Résumé

Les Alpes européennes font partie des régions les plus touchées par le changement climatique. La poussière saharienne constitue l'un des principaux types d'aérosols qui ont un impact significatif sur les risques météorologiques, le climat et les écosystèmes avec des conséquences à la fois environnementales et économiques. Les Alpes françaises reçoivent chaque année un flux régulier de poussières sahariennes, et les événements de poussières s'avèrent être l'un des types d'épisodes les plus fréquents générant des concentrations d'aérosols élevées. La nature épisodique des événements de poussière saharienne et la variabilité spatiale de la poussière déposée sur les pentes enneigées peuvent provoquer des fluctuations interannuelles et une hétérogénéité de la fonte des neiges en raison de l'obscurcissement de la neige induit par la poussière. De plus, le changement d'albédo de la neige peut déplacer le début de la fonte des neiges plus tôt au printemps et raccourcir la saison des neiges. Cette thèse vise à mieux comprendre les événements extrêmes de poussière, en se concentrant sur les processus de dépôt sur les Alpes françaises pendant la saison de neige. Afin d'évaluer cet objectif, 3 questions principales sont abordées :

• Quels sont les schémas de circulation synoptique qui déterminent quand la poussière est transportée du Sahara vers les Alpes pendant la saison de neige alpine ?

• Dans quelle mesure ces di↵érents régimes météorologiques contrôlent-ils où et quand la poussière se dépose sur la neige alpine ?

• La modélisation à haute résolution, incluant les interactions aérosol-nuage, améliore-t-elle la représentation du dépôt de poussière sur la neige ? La représentation précise de la météorologie spécifique des montagnes est-elle importante pour prévoir le dépôt de poussière ? Les dépôts secs et humides sont-ils des mécanismes d'élimination importants ?

Dans un premier temps, l'identification des événements extrêmes de poussière sur les Alpes a été réalisée en utilisant 17 années (2003-2020) de données de réanalyse CAMS. Ensuite, la caractérisation des circulations synoptiques contrôlant la distribution temporelle et spatiale des événements extrêmes de poussière identifiés a été e↵ectuée à l'aide des données de réanalyse ERA-5. Les modèles atmosphériques dérivés ont été utilisés pour l'analyse de leur lien avec les flux de dépôts humides et secs. L'occurrence ainsi que les flux de dépôts humides et secs montrent une variabilité interannuelle pour tous les di↵érents régimes météorologiques. De plus, nos résultats montrent que di↵érentes parties des Alpes françaises sont touchées par les dépôts de poussière lors des épisodes extrêmes. Les régions touchées dans les Alpes françaises dépendent du régime météorologique correspondant, de la direction du flux d'air associé, et des caractéristiques topographiques le long de la trajectoire du flux d'air au-dessus des Alpes françaises. Cette étude donne une base pour une analyse climatologique des caractéristiques spatiales et temporelles des épisodes extrêmes de poussière sur les Alpes françaises.

Deuxièmement, le modèle météorologique-chimique-aérosol entièrement en ligne WRF-Chem a été utilisé pour simuler un événement de poussière extrême au col du Lautaret dans les Alpes françaises fin mars/début avril 2018. Le modèle WRF-Chem a été utilisé avec trois domaines imbriqués comprenant la région primaire d'émission de poussière en Afrique (27 km), un deuxième domaine (9 km) qui inclut l'Europe, et un troisième domaine à haute résolution (3 km) sur les Alpes. L'objectif de cette configuration est de décrire les processus à di↵érentes échelles, y compris le transport à longue distance de la poussière, ainsi que la météorologie à haute résolution sur le terrain complexe des Alpes, car ils ont un impact sur le dépôt d'aérosols. Les simulations du modèle sont comparées aux observations in situ au Col du Lautaret, à la télédétection par satellite (GPM, MODIS/Aqua, CALIPSO/CALIOP VFM mask) et aux données de réanalyse (CAMS, ERA-5, SAFRAN). Nous concluons la prédiction de la météorologie de montagne (par exemple, les précipitations) est meilleure avec une résolution accrue du modèle. Cette amélioration de la météorologie a un impact significatif sur la prévision des dépôts de poussières sèches et humides sur le manteau neigeux alpin. Nous montrons également que pendant cet événement, le dépôt sec est un processus d'élimination clé dans la partie ouest des Alpes françaises à basse altitude, tandis que le dépôt humide domine sur le terrain montagneux complexe de plus haute altitude. Cette étude fournit une base pour comprendre les processus et les incertitudes de la modélisation des événements de dépôt de poussière sur les montagnes à di↵érentes résolutions. Mots clés: Dépôt, Poussières minérales sahariennes, Montagnes, Alpes françaises, Régimes météorologiques, WRF-Chem, réanalysis CAMS

Abstract

The European Alps are among the regions most a↵ected by climate change. Saharan dust constitutes one of the key aerosol types that significantly impact the meteorological hazards, climate, and ecosystems with both environmental and economic consequences. The French Alps receive a regular flux of Saharan dust every year, and dust events are shown to be one of the most frequent types of episodes with high aerosol concentrations. The episodic nature of Saharan dust events and the spatial variability of deposited dust to snow-covered slopes can cause inter-annual fluctuations and heterogeneity of snowmelt due to dust-induced snow darkening. Moreover, the change of snow albedo can shift the onset of the snowmelt earlier in the spring as well as cause shortening of snow season. This thesis aims at a better understanding of extreme dust events, focusing on deposition processes, over the French Alps during the snow season. In order to assess this aim 3 main questions are addressed:

• What are the synoptic circulation patterns that determine when dust is transported from the Sahara to the Alps during the alpine snow season?

• How much do these di↵erent weather regimes control where and when dust is deposited to alpine snow?

• Does high resolution modeling, including aerosol-cloud interactions, improve the representation of dust deposition to snow? Is accurate representation of specific mountain meteorology important for predicting dust deposition? Are both dry and wet deposition important scavenging mechanisms?

First, the identification of extreme dust events over the Alps using 17 years (2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020) of CAMS reanalysis data was accomplished. Then the characterisation of the synoptic circulations controlling the temporal and spatial distribution of the identified dust extreme events was conducted using ERA-5 reanalysis data. The derived atmospheric patterns were used for the analysis of their connection with wet and dry deposition fluxes. The occurrence as well as the wet and dry deposition fluxes show an interannual variability for all the di↵erent weather regimes. Moreover, our results show that di↵erent parts of the French Alps are impacted the most by dust deposition during the extreme outbreaks. The impacted regions on the French Alps depend on the corresponding weather regime, the associated airflow direction, and the topographic features along the airflow pathway over the French Alps. This study gives a basis for a climatological analysis of the spatial and temporal characteristics of extreme dust episodes over the French Alps.

Second, the fully online meteorological-chemical-aerosol model WRF-Chem was used to simulate an extreme dust event at the Lautaret pass in the French Alps in late March/early April 2018. The WRF-Chem model was used with three nested domains including the primary dust emissions region in Africa (27 km), a second domain (9 km) that includes Europe, and a third high resolution domain (3 km) over the Alps. The goal of using this setup is to describe the processes at di↵erent scales, including long range transport of dust, as well as high resolution meteorology over the complex alpine terrain within the Alps, as they impact aerosol deposition. The model simulations are compared with in situ observations at Col du Lautaret, satellite remote sensing (GPM, MODIS/Aqua, CALIPSO/CALIOP VFM mask) and reanalysis data (CAMS, ERA-5, SAFRAN). We conclude that predicted mountain meteorology (e.g. precipitation) is better with increased model resolution. This improved meteorology has significant impacts on predicted dry and wet dust deposition to the alpine snowpack. We also show that during this event dry deposition is a key removal process at the western part of the French Alps at low altitudes, while wet deposition dominates over the complex higher altitude mountain terrain. This study provide a basis for understanding the processes and uncertainties on modeling dust deposition events over mountains at di↵erent resolutions.
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Chapter 1

General introduction 1.1 The importance of seasonal snow in the French Alps

The European Alps are located in the center of the European continent and constitute one of the world's most densely populated mountain regions [START_REF] Manfred | Towns in the Alps // Mountain Research and Development[END_REF][START_REF] Schuler Martin | Mountain Areas in Europe: Analysis of mountain areas in EU member states, acceding and other European countries[END_REF]. They are of vital importance and have been studied for their biological and cultural diversity [START_REF] Patrick | E↵ects of land-use and land-cover pattern on landscape-scale biodiversity in the European Alps // Agriculture, ecosystems & environment[END_REF][START_REF] Maurer Katrin | Old cultural traditions, in addition to land use and topography, are shaping plant diversity of grasslands in the Alps[END_REF], their economy, which is based on natural attributes and cultural heritage [START_REF] Shardul | Climate change in the European Alps: adapting winter tourism and natural hazards management[END_REF], as well as their importance as the "water tower" of Europe, since they provide most of Europe's fresh water [START_REF] Daniel | Mountains of the world, water towers for humanity: Typology, mapping, and global significance // Water resources research[END_REF]. Last but not least, they have been studied for their vulnerability, which is driven both by socioeconomic factors and climate change [START_REF] Walter | Importance and vulnerability of the world's water towers[END_REF][START_REF] Andreas | 21st century climate change in the European Alps-a review[END_REF] as mountain regions are particularly sensitive to climate regimes. The impacts of climate change on the Alpine environment and on natural hazards, including alpine floods and snow avalanches, are well documented [START_REF] Eckert | Assessing the Response of Snow Avalanche Runout Altitudes to Climate Fluctuations Using Hierarchical Modeling: Application to 61 Winters of Data in France[END_REF][START_REF] Antoine | Observed Trends in the hydrologic regime of Alpine catchments // La Houille Blanche[END_REF][START_REF] Eckert | Temporal trends in avalanche activity in the French Alps and subregions: from occurrences and runout altitudes to unsteady return periods[END_REF]. The seasonal melting of snowpack and mountain glaciers feeds four major European rivers; Danube, Rhine, Rhone, and Po rivers. Thus, it provides essential water to settlements, agriculture, and industries downstream and does also constitutes a source of hydroelectric power [START_REF] Daniel | Mountains of the world, water towers for humanity: Typology, mapping, and global significance // Water resources research[END_REF]. Changes in seasonal snow cover can have a great impact on the water resources, with both environmental and economic consequences [START_REF] Dedieu | Shifting mountain snow patterns in a changing climate from remote sensing retrieval // Science of the Total Environment[END_REF].

Several changes, leading to changes in the timing and magnitude of mountain water availability, have been observed in the Alps during the recent decades. The Alpine temperature has risen, the annual distribution of precipitation has changed, while the snow depth and the number of days with snow on the ground have decreased [START_REF] Martin | Mountain weather and climate: a general overview and a focus on climatic change in the Alps[END_REF][START_REF] Ingeborg | HISTALP-historical instrumental climatological surface time series of the Greater Alpine Region[END_REF][START_REF] Francesco | The climate of daily precipitation in the Alps: development and analysis of a high-resolution grid dataset from pan-Alpine rain-gauge data[END_REF][START_REF] Matthias | Toward mountains without permanent snow and ice // Earth's Future[END_REF][START_REF] Maria | Past and future snowmelt trends in the Swiss Alps: the role of temperature and snowpack // Climatic Change[END_REF].

Alpine temperatures have increased from the late 19 th century until the end of the 20 th century, with the total annual mean temperature increasing by approximately 2 C (Auer et al., 2007). This rate is about twice as North Hemisphere average rise of temperature for the same period [START_REF] Jürg | European seasonal and annual temperature variability, trends, and extremes since 1500[END_REF][START_REF] Rebetez | Monthly air temperature trends in Switzerland 1901-2000 and 1975-2004[END_REF]. Changes in total precipitation seem to depend on the region, period, elevation, and season. [START_REF] Michele | Precipitation variability and changes in the greater Alpine region over the 1800-2003 period[END_REF] show an increase in the total precipitation amount north of the Alpine chain and a highly significant decrease south of the Alps. An analysis of the variability of orographic enhancement of precipitation in the Alpine region shows an increase of the precipitation at high elevations compared to low elevations starting in mid 20 th century and peaking in the 1980s [START_REF] Anna | Variability of orographic enhancement of precipitation in the Alpine region // Scientific reports[END_REF]. The snow depth and the number of days with snow on the ground have decreased, with pronounced negative temporal variation at low elevations and less visible at high elevations [START_REF] Yves | Reanalysis of 47 years of climate in the French Alps (1958-2005): climatology and trends for snow cover[END_REF][START_REF] Martin | The European mountain cryosphere: a review of its current state, trends, and future challenges // Cryosphere[END_REF]. Moreover, the analyses of snow water equivalent (SWE) show a decrease in all di↵erent climate regions in the Alps and a reduction in snow mass more pronounced for spring than for winter [START_REF] Daniele | Evidence of climate change within the Adamello Glacier of Italy // Theoretical and applied climatology[END_REF][START_REF] Christoph | Recent evidence of large-scale receding snow water equivalents in the European Alps[END_REF][START_REF] Michael | Observed snow depth trends in the European Alps: 1971 to 2019 // The Cryosphere[END_REF].

Greenhouse gases and light-absorbing particles (LAPs), as well as the deposition of LAPs on snowpack, are believed to be the major contributors to all these changes, while natural climate variability is estimated to play a minor role [START_REF] Martin | Mountain weather and climate: a general overview and a focus on climatic change in the Alps[END_REF][START_REF] Philipona | Greenhouse warming and solar brightening in and around the Alps[END_REF][START_REF] Jeannette | The impact of Saharan dust and black carbon on albedo and long-term mass balance of an Alpine glacier // The Cryosphere[END_REF][START_REF] Skiles S Mckenzie | Radiative forcing by light-absorbing particles in snow // Nature Climate Change[END_REF][START_REF] Anna | Variability of orographic enhancement of precipitation in the Alpine region // Scientific reports[END_REF]. Specifically dust deposition into the seasonal Alpine snowpack has been shown to cause interannual fluctuations of the seasonal snowmelt rate, a shift at the onset of the snowmelt earlier in the spring as well as could cause shortening of snow season [START_REF] Skiles S Mckenzie | Radiative forcing by light-absorbing particles in snow // Nature Climate Change[END_REF][START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. For the aforementioned reasons, the European Alps have been identified as an area for detection and projection of changes in climate patterns, cryosphere, and natural hazards [START_REF] Ingeborg | HISTALP-historical instrumental climatological surface time series of the Greater Alpine Region[END_REF][START_REF] Martin | Impacts of climatic change on water and associated economic activities in the Swiss Alps[END_REF][START_REF] Andreas | 21st century climate change in the European Alps-a review[END_REF][START_REF] Delphine | Sensitivity of mass balance and equilibrium-line altitude to climate change in the French Alps[END_REF][START_REF] Dedieu | Shifting mountain snow patterns in a changing climate from remote sensing retrieval // Science of the Total Environment[END_REF][START_REF] Rogora | Assessment of climate change e↵ects on mountain ecosystems through a cross-site analysis in the Alps and Apennines // Science of the total environment[END_REF].

Dust transport toward Mediterranean countries of southern Europe including the Alps

Atmospheric aerosols from di↵erent sources, desert dust from Sahara, biomass burning, anthropogenic origin particles, are either emitted or transported in the Alpine region [START_REF] Baltensperger | Aerosol climatology at the high-alpine site Jungfraujoch[END_REF]Bonvalot et al., 2016). Dust found in the Alps seem to originate from both near-field and far-field sources, as a large fraction of dust originates from the Sahara desert [START_REF] Harald | The transport history of two Saharan dust events archived in an Alpine ice core // Atmospheric[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF].

Several hundred to thousands of million tons of dust are emitted every year from arid or semi-arid areas (Goudie, Middleton, 2001;[START_REF] Paul | Atmospheric composition change-global and regional air quality // Atmospheric environment[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF]. North Africa, the Middle East, and Asia are the main global mineral dust source regions (Goudie, Middleton, 2001;[START_REF] Joseph | Environmental characterization of global sources of atmospheric soil dust identified with the Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product // Reviews of geophysics[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF] (Figure 1.1). North Africa accounts for ⇠50% of global dust emissions [START_REF] Paul | Global-scale attribution of anthropogenic and natural dust sources and their emission rates based on MODIS Deep Blue aerosol products[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF] where the Saharan-Sahel region and Gobi desert are the main source regions (Goudie, Middleton, 2001;[START_REF] Joseph | Environmental characterization of global sources of atmospheric soil dust identified with the Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product // Reviews of geophysics[END_REF]. Bodélé Depression (placed between Tibesti and Lake Chad) (Figure 1.3a) has been found to be the most important source region not only in the Saharan but also worldwide [START_REF] Chiapello | Detection of mineral dust over the North Atlantic Ocean and Africa with the Nimbus 7 TOMS[END_REF][START_REF] Herrmann | The importance of source region identification and their properties for soil-derived dust: the case of Harmattan dust sources for eastern West Africa // Contributions to atmospheric physics[END_REF][START_REF] Nick | Dust variability over northern Africa and rainfall in the Sahel // Linking climate change to land surface change[END_REF]Middleton, Goudie, 2001;[START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF].

In order to understand and estimate the dust emission sources, the computation of dust emission rate is mandatory [START_REF] Shao | Simplification of a dust emission scheme and comparison with data[END_REF]. Saharan annual dust source strength and transport are still uncertain, and various studies have been conducted in order to estimate it, through the use of observations and transport models (d'Almeida, 1986;Middleton, Goudie, 2001;[START_REF] Paul | Global-scale attribution of anthropogenic and natural dust sources and their emission rates based on MODIS Deep Blue aerosol products[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF]. Several dust emission schemes have been designed [START_REF] Béatrice | Modeling the atmospheric dust cycle: 1. Design of a soil-derived dust emission scheme[END_REF][START_REF] Shao | Simplification of a dust emission scheme and comparison with data[END_REF] to provide an explicit representation of the desert dust sources. A wide range of estimated dust emissions and transport values over Sahara has been documented and is partly linked to the lack of detailed information on dust sources [START_REF] Paul | Global-scale attribution of anthropogenic and natural dust sources and their emission rates based on MODIS Deep Blue aerosol products[END_REF]. These diverse estimated dust emissions and transport values also highlight the di↵erences in model time scales and procedures, such as the assumptions on erosion, transport, and scavenging of dust particles [START_REF] Prospero | Saharan dust transport over the North Atlantic Ocean and Mediterranean: An overview // The impact of desert dust across the Mediterranean[END_REF][START_REF] Yann | Geomorphologic approach for modelling the surface features of arid environments in a model of dust emissions: application to the Sahara desert[END_REF].

Seasonal and spatial variability of Saharan dust emissions is mainly determined by the seasonal changes in dust emissions source strength (vegetation changes in semiarid areas) and atmospheric circulation (changes in weather regimes) [START_REF] Ina | Impact of vegetation and preferential source areas on global dust aerosol: Results from a model study[END_REF][START_REF] Israelevich | Predominant transport paths of Saharan dust over the Mediterranean Sea to Europe[END_REF][START_REF] György | Analysis of Saharan dust intrusions into the Carpathian Basin (Central Europe) over the period of 1979-2011[END_REF][START_REF] Tegen | Comparing two years of Saharan dust source activation obtained by regional modelling and satellite observations // Atmospheric[END_REF][START_REF] Jasper | The physics of wind-blown sand and dust // Reports on progress in Physics[END_REF] (Figure 1.2). The interannual changes are controlled by climate change (CC) and anthropogenic land cover change (ALCC). [START_REF] Tanja | Anthropogenically induced changes in twentieth century mineral dust burden and the associated impact on radiative forcing[END_REF] show that global annual dust emissions, including Saharan, have increased by ⇠25% after the late nineteenth century, underlying that both CC (⇠56 %) and ALCC (⇠40%) have contributed significantly to this change. The atmospheric transport patterns of Saharan dust reveals that dust is mainly transported westward and southward (about ⇠60%) by the Saharan Air Layer (warm and dry air layer between 0.6 and 5.5 km) and by lower layer transport in trade winds [START_REF] Chiapello | Origins of African dust transported over the northeastern tropical Atlantic[END_REF]. Nonetheless, a significant amount reaches Europe [START_REF] Md | Influence of Saharan dust on the rain acidity and atmospheric input to the Mediterranean[END_REF][START_REF] Shao Yaping | Dust cycle: An emerging core theme in Earth system science // Aeolian Research[END_REF]. Western Sahara, Moroccan Atlas, south Algeria, Tunisia and Libya have been identified as the major sources of dust transported to Southern Europe from Sahara (Figure 1.3b) [START_REF] Jan-Berend | Aeolian dust in Europe: African sources and European deposits // Quaternary International[END_REF]references therein, Salvador et al. 2014).

Saharan dust deposition has often been reported over southern Europe. The annual variability of Saharan dust transportation towards Europe shows that these events are very sporadic and mainly occur from spring to autumn [START_REF] Mattis | Ten years of multiwavelength Raman lidar observations of freetropospheric aerosol layers over central Europe: Geometrical properties and annual cycle[END_REF][START_REF] Israelevich | Predominant transport paths of Saharan dust over the Mediterranean Sea to Europe[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF][START_REF] Eleni | Three-dimensional evolution of Saharan dust transport towards Europe based on a 9-year EARLINET-optimized CALIPSO dataset[END_REF]. The main synoptic circulations Figure 1.2: Monthly mean TOMS AI maps of North Africa (1979Africa ( -2009)) [START_REF] Barkan | Synoptics of dust transportation days from Africa toward Italy and central Europe[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF].

It is well established that Saharan dust impacts mainly the Mediterranean region and southern Europe. However, dust events have been detected at higher latitudes, including Romania, the Carpathian Basin, and the Arctic region (Greenland, Scandinavia, and Iceland) [START_REF] Lars | The Saharan dust episode of south and central Europe, and northern Scandinavia[END_REF][START_REF] Diana | Polar jet associated circulation triggered a Saharan cyclone and derived the poleward transport of the African dust generated by the cyclone[END_REF][START_REF] Francis | A meandering polar jet caused the development of a Saharan cyclone and the transport of dust toward Greenland[END_REF][START_REF] Simona | Tropospheric Dust and Associated Atmospheric Circulations over the Mediterranean Region with Focus on Romania's Territory // Atmosphere[END_REF][START_REF] György | Changing nature of Saharan dust deposition in the Carpathian Basin (Central Europe): 40 years of identified North African dust events[END_REF][START_REF] György | Saharan dust and giant quartz particle transport towards Iceland[END_REF]. The European Alps are frequently a↵ected by Saharan dust, and several events have been detected and analysed in the past few years [START_REF] Aymoz | Evolution of organic and inorganic components of aerosol during a Saharan dust episode observed in the French Alps // Atmospheric Chemistry and Physics[END_REF][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][START_REF] Harald | The transport history of two Saharan dust events archived in an Alpine ice core // Atmospheric[END_REF]. To the best of our knowledge, the characterisation of the synoptic variability that controls the spatial distribution of dust over the Alps during snow season has yet to be quantified. This would be important for the investigation of the impacts of dust events related to wet and dry deposition.

The emission regions of Saharan dust to the Alps vary from case to case, and back trajectory analysis has been used to identify the source region [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][START_REF] Harald | The transport history of two Saharan dust events archived in an Alpine ice core // Atmospheric[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF]. In addition, in situ measurements of aerosol parameters, including particles concentration and aerosol optical properties, such as the wavelength dependence of absorption and scattering coe cients, as well as the single scattering albedo combined with trajectory analysis, have been used for the detection of these events [START_REF] Schwikowski | A study of an outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland // Atmospheric Environment[END_REF][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][START_REF] Flentje | Identification and monitoring of Saharan dust: An inventory representative for south Germany since 1997[END_REF][START_REF] Erika | An outstanding Saharan dust event at Mt. Cimone (2165 m asl, Italy)[END_REF][START_REF] Rocco | Long-term (2002-2012) investigation of Saharan dust transport events at Mt. Cimone GAW global station[END_REF]. [START_REF] Schwikowski | A study of an outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland // Atmospheric Environment[END_REF] analysed a Saharan dust event in March 1990 at Jungfraujoch, a high alpine site in Switzerland. The aerosol analysis shows 30 times higher coarse particles number than the annual mean and depletion in ultra-fine particles. Coagulation processes and heterogeneous reactions on the surface of dust particles explained the depletion in ultrafine particles. Scavenging ratios, derived from a snowfall event during the analysed dust episode, show enhanced and more pronounced values for ammonium and sulfate. Collaud [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] derived a methodology to identify dust events based on aerosol optical properties providing useful information regarding the frequency of occurrence, of the particle number, mass, and size distribution. Their one-year analysis (from March 2001 to December 2002) at Jungfraujoch shows that Saharan dust events are more frequent from March to June than the rest of the year. Baumann-Stanzer et al. ( 2019) used aerosol profiles obtained from ceilometer measurements, combined with aerosol measurements at three mountain top sites (Feuerkogel, Sonnblick, and Dobratsch, situated in a north to south transect across the Alps) in the Eastern Alps and WRF-Chem model to analyse an event in April 2016. Their analysis shows that the model can simulate the onset, maximum aerosol mass peak, and the end of two out of the three sub-episodes.

Dust cycle lifetime

Mineral dust is generated by wind erosion where sediments are suitable. Wind speed near the surface should be su cient (exceeds a minimum value called threshold friction velocity) to lift surface particles and entrain them into the atmospheric boundary layer [START_REF] Alfaro Stéphane | Mineral aerosol production by wind erosion: aerosol particle sizes and binding energies // Geophysical Research Letters[END_REF][START_REF] Fécan | Parametrization of the increase of the aeolian erosion threshold wind friction velocity due to soil moisture for arid and semi-arid areas[END_REF][START_REF] Jasper | The physics of wind-blown sand and dust // Reports on progress in Physics[END_REF]. This erosion threshold depends on surface properties such as the soil particle size distribution, soil moisture as well as surface roughness and controls the frequency of dust emission events [START_REF] Peter | Mineral dust: A key player in the earth system[END_REF]. Dust emission mechanisms can be classified based on dust particle size. Under strong wind conditions dust emissions caused by saltation bombardment [START_REF] Béatrice | Modeling the atmospheric dust cycle: 1. Design of a soil-derived dust emission scheme[END_REF] and aggregates disintegration [START_REF] Shao | Simplification of a dust emission scheme and comparison with data[END_REF]. Dust particles of about 100 µm diameter are lifted in the atmosphere and are transported horizontally. The leaping particles through bombardment can mobilise additional particles of di↵erent size ranges which are ejected into the atmosphere. Under weak wind conditions direct aerodynamic lifting is e↵ective [START_REF] Klose | Stochastic parameterization of dust emission and application to convective atmospheric conditions[END_REF] and dust particles of about 1-10µm diameter are lofted/entrained into the air (Figure 1.4).

