile looks similar to the variation of the marine tracers (Figure 4-7d). The divergence of this profile to the ones of the marine tracers may be due to the mixing with anthropogenic components (NO3 -, EC) in this factor. It is also likely that the mass contribution of this factor accounts for non-determined sources such as the soil dust source (which was previously detected by the FA, in section 4.1). In fact, this is also observed in the differences between day (17.5%) and night (14.4%), as the wind speed is higher during daytime (See Figure A3-2c). There is also the possibility that some marine biogenic secondary sulfate was formed during the transport of marine air masses from the North sector to the study site, as algal bloom emitting sulfur species (DMS/MSA/SO2) uses to occur in spring in the North Sea (Andreae & Raemdorck, 1983;[START_REF] Chen | Latitudinal distributions of atmospheric MSA and MSA/nss-SO4 2ratios in summer over the high latitude regions of the Southern and Northern Hemispheres[END_REF].

Overall, it is concluded that PM2.5 at our site is mainly driven by SIA factors (the nitraterich and sulfate-rich factors summing up 44.7%), and secondly by the combustion factor (40.2%). The extracted factors have meaningful chemical profiles and molar ratios between the main tracers of the secondary inorganic sources, and the factor mass is well defined by its main tracers except for the aged marine factor, which has significant contributions of NO3 -, SO4 2-and OC. Nonetheless, the sum of all of the factor masses correlates well (R 2 =0.85, Figure A4-5) with the PM2.5 mass observations and does represent accurately the temporal variability of PM2.5 at Caillouël-Crépigny, as seen in Figure 4-3. The PSCF map of the nitrate-rich factor does also highlight the Benelux countries and the Grand Est region as the main contributors to this factor. These regions are large emitters of the precursor gases NO2 (Figure A1 4-6.The combustion factor encompasses all sort of activities in which combustion processes occur, such as biomass burning, industrial activities, or road and maritime traffic. The urban studies have higher contributions of traffic, as seen in the sites of Rotterdam, Paris and Douai. On the contrary, the biomass burning factor was not detected in the sites of Mooibroek et al. (2011), most likely as they lacked specific tracers such as K + , finding instead heavy oil burning and industrial sources which were identified from regional origin.

Nonetheless, the sum of all combustion sources for the selected studies provide a range between 18 and 43%, with higher values found in Paris, Rotterdam and Caillouël-Crépigny.

Although the first two are explained by their elevated share of traffic and industrial sources, this would not be the case at our rural site, which has a high OC/EC ratio and % of K + , more representative of biomass burning emissions, which only account for 12% in Douai and Paris. The lack of tracers for precisely determining the PM2.5 traffic contribution at our site makes this comparison difficult but given the low levels of NO and traffic density at our site, it is probable that in a more complete set of tracers, the traffic and biomass burning sources would be split, with the biomass burning source being the major one. The geographical origins of the combustion factor were determined by NWR (Roig et al., 2019), PSCF (Bressi et al., 2014, Petit et al., 2017) or backtrajectory analysis (Mooibroek et al., 2011), and all of them agreed on the local origin of the traffic and biomass burning sources, the regional origin for the heavy oil burning sources and mixed origins for the industrial sources.

The nitrate-rich factor is the top contributor to PM mass in all the studies. The main driver of this factor is the ammonium nitrate for all of the mentioned studies. It is hard to univocally identify a sole source for this factor given its secondary nature. However, all the PM2.5 studies have similar contributions of this factor, with a variation ranging between 24% (in Paris) and 48% (the rural site in Netherlands). A gradient from north to south is observed, and this may be related to the high concentrations of NOx and NH3 found in the Benelux area (See Annex A1-X) that may explain the increased nitrate concentrations, which can be superior to those of French sites by a factor of 2.

The main geographical origin of this factor has been consistently identified over the Benelux area The sulfate-rich factor is consistently found in all SA studies, both in PM2.5 and PM10. Because of its main secondary nature, the differences between the two size fractions is evident, as in the PM10, the sulfate-rich factor contribution was found around 7-14%, in contrast to the values found in the fine mode (17-30%). In the PM2.5, it is consistently one of the major sources, even surpassing the contributions of the nitrate rich factor in the studies conducted in Douai and Paris. Although this factor is strongly related to ammonium sulfate, both mentioned studies stated that there was an important OM mass contribution in the factor. Roig (2018) indicates that only 33% of the sulfaterich mass is driven by ammonium sulfate components, suggesting that there is also a significant contribution from SOA. As these studies were conducted at different time periods, it is difficult to assess if there are specific processes or local sources to support these differences, or if it is due to different climatological conditions or sampling techniques. All of the consulted studies agree with the transported nature of this factor, although the higher values found in the Netherland sites could be explained by the fact that Benelux area has been reported to be a hotspot for SO2 emissions (EMEP 2019).

