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Chapter 1: General introduction and aims of this doctoral thesis

General Introduction

Climate science is currently found in the heart of the political, national and international issues whether with the European elections or the Copenhagen summit. Since the IPCC (Intergovernmental Panel on Climate Change) report in 2007 (IPCC, 2007), it is known to all that our planet is getting warmer, there is already rising sea levels, widespread melting of snow and glaciers. This report shows an increase in global surface temperature of + 0.74 ° C between 1906 and 2005, of which 0.65 ° C only between 1956 and 2005. Since the 1950s, this warming is mainly a result of the increase in anthropogenic greenhouse gas (GHG) emissions (IPCC, 2007(IPCC, , 2013)). The EEA (European Environment Agency) reports that in Europe, the decade 2002-2011 was the hottest since meteorological data were available, with + 1.3 ° C compared to the preindustrial average, and predicts that in 2050 temperatures will have increased from +2.5°C to + 4°C. Evolution of the mean annual temperature at the Earth's surface from 1850 to 2000 relative to the average temperature for the period 1901-2000 taken as a reference, measured (black curve) and calculated by CNRM-CERFACS models (dashed lines) and IPSL (solid lines). The blue curves only take into account natural forcing (solar variability and volcanoes) whereas the orange curves take into account natural and anthropogenic forcing (greenhouse gases and aerosols). For each of the curves, the results were obtained from a dozen simulations whose average corresponds to the curve and the variation around this average to the colored envelope. The reference period 1901-2000 serves as a zero crossing for the different curves. Reference: "http://www.insu.cnrs.fr/environnement/climatchangement-climatique/les-resultats-les-temperatures.".

In order to better control this climate change and try to limit its consequences, it seems particularly necessary to know all the actors involved in climate regulation. In addition to GHGs, aerosol particles emitted directly (primary aerosols) by anthropogenic or natural sources, or indirectly formed by physicochemical processes (secondary aerosols), are likely playing a role in climate change. These particles, whose size can vary from a few nanometers to 100 microns, can be classified according to their aerodynamic diameter (da). PM10 (da <10 μm), PM2.5 (da <2.5 μm) and PM1 (da <1 μm) are distinguished. The impact of these compounds on the climate is illustrated in figure I.1. This figure shows that the models taking into account the natural forcing (solar energy and volcanoes) and anthropogenic, including the GHGs and aerosols, result in a better estimation of the measured temperatures in comparison with the modeling made from only natural forcing. Their varied and unevenly distributed emissions not only have an impact on climate through their radiative forcing but also an impact on our health.

Aerosol particles have the most detectable and rapid health effects. The study of air quality in urban environments, initiated in the 1950s as a result of pollution episodes, clearly documented the link between aerosols and mortality. The PM10 in urban areas is estimated to lead to 800 000 premature deaths worldwide each year, including 100 000 in Europe [START_REF] Cohen | The global burden of disease due to outdoor air pollution[END_REF]. The impact of aerosols on health is also dependent on their concentration, size and composition. The submicron aerosols produced by combustion would be more harmful than the larger natural aerosols, because of the facility they have to penetrate deeper into the respiratory tract and their toxicity related to the presence of metals and polycyclic aromatic hydrocarbons (PAHs) considered carcinogenic [START_REF] Curtis | El Niño: Catastrophe or Opportunity &quot[END_REF][START_REF] Knibbs | A review of commuter exposure to ultrafine particles and its health effects[END_REF].

As previously mentioned, aerosol particles also have an impact on the climate by their radiative forcing. These particles have a direct effect: they interact with solar and telluric radiation, leading, according to their chemical composition, to the warming or cooling of the atmosphere [START_REF] Charlson | Perturbation of the northern hemisphere radiative balance by backscattering from anthropogenic sulfate aerosols*[END_REF][START_REF] Charlson | Climate Forcing by Anthropogenic Aerosols[END_REF]. On a global scale, it seems that cooling is predominant, but the intensity associated with it remains uncertain (-0.27 Wm-2 [-0.77 0.23], IPCC, 2013). On the other hand, aerosol particles have an indirect effects, which concern the particles likely to serve as a condensation nucleus for the formation of cloud droplets (CCN) [START_REF] Albrecht | Aerosols, Cloud Microphysics, and Fractional Cloudiness[END_REF][START_REF] Twomey | The Influence of Pollution on the Shortwave Albedo of Clouds[END_REF]. This effect, just like the direct effect, seems to lead to a phenomenon of cooling of the atmosphere, but the uncertainty associated with it is even greater than that observed for the direct effect , IPCC (2013)). Numerous studies have investigated the direct and indirect radiative effects of aerosols in different regions of the world and by different types of sources [START_REF] Charlson | Climate Forcing by Anthropogenic Aerosols[END_REF][START_REF] Coakley | The Effect of Tropospheric Aerosols on the Earth's Radiation Budget: A Parameterization for Climate Models[END_REF][START_REF] Mishra | Radiative signature of absorbing aerosol Radiative signature of absorbing aerosol over the Eastern Mediterranean Basin Radiative signature of absorbing aerosol Radiative signature of absorbing aerosol[END_REF][START_REF] Penner | Effects of aerosol from biomass burning on the global radiation budget[END_REF][START_REF] Satheesh | Radiative effects of natural aerosols: A review[END_REF] and according to their nature [START_REF] Satheesh | Radiative effects of natural aerosols: A review[END_REF]. By the diversity of their nature and the processes of interaction with their environment, the taking into account of these particles remain a major source of uncertainties in climate models. Because the radiative impacts of aerosols depends on the size and nature of the aerosols, it is essential to obtain information on the spatial and temporal variability of the microphysical and chemical characteristics of aerosols. In particular, the peculiarities of the atmospheric circulation cause significant vertical and horizontal heterogeneities of the aerosol concentration in the atmosphere and cause difficulties in estimating the global impact of aerosol particles on climate and health [START_REF] Ginoux | Sources and distributions of dust aerosols simulated with the GOCART model[END_REF][START_REF] Luo | Sensitivity study of meteorological parameters on mineral aerosol mobilization, transport, and distribution[END_REF][START_REF] Ramanathan | Indian Ocean Experiment: An integrated analysis of the climate forcing and effects of the great Indo-Asian haze[END_REF].

Aerosol particles emitted from the ground are mostly concentrated in the atmospheric Boundary Layer (BL) which is the layer that ranges from 500 m (over the sea) to 2 km above land. These particles can be transported to higher altitudes, and into the free troposphere (FT), during important convective events or orographic lifting of air masses. Depending on the altitude where aerosol particles lay, their residence time and thus their impact on the climate are different. Atmospheric dynamics in the FT, which can range between about 2 and 10 km, allows for long range transport of these particles and can influence the physical, chemical and optical properties of the atmosphere on a global scale.

An essential step to understand atmospheric transport between the different layers of the atmosphere is to determine the boundary layer height (BLH). BLH can be determined in several ways including radio sounding system [START_REF] Seibert | Review and intercomparison of operational methods for the determination of the mixing height[END_REF], active remote sensing of meteorological parameters (ceilometer, sodar and LIDAR) [START_REF] Emeis | Atmospheric boundarylayer structure from simultaneous SODAR, RASS, and ceilometer measurements[END_REF][START_REF] Wiegner | Mixing layer height over Munich, Germany: Variability and comparisons of different methodologies[END_REF], trace gases, and aerosol particles concentrations, or wind sensors from high altitude sites [START_REF] Chambers | Towards a universal "baseline" characterisation of air masses for high-and low-altitude observing stations using Radon-222[END_REF][START_REF] Griffiths | Surface-to-mountaintop transport characterised by radon observations at the Jungfraujoch[END_REF][START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF][START_REF] Zellweger | Partitioning of reactive nitrogen (NOy) and dependence on meteorological conditions in the lower free troposphere[END_REF]. However, it was highlighted that the major difficulties in these studies is providing a robust selection of FT air masses (for ground-based studies) or providing statistically representative properties (for airborne studies).

Aims of this doctoral thesis and organization of the manuscript

The first general objective of this thesis is to provide a robust selection of FT air masses at the PUY station using a combination different criteria. These criteria are based on LIDAR measurements using the wavelet covariance transform (WCT), BLH simulations using the European Center for Medium -Range Weather Forecasts (ECMWF) model, and in-situ measurements of BL tracers (NOx/CO and radon-222 ( 222 Rn)).

This segregation of air masses in FT/BL will enable the realization of the second objective of this thesis, which is to establish the seasonal variation of aerosol size distribution and non-refractory-PM1 (NR-PM1) data at the PUY station with emphasis on the boundary layer/ free troposphere segregation.

For this I will use a long time series of in-situ measurement of physical (size distribution), and chemical (NR-PM1) properties which operate continuously at the PUY station over a 12-month period, during 2015-2016.

To answer these objectives, this thesis is based on the measurements that have been deployed at multiple sites including the Cézeaux, and the PUY in Clermont-Ferrand, as well as measurements made in the city of Clermont-Ferrand. In chapter 2 we have presented the main concepts that define aerosols, their properties and their characteristics, as well as their impacts. I will present in Chapter 3 the instrumentation put in place for the chemical and physical characterization of aerosols, and the methods used and / or developed to interpret these measurements and to answer the objectives of the thesis.

The rest of the manuscript will be devoted to the results, which will be articulated around three chapters. Chapters 4.1 and 4.2 present a detailed analysis of the physical and chemical composition of aerosol sources over 12 months period during 2015-2016. Chapter 4.3 will be dedicated to the study of the links between the chemical composition of PM1 at the high altitude PUY station and measurements made simultaneously in the city of Clermont-Ferrand.

Chapter 2: State of the art

Aerosol particles are an atmospheric component characterized by large diversity. In this part of the manuscript, we describe the properties of atmospheric aerosol. In particular, the focus will be on their microphysical and chemical properties, as well as describing how these properties can vary depending on their sources photochemical processing and evolution as they are transported through the atmosphere.

Aerosol particles

Aerosol particles are, by definition, all the liquid and / or solid particles suspended in the atmosphere. In general aerosol refers to a group of particles in either liquid or solid form and the term particle refers to an individual particulate species. In the thesis, these terms particle and aerosol will be used together to describe all suspended solid matter.

Sources

In order to distinguish the aerosol particles from the point of view of their source, there are two main classifications. The first proposes to classify the particles according to their origin, anthropogenic or natural/biogenic, whereas the second proposes to differentiate the particles from their mode of emission in the atmosphere, primary or secondary. It is finally possible to combine the two classifications for a more complete description, the primary and secondary particles being able to be of natural/biogenic or anthropogenic origin.

At a global scale, natural emissions account for between 70 and 90% of mass emitted particle fluxes [START_REF] Delmas | Physique et chimie de l'atmosphère[END_REF]. Significant natural sources of particles include soil and rock debris (terrestrial dust), volcanic action, sea spray, biomass burning, and reactions between natural gaseous emissions. Table 2.1 presents a range of emission estimates of particles generated from natural and anthropogenic sources, on a global basis. Emissions of particulate matter attributable to the activities of humans arise primarily from four source categories: fuel combustion, industrial processes, nonindustrial fugitive sources (roadway dust from paved and unpaved roads, wind erosion of cropland, construction, etc.), and transportation sources (automobiles, etc.).

The following paragraphs will first describe the main natural and anthropogenic sources of aerosols, considering successively their primary and their precursor's emissions.

Dust source in the atmosphere consist of two major sourcesmineral and volcanic.

 Mineral sources arises from wind acting on soil particles. The major dust sources are located in arid and semiarid regions of the world, which cover about one-third of the global land area. The largest global source is the Sahara-Sahel region of northern Africa; central Asia is the second largest dust source.

Estimates of global dust emissions are uncertain. Published global dust emission estimates since 2001 range from 1000 to 3000 Tg/yr (Table 2.1), and atmospheric burden estimates range from 8 to 36 Tg [START_REF] Zender | Quantifying mineral dust mass budgets:Terminology, constraints, and current estimates[END_REF]. The large uncertainty range of dust emission estimates is mainly a result of the complexity of the processes that raise dust into the atmosphere. The emission of dust is controlled by both the wind speed and the nature of the surface itself.

In addition, the size range of the dust particles is a crucial factor in emissions estimates. It is generally thought that a threshold wind speed as a function of particle size is required to mobilize dust particles into the atmosphere. The average lifetime of dust particles in the atmosphere is about 2 weeks, during which dust can be transported thousands of kilometers. Saharan dust plumes frequently reach the Caribbean and Europe, and plumes of dust from Asia are detected on the west coast of North America.

 Volcanic sources have much more variable emissions. They depend on the frequency of direct volcanic eruptions in the atmosphere of volcanic ash, which consist mainly of pulverized rocks and minerals. These primary volcanic aerosols, usually greater than one micron in diameter, will have a short lifetime in the atmosphere, unless the ejection velocity allows them to reach the free troposphere and above. On the other hand, these eruptions are accompanied by gaseous releases rich in sulfur compounds such as SO2 and H2S, whose annual emissions range from 6 to 20 Tg of sulfur per year (Table 2.1). The oxidation in the atmosphere of these precursor gases leads to the formation of sulfate aerosols, which depend on the altitude at which they are emitted and therefore will have a lifetime of a few weeks (troposphere) to several months or even years (stratosphere).

Marine source is the most important natural source of aerosols, emitting between 1000 and 6000 Tg of sea spray per year (Table 2.1). These marine aerosols, of primary types, are produced by the mechanical action of the wind on the surface of the oceans [START_REF] Woodcock | Giant condensation nuclei from bursting bubbles[END_REF]. The emission of these aerosols thus depends mainly on the wind speeds, which above a certain threshold allow the tearing and suspension in the atmosphere of seawater droplets drying out to particles. The diameter of this marine spray can vary from a twenty nanometers to about ten micrometers. Marine sprays may contain a part of biological material and inorganic salts, more generally called sea salts (SS for sea salt). In terms of mass flux, most of the emissions of these marine salts are in the supermicron fraction (da> 1μm) [START_REF] O'dowd | Marine aerosol, seasalt, and the marine sulphur cycle: A short review[END_REF].

Biogenic sources are emissions that come from natural sources of particles, including pollens which correspond to coarse aerosols, with sizes range from 1 to 100 μm and spores which are emitted up to 30 Tg/yr (Table 2.1). Bacteria and viruses are also considered as biogenic particles, their diameter varying from a few nanometers to several microns for the largest bacteria [START_REF] Jaenicke | Natural source of atmospheric aerosol particles[END_REF]. Marine sea-level emissions can also result in the suspension of organic material associated with marine biological activities, resulting in primary submicron organic aerosol emissions [START_REF] Leck | Comparison of sources and nature of the tropical aerosol with the summer high Arctic aerosol[END_REF]. Also a significant fraction of biogenic particles in forested areas are the source of precursor gas emissions such as volatile organic compounds (VOCs) as well as more moderate amounts of nitrogen oxides (NOx). The most Known VOC is the dimethyl sulfide (DMS) who's mainly emitted by phytoplankton.

Natural Biomass Burning (BB) sources are resulting from the intentional burning of land which is the major source of combustion products to the atmosphere. Most of this burning occurs in the tropics, leading to emissions of gas precursors including VOC, NOx, SO2, and NH3 and primary aerosols including organic carbon compounds, mainly consisting of oxygen and hydrogen atoms, and black carbon (BC), mainly composed of carbon atoms. The quantity and type of emissions from a biomass fire depend not only on the type of vegetation but also on its moisture content, ambient temperature, humidity, and local wind speed. Seinfeld and Pandis, (2006) show an estimation of global emissions of trace gases from BB. They show that CH4 contribute 40 Tg/yr out of a total flux of 598 Tg/yr, CO contribute 700 Tg/yr out of a total source of 2780 Tg/yr. For NOx, biomass burning is estimated to contribute globally 7.1 Tg/yr, as compared to 33 Tg/yr from fossil-fuel burning.

Anthropogenic Biomass Burning sources such as wood-burning, represent emissions of 50 to 90 Tg/yr on a global scale (Table 2.1). In terms of primary aerosol emissions, the anthropogenic BB source appears to be superior to the natural source. In addition, these primary aerosols have predominantly submicron diameters (Rau, 1989) and a supermicron fraction (Park and Lee, 2003). 

Chemical composition

The chemical components present in particulate form in the atmosphere are extremely numerous and varied. These components are specific to the particles origin and formation process and, can evolve rapidly during atmospheric transport during condensation, coagulation, and photochemical processes. Understanding the chemical composition of aerosol particles is important since it can influence the optical properties of the particles [START_REF] Maring | Aerosol physical and optical properties and their relationship to aerosol composition in the free troposphere at Izaña, Tenerife, Canary Islands, during July 1995[END_REF][START_REF] Pilinis | Sensitivity of direct climate forcing by atmospheric aerosols to aerosol size and composition[END_REF], their health impact and their ability to form a cloud droplets. The most important chemical species in the submicron atmospheric aerosols are: ammonium, sulphates, nitrates, chlorides and organic matter (OM). Despite the challenges associated with in-situ aerosol chemical characterization, analytical techniques available today allow complex insights into the main particulate components properties [START_REF] Putaud | A European aerosol phenomenology -3: Physical and chemical characteristics of particulate matter from 60 rural, urban, and kerbside sites across Europe[END_REF].

An example of this characterization is presented in Figure 2.1 This figure shows the annual average chemical composition from off-line filter measurements at 39 sites across Europe across different size ranges: PM2.5 and those associated with coarse particles (PMcoarse; PM2.5-10) [START_REF] Putaud | A European aerosol phenomenology -3: Physical and chemical characteristics of particulate matter from 60 rural, urban, and kerbside sites across Europe[END_REF]. The significant portion of unaccounted mass, referred as unacc, evidences the complexity of a total chemical characterization in Figure 2.1 (obtained as the difference between the gravimetrically measured aerosol mass concentration and the sum of the aerosol component concentrations) which is found in PM2.5-10 and PM2.5 fractions for most sites. This unacc mass fraction can result from analytical errors, a possibly systematic underestimation of the PM constituents whose concentrations are calculated from measured data (e.g. OM, carbonaceous matter (CM), and mineral dust (MD)), and aerosol-bound water (especially if mass concentrations are determined at RH >30%). Furthermore, these chemical compositions show significant variability according to the types of sites (urban, peri-urban, rural, regional background, etc.). These results also show differences in chemical composition according to the fractions in particle sizes. In Europe, PM2.5 is dominated by OM, with a significant fraction due to elemental carbon (EC) and by non-marine sulphate (nss-SO4). Nitrates (NO3) are species whose contributions appear to be roughly equivalent in PM2.5-10, PM2.5 and PM10, whereas MD and SS influence the PM2.5-10 and PM10, and are higher depending on their location (proximity to the Sahara or littorals, respectively).

There are, however, disadvantages in off-line filter measurements of aerosol chemistry: large uncertainties on the measurements and low time resolution. In recent years, instrumental advances in aerosol mass spectrometry (AMS) have allowed on-line and high-resolution temporal characterization of chemical composition and size distribution of non-refractory submicron aerosols (NR-PM1), which corresponds to species vaporizable at temperatures below 600 °C. This measurement technique therefore excludes MD, SS and EC, but on the other hand makes it possible to quantify the PM1 concentrations of ammonium, sulphates, nitrates, chlorides and organic matter. Furthermore, spectral analysis of different species allows insights into their origin, particularly primary or secondary organic aerosol. Although most AMSs do not measure refractory PM1 (or R-PM1), it should be noted that some versions of AMS make possible the more specific characterization of BC, SS or MD [START_REF] Cross | Single particle characterization using a light scattering module coupled to a time-of-flight aerosol mass spectrometer[END_REF][START_REF] Onasch | Soot Particle Aerosol Mass Spectrometer: Development, Validation, and Initial Application[END_REF]. Several short term studies of AMS in the Northern Hemisphere (Jimenez et al., 2009;Ng et al., 2010;[START_REF] Zhang | Deconvolution and quantification of hydrocarbon-like and oxygenated organic aerosols based on aerosol mass spectrometry[END_REF], shows that submicron particle mass is largely dominated by aged organic compounds. [START_REF] Petit | Characterising an intense PM pollution episode in March 2015 in France from multi-site approach and near real time data: Climatology, variabilities, geographical origins and model evaluation[END_REF] in urban sites in France, shows that all sites are characterized by a strong predominance of secondary pollution, and more particularly of ammonium nitrate, which accounted for more than 50% of submicron aerosols. [START_REF] Lanz | Characterization of aerosol chemical composition with aerosol mass spectrometry in Central Europe: an overview[END_REF] at an alpine region, show that the NR-PM1 aerosol particles are dominated by organics (36% to 81%). Other main constituents comprised ammonium (5-15%), nitrate (8-36%), sulfate (3-26%), and chloride (0-5%). [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF] at PUY site, show highest nitrate and ammonium mass concentrations were measured during the winter and during periods when marine modified air masses were arriving at the site, whereas highest concentrations of organic particles were measured during the summer and during periods when continental air masses arrived at the site. [START_REF] Kiendler-Scharr | Ubiquity of organic nitrates from nighttime chemistry in the European submicron aerosol[END_REF] at urban and rural sites in Europe, show that organic nitrates contribute substantially to particulate nitrate and organic mass, and represent 34% to 44% of measured submicron aerosol nitrate and are found at all urban and rural site. Also, [START_REF] Zhang | Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-influenced Northern Hemisphere midlatitudes[END_REF] identified chemical compositions and mean concentrations of NR-PM1 measured at 37 sites all over the world. These results show that, despite a certain variability in the chemical composition, the NR-PM1s are globally dominated by organic and sulphates species, with respective fractions of 45 and 32% on average over all 37 sites. The ACSM (Aerosol Chemical Speciation Monitor, (Ng et al., 2011)), recently developed for the routine and long-term chemical characterization of NR-PM1, is based on the same principle as AMS, but does not provide access to the size distribution. This instrument, deployed in our study for the chemical characterization of aerosols, will be described in more detail in chapter 3 of this manuscript. [START_REF] Bressi | A European aerosol phenomenology -6: high-time resolution chemical characteristics of submicron particulate matter across Europe[END_REF].

In recent years, the deployment of mass spectrometers dedicated to aerosols during field campaigns conducted on different continents has made it possible to highlight geographical and seasonal trends in the chemical composition of NR-PM1. Long term measurements are important to facilitate continuous control of air quality, monitoring of climate changes, to study the seasonal variation, for long range transport and to increase statistics on the measurements. Long-term ACSM data sets have recently been presented in the literature almost all over the world such as: 2 years near Paris (France) [START_REF] Petit | Two years of near realtime chemical composition of submicron aerosols in the region of Paris using an Aerosol Chemical Speciation Monitor (ACSM) and a multi-wavelength Aethalometer[END_REF], 1.5 years in central Oklahoma [START_REF] Parworth | Long-term measurements of submicrometer aerosol chemistry at the Southern Great Plains (SGP) using an Aerosol Chemical Speciation Monitor (ACSM)[END_REF], 1 year in Zurich (Switzerland) [START_REF] Canonaco | SoFi, an IGOR-based interface for the efficient use of the generalized multilinear engine (ME-2) for the source apportionment: ME-2 application to aerosol mass spectrometer data[END_REF][START_REF] Canonaco | Seasonal differences in oxygenated organic aerosol composition: implications for emissions sources and factor analysis[END_REF], near Johannesburg (South Africa) [START_REF] Tiitta | Chemical composition, main sources and temporal variability of PM 1 aerosols in southern African grassland[END_REF][START_REF] Vakkari | Rapid changes in biomass burning aerosols by atmospheric oxidation[END_REF], near Barcelona (Spain) (María Cruz Minguillón et al., 2015;Anna Ripoll et al., 2015), and in the Southeastern United States [START_REF] Budisulistiorini | Seasonal characterization of submicron aerosol chemical composition and organic aerosol sources in the southeastern United States: Atlanta, Georgia, and Look Rock, Tennessee[END_REF]. Also, [START_REF] Bressi | A European aerosol phenomenology -6: high-time resolution chemical characteristics of submicron particulate matter across Europe[END_REF] show that, despite a certain variability in the chemical composition, the NR-PM1s are globally dominated by organic aerosol (OA) over all 21 sites. It is also observed that the OA contributions are similar at remote, coastal, regional, urban or industrial areas (between 50% and 56%). Slightly higher OA contributions are found in Northern Europe compared to Southern Europe or Mid-Latitude Europe. Sulphate and nitrate contributions largely differs on the European site (9-44% and 4-42%, respectively). On average, higher sulphate and nitrate contributions are found remote/coastal areas and urban/regional areas, respectively. Higher sulphate contributions can be associated with shipping emissions of SO2 influencing coastal sites [START_REF] Viana | Impact of maritime transport emissions on coastal air quality in Europe[END_REF] and relatively long (days) lifetime and in-cloud formation kinetics of sulphate (Stein and Lamb, 2002 and references therein). Higher nitrate contributions can be associated with Local anthropogenic emissions of NOx -mostly from road and non-road transport, energy transformation and industrial combustion in Europe [START_REF] Pay | Assessing sensitivity regimes of secondary inorganic aerosol formation in Europe with the CALIOPE-EU modeling system[END_REF].