The particle size distribution plays an important role at the time period that the suspended dust particles stay into the atmosphere. In addition, the emission strength of the source area and the mobilization e ciency determines the amount and the composition of the airborne mineral dust. The distance that lofted dust travels into the atmosphere and the modification of the chemical and physical compositions are determined by the transport processes and large-scale circulation patterns as well as meteorological conditions in the low troposphere. Large particles are deposited closer to the emission region due to their greater mass and settling velocity. Conversely, smaller particles tend to be transported up to several thousand kilometers [START_REF] Peter | Mineral dust: A key player in the earth system[END_REF][START_REF] John | [END_REF]. Their travel distance is highly correlated to their tropospheric lifetime, which on average varies between one day to one week depending on their particle size and scavenging processes [START_REF] Paul | Sources and distributions of dust aerosols simulated with the GOCART model[END_REF][START_REF] Boucher | Clouds and aerosols // Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF] Removal processes are essential for primary aerosols as they are their only available sinks (Figure 1.5). The atmospheric removal (wet and dry deposition) occurs within a day to a few weeks. As a result, the direct radiative forcing and cloud e↵ects are limited to their atmospheric lifetime. Wet deposition involves the interactions between aerosols and hydrometeors. Aerosols are removed by rain out when cloud droplets grow, and it precipitates (in-cloud scavenging, aerosols act as cloud condensation nuclei (CCN) and/or ice nuclei (IN), with or without collision), and below -cloud scavenging, as raindrops fall below clouds collide with aerosols through interception, impaction or turbulent di↵usion [START_REF] Pruppacher | Microphysics of clouds and precipitation[END_REF]. Dry processes include gravitational settling, which is especially e cient for coarse particles, and dry deposition by interaction with the surface [START_REF] John | [END_REF]. Dry deposition has been found to be the dominant deposition process because coarse dust particles dominate the total dust emissions, and those particles are mainly removed via dry deposition close to source regions [START_REF] Miller | Mineral dust aerosols in the NASA Goddard Institute for Space Sciences ModelE atmospheric general circulation model[END_REF]. Wet deposition seems to be the most e cient sink of aerosol particles in the troposphere further from source regions [START_REF] Pruppacher | Microphysics of clouds and precipitation[END_REF][START_REF] Hongbin | Estimates of African dust deposition along the trans-Atlantic transit using the decadelong record of aerosol measurements from CALIOP, MODIS, MISR, and[END_REF][START_REF] Michèlle Van Der | Tropical rains controlling deposition of Saharan dust across the North Atlantic Ocean[END_REF]. Its uncertainty is highly correlated with the uncertainties in precipitation and has been identified as a key source of uncertainty in aerosols models [START_REF] Vignati | Sources of uncertainties in modelling black carbon at the global scale // Atmospheric chemistry and physics[END_REF]Stocker et al., 2013;[START_REF] Joseph | African dust deposition to Florida: Temporal and spatial variability and comparisons to models[END_REF] 

Saharan dust deposition over the Alps

Saharan dust can be transported by advection and atmospheric circulation thousands of kilometers after being injected and entrained in the air through intense dry convection [START_REF] Prospero | Saharan dust transport over the North Atlantic Ocean and Mediterranean: An overview // The impact of desert dust across the Mediterranean[END_REF]. [START_REF] Jasper | The physics of wind-blown sand and dust // Reports on progress in Physics[END_REF] show that gravitational settling is the main removal process for dust particles with diameters larger than 5µm and is dominant close to the source region. Particle size studies also show that deposited dust reveals a fining in the deposited dust size with increasing distance to the African coast [START_REF] John | [END_REF][START_REF] Miller | Mineral dust aerosols in the NASA Goddard Institute for Space Sciences ModelE atmospheric general circulation model[END_REF]. Finer dust particles with diameters less than 5µm are scavenging mainly through wet deposition, including in-cloud scavenging, where dust acts as CCN and/or IN, as well as below-cloud scavenging, where precipitation drops collect dust aerosols [START_REF] Hongbin | Estimates of African dust deposition along the trans-Atlantic transit using the decadelong record of aerosol measurements from CALIOP, MODIS, MISR, and[END_REF][START_REF] Michèlle Van Der | Tropical rains controlling deposition of Saharan dust across the North Atlantic Ocean[END_REF].

The European Alps receive a regular flux of dust through both wet and dry deposition. Studies on Saharan dust deposition over the Alps in the early 1990s suggest that dry deposition is less important than wet deposition, even for coarse particles. These studies also show that wet deposition and precipitation scavenging is the main removal process [START_REF] Schwikowski | A study of an outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland // Atmospheric Environment[END_REF][START_REF] Wagenbach | Northward transport of Saharan dust recorded in a deep Alpine ice core // The impact of desert dust across the Mediterranean[END_REF].

Optical and chemical analysis of mineral dust aerosols deposited in ice cores has also been used for the analysis and the identification of Saharan episodes/periods over the Alps (Wagenbach, Geis, 1989;[START_REF] Angelis | Saharan dust deposition over Mont Blanc (French Alps) during the last 30 years // Tellus B: Chemical and Physical Meteorology[END_REF][START_REF] Florian | Mineral dust and elemental black carbon records from an Alpine ice core (Colle Gnifetti glacier) over the last millennium[END_REF]. In addition, marked Saharan dust layers can also be used to date the ice cores when other reference layers are missing. Wagenbach, Geis (1989) combined ice cores analysis for the period 1936-1981 from the Colle Gnifetti glacier (4455 m above sea level (a.s.l.)) with snow pit samples. The total mineral dust and the size distribution analysis show that Saharan dust accounts for two-thirds of the annual mineral dust flux with a typical volume mean diameter of 4.5 µm. Furthermore, [START_REF] Florian | Mineral dust and elemental black carbon records from an Alpine ice core (Colle Gnifetti glacier) over the last millennium[END_REF][START_REF] Florian | Characterization of modern and fossil mineral dust transported to high altitude in the Western Alps: Saharan sources and transport patterns // Advances in Meteorology[END_REF] analysed dust deposited at the same glacier over the last millennium and concluded that there is an increase in mineral dust transport from Sahara over the Alps approximately after 1200-1300, 1430-1520, 1570-1690, 1780-1800, and after 1870. They suggest that this increase is connected with North Atlantic oscillation changes. They proposed that large-scale climatic patterns -drier winters in North Africa and stronger south-westerlies over the North Atlantic -led to the transport of massive dust plumes to the Southern Alps during these years [START_REF] Florian | Characterization of modern and fossil mineral dust transported to high altitude in the Western Alps: Saharan sources and transport patterns // Advances in Meteorology[END_REF]. [START_REF] Angelis | Saharan dust deposition over Mont Blanc (French Alps) during the last 30 years // Tellus B: Chemical and Physical Meteorology[END_REF] analysed an ice core based on continuous and very detailed Al and Ca records, in the Mont Blanc summit area (French Alps, 4270 m a.s.l.) for the period 1955 to 1985. They show that Saharan dust has significantly increased since the early 1970s, with very high inputs occurring after 1980. Greilinger et al. (2018a) used high alpine snowpacks situated close to the Sonnblick Observatory in the Austrian Alps to investigate the influence of Saharan dust on the chemical composition and deposition loads. They analysed a 31-year long snow chemistry dataset , and they provided a chemical criterion method to identify snow dust layers within the alpine snowpacks. They found that the interannual ion variability of the contribution of the Saharan dust layer can be relatively high (up to ⇠55%) depending on the strength and the frequency of the Saharan dust events. 

Aerosol-radiation and aerosol-cloud interactions

Atmospheric aerosols -such as dust in particular-play an important role in a number of atmospheric processes, such as radiation, convection, precipitation [START_REF] James | Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review[END_REF]Hansen et al., 1997) (Figure 1.6). They have an important global climate impact, influencing the Earth's energy and water cycles [START_REF] Veerabhadran | Global and regional climate changes due to black carbon[END_REF]. They have a significant impact on the energy balance, preliminary warming, but potentially also cooling, as they absorb and scatter the incoming solar radiation [START_REF] James | Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review[END_REF][START_REF] Hansen | Radiative forcing and climate response[END_REF]. They may also have important e↵ects on cloud formation and properties by changing the atmospheric instability and/or relative humidity (semi-direct aerosol e↵ect) and by acting as CCN and IN (indirect e↵ect) (Seinfeld, Pandis, 2008). Thus, they a↵ect cloud formation and cloud reflectivity [START_REF] Ulrike | Global indirect aerosol e↵ects: a review // Atmospheric Chemistry and Physics[END_REF]. In addition to its radiation impacts, dust influences the local biochemical processes and rain/snow acidity (Greilinger et al., 2018b). Moreover, it has several harmful health e↵ects as it alters the concentration of the suspended particles [START_REF] Joseph | Environmental characterization of global sources of atmospheric soil dust identified with the Nimbus 7 Total Ozone Mapping Spectrometer (TOMS) absorbing aerosol product // Reviews of geophysics[END_REF][START_REF] Cook Agnus | Health e↵ects of natural dust // Biological trace element research[END_REF][START_REF] Karl | Dust is in the air: e↵ects of occupational exposure to mineral dust on lung function in a 9-year study[END_REF].

Impact of Saharan dust events over the Alps

Mineral dust can cause several climate impacts. The main key factors that a↵ect and alter dust climate impacts are the number and mass concentration, the particle size distribution, the chemical distribution, the shape, the vertical distribution, and the height and structure of the lifted and transported dust layer (Pöschl, 2005) (Figure 1.6).

Dust as Cloud Condensation Nuclei and Ice Nuclei

Dust aerosol particles can act as CCN and IN, but their properties are not fully understood. Dust particles are well known to be good IN and therefore enhance precipitation formation via the Bergeron-Findeisen process [START_REF] John | [END_REF]. In addition, they enhance the freezing of cloud droplets; thus, aggregation and riming processes favor mix-phase clouds [START_REF] Paul | African dust aerosols as atmospheric ice nuclei[END_REF][START_REF] Albert | Ice formation in Saharan dust over central Europe observed with temperature/humidity/aerosol Raman lidar[END_REF]. Field experiments during Saharan dust events in the Alps and modeling studies have investigated the impact of dust events on cloud properties and precipitation. [START_REF] Jurányi | Measured and modelled cloud condensation nuclei number concentration at the high alpine site Jungfraujoch[END_REF] show a closure study between measured and predicted CCN number concentrations. They measured CCN number concentrations at ten di↵erent supersaturations in May 2008 at the remote high alpine research station, Jungfraujoch, Switzerland (3580 m a.s.l.). CCN predictions were made using dry number size distribution and bulk chemical composition data in a simplified Köhler theory, though they neglect mineral dust in their measurement setup. They show that ignoring the mineral dust component in the chemical composition during a Saharan dust event does not impair CCN prediction. On the contrary, they propose that using bulk composition, including mineral dust, would bias CCN predictions. Their findings are based on the fact that coarse mode mineral dust gives a significant contribution to total mass, whereas the contribution of mineral dust to particle number concentration at those Aitken and accumulation mode sizes in the CCN cut-o↵ range is negligible. [START_REF] Chou | Ice nuclei properties within a Saharan dust event at the Jungfraujoch in the Swiss Alps[END_REF] measured the number concentration of IN at the high alpine station Jungfraujoch (3589 m a.s.l.) in March and June 2009 during Saharan dust events. They show that the IN number concentration increased during dust episodes, and their intensity di↵ers and alters the IN number concentration, which varies from just a factor of 2 to one order of magnitude. [START_REF] Zubler | Intercomparison of aerosol climatologies for use in a regional climate model over Europe[END_REF] used a numerical weather prediction model coupled with aerosol microphysics to examine the microphysical processes in mixed-phase clouds in the presence of mineral dust and BC. They performed 270 clean and polluted 2D simulations of mixed-phase precipitation over an Alps transect under di↵erent thermodynamic conditions typical for the region to determine the magnitude of the e↵ect of aerosol concentration on orographic precipitation. They showed that this e↵ect is highly a↵ected by environmental conditions. In the presence of dust and BC, the average precipitation has decreased -specifically, the rain was reduced and frozen precipitation increased-while the precipitation over the leeward side of the major ridge has increased. Under warm conditions, dust would preferably act as CCN and increase the number of cloud droplets rather than enhance glaciation and potentially suppress precipitation. Under cold conditions, more cloud droplets freeze due to lower temperatures, and cloud water increases due to slower autoconversion and accretion. This is partly compensated by riming and aggregation processes and tends to increase precipitation. They conclude that freezing of cloud droplets in the presence of IN, which highly depends on the temperature, humidity, wind speed, and the number of aerosols, highly influences the cloud formation and precipitation during dust events.

Dust radiative e↵ects of aerosols upon deposition on snow

LAPs, mainly mineral dust and BC, upon deposition to glaciers and snow-covered areas, including seasonal mountain snowpacks, can alter surface energy balances by causing a reduction in snow albedo, referred as snow darkening [START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] Skiles S Mckenzie | Radiative forcing by light-absorbing particles in snow // Nature Climate Change[END_REF]Di Mauro et al., 2019a) (Figure 1.7). This reduction in snow albedo induces warming in the surface and triggers the well-known snow albedo feedback mechanism. In addition, snow albedo accelerates the growth of snow grains, which further increases radiation that is absorbed and promotes snow/ice melt [START_REF] James | Soot climate forcing via snow and ice albedos[END_REF][START_REF] Stephen | A model for the spectral albedo of snow. II: Snow containing atmospheric aerosols[END_REF][START_REF] Mark | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. Furthermore, LAPs can mix externally with snow grains (dust is present between ice grains) through dry deposition and/or below scavenging and internally through wet deposition (dust within ice grains) by aerosol-cloud processes [START_REF] John | [END_REF][START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF]. [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF] showed that when black carbon is internally mixed in ice grains, its radiative e↵ect is stronger. Recently [START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF] examine the e↵ects of external and internal mixing of dust with ice grains on the snowpack absorption coe cient and albedo. They show that snow spectral absorption coe cients of internal dust mixing (IDM) were larger than external dust mixing (EDM) across UV to NIR wavelengths but were negligible at wavelengths > 1000 nm. Furthermore, the absorption enhancement (relative to EDM) was wavelength-dependent and increased with increased dust concentrations. Consequently, they suggest that dust wet deposition rates exert a stronger e↵ect in respect to dry depositions. Deposition rates of both dust and BC strongly influence the snowpack evolution (Di [START_REF] Mauro | Mineral dust impact on snow radiative properties in the European Alps combining ground, UAV, and satellite observations[END_REF]Mauro et al., , 2019a)), snow optical properties [START_REF] Dumont Marie | In situ continuous visible and nearinfrared spectroscopy of an alpine snowpack // The Cryosphere[END_REF][START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF]), snow chemistry (Greilinger et al., 2018a), timing of snowmelt and glacier retreat [START_REF] Jeannette | The impact of Saharan dust and black carbon on albedo and long-term mass balance of an Alpine glacier // The Cryosphere[END_REF]. 2015) used a 100-year record of seasonal mass balance measurements based on firn and ice-core measurements during 1914-2014 for two sites on Claridenfirn, Swiss Alp, in order to investigate the long-term e↵ect of snow impurities, mineral dust, and BC on albedo and glacier mass balance. They show that albedo was lowered by the LAPs, and consequently, the annual melt was increased, and the mean annual mass balance was reduced. Di [START_REF] Mauro | Mineral dust impact on snow radiative properties in the European Alps combining ground, UAV, and satellite observations[END_REF] investigate the impact of mineral dust on snow radiative properties in the European Alps at ground (hyperspectral sensor), aerial (Unmanned Aerial Vehicle), and satellite scale during a dust event in March 2014 at Artavaggio plains (Lecco, Italy, 1650m a.s.l). They show that dust reduced spectral albedo, and they correlated it with mineral dust concentrations. Moreover, Di Mauro et al. (2019a) evaluated the impact of dust depositions on the melting dynamics of the snowpack at a high-elevation site (2160 m) in the European Alps (Torgnon, Aosta Valley, Italy) during three hydrological years (2013)(2014)(2015)(2016). These years were characterised by several dust events, and a significant amount of Saharan mineral dust was deposited. They compared, observed, and simulated snow depths from snowpack model Crocus. They show that impurities induced an advance in snow melt-out dates of up to 38 days for a year with enhanced deposition events. [START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF] investigate the impact of LAPs on snow in 2 sites in the Alps, Col de Porte (1326 m a.s.l.) and Col du Lautaret (2058 m a.s.l.), using the snowpack model Crocus, which explicitly represents the radiative impacts of light-absorbing impurities in snow. The snowpack simulations, including impurities, show that the snow season can be shortened by up to 11 days due to BC and dust. Moreover, they underline the strong variability of the seasonal radiative forcing of LAPs, highlighting the importance of accounting for the meteorological conditions.

Objectives of the thesis

The recognition that aerosols, and specifically dust, do a↵ect global climate significantly has led dust deposition to the mountains to be at the forefront of research on high altitude snowpacks [START_REF] Chandan | Dust dominates high-altitude snow darkening and melt over high-mountain Asia // Nature Climate Change[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF][START_REF] Usha | E↵ect of aerosol-induced snow darkening on the direct radiative e↵ect of aerosols over the Himalayan region // Environmental Research Letters[END_REF]. For this, it is important to understand the spatial heterogeneity of dust transport and deposition over mountains during the snow season. Moreover, there is a strong need for accurate simulation of dust injection and transport at the synoptic scale. Both local and large-scale processes are essential for simulating dust events by mesoscale and global circulation models. This thesis aims to contribute to the understanding of these mechanisms and processes focusing on the French Alps by answering three main questions:

• What are the synoptic circulation patterns that determine when dust is transported from the Sahara to the Alps during the alpine snow season?

To the best of our knowledge, no objective synoptic characterisation of the win-tertime dust transport towards the French Alps has been done yet. Several studies have been conducted in order to characterise synoptic circulation that drives dust events towards southern Mediterranean countries [START_REF] Barkan | Synoptics of dust transportation days from Africa toward Italy and central Europe[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF]. These studies provide atmospheric patterns which characterise dust outbreaks from the Sahara into the west or/and central or/and east Mediterranean for either the whole year or specific (summer) months. The episodic nature of Saharan events has been analysed and annual variability studies have shown that Saharan dust transport towards Europe mostly occurs from spring to autumn [START_REF] Mattis | Ten years of multiwavelength Raman lidar observations of freetropospheric aerosol layers over central Europe: Geometrical properties and annual cycle[END_REF][START_REF] Israelevich | Desert aerosol transport in the Mediterranean region as inferred from the TOMS aerosol index[END_REF][START_REF] Israelevich | Predominant transport paths of Saharan dust over the Mediterranean Sea to Europe[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF][START_REF] Eleni | Three-dimensional evolution of Saharan dust transport towards Europe based on a 9-year EARLINET-optimized CALIPSO dataset[END_REF]. To this end, the synoptic circulation patterns characterised dust events towards southern Europe during the whole year can be biased by the frequency of the dust outbreaks. An analysis of weather regimes, that characterise dust events over the French Alps during the snow season, can give a better understanding of the large-scale drivers of the dust spatial distribution in the region.

• How much do these di↵erent weather regimes control where and when dust is deposited to alpine snow?

Wet deposition rates of BC and dust into snow may exert a stronger e↵ect in respect to dry deposition rates [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF][START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. A few studies [START_REF] Schwikowski | A study of an outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland // Atmospheric Environment[END_REF][START_REF] Wagenbach | Northward transport of Saharan dust recorded in a deep Alpine ice core // The impact of desert dust across the Mediterranean[END_REF] have hitherto examined the importance of dry and wet dust deposition to total dust deposition over the Alps. In this thesis, we aim to investigate the potential link between the classified synoptic patterns, which characterise dust events over the French Alps, and removal processes. Moreover, we aspire to examine if the interannual variability of dust deposition processes (wet and dry) over the French Alps is influenced by the interannual variability of large-scale circulation anomalies and local weather regimes.

• Does high resolution modeling, including aerosol-cloud interactions, improve the representation of dust deposition to snow? Is accurate representation of specific mountain meteorology important for predicting dust deposition? Are both dry and wet deposition important scavenging mechanisms?

As highlighted in several studies [START_REF] Nicolas | Forecasting the northern African dust outbreak towards Europe in April 2011: a model intercomparison // Atmospheric chemistry and physics[END_REF][START_REF] Adeyemi | Climate models miss most of the coarse dust in the atmosphere // Science advances[END_REF][START_REF] O'sullivan Debbie | Models transport Saharan dust too low in the atmosphere: a comparison of the MetUM and CAMS forecasts with observations[END_REF]) models often underestimate dust transport and deposition fluxes at remote regions, including mountains, due to uncertainties in the treatment of dust emission fluxes, transportation, and modeled loss processes.

In this thesis we aim to understand the processes and uncertainties of modeling dust deposition events over mountains at di↵erent resolutions.

Specifically, air mass fluxes, the spatial distribution of precipitation, and dust particle sizes and distribution are among the key factors that a↵ect and alter dust deposition to snow. Increasing the spatial resolution, the representation of topography a↵ects the updraft wind speeds, and the convective updraft areas change and alter the simulated meteorology. Thus, through this study, we aim to investigate how the impact of model resolution in mountain meteorology a↵ects dust lifecycle -specifically in deposition processes and rates.

Further information for the reader

The work presented in this manuscript was conducted the last two and a half years of my contract. During my first one and a half years, I derived a methodology that can generate a quality-controlled data set that may serve as a reference for Arctic precipitation (see Appendix : A).

Chapter 2

Methods: modeling tools, emission inventories and data used 2.1 Numerical models and the impact of model resolution

Dust impacts on radiation balance, atmospheric chemistry and dynamics as well as upon deposition in snow-covered areas are party understood and remain uncertain [START_REF] Bangert | Saharan dust event impacts on cloud formation and radiation over Western Europe[END_REF][START_REF] Jasper | Global and regional importance of the direct dust-climate feedback[END_REF][START_REF] Skiles S Mckenzie | Radiative forcing by light-absorbing particles in snow // Nature Climate Change[END_REF]. In order to study the e↵ects and interactions of dust and climate, including in mountain regions, Intergovernmental Panel on Climate Change (IPCC) report highlights that the quantification of atmospheric dust loads and deposition rates as well as their optical and microphysical properties is needed (Hock et al., 2019a). Observations and numerical models which include dust as tracer are usually used to provide dust distributions and dust e↵ects on climate, as well as information to several stakeholders, i.e health professionals, energy plant policymakers and authorities (Baklanov, Zhang 2020 and references therein).

The spatial distribution of LAPs, including dust, as well as their properties and radiative forcing remain largely unquantified and challenging (Stocker et al., 2013). Specifically dust deposition, due to the sporadic nature of dust events and the meteorological conditions which a↵ect and alter the atmospheric transport patterns as well as the removal processes, is highly spatially and temporally heterogeneous [START_REF] Joseph | Deposition rate of particulate and dissolved aluminum derived from Saharan dust in precipitation at Miami, Florida[END_REF]. As a result, the accurate time and space description and quantification of dust life-cycle and climate impacts from source activation and dust emission to transportation and deposition is challenging. Such large variability requires dense and long-term basis observations in regions close to emission and close to deposition. However, in situ measurements of atmospheric dust and deposition are challenging and limited in number. This leads to a wide usage of atmospheric chemical transport models to study dust life-cycle and its climate impacts.

Simulating dust life-cycle and aerosol properties using atmospheric chemical transport models is challenging due to several factors [START_REF] Huneeus | Global dust model intercomparison in AeroCom phase I[END_REF][START_REF] Dongchul | Sources, sinks, and transatlantic transport of North African dust aerosol: A multimodel analysis and comparison with remote sensing data[END_REF]. First, the complexity of the system which includes both local scale processes, such as entrainment and deposition of individual dust particles, and large-scale phenomena, i.e long-range transport. Second, the complexity in the treatment of aerosols (re-suspension processes, aerosol chemistry etc.), the size distribution approach in the models and the meteorological parameterizations which directly a↵ect the simulated aerosol life cycle [START_REF] Peter | Mineral dust aerosols over the Sahara: Meteorological controls on emission and transport and implications for modeling[END_REF][START_REF] Fast | Modeling regional aerosol and aerosol precursor variability over California and its sensitivity to emissions and long-range transport during the 2010 CalNex and CARES campaigns[END_REF]. For example, wet deposition is poorly simulated by models due to complexity of the meteorologically controlled microphysical processes of aerosol activation (aerosol particles to CCN/IN) and scavenging (raindrops) [START_REF] Ridley | North African dust export and deposition: A satellite and model perspective[END_REF][START_REF] Hailong | Sensitivity of remote aerosol distributions to representation of cloud-aerosol interactions in a global climate model // Geoscientific Model Development[END_REF]. Moreover, models fail to correctly reproduce dry deposition velocity as a consequence of its complex dependence on wind speed, dust size distribution and surface properties. Model intercomparison studies against observed dust deposition show a wide variance of up to a factor of 10 which increases when comparing the relative contributions of wet and dry deposition processes [START_REF] Joseph | African dust deposition to Florida: Temporal and spatial variability and comparisons to models[END_REF][START_REF] Huneeus | Global dust model intercomparison in AeroCom phase I[END_REF] The limited number of available dust observations particularly over desert dust source regions and remote deposition regions limits model developments and evaluation.

Global climate models (GCMs) are used to simulate and study global dust cycles and climatology including long-term changes such as desertification, while regional climate models (RCMs) are commonly used for investigating and understanding processes that a↵ect dust emissions, distribution and deposition processes as well as for policy analysis and regional climate impact studies [START_REF] Schepanski Kerstin | Meteorological processes forcing Saharan dust emission inferred from MSG-SEVIRI observations of subdaily dust source activation and numerical models[END_REF][START_REF] Augustin | European atmosphere in 2050, a regional air quality and climate perspective under CMIP5 scenarios[END_REF][START_REF] Bertrand | An evaluation of the CHIMERE Chemistry Transport Model to simulate dust outbreaks across the Northern Hemisphere in March 2014 // Atmosphere[END_REF]. Both global and regional chemistry transport models have been used to simulate Saharan dust outbreaks to Europe [START_REF] Nicolas | Forecasting the northern African dust outbreak towards Europe in April 2011: a model intercomparison // Atmospheric chemistry and physics[END_REF][START_REF] Florian | The climatology of dust events over the European continent using data of the BSC-DREAM8b model[END_REF]. A model inter-comparison study during an intense dust Saharan event in the framework of the World Meteorological Organisation's Sand and Dust Storm Warning Advisory and Assessment System shows that models tend to underestimate the long-range transport towards Europe [START_REF] Nicolas | Forecasting the northern African dust outbreak towards Europe in April 2011: a model intercomparison // Atmospheric chemistry and physics[END_REF]. They suggest that this is partly due to di culties in simulating the vertical distribution of dust and horizontal wind. Moreover, they proposed that di↵erences in the size distribution and wet scavenging e ciency may also account for model diversity in long-range transport.

Nowadays, the increase of computational power allows high spatial resolution regional modelling to investigate small scale processes that a↵ect dust emissions and deposition processes over complex mountain terrain [START_REF] Sara | Evaluation of WRF-Chem Model Forecasts of a Prolonged Saharan Dust Episode over the Eastern Alps[END_REF][START_REF] Stefan | Snow darkening e↵ects of black carbon and dust across the Rocky Mountains of the western United States: Experiments using WRF-Chem[END_REF][START_REF] Chandan | Dust dominates high-altitude snow darkening and melt over high-mountain Asia // Nature Climate Change[END_REF]. The amounts and properties of dust particles are extremely heterogeneous, particularly in regions with complex topography. The complex topography has an impact on both the transported dust concentrations and deposition fluxes over mountain regions [START_REF] Sara | Evaluation of WRF-Chem Model Forecasts of a Prolonged Saharan Dust Episode over the Eastern Alps[END_REF]. GCMs cannot fully resolve the spatial and temporal variability in mountain regions since they have relatively coarse grid spacing and generally less sophisticated physical, chemical and aerosol options than typical RCMs.