The marine factors discussed in the other studies range between 6-9%, which is contrasting with the relatively high share of our aged marine (15%), comparable with the shares of marine sources found in PM10, as seen in the studies of Oliveira (2017) and Waked et al. (2014). This difference is mainly attributed to the high amounts of SO4 2-, NO3 -and OC present in our factor; which increase the overall mass fraction of the factor to PM2.5. It is most likely that improving the cation analysis by installing a preconcentration column in the MARGA would allow to better differentiate the marine source and led to similar shares of marine source as in the other studies.

However, it is comparable in terms of geographical origin, with all the studies confirming the transported nature of this source from the North Sea and the Atlantic Ocean. In terms of mass concentration, the aged marine in our site represents 1.88 µg m -3 of the PM2.5, which is comparable to the range of 0.88 -1.67 µg m -3 from other PM2.5 studies of the region. Based on this study in a rural site of the North of France, it seemed interesting to investigate specifically the two following questions:

 Is isoprene oxidation competing with the oxidation of inorganic precursor gases (SO2, NO2)

and subsequent SIA formation (ammonium sulfate and nitrate)?

 What is the statistical evolution of PM2.5, fine particulate species and inorganic precursor gases atmospheric concentrations with air temperature? Which are the drivers of these trends?

To deal with the first question, additional measurements of oxygenated VOCs concentrations were carried out semi-continuously, during intensive campaign periods, as tracers of isoprene

oxidation. The answer to the second question is given through a statistical treatment of the 1-year long campaign, already described in Chapter 3.

This chapter will be presented as follows:

-Description of observations during the intensive campaign periods: meteorological conditions, temporal variability of species, from Sections 5.1 to 5.2.

-Statistical analysis of the temporal patterns of species concentration with temperature, in Section 5.3.

-Discussion on isoprene oxidation and possible SOA formation favored by acidic aerosol pH, in Section 5.4, while the discussion on the oxidation of S(IV) and N(IV) into S(VI) and N(V) under high concentrations of BVOC, ozone and temperature conditions, in Section 5.5.

-Main conclusions and perspectives of this chapter in Section 5.6.

Global observations during the intensive campaign

The summer intensive campaign was carried out between June and July of 2018 in order to achieve gradient-like conditions on the main variables governing atmospheric chemistry: temperature, RH, wind speed, O3 and BVOC concentrations. The sampling periods were selected based on meteorological predictions favoring local conditions (low wind speeds) after rain periods, in order to observe local processes with freshly formed or emitted pollutants. The dates of the periods are shown in Table 5-1, while the amount of data and average concentrations for each period are presented in Table 5-2. Additionally, the wind roses of each period are found on Figure 5-1. The amount of valid data for the three periods was satisfactory, with >90% of valid hours for all the variables regardless of the period. The missing hours correspond to the maintenance tasks performed on the online analyzers or the replacement of the DNPH cartridges in the automatic sampler.

The evolution of the mean key variables during the intensive campaign (temperature, RH, wind speed, isoprene, O3 and NO2) is presented on Figure 5-2. The first period displayed mild and humid conditions, with relatively low wind speed (just above 1 m s -1 ) and very low concentrations of isoprene. The following periods registered very low wind speeds (<1 m s -1 ), therefore reflecting stagnant atmospheric conditions. Additionally, the levels of isoprene, temperature and O3 increased during these two periods, reaching their maximum values during July 2, when alerts from Atmo HdF and Metéo-France due to O3 information level exceedance and heatwave conditions occurred. Although more information will be given in the PM2.5 was mostly composed of OM (41.4%), followed by unspeciated mass (28.6 %) and SIA (22.9 %). This high unspeciated mass may be partly explained by the water adsorbed on aerosols, especially after the storm. The cool temperatures were reflected in the low isoprene levels (≤0.1 ppb) and no MVK or MACR over LODs, indicating that the vegetation did not have the proper environmental conditions to start emitting BVOCs. The levels of PM2.5 were still low (PM2.5avg = 10.3 µg m -3 ). The PM2.5 chemical composition was still dominated by OM (48.3% of PM2.5 mass), with a 7% increase from the previous period.