These high-time resolution measurements of aerosol chemistry performed across Europe can help assess the efficiency of abatement policies implemented on short-and long-term durations (e.g. traffic rationing and sulphur emission reductions, respectively), and at the local and European-wide scales.

Microphysical properties

The diversity of aerosol particles sources, the physical, and chemical mechanisms of aerosol formation leads to a large variation in the aerosol size distributions and morphologies. Diameters of aerosol particles are distributed over several orders of magnitudes from a few nanometers up to tens of microns. The particle size distribution (PSD) can be expressed in number or mass concentration, as well as a function of surface of volume. The measurement and characterization of the PSD is essential in order to understand aerosol particles sources and to determine the impact of different atmospheric physical, chemical and radiative processes. Figure 2.3, displays an example of different size modes (expressed as volume distributions) that can be observed in the atmosphere as well as the processes at the origin of their formations and their deposits. Diameters corresponding to PM1, PM2.5 and PM10 as well as those of ultrafine, fine and coarse particles have also been reported for comparison. This figure shows in particular that the total suspended particles is distributed around three modes.

The ultrafine particles, corresponding to all particles with diameters less than 0.1 μm, are mainly composed of secondary aerosols. These ultrafine particles are divided into two distinct modes: the nucleation mode and Aitken mode. These particles are produced by homogeneous and heterogeneous nucleation processes [START_REF] Kulmala | On the formation and growth of atmospheric nanoparticles[END_REF]. They can form during natural gas-to particle condensation or during condensation of hot vapor in combustion processes. Nucleation mode particle diameters are less than 0.02 µm whereas, in the Aitken mode particles are defined within a diameter range between 0.02 and 0.1 μm.

The fine particles covers all particles with diameters less than 2.5 μm, indicating that it comprises all the ultrafine particles, those resulting from the condensation of gases on these ultrafine particles or their coagulation, as well as some primary particles that are directly formed in the submicron sizes. These phenomena lead to the formation of particles with diameters greater than 0.1 microns, which consequently belong to the accumulation mode. The upper limit of the accumulation mode is generally considered to be 1 μm [START_REF] Oberdörster | Nanotoxicology: an emerging discipline evolving from studies of ultrafine particles[END_REF]J. H. Seinfeld and Pandis, 2006;[START_REF] Whitby | Nuclei formation rates in a coal-fired power plant plume[END_REF] although other studies reported the value of 2 μm [START_REF] Jacobson | Fundamentals of Atmospheric Modeling[END_REF][START_REF] Nazaroff | Indoor particle dynamics[END_REF].

Aerosols with larger diameters belong to the coarse mode, mainly consisting of primary particles of natural origin such as mineral dust (MD), pollen or sea salts (SS). During transport in the atmosphere, aerosol particles can be modified and transferred from one mode to another according to physicochemical processes and meteorological conditions. The gases available in the environment can be absorbed by the aerosol particles and thus increase their size, this is referred to as condensation. Particles can also grow in size from coagulation processes, where two or more particles come in contact and aggregate together. Inverse processes can in turn cause a decrease in particle size such as abrasion, or evaporation (transition from liquid to gaseous state, e.g NH4NO3). Finally, depending on their chemical composition and under certain meteorological conditions, certain aerosol particles can be activated in cloud droplets or ice crystals. These particles are then defined as cloud condensation nuclei (CCN) and ice nuclei (IN). The representation of the most widespread PSD is described by the log-normal statistical distribution. The variation of the number of particles as a function of the logarithm of the diameter is given according to Seinfeld and Pandis, (2006) as:

𝒅𝑵 𝒅𝒍𝒐𝒈𝑫 = ∑ 𝑵 𝒊 𝐥𝐨𝐠 𝝈 . √𝟐𝝅 𝒊 . 𝒆𝒙𝒑 ( (𝐥𝐨𝐠 𝑫 𝒊 -𝐥𝐨𝐠 𝑫 ̅ ) 𝟐 𝟐 . 𝐥𝐨𝐠 𝝈 ) (1.1)
PSDs are increasingly being measured in the context of air quality at multiple locations. For example, at the European level, the EUSAAR (European Supersites for Atmospheric Aerosol Research) project of the Sixth Framework Programme of the European Commission contributed to the development of a harmonised and qualitycontrolled network of measurements [START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF][START_REF] Beddows | Variations in tropospheric submicron particle size distributions across the European continent 2008-2009[END_REF][START_REF] Philippin | EUSAAR An Unprecedented Network of Aerosol Observation in Europe[END_REF]. The EUSAAR project coordinated 24 European sites measuring aerosol chemical, physical and optical properties following a standardised protocol of instrument maintenance, measurement procedures and data delivery using a common format to a single database [START_REF] Wiedensohler | Mobility particle size spectrometers: harmonization of technical standards and data structure to facilitate high quality long-term observations of atmospheric particle number size distributions[END_REF]. Recently, the EUSAAR project activities continued within the ACTRIS project [START_REF] Philippin | EUSAAR An Unprecedented Network of Aerosol Observation in Europe[END_REF] then progressed to ACTRIS 2 and now efforts are being concentrated into making this a permanent research infrastructure. [START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF] and [START_REF] Beddows | Variations in tropospheric submicron particle size distributions across the European continent 2008-2009[END_REF] presented a detailed overview of the sites and seasonally disaggregated size distributions collected at the EUSAAR and the German Ultrafine Aerosol Network (GUAN) stations for the dry diameters between 30 and 500 nm for the years 2008 and 2009 (Table 2.2, referred to [START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF]). [START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF] shows that the aerosol concentrations in Europe are highly variable spatially:  The "Central European Aerosol" (BOE, WAL, MPZ, OBK and KPO (table 2.2)), observed at low-land stations showed low seasonal changes, high particles concentrations, almost unimodal median distributions and relatively low variability.

 The "Northern European Aerosol" (BIR, VHL, ASP and SMR), has clearly lower concentrations, with decreasing concentrations at higher latitudes. The seasonal cycle has a strong effect on the particles in this region, and the overall variation is relatively large.

 The "Mountain aerosol" (JFJ, BEO, ZSF and CMN) is characterized by episodes of extremely clean air, most probably from the free troposphere, mixed by episodes of relatively polluted air masses, especially during daytime in summer.

 The "Arctic aerosol" shows a very low concentrations and evidence of Arctic haze events during winter season.

 The "North Italian aerosol" shows very high number concentrations, especially during winter in accumulation mode and with a unimodal median particle number size distribution;

 The "Mediterranean aerosol" also shows maximum number concentrations during summer and spring.

 The "Western European aerosol" shows clear influence of multiple sources of aerosol (clean and polluted), and with a high seasonal cycle for smaller particle sizes.

It is important to note that all these sites are considered as remote or rural regional monitoring sites. Data were collected using either Differential Mobility Particle Sizer (DMPS) or Scanning Mobility Particle Sizer (SMPS) instruments and then harmonised into a single data set.

Having a large scale monitoring network such as ACTRIS and GUAN, is important to enable the community to efficiently characterize the aerosol number distribution, and thus improve the potential of characterizing the climate impacts of the aerosols in different atmospheric layers. These datasets are available for the modelers in easy-to-use format for particle sizes which have potential for climate relevance. This dataset is a valuable comparison toolbox for the use of the global and regional modelling communities. 

Spatial distribution

Physical and chemical properties of aerosol particles can change according to their vertical and horizontal variations. The horizontal variability is high because of the relatively various lifetime of the aerosol (of the order of a few days to about a few weeks) in the lower layers of the atmosphere. Indeed, the sources are unequally distributed on the globe and different atmospheric processes lead to a transport to more or less long distances from the source. Thus, the aerosol particles are subjected, depending on their size and weight, to deposition by sedimentation or diffusion (dry deposit) or, during a precipitation phenomenon, to leaching (wet deposition). The vertical variability of the aerosol are also important, and determined by the thermodynamic structure of the atmosphere.

The atmosphere can be divided into different layers according to changes in flow regime or temperature. Thus, we distinguish the troposphere (from 0 to 15 km approximately), the stratosphere (from 15 to 50 km), the mesosphere (from 50 to 85 km), the thermosphere (from 80 to 500 km) and the exosphere beyond these layers. 80% of the mass of the atmosphere is found in the troposphere thus containing the majority of aerosol particles (J. H. Seinfeld and Pandis, 2006). This latter is divided into two distinct sub-layers: the Boundary Layer (BL), which is close to the ground and therefore directly influenced by the Earth's surface, and responds to surface forcing within a timescale of an hour or less [START_REF] Stull | An Introduction to Boundary Layer Meteorology[END_REF], and the free troposphere (FT) above. The BL develops during daytime in response to convection, and is therefore usually referred to as a convective mixed layer. Slightly before sunset, when turbulence decreases, the formerly mixed layer is replaced by the so-called residual layer (RL), which initial properties (in terms of both mean state variables and concentrations) are similar to those of the mixed layer. As the night advances, the lower part of the residual layer which is in contact with the ground is progressively transformed into a stable BL (Figure 2.4). BL aerosols can be transported into the FT when they cross the temperature inversion at the top of the BL, either due to turbulences in the inversion layer, strong thermal convection or cold fronts over polluted areas [START_REF] Hov | Convective Redistribution of Ozone and Oxides of Nitrogen in the Troposphere over Europe in Summer and Fall[END_REF]. Other sources of particles in the FT can be nucleation of low-volatility gas-phase components into new particle clusters and their growth to new particles of larger sizes. As evidenced in earlier studies [START_REF] Moorthy | Fine and ultrafine particles at a near-free tropospheric environment over the high-altitude station Hanle in the Trans-Himalaya: New particle formation and size distribution[END_REF][START_REF] Rose | Long-term observations of cluster ion concentration, sources and sinks in clear sky conditions at the high-altitude site of the Puy de Dôme, France[END_REF][START_REF] Kompalli | The formation and growth of ultrafine particles in two contrasting environments: a case study[END_REF] new particle formation (NPF) may have specific characteristics at high altitudes. Once in the FT, aerosol particles have a longer residence time due to the lower frequency at which they are scavenged by clouds and precipitation, allowing them to be transported in the atmosphere for several days [START_REF] Freney | Experimental Evidence of the Feeding of the Free Troposphere with Aerosol Particles from the Mixing Layer[END_REF] increasing their impact on the climate. Figure 2.5 shows that the lifetime of particles in the atmosphere is more or less extended depending on their involvement in different layers of the atmosphere, and it can reach several weeks in the FT. Also, aerosol particles transported into the FT or formed in the FT can be re-injected again into BL, affecting the air quality far from the source region [START_REF] Mckendry | Longrange transport of Asian dust to the Lower Fraser Valley, British Columbia, Canada : Quantifying the radiative impacts of mineral dust (DUST)[END_REF][START_REF] Timonen | Influence of background particulate matter (PM) on urban air quality in the Pacific Northwest[END_REF]. For these reasons, it is important to characterize the properties of FT aerosols. Additionally, these measurements are needed to validate and improve numerical meso-scale or global scale transport models [START_REF] Martin | Effects of the physical state of tropospheric ammonium-sulfate-nitrate particles on global aerosol direct radiative forcing[END_REF]. A number of studies focused on FT conditions from ground based high altitude sites [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF][START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF][START_REF] Freney | Experimental Evidence of the Feeding of the Free Troposphere with Aerosol Particles from the Mixing Layer[END_REF] and from ATR-42 aircraft [START_REF] Crumeyrolle | Overview of aerosol properties associated with air masses sampled by the ATR-42 during the EUCAARI campaign[END_REF]Rose et al., 2015a), providing information on aerosol physical and chemical properties in this part of the atmosphere. [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] and [START_REF] Freney | Experimental Evidence of the Feeding of the Free Troposphere with Aerosol Particles from the Mixing Layer[END_REF] showed that the FT air masses are strongly influenced by injections from BL, however the number of studies comparing the transport from the boundary layer to the FT over long periods of time are rare. The BL height (BLH) varies daily and seasonally according to surface energy balance, and the top of the BL is usually found between 500 m over the sea and 2 km above land. However, as illustrated by [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF], the determination of the BLH is complex due to the lack of a commonly accepted technique to measure it. This evaluation is even more challenging over complex mountainous terrain, above which the atmospheric structure becomes more complicated [START_REF] De Wekker | Convective Boundary Layer Heights Over Mountainous Terrain-A Review of Concepts[END_REF]. For this the real forced convection from the local topography needs to be taken into account. It is then possible to calculate the splitting height (SH) which corresponds to the height below which an air mass encountering an obstacle is going around it, and above which the air mass is overpassing it. Details of the method for calculating SH is described in Etling, (1989), (Eq. 2.1).

SH= H (1 -Fr)

(2.1)

H is the height difference between the summit and the foot of the mountain and Fr is the Froude number such as:

Fr = 𝑼 𝟎 𝑵.𝑯 (2.2)
U 0 is the horizontal wind speed and N is the Brunt-Väisälä frequency such as:

N=√ 𝒈 𝜽 𝝊 . 𝜹𝜽 𝝊 𝜹𝒁 (2.3)
𝜃 𝜐 is the potential virtual temperature and g is the acceleration of gravity (9.81 m.s -2 ).

When BLH is higher than the altitude of summit, the station is always considered to be in the BL. This is especially the case for unstable conditions (Fr > 1), when the BLH always reaches the station after the air mass encounters the obstacle. For stable conditions (Fr < 1), two different situations are identified depending on SH. If the BLH is lower than SH, the stream will drift away from the obstacle, and the station will be in free tropospheric conditions. In contrast, for a BLH higher than SH, the air mass will be uplifted along the mountain slope, and the station will hence lay in the BL/AL (Table 2.3). In addition to pioneer methods based on vertical temperature profiles [START_REF] Holzworth | Estimates of Mean Maximum Mixing Depths in the Contiguous United States[END_REF][START_REF] Holtslag | A High Resolution Air Mass Transformation Model for Short-Range Weather Forecasting[END_REF], several techniques have been developed to determine the BLH. Those include radio sounding system [START_REF] Seibert | Review and intercomparison of operational methods for the determination of the mixing height[END_REF], active remote sensing such as ceilometer, sodar and LIDAR [START_REF] Emeis | Atmospheric boundarylayer structure from simultaneous SODAR, RASS, and ceilometer measurements[END_REF][START_REF] Wiegner | Mixing layer height over Munich, Germany: Variability and comparisons of different methodologies[END_REF], in-situ measurements of trace gases, aerosol particles concentrations and wind direction from high altitude sites [START_REF] Zellweger | Partitioning of reactive nitrogen (NOy) and dependence on meteorological conditions in the lower free troposphere[END_REF][START_REF] Griffiths | Surface-to-mountaintop transport characterised by radon observations at the Jungfraujoch[END_REF][START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF][START_REF] Chambers | Towards a universal "baseline" characterisation of air masses for high-and low-altitude observing stations using Radon-222[END_REF]Moreno et al., 2017) as well as atmospheric models [START_REF] Baars | Continuous monitoring of the boundary-layer top with LIDAR[END_REF][START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF]. However, the majority of the abovementioned methods retrieve the height of the so-called aerosol layer (AL, also referred to as aerosol mixing layer in the literature), whose behavior with respect to the underlying topography can occasionally differ from the BLH (De Wekker and Kossmann, 2015 and references therein). Mostly during daytime, the AL can be assimilated to the BL, when aerosol particles are homogeneously mixed within the BL [START_REF] De Wekker | Convective Boundary Layer Heights Over Mountainous Terrain-A Review of Concepts[END_REF]. [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF] compared three criteria for selecting free tropospheric conditions at the Jungfraujoch (JFJ) research station (Swiss Alps, 3580 m a.s.l.), and found that FT conditions prevail for 39% of the time (over 60% during winter and below 20% during summer). However, it was highlighted that the major difficulties in these studies is providing a robust selection of FT air masses. Chapter 3: Sampling sites and analytical tools

Sampling sites

The atmospheric site of the Puy-de-Dôme (PUY) is located in the center of France (45°77 N; 2°96 E) and comprises two instrumented stations (Figure 3.1). The Puy-de-Dôme high altitude station (PUY, 1465 m), labeled Global Atmospheric Watch (GAW) station in 2015 and included in the European program ACTRIS2 (Aerosol, Cloud and Trace gases Research Infrastructure Network), allows a complete and continuous analysis of atmospheric constituents with climatic relevance (reactive trace gases and particulate phase). The PUY station is located on the first mountain range encountered by a dominant west wind and is one of the highest peaks of the Chaîne des Puy extending over 45 km north-south and only 3 to 4 Km of width. About 16 km east of the PUY station, a second site is located at the university campus Cézeaux (CZ, 420 m) mainly consists of remote sensing instruments. This site is aslo included as part of ACTRIS network.

The topography around the PUY station allows a virtual absence of valley wind unlike other stations located on larger mountain ranges. Due to the smaller deformations of the structure of the atmosphere at the approach of the PUY site, it is possible to study phenomena representative of the boundary layer (BL) and the free troposphere (FT). Studies have also shown that the Puy de Dôme station is generally representative of regional atmospheric conditions [START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF][START_REF] Henne | Assessment of parameters describing representativeness of air quality in-situ measurement sites[END_REF], thus allowing the characterization of oceanic, Mediterranean, and continental air masses.

The station hosts a wide variety of instruments to characterize the aerosols, gas, and cloud properties. For instance, the long-term variation of the particle size distribution has been studied by [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF], and the occurrence of the new particle formation (NPF) process was specifically investigated in several dedicated studies [START_REF] Venzac | Nucleation events detected at the high altitude site of the Puy de Dôme Research Station, France[END_REF][START_REF] Boulon | Investigation of nucleation events vertical extent: a long term study at two different altitude sites[END_REF]Rose et al., 2015a). Filter measurements as well as online mass spectrometry analysis have been used to document the particles chemical composition [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF][START_REF] Bourcier | Seasonal variation of water-soluble inorganic components in aerosol size-segregated at the puy de Dôme station (1,465 m a.s.l.), France[END_REF][START_REF] Freney | Experimental Evidence of the Feeding of the Free Troposphere with Aerosol Particles from the Mixing Layer[END_REF] and aerosol-cloud interactions were also investigated from this station which offers favorable conditions for such analysis [START_REF] Sellegri | Sizedependent scavenging efficiencies of multicomponent atmospheric aerosols in clouds[END_REF][START_REF] Asmi | Aerosol cloud activation in summer and winter at puy-de-Dôme high altitude site in France[END_REF][START_REF] Guyot | Quantitative evaluation of seven optical sensors for cloud microphysical measurements at the Puy-de-Dôme Observatory[END_REF]. The second site, Cézeaux, hereafter referred as CZ, is located on the University campus in Clermont-Ferrand (420 m a.s.l.), 16 km west from PUY.

Continuous measurement of routine meteorological parameters, as well as a Rayleigh-Mie-Raman Raymetrics LIDAR system are operated at CZ. In addition to continuous long-term measurements at PUY site, a measurement campaign (winter and spring 2018) was carried out at Atmo Auvergne-Rhône-Alpes (AtmoAura's) station in Montferrand (urban site at Clermont-Ferrand).

In order to better analyse each of the properties defining the aerosol, numerous instruments are used at the PUY and AtmoAura's stations. In this PhD thesis (Chapter 3), we focus on: Scanning Mobility Particle Sizer (SMPS) and an GRIMM optical particle counter (OPC) [START_REF] Burkart | Characterizing the performance of two optical particle counters (Grimm OPC1.108 and OPC1.109) under urban aerosol conditions[END_REF] for particle size distribution measurements, a Multi Angle Absorption Photometer (MAAP) and Aethalometer (AE33) for absorption properties and aerosol equivalent black carbon (EBC) content and a time of flight aerosol chemical speciation monitor (TOF-ACSM) for aerosol particle chemical composition. Also, the LIDAR system at CZ station, is used to determine the vertical aerosol layer height (ALH).

In addition to aerosol properties, auxiliary measurements were used in the current study. Routine gas, i.e. carbon monoxide (CO), nitrogen oxides (NOx), radon-222 ( 222 Rn), and meteorological parameters, i.e. wind direction, wind speed, relatively humidity (RH), pressure (P), and temperature (T) are measured continuously throughout the year on the PUY site.

Measuring instruments dedicated to the study of aerosol particles are connected to a whole air inlet (WAI), with a 50% cut-off diameters of 30 μm. This allows the whole aerosol size distribution to be sampled, even in the presence of a cloud. Although, cloud events were excluded from our study, these inlets ensure that cloud droplets are evaporated in the WAI so that both interstitial and residual cloud residues are sampled (as if they had not been activated into cloud droplets) [START_REF] Asmi | Aerosol cloud activation in summer and winter at puy-de-Dôme high altitude site in France[END_REF].

Analytical tools

In-situ measurements

Particle size distribution

In order to cover the full range of aerosol sizes and to better define each of the modes characterizing atmospheric aerosol diversity (section 2.1.3), several instruments are used simultaneously.

Scanning Mobility Particle Sizer (SMPS)

Particle number size distributions in the range from 10 to 650 nm were measured using a custom-made scanning mobility particle sizer (SMPS), with a time resolution of 130 seconds. This instrument consists of a differential mobility analyser (DMA) as described by [START_REF] Villani | Design and Validation of a 6-Volatility Tandem Differential Mobility Analyzer (VTDMA)[END_REF], a CPC (TSI model 3010) for particle detection downstream of the DMA and a 63 Ni aerosol neutralizer, 95 MBq source. The DMA sheath flow rate is controlled using a blower in a closed-loop arrangement [START_REF] Jokinen | Closed-loop arrangement with critical orifice for DMA sheath/excess flow system[END_REF]. The SMPS has been intercompared with other European SMPS and DMPS systems in the framework of the European structure ACTRIS (Aerosols, Clouds and Trace gases Research Infrastructure Network) in March 2018, and satisfies all requirements for providing a reliable aerosol size distribution. In specific, uncertainties of the measurements conducted in the frame of ACTRIS were reported to be lower than 10% for particle number size distributions in the 20 to 200 nm size range, while below and above this size range the discrepancies increase [START_REF] Wiedensohler | Mobility particle size spectrometers: harmonization of technical standards and data structure to facilitate high quality long-term observations of atmospheric particle number size distributions[END_REF].

Three particle size distribution modes were previously identified by [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF] using SMPS data at the PUY station. Hence, based on the aforementioned study, we define the nucleation mode concentration as the integrated concentrations of particles ranging from 10 nm to 20 nm, the Aitken mode concentration as the integrated concentrations of particles ranging from 40 nm to 80 nm and accumulation mode (100-300 nm) for aged particles. Particles having diameters from 20-40 nm and 80-100 nm are not included as they can either be nucleation or Aitken modes, and Aitken or accumulation modes, respectively.

Optical Particle Counter (OPC)

Particle number size distributions from 350 nm to 18 μm were measured using an optical particle counter (OPC, GRIMM 1.108) over a total of 16 size channels (Grimm 1.108). Whenever a particle passes the laser, the scatter signal is transmitted to a receiving diode. The received signal is associated with a size class according to its power. This size is calculated using a Mie calculation. It assumes particle shape and refractive index. Figure 3.2 shows the merged size distribution of GRIMM OPC measurements with those obtained from the SMPS over the year 2015. Merging these measurements allowed us to cover diameters ranging from 10 nm up to 18 µm, and therefore characterizing 4 particle size distribution modes (Nucleation, Aitken, Accumulation and Coarse). 

Equivalent Black carbon (EBC) concentrations

Two measurement techniques were used to obtain information on Equivalent black carbon (EBC) concentrations.