In mountain regions, the lack of dense measurements, the complex topography and the uncertainty of the parameterized processes in the models make the simulation of meteorology particularly challenging, as it alters mixing, local transport (mountain-valley circulation), as well as the deposition of aerosols. For example, the meteorological conditions a↵ect the development of deep convection, a↵ecting mixing depth, wind speed and local thermodynamic variability. Therefore, it is important to ensure that numerical models can capture the observed meteorology as a precondition to using them for simulating aerosol life cycle [START_REF] Peter | Mineral dust aerosols over the Sahara: Meteorological controls on emission and transport and implications for modeling[END_REF][START_REF] Fast | Modeling regional aerosol and aerosol precursor variability over California and its sensitivity to emissions and long-range transport during the 2010 CalNex and CARES campaigns[END_REF].

Several model studies have highlighted the added value of a finer resolution when simulating dust events [START_REF] Ma | Assessing the CAM5 physics suite in the WRF-Chem model: Implementation, resolution sensitivity, and a first evaluation for a regional case study // Geoscientific Model Development[END_REF][START_REF] Sara | Evaluation of WRF-Chem Model Forecasts of a Prolonged Saharan Dust Episode over the Eastern Alps[END_REF][START_REF] Kai | Fine-scale application of WRF-CAM5 during a dust storm episode over East Asia: Sensitivity to grid resolutions and aerosol activation parameterizations[END_REF]. First, finer resolution leads to di↵erences in the corresponding meteorology. In the last decades, several studies have examined how finer spatial resolutions a↵ect several meteorological variables. The e↵ects of increasing horizontal resolution stems from more accurate representation of fine scale forcings (e.g. topography and land use), direct dependence of physical parameterizations on the model grid size and time step interval, as well as the representation of several processes and interactions [START_REF] Sara | Resolution e↵ects on regional climate model simulations of seasonal precipitation over Europe // Climate Dynamics[END_REF].

Dust emissions have a non linear dependence on meteorology which introduces an artificial dependence of simulations upon model resolution [START_REF] David | Toward resolutionindependent dust emissions in global models: Impacts on the seasonal and spatial distribution of dust[END_REF]. Dust emissions in most numerical models require a critical wind threshold to emit dust particles [START_REF] Paul | Sources and distributions of dust aerosols simulated with the GOCART model[END_REF]. Resolving meteorological fields in a coarse resolution can induce biases due to simulated wind speed. Wind speeds falling below the emission threshold can cause miss representation of dust emission regions. Moreover, increasing the spatial and temporal resolution of soil moisture and vegetation cover leads to alterations in dust emission source regions and strength. The estimated Aerosol Optical Depth (AOD) changes due to the change of the emitted dust volume and the spatial distribution of reproduced dust [START_REF] Pierre | Impact of vegetation and soil moisture seasonal dynamics on dust emissions over the Sahel[END_REF].

In studies of circulations forced by topography, like mountain regions, and surface contrasts, RCMs with higher grid resolutions are commonly used [START_REF] Cli↵ord | Does increasing horizontal resolution produce more skillful forecasts? The results of two years of realtime numerical weather prediction over the Pacific Northwest[END_REF][START_REF] Sara | Resolution e↵ects on regional climate model simulations of seasonal precipitation over Europe // Climate Dynamics[END_REF]. Mountains a↵ect precipitation, since the orographic lifting of air masses leads to conversion of the condensate to precipitable particles by some combination of smaller-scale convection, turbulent air motions and cloud microphysics [START_REF] Richard | Lessons on orographic precipitation from the Mesoscale Alpine Programme[END_REF]. High-resolution simulations treat more physically the orographically forced precipitation, which is essential for wet deposition.

Finally, finer resolution is also associated to the channelization of the dust flow through valleys and the di↵erences of mountain altitude representation [START_REF] Bertrand | An evaluation of the CHIMERE Chemistry Transport Model to simulate dust outbreaks across the Northern Hemisphere in March 2014 // Atmosphere[END_REF]. The more accurate topography representation alters the mountainvalley circulation and blocks the simulated dust fronts limiting the dust transport. To this end, simulations at cloud -resolving scales by RCMs as the Weather Research and Forecasting, including Chemistry (WRF-Chem), could better simulate aerosols life cycle. WRF-Chem is a state-of-the-art regional model and has been used widely to study aerosols, including dust simulations, and their impacts on air quality and climate (Fast et al., 2006;[START_REF] Zhao | Radiative impact of mineral dust on monsoon precipitation variability over West Africa // Atmospheric Chemistry and Physics Discussions[END_REF][START_REF] Kumar Rajesh | WRF-Chem simulations of a typical pre-monsoon dust storm in northern India: influences on aerosol optical properties and radiation budget[END_REF][START_REF] Teixeira | WRF-chem sensitivity to vertical resolution during a saharan dust event // Physics and Chemistry of the Earth[END_REF][START_REF] Umberto | WRF-Chem model simulations of a dust outbreak over the central Mediterranean and comparison with multi-sensor desert dust observations // Atmospheric[END_REF][START_REF] Alexander | Improving dust simulations in WRF-Chem v4. 1.3 coupled with the GOCART aerosol module // Geoscientific Model Development[END_REF]. Moreover several works have studied the sensitivity of WRF-Chem to several parameterizations such as dust emission [START_REF] Jung-Yoon | Comparison of vertical dust flux by implementing three dust emission schemes in WRF[END_REF][START_REF] Lin | Sensitivities of WRF-Chem to dust emission schemes and land surface properties in simulating dust cycles during springtime over East Asia[END_REF][START_REF] Sagar | Dust emission modeling using a new high-resolution dust source function in WRF-Chem with implications for air quality[END_REF] and deposition schemes [START_REF] Yi | WRF-Chem v3. 9 simulations of the East Asian dust storm in May 2017: modeling sensitivities to dust emission and dry deposition schemes // Geoscientific Model Development[END_REF], aerosol mechanisms [START_REF] Zhao | Radiative impact of mineral dust on monsoon precipitation variability over West Africa // Atmospheric Chemistry and Physics Discussions[END_REF] and their optical properties [START_REF] James | Evaluation of the WRF-Chem" Aerosol Chemical to Aerosol Optical Properties" Module using data from the MILAGRO campaign[END_REF]. While WRF-Chem has been used for simulating dust events towards several mountain complex terrains [START_REF] Siyu | Modeling the transport and radiative forcing of Taklimakan dust over the Tibetan Plateau: A case study in the summer of 2006[END_REF]Baumann-Stanzer et al., 2019;[START_REF] Stefan | Examining the atmospheric radiative and snow-darkening e↵ects of black carbon and dust across the Rocky Mountains of the United States using WRF[END_REF][START_REF] Chandan | Dust dominates high-altitude snow darkening and melt over high-mountain Asia // Nature Climate Change[END_REF], to our best knowledge, no fully coupled online atmospheric chemical transport model has been used to study the impact of model resolution, including cloud -resolving scales, on dust deposition during Saharan dust events over the Alps.

WRF-Chem

WRF-Chem [START_REF] Georg | Fully coupled "online" chemistry within the WRF model[END_REF]Fast et al., 2006) model is a fully online coupled model. It permits the simulation of emissions, transport, mixing and chemical transformation of trace gases and aerosols simultaneously with the meteorology. The model is based on the Advanced Research WRF (ARW) core, which handles the meteorology, physics and transport processes [START_REF] William | A time-split nonhydrostatic atmospheric model for weather research and forecasting applications[END_REF]. The aerosol and chemistry components are completely consistent with the meteorological component, using the same grid and transport systems and the same physics schemes for subgrid-scale transport [START_REF] Georg | Fully coupled "online" chemistry within the WRF model[END_REF].

In this study, simulations are performed with the WRF-Chem model version 4.1.0, updated following [START_REF] Louis | Improvements to the WRF-Chem 3.5. 1 model for quasi-hemispheric simulations of aerosols and ozone in the Arctic // Geoscientific Model Development[END_REF]. This model version is not available in public released versions. It includes (1) a correction to the sedimentation of aerosols, (2) dimethyl sulfide (DMS) oceanic emissions and gas-phase chemistry, (3) an improved representation of the dry deposition of trace gases over seasonal snow, (4) a UValbedo dependence on snow and ice cover for photolysis calculations, (5) correction of the representation of surface temperatures over melting ice in the Noah Land Surface Model and ( 6) is coupled with the KF-CuP (Kain-Fritsch + Cumulus Potential) cumulus parameterization, which includes the e↵ect of cumulus clouds on aerosols and trace gases [START_REF] Louis | Improvements to the WRF-Chem 3.5. 1 model for quasi-hemispheric simulations of aerosols and ozone in the Arctic // Geoscientific Model Development[END_REF].

In the publicly released model, the aerosol sedimentation is only implemented in the lowest model level and only takes into account the contribution of sedimentation to dry deposition, but not its role in bringing particles from higher altitudes to the surface. This could be an issue in longer, large-scale simulations, since it could lead to a build-up of large particles (e.g. dust), for which sedimentation constitutes one of the main sinks [START_REF] Louis | Improvements to the WRF-Chem 3.5. 1 model for quasi-hemispheric simulations of aerosols and ozone in the Arctic // Geoscientific Model Development[END_REF]. For the SAPRC mechanism, the released model takes only into account reduced deposition over permanently snow-covered surfaces (e.g. mountain tops) or over sea ice. The reduced deposition over seasonal snow cover is not taken into account in this mechanism [START_REF] Louis | Improvements to the WRF-Chem 3.5. 1 model for quasi-hemispheric simulations of aerosols and ozone in the Arctic // Geoscientific Model Development[END_REF].

In WRF-Chem the sub grid processes are presented through parameterisations which are tuned by particular variables according to numerical parameters. The model is sensitive to model physics options and configurations. Therefore the choices of parameterisations can induce biases into the model and consequently impact the model performance (Misenis, Zhang, 2010a). In the WRF model, the available parameterisations can be split into five basic categories; microphysics, cumulus or convection, planetary boundary layer (PBL), land-surface model (LSM) and radiation (both LW and SW).

Before launching the final simulation several additional meteorological simulations were performed (not shown). The aim of these sensitivity tests was the better representation of the weather conditions in mountain regions. Among several parameters we tested: a) the e↵ect of the subgrid-scale mixing in the vertical, by changing PBL schemes, and in the horizontal, by examining the mixing along model levels b) microphysical schemes c) the e↵ect of sound-waves damping option.

WPS -representation of topography

WRF Pre-processing system (WPS) creates initial and boundary conditions regarding the location and dimensions of the simulated area, the nesting and the time duration of the simulation. It uses the global digital elevation model Global 30 Arc-Second Elevation (GTOPO30) and interpolates geographic information related to topography and surface with respect to domain resolution. Moreover it uses and interpolates meteorological information from a low-resolution global model/reanalysis to create initial and boundary meteorological conditions ( Figure 2.1).

Parameterization of model physics

Cloud microphysics & Cumulus parameterization

In this study we use the Morrison microphysical two-moment scheme which calculates aqueous chemistry for activated aerosols, activation of aerosols in clouds, cloud formation and properties, precipitation on the grid scale and wet removal. In addition to predicting mixing ratios for each hydrometeor (i.e., cloud droplets, cloud ice, snow, rain, and graupel) required in a single-moment scheme, it predicts the number concentrations for each hydrometeor that is dependent on aerosol input [START_REF] Morrison | A new double-moment microphysics parameterization for application in cloud and climate models[END_REF]. Morrison scheme has also been coupled with aerosol within the model. The prediction of the number concentration will a↵ect the simulated particle sizes and hence gravitational settling, collision, coalescence and cloud radiative properties and precipitation e ciency [START_REF] Steven | Prediction of cloud droplet number in a general circulation model[END_REF]).

For regional-scale modeling (horizontal resolutions coarser than 10 km) an additional cumulus parameterization is needed and cloud-aerosol interactions associated with sub-grid-scale convective clouds (shallow clouds that would be sub-grid scale at coarser resolutions) should be taken into account. Sub-grid-scale convective clouds are represented here using the KF-CuP parameterisation. Kain-Fritsch deep convection scheme [START_REF] John | A one-dimensional entraining/detraining plume model and its application in convective parameterization[END_REF][START_REF] John | The Kain-Fritsch convective parameterization: an update[END_REF]) is a mass flux parameterization which is based on Lagragian parcel method and uses vertical momentum dynamics (Kain 2004 and references therein). It estimates, first whether an instability exists, second, if the existing instability will become available for cloud growth and finally the properties of any potential convective cloud. KF scheme is coupled to the Cumulus Potential (CuP) shallow convection scheme [START_REF] Larry | A new WRF-Chem treatment for studying regional-scale impacts of cloud processes on aerosol and trace gases in parameterized cumuli // Geoscientific Model Development[END_REF][START_REF] Larry | Evaluation of a modified scheme for shallow convection: Implementation of CuP and case studies // Monthly weather review[END_REF] to improve the treatment

Fire emission data

Online calculation of dust and biogenic emissions of shallow cumuli clouds defined within KF scheme as clouds less than 2 to 4 km in height.

Radiation parameterizations

The Rapid Radiative Transfer Model (RRTM) Long Wave (LW) radiation scheme is used in this study to compute clear-sky as well as cloud upward and downward radiation fluxes. It is a spectral scheme that accounts for multiple bands and trace gases and interacts with explicit clouds. Liquid water cloud and ice cloud radiative properties are calculated for each spectral band. For water clouds, the extinction coe cient, the single-scattering albedo as well as the assymetry parameter are parametrized as a function of cloud droplet equivalent radius and liquid water content. Within the scheme, the ice crystals are hexagonal and randomly oriented. The optical properties of ice clouds are calculated as a function of ice water content and generalised e↵ective size (Mlawer et al. 1997 and references therein).

Dudhia scheme [START_REF] Jimy | Numerical study of convection observed during the winter monsoon experiment using a mesoscale two-dimensional model[END_REF]) is a simple Short Wave (SW) radiative transfer model that considers extension by Rayleigh atmosphere, water vapor and clouds and provides global horizontal irradiance at the surface. It is a simple broadband parameterization (one single spectral band) and it does not account for multiple scattering e↵ects. A bulk scattering parameter that was empirically fixed to represent average turbidity conditions is used to account for extinction by ozone, aerosols and other molecular absorbers [START_REF] Robert | The accuracy of solar irradiance calculations used in mesoscale numerical weather prediction // Monthly weather review[END_REF]. Although it lacks the accuracy of more advanced SW radiative schemes such as RRTMG ( RRTM for general circulation models (GCMs)), it is widely used due to the very e cient parameterization in terms of computation speed and reliability [START_REF] José | Surface clear-sky shortwave radiative closure intercomparisons in the Weather Research and Forecasting model[END_REF].

Diurnal variations of the surface sensible heat flux over mountain regions can lead to thermally driven upslope and downslope flows. Topographic features a↵ects radiation causing spatial heterogeneties in the surface energy budget. Topographic shading (radiation is blocked by the surrounding topography) and slope e↵ects ( self shading -the angle of the slope alters the incoming solar radiation) are among the most important topographic e↵ects. In this study we include both e↵ects ( topo shading = 1, slope rad = 1) in our high resolution WRF-Chem simulations.

Land surface component model

Noah land surface model with multiparameterization options (Noah-MP) [START_REF] Guo-Yue | The community Noah land surface model with multiparameterization options (Noah-MP): 1. Model description and evaluation with local-scale measurements[END_REF] is a land surface model which predicts soil temperature and soil moisture in 4 layers, snow water equivalent on ground and canopy moisture. Noah-MP contains a three-layer snow model and a snow interception model. The three-layer snow model represents processes such as percolation, retention and refreezing of meltwater within the snowpack. The snow interception model accounts for a greater interception capacity for snowfall than rainfall and alters the calculation of sublimation and surface albedo. Moreover, partitioning of precipitation into rainfall and snowfall uses surface air temperature. In this study we use the Biosphere-Atmosphere Transfer Scheme (BATS) which assumes all precipitation as snowfall when surface air temperature is less than temperature freezing point plus 2.2 K and rainfall otherwise (opt snf = 2).

Planetary boundary layer parameterization

Turbulent mixing of heat, momentum and moisture within the lower troposphere is a dominant factor in atmospheric stability. Its representation is needed for the accurate simulation of the vertical thermodynamic and kinematic profiles of the atmosphere within the atmospheric numerical models. The Yonsei University (YSU) Hong et al. ( 2006) PBL scheme is a non local scheme that explicitly calculates the turbulent kinetic energy. From the mean profiles of the entire domain of turbulent mixing it estimates turbulent fluxes at certain points in the vertical column. Thus, it accounts for multi-size eddies and is more applicable for simulating convective, unstable PBLs (Misenis, Zhang, 2010b).

MOSAIC Aerosol modules in WRF-Chem

The MOdel for Simulating Aerosol Interactions and Chemistry (MOSAIC; Zaveri et al. ( 2008)) and the gas phase chemistry mechanism SAPRC-99 [START_REF] William | Documentation of the SAPRC-99 chemical mechanism for VOC reactivity assessment // Contract[END_REF] are used to treat aerosol and atmospheric chemistry. MOSAIC treats aerosol processes including nucleation, coagulation, condensation, evaporation, aerosol-cloud interactions (including aerosol activation as cloud nuclei), cloud chemistry, dry deposition and within and below cloud wet scavenging (Figure 2.2). Interstitial and cloud-borne aerosol particles are treated explicitly. Modeled aerosols can be activated or resuspended depending on saturation, particle size, and aerosol composition. MOSAIC uses an eight-bin sectional approach to simulate the aerosol size distributions of five inorganic ions (sulfate, ammonium, nitrate and sea salt in the form of chlorine and sodium) and three primary aerosol species, BC, dust, and organic matter for radii of 39 nm and 10 µm. All particles within the same size bin are assumed to be internally mixed so that all particles within a bin have the same chemical composition. As far as di↵erent size bins are concerned, they are assumed to be externally mixed [START_REF] Rahul | Model for simulating aerosol interactions and chemistry (MOSAIC)[END_REF]. Aerosol dry deposition includes Brownian and turbulent di↵usion as well as gravitational settling [START_REF] Wesely | Parameterization of surface resistances to gaseous dry deposition in regional-scale numerical models[END_REF]. In-cloud and below-cloud precipitation scavenging wet deposition of aerosols and gases is described by [START_REF] Richard | MIRAGE: Model description and evaluation of aerosols and trace gases[END_REF].

Aerosol optical properties such as extinction, single-scattering albedo, and asymmetry parameter are computed as a function of wavelength at each grid point based on the bin-and volume-averaged refractive index for each aerosol species (Fast et al., 2006). 

Emissions

Global anthropogenic emissions

Anthropogenic emissions are from the CAMS (Copernicus Atmosphere Monitoring Service) inventory developed in the year 2018 for the atmospheric compounds included in the CAMS model (Granier et al., 2019). CAMS global anthropogenic emissions are based on historical data of the emissions developed by the European Joint Center (JRC) [START_REF] Monica | Gridded emissions of air pollutants for the period 1970-2012 within EDGAR v4. 3.2[END_REF] provided by the EDGARv4.3.2 and the Community Emissions Data System (CEDS) emissions [START_REF] Rachel | Historical (1750-2014) anthropogenic emissions of reactive gases and aerosols from the Community Emissions Data System (CEDS) // Geoscientific Model Development[END_REF] which provide emissions for the IPCC report, AR6. Specifically, the data is based on the EDGARv4.3.2 annual emissions for the years 2000-2012 to which monthly temporal profiles from CAMS-GLOB-TEMPO where applied. After 2012, the monthly emissions are extrapolated to the current year. A linear trend for each species is fit to the 0.5x0.5 degree global CEDS data for the years 2011-2014. These trends are then disaggregated to a 0.1x0.1 degree grid and used to project the EDGARv4. A daily emission cycle is applied to the daily FINN emissions data in order to transform them to hourly emissions. A plume rise model is embedded within WRF-Chem which takes into account the thermal buoyancy associated with fires, i.e the injection heights of emissions is based on heat fluxes, fire size, land use and meteorological conditions [START_REF] Freitas Saulo | Including the sub-grid scale plume rise of vegetation fires in low resolution atmospheric transport models[END_REF][START_REF] Sessions | An investigation of methods for injecting emissions from boreal wildfires using WRF[END_REF] 

Online calculated emissions

Dust emission scheme -Update of code

Mineral dust and sea salt are calculated online within WRF-Chem. Dust emissions are calculated independently within the MOSAIC aerosol scheme using the GOCART emission scheme equations (dust opt = 13) [START_REF] Paul | Sources and distributions of dust aerosols simulated with the GOCART model[END_REF]. GOCART dust scheme calculates the dust emission flux F p for each size bin as :

F p = CSs p u 2 10m (u 10m u t ) ( 2 . 1 )
where C is a spatial constant factor which controls the magnitude of dust emission flux and is tunable as it has initially been derived on regional specific data. S is a source function which defines the potential dust source regions and takes into account surface factors, such as vegetation and snow cover (see Figure 1 Ginoux et al. 2001). s p is the fraction of mass emitted at each dust size bin, u 10m is the horizontal wind speed at 10m, u t is the threshold wind velocity for initiating erosion, below which dust emission does not occur. The threshold velocity of dust production depends on particle size and soil moisture.

Before running our simulations we tuned dust emissions for the Saharan region. Dust emissions are calibrated to fit AOD retrievals from AERONET measurements at the sites Banizoumbou and IER Cinzana over the Sahel region following [START_REF] Shao Yaping | Dust cycle: An emerging core theme in Earth system science // Aeolian Research[END_REF]. Parameter C from Eq.2.1 has been adjusted to 0.65 s 2 m 5 .

Biogenic emissions

Biogenic emissions from vegetation are calculated online by the MEGAN model (Model of Emissions of Gases and Aerosols from Nature; [START_REF] Guenther | Estimates of global terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature)[END_REF]). MEGAN is a global model with a base resolution of around 1 km (or less) which provides the net emission of gases and aerosols from terrestrial ecosystems into the atmosphere. MEGAN driving variables include landcover, weather, and atmospheric chemical composition, which are derived from models, satellite and ground observations .

Lagrangian modeling with FLEXPART-WRF

The Lagrangian particle dispersion model FLEXible PARTicle (FLEXPART)-WRF (Fast, Easter, 2006;Brioude et al., 2013b) is used in this study to identify the dust emission source region of the observed dust event within the seasonal snowpack at Col du Lautaret in the French Alps that occurred in late March/early April 2018. FLEXPART-WRF is a version of the dispersion model FLEXPART that works with the WRF mesoscale meteorological model.

FLEXPART is a stochastic model that uses meteorological input data to compute trajectories for a large number of particles that do not represent real aerosol particles but points moving with the ambient flow [START_REF] Pisso | The Lagrangian particle dispersion model FLEXPART version 10.4[END_REF]. Each particle though carries a certain mass, thus, it can be a↵ected by loss processes such as dry and wet deposition. Except from the mean flow, turbulent and di↵usive transport by unresolved parameterized subgrid-scale transport (i.e turbulence, deep convection, etc.) and loss processes (including gravitational settling) can be considered for simulating particle trajectories.

When FLEXPART-WRF is run in forward time, a number of particles are released along time from one or a number of box sources. The model computes after a given time the long-range and mesoscale dispersion by estimating the tracers concentration distribution in space. FLEXPART-WRF can run backwards in time to estimate source-receptor relationships (inverse modeling). Particles are released from a receptor location (e.g a measurement site) and a four-dimensional (3 space dimensions plus time) sensitivity function to emission input is calculated.

In this study, FLEXPART-WRF is run backwards in time in order to predict air history prior to arriving at Col du Lautaret. The model simulates the trajectories for the particles which represent the transport by three-dimensional wind fields, turbulent, di↵usive transport. We released 100.000 air particles between 20180403 h:08 UTC and 20180404 h:12 UTC and run backwards in time for 6 days. Model results are presented as a spatial distribution of the Potential Eemission Sensitivities (PES) (Chapter 3), which are related to the particles' residence time in the output grid cells. The values of this model parameter can be interpreted as spatial information indicating those areas where a larger or smaller proportion of the air at the respective site came from. 2019), time period shown in gray box in Figure 2.4b). We show the regional extent of snow cover during the same time period on the 22nd of March 2018 in Figure 2.4a to highlight the potential regional impact of dust deposition to snow. Meteorological measurements were collected for the winter season 2017-2018 using an Automated Weather Station (AWS) (Figure 2.5). Temperature, shortwave and longwave incident radiation, wind speed, atmospheric pressure, and relative humidity were the recorded parameters (Tuzet et al., 2019).

Available measurements in the Alps

Ground based PM10 measurements

We use PM10 (coarse particles with an aerodynamical diameter of 10 µm or less) measurements from surface sites in France, including mountain sites, to evaluate model predictions of dust transport. Specifically we use measurements from the Atmo Auvergne-Rhône-Alpes air quality monitoring network. As part of this network PM10 concentrations were monitored using automated analyzers, in accordance with recommendations of EN 16450:2017. PM10 measurements for 16 sites in France (see Figure 2.4a, green dots) were downloaded from https://www.atmo-auvergnerhonealpes. fr/. 

Radar-Mosaic precipitation MeteoFrance product

Meteo France provides a weather radar rainfall mosaic dataset with a spatial resolution of 1 km and a temporal resolution of 5 min which covers the whole France metropolitan area. It is a network of 30 radars and the volume scan of each radar is processed every 5 min to provide a quantitative precipitation estimate (QPE) map.

The estimated precipitation is obtained by composing the QPE maps creating a national radar product called PANTHERE (Projet Aramis Nouvelles Technologies en Hydrométéorologie Extension et REnouvellement). While most of the operational radars in this framework are C and S band, X-band Doppler polarimetric radars are operated over the southern Alps (Yu et al., 2018).

Remote sensing GPM precipitation product

Global Precipitation Measurement is an international satellite mission initiated by the Japan Aerospace Exploration Agency (JAXA) and the United States National Aeronautics and Space Administration (NASA). It provides high quality next gen- 

MOderate resolution Imaging Spectroradiometer

The MOderate resolution Imaging Spectroradiometer is a passive sensor that provides high quality top-of-atmosphere radiance measurements on both NASA's Terra and Aqua satellites since 2000 and 2002 respectively. MODIS obtains data in 36 spectral bands with groups of wavelengths ranging from 0.41 to 14.2 µm with nominal resolutions of 250 m, 500 m and 1 km. It has a wide swath ⇠2330 km thus it provides almost on a daily basis near-global coverage. Among several optical properties it provides AOD data based on two retrieval algorithms: the Dark-Target (DT) algorithm which retrieves data over dark surfaces and includes two separate and distinct algorithms, one that is valid over ocean and a second one over vegetated/dark-soiled land, and the Deep Blue algorithm which retrieves data over bright surfaces such as deserts. For our study we use a daily product from MODIS Aqua that combines these algorithms, the Dark Target and Deep Blue Combined data product [START_REF] Platnick | MODIS cloud optical properties: User guide for the Collection 6 Level-2 MOD06/MYD06 product and associated Level-3 Datasets[END_REF] Collection 6.1 data. This product provides daily coverage over all cloud-free and snow-free surfaces. From this we use maps of AOD at 550 nm at 1 by 1 (⇠10 km) spatial resolution. We also use the MODIS fractional snow cover from the the daily L3 Global 500 m SIN Grid, Version 6 data (Riggs et al., 2015). This product is generated by using MODIS calibrated radiance data products, the geolocation products, and the cloud mask products. MODIS AOD data was downloaded from NASA Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/) and snow cover data from National Snow & Ice Data Center (https://nsidc.org/data/MOD10A1/versions/6).