During this period, moderate concentrations of isoprene (up to 0.7 ppb) around 18:00-19:00 of 15/07 and 12:00 of 16/07 were observed. Moreover, significant levels of MVK + MACR (over LOD) appeared after 10:00 16/07 (up to 0.4 ppb), suggesting that they may be linked to the processing of the observed isoprene peaks.

SIA were important as well (39.7%), with SO4 2-being the major species (17.4%), (Figure A5-1). This may be due to favorable conditions for the volatilization of NH4NO3 back to its precursors.

In fact, during this period, HNO3 reached its highest concentrations (0.7 ppb) for the intensive campaign at noon, while elevated concentrations were observed during nighttime (0.4 ppb).

July 2

The July 2 (25 th -26 th of July) period was under a heatwave that started on July 24 th and lasted until August 8 th . Temperatures remained high regardless of the moment of the day (Tdayavg = 31.5 ºC; Tnightavg = 25.1 °C) and the levels of O3 were above the threshold for population information levels for (hourly average ≥180 µg m -3 ) (Météo-France, 2018a&b).

Additionally, the shortest back trajectories and the slowest wind speeds (1 m s -1 ) occurred during this period, reflecting the stagnant and local conditions (Figure 5-5). This period had the highest PM2.5 (13.9 µg m -3 ) and O3 (66.7 ppb) average concentrations. The PM2.5 composition is dominated by OM (46.7%) and SIA (35.3%). The inorganic fraction is driven by SO4 2-aerosols (19.9%). Both NO3 -and HNO3 had a significant drop of concentrations during nighttime, contrary to what was observed in July 1.

Isoprene base levels were around 0.4 ppb for the entire period except at 18:00, when a spike at 4 ppb was observed. MVK and MACR were above LOD during the whole period, although their highest concentrations occurred at 03:00 in the morning. This sudden increase during nighttime may have been caused either by local processing of isoprene through nocturnal . chemistry, or by slow transportation from nearby forests, as the wind speeds during the night were very low (≤0.6 m s -1 ), or due to the low nocturnal boundary layer Isoprene concentrations daily profiles have a similar variation for both seasons, with concentrations increase starting at 08:00 and reaching their maximum at 18:00, then sharply decreasing after the sunset (Figure 56). This sudden decrease during the evening has been explained by the cessation of isoprene production and advection of air masses with low isoprene concentrations [START_REF] Sillman | Loss of isoprene and sources of nighttime OH radicals at a rural site in the United States: Results from photochemical models[END_REF][START_REF] Apel | Measurement and interpretation of isoprene fluxes and isoprene, methacrolein, and methyl vinyl ketone mixing ratios at the PROPHET site during the 1998 Intensive[END_REF].

Spring isoprene levels barely reach 0.1 ppb on average, while summer ones are around 0.3-0.6 ppb with a maximum peak at 18:00 more than 4 times higher than the spring one. The concentrations observed depend on the net balance between emission and consumption rates and atmospheric dilution processes. Atmospheric mixing is stronger during daytime as higher temperatures, solar radiation and wind speeds enhance turbulent mixing [START_REF] Wagner | Biogenic and anthropogenic isoprene in the near-surface urban atmosphere -A case study in Essen, Germany[END_REF].

The observed daily profile of isoprene does not follow the typical emission profile recorded in other studies (Figure A5-7a and b), where isoprene concentrations rapidly increase during the morning until reaching maximum concentrations between 12:00 and 14:00, then decrease rapidly at the end of the day when vegetation stops emitting.

The occurrence of the isoprene peaks was linked to wind directions coming from the nearby forests (Figure A5-3). During July 1 and July 2 afternoon peaks, no degradation products were observed, indicating that the following decrease of isoprene was not due to reactions with OH radicals, as it is known that these reactions produce MVK and MACR (Atkinson & Arey, 2003).