Multi Angle Absorption Photometer (MAAP)

EBC concentrations were derived from particle absorption measurements conducted with a Multi Angle Absorption Photometer (MAAP 5012). Emitting a 670 nm laser beam, it measures the transmitted and backscattered radiation impacted by the particles on a filter that can be converted into an equivalent black carbon mass concentration (mEBC). Uncertainties in the measurements were around 12% [START_REF] Petzold | Multi-angle absorption photometry-a new method for the measurement of aerosol light absorption and atmospheric black carbon[END_REF]. The absorption coefficient σabs can be calculated from the mEBC measured by the instrument and a specific absorption coefficient (QEBC=6.6 m 2 /g) according to Eq. 3.1 [START_REF] Müller | Characterization and intercomparison of aerosol absorption photometers: result of two intercomparison workshops[END_REF]. In addition, since the wavelength of the instrument given by the manufacturer is not exactly that emitted (637 nm instead of 670 nm), it is necessary to add a corrective factor to the measurements (1.05 according to [START_REF] Müller | Characterization and intercomparison of aerosol absorption photometers: result of two intercomparison workshops[END_REF]). σabs is the absorption coefficient, mEBC is the equivalent black carbon (EBC) mass concentration and QEBC is the specific absorption coefficient.

Aethalometer-33 (AE33)

Equivalent black carbon (EBC) concentrations are retrieved from real time measurements of aerosol absorption performed every minute by as seven-wavelength (370; 470; 525; 590; 660; 880 and 940 nm) Aethalometer (AE33, Magee Scientific Inc.). The instrument was equipped with a PM1 impactor inlet (BGI model SCC-0.732, Waltham, MA, USA) and sampled at 5 L/min. The AE33 principle is based on analyzing the aerosol by measuring the transmission of light through a filter tape acting as a reference area. The attenuation is then converted into an aerosol absorption coefficient σaer for each wavelength. The AE33 instrument uses two corrections in order to obtain this coefficient, the first is based on the [START_REF] Weingartner | Absorption of light by soot particles: determination of the absorption coeecient by means of aethalometers[END_REF] algorithm to account for multiple scattering by the filter by applying a factor C = 1.57 (multiple scattering parameter) specific to the filter of the instrument. The second correction uses the "dual spot" technology to compensate the loading effect of the filter, all the characteristics of the instrument being developed in more detail in [START_REF] Drinovec | The " dualspot " Aethalometer: an improved measurement of aerosol black carbon with real-time loading compensation[END_REF]. The EBC concentrations are then calculated by applying a specific mass absorption efficiency (MAE) on the absorption coefficient at 880 nm as follow:

𝑬𝑩𝑪 = 𝒃 𝒂𝒃𝒔 𝑴𝑨𝑬 (3.2)
Were 𝑏 𝑎𝑏𝑠 is the absorption coefficient as follow:

𝒃 𝒂𝒃𝒔 = 𝒃 𝒂𝒕𝒏 𝒄 (3.3)
Were C is the multiple scattering parameter (C=1.57) and 𝑏 𝑎𝑡𝑛 is the attenuation coefficient as follow:

𝒃 𝒂𝒕𝒏 = 𝑺. (∆𝑨𝑻𝑵/𝟏𝟎𝟎) 𝑭 𝒊𝒏 ∆𝒕 (3.4)
Were S is the spot; t is the time; ATN is the optical attenuation and 𝐹 𝑖𝑛 is the flow as follow:

𝑭 𝒊𝒏 = 𝑭 𝒐𝒖𝒕 . (𝟏 -𝝃) (3.5) 𝑨𝑻𝑵 = -𝟏𝟎𝟎. 𝒍𝒏(𝑰/𝑰 𝟎 ) (3.6)
Were 𝐼 0 is the reference signal and I the spot signal

The MAEs for each wavelength are respectively 18.47; 14.54; 13.14; 11.58; 10.35; 7.7 and 7.19 m 2 /g, from 370 to 940 nm.

Having multiple wavelengths allow for spectral analysis of the data which can be of importance for understanding the direct effect of EBC , climate forcing (IPCC, 2013) or mineral dust detection [START_REF] Collaud Coen | Saharan dust events at the Jungfraujoch: detection by wavelength dependence of the single scattering albedo and first climatology analysis[END_REF]. This could be done through the determination of the single scattering albedo dependence on the wavelength, or source apportionment [START_REF] Sandradewi | Using Aerosol Light Absorption Measurements for the Quantitative Determination of Wood Burning and Traffic Emission Contributions to Particulate Matter[END_REF].

Gas concentrations

Carbon monoxide (CO)

Carbon monoxide has been measured at PUY station using the Thermo Scientific™ Model 48i-TLE CO analyzer, which is based on the principle that CO absorbs infrared radiation at a wavelength of 4.6 microns. The infrared absorption is a nonlinear measurement technique; it is therefore required for the instrument electronics to transform the basic analyzer signal into a linear output. This instrument uses an exact calibration curve to accurately linearize the instrument output over any range up to a concentration of 1000 ppm.

Nitrogen oxides (NOX)

The concentration of nitrogen oxides (NOx) was measured using the NO2 chemiluminescence technology with the Thermo Scientific™ Model 42i-TL TRACE Level NOx Analyzer. The Model 42i-TL is a unique chamber and unique photomultiplier tube system, which alternates between the NO, NOx, and zero modes. Zero mode measurements are performed on a weekly basis to ensure the long term stability and low detection limits.

RADON-222

Radon-222 ( 222 Rn) has been measured at PUY station with the active deposit method [START_REF] Biraud | European greenhouse gas emissions estimated from continuous atmospheric measurements and radon 222 at Mace Head, Ireland[END_REF]. The method is based on the measurement of 222 Rn shortlived daughters ( 218 Po, 214 Bi, 214 Po) [START_REF] Polian | Long-range transport of continental radon in subantarctic and antarctic areas[END_REF] which are quickly absorbed onto aerosol particles. The accumulated aerosol particles are collected on a cellulose filter during one hour. Then the filter is automatically moved under an alpha detector coupled to a photomultiplier. Total α radioactive decay is measured every 10 min over the span of one hour. Uncertainties in the measurements can reach 10 to 20% [START_REF] Polian | Long-range transport of continental radon in subantarctic and antarctic areas[END_REF]. A disequilibrium factor of 1.15, like the one estimated by Schmidt, (1999) for a similar mountain station at Shauinsland, Germany, was used for correcting the data.

Non refractory -PM1 chemical concentrations

Time-of-Flight Aerosol Chemical Speciation Monitor (ToF-ACSM)

The ToF-ACSM (Aerodyne Inc., Billerica, MA, USA), presented in Figure 3.3 and described in detail in [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF][START_REF] Fröhlich | The ToF-ACSM: a portable aerosol chemical speciation monitor with TOFMS detection[END_REF], is an instrument for real-time measurement of non-refractory submicron particles chemical composition. Like the Q-ACSM (N. L. A. R. Ng et al., 2010), the TOF-ACSM is based on the aerodyne AMS technology but in a compact design, relatively low cost, and (relative to the quadrupole counterpart), significantly improved mass resolution and detection limits. In comparison to the Q-ACSM, the TOF-ACSM uses a mass resolving power (M/∆M) of ≈500, and higher sensitivity by discriminating against the electronic noise, making it suitable for deployments at remote, typically cleaner, sites. Additionally, the TOF-ACSM can provide an m/z range up to 300. At the PUY station, a time resolution of 10 min was chosen.

Sampling of the ambient air is carried out through a sampling line oriented vertically on the instrument with a flow of 3 L/min. This line is equipped upstream of a PM2.5 sampling head and a Silica gel based dryer to reduce air sampling relative humidity (RH). Particle loss in the sampling line was estimated to be less than 2% between 50 nm and 1 μm (the size range sampled by the ACSM aerodynamic lens system) through particle loss calculator developed by von der [START_REF] Von Der Weiden | Particle Loss Calculator -a new software tool for the assessment of the performance of aerosol inlet systems[END_REF].

Background measurements are done every 30 seconds or depending on the switching set up, by using an automatic 3-way valve, which switches between aerosol sample and particle-free sample (using a HEPA filter). After passing through the aerodynamic lens and the PM1 critical orifice, the particles are concentrated in a beam and then introduced to chambers maintained under vacuum by 4-stage turbomolecular pump. They are then vaporized during their impact on an inverted cone-shaped surface, heated to 600 ° C, and the volatilized molecules are ionized by electronic impact (70 eV). These ions will be detected by TOF mass analyzer allowing the characterization of the different species by obtaining mass / charge spectra. The filtered air gas mass spectra are then subtracted from the unfiltered spectra in order to obtain an aerosol specific mass spectrum. In order to separate the TOF-ACSM raw data into partial mass spectra for individual aerosol species, the standard assumptions was applied as described by [START_REF] Allan | A generalised method for the extraction of chemically resolved mass spectra from Aerodyne aerosol mass spectrometer data[END_REF] and improved by [START_REF] Canagaratna | Chemical and microphysical characterization of ambient aerosols with the aerodyne aerosol mass spectrometer[END_REF]. The resolved mass concentrations include organic, nitrate (NO3), sulfate (SO4), ammonium (NH4) and chloride (Cl). At the PUY, Cl has low concentrations that are close to the detection limit of the instrument (max 0.07 µg/m -3 [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF]) and hence they are omitted in the following discussion. The allocation of these spectra provides the mass concentrations (Cs) of each species using the following equation:

C s = CE T m/z . 10 12 RIE s . Q cal G cal RF NO3 . 1 Q. G ∑ IC s,i i (3.7)
where CE is the collection efficiency; Tm/z the correction of the transmission efficiency of the TOF ions measured by monitoring the naphthalene peaks emitted continuously below the vaporization zone; RIE the relative ionization efficiency for each species compared to nitrate; RFNO3 the nitrate response factor; Q and G the volume flow and the gain of the multiplier during the measurement respectively, and their equivalents (Qcal and Gcal) obtained during the calibration of the RFNO3; and ICs, the signal intensity of each fragment i of the species s.

RF calibrations are performed by establishing a sampling line of nitrate signal intensity measured by the ACSM in response to the injection of a known concentration of nitrate. The generation of monodisperse ammonium nitrate aerosols is by vaporization of an aqueous solution of NH4NO3 (Sigma-Aldrich,> 99%) at 5 × 10 -3 mol.L -1 . These aerosol generated through an atomizer are then dried (desiccant consisting of silica gel) then filtered through a by-pass system used to manually regulate the concentration of aerosol, before being sent to a DMA (for differential mobility analyzer) which will allow to select particles with a diameter of 300 nm by means of their electric charge. These monodisperse aerosols are then sent in parallel to a particle counter (CPC Model 3788, TSI) and the ACSM. Particle size (300 nm) and particle number concentration (NCPC) given by the CPC give access to the nitrate concentration (in μg m -3 ), calculated using equation 3.8:

[𝑁𝑂 3 ] = N CPC . S . V part . ρ . M(NO 3 ) M(NH 4 NO 3 ) (3.8)
where S is the shape factor generally equal to 0.8; Vpart the volume of a particle (in cm 3 , considering the spherical particles); ρ the density of ammonium nitrate (1.72 g cm -3 ); M(NO3) and M(NH4NO3) the respective molar masses of nitrate and ammonium nitrate. The RF is then obtained by linear regression between the intensity of the NO3 signal, which corresponds to the sum of the NO + (m/z 30) and NO2 + (m /z 46) signals measured by the ACSM, and the mass concentration obtained via CPC (Eq.2.2). The RIE of NH4 is obtained in parallel, replacing in equation 3.7 the NO3 by NH4 and dividing the slope obtained by linear regression between the intensity of the NH4 signal (sum of m/z 15, 16 and 17) and [NH4]cpc by the value of RFNO3. The RIE values of SO4 and Chl with respect to NO3 are obtained in a manner similar to that of NH4.

In this study two ToF-ACSM were used, the first is at PUY and the second at AtmoAura (Montferrand). The two ACSM was compared to a reference instrument of the European program ACTRIS in 2016.

The RF and RIE calibrations of the ACSM at PUY were performed on the sampling site. For the ACSM deployed in AtmoAura, calibrations could not be conducted at the sampling site, but in the laboratory, prior instrument deployment. The concentrations measured by the ACSM were determined by applying the RF and RIE values for each species reported in Table 3.1 These values correspond to all calibrations carried out until March 2018 for PUY and from January until May 2018 for AtmoAura. In order to correct the TOF-ACSM data for particle losses due to non-spherical particles or as a result of particle bounce off the vaporizer, we apply a compositiondependent collection efficiency (CDCE) factor to all aerosol species [START_REF] Middlebrook | Evaluation of Composition-Dependent Collection Efficiencies for the Aerodyne Aerosol Mass Spectrometer using Field Data[END_REF]. In this study, the ammonium nitrate mass fraction (ANMF) was always less than 0.4, for this a constant CDCE of 0.45 was applied to the data. Once this factor was applied, the TOF-ACSM mass concentrations were converted to volume concentrations using densities of 1.75 g.cm -3 for inorganic species, and 1.3 g.cm -3 for organic species. The TOF-ACSM volume concentration was compared with the volume concentration measured by the SMPS, sampling behind the same inlet (Figure 3.4). 

Positive Matrix Factorization (PMF)

Positive Matrix Factorization (PMF) [START_REF] Paatero | Least squares formulation of robust non-negative factor analysis[END_REF][START_REF] Paatero | Positive matrix factorization: A non-negative factor model with optimal utilization of error estimates of data values[END_REF]) is a well-established program to solve receptor-only models and is used in the determination of the sources when the profile of the sources are poorly known. The fundamental principle of receptor modeling is that mass storage can be assumed and a mass balance analysis can be used to identify and allocate sources of suspended particulate matter in the atmosphere [START_REF] Hopke | Recent developments in receptor modeling[END_REF].

PMF is a multivariate factor analysis tool that decomposes a matrix of measured data into two matrices: factor contributions (Time series) and factor profiles (Mass spectra). In PMF, the mass balance equation is as follows:

X = G.F + E (3.9) 𝑥 𝑖,𝑗 = ∑ 𝑔 𝑖,𝑘 𝑝 𝑘=1
. 𝑓 𝑘,𝑗 + 𝑒 𝑖,𝑗 (3.10)

Where i and j refer to row and column indices in the matrix, respectively, k is the number of factors in the solution. This number is determined formally by the user (Figure 3.5). 𝑥 𝑖𝑗 is an element of the mxn matrix X of measured data elements to be fit.

In AMS data, the m rows of X are ensemble average mass spectra (MS) of typically tens of thousands of particles measured over each averaging period (typically 5 min) and the n columns of X are the time series (TS) of each m/z sampled. g ij is an element of the mxp matrix G whose columns are the factor TS, 𝑓 𝑖𝑗 is an element of the pxn matrix F whose rows are the factor profiles (MS), and eij is an element of the mxn matrix E of residuals not fit by the model for each experimental data point (E=X-GF). Both features lay the foundation of making the link between the mathematical solution and the processes of the real world possible. In practice, sources are better separated and positive scores and loadings are physically meaningful [START_REF] Huang | Testing and optimizing two factor-analysis techniques on aerosol at Narragansett, Rhode Island[END_REF]. PMF ignores negative entries throughout G and F. This constraint makes the PMF algorithm particularly suitable when mass concentrations must always be positive. The PMF can be solved by two common programs, PMF2 [START_REF] Paatero | User's guide for positive matrix factorization programs PMF2 and PMF3, part 1-2: tutorial[END_REF] and multilinear engine-2 (ME-2; [START_REF] Paatero | The Multilinear Engine-A Table-Driven, Least Squares Program for Solving Multilinear Problems, Including the n -Way Parallel Factor Analysis Model[END_REF]). In this study PMF algorithm was solved using the ME-2 and the Source Finder toolkit (SoFi v.6.395; [START_REF] Canonaco | SoFi, an IGOR-based interface for the efficient use of the generalized multilinear engine (ME-2) for the source apportionment: ME-2 application to aerosol mass spectrometer data[END_REF]) was used to configure the PMF model and for post analysis. The SoFi was developed at PSI in order to facilitate the testing of different rotational techniques available within the ME-2 engine by providing a priori factor profiles for some or all of the expected factors. However for ME-2 solver, the entries in G and F are fit using a least squares algorithm that iteratively minimizes the quantity Q m , defined as the sum of the squared residuals weighted by their respective uncertainties, where the uncertainty may contain the measurement and model uncertainty:

𝑄 𝑚 = ∑ ∑ ( 𝑒 𝑖𝑗 𝜎 𝑖𝑗 ) 2 𝑛 =1 𝑚 𝑖=1 (3.11)
Where 𝜎 𝑖𝑗 are the measurement uncertainties for the input points ij. The 𝑄 𝑚 is normalized by the degree of freedom of the model solution (𝑄 𝑒𝑥𝑝 ), then this normalization is used as an indicator for the solution reliability. Q/𝑄 𝑒𝑥𝑝 value of 1 is expected if the model could entirely explain the variability and all uncertainties of the measured data. In case of known factors, a reference factor profiles, as a constraints, could be imposed on the factors solution as inputs. Therefore an 'a value' ranging from 0 (no degree of freedom) up to 1 (totally unconstrained) can be applied to those constraints.

Remote Sensing

LIDAR

The Light Detection and Ranging (LIDAR) is an active remote sensing instrument mainly composed of a transmitting part (laser) and a receiving part (telescope) (Figure 3.6). The pulsed emitted laser beam is absorbed and scattered in all directions by the molecules and particles encountered, and the backscattered signal is then received by a telescope. The time taken from transmission to reception provides the elevation of each of the backscattered signals. In the past, the first atmospheric LIDAR applications were dedicated to the detection of cloud altitude. Atmospheric LIDARs are now widely used for the detection of the vertical distribution of aerosol in the atmosphere (elastic signal), the distribution of water vapor or gaseous constituents (such as nitrogen dioxide and ozone from inelastic signals) but also wind (LIDAR Doppler) and temperature measurements. andMie scattering), clouds (Mie scattering) andN2 andH2O gases (Raman scattering). The instrument includes a laser type Quantel CFR-400 emitting at 355 nm and a 400 mm Cassegrain telescope. An optical box is dedicated to the splitting of the receiving laser light in 4 different channels (2 elastic channels in parallel and cross polarization, and 2 inelastic channels for nitrogen and water vapor Raman scattering) [START_REF] Papayannis | Measurements of Saharan dust aerosols over the Eastern Mediterranean using elastic backscatter-Raman LIDAR, spectrophotometric and satellite observations in the frame of the EARLINET project[END_REF]. Vertical profiles of volume backscatter coefficients, extinction coefficients, and depolarization ratio are retrieved with a time resolution of 10 min. The system is in operation in the framework of the ACTRIS network (Aerosols, Clouds, and Trace gases Research Infrastructure Network). More details on the instrument can be found in the study reported by [START_REF] Freville | LIDAR Developments at Clermont-Ferrand-France for Atmospheric Observation[END_REF]. The amount of backscattered light is described by the LIDAR equation:

𝑃(𝑅) = 𝐸 0 . 𝐶. 𝑂(𝑅) 𝑅 2 𝛽(𝑅). 𝑒 ∫ -2𝛼(𝑟)𝑑𝑟 𝑅 0
(3.12)

with P(R) the backscattered power at a distance R from the LIDAR, E0 the transmitted laser energy, C the LIDAR constant describing the efficiency of the optical and detection system, O (R) the overlap function representing the beam portion laser in the field of view of the telescope at the distance R. β(R) and α(R) represent the coefficients of backscattering and extinction, sum of the molecular and particulate contributions, respectively.

It is also important to note that due to the biaxial configuration of the LIDAR system (the telescope optical axis and the laser beam axis are separated from 300 mm), the laser beam doesn't overlaps completely the field of view of the telescope below 1000 m (Chauvigné PhD thesis). An overlap correction must be applied to process the measurement data when the overlap is not full. Many methods exist to estimate this overlap function as ray tracing calculation or horizontal LIDAR measurements assuming that the atmosphere is homogeneous and that the alignment of the system remains the same horizontally and vertically (no deformation of the telescope).

Aerosol layer height

LIDAR profiles are specifically targeted to evaluate the aerosol layer height (ALH) (section 2.2). The ALH is essential to better understand the measurements made at Puy de Dôme. The estimation of ALH is based on the gradient in aerosol concentrations observed at the top of the AL, which coincides with a sharp change in the return signal from LIDAR. Different LIDAR techniques have been developed to identify the top of the ALH such as the gradient method [START_REF] Flamant | LIDAR DETERMINATION OF THE ENTRAINMENT ZONE THICKNESS AT THE TOP OF THE UNSTABLE MARINE ATMOSPHERIC BOUNDARY LAYER[END_REF][START_REF] Menut | Urban boundary-layer height determination from LIDAR measurements over the Paris area[END_REF], the variance method [START_REF] Piironen | Convective boundary layer mean depths and cloud geometrical properties obtained from volume imaging LIDAR data[END_REF] and the WCT method (Wavelet Covariance Technique, [START_REF] Brooks | Finding boundary layer top: Application of a wavelet covariance transform to LIDAR backscatter profiles[END_REF]). Following earlier work by [START_REF] Baars | Continuous monitoring of the boundary-layer top with LIDAR[END_REF], we applied the Wavelet Covariance Technique (WCT) method, reported as a robust technique that can handle very different aerosol situations during all seasons of the year.

The WCT uses the covariance transform of the Haar function [START_REF] Brooks | Finding boundary layer top: Application of a wavelet covariance transform to LIDAR backscatter profiles[END_REF] where f(z) is the LIDAR signal corrected with z 2 , with z being the altitude, zb and zt are the lower and upper limits of the LIDAR signal, respectively, 𝑎 is the extent of the step function. 𝑎 was set to 12 Δz in the present work, as recommended by [START_REF] Baars | Continuous monitoring of the boundary-layer top with LIDAR[END_REF], where Δz = 7.5 m is the spatial resolution of the LIDAR.

Equation (3.14) was applied to all LIDAR profiles with a time resolution of 10 minutes and the ALH was determined in clear sky conditions as the maximum of the WCTf function. These calculations were made under the assumptions that 1) topography make a small deformation of the ALH at the location where the LIDAR measurements take place and 2) aerosol particles are homogeneously mixed within the AL. These hypothesizes had already been tested by [START_REF] Boulon | Investigation of nucleation events vertical extent: a long term study at two different altitude sites[END_REF]. Indeed, some of the work reported in this paper was devoted to the validation of the ALH estimation at PUY derived from LIDAR measurements by equivalent potential temperature calculations (Te) conducted at the PUY and an intermediate altitude station (660 m) located near the PUY. The results of this study show that when the LIDAR indicates that the PUY is in the ALH, the Te calculated at the two sites are comparable (with computational uncertainties) and have strongly correlated evolutions, suggesting that the two sites are well located in the same atmospheric layer. On the contrary, when LIDAR indicates that the PUY is above the ALH, the calculated Te at the two sites have both different values and evolutions, suggesting in this case that the two sites are in two different atmospheric layers.

Models

ECMWF-ERA-Interim and LACYTRAJ

The boundary layer height (BLHECMWF) was extracted from the reanalysis ERA-Interim of the European Center for Medium -Range Weather Forecasts (ECMWF) model [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF][START_REF] Von Engeln | A Planetary Boundary Layer Height Climatology Derived from ECMWF Reanalysis Data[END_REF]. This technique is based on the "global method of Richardson" [START_REF] Troen | A simple model of the atmospheric boundary layer; sensitivity to surface evaporation[END_REF] which is used to measure the relative importance of the available convection potential energy and vertical wind shear by establishing the ratio between the atmospheric thermal turbulence produced by the vertical shear. To estimate BLHECMWF at the location of the PUY, we extracted the nearest grid point (45°75'N, 3°25'E) in a resolution of 0.25° x 0.25° grid.

However, it should be noted that the ECMWF model provides a BLH above sea level, but does not take into account the surface elevation field, therefore it is necessary to add a ground surface height above sea level to estimate a true BLH. Using the ERA interim model (https://software.ecmwf.int/wiki/display/CKB/ERA-Interim%3A+elevation+and+orography), this surface space layer height of the relevant grid square (45°75'N, 3°25'E) was calculated to be 620 ± 10m (Figure 3.8). 

Height (m)

Back-trajectories have been computed using LACYTRAJ, a three-dimensional kinematic trajectory code [START_REF] Clain | A lagrangian approach to analyse the tropospheric ozone climatology in the tropics: Climatology of stratosphere-troposphere exchange at Reunion Island[END_REF]. We use 3D wind fields produced by the ERA-Interim reanalyses with a horizontal resolution of 1° in latitude and longitude, and 37 vertical levels for the trajectory calculations. Each grid point is advected using a bilinear interpolation for horizontal wind fields and time and a log-linear interpolation on pressure level for the vertical wind field. A cluster of 100 trajectories starting from a box between 45.6 and 46°N and 2.7 and 3.1°E near 1465 m a.s.l is calculated, with a time resolution of 15 minutes, during 204 hours.