CALIPSO/CALIOP

The space-borne Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) launched aboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) is a joint NASA and CNES satellite in April 2006. CALIOP provides high-resolution vertical profiles of aerosols and clouds through the daytime and nighttime attenuated backscatter profiles at two wavelengths, 532 nm and 1064 nm [START_REF] David | Overview of the CALIPSO mission and CALIOP data processing algorithms[END_REF]. The horizontal resolution of CALIOP at 532 nm is 1/3 km horizontal while the vertical varies. Near the Earth's surface (0.5 to 8.2 km) which is the typical range where aerosol layers are observed the horizontal resolution is 30 m. Above 8.2 km, the data are averaged vertically and horizontally and the vertical resolution is 60 m for 8.2-20.2 km, 180 m for 20.2-30.1 km, and 300 m at the top detection altitude (30. 1-40 km). Moreover it provides information about depolarization at 532 nm, which is initially used to identify and classify cloud and aerosol layers.

The aerosol layers are then fed to the Vertical Feature Mask (VFM) algorithm and 6 further aerosol types are classified, namely : dust, polluted continental, polluted dust, smoke, clean continental, and clean marine. The VFM algorithm takes into account the estimated particle depolarization ratio, the total attenuated backscatter, as well as the aerosol geographic location, the underlying surface type and the observed aerosol altitude [START_REF] Ali | The CALIPSO Automated Aerosol Classification and Lidar Ratio Selection Algorithm[END_REF]. Here we use version 4 (V4) level 2 (L2) vertical feature mask (VFM) data product. CALIOP data was downloaded from https://www-calipso.larc.nasa.gov/products/.

Reanalysis data

Reanalysis datasets are temporally, spatially, and physically consistent products that combines data from earth observing systems, including satellites and in situ measurements, with numerical model simulations. These comprehensive products enables studies such as monitoring climate change, research, education, policy-making, that are di cult or impossible to be conducted with observations alone (ECMWF, 2021).

ERA-5

ERA5 reanalysis is the most updated global reanalysis product from ECMWF that is part of the Copernicus Climate Change Service (C3S). This new reanalysis replaces the ERA-Interim reanalysis and is based on on the Integrated Forecasting System (IFS) Cy41r2 [START_REF] Hans | The ERA5 global reanalysis[END_REF]. ERA5 benefits from developments that have been done in model physics, core dynamics and data assimilation the last 10 years. It provides hourly data at 31 km spatial horizontal resolutions and 137 levels spanning the surface of the Earth to 0.01 hPa.

SAFRAN

Système d'Analyse Fournissant des Renseignements Atmosphériques à la Neige (SAFRAN) is a mesoscale atmospheric analysis system from Météo-France which provides reanalysis data of surface meteorological variables [START_REF] Yves | Reanalysis of 47 years of climate in the French Alps (1958-2005): climatology and trends for snow cover[END_REF]. The data are provided on a grid based on mountain regions with similar meteorological characteristics called massifs where the variability of data is a function of elevation, aspect and slope. For each massif, SAFRAN provides each parameter every 300 m at elevations up to 3600 m. SAFRAN uses an optimal interpolation to assimilate available observations including temperature, humidity and wind speed. Over the French Alps daily measurements including accumulated precipitation and temperature of around 500 meteorological stations at altitudes between 200 and 2500 m are included.

Copernicus Atmosphere Monitoring Service (CAMS)

The CAMS reanalysis [START_REF] Inness | The CAMS reanalysis of atmospheric composition[END_REF] is the latest global reanalysis data set of atmospheric composition produced by ECMWF, consisting of 3-dimensional timeconsistent fields of aerosols, trace and greenhouse gases. CAMS uses the updated Integrated Forecast System (IFS) and uses an extended version of the Carbon Bond mechanism [START_REF] Yarwood | Updates to the Carbon Bond Mechanism: CB05[END_REF]. The aerosol module of IFS (IFS-AER) is a hybrid bulk-bin scheme simulating five types of aerosols composed of 12 prognostic tracers: desert dust which is represented with three bins (0.030-0.55, 0.55-0.9, 0.9-20 µm), three bins of sea salt (0.030-0.55 µm, 0.55-0.9 µm, 0.9-20 µm), organic matter and black carbon which are considered with hydrophilic and hydrophobic components, sulfate aerosols (SO4) and gas sulfur dioxide (SO2) precursor. The di↵erent aerosol types are externally mixed and both dry and wet deposition processes are included.

The dust emissions are computed dynamically following Ginoux et al. ( 2001) dust source formulation and by taking into account prognostic meteorological variables, vegetation cover, soil moisture, snow cover provided by the model and the MODISderived UV-visible component of the land surface albedo [START_REF] Morcrette | Aerosol analysis and forecast in the European Centre for Medium-Range Weather Forecasts Integrated Forecast System: Forward modeling[END_REF]. CAMS reanalysis assimilates AOD observations from MODIS Terra/Aqua collection 6 [START_REF] Benedetti | the GEMS-AER team: Aerosol analysis and forecast in the ECMWF Integrated Forecast System. Part II: Data assimilation[END_REF][START_REF] Robert | Exploring systematic o↵sets between aerosol products from the two MODIS sensors // Atmospheric measurement techniques[END_REF] 

Chapter 3

Extreme dust events over the French Alps: Spatiotemporal characteristics and connections to large scale synoptic systems and deposition processes

Introduction and motivation

Several hundreds of millions of tons of dust are emitted from the Saharan region every year (Goudie, Middleton, 2001;[START_REF] Paul | Atmospheric composition change-global and regional air quality // Atmospheric environment[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF]. A significant fraction of those dust particles is transported to remote regions such as Europe [START_REF] Md | Influence of Saharan dust on the rain acidity and atmospheric input to the Mediterranean[END_REF][START_REF] Harald | The transport history of two Saharan dust events archived in an Alpine ice core // Atmospheric[END_REF][START_REF] Shao Yaping | Dust cycle: An emerging core theme in Earth system science // Aeolian Research[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF]. The Alps, located in the center of the European continent, receive a regular flux of Saharan dust every year, and dust events are shown to be one of the most frequent type of episodes with high aerosol concentrations [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][START_REF] Flentje | Identification and monitoring of Saharan dust: An inventory representative for south Germany since 1997[END_REF]. Such events have a great impact on the water resources and natural hazards with both environmental and economic consequences [START_REF] Dedieu | Shifting mountain snow patterns in a changing climate from remote sensing retrieval // Science of the Total Environment[END_REF].

Given their frequency and intensity, Saharan dust events over the Alps have several impacts (detailed below) in the atmosphere and upon deposition on snow. In situ and o✏ine filter based measurements of aerosol composition and physical properties, combined with trajectory analysis, have been used to detect Saharan sporadic dust events over the Alps [START_REF] Schwikowski | A study of an outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland // Atmospheric Environment[END_REF][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][START_REF] Flentje | Identification and monitoring of Saharan dust: An inventory representative for south Germany since 1997[END_REF][START_REF] Erika | An outstanding Saharan dust event at Mt. Cimone (2165 m asl, Italy)[END_REF][START_REF] Rocco | Long-term (2002-2012) investigation of Saharan dust transport events at Mt. Cimone GAW global station[END_REF]. Moreover, field experiments during Saharan dust events in the Alps, as well as modeling studies, have investigated the impact of dust events on cloud properties and precipitation [START_REF] Jurányi | Measured and modelled cloud condensation nuclei number concentration at the high alpine site Jungfraujoch[END_REF][START_REF] Chou | Ice nuclei properties within a Saharan dust event at the Jungfraujoch in the Swiss Alps[END_REF][START_REF] Zubler | Intercomparison of aerosol climatologies for use in a regional climate model over Europe[END_REF]. Dust particles within the atmosphere absorb and scatter the solar radiation, increasing the temperature of atmospheric layers enriched with dust and reducing the available energy at the surface. Moreover, dust layer heating can significantly a↵ect relative humidity and atmospheric instability a↵ecting clouds' lifetime and water content. Finally, dust particles can act as cloud condensation nuclei/CCN and IN, a↵ecting the type and the intensity of precipitation as well as cloud properties, i.e., cloud reflectivity [START_REF] Storelvmo | Aerosol E↵ects on Climate via Mixed-Phase and Ice Clouds[END_REF][START_REF] John | [END_REF].

Furthermore, snow measurements and modeling studies have been used to investigate the direct (snow darkening) and/or indirect (snow metamorphism) impacts of light-absorbing particles on snow [START_REF] Jeannette | The impact of Saharan dust and black carbon on albedo and long-term mass balance of an Alpine glacier // The Cryosphere[END_REF][START_REF] Mauro | Mineral dust impact on snow radiative properties in the European Alps combining ground, UAV, and satellite observations[END_REF], 2019a;[START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. They show that impurities, including dust, could result in the shortening of the snow season, a↵ecting snowmelt rates and reducing the annual mass balance of glaciers. Moreover, Saharan dust events have been shown to frequently a↵ect the Alps through the decades. Optical and chemical analysis of mineral dust aerosols deposited in ice cores have been used for the analysis and the identification of Saharan episodes/periods (Wagenbach, Geis, 1989;[START_REF] Angelis | Saharan dust deposition over Mont Blanc (French Alps) during the last 30 years // Tellus B: Chemical and Physical Meteorology[END_REF][START_REF] Florian | Mineral dust and elemental black carbon records from an Alpine ice core (Colle Gnifetti glacier) over the last millennium[END_REF]. Specifically, a trend analysis in mineral dust transport from Sahara over French Alps using dust aerosols deposited in ice cores has shown an increase of dust events since the early 1970s with very high inputs occurring after 1980 [START_REF] Angelis | Saharan dust deposition over Mont Blanc (French Alps) during the last 30 years // Tellus B: Chemical and Physical Meteorology[END_REF]. Saharan dust episodes show a high sensitivity to changes in climate, potentially impacting large scale-dynamics, local circulations, and water cycles.

Climate change impacts the global dust cycle, and thus changes in atmospheric dust loading a↵ect the radiative forcing of the climate system. For these reasons, there are large ongoing research e↵orts on understanding past and future changes of Saharan dust emissions and transport pathways [START_REF] Joseph | Saharan dust impacts and climate change // Oceanography[END_REF][START_REF] Jasper | Global and regional importance of the direct dust-climate feedback[END_REF][START_REF] Francesco | The Greening of the Sahara: Past Changes and Future Implications // One Earth[END_REF]. For example, [START_REF] Jasper | Global and regional importance of the direct dust-climate feedback[END_REF] show that changes of the global direct dust-climate feedback due to the direct radiative e↵ect and the dust cycle's response to climate changes could result in global dust-loading changes by about -5 to +10% per degree of globally averaged surface temperature increase. This results in a direct dust-climate feedback of the order of one to several tenths of W m 2 K 1 in areas close to source regions, including the Mediterranean. Consequently, these changes could significantly a↵ect the future dust episodes as well as Mediterranean and Alpine climates. Identifying and quantifying extreme dust events in remote regions, including the Alps, and understanding the meteorological conditions that determine the dust transport over them, is of important need.

Previous research has identified the main synoptic circulation patterns during Saharan dust transport towards the Mediterranean region and Europe; showing a clear di↵erences between western, central, and eastern Europe [START_REF] Barkan | Synoptics of dust transportation days from Africa toward Italy and central Europe[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF]. Although the spatiotemporal characteristics of dust events change for di↵erent regions, the annual variability of Saharan dust transportation towards Europe shows that these events are very sporadic and mainly occur from spring to autumn [START_REF] Mattis | Ten years of multiwavelength Raman lidar observations of freetropospheric aerosol layers over central Europe: Geometrical properties and annual cycle[END_REF][START_REF] Israelevich | Predominant transport paths of Saharan dust over the Mediterranean Sea to Europe[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF][START_REF] Eleni | Three-dimensional evolution of Saharan dust transport towards Europe based on a 9-year EARLINET-optimized CALIPSO dataset[END_REF]. Several events though have been identified in the European Alps during the snow season, a↵ecting the atmospheric radiative budget and thus the seasonal snow cover (Wagenbach, Geis, 1989;[START_REF] Angelis | Saharan dust deposition over Mont Blanc (French Alps) during the last 30 years // Tellus B: Chemical and Physical Meteorology[END_REF][START_REF] Florian | Mineral dust and elemental black carbon records from an Alpine ice core (Colle Gnifetti glacier) over the last millennium[END_REF]Di Mauro et al., 2019a;[START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF].

Dry and wet deposition of dust depend di↵erently on meteorological variables, so that both processes need to be assessed over the French Alps to evaluate the radiative impact of dust deposition to snow. Two studies on Saharan dust deposition over the Alps in the early 90s suggest that dry deposition is less important than wet deposition, even for coarse particles, underling that wet deposition and precipitation scavenging is the main removal process [START_REF] Schwikowski | A study of an outstanding Saharan dust event at the high-alpine site Jungfraujoch, Switzerland // Atmospheric Environment[END_REF][START_REF] Wagenbach | Northward transport of Saharan dust recorded in a deep Alpine ice core // The impact of desert dust across the Mediterranean[END_REF]. Furthermore, a recent study suggests that wet deposition rates of dust into snow may exert a stronger e↵ect in respect to dry deposition rates [START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. They show that internal mixing of dust with ice grains on the snowpack results in larger snow spectral absorption coe cients compared to external dust mixing.

Alpine atmospheric circulation is influenced by both mid-latitude and tropical climate variability. Moreover, it is linked to the interactions with the Meditteranean sea and the Atlantic Ocean, complex topography and the local orographic features. Consequently, dust events and deposition processes over the Alps are suspected to be associated with both synoptic-scale circulations (i.e., cut-o↵ lows, troughs, ridges) and mesoscale convective systems.

The novelty of this work is a) the identification of extreme dust events over the French Alps during the snow season b) the characterisation of the synoptic circulations controlling the temporal and spatial distribution of the identified dust extreme events c) the analysis of their connection with wet and dry deposition fluxes. In order to assess these aims, we use for our analysis both satellite retrievals (MODIS/Aqua, CALIPSO) and reanalysis data (CAMS AOD, dust mixing ratio, wet and dry deposition, and ERA-5 geopotential height and wind speeds).

Methods

CALIOP-CALIPSO Vertical Feature Mask gridding and interpretation

For the description of the vertical structure of dust outbreak, we use CALIOP-CALIPSO VFM retrievals. First, we select all the available CALIPSO overpasses during the snow season for the period 2006-2020 over the Alps. Then, the number of satellite overpasses, cloud coverage, and aerosol dust retrievals identified by the VFM mask algorithm are binned to a horizontal resolution of 0.1 ⇥0.1 and their associated frequency at each grid point is calculated. Moreover, we divided the lower troposphere, up to 8.2 km, into layers of 30 m height. Finally, we calculated the overall number of detected dust layers for each vertical layer and grid point according to the aerosol detection and aerosol sub-type of the VFM algorithm.

Identification of intense dust events

The identification of the intense Saharan dust episodes (IDEs) during the snow season (December to April) over the French Alps has been accomplished by using the daily mean values of AOD at 550 nm and dust mixing ratio within the atmosphere from CAMS reanalysis. We chose the CAMS AOD parameter for several reasons. First, CAMS assimilates AOD MODIS retrievals; as a result, CAMS AOD is a reanalysis parameter. Second, several studies have shown that CAMS AOD is in good agreement with observations, including over dust-dominated regions [START_REF] Christophe | Validation report for the CAMS global reanalyses of aerosols and reactive trace gases, years 2003 -2018 // Copernicus Atmosphere Monitoring Service[END_REF][START_REF] Inness | The CAMS reanalysis of atmospheric composition[END_REF][START_REF] Witthuhn | Evaluation of satellite-based aerosol datasets and the CAMS reanalysis over the ocean utilizing shipborne reference observations[END_REF]. Dust deposition flux from CAMS is also an optimal parameter selection to identify extreme dust events, potentially providing an added value to our analysis. AOD parameter, though, is not directly impacted by the di↵erent assumptions used for wet and dry removal processes within the CAMS model. First, we calculate the daily values of the spatial average of AOD at 550 nm over the French Alps (AOD C Alps ) (5.5 E, 45.5 N, to 8.5 E, 48 N). IDEs are identified when the derived AOD C Alps exceeds the 95th percentile of the AOD C Alps distribution for the period 2003-2020. Consecutive IDE days have been classified as one event. It should be noted that following this methodology, other types of aerosol episodes, i.e. biomass burning, or extreme air-quality episodes, can a↵ect/bias the results.

Areas frequently a↵ected by anthropogenic aerosols (e.g., Po Valley) during the whole study period can a↵ect and bias the results if an extreme air-quality episode occurs. To minimize the possible impact of non-dust events, we mask Po-Valley and use dust mixing values from CAMS reanalysis within the atmosphere. Therefore, for our analysis we use only days with non-zero values of dust within the atmosphere. The identified events are analyzed, and inter-annual and monthly distributions are provided in order to quantify the importance of the di↵erent years and seasons in the occurrence of IDEs.

Moreover, in situ AERONET (Level 2) station measurements of daily AOD at 500nm are used to validate CAMS AOD over a broad region over the Alps, including mountain sites (https://aeronet.gsfc.nasa.gov/). The wavelengths of the measured AOD from AERONET stations and reanalysis AOD from CAMS di↵er. To overcome this inconsistency, CAMS AOD values at 550 nm and 670 nm are used to calculate first the Angstrom exponent parameter and then derive CAMS AOD at 500 nm.

Evaluation metrics-tools

In order to assess a regional evaluation of CAMS reanalysis over the French Alps, we applied both hit and false alarm rate scores. These scores are applied for dichotomous products; specifically here we use them to verify where an identified extreme event from MODIS (observations) is classified as an extreme event from CAMS reanalysis (forecasted) at each grid cell. Table 3.1 shows the di↵erent types of agreement regarding observed and forecasted variables. The probability of detection (hit rate) shows the percentage of observed extreme events (identified from MODIS) that have been correctly forecasted (identified from CAMS); a perfect forecast achieves a score equal to 1. In contrast false alarm rates show the percentage of forecasted events (events identified from CAMS) that did not actually occur (not identified from MODIS); a perfect forecast achieves a score equal to 0.

Weather regime classification

The synoptic conditions which favours IDEs over the French Alps are constructed using mean sea level (MSL) atmospheric pressure from ERA-5 reanalysis data. The Lamb Weather Type Classification (Lamb, HH, 1972;[START_REF] Gilles | Reconstruction of Lamb weather type series back to the eighteenth century // Climate dynamics[END_REF] was followed to compute the atmospheric circulation patterns and derive the daily weather classification. The analysis is conducted with the R-package Synoptic Climate Classification and Spatial Regionalization of Environmental Data: "synoptReg" [START_REF] Marc | synoptReg: An R package for computing a synoptic climate classification and a spatial regionalization of environmental data // Environmental modelling & software[END_REF].

The Lamb scheme provides information of both directions (i.e., N, S, E, W, NE, NW, SE, and SW) and types (i.e., cyclonic, anti-cyclonic, hybrid) of atmospheric flow. The name of each type begins with a letter indicating the vorticity of the flow: C for cyclonic, A for anticyclonic and U (unclassified) for non-cyclonic flow. Specifically, the algorithm classifies the pressure fields into 26 circulation types, combining the direction and intensity of flow and vorticity at 16 grid points close to the area of interest. Here, the classified weather regimes are regrouped based on their composite maps both at MSL and at 500hPa geopotential height which characterised the main circulation patterns in the study area. Three directional and one synoptic weather regimes namely: SW-SE (south west-south east), N-W (north west), E-NE (eastnorth east) and Ant (anti-cyclonic circulation) are used in this study. 

Results

In the first part of this section we compare CAMS reanalysis AOD values with MODIS AOD retrievals and AERONET observations, focusing on the snow season over an extended region including the French Alps. Then we use CAMS AOD reanalysis to identify Saharan dust extreme events over the Alps. Finally, we analyse the di↵erent identified synoptic meteorological patterns which are responsible for the IDEs, then the corresponding deposition rates, and we provide an interannual and seasonal analysis of their occurrences.

Regional evaluation of CAMS AOD during the snow season

Several studies have been done to validate CAMS reanalysis products including AOD [START_REF] Christophe | Validation report for the CAMS global reanalyses of aerosols and reactive trace gases, years 2003 -2018 // Copernicus Atmosphere Monitoring Service[END_REF][START_REF] Inness | The CAMS reanalysis of atmospheric composition[END_REF][START_REF] Witthuhn | Evaluation of satellite-based aerosol datasets and the CAMS reanalysis over the ocean utilizing shipborne reference observations[END_REF]. CAMS ability to capture the spatial and temporal distribution of AOD and dust within the atmosphere impacts its representation of regional and seasonal variations [START_REF] Christophe | Validation report for the CAMS global reanalyses of aerosols and reactive trace gases, years 2003 -2018 // Copernicus Atmosphere Monitoring Service[END_REF][START_REF] Christian | Worldwide validation of CAMS and MERRA-2 reanalysis aerosol optical depth products using 15 years of AERONET observations[END_REF]. Here we present a regional evaluation of CAMS AOD at 550 nm reanalysis values against MODIS/Aqua AOD at 550 nm during the snow season from 2003-2020. These data do not give an independent evaluation as CAMS assimilates AOD MODIS retrievals, but they allow us to partially evaluate the quality of the assimilation and better understand its limitations. An extensive evaluation of CAMS AOD reanalysis product is outside the scope of this study.

The retrieval of MODIS AOD over bright surfaces like snow and glaciers is limited by their very high spectral albedo of such surfaces. The frequent cloud cover during the snow season over the Alps is a further complication. To overcome these retrieval limitations, we present a regional evaluation of CAMS AOD values against MODIS/Aqua over a larger domain that includes more varied terrain than just the snow covered Alps. In order to make this evaluation over the larger domain, we regridded CAMS data to MODIS grid resolution to account for the spatial inconsistencies caused by the di↵erent grid representations of the two datasets. Moreover, the di↵erent data coverage due to cloud coverage and snow albedo between MODIS and CAMS can introduce significant biases; CAMS data are masked according to MODIS data for this analysis.

First, we use the spatial average over 2.5 E, 38.5 N, 11.5 E, 48.5 N, region (shown in the inset panel Figure 3.1) of daily mean AOD from MODIS/Aqua and CAMS reanalysis data (from here on, we refer to these data as AOD M Aveg and AOD C Aveg accordingly) to show the multi-year seasonal variation of AOD M Aveg and AOD C Aveg (Figure 3.1a). Figure 3.1a) shows that AOD values increase in spring and then decrease in early fall. Both AOD M Aveg and AOD C Aveg exhibit their highest values during summer months (May, June, July) and reach a minimum in winter (December, January). In general, AOD M Aveg and AOD C Aveg are in relatively good agreement for most months, with the largest di↵erences occurring from December to March. During these winter months, MODIS AOD retrievals are limited due to both high albedo of seasonal snow cover over the Alps and the frequent occurrence of cloud cover. Consequently, the limited availability of AOD MODIS retrievals may a↵ect CAMS AOD reanalysis product.

Moreover the seasonal changes of the mixing height have a significant e↵ect on aerosol vertical distribution which in turn may a↵ect the AOD values predicted from CAMS and MODIS retrievals. During winter the PBL height is usually lower and the aerosols concentrations close to surface will be higher; despite the high aerosol mixing ratio within the atmosphere the total column aerosol may decrease [START_REF] Mark | Comparison of GOES and MODIS aerosol optical depth (AOD) to aerosol robotic network (AERONET) AOD and IMPROVE PM2. 5 mass at Bondville[END_REF]. In spring and summer, aerosol particles can be lifted higher in the atmosphere due to strong convection leading to more pronounced vertical transport. Moreover, during these months a reservoir of dust exists within the atmosphere above the major Saharan dust source areas [START_REF] Israelevich | Desert aerosol transport in the Mediterranean region as inferred from the TOMS aerosol index[END_REF][START_REF] György | Analysis of Saharan dust intrusions into the Carpathian Basin (Central Europe) over the period of 1979-2011[END_REF] and the predominant atmospheric circulation favours Saharan dust transport towards Europe [START_REF] Mattis | Ten years of multiwavelength Raman lidar observations of freetropospheric aerosol layers over central Europe: Geometrical properties and annual cycle[END_REF][START_REF] Israelevich | Desert aerosol transport in the Mediterranean region as inferred from the TOMS aerosol index[END_REF][START_REF] Israelevich | Predominant transport paths of Saharan dust over the Mediterranean Sea to Europe[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF][START_REF] Eleni | Three-dimensional evolution of Saharan dust transport towards Europe based on a 9-year EARLINET-optimized CALIPSO dataset[END_REF]. Next we examined the relationship between AOD M Aveg and AOD C Aveg during the snow season (grey color) (Figure 3.1b). The normalised histograms show that AOD M Aveg coincides well with AOD C Aveg . Both AOD M Aveg and AOD C Aveg histograms are right skewed and their peak veers to the left between 0 and 0.2; AOD C Aveg values peak is ⇠0.1 on average less than AOD M Aveg . The histograms of above 95 percentile (green color) and 99 percentile AOD (magenta color) show that the identified extreme events from both CAMS and MODIS have the same distribution range/magnitude and peaks (⇠0.3 and ⇠0.5 accordingly). AOD M Aveg correlates better with AOD C Aveg (r= 0.84 and p-value < 0.05) during the snow season than its associated identified extreme events (above 95 percentile r= 0.61 and 99 percentile r=0.35). Figure 3.2a & b) presents the geographical distribution of identified extreme events occurrences from CAMS and MODIS. The extreme events occur more frequently along the southern parts of the Mediterranean Sea as well as Southern France in both CAMS and MODIS. This gradual reduction with latitude of frequencies may come from both the increasing distance from Saharan dust source region and the high precipitation amounts which wash out aerosols at the northern parts of Mediterranean Sea [START_REF] Mariotti Annarita | The Hydrological Cycle in the Mediterranean Region and Implications for the Water Budget of the Mediterranean Sea[END_REF][START_REF] Mehta | Precipitation climatology over Mediterranean Basin from ten years of TRMM measurements[END_REF]. However, the magnitude of the frequencies of the identified extreme aerosol events from CAMS and MODIS di↵er. The maximum frequencies of extreme events is the combined result of the duration of aerosol episodes and the transported particles size distribution. The simulated vertical distribution, particle size distribution, and mass concentration all have a significant impact on the simulated AOD from CAMS. Coarser particles exert a smaller e↵ect on the aerosol extinction coe cient per unit mass than finer particles resulting in di↵erent optical depth values thus, di↵erent AOD threshold per grid. Moreover, the weak/strong absorptivity of aerosols combined with the duration of the aerosol episodes may have a strong impact on frequency distributions. To further evaluate the accuracy of CAMS reanalysis compared to MODIS retrievals during the snow season, we calculate the skill score metrics as described in Section 3.2.3 at each grid point over 2.5 E,38.5 N,11.5 E,48.5 N region. Figure 3.2c & d) shows the CAMS skill in the form of heat maps. Generally, the skill score improves gradually from higher to lower latitudes. For hit rate, the skill varies from ⇠0.5 to ⇠0.9 while for false alarm rate varies from 0 to ⇠0.5. It should be noted that for the hit rate, the values close to one indicate higher score while for the false alarm rate, values close to zero present the best performance. The variability among longitudes is small and a moderate skill at higher latitudes is noted. Again, both hit and false alarm rates for CAMS are better at lower latitudes. Specifically, the highest skill score is over the southern Mediterranean region while the lowest skill is over northern France.

Next, we perform a correlation analysis versus AOD at 500 nm from 7 AERONET stations, using all the available measurements during the snow season (Figure 3.3). CAMS AOD correlates well with the observed AOD values (correlation coe cients lie between 0.57 and 0.85, all significant at 99% level of confidence). However CAMS reanalysis underestimates the observed AOD values (systematic bias ranges from ⇠0.1 to ⇠0.2). CAMS resolution can a↵ect the simulated AOD values. The horizontal and vertical model resolution plays an important role in simulating local atmospheric circulations that a↵ect mixing, local transport (mountain-valley circulation), as well as the deposition of aerosols, thus, AOD values. Moreover, it causes a bias due to the di↵erence in the actual elevation of the measurement stations and the model grid cell station elevations.