On the contrary, on July 1 morning it was observed that isoprene concentrations decreased from 9:00 until 12:00, at the same time that the MVK/isoprene ratio increased. suggesting the local oxidation with OH radicals of isoprene. Moreover, the ratio between MVK and MACR was assessed, as it is an indicative of the age of the degradation products. According to the Master Chemical Mechanism reference site (http://mcm.leeds.ac.uk/MCMv3.3.1/home.htt), a fresh oxidation of isoprene with OH gives a MVK/MACR ratio of 2.1, which is consistent with the MVK/MACR = 2.2 found for our periods (Figure A5-6), proving that the degradation products observed were coming from the nearby forests.

The evolution of isoprene, some of its first oxidation products (the sum of MVK and MACR), the particulate organic carbon, O3 and temperature are found on Figure 5678. A moderate correlation was found between isoprene and ∆OC (R²=0.4), while a better correlation was observed between the sum of the degradation products (MVK + MACR) and ∆OC (R 2 =0.66), suggesting that at least fraction of ∆OC may be related to the degradation of isoprene.

However, the carbon yield of SOA produced from the degradation of isoprene is commonly about Therefore, this attempt to uncover the origin of the temperature-dependent increase of OC is only exploratory, and a more in-depth analysis should be done to estimate the ∆OC fraction and to determine the quantitative impact of BVOC degradation on it.

The literature described that SOA formation is enhanced when the aerosols are more acidic [START_REF] Limbeck | Secondary organic aerosol formation in the atmosphere via heterogeneous reaction of gaseous isoprene on acidic particles[END_REF]Carlton et al., 2009). The relationship between the aerosols pH and temperature indicate that the most acidic values occur at the highest temperatures. To calculate the aerosol pH, the equilibrium constant from the NH3/NH4 + dissociation (See Chapter 3) was used instead of the ISORROPIA II, due to the very low LWC values provided for the two last periods.

In fact, it is unlikely that aerosols from July 2 will be in a deliquescent but rather in a solid and liquid mixture. Anyway, the pH for both aerosol states was still assessed (Figure 5-15). No data was available for the highest temperatures of the period due to the inability of ISORROPIA to model the LWC when considering a solid and liquid aerosol during daytime. Only at nighttime, when the RH conditions were over 40% and temperature was below 30 ºC, was ISORROPIA able to model the LWC. However, these results imply that, from an acidity point of view, the aerosols surface during July 2 would be optimal for the formation of SOA.

Overall, it can be concluded that the increase of the OC levels during the warmest periods seems to be linked at least partly to the formation of secondary OC, as suggested by the statistical annual trends of OC and the OC/EC ratio, which increase significantly over 25ºC. The use of the summer OC/EC 50 th percentile ratio to distinguish the OCbackground and ∆OC showed the increase of the latter fraction during July 1 and July 2. A R 2 =0.4 was found between ∆OC and isoprene, while the R 2 with MVK+MACR was higher (0.66). The aerosol acidity decrease, July 2 being the period with the most acidic aerosols, could facilitate the production of SOA from isoprene.

Oxidation of inorganic gas precursors under high BVOC, ozone and temperature conditions

During the intensive campaign, the HNO3 trend against temperature was not as representative of the annual trend as other N species, especially during July 1. Therefore, the aim of this paragraph is to check if there was any different partitioning of the main oxidized N species for these periods, compared to the mean partitioning observed for summer. A similar yet less detailed study on the SO2 (IV) to SO4 2-(SVI) oxidation will be also discussed at the end of this section.

The oxidized N species molar concentration (Nox) and reduced N species molar concentration (Nred) were calculated as follows (Equation 5-7 and 8). where species concentrations are expressed in µg m -3 and the final concentration for the N pools are calculated in µmol m -3 . The nitrogen oxidation ratio (NOR) was also calculated as a proxy of the degree of conversion of NO2 (reduced nitrogen +IV) to NO3 -(oxidized nitrogen +V) in ambient air, (See Chapter 2, Equation 2-13).The daily mean nitrogen speciation for summer was determined both in absolute and relative concentrations (Figure 5-16).