The altitude of each trajectory is compared with the calculated BLH (considering the ground surface height), interpolated in time and space from ECMWF ERA-Interim, along all trajectory points, in order to estimate the interaction of the air mass with the BL, i.e. the time spent of the sampled air mass in the FT since last contact with the BL.

HYSPLIT

The influence of air mass history on the occurrence of aerosol particles at the PUY site (1465 m), was studied using four days (96 hrs) air mass back trajectories computed with the Hybrid Single Particle Lagrangian Trajectory (HYSPLIT) model [START_REF] Draxler | HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model access via NOAA ARL READY website[END_REF]. Back-trajectories were calculated every three hours in 2015, 2016 and 2018. Air masses were further classified according to the maximum time spent in each sector as either continental (CONT), oceanic (OC), oceanic modified (OC_MOD), local (LOC) and Mediterranean (MED). As illustrated on Figure 3.9, the Local sector corresponds to the geographical area were most of air masses are around the PUY station (centered on the position 45°46' N/2°57'E), while oceanic modified, oceanic, Mediterranean Sea, and continental types are related to the sectors 80 -140°, 140 -190°, 190 -340° and 340 -80°, respectively. 

Seasonal variation of aerosol size distribution data at the Puy de Dôme station with emphasis on the boundary layer/ free troposphere segregation (Farah et al., (2018) published in atmosphere)

In the mixing layer, aerosols are subjected to many processes that reduce their lifetime in the atmosphere such as sedimentation, coagulation or rain. Once injected into the FT, aerosol particles have a longer residence time due to the lower frequency at which they are scavenged by clouds and precipitation, allowing them to be transported in the atmosphere for several days increasing their impact on the climate. As illustrated by [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF], the determination of the BLH is complex due to the lack of a commonly accepted technique to measure it. This evaluation is even more challenging over complex mountainous terrain, above which the atmospheric structure becomes more complicated [START_REF] De Wekker | Convective Boundary Layer Heights Over Mountainous Terrain-A Review of Concepts[END_REF]. As mentioned previously in section 2.1.3, several methods were used in the literature to segregate between BL/FT air masses. However, the major difficulties in this studies is providing a robust selection of FT air masses.

The objective of this first chapter of results is to compare four parameters for determining the BLH relatively to the high altitude Puy de Dôme station (PUY) during the year 2015. These parameters are based on LIDAR measurements using the wavelet covariance transform (WCT) method, BLH simulations from the ERA-Interim reanalysis of the European Center for Medium-Range Weather Forecasts (ECMWF) model, and in-situ measurements of BL tracers (NOx/CO and radon-222 ( 222 Rn)). Then, the four parameters are combined to reliably segregate the BL and FT air masses sampled at the PUY station. The segregation between BL and FT air masses is then used to investigate the differences in aerosol properties belonging to each of these atmospheric layers over the 12-month period.

Segregating between Boundary Layer (BL)/Aerosol Layer (AL) and FT air masses

Four different criteria were investigated in the present work to determine when the PUY station is sampling in the BL/AL or in the FT, including the analysis of LIDAR profiles, radon concentration, the ratio of NOx to CO concentrations and ECMWF outputs. In the present work, as in previous studies (example: (De Wekker and Kossmann, 2015)), we assimilate the ALH to the convective BLH during daytime, and to the RLH during nighttime. In order to harmonize the different data sets over the same time resolution, data were averaged over a time step of 3 hours. The data set was further harmonized by only selecting data when all methods are available simultaneously; resulting in 1429 values (Figure 4.1.1). Specifically, this implies that only clear sky conditions will be discussed hereafter since the presence of clouds prevents the estimation of the ALH from LIDAR. In the following sections, we will compare these four different criteria in order to segregate FT from "BL/AL" air masses. 22 September to 21 December) using data from 2015. The ALHLIDAR does not show strong variations with the time of the day. The maximum of the ALHLIDAR is reached during summer and spring (average 2000 m a.s.l., green and black) while in winter and autumn (red and blue), the average ALHLIDAR never exceeds 1600 m. Lowest ALHLIDAR are observed during night time, before 9 UTC, when the WCT most likely retrieves the height of the RL. These typical ALH diurnal and seasonal variations are similar to the ones previously reported for the PUY station (Figure 2 in [START_REF] Chauvigné | Comparison of the aerosol optical properties and size distribution retrieved by sun photometer with in situ measurements at midlatitude[END_REF]) and for the Leipzig station (Figures 7, 9 and 17 in Baars et al., (2008)). The LIDAR is located approximately 16 km to the east of the PUY station, that is, downwind of the North-South mountain chain for the western prevailing winds. It is likely that there is a deformation of the upwind atmospheric structure due to the obstacle that the mountain chain represents and, hence, we expect that the ALH retrieved by the LIDAR is slightly increased compared to the surrounding flat and low altitude areas. BLHECMWF varies between 700 m a.s.l. at night in winter and 2200 m a.s.l. during the day in summer (Figure 4.1.2b). The model predicts that the PUY station is in the BL during the day (between 9 and 18 UTC) in summer and spring, with 3-h averaged BLHECMWF reaching a maximum of 2200 m a.s.l. In contrast, the model shows that the site is generally above the BL at all times during winter and autumn, and therefore considered to be in the FT. These results are in agreement with the study performed by [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF] who reported that the PUY station was in the BL during the daytime during the warm seasons (spring and summer) and in the FT during nighttime during the cold seasons (autumn and winter). The ECMWF model is not taking into account the forced convection on the mountain chain. Hence, we expect that the model underpredicts the BLH above the grid square.

Comparison between the Aerosol Layer Height from LIDAR Profiles and Boundary Layer Height Simulated with ECMWF

Significant differences are observed between ALHLIDAR and BLHECMWF during nighttime (Figure 4.1.2a,b). This is related to the fact that the LIDAR retrieves RLH, while BLHECMWF instead corresponds to the height of the shallower stable nocturnal BL. On the contrary, ALHLIDAR can be compared to the BLHECMWF over the daytime period (9 UTC-18 UTC), when the AL can be assimilated to the convective BL. As evidenced in Figure 4.1.3, the ALHLIDAR and BLHECMWF correlate and agree well with each other (correlation coefficient Pr = 0.6 and linear regression slope 0.78). The value of the slope below 1 either indicates an overestimation of the ALHLIDAR or an underestimation of the BLHECMWF. As mentioned above, the overestimation of the ALHLIDAR could be due to the deformation of the upwind atmospheric structure between CZ and PUY stations. Indeed, the ECMWF model spatial resolution does not take into account local scale dynamical processes around the PUY mountain chain (due to a flattening effect over the surface mode grid). In order to assess if the PUY station is within the BL/AL or in the FT, the real forced convection from the local topography needs to be taken into account. We calculate the splitting height (SH) for both WCT and ECMWF methods, which corresponds to the height below which an air mass encountering an obstacle is going around it, and above which the air mass is overpassing it. Details of the method for calculating SH is described in [START_REF] Etling | On atmospheric vortex streets in the wake of large islands[END_REF], (Equation (4.1.1)).

SH = H (1 -Fr) (4.1.1)
H is the height difference between the PUY station and the foot of the mountain and Fr is the Froude number [START_REF] Etling | On atmospheric vortex streets in the wake of large islands[END_REF][START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF]. When ALH/BLH are higher than the altitude of PUY, the station is always considered to be in the BL/AL. This is especially the case for unstable conditions (Fr > 1) when the BLH always reaches the PUY station after the air mass encounters the obstacle. For stable conditions (Fr < 1), two different situations are identified depending on SH. If the BLH/ALH is lower than SH, the stream will drift away from the obstacle, and the station will be in free tropospheric conditions. In contrast, for a BLH/ALH higher than SH, the air mass will be uplifted along the mountain slope, and the station will, hence, lay in the BL/AL (Table 4.1.1 SH data was calculated every three hours for 2015. 

NOx/CO

NOy/CO is an indicator of the "photochemical age" of an air mass that can be used to identify fresh pollution transported to high altitude sites from lower atmospheric layers [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF][START_REF] Zellweger | Partitioning of reactive nitrogen (NOy) and dependence on meteorological conditions in the lower free troposphere[END_REF]. Higher values of NOy/CO represent fresh pollution, while lower values correspond to regional air masses. Hence, this ratio usually shows lower values in the FT than in the AL [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF]. NOy is defined as the sum of NOx and its atmospheric oxidation products (that is, NOz). In absence of NOy measurements at PUY in 2015, we used NOx data, since a good agreement between NOy and NOx is observed at this site based on measurements conducted in 2012 (Pr = 0.93 and slope = 1.11, Figure 4.1.4). We, therefore, consider that at the PUY, the NOx measurements are a relatively good indicator of aged air masses. However, we are aware that NOx measurements can often be influenced by more local emissions than NOy, and care should be taken when interpreting these measurements. For all seasons, we observe a clear diurnal variation with low values at night and high values during the day (Figure 4.1.2c). During daytime, an average NOx/CO maximum of 0.01 was observed for spring, summer, and autumn, at 9 UTC. For winter, a maximum of 0.08 was reported at 18 UTC.

In order to determine whether NOx/CO is a good indicator for segregating between AL and FT conditions, we investigated the linear regression between NOx/CO and the BLHECMWF. We found that both criteria are correlated at the 95% significance level (Pr = 0.54) with the following equation determined over the one-year dataset:

BLH ECMWF = 1204 + 1.3 × ( 1 NO x /CO ) (4.1.2)
This equation allowed us to determine a threshold value of NOx/CO = 0.005 above which the PUY station is considered to be in the FT (that is, for BLHECMWF > 1465 m).

However, we observe that the diurnal amplitude of the NOx/CO ratio varies according to the season (Figure 4.1.2c). As a consequence, using a yearly threshold, the site is considered to be in the AL during the day (between 6 and 21 UTC) and in the FT in the night (from 21 to 6 UTC) for all seasons.

Radon-222 ( 222 Rn)

The last technique to evaluate AL/FT conditions is based on the level of 222 Rn measured at the PUY station. 222 Rn is naturally emitted from the land surface at a relatively constant rate [START_REF] Szegvary | Predicting terrestrial 222Rn flux using gamma dose rate as a proxy[END_REF][START_REF] Zhang | Radon activity in the lower troposphere and its impact on ionization rate: a global estimate using different radon emissions[END_REF]. Since 222 Rn is naturally emitted from land surfaces, it is often used as a mean to determine the level of contact of the air mass to the land surface. Hence, the lower the value of 222 Rn, the less contact the air mass has had with the AL. This criterion was recently used by [START_REF] Griffiths | Surface-to-mountaintop transport characterised by radon observations at the Jungfraujoch[END_REF] and [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF] to study vertical mixing, based on sites at different altitudes [START_REF] Chevillard | Transport of 222Rn using the regional model REMO: a detailed comparison with measurements over Europe[END_REF] or on vertical profiles from aircraft [START_REF] Guedalia | Aircraft Measurements of Rn-222, Aitken Nuclei and Small Ions up to 6 km[END_REF][START_REF] Lee | Vertical Diffusion in the Lower Atmosphere Using Aircraft Measurements of 222Rn[END_REF][START_REF] Williams | The Vertical Distribution of Radon in Clear and Cloudy Daytime Terrestrial Boundary Layers[END_REF]. It has also been used for the estimation of local to regional surface emissions of trace gases (van der [START_REF] Van Der Laan | Net CO2 surface emissions at Bern, Switzerland inferred from ambient observations of CO2, δ(O2/N2), and 222Rn using a customized radon tracer inversion[END_REF].

As shown in Figure 4.1.2d, the 222 Rn concentration does not show strong seasonal variations at PUY, with the exception for summer. As expected, the maximum values of the 222 Rn concentration are reached during summer (average 1.41 Bq•m -3 ), especially during daytime. This is likely caused by the increased vertical mixing of air masses during the summer transported to the PUY site. In winter, spring, and autumn, the average 222 Rn concentrations never exceed 0.85 Bq•m -3 . This can be a result of low vertical mixing height as observed from the LIDAR and ECMWF data, but also to a high fraction of air masses coming from the marine sectors (hence, naturally containing lower levels of 222 Rn within the BL).

In order to proceed with the identification of AL/FT air masses based on 222 Rn measurements, we followed the methodology introduced by [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF] for the JFJ site, which is based on the relationship between the 222 Rn levels and the number concentration of particles larger than 90 nm (N90). As illustrated in Figure 4. 1.5a, in a similar way as was done by [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF], we first investigated the variations of N90 as a function of the air mass residence time in the FT since last BL contact. As previously reported for the JFJ, we observed decreasing exponential trend of N90 with time since the last BL contact, but the parameters of the fit are, however, different from those obtained for the JFJ. Specifically, the threshold value below which N90 does not further decrease, that is, indicating FT background concentrations, is around 151 cm -3 at PUY, being almost 4 times higher than at JFJ (40 cm -3 ). This is likely to be explained by a higher proximity to the BL/FT inversion when the PUY station is in the FT, compared to when the JFJ is in the FT. Indeed, [START_REF] Chauvigné | Comparison of the aerosol optical properties and size distribution retrieved by sun photometer with in situ measurements at midlatitude[END_REF] pointed out that the aerosol concentrations are not homogeneously distributed over the vertical column within the FT, with a negative aerosol concentration gradient with altitude also within the FT. Plotting N90 as a function of the 222 Rn level (Figure 4.1.5b) also shows a clear decreasing exponential trend that indicates that 222 Rn is also a good indicator of the BL influence on the PUY station. Using a threshold of N90 = 151 cm -3 on Figure 4.1.5b leads to a threshold of 222 Rn = 0.5 Bq•m -3 . This translates on Figure 4.1.2d to the PUY station being in the AL all the time during spring, summer, and autumn. For winter, the site would be in the FT before 10 am and after 8 pm. 

Comparison of the Four Criteria

Each of the four methods used to segregate whether the PUY station lies within the BL/AL or in the FT has specific criteria, based on the vertical profile of aerosols retrieved from LIDAR, on the "global method of Richardson" from the ECMWF model, the "photochemical age" of an air mass from NOx/CO and the estimation of local to regional surface emissions of trace gases from 222 Rn.

During daytime, the prediction of the BLHECMWF agrees relatively well with the ALHLIDAR, but it should be noted that some uncertainties can be associated with these simulations due to forced convection and their horizontal distance from the site, as is discussed in Section 3.1.1 and shown in Figure 4.1.3 above. The NOx/CO tracer would agree best with the prediction of the ECMWF in the sense that the diurnal variations of this indicator are clear between night and day, even though the seasonal variation is not very evident. It may be that these two criteria agree because NOx/CO values are decreased in the residual layer compared to the daytime BL. The 222 Rn tracer predicts that the site is in the BL with a similar trend than the ALHLIDAR: the site is measured to be influenced by the BL most of the time except during winter and at night. Hence, 222 Rn would be more sensitive to the presence of the residual layer at night than the NOx/CO indicator. However, using a single set of measurements such as NOx/CO, WCT from LIDAR, ECMWF, or 222 Rn was not sufficient to classify air masses in the FT/(BL/AL) at the PUY station.

As all four criteria may have their own bias, a combined classification of these four criteria is proposed in order to increase the robustness of our methodology to determine if the PUY station is in the FT/(BL/AL). [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF] previously used temperature, relative humidity and the ECMWF model to separate BL and free tropospheric air masses at the PUY station. In this work, we present a more robust classification of air masses using a combination of four criteria (Figure 4.1.6a).

Classification of Air Masses by Combining Four Criteria

As mentioned above, WCT from LIDAR, NOx/CO, and 222 Rn retrieve the ALH while the ECMWF retrieves the BLH. However, AL corresponds to the BL during the daytime and RL during nighttime. For the simplicity of this work, we use the terminology BL/RL for BL, AL, and RL altogether. Thus, this section aims at using all available criteria to classify air masses sampled at the PUY station as those from the FT/(BL/RL). In order to average the four classification criteria, we use a specific labeling. When a measurement criterion classifies the air mass at the PUY station as FT, the corresponding date is labeled "1", when it is classified as BL/RL air mass, the corresponding date is labeled "0". Hence, when all four criteria give the air mass as FT, the average classification is "1", while only three criteria out of four classify the air mass as FT, the average classification is "0.75". Similarly, when all four criteria give the air mass as BL/RL, the average classification is "0". Additionally, when two criteria of four go wrong for classifying the air mass as FT or BL/RL, the average classification is "0.5" which corresponds to the interface mode, while only one criteria out of four are classifying the air mass as BL/RL, the average classification is "0.25". Colors in the figure correspond to the one criteria that differs from the other three. We observe that the WCT criteria did not identify FT air masses in the winter (violet color in 0.75). For classifications of BL/RL conditions, disagreements between the four methods were largely related to either NOx/CO or 222 Rn (green and red color, respectively in 0.25 (Figure 4.1.6)). For the tracer NOx/CO, it is possible that this tracer is more representative of aged regional emissions as reported by [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF]. 222 Rn levels can also be influenced by the changes in air mass at PUY station. Indeed, for a given BLH, an oceanic air mass will have lower levels than a terrestrial air mass. Hence, we believe that 222 Rn is the less reliable tracer of FT air masses for our site. This analysis also highlights that at the PUY station, radon and NOx/CO overestimate when the PUY station is in the BL/AL than the other methods. ECMWF is also not adequate for the estimation of FT/BL conditions at night time, retrieving the stable nocturnal BL and not considering the residual nocturnal layer. By combining four criteria for the determination of FT or BL/RL conditions, we provide a more robust method. As a consequence, we chose to classify the station in FT air masses when 3 of the 4 criteria identify FT air masses (0.75) and classify the station in BL/RL air masses when the majority of methods identified BL/RL air masses (0.25). When only two out of four methods disagree with the others (0.5), the air mass is classified at the interface (Figure 4.1.6b).

At the PUY station, using a combination of these four criteria for assessing if the site is in free tropospheric conditions, we determine that the site is in the FT for 20% of the time as a yearly average, over 25% during winter and below 17% during summer. At the JFJ, [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF] compared three criteria for assessing if the site lies in free tropospheric condition, and found FT prevalence for 39% of the time as a yearly average, with over 60% during winter and below 20% during summer. Chauvigné et al., (2018), also reports time spent in the FT for the Chacaltaya (CHC) (5240 m a.s.l, Bolivia) site, and found FT prevalence for 45% of the time as a yearly average, with no marked seasonal variations. The difference between the PUY and these sites is probably that the PUY is at a lower altitude, but also because the configuration of the topography is different (North-South orientated single mountain chain) [START_REF] Collaud Coen | The topography contribution to the influence of the atmospheric boundary layer at high altitude stations[END_REF].

For the four seasons, the percentage of time that the site is in the BL/RL (red) increases during the day (between 9 and 18 UTC) to reach a maximum at 18 UTC, and decrease during the night (after 18 UTC) to reach a minimum at 00 h for winter, at 3 UTC for spring and summer, and at 6 UTC for autumn (Figure 4.1.7). On the contrary, this percentage in FT (blue) decreases during the day (between 9 and 18 UTC) to reach a minimum at 18 UTC for winter spring and summer, and at 15 UTC for autumn. During the night the percentage of FT air masses at the site reaches a maximum at 00 h for winter, at 3 UTC for spring, and at 6 UTC for summer and autumn.

Air masses are classified at the interface between the BL/RL and the FT (black), at a higher frequency at night/early morning than during the late evening, and higher during winter than during summer. Between 3 and 12 UTC, this percentage reaches a maximum of 15.5% and 10% at 6 UTC respectively for winter and spring. The high percentage at the interface is related to the diurnal variation of the BLH which reaches the PUY station at around 6 UTC. 

Comparisons of the Free Troposphere and Boundary Layer Aerosol Properties

In this section, we use the classification proposed by the combination of the four criteria of FT/(BL/RL) segregation in order to investigate the differences of thermodynamical variables and aerosol properties when sampled in the BL/RL or in the FT at the PUY station. The values obtained for all criteria when the PUY station is at the interface between both layers represent a smaller database that is not statistically relevant and will not be discussed here (Table 4.1.2). In order to assess whether the different parameters show statistically significant differences in FT/(BL/RL), the Wilcoxon-Mann-Whitney test [START_REF] Delmas | Physique et chimie de l'atmosphère[END_REF] was applied to the median values (Temperature (T), Relative Humidity (RH), Pressure (P), equivalent Black Carbon (EBC), and for the nucleation (Nuc), Aitken (Ait), accumulation (Acc) and coarse (Coa) aerosol particles size mode concentrations) (Figure 4.1.8). This nonparametric test evaluates the difference in medians between two similarly shaped populations. This test showed that the FT/(BL/RL) difference was significant for some parameters (for example, T, RH, and P), however, for certain parameters during certain seasons (for example, the E BC and Acc mode particles in summer and for Nuc mode particles during all seasons) no differences between BL/RL and FT properties were detected.

At first, the meteorological parameters (T, RH, and P) were characterized in the FT and in BL/RL air masses (Figure 4.1.9a-c). As expected higher median RH concentrations were found in BL/RL conditions for all seasons compared to FT conditions, this difference is shown to be significant by the Wilcoxon-Mann-Whitney test (Figure 4.1.8). The higher RH in BL/RL conditions at the PUY station is the result of sources of humidity from the surface in the BL/RL. Higher median T and P were measured in FT conditions compared to BL/RL conditions for all seasons (except in winter for P), the significance being confirmed by the Wilcoxon-Mann-Whitney test (Figure 4.1.8). Higher pressures in the FT than in the BL/RL could be related to anticyclone conditions, which decrease the BLH [START_REF] Salzano | Quantitative Interpretation of Air Radon Progeny Fluctuations in Terms of Stability Conditions in the Atmospheric Boundary Layer[END_REF]. Higher temperatures in the FT than in the BL/RL may be explained by the fact that the PUY station is situated in the lower part of the FT in which the temperature increases over a limited altitude range (temperature inversion starting at the very lower part of the FT) [START_REF] Tennekes | A Model for the Dynamics of the Inversion Above a Convective Boundary Layer[END_REF]. 8, shows that for winter, spring and autumn seasons, the null hypothesis that the two sets have equal medians was dismissed with a threshold of 5% (black square), while in summer the null hypothesis cannot be dismissed (transparent square). Hence it appears that in summer, there is no marked distinction between the median EBC concentration in the FT and the median EBC concentration in the BL/RL. However, we observe a stronger variability in the EBC in the BL/RL than in the FT. This variation is likely due to the diurnal cycle of sources in this layer. In winter and autumn, the median EBC concentration is significantly higher in the BL/RL compared to the FT. This is expected as sources of EBC are mainly from surface emissions. In spring, we observe an unusual trend with EBC concentrations significantly higher in the FT than in the BL/RL. The high concentrations of EBC in the BL/RL for winter and autumn are thought to be a result of higher contributions of local sources of combustion linked to conventional heating devices often observed during this time of the year [START_REF] Barbet | Evaluation of Aerosol Chemical Composition Simulations by the WRF-Chem Model at the Puy de Dôme Station (France)[END_REF]. This combined with lower BL heights results in an accumulation of these particle concentrations during the cold seasons. In spring and summer, transport of the materials from BL/RL to FT efficiently occurs by active convection, and the FT air masses are more impacted by intrusions of BL/RL air. The stronger EBC concentration in the FT during spring can be linked to EBC originating from biomass burning occurring frequently during this season during the burning of vegetation in gardens, that is likely injecting biomass burning particles directly into the FT from strong heat convection transport from BL/RL to FT.

In addition, Figure 4.1.10b represents median aerosol size distributions (10-650 nm) for the four seasons, in the BL/RL and FT, and highlights the various shapes observed in the different conditions. In order to further investigate the seasonal variation of the aerosol spectrum properties in both layers, we used four aerosol modes: nucleation (10 nm to 20 nm), Aitken (40 nm to 80 nm), accumulation (100 nm to 300 nm), and coarse (1 µm to 18 µm) modes (Figure 4.1.10c-f). During the winter and autumn months, the median Aitken and accumulation mode aerosol concentrations are significantly higher in the BL/RL, compared to the FT (Figure 4.1.10d,e). In spring (for the accumulation mode) and spring and summer (for the Aitken mode), we observe the opposite, with higher concentrations in the FT than in the BL/RL. In summer, the median accumulation mode particle concentration is comparable in the FT and in the BL/RL.