In summary, CAMS reveals a bias during the snow season compared to MODIS AOD retrievals. This bias may result from the seasonal changes of cloud coverage since cloud layers impact aerosol detection and snow cover. Snow cover areas alter the surface albedo and, combined with the seasonally varying aerosol profiles, impacts MODIS retrievals and CAMS AOD predicted values. 

Vertical structure of dust events over the Alps

During the snow season, the aerosol layer has a significant impact on snow albedo. Specifically, during dust episodes, the significant amount of elevated dust deposited to snow-covered slopes can cause heterogeneous snowmelt due to dust-induced snow darkening [START_REF] Chandan | Dust dominates high-altitude snow darkening and melt over high-mountain Asia // Nature Climate Change[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. Here in Figure 3.4) we present the normalized (by the number of the overpasses) frequency of aerosol layer distribution of dust detected by the VFM mask algorithm using 14 years (2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020) of CALIPSO overpasses during snow season.

Overall, the frequency of the elevated dust reaching the selected region decreases with latitude but a non-negligible amount reaches the French Alps (Figure 3.4). The latitudinal distribution of detected elevated dust layers reaching the French Alps shows that dust is predominantly detected between ⇠5 and ⇠6.5 km (Figure 3.5a). The frequency of detected dust particles is significantly higher in the south-east part of the French Alps (blue color) compared to the other regions (Figure 3.5b). Thus, the detected vertical distribution over the French Alps follows a similar distribution as the one detected over the south-east part of the French Alps. At the north-east (teal color) and north-west (orange color) parts of the French Alps, dust particles are characterised by a multilayered structure ( Figure 3.5b). In the north-east, two main dust layers are detected, one between ⇠1.5 and ⇠2.5 km and a second one between ⇠4.5 and ⇠5.5 km. At the north-west, dust particles are mainly detected between ⇠1 and ⇠1.5 km as well as ⇠3.8 and ⇠5.5 km. At the south-west part of the French Alps, dust layers are detected over a thick range from ⇠2.5 to ⇠6.2 km without any dominant dust layer. Dust layer detection heights and pathways towards the French Alps can vary due to a combination of factors. The enhanced dry convection and thus, the boundary layer height over the dust emission regions significantly a↵ects the vertical distribution and long-range transport of dust particles. Moreover the topography close to emission regions, for example the Atlas Mountains, can lift dust particles to higher altitudes in the troposphere. Finally dust within the atmosphere can be deposited at di↵erent parts of the French Alps depending on the dust plume trajectory path and the topographic features along them.

Synoptic characterisation and regional atmospheric variability

We first look at the 2003-2020 winter climatology of dust from the CAMS reanalysis, averaged by latitude. Figure 3.6 presents the annual cycle of dust mixing ratio at 700 hPa (shading) and AOD at 550 nm averaged over the region 2 E -10 E. The intensity of dust particles within the atmosphere increases in spring and reaches a maximum in April. In late February, late March, and April, dust particles are transported at higher latitudes (42 N to 50 N). Although the intensity of the dust mixing ratio from CAMS is low at the northern parts of the selected region, including the French Alps, it highlights that dust particles can be transported away from the emission region under favourable meteorological conditions. The atmospheric circulation at 700 hPa is characterised by a westerly flow, and a significant amount of dust is emitted over the Saharan-Sahel region. We use the mean snow season atmospheric conditions to conduct the anomaly analysis of the identified weather regimes. Figure 3.8 shows the general characteristics of the detected weather regimes that contribute to wet and dry dust deposition over the French Alps. The derived composites are named after the location of negative anomalies of each weather regime. The Atlantic Ocean and Mediterranean sea play a vital role as they trigger synoptic systems that can cause wet deposition over the French Alps. Atlantic-Biscay-Iberian (SW-SE weather regime) shows negative geopotential height anomalies at 700 hpa centered over the Atlantic and Spain combined with positive anomalies centered over the central-eastern Mediterranean (Figure 3.8a). During the evolution phases the location of the eastern Atlantic trough axis is moving towards Spain, thus its magnitude is more pronounced during D-2 and Day-0 (detected IDE day) (Figure 3.9a&b&c). On D-2 and D-0, the combination of the positive and negative geopotential height anomalies at 700 hpa (contour lines) associated with the ridge and trough accordingly, expands southwards to north-central Africa, causing strong meridional winds anomalies at 700 hPa from north Africa towards the Alps. The existence of these anomalies modify the mean winter airflow (westerlies) resulting in southwesterly winds towards the Alps.

Specifically, the mean atmospheric circulation at 700 hPa shows a continental high centered at 15 E over north-central Africa extending over central Europe and a trough over western Atlantic (Figure 3.9f). Moreover, a significant amount of dust is emitted over Algeria and Tunisia during these synoptic conditions. The IDEs mean advection of dust at 700 hPa (green arrows at log scale) and mean dust concentration within the atmosphere at surface level (contour color) show that dust enriched airflow is transported from the emission regions and a significant amount of dust reaches the Alps (Figure 3.9f).

Furthermore, mean wet and dry deposition fluxes show that these events include wet and dry dust deposition with a larger contribution of wet deposition (Figure 3.10a&b).

Coastal areas located at the southwest and central-west France and Spain, as well as northern Africa, are the most impacted regions for both wet and dry deposition. The impact of orography is also suggested. During these synoptic conditions, the cyclonic flow, which is associated with a large amount of water vapor, approaches the Alps and significant amount of dust is deposited all over the French Alps. Combining the direction of the dust enriched airflow and the topographic features along the airflow pathway over the Alps, the altitude height of the southwest Alps being on average lower than the southeast Alps, the windward locations show higher wet deposition values than leeward sides. Specifically, the southwest, southeast, and the central-east parts of the French Alps are the regions with the highest dust deposition fluxes. Dry deposition is also impacted by the topographic features revealing a spatial distribution with higher values over south and central region of the French Alps. Sardinia low (E-NE weather regime) corresponds to low-pressure anomalies over the central Meditteranean sea (Figure 3.8b). On D-4 the low-pressure axis is located over northern-western Africa and shifts eastwards during the evolution phases (Figure 3.11a&b&c). Moreover, the anomalies of the dust mixing ratio within the atmosphere at surface level show that high concentrations of dust are emitted over north Africa, Libya, Algeria and Tunisia (Figure 3.11a&b&c). The prevailing negative system anomalies at 700 hPa on D-0 extends from the central Mediterranean Sea to the north Africa, causing a southerly flow towards the Alps (Figure 3.11c). The southerly airflow advects a non-negligible amount of lifted dust from the emission region towards the Alps (Figure 3.11f). Wet and dry deposition spatial distributions reveal that although the most impacted areas are northern Italy and the central Mediterranean region, a significant amount of dust is deposited over the Alps (Figure 3.12a&b). The orographic influence is also noted here. The eastern moisture advection associated with the Sardinian lowpressure system impacts mostly the central-east, south-east and north-east parts of the French Alps. Dry deposition spatial distribution shows a similar pattern as wet deposition. Mediterranean high (Ant weather regime) has positive anomalies, correlated with stable conditions over the west Europe/Mediterranean sea (Figure 3.8c). The highpressure anomalies remain relatively stable during the evolution phases, extending from north Europe to northern Africa (Figure 3.13a&b&c). Specifically, the ridge axis shifts slightly towards eastern Europe during the evolution phases (Figure 3.13d&e&f). Moreover, high dust concentrations are emitted over an extended region in northeast Africa, including Algeria and Libya. On Day-0 the high-pressure system combined with moderate negative anomalies over north-western Africa causes southeast winds anomaly towards the Alps. This westerly airflow associated with the high-pressure system, in combination with the local orography, results in dust deposition all over the French Alps with higher wet and dry deposition fluxes over the south-east and central-east parts of the French Alps (Figure 3.14a&b). Finally, Central Europe (N-W weather regime) makes minor contribution to deposited dust over the French Alps. It is associated with negative anomalies over central Europe and positive anomalies over west Mediterranean, Spain, and the Atlantic ocean (Figure 3.8d). This weather regime is the least frequent, and it is related to only four IDEs events (7 IDE days) (Table 3.2).On D-0, a high-pressure anomaly is extended from northeast Atlantic to northwest Africa, accompanied by a high-pressure anomaly centered over Bulgaria (Figure 3.15c). Thus, a limited meridional low system anomaly centered in the central Mediterranean region extends from northern France to Algeria and Libya (Figure 3.15c). Combining these synoptic conditions, which causes southwesterly flow at 700 hPa with the dust emitted over Libya, dust particles are transported towards Italy, including the Alps. During the evolution phases, the low-pressure anomalies are limited over Italy, and the Atlantic high-pressure anomalies are extended over the whole Mediterranean sea (Figure 3.15a&b). The composite advection transport at 700 hPa shows similar synoptic conditions with the Sardinian low (Figure 3.15f). The analysis of the pressure anomalies, though, shows di↵erent anomalies patterns. The airflow associated with the pressure anomalies at 700 hPa shows that the Alpine region at D-0 is a↵ected by the southerly airflow due to the deepness of the low-pressure anomalies over Africa (Figure 3.15e).

The mean wet and dry deposition fluxes do not show a significant amount of deposited dust over the Alps compared to the rest of the region (Figure 3.16a&b). A high amount of dust is deposited mainly over Italy. We should underline that this weather regime is not mainly contributing to extreme events over the Alps as only four extreme events are detected. Most of the identified extreme dust days are associated with SW-SE (⇠46%), less with E-NE (⇠23%) and Ant (⇠19%) and a few with N-W (⇠3.4%) weather regime (Table 3.2). Most of the identified IDE days of SW-SE weather regime are associated with wet deposition (⇠76%) and relatively less with dry deposition (⇠63%). Less than half of IDE days of E-NE weather regime correspond to significant wet deposition (⇠44%) and dry deposition (⇠38%). Furthermore, almost half of IDE days associated with Ant results in wet (⇠56%) and dry (⇠51%) deposition. Finally the few IDE days of N-W weather regime are correlated more with wet deposition (⇠57%) compared to dry deposition (⇠29%).

The detected weather regimes identified in this study are in agreement with the identified weather regimes for both extreme dust and precipitation events over the Mediterranean region, (e.g. [START_REF] Barkan | Synoptics of dust transportation days from Africa toward Italy and central Europe[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF][START_REF] Nikolaos | Extreme precipitation events in the Mediterranean: Spatiotemporal characteristics and connection to large-scale atmospheric flow patterns[END_REF]. Furthermore, they are frequent during the winter and spring seasons as they are mainly driven by storm tracks and unstable conditions [START_REF] Nikolaos | Extreme precipitation events in the Mediterranean: Spatiotemporal characteristics and connection to large-scale atmospheric flow patterns[END_REF]. Specifically, the Mediterranean high, when persisting for days, has been shown to be crucial for generating cold spells [START_REF] Christian | Balancing Europe's wind-power output through spatial deployment informed by weather regimes // Nature climate change[END_REF][START_REF] Laura | How far in advance can we predict changes in large-scale flow leading to severe cold conditions over Europe?[END_REF]. However, it should be noted that intense cyclones may not be connected with extreme dust events over the Alps. The intense rainfall associated with these atmospheric circulations may cause an intense decrease of dust through wet removal prior to being transported and rained out over the Alps.

In summary, SW-SE, E-NE and Ant weather regimes are associated with significant wet and dry deposition over the Alps. However, spatiotemporal connections of extreme events over the di↵erent regions over the Alps are highly influenced by orography and regional climate. Thus, an analysis that separates each region over the French Alps will give a better understanding of these di↵erences. The frequency of dust events can vary due to changes of annual and seasonal spatial variability of Saharan dust emissions and the atmospheric circulation patterns. Moreover, climate change and anthropogenic land cover change can have a significant e↵ect [START_REF] Tanja | Anthropogenically induced changes in twentieth century mineral dust burden and the associated impact on radiative forcing[END_REF]. The higher number of identified IDEs in spring is in accordance with the maximum transport activity over the Mediterranean region [START_REF] György | Analysis of Saharan dust intrusions into the Carpathian Basin (Central Europe) over the period of 1979-2011[END_REF]. To further analyse the interannual variability and the relevant contribution of each weather regime, we calculated the percentage of IDEs in relation to their annual total days during the snow season (IDEs per )(Figure 3.18 first column panels). All the di↵erent weather regimes show an interannual variability. The Mann-Kendall statistical test shows that the number of identified IDEs and the IDEs per per year associated with the SW-SE weather regime decreases, while no trend detected for E-NE and Ant weather regimes.

We then looked at the interannual changes of the wet and dry deposition intensity for the di↵erent weather regimes. Firstly, the SW-SE weather regime is associated with the highest values of wet deposition fluxes compared to the values of the other weather regimes. The snow season annual distributions (WSSD) (Figure 3.18 boxplots) of wet (second column panels) and dry (third column panels) deposition of all-weather regimes shows an interannual variability. However, we should underline that the interannual variability of WSSD deposition fluxes is not identical to the one found for the percentage of IDEs. Then, we investigate if their is a trend in the median values of wet and dry deposition fluxes (black horizontal lines within the boxplots). The strong interannual variability and the relatively small number of the available data limits our ability to derive trends that can describe long term changes. Median wet deposition fluxes though associated with E-NE, Ant, N-W weather regimes but not with SW-SE shows irregular interannual variability with may be increasing magnitude (Figure 3.18 second column panels boxplots).

Furthermore, the IDE's wet deposition associated with SW-SE (Figures 3.18b & 3.19a) blue circles) and Ant (Figures 3.18h & 3.19b) red circles) weather regimes shows may be increasing intensity of wet deposition rates. We should note that not all the outliers of the annual distributions have been classified as IDES as we used CAMS AOD values in order to identify the IDEs over the Alps. The annual variation of the outliers (white circles) for both SW-SE and Ant weather regimes shows as well an increase in the deposition rates (Figure 3.19). Specifically, the Mann-Kendall test shows a significant (p-value < 0.05, Sens' slope = 8.3 mg m 2 ) increasing trend for annual mean wet and deposition outliers associated with SW-SE weather regime starting from 2005 (detected break point). Moreover forAnt weather regime a moderate significant increasing trend found for the annual mean wet deposition outliers for the period 2003-2014 (2014 is a detected break point, p-value < 0.05, Sens' slope = 2.64 mg m 2 ) .

To further investigate if the increase in wet deposition rates in Ant and SW-SE regimes stems from an increase in the associated integrated water vapour transport of the IDEs over the region we show the WSSD of Integrated water Vapor Transport (IVT) over the French Alps (Figure 3.20). IVTs associated with SW-SE weather regime show high mean values compared to the corresponding values of the Ant weather regime without though revealing any interannual increase in both outliers and IDEs values. To better understand these connections, a study that provides the di↵erent characteristics of the IDEs' wet deposition fluxes in relation to the IVT extreme values based on seasonality and spatiotemporal dependencies is needed. 

Conclusions

In this study, extreme dust episodes over the Alps, based on AOD at 550 nm and dust mixing ratio from CAMS reanalysis, are identified. Moreover, the first objective classification of the synoptic circulation patterns of extreme dust events over the French Alps during the snow winter season is presented. Their spatiotemporal characteristics are analysed, and their connection with wet and dry deposition rates is shown.

First, a regional evaluation of CAMS AOD at 550 nm reanalysis data against MODIS/Aqua AOD at 550 nm retrievals and AOD at 500 nm from in situ AERONET stations during snow season from 2003-2020 is accomplished. Results show that CAMS has a relatively small bias compared to observations during snow season. This bias may stem from seasonal changes of snow coverage and cloud cover which a↵ects both MODIS AOD retrievals and CAMS reanalysis data.

Then, the vertical distribution of dust aerosols reaching the French Alps during the snow season is presented. The detected vertical distribution reveals that dust is predominantly detected between 5 and 6.5 km dominated by dust particles reaching the south-east part of the French Alps.

Next, CAMS and ERA5 reanalysis datasets that combine physically resolved processes and assimilate multiple observations are used to detect the extreme events over the Alps and identify their corresponding weather regimes. The classified weather regimes (SW-SE, E-NE, Ant, N-W ) are associated with positive or negative anomalies over the western, central, and eastern Meditteranean region and can be linked to cyclonic and anticyclonic conditions on the synoptic scale. Three main classes of weather regimes are associated with intense dust episodes and deposition over the Alps: SW-SE, E-NE, Ant.

Specifically, SW-SE weather regime which is the dominant one, prevails when a trough axis at 700 hPa extends over the Atlantic/Spain, bringing southwesterly enriched with dust air to the Alps. This weather regime is found to have the highest frequency of occurrences and is associated with high values of deposition rates. E-NE weather regime prevails when a depression is extended over the central Mediterranean. These synoptic conditions induce a southerly airflow at 700 hPa and are associated with moderate wet and dry deposition rates. Finally, Ant weather regime corresponds to stable conditions over western Europe, inducing westerly airflow towards the Alps. Therefore, the associated wet and dry deposition rates are in the same magnitude as E-NE s deposition rates. The e↵ect of orography is highly explored. Topographic features highly impact deposition fluxes, and windward locations reveal higher deposition fluxes than leeward sides.

Moreover, the seasonal analysis has shown that most dust events, independent of their associated weather regime, occur in April, less in March and are rarely observed in February. Furthermore, the annual variability of the number of all the di↵erent weather regimes shows an interannual variability. The mean annual variations of wet and dry deposition of all-weather regimes also show an irregular interannual variability.

We performed an analysis of the annual time series of wet deposition rates during IDEs and associated analysis of the outlier events. This work revealed that the intensity of wet deposition rates may have increased within the period 2003 and 2020 for SW-SE and Ant weather regimes. Deposition is a complex phenomenon a↵ected by many factors. First, the magnitude and/or the particle size distribution of transported dust particles is important both for wet and dry deposition. Second, the mountain meteorology and the IVT over the region combined with the transported dust layer distribution can a↵ect clouds' aerosols scavenging, thus altering precipitation phase and intensity.

This study contributes to a better understanding of the synoptic circulation patterns leading to extreme dust episodes over the French Alps during the snow season. Moreover, it gives an insight into the spatial and temporal characteristics of wet and dry deposition fluxes associated with the identified weather regimes It should be underlined that the characterisation, the interannual and seasonal analysis of the dust transport patterns and their corresponding deposition rates in the region are crucial for studies on the long-term impacts of Saharan dust over the Alps. Changes in the frequency and intensity of dust events could cause changes in snowmelt, mass balance of glaciers and snow chemistry. Furthermore they may have a significant impact on radiative e↵ects in the atmosphere and alter cloud formation, precipitation and alpine ecosystems.

Chapter 4

Modeling an extreme dust deposition event to the French alpine seasonal snowpack in April 2018: Meteorological context and predictions of dust deposition

Motivation

The European Alps receive a regular flux of Saharan dust each year through both wet and dry deposition [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][START_REF] Harald | The transport history of two Saharan dust events archived in an Alpine ice core // Atmospheric[END_REF]. Although most Saharan dust events occur in late spring/summer, a no-negligible amount reaches the Alps during the winter snow season (Di [START_REF] Mauro | Mineral dust impact on snow radiative properties in the European Alps combining ground, UAV, and satellite observations[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. Dust deposition into the seasonal snowpack can cause interannual fluctuations of the seasonal snowmelt rate, shifts the onset of the snowmelt earlier in the spring as well as could cause shortening of snow season [START_REF] Skiles S Mckenzie | Radiative forcing by light-absorbing particles in snow // Nature Climate Change[END_REF][START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. This sporadic phenomenon is relatively well-known, but it is not well represented in models which often underestimate dust transport and deposition fluxes at remote regions, including Europe [START_REF] Nicolas | Forecasting the northern African dust outbreak towards Europe in April 2011: a model intercomparison // Atmospheric chemistry and physics[END_REF]. These biases seem to originate from uncertainties in the treatment of dust emission fluxes, transportation, and modeled loss processes [START_REF] Nicolas | Forecasting the northern African dust outbreak towards Europe in April 2011: a model intercomparison // Atmospheric chemistry and physics[END_REF][START_REF] Adeyemi | Climate models miss most of the coarse dust in the atmosphere // Science advances[END_REF][START_REF] O'sullivan Debbie | Models transport Saharan dust too low in the atmosphere: a comparison of the MetUM and CAMS forecasts with observations[END_REF].

In order to improve our understanding of the impact of light-absorbing particles, BC and dust, on the snow albedo and on the evolution of the seasonal snowpack, a field campaign took place during the winter snow season 2017-2018 at Col du Lautaret in the French Alps (Tuzet et al., 2019). Concentrations of light-absorbing impurities (LAPs) in snow, including dust, elemental carbon (EC), and refractory black carbon (rBC), as well as the physical and optical properties of snow, were measured weekly. A detailed description of them can be found in Tuzet et al. (2019). Tuzet et al. ( 2020) simulate the radiative impacts of LAIs using the Crocus snowpack model [START_REF] Vionnet | The detailed snowpack scheme Crocus and its implementation in SURFEX v7.2 // Geoscientific Model Development[END_REF][START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF] and show that the combined impacts of all light-absorbing impurities shortened the seasonal snow cover by 11 days at Col du Lautaret in 2018. They highlight that the meteorological conditions and the timing and magnitude of dust deposition plays an important role in both direct (snow darkening) and indirect (snow metamorphism) impacts of light-absorbing particles on snow. Consequently, there is a strong need for accurate simulation of dust events, i.e., dust lifecycle, including dust deposition over the Alps.

In this chapter, the WRF-Chem model is used for simulating a case study of a Saharan dust event that occurred in the French Alps in late March/early April 2018. This study combines modeling, satellite remote sensing, and observations and aims to improve our understanding of factors that control dust lifecycle and results in dust deposition to snow over the French Alps. Specifically, through this study, we aim to :

• Understand how this observed dust deposition event fits into the multi-year context of dust transport during the winter season.

• Analyse and determine if WRF-Chem can simulate the prevailing atmospheric circulation patterns that dominate during this dust transport event that results in deposition to snow.

• Determine if WRF-Chem simulations can reproduce the observed dust layer and transport within the atmosphere, from spaceborne retrievals (MODIS and CALIOP) and in situ PM10 measurements from surface sites in France, including mountain sites during this event.

• Analyse the impact of model resolution on the specific mountain meteorology, including precipitation. We attempt to understand how di↵erences in the simulated meteorological conditions, including precipitation rates, impact model predictions of wet and/or dry deposition of dust. Simulated precipitation at di↵erent model resolutions is evaluated using GPM satellite precipitation data, ground-based Meteo France Radar rainfall product, SAFRAN reanalysis data, and ground station measurements.

• Determine if WRF-Chem simulations can reproduce the observed dust concentrations measured in snow pits.

• Provide a comparison between the predicted total wet and dry deposition from WRF-Chem at di↵erent size bins with CAMS reanalysis values.

• Determine the e↵ect of high-resolution modeling, including aerosol-cloud interactions, on the representation of dust deposition to snow.

• Investigate if both dry and wet deposition are important scavenging mechanisms during this event.

• Provide a basis for understanding the processes and uncertainties on modeling dust deposition events over mountains at di↵erent resolutions.

This study was submitted as: Baladima, F., J. L. 

Abstract

Mineral dust is an important aerosol in the atmosphere and is known to reduce snow albedo upon deposition. Model predictions of dust deposition events in snow covered mountain regions are challenging due to the complexity of aerosol-cloud interactions and the specifics of mountain meteorological systems. We use a case study of dust deposition between 30 March and 5 April 2018 to the French alpine snowpack to study the processes that control dust deposition to the seasonal snowpack. To understand processes controlling dust transport and deposition to snow we use a combination of in situ observations at Col du Lautaret in the French Alps, satellite remote sensing, the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis global atmospheric composition, and the regional model WRF-Chem. Specifically, we investigate the role of increased model spatial resolution within WRF-chem in capturing mountain meteorology, precipitation, and predicted dust deposition. Regional model results are also compared to the reanalysis global CAMS products including aerosols in the atmosphere and predicted dust deposition fluxes. We conclude that predicted mountain meteorology (e.g. precipitation) is better with increased model resolution (3 x 3 km resolution WRF-Chem domain). This improved meteorology has significant impacts on predicted dry and wet dust deposition to the alpine snowpack. We also show that during this event dry deposition is a key removal process at the western part of the French Alps at low altitudes, while wet deposition dominates over the complex higher altitude mountain terrain.

Introduction

Mineral dust deposition to snow, including seasonal mountain snowpacks, can accelerate snow melting by causing a reduction in snow albedo [START_REF] Thomas | Impact of disturbed desert soils on duration of mountain snow cover[END_REF][START_REF] Thomas | Radiative forcing by light absorbing impurities in snow from MODIS surface reflectance data[END_REF][START_REF] Thomas | Imaging spectroscopy of albedo and radiative forcing by light-absorbing impurities in mountain snow[END_REF][START_REF] Richard | ): Controls on radiative properties of snow cover and comparison to some dust-source sediments[END_REF][START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] Skiles S Mckenzie | Radiative forcing by light-absorbing particles in snow // Nature Climate Change[END_REF]Di Mauro et al., 2019b). This reduction in snow albedo, referred to as snow darkening, triggers the well known snow albedo feedback mechanism in which reduced snow albedo accelerates the growth of snow grains, which further increases radiation that is absorbed and promotes snow/ice melt [START_REF] Stephen | A model for the spectral albedo of snow. II: Snow containing atmospheric aerosols[END_REF][START_REF] Mark | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF][START_REF] James | Soot climate forcing via snow and ice albedos[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. While dust impacts on the snow life cycle are clearly evident, accurate predictions of dust deposition in snow within mountain regions remains a challenge [START_REF] Je↵rey | Combined impacts of current and future dust deposition and regional warming on Colorado River Basin snow dynamics and hydrology[END_REF]Hock et al., 2019b;[START_REF] Stefan | Examining the atmospheric radiative and snow-darkening e↵ects of black carbon and dust across the Rocky Mountains of the United States using WRF[END_REF]. This is due to a number of complex processes that contribute to accurate predictions of dust deposition starting with dust emissions, followed by transport/processing in the atmosphere within weather systems, and eventual deposition to snow within the complex mountain meteorological situation (Goudie, Middleton, 2001;[START_REF] Jasper | The physics of wind-blown sand and dust // Reports on progress in Physics[END_REF]Mahowald et al., 2014b). At present, the accuracy of dust deposition rates predicted by models can limit our ability to correctly assess the impacts of dust on snowpack evolution [START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF][START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF].