During summertime, Nox was dominated by NO2, followed by particulate NO3 -. The NO2 concentration was high during nighttime, peaking at 6:00 and decreasing during daytime until 18:00, when concentrations started to increase again. HNO3 concentrations rise during the afternoon and decreased during nighttime, having an opposite pattern to the particulate NO3 -, which increased in the early morning (5:00-08:00) and decreased during daytime. Interestingly, the NOR was maximum around midday, suggesting either a higher consumption of NO2 and/or a higher production of oxidized N(+V) species (HNO3 + particulate NO3 -)

The reduced nitrogen pool was clearly dominated by NH3, which represented over 80% of the contribution. An increase of NH4 + was observed only during the early morning (5:00-08:00), coinciding with the maximum of particulate nitrate and the optimal conditions of RH and The statistical trend of the S(+VI) / S(+IV) does not show variation regardless of the temperature level, suggesting that the oxidative process at our site is not controlled by this variable.

Finally, this intensive campaign, although rather short, proved that the rural site at Caillouël Crépigny was suitable for observing significant levels of isoprene, its oxidation products and eventually the formation of SOA or organonitrates. the determination and understanding of the behavior of the inorganic gas precursors and of SIA speciation under extreme conditions of temperature and O3 levels needs to be further studied. The interaction of the inorganic precursor gases with the degradation products of isoprene seems of particular interest.

The findings of this campaign allowed to define the objectives of the COBIACC (Campagne The quantitative analysis of the analytes was assessed by calculating the coefficient of response of the analytes present in a reference gas bottle containing a mixture of 29 gases at 4 ppb (calibration bottle from the National Physical Laboratory, N° D090451, see Table A2-3).

This coefficient was calculated as shown in Equation A2-1:

where:

-Ci represents the ambient concentration of the VOCi -Ai is the area of the peak proportional to Ci -ki is the coefficient of response for the quantified analytes.

Several control measurements were taken during the 1-year campaign to check the stability of the instrument and the variation of ki. At the end of the campaign, the average of each observed ki for the species present in the reference bottle was applied to Equation A2-1 to calculate the ambient concentrations of VOCs. As the FID detection mode response depends on the number of C atoms that the molecule contains [START_REF] Tranchant | Manuel de chromatographie en phase gazeuse[END_REF], it is possible also to calculate theoretical k coefficients for compounds not present on the reference bottle.

These cartridges trap aldehydes and ketones by making them react with the DNPH in the cartridge to form stable hydrazone derivatives (Tejada, SB. 1986). The derivatization reaction takes place during sample collection, as shown in Reaction A2-3.

Reaction A2-3

The cartridges were stored in the freezer (-18°C) before and after their use. Two DNPH cartridges were placed in series in order to increase the trap efficiency [START_REF] Salameh | Sources d'émission du carbone organique gazeux à Beyrouth[END_REF]. After placing all the cartridges (18 cartridges per day, 16 for the sampling and 2 for the field blank) in the ACROSS, the sampling was programmed to switch between cartridges every 3 hours to a maximum of 24 h, at an airflow of 1 L min -1 . After 24h the cartridges were manually retrieved and replaced by new ones until the end of the sampling period.

For the manual sampling periods, the sampling was done by pumping outdoor air at a flow rate of 1 L min -1 into the sampling line, where 2 cartridges placed in series were placed for 3 hours. Every 3h, the cartridges were retrieved and replaced 8 times per sampling periods (24h in total). After the end of the sampling period, the cartridges were sealed and stored in individual opaque plastic bags in a portable freezer until their arrival at the laboratory, where they were stored at -18 ˚C to minimize passive contamination and light interaction. Moreover, they were stored less than 3 weeks before being analyzed.

Before the analysis, an ACN blank sample was injected to check the state of the HPLC and the quality of the baseline. Afterwards an automatic calibration curve was built using different volumes of the certified SUPELCO standard solution. For certain compounds such as MVK, MCR, or glyoxal/methylglyoxal, the quantification was calculated based on the response coefficient given by the analysis of the certified standard solution. After obtaining the calibration curve, the samples were analyzed; every 10 samples analysis, both the SUPELCO and a quality home mixed solution were injected of ensure the quality of the analysis and the stability of the retention times. The integration of the peaks was done manually to ensure a "valley to valley" integration. The list of measured OVOCs and their LODs are found in Table A2-4. 

A2.2.5 PM2.5

A Tapered Element Oscillation Microbalance (TEOM) 1405-F (Thermofischer) with Filter Dynamics Measurement System (FDMS) was used to measure hourly PM2.5 mass concentration. In order to select only PM2.5, an impaction plate sampling head mounted 1 m above the floor of the cabin roof was used with an inlet airflow of 1 m 3 h -1 . The air was aspired by an air pump and controlled by a MFC. The TEOM-FDMS allows to measure the total mass of PM (M PM) comprising both non-volatile PM (M NVPM) and volatile PM (M VPM).