For nucleation mode particles (10-20 nm) (Figure 4.1.10c), there are no significant differences in median values in the FT and in the BL/RL for all seasons. The lack of difference between nucleation mode particles in the BL/RL and in the FT would suggest that there is an additional source of nucleation mode particles in the FT compared to the primary emissions traced by the accumulation mode particles during winter and autumn. This was already observed by [START_REF] Tröstl | Contribution of new particle formation to the total aerosol concentration at the high altitude site Jungfraujoch (3'580 m a.s.l., Switzerland)[END_REF] at the JFJ site who reports that the nucleation mode particles occur within air masses that have been transported over long-range distances into the FT.

Additionally, these particles show the highest concentrations during summer (Nnuc, FT = 489 cm -3 ; Nnuc, BL/RL = 512 cm -3 ) (Table 4. 1.3). This is in agreement with [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF] at the same site, who reports highest concentrations of nucleation mode particles during summer [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF]). [START_REF] Boulon | Investigation of nucleation events vertical extent: a long term study at two different altitude sites[END_REF] reports the highest new particle formation frequency during spring and autumn, but the intensity of the new particle formation events (in term of nucleation rate and further growth) is the highest during summer.

The accumulation mode particle concentrations have a similar behavior to the EBC concentrations previously discussed, and we assume that they have similar sources for winter and autumn. Higher concentrations of the Aitken mode particles during springtime may be partly due to the growth of nucleation mode particles that were observed to occur more frequently during spring (Rose et al., 2015a;[START_REF] Venzac | Nucleation events detected at the high altitude site of the Puy de Dôme Research Station, France[END_REF] and preferentially at higher altitudes [START_REF] Boulon | Investigation of nucleation events vertical extent: a long term study at two different altitude sites[END_REF], as also witnessed by higher concentrations during the spring season for the present dataset, and partly due to a contribution from biomass burning aerosols due to the active convection transport from BL/RL to FT. During summer, the difference between concentrations in the FT and in the BL/RL is less marked than in Spring, which may be due to the less frequent nucleation frequency [START_REF] Boulon | Investigation of nucleation events vertical extent: a long term study at two different altitude sites[END_REF]Rose et al., 2015b) and the less biomass burning events than in spring. For both accumulation and Aitken mode concentrations, we clearly see that spring and summer (Naccumulation, spring, FT = 630 cm -3 ; Naccumulation, spring, BL/RL = 470 cm -3 ; Naitken, spring, FT = 1211 cm -3 ; Naitken, spring, BL/RL = 714 cm -3 and Naccumulation, summer, FT = 560 cm -3 ; Naccumulation, summer, BL/RL = 570 cm -3 ; Naitken, summer, FT = 1119 cm -3 ; Naitken, summer, BL/RL = 823 cm -3 ) show the highest mean particle concentrations in both the FT and the BL/RL (Table 4. 1.3). This is in agreement with that of [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF] and [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF] during the summer season.

In our study, the observed concentrations are slightly higher then what was found by [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF]. This would confirm the tendency observed by [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF] of the aerosol concentration increasing over the 6 years of data but would need a careful trend analysis which is beyond the scope of the present study.

For coarse mode particles, no data is available for winter and autumn, and the Wilcoxon-Mann-Whitney test is not significant for spring (medians are equal for FT and BL/RL) (Figure 4.1.10f). However, for summer, high median concentrations of the coarse mode particles were measured in FT conditions, compared to the BL/RL conditions. This difference is likely due to a more efficient long-range transport of dust and marine aerosols at high altitudes than at lower altitudes. [START_REF] Bourcier | Seasonal variation of water-soluble inorganic components in aerosol size-segregated at the puy de Dôme station (1,465 m a.s.l.), France[END_REF] reported higher concentrations of Cesium (Cs) associated to dust particles at PUY, than at the lower altitude of CZ, but the difference was mostly found during winter. The authors hypothesized that during winter, large particles are transported with a higher efficiency at high altitudes due to stronger winds. The variability of the coarse mode particle concentration is higher during the BL/RL conditions compared to FT conditions presumably due to the sporadic character of sources of large primary particles in the BL/RL. The next step of our analysis is to investigate the variability of aerosol properties within the lower FT and the possible causes for this variability.

Aerosol Properties in the Lower Free Troposphere as a Function of Air Mass Type and Age

Our analysis of the air mass back-trajectory history relative to the latest contact with the BL over the 204 h prior sampling showed that air masses aerosol properties (for example, N90) do not change for BL-contact-free times larger than 75 h (Figure 4.1.5a). In the following section, we investigate the change of aerosol particles within the lower free troposphere during the last 75 h prior to sampling.

Figure 4.1.11 presents the segregation of FT air masses as a function of the time they spent in the FT since their last contact with the BL/RL before reaching the PUY station. The BLH parameter of ERA-Interim ECMWF is interpolated spatially and temporally and compared with the altitude of each path point to determine the last contact with the BL. This analysis was done using LACYTRAJ, for the four seasons. Most noticeably, the vast majority (over 80%) of winter and autumn air masses did not have any contact with the BL/RL for at least the last 75 h before being sampled at PUY. This explains why certain aerosol concentrations are low in the FT during these seasons. For summer and spring, the large majority (60%) of air masses were in contact with the BL/RL in the last 15 h prior to measurement (Figure 4.1.11). Therefore, certain aerosol concentrations are high in the FT during these seasons. We hence assume that aerosol properties measured in these air masses during summer and spring are more representative of BL/RL than the unperturbed FT. Using this information, we focus the remaining discussion on aerosol properties measured during winter and autumn assuming that they are representative of the unperturbed FT and we can, therefore, study their characteristics as a function of the air mass origin. In the following section we compare aerosol properties in the three types of air masses (Atlantic, Mediterranean, and Continental) observed during both seasons (winter and autumn) ( Higher nucleation mode concentrations are measured when the PUY station is exposed to aged (>75 h) Atlantic and Mediterranean air masses than when exposed to continental air masses (Figure 4.1.14). We can hypothesize that these high concentrations of nucleation mode aerosols are formed at the PUY from marine precursor sources that have been transported from the Mediterranean sea and from the Atlantic ocean (Rose et al., 2015a;[START_REF] Schröder | Aircraft measurements of sub micrometer aerosol particles ( > 7 nm) in the midlatitude free troposphere and tropopause region[END_REF], or that the condensational sink associated to the Atlantic and Mediterranean air mass types are lower compared to continental air masses containing larger concentrations of accumulation mode particles. [START_REF] Bianchi | New particle formation in the free troposphere: A question of chemistry and timing[END_REF] and [START_REF] Tröstl | Contribution of new particle formation to the total aerosol concentration at the high altitude site Jungfraujoch (3'580 m a.s.l., Switzerland)[END_REF] show also that nucleation in the FT is favored after a certain time lapse has passed after the last contact with the BL/RL.

In aged air masses, the high concentrations of the Aitken and accumulation mode particles coincide with the high concentrations of EBC, originated from continental air masses. These high EBC, Aitken, and accumulation concentrations can, thus, partly be due to biomass burning emissions. Another source of these high concentrations of Aitken mode particles is the growth of nucleation mode particles originated from the Atlantic and Mediterranean air masses. Within aged air masses, coarse mode aerosol concentrations are also higher in Mediterranean and Atlantic air masses compared to continental air masses, likely a result of transported sea salt and dust particles.

Overall, we observe that even after more than 75 h with no contact with the BL/RL, FT aerosols preserve properties that are specific to their source region. To the author's knowledge, this is the first report of these observations from in situ measurements.

Conclusions

A one-year dataset of multiple measurements acquired at the PUY station has been used in this work to determine the specific physical characteristics of FT aerosols and hence of their sources and transport pathways from the BL.

In order to achieve this goal, a combination of four criteria was used to identify whether the PUY station lies within the FT or within the BL. BLH was determined using two independent methods, firstly the ECMWF model, using the "global method of Richardson" to calculate the BLHECMWF, and secondly, the WCT method to calculate the ALHWCT from LIDAR measurements. In addition, NOx/CO and radon-222 tracers were used to determine the degree of influence from the ALNOx/CO and ALRn, respectively. Using these tracers, we observe that the PUY station is considered to be in the FT up to 50% during the winter months.

For most of the time and aerosol property, higher concentrations are found in the BL compared to FT, as expected from larger sources originating from the surface. However, higher EBC, accumulation, and Aitken modes median concentrations are observed in FT conditions compared to BL during spring. This might be linked to biomass burning from vegetation in gardens that inject aerosols directly to the FT from active convection transport. Another source of these high concentrations of Aitken mode particles is the growth of nucleation mode particles. In general, for these nucleation mode particles, there is no significant difference in the median values measured in the FT and in the BL/RL for all seasons. This suggests that there is an additional source of precursors to the formation of new particles at the PUY station. These additional sources likely originate from aged Atlantic or Mediterranean air masses. Higher median concentrations and higher variability of the coarse mode particles are also found in FT conditions during summer is a result of increased contribution from Mediterranean and Atlantic air masses, bringing dust and marine aerosol at higher altitudes. Finally, even after more than 75 h without any contact with the BL/RL, FT aerosols preserve properties specific to their air mass type/origin. However, as expected, these differences are less distinct in aged FT air masses (>75 h) than in recent FT air masses (>15 h).

One year of on-line chemistry measurements of the non-refractory submicron aerosol at the Puy-de-Dôme with an emphasis on air mass transport and free troposphere / boundary layer conditions (Farah et al., (2018) in prep.)

Aerosol chemical composition is essential to our understanding of the formation and transformation of aerosol particles in the atmosphere, notably since aerosol chemical properties can govern their reactivity in the atmosphere as well as their impact on health and climate. Having online rapid acquisition of aerosol chemical properties allows us to study temporel variations on short time scales and to observe the evolution of aerosol particles as a function of airmass source as well as during different seasons of the year. Thanks to the recent developments of aerosol mass spectrometry, notably with the Aerosol Chemical Speciation Monitor (ACSM, (Ng et al., 2011)), this information can be acquired over long periods of time with minimal intervention from the user. The ACSM is a robust tool that measures aerosol chemical properties of the aerosol with time resolutions of 10 to 30 minutes. Long-term ACSM data sets have recently been presented in the literature almost all over the world such as: 2 years near Paris (France) [START_REF] Petit | Two years of near realtime chemical composition of submicron aerosols in the region of Paris using an Aerosol Chemical Speciation Monitor (ACSM) and a multi-wavelength Aethalometer[END_REF], 1.5 years in central Oklahoma [START_REF] Parworth | Long-term measurements of submicrometer aerosol chemistry at the Southern Great Plains (SGP) using an Aerosol Chemical Speciation Monitor (ACSM)[END_REF], 1 year in Zurich (Switzerland) (Canonaco et al., 2013¸ 2015, near Johannesburg (South Africa) [START_REF] Tiitta | Chemical composition, main sources and temporal variability of PM 1 aerosols in southern African grassland[END_REF][START_REF] Vakkari | Rapid changes in biomass burning aerosols by atmospheric oxidation[END_REF], near Barcelona (Spain) (Minguillón et al., 2015;Ripoll et al., 2015), 1.2 years in Jungfraujoch (JFJ, Switzerland) [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF], and in the Southeastern United States [START_REF] Budisulistiorini | Seasonal characterization of submicron aerosol chemical composition and organic aerosol sources in the southeastern United States: Atlanta, Georgia, and Look Rock, Tennessee[END_REF]. These measurements are mostly being performed within the framework of the ACTRIS infrastructure (Aerosols, Clouds, and Trace gases Research InfraStructure). This infrastructureis a European wide initiative that aims to combine resources and knowledge of all European partners.. This network currently hosts 24 ACSMs to study long-term data sets of PM1 chemical composition across the continent. A large database of long-term ACSM data (including the data presented in this study) are available in the framework of ACTRIS via the EBAS database (http://ebas.nilu.no/).

Recent studies have investigated AMS databases almost all over the world (J L Jimenez et al., 2009;[START_REF] Zhang | Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-influenced Northern Hemisphere midlatitudes[END_REF]. [START_REF] Zhang | Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-influenced Northern Hemisphere midlatitudes[END_REF] show that organic aerosols (OA) comprise more than 40% of the submicron fraction for almost all sites, largely independent of the region and type of environment. The OA mass concentrations is in many locations measured as secondary organic aerosol (SOA) which is dependent of the region and type of environment (Jimenez et al., 2009). However, in these studies the knowledge of the OA formation, sources and processes is still not very clear, especially for SOA formation. [START_REF] Ciarelli | Modelling winter organic aerosol at the European scale with CAMx: evaluation and source apportionment with a VBS parameterization based on novel wood burning smog chamber experiments[END_REF], using the CAMx (Comprehensive Air Quality Model with extensions) model, compare the simulated chemical composition of aerosols against those of AMS measurements performed at 11 sites in Europe, showing that both model and observations suggest that OA was mainly composed of SOA. However, the model still under predicts the SOA formation suggesting a more detailed characterization is needed. For these reasons, OA measurements and analysis are required to better understand its chemical evolution in the atmosphere.

Similar to worldwide measurements at low altitude sites, organic species also dominate the PM1 mass concentrations at high altitude sites. [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] at JFJ (3580 m asl), show that organics were the dominant species, comprising 73 to 81% of the submicron fraction over all seasons and all air mass sources. As expected, the organic fraction was mainly secondary organic aerosol (SOA) that can partly be linked to long range transport air masses and partly to the vertical mixing of air masses up to JFJ. Ripoll et al., (2015) at montsec (MSC, 1570 m asl), show also a dominance of organic species all over the year 2011-2012 (50%). Their results also highlight the importance of the SOA formation processes at a remote site. Minguillón et al., (2015) at Montseny (MSY, 720 m a.s.l), show that the OA was the major component of submicron aerosol (53% of PM1) over all seasons, with a higher contribution in summer (58%) than in winter (45%). They show that all the chemical compositions were affected by the general breeze regime (as typical for mountain sites), leading to an increase during the day and decrease during the night. This leads us to the question of whether the same chemical features are true for the different lower atmospheric layers (i.e. BL, FT) of background environments. In order to contribute answering to this question, we focus in the present study on a yearlong data base of on-line ACSM chemistry measurements of the non-refractory submicron aerosol data collected at a high altitude PUY site (1465 m a.s.l) located in central France, allowing the investigation of both the lower free troposphere (FT) conditions at night and of boundrary layer (BL) conditions during the day [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF][START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF]. The aim of this study is to identify specific signatures of aerosol chemical properties in the FT and to investigate the dependance of these properties on airmass sources.

The previous chapter made it possible to segregate between BL and FT air masses using a combination of four different parameters: Wavelet covariance transform (WCT) [START_REF] Baars | Continuous monitoring of the boundary-layer top with LIDAR[END_REF][START_REF] Brooks | Finding boundary layer top: Application of a wavelet covariance transform to LIDAR backscatter profiles[END_REF][START_REF] Cohn | Boundary Layer Height and Entrainment Zone Thickness Measured by LIDARs and Wind-Profiling Radars[END_REF] as an algorithm from LIDAR measurements, 2) radon-222 ( 222 Rn) concentrations as tracer [START_REF] Chevillard | Transport of 222Rn using the regional model REMO: a detailed comparison with measurements over Europe[END_REF][START_REF] Griffiths | Surface-to-mountaintop transport characterised by radon observations at the Jungfraujoch[END_REF][START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF], 3) the ratio NOy/CO as tracer [START_REF] Herrmann | Analysis of long-term aerosol size distribution data from Jungfraujoch with emphasis on free tropospheric conditions, cloud influence, and air mass transport[END_REF][START_REF] Pandey Deolal | Transport of PAN and NOy from different source regions to the Swiss high alpine site Jungfraujoch[END_REF][START_REF] Zanis | Seasonal variability of measured ozone production efficiencies in the lower free troposphere of Central Europe[END_REF][START_REF] Zellweger | Partitioning of reactive nitrogen (NOy) and dependence on meteorological conditions in the lower free troposphere[END_REF] and 4) ECMWF model [START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF][START_REF] Von Engeln | A Planetary Boundary Layer Height Climatology Derived from ECMWF Reanalysis Data[END_REF]. In this chapter, this segregation is used on 1 year of on-line chemistry measurements of the non-refractory submicron aerosol data from the first long-term deployment of a time-of-flight aerosol chemical speciation monitor (ToF-ACSM, [START_REF] Fröhlich | The ToF-ACSM: a portable aerosol chemical speciation monitor with TOFMS detection[END_REF][START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] at the PUY site. The focus of this study was to characterize both seasonal and diurnal variability with the influence of air mass sources on the chemical composition. Also, OA source apportionment was performed using the Source Finder (SoFi) interface for the multilinear engine (ME-2). Furthermore, detailed discussion of chemical properties in the FT and BL is presented.

Time series and mass concentrations

The ToF-ACSM instrument was operating continuously from 01 April 2015 to 29 February 2016, providing measurements of the non refractory component of the PM1 aerosol, including nitrate, ammonium, sulphate, and organic mass concentrations (Figure 4.2.1). In order to best represent the submicron mass concentrations, these measurements are combined with black carbon concentrations. Averaged over the entire year, the most abundant component was organic 57% (2 µg/m 3 ), followed by sulphate 16% (0.4 µg/m 3 ), nitrate 12% (0.3 µg/m 3 ), ammonium 10% (0.24 µg/m 3 ) and EBC 5% (0.13 µg/m 3 ). Relative and/ or absolute mass concentrations agree well with previous long-term ACSM studies performed at the Montsec (Ripoll et al., 2015) and at Montseny stations in Spain (Minguillón et al., 2015), as well as those made at the Jungfraujoch station in Switzerland [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF]. The acidity of the aerosols can be considered as an indicator of the age of the particles, as their neutralization takes place throughout their stay in the atmosphere. In order to estimate the degree of neutralization of the inorganic species measured by the ToF-ACSM, the measured NH4 concentrations (NH4,meas) are compared with the NH4 concentrations predicted (NH4,pred) if neutralization of sulphate, nitrate and chloride anions were complete. The necessary NH4 for complete neutralization is calculated using the following equation: where 𝑆𝑂 4 2-, 𝑁𝑂 3 -and 𝐶𝐿 -are the mass concentrations (in μg/m 3 ) of the corresponding inorganic species.

When plotting NH4,meas vs NH4,pred, we obtained a slope of 0.93 (Figure 4.2.2), which emphasizes that the majority of the inorganic species are neutralized at the PUY site, in the form of ammonium sulphate (NH4)2SO4, ammonium nitrate (NH4)(NO3) or ammonium chloride (NH4Cl). 

Seasonal variations

Average absolute concentrations of all species were around 4 µg/m 3 ±2.5 µg/m 3 during summer. In spring, autumn and winter they only amounted to 2.1 µg/m 3 ±1.3 µg/m 3 , 1 µg/m -3 ±0.8 µg/m 3 and 0.8 µg/m 3 ±0.7 µg/m 3 , respectively. Absolute mass concentrations agree well with previous short-term AMS studies performed at the JFJ 4 station which reported average non-refractory submicron aerosols (NR-PM1) concentrations of 2.5 µg/m 3 in summer [START_REF] Cozic | Chemical composition of free tropospheric aerosol for PM1 and coarse mode at the high alpine site Jungfraujoch[END_REF][START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF], 1.6 μg/m 3 in spring [START_REF] Lanz | Characterization of aerosol chemical composition with aerosol mass spectrometry in Central Europe: an overview[END_REF] and 0.4 µg/m 3 in winter [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF]. The higher summer concentrations are likely due to a combination of increased vertical transport in this season, as well as secondary aerosol formation favored by increased photochemistry. This aspect will be further investigated by studying the relative contributions of the different primary / secondary compounds.

Although, the organic aerosol (OA) dominated the PM1 chemical components, its contribution varied from 48% in the autumn up to 73% in the summer (Figure 4.2.3). Sulphate particles contributed 19% (0.38 µg/m 3 ), 13% (0.42 µg/m 3 ), 23% (0.27 µg/m 3 ) and 13% (0.04 µg/m 3 ) to the total mass concentrations, respectively for spring, summer, autumn and winter. Sulphate concentrations are a factor 10 higher during summer than during winter. Nitrate contributed 14% (0.2 µg/m 3 ), 11% (0.3 µg/m 3 ), 12% (0.07 µg/m 3 ) and 17% (0.03 µg/m 3 ) for spring, summer, autumn and winter. Summer NO3 concentrations are higher than those during winter by a factor 10. Ammonium contributed 14% (0.3 µg/m 3 ), 6% (0.2 µg/m 3 ), 11% (0.11 µg/m 3 ) and 14% (0.07 µg/m 3 ) for spring, summer, autumn and winter, respectively. Ammonia concentrations increased by a factor 3 during summer compared to winter. The last contributor to the PM1 aerosol mass was EBC, having similar contributions during all seasons; 6% (0.14 µg/m 3 ), 5% (0.17 µg/m 3 ), 6% (0.08 µg/m 3 ) and 7% (0.05 µg/m 3 ) during spring, summer, autumn and winter respectively. The dominance of organic species in the total PM1 mass was already reported in the literature [START_REF] Zhang | Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-influenced Northern Hemisphere midlatitudes[END_REF], especially during the warm months [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF][START_REF] Lanz | Characterization of aerosol chemical composition with aerosol mass spectrometry in Central Europe: an overview[END_REF]. [START_REF] Lanz | Characterization of aerosol chemical composition with aerosol mass spectrometry in Central Europe: an overview[END_REF] show highest OA in summer at JFJ related to charbroiling and a minor source, potentially representing food cooking. The dominance of organics for all seasons suggests contributions from multiple sources and formation mechanisms. For this, more detail analysis of these organic aerosols sources is needed.

Using the fractions of two major mass spectral peaks, m/z 44 (CO2 + ) and m/z 43 (mostly C2H3O + ) a triangular space was created in which organic aerosol particles are progressively more aged when one moves towards the highest point of the triangle (Ng et al.,2010). Previous studies of SOA formation also show that the right side of the Ng triangle indicate a biogenic influence (Jimenez et al., 2009;Ng et al., 2010), whereas those from biomass burning emissions tend to be situated on the upper left side of the triangle [START_REF] Heringa | Investigations of primary and secondary particulate matter of different wood combustion appliances with a high-resolution time-of-flight aerosol mass spectrometer[END_REF], and finally those of traffic emissions are probably situated on the lower left to middle side of the triangle (Ng et al., 2010). The frequent injection of OA from the BL which is less aged than the OA in the FT poses an additional important factor resulting in a wide range of f44/f43 values at the PUY station compared to altitude stations (Figure 4.2.4).

The f44/f43 values lies principally inside the usual triangle boundaries. The reason for the situation of the f44; f43 values outside of the triangle during the summer is unsure, but could be linked to the uncertainties of these species in ACSM systems [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF]. Those species of more biogenic origin are often reported to lie on the right hand side of the triangle [START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF][START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF]. [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] also reports that, depending on the season, JFJ aerosol lies inside and outside the usual triangle boundaries. OA sampled during autumn and winter are situated on the left and middle side of the triangle indicating a highest contribution from anthropogenic compared to spring and summer. OA appear to have a similar degree of ageing during autumn and winter. The different star shaped points show f44 and f43 of each of the different organic species extracted from the total organic signal using PMF. The black dotted lines show the boundaries set by Ng et al., (2010).

ME-2 results

In order to characterize the organic aerosol fraction collected at PUY, and to describe how the sources vary with the season, a ME-2 analysis was performed separately for all seasons. Seasonal PMF was previously performed in the literature and provides more accurate results than PMF over a full year period [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF]Minguillón et al., 2015;[START_REF] Tiitta | Chemical composition, main sources and temporal variability of PM 1 aerosols in southern African grassland[END_REF]. ME-2 input matrices with an m/z range of 12-100 were prepared. Higher m/z channels were removed due to low signal to noise ratios. ME-2 was first applied without constraints (Figure 4.2.5), with solutions for 2 to 4 factors being evaluated. Two factors identified as hydrocarbon-like organic aerosol (HOA) and secondary oxygenated OA (OOA) were retrieved for all datasets. When the number of factors is increased, another HOA factor appears, and remains in the unconstrained runs from 3 to 4 (Figure 4.2.5). Since a fraction of HOA was identified by the ME-2 without constraints at the PUY station, a high resolution mass spectra for HOA profile from Crippa et al., (2013) was used to constrain the PMF solution.

A priori information of organic aerosol source spectra is introduced into the model using the 'a value' technique available in ME-2. In the absence of distinct criteria for the determination of ideal a values a large range of a values was taken into account for the final result. 