Dust deposition to the mountains has recently been at the forefront of research on high altitude snowpacks [START_REF] Chandan | Dust dominates high-altitude snow darkening and melt over high-mountain Asia // Nature Climate Change[END_REF][START_REF] Kok | Contribution of the world's main dust source regions to the global cycle of desert dust[END_REF][START_REF] Usha | E↵ect of aerosol-induced snow darkening on the direct radiative e↵ect of aerosols over the Himalayan region // Environmental Research Letters[END_REF]. There are two main types of deposition that result in dust arriving on/in snow: wet and dry deposition. Wet deposition is very e cient for removing aerosols from the atmosphere and occurs when aerosols are first taken up into clouds or scavenged during precipitation and then deposited with falling rain/snow [START_REF] Pruppacher | Microphysics of clouds and precipitation[END_REF]. Therefore, uncertainties in wet removal within mountains can be correlated with the uncertainties in predicted precipitation within models [START_REF] Huneeus | Global dust model intercomparison in AeroCom phase I[END_REF]Stocker et al., 2013;[START_REF] Leighton | Aerosol and physical atmosphere model parameters are both important sources of uncertainty in aerosol ERF[END_REF]. Accurate prediction of precipitation is a known challenge in mountain regions, where there are clearly interactions between mountain topography and the occurrence of orographic precipitation. Dry deposition is the other important process by which dust arrives on snow, which involves a combination of direct contact between dust plumes that are transported long distances in the low/mid troposphere, and can directly arrive at high altitude mountain snowpacks as well as gravitational settling of large particles farther aloft [START_REF] John | Atmospheric chemistry and physics: from air pollution to climate change[END_REF]. Understanding the interactions between dust transport and deposition within mesoscale weather systems and microscale mountain meteorological systems remains a challenge.

Before being deposited to snow, dust plays an important role in the atmosphere and has both direct and indirect radiative impacts [START_REF] Hansen | Radiative forcing and climate response[END_REF][START_REF] James | Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review[END_REF]. Long range dust transport is inherently tied to mesoscale weather systems bringing air from Africa mainly westward and southward towards/across Atlantic by the Saharan Air Layer but also to Europe [START_REF] Chiapello | Origins of African dust transported over the northeastern tropical Atlantic[END_REF][START_REF] Harald | The transport history of two Saharan dust events archived in an Alpine ice core // Atmospheric[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF][START_REF] Joseph | The Discovery of African Dust Transport to the Western Hemisphere and the Saharan Air Layer: A History[END_REF]. Aerosols themselves also impact weather systems due to their role as cloud condensation nuclei (CCN) and ice nuclei (IN) and their indirect (secondary) impacts on clouds (formation, droplet size, cloud darkening). Aerosols are linked to precipitation via their role in modification of clouds. Dust can have a significant impact on the energy balance within the atmosphere via warming (the aerosol direct e↵ect) upon absorbing solar radiation, or via cooling by participating in light scattering and modification of clouds [START_REF] Hansen | Radiative forcing and climate response[END_REF][START_REF] James | Estimates of the direct and indirect radiative forcing due to tropospheric aerosols: A review[END_REF]. Models that include a full description of aerosolcloud interactions are best adapted to fully understand the role of dust within the atmosphere.

Between 30 March and 5 April 2018 a strong dust deposition event was observed within the seasonal snowpack at Col du Lautaret in the French Alps. Snowpit measurements after 4 April 2018 show that this dust layer stayed on the top of the snowpack during the entire snowmelt period, with implications for snow albedo and snow melt for the rest of the snow season. Tuzet et al. ( 2020) showed using the Crocus snowpack model [START_REF] Vionnet | The detailed snowpack scheme Crocus and its implementation in SURFEX v7.2 // Geoscientific Model Development[END_REF][START_REF] Francois | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow // The Cryosphere[END_REF] that the combined impacts of all light absorbing impurities shortened the seasonal snow cover by 11 days at Col du Lautaret in 2018 [START_REF] François | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m asl, French Alps) // The Cryosphere[END_REF]. These observations provide the motivation for understanding the specific conditions that result in this dust deposition event and an evaluation of how models can best represent events of dust deposition to snow.

The present study aims to answer the following scientific questions, with a specific focus on this extreme dust event that occurred in late March/early April 2018:

1. What are the large scale atmospheric drivers for this event of dust deposition to snow?

2. Does high resolution modeling including aerosol-cloud interactions improve the representation of dust deposition to snow?

3. Is accurate representation of specific mountain meteorology important for predicting dust deposition?

4. Are both dry and wet deposition important scavenging mechanisms during this event?

In order to answer these questions, we use a combination of satellite remote sensing, in situ measurements, and modeling tools, including dedicated Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) model [START_REF] Georg | Fully coupled "online" chemistry within the WRF model[END_REF]Fast et al., 2006) predictions of the complete dust lifecycle. First, we present the observations and model data as well as we describe a specific WRF-Chem configuration model run conducted as part of this study in Section 4.5. We then present our results and discussion in Section 4.6. We show dust concentrations measured in snow pits during the 2018 winter-spring season in the French Alps (Tuzet et al., 2019) (Sect. 4.6.1). We compare 2018 to the multi-year dust transport frequency detected by satellite in Sect. 4.6.2. For this specific extreme dust deposition event that occurred in early April 2018, the main meteorological context is presented (Sect. 4.6.3). We present an evaluation of the simulated dust transport by comparing with satellite data and the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis in Sect. 4.6.4. In Sect. 4.6.5, an evaluation of the WRF-Chem model predicted meteorology is performed. Finally, In Sect. 4.6.6 the WRF-Chem model predicted dust deposition is presented and compared with CAMS reanalysis [START_REF] Inness | The CAMS reanalysis of atmospheric composition[END_REF] and observations. The summary and conclusions are presented in Sect. 4.7.

Data and Methods

Measurements at Col du Lautaret

Col du Lautaret is a high mountain pass located in the French Alps at 2058 m above sea level (ASL) latitude=45 02' 29" N longitute=6 24' 38" E. The location is shown in Figure 4.3a (magenta circle). A field campaign took place during the snow season 2017-2018 with the objective of quantifying the concentrations of light absorbing impurities (LAPs) in snow including dust, elemental carbon (EC) and refractory black carbon (rBC) along with physical and optical properties of snow that were measured weekly. A detailed description of them and their impacts on snow evolution are found in Tuzet et al. (2019).

Meteorological measurements were collected for the winter season 2017-2018 using an Automated Weather Station (AWS). Temperature, shortwave and longwave incident radiation, wind speed, atmospheric pressure, and relative humidity were the recorded parameters (Tuzet et al., 2019).

Satellite observations of aerosols, clouds, and snow 4.5.2.1 MODIS

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a passive sensor that is onboard both NASA Aqua and Terra satellites. We use two MODIS data products in this study: aerosol optical depth (AOD) and snow cover. MODIS provides AOD data based on two retrieval algorithms. The Dark-Target (DT) algorithm, which retrieves data over dark surfaces and includes ocean surfaces and over vegetated/darksoiled land. The Deep Blue algorithm retrieves data over bright surfaces such as deserts. For our study we use a daily product that combines these algorithms, the Dark Target and Deep Blue Combined data product [START_REF] Platnick | MODIS cloud optical properties: User guide for the Collection 6 Level-2 MOD06/MYD06 product and associated Level-3 Datasets[END_REF] Collection 6.1 data. This product provides daily coverage over all cloud-free and snow-free surfaces. From this we use maps of AOD at 550 nm at 0.1 Degree (⇠10 km) spatial resolution. We also use the MODIS fractional snow cover from the the daily L3 Global 500 m SIN Grid, Version 6 data (Riggs et al., 2015). This product is generated by using MODIS calibrated radiance data products, the geolocation products, and the cloud mask products. MODIS AOD data was downloaded from NASA Giovanni (https://giovanni.gsfc.nasa.gov/giovanni/) and snow cover data from National Snow & Ice Data Center (https://nsidc.org/data/MOD10A1/versions/6).

CALIOP

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) provides highresolution vertical profiles of aerosols and clouds through the daytime and nighttime at two wavelengths, 532 nm and 1064 nm. Here we use version 4 (V4) level 2 (L2) vertical feature mask (VFM) data product. The VFM algorithm takes into account the estimated particle depolarization ratio, the total attenuated backscatter, as well as the aerosol geographic location, the underlying surface type and the observed aerosol altitude [START_REF] Ali | The CALIPSO Automated Aerosol Classification and Lidar Ratio Selection Algorithm[END_REF] and identifies and classifies cloud and aerosol layers. Further, upon being detected aerosols are classified by type into the following categories: dust, polluted continental, polluted dust, smoke, clean continental, and clean marine. CALIOP data was downloaded from https://www-calipso.larc.nasa.gov/products/.

Ground based PM10 measurements

We use PM10 (coarse particles with an aerodynamical diameter of 10 µm or less) measurements from surface sites in France, including mountain sites to evaluate model predictions of dust transport. Specifically we use measurements from the Atmo Auvergne-Rhône-Alpes air quality monitoring network. As part of this network PM10 concentrations were monitored using automated analyzers, in accordance with recommendations of EN 16450:2017. PM10 measurements for 15 sites in France (Figure 4.3a, green dots) were downloaded from https://www.atmo-auvergnerhonealpes. fr/.

Reanalysis data

Reanalysis datasets are temporally, spatially, and physically consistent products that combine data from earth observing systems, including satellites and in situ measurements, with numerical model simulations (ECMWF, 2021).

ERA5

ERA5 reanalysis which is the most updated global meteorological reanalysis from ECMWF and the Copernicus Climate Change Service (C3S) [START_REF] Hans | The ERA5 global reanalysis[END_REF]. This new reanalysis replaces the ERA-Interim reanalysis and is based on the Integrated Forecasting System (IFS) Cy41r2. ERA5 benefits from developments that have been done in model physics, core dynamics and data assimilation in the last 10 years. It provides hourly data at 0.25 by 0.25 (which is approximately ⇠27.6 km x ⇠14.6 km near the French Alps) spatial horizontal resolutions and 137 levels spanning the surface of the Earth to 0.01 hPa.

CAMS

The CAMS reanalysis [START_REF] Inness | The CAMS reanalysis of atmospheric composition[END_REF] is the latest global reanalysis data set of atmospheric composition produced by ECMWF, consisting of 3-dimensional timeconsistent fields of aerosols, trace and greenhouse gases. CAMS uses the updated IFS and the associated aerosol module (IFS-AER) includes five types of aerosols including desert dust which is represented with three bins (0.030-0.55 µm, 0.55-0.9 µm, 0.9-20 µm). The di↵erent aerosol types are externally mixed and both dry and wet deposition processes are included. The dust emissions are computed dynamically following [START_REF] Paul | Sources and distributions of dust aerosols simulated with the GOCART model[END_REF] dust source formulation and by taking into account prognostic meteorological variables, vegetation cover, soil moisture, snow cover provided by the model and the MODIS-derived UV-visible component of the land surface albedo [START_REF] Morcrette | Aerosol analysis and forecast in the European Centre for Medium-Range Weather Forecasts Integrated Forecast System: Forward modeling[END_REF].

CAMS reanalysis assimilates AOD observation from MODIS Aqua/Terra Collection 6 [START_REF] Benedetti | the GEMS-AER team: Aerosol analysis and forecast in the ECMWF Integrated Forecast System. Part II: Data assimilation[END_REF][START_REF] Robert | Exploring systematic o↵sets between aerosol products from the two MODIS sensors // Atmospheric measurement techniques[END_REF] retrievals. The CAMS aerosol configuration including AOD assimilation is described in [START_REF] Benedetti Angela | The value of satellite observations in the analysis and shortrange prediction of Asian dust[END_REF], which is based on [START_REF] Benedetti | Background error statistics for aerosols // Quarterly[END_REF] and [START_REF] Benedetti | the GEMS-AER team: Aerosol analysis and forecast in the ECMWF Integrated Forecast System. Part II: Data assimilation[END_REF]. It should be noted that the vertical profile of the aerosol mixing ratio is not modified by the assimilation [START_REF] Benedetti Angela | The value of satellite observations in the analysis and shortrange prediction of Asian dust[END_REF]. CAMS reanalysis data have a global horizontal resolution of 0.75 ⇥0.75 (⇠80 km) and 60 vertical levels. It covers a time period from 2003 to 2020 with a temporal resolution of 3-hours. CAMS provide AOD datasets of multiple wavelengths, AOD data at 550 nm are used in this study.

SAFRAN

Système d'Analyse Fournissant des Renseignements Atmosphériques à la Neige (SAFRAN) is a mesoscale atmospheric analysis system from Météo-France which provides reanalysis data of surface meteorological variables [START_REF] Yves | Reanalysis of 47 years of climate in the French Alps (1958-2005): climatology and trends for snow cover[END_REF]. The data are provided on a grid based on mountain regions with similar meteorological characteristics called massifs where the variability of data is a function of elevation, aspect and slope. For each massif, SAFRAN provides each parameter every 300 m at elevations up to 3600 m. SAFRAN uses an optimal interpolation to assimilate available observations including temperature, humidity and wind speed. Daily measurements including accumulated precipitation and temperature of around 500 meteorological stations over the French Alps at altitudes between 200 and 2500 m are included. Global Precipitation Measurement (GPM) is an international satellite mission initiated by the Japan Aerospace Exploration Agency (JAXA) and the United States National Aeronautics and Space Administration (NASA) [START_REF] Hu↵man | GPM IMERG Final Precipitation L3 1 day 0.1 degree x 0.1 degree V06[END_REF]. It provides high quality next generation precipitation observations using an international constellation of satellites including research and operational microwave sensors at a temporal resolution of 3 hours and global coverage. The Integrated Multi-satellite Retrievals for GPM (IMERG) algorithm intercalibrate, merge, and interpolate all GPM constellation satellites microwave precipitation estimates, together with microwave -calibrated infrared (IR) satellite estimates, precipitation gauge analyses, and potentially other precipitation estimators. The latest released GPM data version 6 V06B at 0.1 Degree (which is approximately ⇠11 km x ⇠5.8 km near the French Alps) spatial resolution was used in this study. GPM data was downloaded from https://gpm.nasa.gov/data/directory.

Radar

Météo France provides a weather radar rainfall mosaic dataset with a spatial resolution of 1 km and a temporal resolution of 5 min which covers the whole metropolitan France. It is a network of 30 radars and the volume scan of each radar is processed every 5 min to provide a quantitative precipitation estimate (QPE) map. The estimated precipitation is obtained by composing the QPE maps creating a national radar product called PANTHERE (Projet Aramis Nouvelles Technologies en Hydrométéorologie Extension et REnouvellement). While most of the operational radars in this framework are C and S band, X-band Doppler polarimetric radars are operated over the southern Alps (Yu et al., 2018).

WRF-Chem model

The WRF-Chem (Grell et al., 2005;Fast et al., 2006) model is a fully online coupled model. It permits the simulations of emissions, transport, mixing and chemical transformation of trace gases and aerosols simultaneously with the meteorology. The model is based on the Advanced Research WRF (ARW) core, which handles the meteorology, physics and transport processes [START_REF] William | A time-split nonhydrostatic atmospheric model for weather research and forecasting applications[END_REF]. The aerosol and chemistry components are completely consistent with the modeled meteorology, using the same grid and transport systems and same physics schemes for subgrid-scale transport [START_REF] Georg | Fully coupled "online" chemistry within the WRF model[END_REF]. In our study, aerosol feedbacks/e↵ects are included through the interaction of cloud physics with the model predicted aerosols [START_REF] Richard | MIRAGE: Model description and evaluation of aerosols and trace gases[END_REF]Fast et al., 2006).

Here we use the regional model WRF-Chem 4.1.0 including an explicit description of aerosol-cloud interactions in order to quantify the relationship between dust deposition and weather systems. We set up the model using 3 nests (Lambert Conformal projection) (Figure 4.1), which are run using one way nesting. The model was run to include dust emissions through to deposition, from 24 March 2018 to 4 April 2018. D01 includes the region of dust emissions in the Sahara, D02 is a regional domain over Europe, and D03 is a high resolution domain to capture the features of mountain meteorology. The meteorological initial and boundary conditions are provided by ERA5 (0.25 horizontal resolution and 6 h temporal intervals). Chemical initial and boundary conditions (boundary conditions only for D01) are provided from the CAM-Chem model (see https://www2.acom.ucar.edu/wrf-chem/wrf-chem-tools-community, [START_REF] Buchholz | The CESM2 Development Team: CESM2. 1/CAM-chem Instantaneous Output for Boundary Conditions[END_REF]). WRF-Chem-D01 domain includes the Saharan dust emission region and no initial and boundary conditions are provided for dust. For D01, spectral nudging [START_REF] Gonzalo | Spectral nudging to eliminate the e↵ects of domain position and geometry in regional climate model simulations[END_REF]) also using ERA5 is applied and updated every 6 hours above the planetary boundary layer (PBL) for winds and temperature.

For computational e ciency while also preserving the dust transport pathway from D01 to D02 and D03, D02 and D03 are run for a shorter time period. For D02 the model was run from 28 March 2018 and for D03 it was run from 29 March 2018 (18:00 UTC) to 4 April 2018. For numerical stability, time o↵-centering for vertical sound waves (epssm) and or the vertically propagating acoustic modes (damp) options were applied to all domains. The specific model physical, chemical, and emissions options for each domain are summarized in Table 4.1. The model was run using the 8 bin Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) aerosol scheme [START_REF] Rahul | Model for simulating aerosol interactions and chemistry (MOSAIC)[END_REF] including aerosol-cloud interactions [START_REF] Richard | MIRAGE: Model description and evaluation of aerosols and trace gases[END_REF][START_REF] Fast | Modeling regional aerosol and aerosol precursor variability over California and its sensitivity to emissions and long-range transport during the 2010 CalNex and CARES campaigns[END_REF], including the updates described in [START_REF] Louis | Improvements to the WRF-Chem 3.5. 1 model for quasi-hemispheric simulations of aerosols and ozone in the Arctic // Geoscientific Model Development[END_REF]. We use this particular setup due to the advanced description of aerosol physics and interactions with clouds. Specifically, MOSAIC treats aerosol processes including nucleation, coagulation, condensation, and evaporation. Aerosol-cloud interactions are described by aerosols acting as cloud nuclei, via in cloud chemistry, and via within and below cloud wet scavenging. Interstitial (suspended in air or between cloud particles) and cloud-borne aerosol particles (suspended in cloud droplets) are treated explicitly. Modeled aerosols can be activated or re-suspended (in air) depending on saturation, particle size, and aerosol composition. MOSAIC uses a sectional approach to simulate the aerosol size distributions (0.039-0.078 µm, 0.078-0.156 µm, 0.156-0.312µm, 0.312-0.625 µm, 0.625-1.25 µm, 1.25-2.5 µm, 2.5-5.0 µm, 5.0-10.0 µm) of five inorganic ions (sulfate, ammonium, nitrate and sea salt in the form of chlorine and sodium) and three primary aerosol species (black carbon, dust, and organic matter). Modeled Black Carbon (BC) includes all emitted black carbon mass that is included in the aerosol mass within MOSAIC. All particles within the same size bin are assumed to be internally mixed so that all particles within a bin have the same chemical composition and interactions with liquid clouds within each model grid cell. Within MOSAiC the hygroscopicity and CCN activity nucleating ability of aerosols is a linear combination of their aerosol chemical composition and considers aerosols as internally mixed within each size bin. Examples of the mass fraction for each chemical component modeled within each size bins over the dust emissions region and over the Alps are shown in Figure 4.2.

Aerosol dry deposition includes Brownian and turbulent di↵usion as well as gravitational settling [START_REF] Wesely | Parameterization of surface resistances to gaseous dry deposition in regional-scale numerical models[END_REF]. In-cloud and below-cloud precipitation scavenging is included within the prediction of wet deposition as described by [START_REF] Richard | MIRAGE: Model description and evaluation of aerosols and trace gases[END_REF].

Dust emissions are calculated online using the Goddard Chemistry Aerosol Radiation and Transport (GOCART) emissions scheme [START_REF] Paul | Sources and distributions of dust aerosols simulated with the GOCART model[END_REF] and have been modified here according to [START_REF] Shao Yaping | Dust cycle: An emerging core theme in Earth system science // Aeolian Research[END_REF] to be optimized for Saharan dust. The basic parameters of any dust emission model are the threshold friction velocity as well as the horizontal and vertical mass flux of dust as wind speed near the surface should be su cient to lift surface particles and entrain them into the atmospheric boundary layer [START_REF] Jasper | The physics of wind-blown sand and dust // Reports on progress in Physics[END_REF]. GOCART scheme uses the simulated from WRF-Chem wind speed near the surface and calculates online dust emissions. We also modified the model to save dust deposition rates for each aerosol size bin within MOSAIC.

Results and discussion

Observed dust deposition to snow in spring 2018

Dust deposition to snow at Col du Lautaret in the French Alps (Figure 4.3a, magenta circle) was measured within snow pits during the 2018 snow season (Figure 4.3b), measurements described in Tuzet et al. (2019). Specifically, a large dust deposition event was measured in the snow pit conducted on 4 April 2018 (Figure 4.3b, dark red layer) that was buried slightly below the surface. Given the earlier snow pit that was completed on 13 March 2018 did not contain this layer with enhanced dust concentrations, we can clearly identify this dust deposition occurred between 13 March and 4 April 2018 (as already noted in Tuzet et al. ( 2019)), the time period is shown by a gray box in Figure 4.3b. We show the regional extent of snow cover during the same time period on 22 March 2018 in Figure 4.3a to show the potential regional impact of dust deposition to snow. The simulated snow cover extent during the deposition event from WRF-Chem D02 is shown in Figure 4.4a). Each black dot corresponds to a snowpit measurement. Snow height is given as height above ground level.

Multi-year analysis of dust transport during the alpine snow season

In this section we aim to understand how this observed dust deposition event fits into the multi-year context of dust transport during the winter season. For this, we use satellite observations of AOD from MODIS Aqua and reanalysis values of AOD from CAMS using all data available from 2002 to 2021. The availability of MODIS AOD retrievals over snow covered areas is significantly limited by high albedo as well as by the frequent occurrence of cloud cover (Figure 4.4b)). To overcome this limitation, we use a larger region than the snow covered Alps (2.5 E, 38.5 N, 11.5 E, 48.5 N, region shown in inset of Figure 4.5) to identify dust transport events. We calculate the average AOD within this region as a daily average shown in Figure 4.5. The highest average AOD values that lie above the 95 th percentile (cyan points) and above the 99 th percentile (purple points) thresholds for AOD values for the snow season (noted in gray, December to April) are shown. We classify consecutive days with enhanced AOD as the same dust transport event. The red cross shows our specific dust transport event that occurred in early April 2018. This analysis allows us to characterize this as extreme event due to the fact that it is among the top 5 percentile of all dust transport events during snow season between 2002-2021. Looking at AOD MODIS retrievals from 13 March to 4 April (data not shown), we identified that this dust transport event occurred between 31 March 2018 and 3 April 2018. We show the AOD MODIS retrievals for the key period in Sect. 4.6.4. 

Mesoscale meteorological conditions in this dust deposition event

AOD from MODIS and CAMS shown in the prior section provided the specific time window when this dust transport event occurred, between 31 March 2018 and 3 April 2018. In this section we show the prevailing atmospheric circulation patterns that dominate during this dust transport event that results in deposition to snow. The days before and during the dust outbreak are impacted by the negative North Atlantic Oscillation (NAO) phase (Meteo France, 2021). When NAO is negative, both subpolar low and subtropical high are weaker than average, the Atlantic Jet Stream has a more zonal (west-to-east) orientation which results in a convergence of winter Atlantic storms in central west Europe.

The synoptic conditions of the dust event are described using the ERA5 reanalysis. In Figure 4.6a we show the 700 hPa geopotential height at 12:00 UTC from ERA5 on each of the days of the event. On 1 April 2018 (Day-2) a ridge extended over north central Africa while a trough extended from east Europe to the Mediterranean sea (Figure 4.6a). On 2 (Day-1) and 3 (Day 0) of April the ridge axis moves eastwards causing southwesterly flow, over the Mediterranean sea towards the French Alps, with high wind speeds (up to 10 m/s at sea level in Figure 4.7a and 20 m/s at 700 hPa height Figure 4.6a). At the surface, a high-pressure system centered between Sicily and center-north Africa extends up to Algeria while a thermal low pressure system extends over north Africa including Morocco (Figure 4.7a Day-1 and Day-2). Additionally, a low pressure system (Atlantic low) is displaced towards northwest of Spain. Large amount of water vapor is transported in the Alps (Figure 4.7b) and precipitation events are expected in the region. All of these factors result in a dust enriched air mass that is transported from the Sahara and arrives at Col du Lautaret with this weather system on 3 April 2018. We compare WRF-Chem D01 with ERA5 geopotential height at 700 hPa to evaluate the model ability to reproduce the meteorology that drives this event (Figure 4.6). WRF-Chem D01 captures well the general circulation during all the days of the event. The model is able to represent the timing and the horizontal extent of both ridges and troughs. The strength of the simulated Saharan high is slightly overestimated compared to ERA5 reanalysis data (on average ⇠50 m) during the event.

Major di↵erences between ERA5 and WRF-Chem D01 occur on 31 March (Day-3) when the model shows stronger wind speed and higher geopotential height at 700 hPa.

Evaluation of modeled dust transport

The AOD simulated by WRF-Chem (D01) over the dust source region and during long range transport are compared to MODIS Aqua AOD and CAMS AOD in Figure 4.8. On the 30 and 31 March the dust plume extends over Algeria and Tunisia and on 31 March dust is clearly transported into the region of southern Italy and Sicily including the central Mediterranean Sea. The spatial distribution of the predicted AOD from both WRF-Chem and CAMS are in a good agreement with the satellite measurements. On 2 and 3 April the dust plume shifted west and moved to the southern part of France and southeast Spain. The lack of satellite AOD retrievals over France and the Alps is due to cloud coverage and/or the presence of high albedo snow, limiting a direct comparison between MODIS and the models as the dust plume arrives further north on 2-4 April. Comparing the models with the observed AOD values, we note that CAMS agrees well with AOD, while WRF-Chem tends to over-predict AOD in the dust emissions source regions (by ⇠ 0.15). We note that AOD is assimilated into the CAMS reanalysis [START_REF] Benedetti | the GEMS-AER team: Aerosol analysis and forecast in the ECMWF Integrated Forecast System. Part II: Data assimilation[END_REF][START_REF] Robert | Exploring systematic o↵sets between aerosol products from the two MODIS sensors // Atmospheric measurement techniques[END_REF] and a very good agreement is therefore expected. There is no assimilation of AOD or aerosol in WRF-Chem. As a result, no correction is applied to the over-prediction of the intensity of the plume, which is clearly over Africa, where WRF-Chem predicts high AOD values over a larger spatial extent than detected by MODIS. We have specifically used the parameters for the Saharan dust within the GOCART dust emissions scheme within WRF-Chem according to [START_REF] Shao Yaping | Dust cycle: An emerging core theme in Earth system science // Aeolian Research[END_REF]. Upon adjusting these parameters, the total dust emission are reduced and lower AOD is predicted compared to the standard version of the model (Figure 4.9). However, a general over prediction of winds by WRF-Chem at the surface in Africa compared to ERA5 (Figure 4.10) is the likely cause of the enhanced AOD values compared to MODIS. The simulated dust concentrations vary due to the di↵erences in the treatment of aerosols and di↵erences in simulated meteorology. In addition, CAMS includes assimilation of satellite derived aerosol AOD, while WRF-Chem does not include any assimilation. Both CAMS and WRF-Chem use similar dust emission schemes. The dust emission fluxes, which result in these atmospheric concentrations also di↵er due to di↵erences in simulated surface meteorology (atmospheric stability and surface wind speed), surface properties (such as soil particle size distribution, surface roughness and soil moisture) as well as the models resolutions. For example, the spatial resolution of soil moisture and vegetation cover can a↵ect the estimated values of AOD and the dust storm spatial distribution. In order to identify the dust source emission region of the event, and to understand if this general over estimation of dust emissions impacts our WRF-Chem model prediction, we use the Lagrangian particle dispersion model, FLEXible PARTicle (FLEX-PART) -WRF (Brioude et al., 2013a). WRF-Chem meteorological conditions were used to drive FLEXPART -WRF. The model is run backwards in time in order to predict air history prior arriving at Col du Lautaret. We released 100.000 air particles between 20180403 h:08 UTC and 20180404 h:12 UTC and run backwards in time for 6 days. Potential emission sensitivity (PES) maps presents the time the air mass spend at each grid box thus, is sensitive to surface emissions (shown in Figure 4.11). This shows that the main dust emission source region for air that arrives at Col du Lautaret on 3 and 4 April 2018 was in the very northern portion of Africa, where WRF-Chem predicted dust is in better agreement with the MODIS AOD values than the largest portion of this dust storm farther south. The vertical distribution of dust in the atmosphere is important for the residence time of the dust particles and their atmospheric transport pathways. The atmospheric lifetime and transport distance for dust particles increases when it is lifted and transported higher in the atmosphere. On Figure 4.12 we compare aerosols within the atmosphere detected by CALIOP (aerosol detection and aerosol sub-type) for the CALIPSO overpasses shown in black on Figure 4.12. We show the four overpasses that capture this dust transport event: one on 31 March, one on 3 April, and two on 4 April. For this, we extract the total concentration of dust from the CAMS results (all dust bins) and WRF-Chem model (other inorganic aerosols, which are primarily dust using D01) along the CALIPSO overpass and provide a vertical profile along each overpass. We show that the aerosol retrievals from CALIOP are limited by the location of high altitude clouds above 8 km for some overpasses. These include: 10-15 deg Lat (Figure 4.12a), 35-45 deg Lat (Figure 4.12c), and 40-50 deg Lat (Figure 4.12d). Clouds limit the ability to directly detect the main portion of the dust transport event during deposition to snow over the Alps, on 4 April. However, we can still evaluate the representation of dust farther south and prior to being transported into the region. The aerosol layer detected by CALIOP (orange color, Figure 4.12 panels (a-d) for all CALIPSO overpasses is mainly identified as dust (yellow color, Figure 4.12 panels (e-h)) by the VFM mask algorithm.
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First, we look how the models represent dust near the source region on 31 March and 2 April 2018. On 31 March (Figure 4.12, first column) the dust layer extends up to 6 km altitude and as far north as 33 N in the satellite retrievals and in both models outputs. Satellite measurements between 10 N and 17 N are missing due to cloud attenuation. On 2 April (Figure 4.12, second column) the dust layer was lifted higher in the mid troposphere up to 7 km according to CALIOP. The WRF-Chem model captures the depth of the dust layer for this overpass, but the simulated dust plume peak is shifted further north compared to the measured satellite retrievals. However, the CAMS dust layer between 5 N and 20 N is lifted higher in the atmosphere than detected by CALIOP.