The weighting principle of the TEOM microbalance is based on the electronic measurement of the frequency changes of a vibrating quartz element due to variations in the mass of incoming particles deposited on a quartz filter above it. First, air continuously enters the FDMS unit, where it is dried by passing along a Nafion membrane at 30°C, in order to limit the potential positive artefacts caused by humidity. Subsequently a cycle of two consecutive measurements ("Base" and "Reference") is done by the TEOM. During the "Base period" air is collected normally and the variation of particle mass is measured for 6 minutes.

M Base = m(t=6 min)m(t=0)

Then, during the "Reference period" air is diverted through a filter chilled at 4°C by a Peltier system to obtain clean air, which passes for 6 minutes above the particles previously collected.

The mass loss of the filter under clean air allows for the estimation of the mass loss during the base period due to the volatile components of PM2.5:

The time resolution of the instrument is 1 h. Concentrations of PM2.5 are given in µg m -3 .The LOD is of 3 µg m -3 (Aujay, 2016) and the relative uncertainty around 20% (Aimoz et [START_REF] Aymoz | Métrologie des particules -Intégration des modules FDMS et RST, rapport LCSQA[END_REF].

Annex 2.3. Determination of artifacts of HNO3 sampling and measurement.

The Chemcomb cartridges had to be prepared prior to the sampling, then extracted as explained in explained in Table A2-5. On both the MARGA comparison and the tube experiments, once the samples were collected, they were extracted and stored at 4 °C for less than 3 weeks prior to being analyzed by IC; operational details of the IC are shown in Table A2-6. 

Annex 2.4 Calculation of the Reynolds number for the flow in the inlet air tube

To know whether the air flow regime is laminar or turbulent inside the inlet air tube, the Reynolds number was calculated by using Equation A2-6. 

𝑅𝑒 = 4𝜌𝑄 𝑣 𝜋𝐷𝜇

Air masses trajectory clustering for the 1-year campaign

The seasonal cluster analysis for season are shown in Figure A3-4. The cluster analysis has reported between 3-5 clusters of back trajectories (-72 hours) during the 1-year campaign.

The sampling site has been subjected to mixed influences for all seasons but summer, when all the clusters originated either from the Atlantic Ocean (80% of the trajectories) or from the North Sea (20%), with mid to short trajectories, corresponding to slow wind speeds. On the contrary, during spring, autumn and winter seasons, continental and oceanic influences occurred in an evenly manner, with long trajectories coming from the middle Atlantic Ocean in all seasons, one from the middle of the ocean (pure marine) and other cluster passing nearby or over the United Kingdom (mixed marine). The continental clusters are usually short, associated with low wind speeds that favor the accumulation and transport of pollutants. The main origins of the continental influences in the north sector were mid-to-short range air masses from Central Europe passing over Germany, Netherlands and Belgium, and in the south sector, mid-to-short air masses coming from the north of Iberian Peninsula and Central France. Whatever the season, the PM2.5 averages follow the same hierarchy: urban > rural > remote.

Annex 3.2. Additional information about differences between site typologies

Comparison of PM2.5 chemical composition at the rural and remote sites

The concentration increment between the rural and remote sites ranges between +50% to +77%, whereas the increment between the urban and rural sites is lower from +7% to +22%. All SIA components observed at the remote site have lower concentrations (-17% SIA) during this study period than during the 8-year one, notably for ammonium and sulfate, while the OC of this study is higher (+24% OC), and the EC is at the same level. Two reasons may explain this situation. First, there is a decreasing trend in the emissions of some inorganic precursor gases (SO2, NOx) in Northwestern Europe (See Chapter 1, Annex 1.1) that may favor the decrease of SIA concentrations. Second, as previously mentioned in section 3.1, the year 2018 was one of the hottest in the recent history in France, and this could be the reason behind the lower levels of SIA (unfavorable conditions for aerosol formation), while the increase of OC could be partly linked to the enhancement of biogenic VOC emissions resulting in higher amounts of formed SOA (cf. the high OC concentration during the summer period in Figure A3-6). 

Chemical composition of the increment of PM2.5 between sites

PSCF maps of the PMF factor