Results: Aerosol chemical properties

PMF/ME-2 analysis of the total organic matrix resulted in a two or three factor solution depending on the season. During all seasons, a primary and secondary organic aerosol was identified, having mass spectral profiles similar to those of Hydrocarbon organic aerosol (HOA) and oxidized organic aerosol (OOA) was identified. During the summer an addition oxidized OA factor was identified (OOA1 and OOA2) (Figure 4.2.6 and 4.2.7). Increasing the number of factors from a two to a three factor solution for spring, autumn and winter, and from three to four factor solution for summer, did not result in a significant improvement in residuals or in the correlations with external species (Figure 4.2.8). HOA mass spectra were used to constrain the PMF solution with 'a values' ranging from 0 to 0.6 (with ∆a step of 0.1). For 'a values' above 0.6, HOA and OOA factors were mixed and they were therefore removed from this analysis. No other constrained were applied to this dataset.

In summer season, the first type of organic aerosol (OOA1) had a similar mass spectral signature to the OOA averaged profile reported by Ng et al., (2011). The mass spectral properties of this OOA are defined by having a dominant peak at m/z 18, 28 and 44, which underlined the low volatility and high level of oxidation characteristic of aged particles. They are therefore termed a low-volatility oxidised organic aerosol particle (LV-OOA). Furthermore, the second type of organic aerosol (OOA2) closely resembled a less aged oxidized organic aerosol. The less oxidized organic aerosol particle measured had dominant mass spectral peaks at m/z 43 and 44, and was similar to the mass spectra of semi volatile oxidized organic aerosol (SV-OOA) (Ng et al., 2011).

In agreement with the f44:f43 plots the HOA contributions to OA are lower in summer and autumn (14 ± 1%) than in spring and winter (23 ± 3%). In summer, autumn and winter, the time series of HOA showed good correlation with that of EBC (r 2 = 0.49, 0.65 and 0.44, respectively), whereas the correlation is not so good during spring (Table 4.2.1). Another source of HOA than combustion process is to be considered during spring. These results are in agreement with those of Minguillón et al., (2015) and Ripoll et al., (2015) who found an HOA contribution of 12±2% during the warmer period. Furthermore, the HOA contributions at the PUY are higher than those measured at the JFJ, where HOA contributions varied from 3% in the summer to 9% in winter [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF], which is expected give the higher altitude of the JFJ station. [START_REF] Crippa | Organic aerosol components derived from 25 AMS data sets across Europe using a consistent ME-2 based source apportionment approach[END_REF] and [START_REF] Lanz | Characterization of aerosol chemical composition with aerosol mass spectrometry in Central Europe: an overview[END_REF] found HOA contributions of 6% and 7% respectively in May 2008.

OOA contributed 86% (45% + 41% respectively for LV-OOA and SV-OOA) in summer and 80 ± 5% in spring, autumn and winter to the total OA. In summer and autumn, the time series of LV-OOA showed strongest correlations with that of EBC (r 2 = 0.6 and 0.57, respectively) (Table 4.2.1). Furthermore, weak correlations between the organic and inorganic species throughout the summer and autumn are suggesting different sources or sinks of the organics compared to the inorganic species. [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] at JFJ, identified a LV-OOA factor in summer; which represents the background of OOA and correlated with sulphate. Ripoll et al., (2015) at Montsec and Minguillón et al., (2015) at the Montseny, identified a LV-OOA factor in summer which also represents the background of OOA. During spring at PUY, the LV-OOA correlated with sulphate (r 2 =0.46). During winter the LV-OOA component showed good correlations with sulphate, ammonium and nitrate suggesting similar sources (r 2 = 0.45, 0.52 and 0.56, respectively).

SVOOA was only identified in summer, but it contributed to 41% of OA. The time series of SV-OOA showed a good correlation with EBC (r 2 =0.52) and nitrate (r 2 =0.36). [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] also identified a less oxidised LV-OOA II and correlated better with nitrate. Ripoll et al., (2015) and Minguillón et al., (2015) also identified an SV-OOA factor only in summer. This factor is mostly attributed to fresher SOA formation and shows a low correlation with nitrate (r 2 =0.16). 

Diurnal variations

The strongest diurnal variability in particle mass concentrations are observed in autumn and winter (Figure 4.2.9 (e, f, g and h)), which is consistent with the fact that the PUY site is expected to spend the majority of the time in the free troposphere (FT) or the residual layer during nighttime and only be affected by BL air masses during the day [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF][START_REF] Venzac | Seasonal variation of aerosol size distributions in the free troposphere and residual layer at the puy de Dôme station, France[END_REF]. For these two seasons, we observe increases in the mass concentration of all species during the day and decreases at night, according to an increase of vertical transport from the boundary layer. For spring and summer however, the diurnal variations are weak and concentrations of nitrate even decrease during the day compared to night (Figure 4.2.9 (a and c)). A particulate nitrate formation during nighttime and depletion during daytime could be due to temperature effects on nitrate phase partitioning. On the other hand, spring night time increases in nitrate are likely related to the lower mass concentrations of sulphate at night, allowing excess ammonia to react with nitrate (John H. Seinfeld and Pandis, 2006). Ammonia, sulphate and HOA also show no diurnal variability during spring and summer. While OOA showed daytime increases during spring (Figure 4.2.9(b)) and both for LV-OOA and SV-OOA during summer (Figure 4.2.9(d)). LV-OOA however exhibited a much less pronounced diurnal trend then SVOOA confirming its background nature. Nevertheless, the midday increase in the concentration of SV-OOA is also larger than that of EBC (Figure 4.2.10), and therefore it cannot simply be explained by the transport of pollutants, but is attributed to the secondary OA (SOA) formation during these hours in PUY. 

Air mass speciation

Its central location in France makes the PUY station a good receptor site for atmospheric compounds from different source regions. The NR-PM1 and EBC aerosol particles composition is shown as a function of season and backward trajectory calculation of air mass origin into five sectors in Figure 4.2.11. Total contributions and mean concentrations for each sector are listed in Table 4.2.2 andTable 4.2.3, respectively. The sector type segregation analysis shows that air mass types contributed differently for each season. Globally, during autumn, air masses arrived mainly from the Mediterranean sector (63%) while during the other seasons, air masses arrived predominantly from the oceanic sector (46%, 43% and 54%, in spring, summer and winter, respectively). In comparison, the continental and local air masses occur less than 10% of the time independent of season (Table 4.2.2). This uneven repartition of air masses types among the seasons influences strongly the seasonal variations of the different components observed in the above section. In order to investigate this point, it is necessary to determine how air-mass-type dependent is the chemical composition of aerosol.

The highest mean total concentrations were measured within continental air masses (4.67 μ.gm -3 and 4.32 μ.gm -3 ) respectively in spring and summer, while lowest concentrations are measured in oceanic modified air masses (1.16 μ.gm -3 and 1.13 μ.gm -3 ) respectively in autumn and winter. These observations are in agreement with [START_REF] Bourcier | Seasonal variation of water-soluble inorganic components in aerosol size-segregated at the puy de Dôme station (1,465 m a.s.l.), France[END_REF] and [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF]. In terms of absolute yearly concentrations of different species (Table 4.2.3), organic concentrations are highest in continental and local air masses (6.2 μ.gm -3 and 5.98 μ.gm -3 , respectively) and lowest in the marine modified sector (3.81 μ.gm -3 ). Sulphate concentrations are highest in the continental air masses as well (2.36 μ.gm -3 ) but also high in the oceanic (1.94 μ.gm -3 ) and Mediterranean air masses (2.09 μ.gm -3 ). This could indicate a marine source of sulphate in these air masses. Nitrate and ammonium are as expected highest in the continental air masses (2.1 μ.gm -3 and 1.80 μ.gm -3 respectively), but lowest in the local air masses (1.10 μ.gm -3 and 1.31 μ.gm -3 respectively). The contribution of each species to the total aerosol mass load is quite air-mass type dependent (Figure 4.2.11). In particular there is a rather strong variability of the aerosol composition on the air mass type, for a given season, as already mentioned in [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF] at PUY site. For example during summer, the contribution of OA to the total mass is highest in the local sector (79%), and lowest for the Oceanic modified sector (64%). This indicates that despite the low organic concentrations for the Oceanic modified sector, they contribute to a large fraction of the total PM1 aerosol mass in these air masses during summer. This feature was already pointed out in the [START_REF] Bourcier | Seasonal variation of water-soluble inorganic components in aerosol size-segregated at the puy de Dôme station (1,465 m a.s.l.), France[END_REF] study, where it was illustrated through offline analysis that the organic fraction of the submicron aerosol is highest for the Oceanic modified and Oceanic air mass sector. Here we show that this high OA contribution is mainly of secondary origin, the HOA contribution being the lowest in these oceanic modified air masses compared to the other air masses (LV-OOA 39%, SV-OOA 21% and HOA 4%). The highest HOA contributions were from the local sector (25% and 24%) in autumn and winter, respectively, which is coherent with fresher OA sources contributing the most in air masses that have spent a large amount of time in the vicinity of the station. SV-OOA was only identified in summer, with highest contribution from continental sector (29%) and lowest from continental and oceanic modified sectors (21% for both). We clearly see that the aerosol composition is clearly dependent on the air mass type for a given season, but also that for all air mass types, the same seasonal variation is observed with a sharp increase of organic matter and percentage during summer compared to the other seasons. At the PUY site, these variations in season and with air mass source can sometimes be influenced by the boundary layer dynamics. In the next section, we will segregate between BL and FT conditions, in order to better assess the seasonal variability of the aerosol composition in a given layer of the atmosphere. 

FT/BL conditions

In this section, we apply the method described in [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF] classification air masses as being FT or BL using a combination of the four indicators of FT/BL. The Wilcoxon-Mann-Whitney test [START_REF] Delmas | Physique et chimie de l'atmosphère[END_REF] was applied to medians of each aerosol chemical component (Ammonium, nitrate and sulphate) and organic sources (HOA, SV-OOA and LV-OOA), in order to assess whether these measurements show statistically significant differences between their BL or FT concentrations (Figure 4.2.12). 12 shows that the chemical composition of the non-refractory PM1 aerosol in the FT differs from the one of the BL during autumn and spring for most compounds (except nitrate in spring which is the same in the BL and in the FT). When concentrations are different between BL and FT, they are higher in the BL compared to the FT for inorganic species (Figure 4.2.13). This is expected, as the particulate mass source of these compounds is believed to be located in the BL, and eventually reaches the FT under favorable conditions. Higher concentrations of nitrate in the BL than in the FT are in agreement with [START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] at the JFJ site, who reports highest concentrations of nitrate in BL during autumn. For organic species, we also observe that concentrations were higher in the BL than in the FT for HOA and LV-OOA during winter and autumn, but a more surprising feature is that during spring, the median concentrations of HOA and LV-OOA are higher in the FT (0.41 µg/m -3 and 0.86 µg/m -3 , respectively) than in the BL (0.22 µg/m -3 and 0.48 µg/m -3 , respectively). These observations are in agreement with what have been found by [START_REF] Crumeyrolle | Overview of aerosol properties associated with air masses sampled by the ATR-42 during the EUCAARI campaign[END_REF] during airborne measurements over central Europe and the north sea in May 2008. The latter study showed an enhancement of the total mass concentration (mainly organic) in the altitude range between 1 and 3 km in air masses originating from south and east Europe. [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF] reported that at the same site, higher EBC, Aitken and accumulation mode particle concentrations were observed in the FT compared to the BL during spring, while for the other seasons concentrations were higher than or equal to the FT concentrations. Higher concentrations in the FT during spring were attributed to the active transport by heat convection of particles from BL to the FT originating from open biomass burning events occurring during this season. This would be in agreement with the higher concentrations of HOA in the FT compared to BL during this season. LV-OOA could be a contributor to the observed nucleation and growth of particles in the FT that might be due to photochemical processes of organic vapors [START_REF] Boulon | Investigation of nucleation events vertical extent: a long term study at two different altitude sites[END_REF]. [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF] also investigated the air mass back-trajectory relative to the latest contact with the BL over the last 204 hours. They show that during spring and summer, around 60% of air masses sampled in the FT were in the BL 15 hours before sampling which indicates that aerosol properties measured in the FT during these seasons are more influenced by the BL than during the other seasons. While, for autumn and winter, over 80% of air masses did not have any contact with BL for at least 75h before being sampled at PUY. In this study, the NR-PM1 chemical properties during these periods need to be treated with caution due to the limited statistics in the aged (>75h) FT air masses. Organic was the most abundant component 58%, followed by sulphate 18%, nitrate 10%, ammonium 9% and EBC 5% ( Additionally, the chemical composition of the FT is not significantly different in the FT than in the BL for all inorganic components and SV-OOA in summer and winter. This result is in agreement with similar accumulation mode concentrations found in both layers during summer [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF], presumably as a result of a better mixing between BL and FT than during the other seasons for summer. The lack of differences in the composition of the BL and FT aerosols during winter for inorganic species is however not well understood and would call for further investigations, for instance with modeling tools.

The mass ratio of submicron sulphate to organics (SO4/org) is a useful marker to describe the acidity of aerosols. In this study, this ratio showed higher values (0.5) in the FT air masses than those in the BL layer (0.35), in agreement with previous studies from high altitude sites or airborne measurement, in North America; Western Europe and Asia, where reports higher values (0.72 to 1.1) in the FT air masses than those in the boundary layer (0.13 -0.7) [START_REF] Zhou | Free Tropospheric Aerosols at the Mt. Bachelor Observatory: More Oxidized and Higher Sulfate Content Compared to Boundary Layer Aerosols[END_REF]. However the values in this study are low, indicating that the majority of the species are neutralized at the PUY site.

Conclusions

The present study investigates one year of aerosol chemical properties using a ToF-ACSM from April 2015 to February 2016 at PUY site, providing an opportunity to study the temporal variability of aerosol chemistry in relation with boundary layer dynamics/vertical transport and air mass sources. OA represents a substantial part of the PM1 concentration during all seasons and within all air mass types. Depending on the season, organics comprised from 48 to 73 % of the total mass. A detailed analysis of the seasonal source apportionment of organic species, using the ME-2 technique showed that the HOA contributes between 14% and 23% of the OA mass. The prevailing OA source was the OOA (74-85%) that could be segregated into a background LV-OOA and SV-OOA during the summer months.

OA has the highest contribution to total mass during summer, while in winter and during the transient months comparably high fractions of sulphate were measured. Nitrate and ammonium contributed lower amounts. The high contribution of OA during the summer months was identified to be the result of not only vertical transport, but also the result of a larger secondary organic formation during the warmer months. Highest mean total concentrations were measured within continental air masses, while lowest concentrations are measured in local and oceanic modified air masses.

The PUY site is sampling in the FT approximately 20% of the time, providing us with a chance to compare aerosol properties in both the FT and the BL. Higher median concentrations of ammonium and sulphate in autumn and spring, and nitrate in autumn were measured during BL conditions compared to FT conditions, coherent with the contribution of surface-related sources of these species to these aerosol composition. Higher organic particle concentrations (HOA and LVOOA) were observed in the FT compared to the BL in spring corresponding to higher Aitken and accumulation mode particle concentrations in this layer and season reported by [START_REF] Farah | Seasonal Variation of Aerosol Size Distribution Data at the Puy de Dôme Station with Emphasis on the Boundary Layer/Free Troposphere Segregation[END_REF]. This combination of in-situ measurements, back-trajectory analysis and segregation between FT and BL contribute to better understanding of aerosol particles sources, properties and their dynamics in the atmosphere. In particular, we have illustrated that the aerosol chemical properties at lower atmospheric layers (i.e. BL, FT) Results: Exchanges between the PUY and its surrounding 100

Understanding sources of aerosol particles and their exchanges between the high altitude PUY and its surrounds.

In order to study the exchanges between atmospheric layers, we deployed a number of instruments at a low altitude site to run in parallel with the measurements performed at the PUY station. In this chapter, we will firstly present an overview of meteorological parameters and chemical composition observed at the PUY station and at the AtmoAura's station during the intensive campaign (winter 2018). In the second part, a comparison will be carried out between the two sites in terms of chemical composition and sources of organic aerosols influencing these sites as a function of free troposphere/boundary layer segregation.

Overview

This intensive sampling period took place in winter 2018, from December to March 2018 when a ToF-ACSM instrument, owned and operated by INERIS was installed at a low altitude sampling site simultaneously to the ToF-ACSM running at the PUY station. The low altitude sampling site, the regional air quality network AtmoAura's, station, is situated near the Clermont-Ferrand city center and can be considered as an urban background station (Figure 4.3.1 (a)). The winter season was chosen due to the higher frequency of occurrence of FT conditions at the Puy de Dome and to the occurrence of high aerosol concentrations in the city of Clermont-Ferrand. Our sampling strategy provided us with the opportunity to analyze, at high temporal resolution, the chemistry of fine particles simultaneously in both urban and regional sites, in order to evaluate the influence of boundary layer dynamics on the vertical mixing of aerosol properties and local aerosol sources in an urban environment. In addition to the chemical measurements, additional measurements of meteorological properties and black carbon (AE33) were performed at both sites. PM1, PM2.5 mass concentration measurement were also performed at AtmoAura station, while PM10 mass concentrations were performed at the PUY station. We used statistical (ie. correlation) and receiver source (ie. PMF) tools to establish the origin of aerosol organic particles at both sites. HYSPLIT backward trajectories were used to better understand the impacts of air masses on the chemical composition and overall concentrations measured by the ACSM. An overview of meteorological parameters and PM1 chemical composition is presented in the next section.

Characterization of meteorology, back-trajectories

In this study we focused on the period started on the 1 th of February and continued until the 28 th of February, 2018, in which the ACSM operated continuously at both stations. For the first two weeks of February, oceanic air masses arrived at the stations (Figure 4.3.2). Average temperatures and wind speed were (0°C ± 5°C and 10 m/s ± 6 m/s) and (7°C ± 5°C and 2.5 m/s ± 2 m/s), for PUY and AtmoAura's stations, respectively and there were several cloud periods. From the 20 th of February onwards, cold and dry air masses arrived from the continent. During the cold event, the temperature were as low as -17°C and -10°C and the wind speed were around 4 m/s ± 2 m/s and 3 m/s ± 1.4 m/s, respectively for PUY and AtmoAura's stations. According to Météo-France, the cold weather was a result of the "Moscow-Paris" cold front resulting in exceptionally cold temperatures over a large area in Europe. In section 4.1, we described a method to segregate FT/BL air masses using a combination of four parameters (WCT, 222 Rn, NOy/CO and ECMWF) measured at the PUY station. In the present chapter, WCT, 222 Rn and NOy/CO were not available, and therefore only the ECMWF model was applied to segregate between BL and FT air masses. The resulting classification as a function of time is shown as horizontal bars on the upper part of Figure 4.3.4. During the first period when the site was mainly under oceanic influence, the station was sampling FT air, while during the second period when the site was mainly under continental influence, the station was sampling BL air.

Bulk PM1 chemical composition

The aerosol chemical measurements at the Puy de Dome averaged over the entire campaign, consisted of 0.2 µg/m 3 organics (dominant species), 0.04 µg/m 3 sulphate, 0.08 µg/m 3 nitrate, 0.06 µg/m 3 ammonium and 0.08 µg/m 3 EBC (Figure 4.3.3 bottom). These concentrations are very similar to the ones reported in chapter 4.2 for the whole

Oceanic Continental

winter 2016, with 0.1 µg/m -3 organics, 0.05 µg/m -3 sulphate, 0.04 µg/m -3 nitrate, 0.07 µg/m -3 ammonium and 0.05 µg/m -3 EBC, although they appear to be slightly higher and more variable in February 2018 than in winter 2016 (Figure 4.3.3). While at AtmoAura station, the average concentrations over the entire campaign consisted of 2.2 µg/m 3 organics, 1.3 µg/m 3 nitrate, 0.5 µg/m 3 ammonium, 0.36 µg/m 3 sulphate, 0.04 µg/m 3 chloride and 1 µg/m 3 EBC; they appear to be always higher at AtmoAura compared to those at PUY (Figure 4.3.4). During this sampling period two

Winter 2016 Winter 2018

Results: Exchanges between the PUY and its surrounding 104 very distinct periods are identified, illustrated by a strong contrast on the meteorological conditions, with different air mass origins. These contrasting periods are also reflected in the PM1 and the origin of air masses. The first period is identified from 2 nd to 13 th of February, while the second period is from 21 th to 28 th of February (excluding the 24 th ). We will discuss separately these two periods. 

PUY Free Tropospheric (FT) conditions

Time series and concentrations

During the first period, the PUY station was influenced by warm and wet FT oceanic air masses (Figure 4.3.4 (violet bar)). The average chemical composition are different between the PUY and AtmoAura stations (Figure 4.3.5 (a)). Organic and EBC have higher relative concentrations at AtmoAura (48% and 13%, respectively) compared to PUY (41% and 6%, respectively), while SO4, NH4 and NO3 have lower relative concentrations at AtmoAura (6%, 8% and 24%, respectively) compared to PUY (11%, 15% and 27%, respectively). In terms of absolute concentrations, PM1 concentrations are low at PUY (0.13 μg/m 3 , 0.035 μg/m 3 , 0.07 μg/m 3 and 0.02 μg/m 3 , respectively for Org, NH4, NO3 and SO4), while at AtmoAura's station, the PM1 mass concentrations are high (1.6 μg/m 3 , 0.27 μg/m 3 , 0.78 μg/m 3 and 0.2 μg/m 3 , respectively for Org, NH4, NO3 and SO4), (Figure 4.3.4). The concentrations at the Puy de Dome are only 30% of those measured at the AtmoAura for all species, except for sporadic episodes of BL air intrusions to the level of the PUY station, at the very beginning of the period (from 2 nd to 4 th ) and during the 10-12 th of February (Figure 4.3.4 black).The different levels of concentrations detected at the two sites suggests that the boundary layer (or aerosol layer) is not well mixed to the altitude of the PUY, and confirms the ECMWF model predictions to classify air masses at PUY as FT air masses.

Diurnal variations

Different diurnal patterns are also observed for the PM1 at both stations (Figure 4.3.6 (a and b)). A weak daily pattern is seen for ammonium and sulphate at both sites. The organic species peak during the morning and evening rush hours at AtmoAura's station, corresponding to peaks in road traffic, while at the PUY station, higher values are recorded between 9 UTC and 19 UTC. The same diurnal variation is observed for nitrate, ammonia and sulphate at the PUY station. For EBC, the morning and evening peaks at the AtmoAura station are the same than for the organic aerosol, showing the influence of traffic-originating aerosol. The EBC at the PUY site is a good tracer for the transport of BL air masses, and at the station, but does not show any strong diurnal variation, unlike the secondary species (organics, nitrate, sulphate, ammonia), which illustrate increases during the day. These observations might suggest that the daytime increase of the secondary species (nitrate, ammonia, sulphate) are not due to vertical transport from the BL but due to secondary aerosol formation linked to photochemistry within the FT (Figure 4.3.6 (c)). 

PUY Boundary Layer (BL) conditions

Time series and concentrations

From Figure 4.3.7, we observe that while the ECMWF model classified air masses arriving at the PUY station as BL air masses, the ratio of the PUY/AtmoAura concentrations for most species is significantly lower than 1 during some short periods. During these short periods we hypothesis that the ECMWF model overpredicts the BLH over the PUY station and further classified air masses into mixed layer periods and transition zone periods (Figure 4.3.7)). In the following we only use mixed layer periods for comparing the PUY and AtmoAura stations concentrations.

For the second period of February, the PUY and the AtmoAura stations were influenced by a cold and dry BL continental air masses (figure 4.3.4 (blue bar)) and the ECMWF model predicts that the PUY station lays within the BL. Coherent with model estimations, the average composition and time series are similar among the sites for both organic and inorganic fractions (2.3 μg/m 3 ± 0.05 μg/m 3 , 0.82 μg/m 3 ± 0.05 μg/m 3 , 1.97 μg/m 3 ± 0.01 μg/m 3 and 0.5 μg/m 3 ± 0.1 μg/m 3 respectively for Org, NH4, NO3 and SO4). The observed homogeneity in terms of chemical composition, mass concentration and sources among the two sites indicates that the background regional level, observed at PUY contributes to a high proportion of the concentrations observed in the city of Clermont-Ferrand. This is also shown by the ratio of concentrations measured at PUY over concentrations measured at AtmoAura, which often reach 1 for most species when the model predicts that the PUY station lays within the BL (Black line in Figure 4.3.4).

Furthermore, It can be noted that the distribution of species is very similar between the sites for period 2 (BL) and between period 1 and 2 for the AtmoAura site. In comparison with period 1 at AtmoAura station, organic compounds and EBC concentrations show higher diurnal variations with the same peaks during the morning and evening rush hours but a large increase from late afternoon to late evening. These features are also observed for both species at PUY station in period 2.