We now look at dust as it arrived over Europe and the region of the Alps, we look at the overpasses on 4 April 2018, which is during the deposition event. Both CALIPSO overpasses on this day (Figure 4.12 (g) & (h)) show there are thick clouds in the mid-troposphere at latitudes spanning from 40 N to 50 N. For these latitudes the signal is attenuated and we cannot compare the horizontal and vertical distribution of the dust plume over the Alps. Both models show that a significant dust plume is transported to the region of the Alps on 4 April. However, the vertical distribution of the modeled plumes for both overpasses are represented di↵erently in WRF-Chem and CAMS. In general, WRF-Chem has a smaller vertical extent of the plume with a more concentrated dust layer near the surface, which is in agreement with CALIOP. CAMS predicts a dust layer that extends higher into the atmosphere, which is in less good agreement with the CALIOP retrievals. The vertical extent of the dust plume plays a key role for the dust particles lifetime and transport. The lifetime of dust particles within the PBL is relatively short due to turbulent mixing. Dust particles in the free troposphere have a longer transport distance due to their longer lifetime and they can later be entrained into the local mixed layer i.e through the cloud-top by cloud-induced mixing. While the exact connection between the vertical extent of the plume and deposition rates over the Alps is not well quantified, we note that ensuring accurate vertical distribution and co-location with clouds is important for wet removal, while accurate dust concentrations near the ground are clearly important for accurate prediction of dry deposition. In Figure 4.13, we compare WRF-Chem (blue line) and CAMS (green line) aerosol predictions to 15 ground based air quality monitoring station (black line) to evaluate if the model captures correctly dust that is transported to the region of the French Alps during this event. We show a comparison between WRF-Chem (D01) and CAMS (3-hourly data) predicted PM10 and the Atmo Auvergne-Rhône-Alpes air quality observations, which include three types of measurement sites (urban, semiurban, and background), in Figure 4.13. For this we use modeled predicted surface value (lowest model level) and interpolate the results to the latitude and longitude of each measurement site. We use all three types of measurements sites that are part of this air quality network for our evaluation. The exact timing of the arrival of this dust storm in the French Alps is noted in the gray background on all panels. Both models in general capture the scale of PM10 before and during the event. CAMS predicts PM10 values though shows a bias more pronounced than WRF-Chem D01 values when compared to observations over the whole time period. This bias is often caused by an increased night-time bias and can be correlated with the strong diurnal cycle which is more pronounced in CAMS. The PBL height and evolution impacts the PM10 measurements but the key mechanisms may vary at the di↵erent altitudes and sites. Surface dust concentrations from both models and observations causes surface PM10 to increase significantly during the event in all measurements sites across the French Alps. This increase shows that air pollution in the region can be caused by non local sources. However, we note that the urban and semiurban sites (such as Chamonix and Demi-Quartier) do not agree as well with the WRF-Chem outside the times of this specific dust event. Moreover we note that both models overestimate surface PM10 during the event at some measurement sites ( such as Ordonnaz, Bourg en Bresse, Saint-Germain-Sur-Rhone). This reveals that the predicted dust plume from both models has higher dust concentrations compared to the observations closer to the surface.
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We show that both timing and quantity of dust transport to these sites, which are located at a variety of altitudes (from 125 to 1243 m ASL) is correctly represented by WRF-Chem. This evidence provides us confidence that within WRF-Chem dust within the atmosphere can be used for accurate predictions of dust deposition to snow in the region of the the Alps. 4.6.5 Evaluation of WRF-Chem predicted mountain meteorology and precipitation 4.6.5.1 Predicted regional scale precipitation and temperature

In this section, we evaluate regional scale predicted WRF-Chem meteorology using GPM satellite precipitation data, ground based Meteo France Radar rainfall product, SAFRAN reanalysis data and ground station measurements. First, we look at the influence of model resolution on predicted precipitation in order to understand how di↵erences in precipitation rates may be impacted model predictions of wet deposition of dust.

The spatial distribution of daily precipitation rates simulated by WRF-Chem, and observed by GPM and the Meteo France Radar product is illustrated on Figure 4.14. The rain rates are qualitatively well reproduced by the model as well as the spatial variability of the daily values. WRF-Chem D02 predicts higher precipitation rates than D01, which are mainly driven by the di↵erences in the spatial resolution of the topography. On 4 April (Figure 4.14, last row) during the deposition event, WRF-Chem D03 underestimates precipitation over the Alps compared to both GPM and Radar products, while using a convection permitting configuration (cumulus scheme deactivated) at this resolution (3 km ⇥ 3 km horizontal resolution). These values are also lower than WRF-Chem D01 and D02 resolution predictions, where this precipitation event is produced by convective rain. WRF-Chem D03 should be able to explicitly reproduce convection processes through the description of the cloud micro-physical processes (see Table 4.1). We tested the influence of the parameterization choice at the highest resolution by switching convection on for the last day of the run. When activated, the model uses both the cumulus scheme and microphysics to produce precipitation. This increases the daily simulated precipitation over the western mountain sides while decreases the simulated precipitation in the center and north east part of the Alps. Figure 4.15 illustrates the convective and non convective daily precipitation during this day as well the di↵erences of total precipitation between the two runs. The relatively high amount of convective precipitation implies that mainly the scale of convective patterns on the western side of the Alps is smaller than 3 km and the model is not able to explicitly reproduce them through microphysical processes. scheme is activated (sensitivity test run). Panel (c) depicts the total accumulated precipitation produced through microphysical processes only (cumulus scheme is deactivated, default run). The di↵erences of the 2 runs of total precipitation are depicted in panel (d). The arrows depicts the wind field at 10 m height.

The total predicted mean daily precipitation during the event at D01, D02 and D03 resolutions as well as their di↵erences are presented on Figure 4.16b and 4.16d. Figure 4.16a shows the topography over the French Alps at the 3 di↵erent resolutions. The main di↵erences between them (Figure 4.16c) are depicted at the summits and ridges up to 1200 m as well as valleys. Di↵erences in topography can alter surface moisture and consequently can influence precipitation patterns. Topographic features may stay unresolved while smoothed topography can enhance vapor transport to high elevations, increase available moisture and reduce stability. Increasing the resolution, the distribution of precipitation follows the higher topographical representation of the Alps (Figure 4.16b), revealing the importance of the accurate topography representation when simulating orographic precipitation. The relationship between the elevation di↵erences and precipitation during the event when increasing the resolution shows an increase in precipitation related to the representation of orography (Figure 4.17). Specifically, the di↵erences maps (Figure 4.16d) show higher precipitation rates over mountain peaks and dryer valleys when increasing the resolution. SAFRAN data provides wide spatial coverage (French Alps) with high accuracy at di↵erent altitudes [START_REF] Yves | Reanalysis of 47 years of climate in the French Alps (1958-2005): climatology and trends for snow cover[END_REF]. The accurate representation of the spatial distribution of precipitation is crucial for a reliable estimation of wet deposition at di↵erent elevations over the French Alps. In order to overcome the spatial inconsistencies caused by the di↵erent grid representation of WRF-Chem outputs and SAFRAN reanalysis product, WRF-Chem data have been adjusted to SAFRAN semidistributed grids/massifs. A systematic cold bias is shown in the simulated mean 2 m air temperature by all model resolutions D01, D02, D03 and at all altitudes (Figure 4.18a). This bias has a high dependence on model resolution. By increasing the resolution the cold bias is moderated up to 2100 m altitude. We note that even massifs with significant mis-represented altitudes by the WRF-Chem topography have large temperature cold biases. This is a quite well known WRF problem and several studies have underlined it [START_REF] Kumar | Simulations over South Asia using the Weather Research and Forecasting model with Chemistry (WRF-Chem): set-up and meteorological evaluation // Geoscientific Model Development[END_REF][START_REF] Pedro | On the ability of the WRF model to reproduce the surface wind direction over complex terrain[END_REF][START_REF] García-Díez | Seasonal dependence of WRF model biases and sensitivity to PBL schemes over Europe[END_REF][START_REF] Karki | Quantifying the added value of convection-permitting climate simulations in complex terrain: a systematic evaluation of WRF over the Himalayas // Earth System Dynamics[END_REF][START_REF] Meng | Simulated cold bias being improved by using MODIS timevarying albedo in the Tibetan Plateau in WRF model // Environmental Research Letters[END_REF]. The spatial distribution and magnitude of precipitation is in general well captured by the model at the di↵erent altitudes (Figure 4.18b). Specifically, at low altitudes (below 1200 m) the simulated values from WRF-Chem are in a good agreement with SAFRAN reanalysis data. At higher altitudes the model overestimates mean precipitation in the southern region and underestimates it in the north-west region of the French Alps compared to SAFRAN reanalysis. This bias is more pronounced for D03 and can be correlated with the pronounced cold bias in the simulated surface temperature at these altitudes. On 4 April WRF-Chem D03 resolution predicts only high altitude precipitation (above 2100 m) and underestimated mean precipitation in the lower altitudes when compared to SAFRAN (Figure 4.19b). The accurate representation of precipitation is crucial for the calculation of wet removal of aerosol such as dust. The observed values have been derived from snow height measurements. The daily values are shown in Figure 4.20b). The rain events during the simulated period are reproduced relatively well by the model. It should be noted that there is a shift on the timing of the event on 1st April while the event between 4 and 5 April is partly captured mainly by WRF-Chem D03. Precipitation events can be localized and may produced by convective rain, and as a result even WRF-Chem D03 resolution of 3 km cannot reproduce them.

Wind speed at 10 m has an important e↵ect on the horizontal transport of air masses. The underestimation or overestimation of wind speeds can lead to a misrepresentation of dry or/and wet deposition flux. We should underline that the wind speed measurements of the weather station at Col du Lautaret are at 5.18 m from the ground and are compared with the 10 m wind speed from the model. This can cause systematic biases between the measurements and the simulated values. In summary WRF-Chem model captures well the temporal evolution of the meteorological conditions during the dust event. The simulated mountain meteorology from WRF-Chem highest resolution D03 shows in general a better agreement with observations compared to WRF-Chem D01 and D02 spatial resolutions. The synoptic circulation is well represented from WRF-Chem, the horizontal resolution of 3 km is not enough though to resolve all the relevant topographic features over complex terrain. Wind speed, temperature and precipitation can alter wet and dry deposition rates over the Alps via the interaction of regional atmospheric circulation and mountain boundary layer dynamics. A study that quantifies the advection and entrainment of free tropospheric air enriched with dust aerosols during the boundary layer development is needed. 

(a) (b) (c) (d) 

Predicted dust deposition

In this section we show the predicted total wet and dry deposition from WRF-Chem (at di↵erent resolutions) and CAMS and compare this with estimates derived from correcting model predicted dust deposited rates from the ALADIN model (as described in Tuzet et al. ( 2019)) that were adjusted to correctly predict the dust concentrations measurements in snow pits (from here on, we refer to these data as observations).

We also investigate the influence of terrain resolution topographical features both on wet and dry deposition processes. In the previous sections we discussed the representation of dust within the atmosphere in both WRF-Chem and CAMS and precipitation rates over the Alps from WRF-Chem. Here, we look at how dust transport, mountain specific terrain, as well as weather/local scale meteorological processes impact predicted dust deposition rates.

First, we focus on understanding simulations of dust deposition locally at the Col du Lautaret site. Figure 4.22 compares hourly accumulated wet (Figure 4.22a) and dry (Figure 4.22b) dust deposition to snow at Col du Lautaret from WRF-Chem (D01, D02, D03) and CAMS with observations. The timing and magnitude of the simulated wet and dry deposition rates by WRF-Chem are in a good agreement with the observed values. There is no significant di↵erence between the di↵erent model resolutions specifically at the Col du Lautaret site. There is a shift in the timing of the dust deposition event that is predicted by CAMS. The WRF-Chem model underestimates dust wet deposition by approximately a factor of 3.7 (D01), 3.9 (D02) and 2.9 (D03) compared to the observed accumulated value during the event. In contrast, CAMS underestimates this wet deposition value by a factor of ⇠7.7. Dry deposition is underestimated from WRF-Chem by a factor of 4.5 (D01), 9.1 (D02), 3.9 (D03), and by a factor of 20.7 from CAMS. In summary, there is no clear improvement in WRF-Chem predicted dust deposition values specifically at Col du Lautaret upon increased model resolution, despite the improved regional meteorology (including precipitation) for D03 (see Section 4.6.5.2). However, all WRF-Chem domains are closer to the observed peak deposition values than the CAMS predictions. Next, we look at the regional scale influence of WRF-Chem model resolution on dust deposition rates and compare them with CAMS and regional precipitation patterns and terrain characteristics in Figure 4.23. We show the total (first row) wet (second row) and dry (third row) accumulated deposition rates on 3 April 2018 (and the day after on 4 April 2018, Figure 4.24) at di↵erent model resolutions. In order to overcome the spatial inconsistency caused by the di↵erent horizontal resolutions WRF-Chem D01 and D02 simulated values have been regridded to D03 horizontal resolution. The dust deposition rates simulated by WRF-Chem D01, D02, D03 show that the event includes both wet and dry deposition of dust with a larger contribution of wet deposition. Wet deposition dominates over the Alps, where we predict deposition rates over 10 3 mg m 2 in southern part of the French Alps. The higher di↵erences between the di↵erent domains (D03-D01, D03-D02) are found to be co-located with the maximum di↵erences in predicted precipitation (Figure 4.25). The total and wet deposition increase over the Alps and decrease over the Po valley located at the eastern part of the French Alps for the highest resolution domain (D03, 3⇥3 km resolution). We compare WRF-Chem lowest resolution (27⇥27 km resolution) model results with the CAMS reanalysis product (D01-CAMS). The contribution of wet deposition to the total dust deposition rate predicted by CAMS is significant. Total and wet deposition rates from CAMS are lower by up to 3 orders of magnitude than the WRF-Chem D01 predicted values. Wet deposition is directly linked with cloud formation and precipitation and this bias is maybe caused and/or impacted by the CAMS representation of both wet removal in clouds and precipitation. To better understand this, we plot ERA5 accumulated precipitation and we show that is co-located with the accumulated wet deposition on 3 April 2018 (Figure 4.26). In summary, there are large di↵erences in wet deposition predictions which implies that di↵erent parameters are governing the wet scavenging in di↵erent models and at di↵erent model resolutions (i.e vertical air mass fluxes, vertical distribution of precipitation, particle sizes). A study that separates the removal by convective and synoptic precipitation will give a better understanding of these di↵erences. The dry deposition rates are highest in the western part of the French Alps, where the dust plume is most present in the atmosphere (prior to rain out over the highest mountains in the Alps) and dust can deposit via either turbulent dry deposition (surface contact) or gravitational settling (dust deposition from aloft). The Saharan dust is transported over the Alps by a westerly flow and as a result dry deposition is most prominent on the western side of the massifs. The strongest impact of model resolution on dry deposition is an increase in dry deposition in the western Alps (following ⇠ 1000 m contour interval) and a decrease in dry deposition for just east, where the terrain is above ⇠1000 m (Figure 4.23). Dry deposition at the western Alps is the same order of magnitude as wet. Figure 4.27a) shows the estimated (from WRF-Chem D03) altitude dependence of dry to total dust deposition at the western French Alps (longitude less than 6.5 E). The percentage of dry deposition increases with altitude from ⇠800 m to ⇠1700 m and decreases at higher altitudes, peaking at ⇠1700 m. Dry deposition contributes ⇠30% to ⇠40% (mean values) up to ⇠1700 m to the total dust deposition rates while it decreases up to less than 10% at higher altitudes above ⇠1700 m. The PBL height over western Alps follows a similar distribution (increases) as dry deposition rates up to ⇠1700 m (Figure 4.27b). Depending on the horizontal wind shear with respect to the altitude, Alpine sites can be within the PBL which contains dust enriched air mass, and favors dry dust deposition. CAMS predicts lower dry deposition rates (by up to 2 orders of magnitude) compared to WRF-Chem D01. These di↵erences originate from di↵erences in dry deposition velocities, model topography, as well as di↵erences in vertical distribution of dust in atmosphere. In summary, both models capture the timing of the dust event, although the intensity is underestimated. Wet deposition is seen to be the dominant removal mechanism during this specific event, while the dry deposition can play an important role at particular low altitudes at the lee side of the massifs. Wet deposition contributes ⇠79.5 % and dry deposition ⇠20.5% to total simulated deposition rates from WRF-Chem D03 (wet deposition 84.5 % and dry deposition 15.5% at altitudes above 850 m). Dust coarse size bins dominate simulated deposition fluxes during this event from both CAMS and WRF-Chem model.

Model aerosols in the lowest and mid troposphere and aerosols scavenging processes within the models and model resolutions play an important role and drive the uncertainties and errors in the magnitude of wet deposition rates. A combination of factors should be taken into account when simulating and representing deposition rates over mountains i.e the French Alps. First, the magnitude and vertical extension of the dust plume that is transported into the mountain region is important both for wet and dry deposition. Second, mountain meteorology can alter aerosols scavenging by clouds. Third, the representation of aerosol cloud interactions (explicit treatment of aerosols as CCNs and INs) and scavenging processes changes in di↵erent models and model resolutions.

Summary and conclusions

In this paper, we focus on understanding the factors that control dust deposition to snow in the French Alps using a case study in April 2018 using satellite remote sensing, modeling, and observations in the Alps. We first focus on understanding model predictions at regional scale and of mountain meteorological conditions.

Our study contributes to link local and regional scale processes which drives dust deposition in remote mountain regions. It provides a basis of understanding the processes and uncertainties on modeling dust deposition events over mountains at di↵erent resolutions. The e↵ect of spatial resolution on model simulated mountain meteorology including precipitation is specifically explored. Our results show that the WRF-Chem model meteorology is very sensitive to model resolution, which is due to the improved representation of topography. Increasing the resolution the updraft wind speeds and the convective updraft areas changes and alters the simulated meteorology. A future ensemble study is needed to quantify these changes as a function of dust concentration and environmental conditions.

We also use remote sensing and ground based observations of aerosols (MODIS AOD, CALIOP retrievals, PM10 measurements) to evaluate both WRF-Chem and CAMS representation of this dust transport event. WRF-Chem model overestimates AOD and surface PM10 during the event while underestimates deposition fluxes compared to observations at Col du Lautaret. CAMS reanalysis assimilates MODIS AOD retrievals and a good agreement between MODIS and CAMS AOD is shown. CAMS overestimates the surface PM10 values and underestimates dust deposition fluxes compared to both observations and WRF-Chem D01 simulated values. The comparison of deposition rates between WRF-Chem D01 and CAMS shows a di↵erence, mainly correlated to wet deposition, up to 3 orders of magnitude.

A combination of factors results in the underestimation of deposition fluxes at Col du Lautaret despite the overestimation of aerosol mixing ratio within the atmosphere compared to observations from both models. First the overestimation/underestimation of dry deposition velocity can overestimate/underestimate size bins concentrations of dust particles transported in the atmosphere. Moreover, biases and errors in the magnitude and timing of precipitation have a significant impact on the wet deposition rates. Second, the representation of aerosol-cloud interactions within the di↵erent models and resolutions can alter the number of dust aerosols that are activated and act as CCNs and INs. The explicit treatment of aerosol as ice nuclei is not included in WRF-Chem version used in this study. Uncertainties of scavenging processes of aerosols within and below clouds impacts the deposition rates.

A better understanding of how orographically forced precipitation events are impacted in the presence of dust is crucial for the better understanding of wet removal processes. A study that quantifies the removal by convective and synoptic precipitation over mountain regions during dust events will give us a better understanding of the dominant processes and their uncertainties. In summary, we have shown:

• An extreme dust deposition event occurred in April 2018, that is in the top 95% of dust transport events to the Alps during the snow season detected by satellite between 2002-2021 snow seasons.

• Dust for this event was transported to Col du Lautaret specifically from the northern portion of Africa, representing a filament of a larger dust transported event that transported a significant amount of dust farther east.

• This dust transport event occurred within a developing storm that resulted in significant precipitation (snow/rain) as it arrived in the Alps.

• Model predictions of dust deposition to snow have di↵erent spatial and temporal properties, with mainly under predicted wet deposition to the Col du Lautaret site.

• For this event, WRF-Chem model predicts that both wet (⇠79.5%) and dry deposition (⇠20.5%) contribute to total dust deposition. (wet deposition 84.5 % and dry deposition 15.5% at altitudes above 850 m over the Alps)

• Dry deposition is a key removal process at the western part of the French Alps at low altitudes, while wet deposition dominates over the complex higher altitude mountain terrain.

• Our specific WRF-Chem setup improved dust deposition predictions compared to CAMS, when evaluated against observations.

• The main di↵erences in model predicted deposition are not co-located with the measurement site, but instead are located at lower elevations for dry deposition and co-located with improved predictions of precipitation (for D03) for wet deposition.

• Total dust deposition for this event increase in the Alps and decreases at Po Valley upon increasing model resolution (WRF-Chem D03).

• Deposition fluxes over the Alps are strongly dominated by the coarse size bins i.e particles with diameters over 0.9µm for CAMS and 1.25 µm for WRF-Chem during this event.

This study shows that WRF-Chem predicts the full lifecycle of dust from initial emissions, transport and processing in the atmosphere, and removal via wet and dry deposition but improvements in model dust emissions and aerosol scavenging is needed.

It also shows that CAMS predicts well dust concentration within the atmosphere but underestimates dust deposition fluxes for the simulated event at Col du Lautaret. The episodic nature of dust deposition can result to inter-annual fluctuations of seasonal snow melt rate and shortening of snow season. The accurate representation of dust deposition fluxes is important for quantifying these changes. The underestimation of dust deposition fluxes over glaciers and seasonal snow cover mountain regions can have a significant impact on projections of future climate change. GOCART [START_REF] Mian | Tropospheric aerosol optical thickness from the GOCART model and comparisons with satellite and Sun photometer measurements[END_REF] c ! ! a a sensitivity run with this on also for D03 was completed b slope e↵ect on surface solar radiation, shadowing of neighbouring grid cells c updated according to [START_REF] Shao Yaping | Dust cycle: An emerging core theme in Earth system science // Aeolian Research[END_REF] Chapter 5

Conclusions and Perspectives

This work aims to improve our understanding of dust transport and deposition processes over the Alps by answering six main issues of my thesis, which are summarised here. Future perspectives and challenges are also presented.

What are the synoptic circulation patterns that determine when dust is transported from the Sahara to the Alps during the alpine snow season?

Previous research has identified the atmospheric patterns which characterise dust transport from the Sahara into the Mediterranean region (e.g., [START_REF] Barkan | Synoptics of dust transportation days from Africa toward Italy and central Europe[END_REF][START_REF] Pilar | African dust outbreaks over the western Mediterranean Basin: 11-year characterization of atmospheric circulation patterns and dust source areas[END_REF][START_REF] György | Spatiotemporal patterns of Saharan dust outbreaks in the Mediterranean Basin // Aeolian Research[END_REF]. During my thesis, I did the first objective classification of the synoptic circulations of the snow wintertime extreme Saharan dust outbreaks towards the French Alps. Based on the CAMS reanalysis data sets, which provide consistent information on aerosols using a fully integrated atmospheric composition modeling system and assimilates AOD values, I identified the extreme dust events over the French Alps during the snow season for the period 2013-2020. These events are associated with large-scale synoptic drivers, resulting in the spatial dust distribution in the Alpine region. For this purpose, I used the ERA-5 reanalysis data sets to characterize the atmospheric patterns controlling the temporal and spatial distribution of the identified dust extreme events. Three weather regimes dominate, namely SW-SE, E-NE, Ant, resulting in a significant number of dust episodes over the Alps. These weather regimes are associated with positive or negative anomalies over the western, central, and eastern Meditteranean region and can be linked to cyclonic and anticyclonic conditions on the synoptic scale. Specifically, SW-SE weather regime which is the dominant one as it is found to have the highest frequency of occurrences, prevails when a trough axis at 700 hPa extends over the Atlantic/Spain, bringing southwesterly air enriched with dust to the Alps. E-NE weather regime prevails when a depression anomalies of geopotential height at 700 hPa extends over the central Mediterranean and is associated with a south-easterly airflow from north Africa, to the French Alps. Finally, Ant weather regime corresponds to stable conditions over west Europe, inducing south-westerly airflow towards the Alps.

Furthermore, the annual temporal variations of the extreme events associated with all the di↵erent weather regimes show a strong interannual variability. This finding indicates that any changes in parameters associated with dust outbreaks over the region, i.e., deposition fluxes, may not be due to a monotonic change in the frequency of the di↵erent weather regimes. Moreover, the seasonal analysis has shown that most dust events, independent of their associated weather regime, occur mainly in April, and in decreasing order of importance in March, February and January. This can be linked to the presence of a dust reservoir in the Saharan atmosphere during the late winter and the occurence of favourable transport conditions towards the Alps in that season. However, spatiotemporal connections of extreme events in the di↵erent regions over the Alps are highly influenced by orography and regional climate. Thus, an analysis that separates each region over the French Alps will give a better understanding of these di↵erences.