Nitrate also has higher diurnal pattern in period 2 compared to period 1, which is due to the lower temperature in period 2. However, for both periods, higher concentrations are observed during nighttime which are likely related to temperature regulated gas/ particle partitioning. These features are also shown for nitrate at PUY station in period 2. These are in agreement with what have been previously found in Paris (Crippa et al., 2013). Total mass concentrations of ammonium and sulphate are lower and show a weak diurnal variations with small increases during mid-day at both sites, suggesting a similar source between the two compounds at the two sites.

In order to quantify the contribution of local pollution at the AtmoAura station, we calculated the ratio of the PUY concentrations over the AtmoAura concentrations. For organic, nitrate, and ammonium this ratio is around 1 indicating, as already mentioned above, that the concentrations measured at both the PUY and the city of Clermont-Ferrand arrive from regionally transported aerosols (Figure 4.3.8 (c)). However, the complex features in the organics daily pattern suggest contribution from multiple sources, formation mechanisms and/or influence of meteorological conditions, which will be addressed in a following section. For sulphate and EBC, the ratio PUY/AtmoAura is around 0.6 indicating that around 40% of these species are locally emitted. The ratio for EBC and sulphate are lower during the night and midday, indicating stronger contributions of local sources at these periods of the day. Hence, at night, the local contribution of EBC is of around 60% of the total EBC concentration measured in the city of Clermont-Ferrand. 

.2.1 ME-2 results

In order to determine the sources of the organic aerosol, we applied the positive matrix factorization (PMF) method separately at the two sites. The PMF could only be applied at the two sites separately during the BL conditions, the concentrations measured at the PUY station during FT conditions being too low. This method allows us to deconvolute the mass spectra of organic aerosol measured by the ACSM, and is explained in detail in section 3.2.1.4. This approach helps to identify groups of organic aerosol (Jimenez et al., 2009), by detecting organic aerosols families differentiated by their level of oxidation (eg, Oxidised Organic Aerosols (OOA) vs Hydrogenated Organic Aerosols (HOA), Ng et al., (2010)) and / or their probable sources (eg, Biomass Burning Organic Aerosols (BBOA)). As mentioned in section 4.2.5, In order to get information of organic aerosol source spectra the "a value" technique was used within the SoFi program [START_REF] Canonaco | SoFi, an IGOR-based interface for the efficient use of the generalized multilinear engine (ME-2) for the source apportionment: ME-2 application to aerosol mass spectrometer data[END_REF] available in ME-2 engine.

In this study three and four factors could be identified depending on site location (Figure 4.3.9). For both sites, a HOA, BBOA and OOA factor was identified. At the AtmoAura site, the OOA could be further divided into a low-volatility oxidized organic aerosols (LV-OOA) and a semi-volatile oxidized organic aerosol, mixed with BBOA (SVOOA-BBOA) mass spectra signatures m/z 60 and m/z 73. The HOA profile is dominated by peaks characteristic of aliphatic hydrocarbons, including m/z 27 (C2H3 + ), 41 (C3H5 + ), 43 (C3H7 + ), 55 (C4H7 + ), 57 (C4H9 + ), 69 (C5H9 + ), 71 (C5H11 + ) [START_REF] Aiken | Mexico city aerosol analysis during MILAGRO using high resolution aerosol mass spectrometry at the urban supersite (T0)-Part 2: Analysis of the biomass burning contribution and the non-fossil carbon fraction[END_REF][START_REF] Canagaratna | Chase Studies of Particulate Emissions from in-use New York City Vehicles[END_REF]. The BBOA was identified when the signal of its most specific fragment peak at m/z 29 (CHO + ), 60 (C2H4O2 + ) and 73 (C3H5O2 + ) was above the background level. This factor was extracted directly from the data set by a separate unconstraint PMF. Besides, the important photochemistry observed on-site coupled with mass spectra signals for levoglucosan (m/z 60, 73) fast reactivity under photo-oxidative conditions [START_REF] Hennigan | Levoglucosan stability in biomass burning particles exposed to hydroxyl radicals[END_REF] might lead to a fast transformation of BBOA into SOA which would appear as an SVOOA-BBOA factor in our PMF solution at AtmoAura station. The SVOOA-BBOA profile is characterized by both the masses typical of biomass burning and literature spectra of SVOOA spectra (m/z 29 (CHO + ), m/z 43 (C2H3O + ), m/z 44 (CO2 + ), m/z 60 (C2H4O2 + )) [START_REF] Alfarra | Identification of the Mass Spectral Signature of Organic Aerosols from Wood Burning Emissions[END_REF]. The last component identified at both stations was the LVOOA. This component is highly oxygenated, as evidenced by the large contribution from m/z 44 (CO2 + ). Mean HOA and BBOA reference spectra taken from Crippa et al., (2013) and Ng et al., (2011), respectively, were used as constraining factors in the ME-2.

For both stations, BBOA always remained tightly constrained (a = 0.1), while for HOA many solutions with an 'a values' ranging from 0 to 0.7 (with ∆a step of 0.1) were averaged. For 'a values' above 0.7, no good separation of OOA's factors and they were therefore removed from this analysis. The OOAs were always completely unconstrained (no a priori mass spectrum).

A final constrained solution of three and four factors is presented in Figure 4.3.9 (a) and (b), respectively, for PUY and AtmoAura's stations through their time series and mass spectra.

HOA contributed to 13% of the total organic aerosol (OA) at the PUY station, and 16% of OA at the AtmoAura station during the BL conditions. This contribution of HOA at the PUY station is similar to what we observed at the PUY station during the winter 2016 period (section 4.2), as well as concentrations measured at other altitude sites (8% ± 2% at the JFJ [START_REF] Crippa | Organic aerosol components derived from 25 AMS data sets across Europe using a consistent ME-2 based source apportionment approach[END_REF][START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF][START_REF] Lanz | Characterization of aerosol chemical composition with aerosol mass spectrometry in Central Europe: an overview[END_REF]. Similar temporal evolution of HOA and inorganic (r 2 = 0.7, 0.7 and 0.65, respectively for NH4, NO3 and SO4), suggests that these aerosol components arrived from similar sources at the altitude (background) station. On the Contrary, correlations of the HOA factor with traffic related tracers such as EBC and Chl are not very high (r 2 = 0.4 and r 2 = 0.4 with EBC and r 2 = 0.54, r 2 = 0.35 with Chl, for PUY and AtmoAura stations respectively).

The BBOA concentrations contributed to 11% of the OA concentration at the PUY station, and 12% at the AtmoAura station. Similar to our study, [START_REF] Stavroulas | Sources and processes that control the submicron organic aerosol in an urban Mediterranean environment (Athens) using high temporal resolution chemical composition measurements[END_REF], in the city of Athens reported that BBOA contributed 10% to OA. BBOA was found to be well correlated to the EBC concentrations.

OOA concentrations contributed to 76% of OA at the PUY station and 72% (42%+30% respectively for LVOOA and SVOOA-BBOA) at the AtmoAura station. For PUY stations, the LV-OOA component showed good correlations with sulphate, ammonium and nitrate (r 2 >/= 0.85). Correlations between the organic and the inorganic species during the cold month suggest that these species have similar sources as already shown in the past [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF]Farah et al. 2018 in prep). Furthermore, the LV-OOA showed a good correlation with EBC (r 2 = 0.55), suggesting that some of the LV-OOA may be related to anthropogenic sources [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF]. Similar to the present study, Farah et al. (2018 in prep) and [START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF] at PUY, found LV-OOA contributions of 78% and 65% in winter, respectively. For AtmoAura station, the LV-OOA component showed also good correlations with sulphate, ammonium and nitrate (r 2 >/= 0.85) suggesting that these species have similar sources. In Athens, [START_REF] Stavroulas | Sources and processes that control the submicron organic aerosol in an urban Mediterranean environment (Athens) using high temporal resolution chemical composition measurements[END_REF] found LV-OOA contributions of 35% which is close to the 42% found at the AtmoAura station. The authors attributed the LV-OOA component to the extensive oxidation of the local primary combustion sources. SVOOA-BBOA was only identified at AtmoAura's station, where it comprised 30% of OA. The SVOOA-BBOA mass spectra is similar to the reference mass spectra of SVOOA and BBOA (Ng et al., 2011). Also, the SVOOA-BBOA showed a good correlation with Chl (r 2 =0.36), suggesting that this factor is majorly related to biomass burning emission sources. The time series of SVOOA-BBOA showed a good correlation with EBC (r 2 =0.4) suggesting that particles arrived from an anthropogenic source. [START_REF] Stavroulas | Sources and processes that control the submicron organic aerosol in an urban Mediterranean environment (Athens) using high temporal resolution chemical composition measurements[END_REF] found SV-OOA contributions of 31% which is close to the 30% found at AtmoAura station. The authors showed a good correlation with wood burning "fingerprint" fragments of m/z 60 and 73 demonstrating the direct link between SV-OOA and primary combustion sources (mainly biomass burning). 

ME-2 factors diurnal variations

The absolute concentrations from the ME-2 factors vary with the time of the day, as shown in Figure 4.3.10. For AtmoAura station, the diurnal cycle of HOA presented in grey, clearly shows peaks in the morning (8 UTC) and evening (19 UTC), corresponding to peaks of road traffic. [START_REF] Rivellini | Chemical characterization and source apportionment of submicron aerosols measured in Senegal during the 2015 SHADOW campaign[END_REF] at a coastal site in Senegal, measured a HOA factor that correlated with EBC, and having a diurnal variation with peaks during morning and evening corresponding to anthropogenic activities. Also, [START_REF] Stavroulas | Sources and processes that control the submicron organic aerosol in an urban Mediterranean environment (Athens) using high temporal resolution chemical composition measurements[END_REF] in the city of Athens, reported strong diurnal variations of HOA as a result of combustion from central heating and traffic emissions. On the other hand, PUY diurnal HOA concentrations were always stable and low.

At AtmoAura station, BBOA diurnal were affected by emissions related to biomass burning that increase in the morning along with traffic emissions, but at night the concentrations are highest one to two hours later than vehicular emissions and remain high all night long (Fig. 4.3.9 in orange). Similar to our study, [START_REF] Stavroulas | Sources and processes that control the submicron organic aerosol in an urban Mediterranean environment (Athens) using high temporal resolution chemical composition measurements[END_REF] found a pronounced BBOA diurnal cycle with peaking values during night from combustion for heating purposes. While at PUY, BBOA diurnal variations were always stable and low, suggesting a contribution from regional transport. The SVOOA-BBOA diurnal variation increase in the morning (8 UTC) and evening (19 UTC), and similar to BBOA remain high all night long.

The LV-OOA diurnals show an increase in the mass concentration during the day and decrease at night for both stations (Fig. 4.3.9 in dark green). These changes can be a result of extensive oxidation of the local primary combustion sources, but considering that both sites have similar variations we can also estimate a regional influence of this aged OA.

Chl

Regarding the ratio of concentrations measured at PUY over concentrations measured at AtmoAura, POA (HOA and BBOA) ratio varies between 0.3 at night (minimum of 0.15 at 8 UTC) and up to 0.6 during the day (maximum of 0.65 at 15 UTC). This indicates that 70% of the primary organic aerosols measured at the PUY during the nighttime are from local emissions, whereas there is only a 35% contribution during the daytime (Figure 4.3.11 (c) magenta). The level of contribution of local POA to the total POA measured at AtmoAura, as well as its diurnal variation, are very similar to the one measured for EBC (between 40% daytime and 60% nighttime locally produced). The ratio of OOA species (SVOOA and LVOOA) is around 0.7 indicating that at AtmoAura, only 30% of these species are locally emitted and the rest being of a regional origin. Furthermore, the POA and sulphate ratios time series have an r 2 correlation of 0.36 and 0.32 with that of EBC ratio, respectively, while the OOA, nitrate and ammonium ratios time series show a low correlation with that of EBC ratio (r 2 =0.05, r 2 =0.04 and r 2 =0.07, respectively). POA local contributions being higher than the secondary ones is in agreement with our understanding of the origin of organic aerosols, and gives confidence in our results. 

Conclusions

An intensive field campaign took place at the agglomeration of Clermont-Ferrand (AtmoAura's station) and at PUY station, during the month of February 2018. The measurement sites were equipped with an extensive range of measurements including meteorological parameters, particle phase chemistry, aerosol concentrations, and aerosol optical properties. During this campaign, two case studies are analyzed.

In the first case study, the PUY station was affected by a warm and wet FT oceanic air masses. In agreement with this, the average composition and time series are different among the stations, with low PM1 mass concentrations at the PUY station and high PM1 mass concentrations at AtmoAura station. The relatively heterogeneous chemical composition throughout the two stations confirm that particle composition at the PUY station is dominated by regional factors with little boundary layer influence. This period when the PUY station was in the FT in the majority of the time allows to conclude, that the daytime increase of the inorganic species (nitrate, sulphate, ammonia), are not due to vertical transport from the BL but likely due to secondary aerosol formation linked to photochemistry within the FT. In the second case study period, the PUY station was influenced by cold and dry BL continental air masses. Coherent with this observation, the average composition, mass concentrations, and temporal variation are similar among the sites for both organic and inorganic fractions. The observed homogeneity in terms of chemical composition and mass concentration among the two sites suggest that the source of these high PM1 concentrations were from regional air masses rather than locally from the city of Clermont-Ferrand. However, the sharp increases in PM1 mass concentrations during low wind speed, might be a result of local emissions, which are (between 40% daytime and 60% nighttime) of EBC and sulphate.

For BL conditions, a more detailed source apportionment using ME-2 (SoFi) allowed for a separation of three and four sources, respectively, at the PUY and AtmoAura stations. The contribution of primary organic compounds is around 24% (HOA (13%) + BBOA (11%) at PUY and 28% (HOA (16%) + BBOA (12%)) at AtmoAura. This fraction of HOA can be linked to local traffic activities at AtmoAura, and PUY station as a result vertical transport containing higher amounts of HOA. While BBOA fraction can be linked to local traffic emissions during daytime and local sources of combustion linked to conventional heating devices during nighttime. The local emissions of POA are between 35% daytime and 70% nighttime. Furthermore, the prevailing OA source was oxygenated OA (OOA) splitting up into a long-distance transport LV-OOA (42% (AtmoAura) and 76% (PUY)) and a photo-oxidative SVOOA-BBOA (30% (AtmoAura)). LVOOA fraction is typically representative of regional aged OA. While SVOOA-BBOA represents an atmospheric mixture of primary BBOA and SVOOA. The local emissions of OOA are around 30%.

Finally, this combination of in-situ measurements and meteorological model analysis contributes to a better understanding of the connection between the two stations in terms of aerosol composition and mass concentration. The connection between the two stations in terms of chemical compositions, should be further investigated on a larger temporal scale (e.g. 1 year), in order to compare the short time and seasonal variabilities, and to better evaluate the vertical distribution of aerosol physical and chemical properties.

Chapter 5: Synthesis and perspectives

Synthesis

In this work, long-term and short-term datasets of numerous aerosol properties acquired at the Puy de Dome (PUY), and low altitude sites Cézeaux (CZ) and AtmoAura stations have been used to determine the specific physical and chemical characteristics of free tropospheric (FT) aerosols and their sources and transport pathways from the boundary layer (BL).

The first part of the study incorporated the use of four independent criteria to identify whether the PUY station lies within the FT or the BL. These criteria are based on LIDAR measurements using the WCT method, BLH simulations from the ECMWF model, and in situ measurements of BL tracers (NOx/CO and 222 Rn). This methodology was applied to a year-long dataset to determine the specific physical characteristics (size distributions) of FT aerosols and their sources and transport pathways from the BL. Using these tracers, we observe that the PUY station is considered to be in the FT up to 20% during the year 2015. Based on this segregation, we observed higher concentrations in the BL compared to FT for EBC, Aitken and accumulation mode particle concentrations for most seasons, as expected from larger sources originating from the surface. The nucleation mode particles however showed no significant difference between the BL and FT aerosol, suggesting an additional FT source of precursors to the formation of new particles at the PUY station. Using air mass segregation, we observe highest nucleation mode aerosols in marine aerosols (Atlantic and Mediterranean) suggesting that these air masses are rich in precursor species favoring new particle formation. Also, we found that the spring season had specific characteristics: higher EBC, accumulation and Aitken modes median concentrations in spring FT conditions compared to BL, which might be linked to biomass burning from vegetation in gardens that inject aerosols directly to the FT from active convection transport. During spring periods the PUY station is often advected by long range transported continental aerosol, often carrying polluted aerosols. Another source of these high concentrations of Aitken mode particles is the growth of nucleation mode particles.

Using ECMWF analysis we were able to determine the time since last BL contact. This provided us with a means to separate BL air masses into two different classes, those that were recently in contact with the BL (<15h) and those that spent more than 75 hrs in the FT. This helped us reduce the variability in air mass properties observed within FT air masses and permitted us to obtain a specific aerosol characteristics associated with FT air masses. We found that an air-mass signature was preserved in the FT even for air masses that had passed more than 75 hours without any contact with the BL.

Using this same methodology, the analysis was applied to one year (April 2015 to February 2016) of aerosol chemistry measurements using a ToF-ACSM at PUY site. Up until now aerosol chemistry measurements at the site were made on weekly filter analysis. Short-term events and diurnal variations are difficult /impossible to interpret from offline filter analysis, and therefore having the ability of long-term on-line measurements at the site provides us with a unique ability to assess how aerosol chemical properties daily variations evolve over a year long period. Averaged over the entire year, OA was the most abundant component during all seasons and within all air mass types. Depending on the season, organics comprised from 48 to 73% of the total mass with a minimum in winter and maximum in summer. The high contribution of OA during the summer months was identified to be the result of not only vertical transport, but also the result of a larger secondary organic formation during the warmer months. Highest mean total concentrations were measured within continental air masses, while lowest concentrations are measured in oceanic modified air masses.

The PMF/ME-2 statistical analysis was used to deconvolve aerosol organic sources. This analysis was performed separately for all seasons to account for seasonal changes in factor profiles (especially OOA) which resulted in a two and three factor solution depending on the season. During all seasons, HOA contributes between 14% and 23% of the OA mass. The prevailing OA source was the OOA (74-85%) that could be segregated into a background LV-OOA and SV-OOA during the summer months. Furthermore, using the method to separate between BL and FT at the PUY station, we observed that higher organic particle concentrations (HOA and LVOOA) were observed in the FT compared to the BL in spring corresponding to higher Aitken and accumulation mode particle concentrations in this layer and season as reported in the first part of the study. LV-OOA could also be resulting from the growth of nucleation mode particles in the FT. However, it should be noted that LV-OOA aerosols is generally representative of aged organic aerosol. This combination of in-situ measurements, back-trajectory analysis and segregation between FT and BL contribute to better understanding of aerosol particles sources, properties and their dynamics in the atmosphere. In particular, we have illustrated that the aerosol chemical properties at lower atmospheric layers (i.e. BL, FT) are similar to what have been found using the in situ measurements at other European high and medium altitude sites.

To assess the mixing between atmospheric layers, measurements of submicron aerosol composition were performed during the month of February 2018 at a low altitude site (AtmoAura) and a high altitude site (PUY). The aerosol non-refractory composition and black carbon content were determined by ToF-ACSM and aethalometer measurements, respectively, at both sites simultaneously. Again, the ECMWF model was applied to segregate between BL and FT air masses resulting in two case studies. During the first part of this field exercise, the PUY station was affected by a warm and wet FT oceanic air masses. The relatively heterogeneous chemical composition throughout the two stations (AtmoAura/Puy) confirm that particle composition at the PUY station is dominated by regional factors with little boundary layer influence. This period when the PUY station was in the FT in the majority of the time allows to conclude, that the daytime increase of the inorganic species (nitrate, sulphate, ammonia), are not due to vertical transport from the BL but likely due to secondary aerosol formation linked to photochemistry within the FT. In the second case study period, the PUY station was influenced by cold and dry BL continental air masses. Coherent with this observation, the aerosol composition was similar at both sites. The homogeneity of the particle composition and highly correlated time series among the two sites suggest a dominating influence of regional air masses on Clermont-Ferrand air quality. However, the sharp increases in some species related to others has allowed to evaluate the contribution of local sources to the composition of the aerosol composition at the urban site.

For the second case study, organic source apportionment using PMF technique indicates a dominant contribution from secondary organic aerosol (72-76%, depending on the site) with the major primary emissions sources consisting of traffic and biomass burning. While lower on average than the secondary sources, these primary emissions exhibit strong diurnal cycles and can become significant aerosol sources during peak hours.

Finally, the results obtained from the ACSM data allow a better understanding of the synergy between sources, chemical composition and meteorological parameters responsible for particulate pollution at PUY and AtmoAura's stations.

Perspectives

As we have seen throughout the manuscript, the various results obtained during this thesis contribute to the improvement of the knowledge on the physical and chemical properties of aerosols within the different atmospheric layers (Boundary layer (BL) and free troposphere (FT)). However, several questions remain open and need deeper investigations in future studies.

First, there is the question of whether we observe similar physical properties in the FT at other altitude sites and how are they influenced by air mass history. In order to partially answer this question, the method of differentiating between BL and FT used in this work could be applied to other stations of higher altitude within the CLimate relevant Aerosol Properties from near surface observations (CLAP) such as: Observatoire de Physique de l'Atmosphere de la Reunion (OPAR) (la Réunion, 2200 m a.s.l) or Chacaltaya (CHC) (Bolivia, 5240 m asl); and later: Pic du Midi (PdM) (France, 2877 m asl). Furthermore, we have shown throughout the manuscript that aerosol chemical composition is dominated by organic aerosol during all seasons. This leads us to the question on how to provide a seasonal perspective of specific organic aerosol source properties. In order to answer this question, additional information on the gas-phase precursors responsible for new particle formation is necessary to provide information not only on the sources of organic aerosols but also on the photochemical age of the air mass.

Finally, Using ECMWF model, we found that during autumn and winter 2015-2016 over 80% of air masses did not have any contact with BL for at least 75h before being sampled at PUY station. During these periods, the NR-PM1 chemical properties are treated with caution due to the limited statistics in the aged (>75h) FT air masses. This leads us to the question on how to increase the statistics on these properties in the aged FT air masses. For this, the ECMWF model can be applied to a pluri-annual datasets at the PUY station, in order to be able to statistically identify the robust signatures of the chemical properties in these aged FT air masses. . Evolution of the mean annual temperature at the Earth's surface from 1850 to 2000 relative to the average temperature for the period 1901-2000 taken as a reference, measured (black curve) and calculated by CNRM-CERFACS models (dashed lines) and IPSL (solid lines). The blue curves only take into account natural forcing (solar variability and volcanoes) whereas the orange curves take into account natural and anthropogenic forcing (greenhouse gases and aerosols). For each of the curves, the results were obtained from a dozen simulations whose average corresponds to the curve and the variation around this average to the colored envelope. The reference period 1901-2000 serves as a zero crossing for the different curves. 
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 11 Figure 1. 1. Evolution of the mean annual temperature at the Earth's surface from 1850 to 2000 relative to the average temperature for the period 1901-2000 taken as a reference, measured (black curve) and calculated by CNRM-CERFACS models (dashed lines) and IPSL (solid lines). The blue curves only take into account natural forcing (solar variability and volcanoes) whereas the orange curves take into
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 21 Figure 2. 1. PM2.5 and PMcoarse (PM2.5-10) annual mean chemical composition in the 39 European sites of different typologies (Adapted from Putaud et al., (2010)). The sites are classified according to their geographical position (from left to right: north-west, south and central Europe). Pastel background colors indicate the site types (green: rural background, yellow: near-city, rose: urban background, grey: kerbside).

Figure 2 . 2 .

 22 Figure 2. 2. Annual average NR-PM1 relative chemical composition across Europe. Geographical locations are shown by coloured background panels. The type of site is indicated by coloured diamonds[START_REF] Bressi | A European aerosol phenomenology -6: high-time resolution chemical characteristics of submicron particulate matter across Europe[END_REF].

  identified the relative chemical compositions of NR-PM1 measured at 21 sites across Europe, where the ACSM (19 sites) and AMS (2 sites) were implemented. These results, presented in Figure 2.2,
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 23 Figure 2. 3. Example of different particle size modes expressed as volume distribution (adapted from Oberdörster et al., (2005)).
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 24 Figure 2. 4. Schematization of the atmospheric mixing layer throughout the day (adapted from Stull, (1988)).
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 25 Figure 2. 5. Atmospheric lifetime of different size particles at different levels of the atmosphere (Lagzi et al., 2014).
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 31 Figure 3. 1. (Top) The regional map of Clermont-Ferrand; (bottom) Zoom on Clermont-Ferrand city. The green house represents the CZ station, and the orange volcano represents the PUY station. (Adapted from Google Earth).
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 32 Figure 3. 2. Particle size distributions measured by the SMPS and GRIMM OPC.
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 33 Figure 3. 3. ToF-ACSM schematic.
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 34 Figure 3. 4. Scatter plot between ACSM volume and SMPS volume.
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 35 Figure 3. 5. PMF principle applied to OM (Adapted from Ulbrich et al., (2009).
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 36 Figure 3. 6. Schematic illustration of a LIDAR
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 37 Figure 3. 7. Optical part of the LIDAR on the roof of Clermont-Ferrand University[START_REF] Freville | LIDAR Developments at Clermont-Ferrand-France for Atmospheric Observation[END_REF].
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 38 Figure 3. 8. Ground surface height of the nearest grid square to the PUY station (45°75'N, 3°25'E) (Black star) produced by the ERA-Interim reanalyses.
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 39 Figure 3. 9. Sector definitions for different air masses arriving at the PUY site.
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 411 Figure 4.1. 1. Available data from the main instruments used in the determination of the boundary layer height. Red: Radon-222, Green: NOx/CO, Yellow: ECMWF, and Violet: LIDAR.

Figure 4

 4 Figure 4.1.2a shows the 3h average diurnal variation of the ALH retrieved from the LIDAR profiles (ALHLIDAR) for the four seasons separately (Winter: 1 January to 19 March, Spring: 20 March to 19 June, Summer: 20 June to 21 September, and Autumn:22 September to 21 December) using data from 2015. The ALHLIDAR does not show strong variations with the time of the day. The maximum of the ALHLIDAR is reached during summer and spring (average 2000 m a.s.l., green and black) while in winter and autumn (red and blue), the average ALHLIDAR never exceeds 1600 m. Lowest ALHLIDAR are observed during night time, before 9 UTC, when the WCT most likely retrieves the height of the RL. These typical ALH diurnal and seasonal variations are similar to the ones previously reported for the PUY station (Figure2in[START_REF] Chauvigné | Comparison of the aerosol optical properties and size distribution retrieved by sun photometer with in situ measurements at midlatitude[END_REF]) and for the Leipzig station(Figures 7, 9 and 17 in Baars et al., (2008)). The LIDAR is located approximately 16 km to the east of the PUY station, that is, downwind of the North-
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 412 Figure 4.1. 2. The diurnal variation of the 3-h averaged parameters used to segregate between BL/AL and FT air masses as a function of the season: (a) ALHLIDAR; (b) BLHECMWF; (c) NOx/CO, and (d) 222 Rn. Variability within each season indicates the standard deviation.
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 4 Figure 4.1. 3. The BLH from ECMWF versus LIDAR on the site 'CZ' between 9 and 18 UTC. Blue, red line, red dashed line, and Pr represent the first bisecting, the linear regression, the prediction bounds and the correlation coefficient, respectively.
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 414 Figure 4.1. 4. Scatter plot between NOx and NOy concentrations.
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 415 Figure 4.1. 5. The N90 (a) as a function of time since BL and (b) as a function of 1/ 222 Rn with fitted lines for the median.
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 416 Figure 4.1. 6. The combined classification of the four methods for the year 2015. a) 1: All four methods classified the air mass to be within the FT, 0.75: three out of four methods classified the air mass as being within the FT, 0.5: only two out of four methods classified the air mass as being in the FT, 0.25: Three out of four methods classified the air mass as being within the BL/RL and 0: all four methods considered that the air mass was within the BL/RL. Color bar indicates where the method failed in calculating the FT(1)/(BL/RL)(0) conditions. Violet: LIDAR, yellow: ECMWF, Green: NOx/CO, Red: Radon-222 and Blue: successful or equality in the calculation of the FT/(BL/RL) conditions. b) Same as (a) with 0.25 and 0.75 combined with 0 and 1, respectively.
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 41 Figure 4.1.6a shows the average classification of the measured air masses as FT/(BL/RL) at the PUY station. In order to average the four classification criteria, we use a specific labeling. When a measurement criterion classifies the air mass at the PUY station as FT, the corresponding date is labeled "1", when it is classified as BL/RL air mass, the corresponding date is labeled "0". Hence, when all four criteria give the air mass as FT, the average classification is "1", while only three criteria out of four classify the air mass as FT, the average classification is "0.75". Similarly, when all four criteria give the air mass as BL/RL, the average classification is "0". Additionally, when two criteria of four go wrong for classifying the air mass as FT or BL/RL, the average classification is "0.5" which corresponds to the interface mode, while only one criteria out of four are classifying the air mass as BL/RL, the average classification is "0.25". Colors in the figure correspond to the one criteria that differs from the other three. We observe that the WCT criteria did not identify FT air masses in the winter (violet color in 0.75). For classifications of BL/RL conditions, disagreements between the four methods were largely related to either NOx/CO or 222 Rn (green and red color, respectively in 0.25(Figure 4.1.6)). For the tracer NOx/CO, it is possible that this tracer is more representative of aged regional emissions as reported by[START_REF] Freney | Seasonal variations in aerosol particle composition at the puy-de-Dôme research station in France[END_REF].
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 417 Figure 4.1. 7. The diurnal variation of percentage that the PUY station is in FT/Interface/(BL/RL) conditions for the four seasons: (a) Winter; (b) Spring; (c) Summer; (d) Autumn. red: Boundary Layer (BL) (daytime)/Residual Layer (RL) (nighttime), black: Interface, blue: Free Troposphere (FT).
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 418 Figure 4.1. 8. The Wilcoxon-Mann-Whitney test applied on Equivalent Black Carbon (EBC), Relative Humidity (RH), Pressure (P), Temperature (T), Nucleation (Nuc), Aitken (Ait), Accumulation (Acc) and Coarse (Coa) concentrations measured for each season. The squares are black (white) when the medians are significantly different (equal) with a threshold of 5%. Black Crosses are for missing data.
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 4 Figure 4.1. 9. The FT/(BL/RL) variation of (a) Temperature (T); (b) Relative Humidity (RH), and (c) pressure (P), for the four seasons at the PUY station. Red lines represent the median value, bottom and top sides of the boxes symbolize the 25 th and 75 th percentile respectively
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 41 Figure 4.1.10a shows, for different seasons, the equivalent Black Carbon (EBC) concentration when the PUY is in the FT or BL/RL. The Wilcoxon-Mann-Whitney test presented in Figure 4.1.8, shows that for winter, spring and autumn seasons, the null hypothesis that the two sets have equal medians was dismissed with a threshold of 5% (black square), while in summer the null hypothesis cannot be dismissed (transparent square). Hence it appears that in summer, there is no marked distinction between the median EBC concentration in the FT and the median EBC concentration in the BL/RL. However, we observe a stronger variability in the EBC in the BL/RL than in the FT. This variation is likely due to the diurnal cycle of sources in this layer. In winter and autumn, the median EBC concentration is significantly higher in the BL/RL compared to the FT. This is expected as sources of EBC are mainly from surface emissions. In spring, we observe an unusual trend with EBC concentrations significantly higher in the FT than in the BL/RL.
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 41 Figure 4.1. 10. The FT/(BL/RL) variation of: (a) EBC; (b) Full aerosol size distributions (10-650 nm); (c) Nucleation (Nuc) (10-20 nm); (d) Aitken (Ait) (40-80 nm); (e) Accumulation (Acc) (100-300 nm); (f) Coarse (Coa) (>1 µm), concentrations for the four seasons. Red lines
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 41 Figure 4.1. 11. The fraction of time since the last BL/RL contact of >75-h back trajectories of air masses reaching the Puy de Dôme for the four seasons.
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 41 Figure 4.1. 12. The air masses classification in the FT for winter and autumn seasons: Violet: Atlantic, Green: Atlantic modified, Brown: Continental, Grey: Local, Red: Mediterranean.
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 41 Figure 4.1. 13. 204-hours ECMWF backward trajectories for air masses arriving at the PUY site during FT sampling periods. The color scale represents the difference between the calculated height (z) of the air mass trajectory and the calculated height of the BL/RL height (Z-Zblh (km)).

  Figure 4.1.14).
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 41 Figure 4.1. 14. The EBC, Nucleation, Aitken, Accumulation, and Coarse mode particles concentrations for >75 h in the FT for Atlantic, Mediterranean, and continental air masses for both winter and autumn.
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 421 Figure 4.2. 1. (a) Time series of relative organic (green), sulphate (red), nitrate (blue), and ammonium (orange) contributions to the total PM1 aerosol measured by the ToF-ACSM and the EBC (Equivalent Black Carbon) concentration time series measured by the MAAP from April 2015 to February 2016. (b) Same as (a) in absolute concentrations (μg/m 3 ).
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 422 Figure 4.2. 2. Scatter plot between measured and predicted NH4.
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 423 Figure 4.2. 3. Pie charts and boxplots (in µg/m 3 ; line: median; box: interquartile range; whiskers: 10-90th percentile range) separated by seasons: a) spring (2015), b) summer (2015), c) autumn (2015) and d) winter (2016), for species measured with the ACSM (ammonium: orange; sulfate: red; nitrate: blue; HOA: grey; LV-OOA: dark green; and SV-OOA: light green) and EBC: Equivalent black derived from MAAP.
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 424 Figure 4.2. 4. Plot of the fraction of Org44 to total Organics (f44) against the fraction of Org43 to the total organics (f43) for each season. Each triangular point represents data averaged over a 180-min period.The different star shaped points show f44 and f43 of each of the different organic species extracted from the total organic signal using PMF. The black dotted lines show the boundaries set byNg et al., (2010).
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 425 Figure 4.2. 5. Factor profiles of two, three and four factors without any constraints applied to the ME-2.
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 4264 Figure 4.2. 6. Mass spectral profile of HOA (Grey), LV-OOA (Dark green) and SV-OOA (Light green) for spring, summer, autumn and winter extracted by ME-2.
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 429 Figure 4.2. 9. Diurnal variation of mass concentration of inorganic and organic particles for Spring, (a) and (b), Summer, (c) and (d), Autumn, (e) and (f), and Winter, (g) and (h).
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 42 Figure 4.2. 10. Diurnal plots of SV-OOA: green and EBC: black, concentrations for summer.
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 42 Figure 4.2. 11. Particle composition averaged over season and airmass type.
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 42 Figure 4.2. 12. Wilcoxon-Mann-Whitney test applied on nitrate, ammonium, sulphate and organic: HOA, SV-OOA and LV-OOA concentrations measured for each season. The squares are black (white) when the medians are significantly different (equal) with a threshold of 5%.
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  Figure 4.2.12 shows that the chemical composition of the non-refractory PM1 aerosol in the FT differs from the one of the BL during autumn and spring for most compounds (except nitrate in spring which is the same in the BL and in the FT). When concentrations are different between BL and FT, they are higher in the BL compared to the FT for inorganic species(Figure 4.2.13). This is expected, as the particulate mass source of these compounds is believed to be located in the BL, and eventually reaches the FT under favorable conditions. Higher concentrations of nitrate in the BL than in the FT are in agreement with[START_REF] Fröhlich | Fourteen months of on-line measurements of the non-refractory submicron aerosol at the Jungfraujoch (3580 m a.s.l.)chemical composition, origins and organic aerosol sources[END_REF] at the JFJ site, who reports highest concentrations of nitrate in BL during autumn.
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 42 Figure 4.2. 13. FT/BL variation of: a) Nitrate, b) Ammonium, c) Sulphate and d) HOA, e) LV-OOA, f) SV-OOA, concentrations for the four seasons at the PUY site. Red line represents the median value, bottom and top sides of the boxes symbolize the 25 th and 75 th percentile respectively and the extremities of the black lines are the 10 th and 90 th percentile.
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 42 Figure 4.2. 14. Bar plot of average relative concentrations of non-refractory submicron aerosol as measured by ACSM as a function of >75h in the FT before the last BL contact for winter and autumn seasons.
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 4 Figure 4.3. 1. a) Regional map of Clermont-Ferrand, b) Zoom on Clermont-Ferrand city. The green house represents the AtmoAura's station (Montferrand) in downtown Clermont, and the orange volcano represents the PUY station.
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 2 Figure 4.3. 2. Comparison of time series of meteorological parameters measured at the PUY and AtmoAura's, stations. Colored bars at the top of each graph indicate the source of the air mass.
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 433 Figure 4.3. 3. Comparison of boxplots (in µg/m-3; line: median; box: interquartile range; whiskers: 10-90th percentile range) for species measured with the ACSM (ammonium: orange; sulphate: red; nitrate: blue; organic: light green) and EBC: Equivalent black derived from AE33 at PUY for winter 2016 and winter 2018.
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 4 Figure 4.3. 4. Left axis: Comparison of PM1 chemical composition from ACSM (organics (Org), sulphates (SO4), nitrates (NO3), ammonium (NH4), chloride (Chl)) and equivalent black carbon (EBC)
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 435 Figure 4.3. 5. Comparison of relative species concentration (SO4 (red), NH4 (orange), NO3 (blue), organics (green) and EBC (equivalent black carbon)) for a) period 1 and b) period 2 at PUY and AtmoAura's stations.
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 4 Figure 4.3. 6. Diurnal cycles of organic, inorganics and black carbon throughout the FT period at: a) PUY and b) AtmoAura. c) represents the diurnal cycle of global radiation at PUY station.
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  Figure 4.3. 7. Zoom of the BL region indicated in red (about one week) in the time series plot in figure 4.3.4 for the PUY and AtmoAura stations both predicted to be in the BL by the model ECMWF. We further segregated the BL classification into mixed layer period and transition layer period.
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 4 Figure 4.3. 8. Diurnal cycles of organic, inorganics and black carbon throughout the BL period at: a) PUY, b) AtmoAura and c) Puy/AtmoAura ratio.
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 4 Figure 4.3. 9. ME-2 example solution for: a) PUY and b) AtmoAura for BL conditions.
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 4 Figure 4.3. 10. Diurnal cycles of different organic sources throughout the BL period at: a) PUY, b) AtmoAura and c) Puy/AtmoAura ratio.
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 1 Figure 1. 1.Evolution of the mean annual temperature at the Earth's surface from 1850 to 2000 relative to the average temperature for the period 1901-2000 taken as a reference, measured (black curve) and calculated by CNRM-CERFACS models (dashed lines) and IPSL (solid lines). The blue curves only take into account natural forcing (solar variability and volcanoes) whereas the orange curves take into account natural and anthropogenic forcing (greenhouse gases and aerosols). For each of the curves, the results were obtained from a dozen simulations whose average corresponds to the curve and the variation around this average to the colored envelope. The reference period 1901-2000 serves as a zero crossing for the different curves. Reference: "http://www.insu.cnrs.fr/environnement/climat-changement-climatique/lesresultats-les-temperatures.". ............................................................................................................... 4

1

 1 Figure 1. 1.Evolution of the mean annual temperature at the Earth's surface from 1850 to 2000 relative to the average temperature for the period 1901-2000 taken as a reference, measured (black curve) and calculated by CNRM-CERFACS models (dashed lines) and IPSL (solid lines). The blue curves only take into account natural forcing (solar variability and volcanoes) whereas the orange curves take into account natural and anthropogenic forcing (greenhouse gases and aerosols). For each of the curves, the results were obtained from a dozen simulations whose average corresponds to the curve and the variation around this average to the colored envelope. The reference period 1901-2000 serves as a zero crossing for the different curves. Reference: "http://www.insu.cnrs.fr/environnement/climat-changement-climatique/lesresultats-les-temperatures.". ............................................................................................................... 4

Figure 2 . 2 . 15 Figure 2

 22152 Figure 1. 1.Evolution of the mean annual temperature at the Earth's surface from 1850 to 2000 relative to the average temperature for the period 1901-2000 taken as a reference, measured (black curve) and calculated by CNRM-CERFACS models (dashed lines) and IPSL (solid lines). The blue curves only take into account natural forcing (solar variability and volcanoes) whereas the orange curves take into account natural and anthropogenic forcing (greenhouse gases and aerosols). For each of the curves, the results were obtained from a dozen simulations whose average corresponds to the curve and the variation around this average to the colored envelope. The reference period 1901-2000 serves as a zero crossing for the different curves. Reference: "http://www.insu.cnrs.fr/environnement/climat-changement-climatique/lesresultats-les-temperatures.". ............................................................................................................... 4

Figure 4 . 2 . 2 .

 422 Figure 4.2. 2. Scatter plot between measured and predicted NH4. ................................ 76

Figure 4

 4 Figure 4.2. 7. Time series of ME-2 factors HOA (grey), LV-OOA (Dark green) and SV-OOA (Light green) for spring, summer, autumn and winter. ........................................ 86

Figure 4 . 2 .

 42 Figure 4.2. 12. Wilcoxon-Mann-Whitney test applied on nitrate, ammonium, sulphate and organic: HOA, SV-OOA and LV-OOA concentrations measured for each season. The squares are black (white) when the medians are significantly different (equal) with a threshold of 5%. .................................................................................................................. 94

Figure 4

 4 Figure 4.3. 3. Comparison of boxplots (in μgm-3; line: median; box: interquartile range; whiskers: 10-90th percentile range) for species measured with the ACSM (ammonium: orange; sulphate: red; nitrate: blue; organic: light green) and BC: black derived from AE33 at PUY for winter 2016 and winter 2018. ............................................................... 103

Figure 4

 4 Figure 4.3. 7. Zoom of the BL region indicated in red (about one week) in the time series plot in figure 4.3.4 for the PUY and AtmoAura's stations both predicted to be in the BL by the model ECMWF. We further segregated the BL classification into mixed layer period and transition layer period. ................................................................................... 109

  

  

  

  

  

Table 2 . 1 .

 21 Estimated emissions flux of the main types of primary and secondary aerosols en Tg=10 12 g.

	(Boucher, 2015)	
	Source	Estimated flux (per year)
	Natural	
	Primary	
	Mineral dust	1000-3000 Tg
	Seasalt	1000-6000 Tg
	Biomass burning aerosols	20-35 Tg
	Biogenic aerosols	Order of 1000 Tg
	Including bacteria	0.04-1.8 Tg
	Including spores	30 Tg
	Secondary	
	Dimethylsulphide (DMS)	20-40 Tg S
	Volcanic SO2	6-20 Tg S
	Terpenes	40-400 Tg
	Anthropogenic	
	Primary	
	Industrial dust	40-130 Tg
	Biomass Burning	50-90 Tg
	Black carbon (from fossil fuel)	6-10 Tg
	Organic carbon (from fossil fuel)	20-30 Tg
	Secondary	
	SO2	70-90 Tg S
	Volatile Organic compounds (VOCs)	100-560 Tg C
	NOx	20-50 Tg N
	NH3	30-40 Tg N
	C carbon, S sulfur, N nitrogen	

Table 2 . 2 .

 22 Locations and names of stations used in the data analysis. The site altitudes are given in reference to standard sea level. The areas indicated are grouped by European sub-divisions using definitions from Central Intelligence Agency (2009). Country codes are given in ISO 3166 standard.[START_REF] Asmi | Number size distributions and seasonality of submicron particles in Europe 2008-2009[END_REF] 

	a Station representativeness classification from Henne et al., (2010) (if available):
	(1) Rural; (2) Mostly remote; (3) Agglomeration; (4) Weakly influenced; (5) Generally remote;
	(6) Weakly influenced, generally remote
	b Station was moved in summer 2009 to location 58 •230 N 8•150 E, 219 m a.s.l.

Table 2 . 3.

 2 Classification of the air mass type (BL or FT) sampled at the station as a function of BLH and Splitting Height (SH).

Comparison of station altitude, BLH and SH station conditions Unstable Conditions BLH > station BL

  

	Stable Conditions	BLH > station	BL
		BLH < station & BLH > SH	BL
		BLH < station & BLH < SH	FT

Table 3 .

 3 

1. RF and RIE calibration values used for PUY and AtmoAura's ACSM measurements.

Table 4 .

 4 

		Comparison of PUY Altitude, ALH/BLH and SH	PUY Conditions
	Unstable Conditions	BLH/ALH > PUY	BL/AL
		BLH/ALH > PUY	BL/AL
	Stable Conditions	BLH/ALH < PUY and BLH/ALH > SH	BL/AL
		BLH/ALH < PUY and BLH/ALH < SH	FT

1. 1. The classification of the air mass type (BL/AL or FT) sampled at the PUY station as a function of BLH/ALH, and Splitting Height (SH).

Table 4 .1. 2.

 4 Number of data sets of several atmospheric parameters for each season.

Table 4 .1. 3.

 4 The mean concentration of the Nucleation, Aitken, and Accumulation mode particles for the four seasons.

		N (cm -3 )
	Particle mode Season		
		FT	BL/RL
	Winter	190	254
	Spring	490	504
	Nucleation		
	Summer	489	512
	Autumn	374	312
	Winter	346	514
	Spring	1211	714
	Aitken		
	Summer	1119	823
	Autumn	367	419

Table 4 .2. 1. r

 4 2 correlations of ME-2 components with time series of gas and particle phase species.

Table 4 .2. 2. Total contribution of each air mass type frequency of occurrence during each season. Contribution (%) Spring (2015) Summer (2015) Autumn (2015) Winter (2016)

 4 

	Mediterranean	22%	25%	63%	23%
	Oceanic	46%	43%	26%	54%
	Continental	10%	10%	6%	10%
	Local	7%	6%	4%	7%
	Oceanic Modified	15%	16%	1%	6%

Table 4 .

 4 2. 3. Mean concentrations of nitrate, ammonium, sulfate and organic as a function of air mass origin and seasons.

Table 4 .

 4 3. 1. r 2 correlations of ME-2 components with time series of particle phase species.

are similar to what have been found using the in situ measurements at other European ground sites, despite variable sources. These measurements can be used to evaluate and compare with atmospheric transport models.
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Abstract

Aerosol particles are important due to their direct and indirect impacts on climate. Within the planetary boundary layer (BL), these particles have a relatively short lifetime due to their frequent removal process by wet deposition. When aerosols are transported into the free troposphere (FT), their atmospheric lifetime increases significantly, making them representative of large spatial areas. In this work, we use a combination of in situ measurements performed at the high altitude PUY (Puy de Dôme, 45°46' N, 2°57'E, 1465 m asl) station, together with LIDAR profiles at Clermont-Ferrand for characterizing FT conditions, and further characterize the physical and chemical properties of aerosol in this poorly documented area of the atmosphere. First, a combination of four criteria was used to identify whether the PUY station lies within the FT or within the BL. Results show that the PUY station is located in BL with frequencies ranging from 50% during the winter, up to 97% during the summer. Then, the classification is applied to a year-long dataset of particle size distribution and NR-PM1 data's to study the differences in particle physical and chemical characteristics and BC concentrations between the FT and the BL. Based on this segregation, we observed higher concentrations in the BL compared to FT for BC, Aitken and accumulation mode particle concentrations for most seasons, as expected from larger sources originating from the surface. However, BC, Aitken mode, accumulation mode and organic aerosols concentrations were higher in the FT compared to BL during spring. These organic aerosols were identified as aged/less aged, and were correlated with sulphate and BC and we suspect that the higher concentrations of particles observed in the FT compared to BL during spring originate from direct injection of BB aerosols in the FT through strong heat convection. No significant difference between the BL and the FT concentrations was observed for the nucleation mode particles for all seasons, suggesting a continuous additional source of nucleation mode particles in the FT during winter and autumn. Coarse mode particle concentrations were found higher in the FT than in the BL for all seasons and especially during summer. This indicates an efficient long-range transport of large particles in the FT from distant sources (marine and desert) due to higher wind speeds in the FT compared to BL. For FT air masses, we used 204-h air mass back-trajectories combined with boundary layer height estimations from ECMWF ERA-Interim to assess the time they spent in the FT since their last contact with the BL and to evaluate the impact of this parameter on the aerosol properties. We observed that even after 75 h without any contact with the BL, FT aerosols preserve specific properties of their air mass type. This manuscript is also presenting a study of simultaneous measurements at PUY and an urban low altitude station AtmoAura. Results show that when the PUY is influenced by FT air masses, the PM1 species are lower at the PUY compared to AtmoAura confirming our classification. When the PUY is predicted to lay within the BL, the aerosol composition was similar among the two sites for several species, which allowed for a quantification of the local urban pollution contribution for the species enhanced within the city of Clermont-Ferrand.