The derived synoptic circulation patterns combined with identified dust events from ice cores can be used for the climatological analysis of extreme dust episodes over the French Alps. Such an analysis will give us a better understanding of the interannual variability of each weather regime in the last decades. Furthermore, will allow us to examine possible connections between the occurrences of the dust events the magnitude of extreme events and North Atlantic Oscillation and Meditteranean Oscillation.

How much do these di↵erent weather regimes control where and when dust is deposited to alpine snow?

A recent study suggests that wet deposition rates of dust into snow (internal mixing of dust with ice grains) may exert a stronger e↵ect compared to dry deposition rates (external mixing of dust in snow) [START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. Dry and wet deposition of dust depend di↵erently on meteorological variables thus I use CAMS reanalysis product to analyze the spatial and temporal characteristics of both wet and dry deposition fluxes associated with the identified weather regimes.

The prevailing atmospheric conditions of each weather regime and the associated airflow determine the spatial distribution of wet and dry deposition rates over the central Mediterranean region and southern Europe, including the French Alps. Furthermore, the impact of orography is demonstrated. Di↵erent parts of the French Alps are impacted the most by dust deposition during the extreme outbreaks depending on the corresponding weather, the associated airflow direction, and the topographic features along the airflow pathway over the Alps; the altitude height of the southwest French Alps is on average lower than the southeast French Alps. In general, windward mountain sites show higher deposition rates than leeward sides.

The SW-SE weather regime is associated with a large amount of water vapor and a western southerly airflow. Thus, a significant amount of dust is deposited in coastal areas located in the southwest and central-west of Spain and France including the French Alps. A significant amount of dust is deposited all over the French Alps during these prevailing synoptic conditions. Specifically, the southwest, southeast, and the central-east parts of the French Alps are the regions with the highest dust deposition fluxes. Dry deposition is also impacted by the topographic features revealing a spatial distribution with higher values over south and central region of the French Alps. The E-NE weather regime causes eastern southerly airflow. Consequently, the most impacted regions are northern Italy and the central Mediterranean region, though a significant amount of dust is deposited over the Alps. The eastern moisture advection associated with the Sardinian low-pressure system impacts mostly the central-east, south-east and north-east parts of the French Alps. Dry deposition spatial distribution shows a similar pattern as wet deposition. Finally, the Mediterranean high (Ant weather regime) corresponds to stable conditions over western Europe and Mediterranean sea, causing south-westerly winds towards the Alps, where dust is deposited by both wet and dry deposition processes. This westerly airflow associated with the high-pressure system, in combination with the local orography, results in dust deposition all over the French Alps with higher wet and dry deposition fluxes over the south-east and central-east parts of the French Alps.

Both wet and dry deposition processes show a strong interannual variability not identical to the ones found associated with the number of identified IDEs for each weather regime. This means that mountain meteorology, water vapour over the region and dust within the atmosphere play an important role in dust deposition processes and rates. The SW-SE weather regime is associated with the highest values of wet deposition fluxes compared to the values of the other weather regimes. Moreover, the trend analysis of annual mean outliers of SW-SE and Ant weather regimes show that their intensity may have increased within the period 2003-2020. To better understand these changes, a study that investigates the IVT spatiotemporal characteristics at di↵erent seasons related to wet deposition fluxes of each weather regime is needed. This part of my thesis improves our understanding on the occurrence and the spatiotemporal characteristics of deposition fluxes associated with the identified extreme dust over the French Alps during the snow season. Such events have several consequences on human health as well as alpine ecosystem, climate, and meteorological hazards. The Alps is a region where ongoing climate change is expected to have significant impacts. Moreover, the long-term impact of Saharan dust on environment and climate is still an ongoing and future research. The characterisation of the synoptic circulations can be used in model projections to estimate the Saharan dust extreme events and specifically deposition evolution over the French Alps.

What are the characteristics of extreme dust deposition events to snow and can a specific case be adequately simulated by the regional model WRF-Chem?

First, I did an analysis to understand how the observed dust deposition event in late March/early April 2018 fits into the multi-year context of dust transport during the winter for the period 2002-2021. The results show that this dust deposition event is among the top five percent of all dust transport events according to MODIS AOD and the CAMS reanalysis, which allows us to characterise this event as extreme.

Then I identified the specific atmospheric circulation that controlled dust transport for this event which included a ridge extending over north-central Africa and a trough extending from eastern Europe to the Mediterranean sea. These meteorological conditions result in a southerly airflow that brings dust enriched air mass from the Sahara to the French Alps. The model is able to reproduce the prevailing synoptic circulation patterns for this event, which ensures adequate description of dust transport within the chemical transport model.

Is dust adequately represented by WRF-Chem along the transport pathway?

I conclude that in the setup used within this thesis, the WRF-Chem model adequately describes dust during transport within the atmosphere. The model is able to simulate a) the spatial distribution of AOD compared to MODIS/Aqua retrievals, tends though, to over-predict AOD in the dust emissions source regions, b) the vertical extension of dust within the atmosphere compared to CALIPSO/CALIOP VFM retrievals before and during the event, c) the scale and diurnal variations of PM10 surface values compared to ground-based air quality monitoring stations. These results indicate that the magnitude, spatial and vertical distribution of the dust plume transported into the Alps, which are important both for wet and dry deposition, are well reproduced by the model. Albeit, dust emissions at the source region are overpredicted. A better representation of dust emissions within WRF-Chem by improving for example soil moisture data is needed.

What is the impact of model resolution on the specific mountain meteorology that prevails during the simulated dust episode?

Then, I looked at the influence of model resolution on predicted mountain meteorology. I evaluated the model ability to capture temperature, wind speed, specific humidity, and precipitation using GPM satellite precipitation data, ground-based Meteo France Radar rainfall product, SAFRAN reanalysis data, and ground station measurements. I focused on precipitation as we aim through this study to understand how di↵erences in precipitation rates may impact model predictions of wet deposition of dust. The results showed that the WRF-Chem model captures well the temporal evolution and spatial distribution of the meteorological conditions during the dust event. Moreover, the analysis highlights that the simulated meteorology is very sensitive to model resolution due to the improved representation of topography. The simulated mountain meteorology from WRF-Chem highest resolution D03 (3 km) shows, in general, a better agreement with observations compared to WRF-Chem D01 (27 km) and D02 (9 km) spatial resolutions. Increasing the resolution of the updraft wind speeds and the convective updraft areas changes and alters the simulated meteorology. This impact of increased resolution is of high importance as wind speed, temperature, and precipitation can alter wet and dry deposition rates over the Alps via the interaction of regional atmospheric circulation and mountain boundary layer dynamics. A study that quantifies the advection and entrainment of free tropospheric air enriched with dust aerosols during the boundary layer development is needed.

Does high resolution modeling, including aerosol-cloud interactions, improve the representation of dust deposition to snow?

Finally I examined how dust transport, mountain topographic features, as well as weather/local scale meteorological processes impact predicted dust deposition rates. For this the predicted total, wet and dry deposition from WRF-Chem at di↵erent resolutions were compared with CAMS reanalysis and observations at Col du Lautaret.

The WRF-Chem model results have shown that both wet and dry deposition contributes to total dust deposition during this event with a larger contribution of wet deposition. However, at the western Alps, where the dust plume is most present in the atmosphere, dry deposition is the same order of magnitude as wet. Specifically at the western French Alps the percentage of dry deposition increases with altitude from ⇠800 m to ⇠1700 m and decreases at higher altitudes, peaking at ⇠1700 m. Furthermore, the spatial distribution and magnitude of wet and dry deposition fluxes are simulated di↵erently by the di↵erent model resolutions. In general, the dust deposition fluxes increase in the Alps and decrease at Po Valley upon increasing model resolution (D03). The higher di↵erences between the di↵erent model resolutions (D03-D01, D03-D02) are found to be co-located with the maximum di↵erences in predicted precipitation. This highlights the impact of predicted precipitation to wet deposition fluxes. The strongest impact of model resolution on dry deposition is an increase in dry deposition in the western Alps (following ⇠ 1000 m contour interval) and a decrease in dry deposition for just east, where the terrain is above ⇠1000 m. This means that the representation of topographic features plays an important role to the simulated deposition fluxes. Over the Alps, the simulated deposition fluxes are strongly dominated by the coarse size bins from both CAMS (particles with diameters over 0.9µm) and WRF-Chem (1.25 µm) at di↵erent model resolutions.

Moreover, model predictions of dust deposition to snow from the di↵erent WRF-Chem model resolutions capture the magnitude and timing but mainly underpredict the deposition fluxes at the Col du Lautaret site compared to observations. WRF-Chem predicted deposition fluxes, though, show a smaller bias compared to CAMS when evaluated against observations. Furthermore, CAMS's spatial total and wet deposition rates are lower by up to 3 orders of magnitude than the WRF-Chem D01 predicted values. This implies that di↵erent parameters are governing the wet scavenging in di↵erent models and at di↵erent model resolutions (i.e vertical air mass fluxes, vertical distribution of precipitation, particle sizes). An ensemble study over a mountain transect of di↵erent thermodynamic conditions combined with di↵erent size bin concentrations and vertical extend that takes into account dry deposition velocity, and aerosol-cloud -interactions will give a better understanding of the parameters that control deposition processes.

Perspectives

For the analysis of the spatial and temporal characteristics of wet and dry deposition fluxes over the French Alps associated with the identified weather regimes, we used the CAMS reanalysis product. We should underline, though, that the spatial and vertical resolution of CAMS includes several limitations. Deposition into snowcovered mountain regions is a complex phenomenon highly influenced by the features of mountain meteorology. A more accurate representation of topography, for example, can alter the mountain-valley circulation and aerosols scavenging by clouds. Thus, we used the fully online meteorological-chemical-aerosol WRF-Chem model to understand the processes and uncertainties of modeling dust deposition events over mountains at di↵erent resolutions. The model setup used in this study is high computationally expensive, and it can only be used for case study analysis. To this end, we conclude that for long-term high-resolution analysis of dust events over mountains, either an operational model, i.e., CNRM-ALADIN [START_REF] Nabat | Modulation of radiative aerosols e↵ects by atmospheric circulation over the Euro-Mediterranean region[END_REF], or an intermediate complexity atmospheric model which takes into account aerosol clouds interactions should be explored.

A.1 Introduction

It is well known that changes in Polar Regions a↵ect the entire planet. Changes in the Arctic influence climate patterns beyond the boundaries of the Arctic itself (Meredith et al., 2019). In the past 30 years, the average temperature in the Arctic has been rising roughly twice as fast as the global mean temperature, intensifying the hydrological cycle in the high north. This rapid warming is known as Arctic Amplification [START_REF] Judah | Recent Arctic amplification and extreme mid-latitude weather // Nature geoscience[END_REF][START_REF] Mark | Atmospheric water vapor characteristics at 70 N[END_REF]. Arctic amplification is mainly due to lapse-rate feedback and positive surface-albedo climate feedback [START_REF] Boeke Robyn | On the Nature of the Arctic s Positive Lapse-Rate Feedback[END_REF] combined with changes in heat transport to the Arctic, water vapor as well as Arctic clouds and is a signal of human-caused climate change.

It has been observed that nowadays sea ice cover has fallen about 60% of the levels it had during the early 70s, according to measurements taken every year on September [National Snow and Ice Data Center] (Stroeve et al., 2007). The shrinking Arctic sea ice cover leads to strong warming of the overlying atmosphere. Thus, it changes the refrigerator and climate patterns. [START_REF] Bintanja | The impact of Arctic warming on increased rainfall // Scientific reports[END_REF] shows that the enhanced regional evaporation and the poleward moisture transport will contribute to a 50-60% increase in Arctic precipitation over the 21st century. The relation though between changes in Arctic rainfall and temperature is complex. Changes in temperature results in shifts in precipitation type. The snowfall fraction decreases with increasing temperature; the rate though depends on the ambient atmospheric temperature. Regions with temperature range close to 0 C will exert the most significant temperature-induced rainfall changes [START_REF] John | Future changes in Northern Hemisphere snowfall[END_REF][START_REF] Richard | Towards a rain-dominated Arctic // Nature Climate Change[END_REF][START_REF] Bintanja | The impact of Arctic warming on increased rainfall // Scientific reports[END_REF].

Precipitation magnitude and phase in the Arctic has a strong e↵ect on the Arctic seasonal snow and freshwater budget, biogeochemical cycles, atmospheric chemistry, surface energy budget, ocean circulation, and the annual evolution of the sea ice cover, e.g., [START_REF] Mark | The large-scale freshwater cycle of the Arctic[END_REF][START_REF] Camille | Modeling the Arctic freshwater system and its integration in the global system: Lessons learned and future challenges[END_REF]. In addition, the magnitude of precipitation a↵ects the depth of the seasonal snowpack while the phase may also alter the properties of snow; for example, it can cause melting and compaction of the snowpack, thus reduction of the surface albedo [START_REF] Matthew | Winter snow cover on the sea ice of the Arctic Ocean at the Surface Heat Budget of the Arctic Ocean (SHEBA): Temporal evolution and spatial variability[END_REF][START_REF] Perovich | Seasonal evolution of the albedo of multiyear Arctic sea ice[END_REF]. Because of the importance of precipitation in the Arctic system, it is vital to understand the past and future changes due to the changing climate. However, precipitation remains one of the most uncertain variables to be both measured and modeled.

Reanalysis products, satellite retrievals, numerical models, and rain gauge measurements have been used to study Arctic precipitation interannual variability and trends, each with their pros and cons [START_REF] Eirik | Increased precipitation in the Norwegian Arctic: true or false? // Climatic Change[END_REF][START_REF] Mark | Northern high-latitude precipitation as depicted by atmospheric reanalyses and satellite retrievals[END_REF][START_REF] Vladimir | Simulation and projection of Arctic freshwater budget components by the IPCC AR4 global climate models[END_REF][START_REF] Mcilhattan Elin | Arctic clouds and precipitation in the community Earth system model version 2[END_REF]. Precipitation measurements reveal significant biases due to under-catch in windy conditions, as well as due to wetting and evaporation losses. It is well known that standard gauges underestimate the real amount of precipitation mainly in the form of snow [START_REF] Wol↵ | Derivation of a new continuous adjustment function for correcting wind-induced loss of solid precipitation: results of a Norwegian field study[END_REF][START_REF] John | The quantification and correction of wind-induced precipitation measurement errors // Hydrology and Earth System Sciences[END_REF]. Wind-induced updrafts at the gauge orifice, the unknown role of turbulence on gauge catch, as well as the large variability in gauge catch e ciency for a given gauge, and wind speed a↵ect the quality and the accuracy of precipitation records. The magnitude of this uncertainty is highly a↵ected by the wind speed and the phase, size, density, and crystal habit of precipitation [START_REF] Matteo | An improved trajectory model to evaluate the collection performance of snow gauges[END_REF]. These systematic errors become more significant for solid than liquid precipitation, especially in arctic regions where low temperatures and high wind speeds prevail.

This study aims to provide a methodology that can generate a quality-controlled data set that may serve as a reference for Arctic precipitation. Such a dataset can be used to analyze the impact of a changing climate on the hydrological cycle, on cryospheric processes, on atmospheric chemistry, or on the properties of the soil. A methodology for adjusting the automatic hourly precipitation measured by a Geonor single shield 8-inch standard gauge for wind-induced undercatch, is derived. The application of the proposed adjustment procedures is made in Ny Alesund weather station in Svalbard. Di↵erent correction formulas are applied, and an ensemble method is proposed to provide one coherent dataset, taking into account the di↵erent correction methods and the uncertainties due to meteorological conditions.

A.2 Measurement site

Ny-Alesund (Figure A.1) is a research station and a former mining town on the west coast of Spitsbergen, one of the northernmost archipelagos in the Arctic. The village is an international center for various modern Arctic research activities, situated at a fjord surrounded by glaciers, moraines, rivers, mountains, and a typical tundra system. During the summer period, the terrain is snow-free, with the melt season starting around May/June, the onset of melting depending on the individual synoptic situation of each year. Snowfall can also occur in summer, but the snow cover usually remains stable only after October. During recent winters, there have been several heavy precipitation periods with rain rather than snow. [START_REF] Marion | Climatology and time series of surface meteorology in Ny-Ålesund[END_REF] A.3 Methods

A.3.1 Correction methods

Førland, [START_REF] Eirik | Increased precipitation in the Norwegian Arctic: true or false? // Climatic Change[END_REF] used results from WMO Solid Precipitation Measurement Intercomparison and parallel precipitation measurements in Svalbard in order to evaluate and adjust models for estimating true precipitation under Arctic Conditions. Parallel measurements (12 h precipitation) were performed in Ny-Alesund during July 1993-Aug 1995 in a Tretyakov precipitation gauge measurements with a Tretyakov windshield and a Norwegian gauge with a Nipher shield. An automatic weather station was recording hourly values of air temperature precipitation and wind were performed at Haukeliseter, southern Norway. Qualitative analyses and Bayesian statistics were used to evaluate and objectively choose the model that best describes the data. Using all types of winter precipitation, including rain snow and dry snow, they derived a continuous adjustment function and its uncertainty. The function for wind speed measured at gauge height is given by : P c = P M " 0.82 0.81e Where P c is true precipitation, P M is the measured precipitation, V is the wind speed at gauge height, T is the air temperature at gauge height.

A.3.2 Unscended transform & Ensemble

This study aims to provide an ensemble method to correct precipitation in the Arctic with an estimation of uncertainties related to di↵erent correction methods and meteorological data used for these corrections. This method is applied to precipitation measurements in Ny Alesund. For this ensemble, two correction methods were applied:

-Førland, [START_REF] Eirik | Increased precipitation in the Norwegian Arctic: true or false? // Climatic Change[END_REF]: it is site-specific for Ny-Alesund/ Arctic regions.

- [START_REF] Wol↵ | Derivation of a new continuous adjustment function for correcting wind-induced loss of solid precipitation: results of a Norwegian field study[END_REF]: since it was derived following a new mathematical approach.

These two correction methods are based on the following meteorological variables; wind speed, temperature, precipitation amount and phase.

Førland, [START_REF] Eirik | Increased precipitation in the Norwegian Arctic: true or false? // Climatic Change[END_REF] formula is site-specific though ↵) there is a lack of continuity between segments when the temperature varies ) it includes intensity for mixed and liquid precipitation; unfortunately, the true intensity cannot be measured directly since measured precipitation is significantly a↵ected by wind-induced loss ) the equations have a validity limited to events with wind speeds lower than 7 m s-1 and temperatures higher than -12 C ) it uses limited criteria/only temperature for the precipitation phase separation. [START_REF] Wol↵ | Derivation of a new continuous adjustment function for correcting wind-induced loss of solid precipitation: results of a Norwegian field study[END_REF] derive a formula at a region with very high wind speeds in mountainous areas in Norway; thus, it is not sitespecific for Ny Alesund. Nevertheless, it is one continuous equation that describes the wind-induced under-catch for snow, mixed precipitation, and rain events for wind speed up to at least 20 m s-1 and temperatures up to 3 C. Moreover, the formula was selected to fit best the observations based on Bayesian statistics.

Our goal is to provide one dataset, including all the potential uncertainties stemming from the two correction methods. The correction formulas reveal a non-linearity between the corrected and the observed precipitation. The amount of uncorrected precipitation and wind speed are the parameters that influence this non-linear correlation most. Suppose we assume that hourly wind speed is normally distributed, and we use it to calculate the corrected precipitation (using any of the two non-linear correction functions). In that case, the derived probability distribution of the output is completely di↵erent from a Gaussian distribution. As a result, we cannot directly apply the Bayes theorem to provide an ensemble distribution. One solution would be to generate enough points (called sigma points) to get a representative sample of the distributions and use the Monte Carlo method, though this is computationally expensive. The unscented transform uses sigma points but drastically reduces computation by using a deterministic method to choose the sigma points. For 1-D problems like ours, we only need 3 points.

The sampling of the distribution significantly a↵ects the arrangement and weighting of the sigma points. If points are close enough, will sample local e↵ects while points far apart will sample non-local e↵ects (non-Gaussian behavior). Points far from the mean but slightly weighted can incorporate information of the distribution with respect to the nonlinearity of the problem. Thus the choice of the weights of each point plays an important role. Following the methodology as mentioned above, we apply the two correction methods in the hourly precipitation observations, and we derived an ensemble dataset and its uncertainty (Figure A.2). 

A.4 Results

In order to test the unscented method, we used a sample of precipitation measurements collected in Ny Alesund during the period 01/09/1996 -16/02/1997. 
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 11 Figure 1.1: Annual mean frequency distribution of MODIS Deep Blue (2003-2009) Dust Optical Depth (DOD)> 0.2 (brown color scale), Total Ozone Mapping Spectrometer (TOMS) (1980-1991) Aerosol Index (AI) > 0.5 (blue contour lines), and Ozone Mapping Instrument (OMI) (2004-2006) AI > 0.5 (green contour lines). Figure has been originally published in Ginoux et al. (2012)

  Figure 1.2: Monthly mean TOMS AI maps of North Africa (1979-2009). Figure has been originally published in Varga et al. (2013)

Figure 1

 1 Figure 1.3: (a) Digital elevation model (DEM), illustrating the geomorphology of the main dust sources in northern Africa. (A) The Bodélé Depression in Chad surrounded on practically all sides by mountain ranges, (B) Several basins in northwest Africa are well-known sources of dust (e.g., Livingstone et al. 1996). DEM from USGS, Sioux Falls, South Dakota, USA. (b) Present-day active dust sources in the Saharan Desert (modified after Kellogg, Gri n 2006 and incorporating d'Almeida 1986; Middleton, Goudie 2001; Engelstaedter, Washington 2007). Both figures have been originally published in Stuut et al. (2009).

Figure 1 . 4 :

 14 Figure 1.4: Simplified manner describing physical processes related to dust mobilization. Figure have been originally published in Gherboudj et al. (2017)
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 15 Figure 1.5: Dry and wet deposition processes in the atmosphere. Figure has been originally published in Leelőssy et al. (2014)
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 16 Figure 1.6: Schematic of the long-range transport of mineral dust towards the European Alps and the interactions between dust and climate. Figure have been originally published in Mahowald et al. (2014a)
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 17 Figure 1.7: (a) Photo of snow after an exceptional dust deposition event at Col du Lautaret ( photo credits: D. Voisin) (b) The photo on the left illustrates an example of a snowpack with a layer containing absorbing impurities, here this layer is Saharan mineral dust at the Col du Lautaret. The graph on the right shows two examples of vertical energy absorption profiles for a homogeneous snowpack, one of which contains a layer of mineral dust (hatched) and the other is completely pure. The layers of this theoretical snowpack are 1 cm thick (Tuzet, 2019)
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 21 Figure 2.1: A diagram of the components of the WRF-Chem modelling system as used in this investigation, and the flow of information through this system. Figure has has been originally published in Surl (2016) dissertation and modified here.

Figure 2 . 2 :

 22 Figure 2.2: Aerosol physical processes. The coagulation, condensation and activation processes are represented separately for clarity, but all of these processes can occur in the same aerosol population.

  3 2010 emission estimates forward to the year 2018 (Figure 2.3). Emissions are provided for 12 sectors as monthly averages, depending on the species. The spatial resolution of the inventory is 0.1x0.1 degree (i.e., CAMS-GLOB-ANT v3.1). Soil NO emissions are from CAMS global soil emissions inventory (Simpson et al., 2014). Anthropogenic emissions were obtained from the Emissions of atmospheric Compounds and Compilation of Ancillary Data (ECCAD) website https://eccad3.sedoo.fr/.
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 23 Figure 2.3: CAMS global anthropogenic BC emission fluxes in March 2018 . https: //eccad3.sedoo.fr/
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 31 Surface measurementsIn -situ measurements at Col du Lautaret Col du Lautaret is a high mountain pass located in the French Alps at 2058 m above sea level (ASL) at latitude=45 02' 29" N and longitute=6 24' 38" E. The location is shown in Figure2.4a (magenta circle). A field campaign took place during the snow season 2017-2018 with the objective of quantifying the concentrations of light absorbing impurities (LAPs) in snow including dust, elemental carbon (EC) and refractory black carbon (rBC). In addition, physical and optical properties of snow were measured weekly. Their detailed description, as well as their impacts on snow evolution are found inTuzet et al. (2019).

Figure 2 .

 2 Figure 2.4b) shows dust deposition to snow at Col du Lautaret which was measured within snow pits during the field campaign in 2018 snow season. Specifically, a large dust deposition event was measured in the snow pit conducted on the 4th of April 2018 (Figure2.4b, dark red layer) that was buried slightly below the surface. Given that the earlier snow pit completed on the 20th of March 2018 did not contain this layer with enhanced dust concentrations, we can clearly identify this dust deposition occurred between 20 March and 4 April 2018 (as already noted in Tuzet et al. (2019), time period shown in gray box in Figure2.4b). We show the regional extent of snow cover during the same time period on the 22nd of March 2018 in Figure2.4a to highlight the potential regional impact of dust deposition to snow. Meteorological measurements were collected for the winter season 2017-2018 using an Automated Weather Station (AWS) (Figure2.5). Temperature, shortwave and longwave incident radiation, wind speed, atmospheric pressure, and relative humidity were the recorded parameters(Tuzet et al., 2019).
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 24 Figure 2.4: (a) Spatial extent of snow cover in the Alps on 22 March 2018 from MODIS/Terra. Magenta cycle presents Col du Lautaret site. Green circles show the location of ground PM10 measurement sites. (b) Dust concentrations measured in snow pits at the Col du Lautaret during spring 2018 original published in Tuzet et al. (2019). Light gray shaded area corresponds to dust deposition events that occurred between 13 March and 4 April 2018. High dust concentration measurements are depicted with dark red color. Each black dot corresponds to a snowpit measurement. Snow height is given as height above ground level.
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 25 Figure 2.5: Flux'Alp meteorological station, installed at the Col du Lautaret measurement site. Picture has been originally published in Tuzet (2019) dissertation.
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 31 Figure 3.1: (a) Seasonal variation of the spatial average over the box: 2.5 E, 38.5 N, 11.5 E, 48.5 N (inset panel) of daily mean AOD from MODIS Aqua (550 nm) blue line, and CAMS reanalysis brown line for the period 2003 to 2020. Blue and brown shaded areas present the standard deviation; light gray shaded areas correspond to the snow season (December-April). (b) Scatter plot and normalised distributions of the spatial average over the same box (inset panel) of daily mean AOD from MODIS Aqua (550 nm) during the snow season (December to April) (grey circles); green and magenta circles present the 95 and 99 percentile of AOD during the snow season accordingly.

Figure 3 . 2 :

 32 Figure 3.2: Geographical distribution of the occurrence of extreme aerosol events from CAMS (a) and MODIS (b). Heat maps of the hit rate scores (c) and false alarm rate (d) for CAMS AOD relative to observed MODIS AOD during the snow season for the period 2003 to 2020.For hit rate/false alarm rate, the dark/light shade indicates a higher score. Po valley region is masked to limit the biases caused by anthropogenic aerosol episodes.

Figure 3 . 3 :

 33 Figure 3.3: Scatter plots of daily CAMS reanalysis AOD at 500nm versus daily AERONET observed AOD at 500 nm during snow season for the period 2003 to 2020. Red lines depicts the linear regression between CAMS and AERONET data. Orange circles at the bottom right map show the location of AERONET sites.
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 34135 Figure 3.4: Climatological spatial normalised (by the number of the overpasses) distribution of elevated aerosol layer (above 1.5 km) of dust detected by the VFM mask algorithm using 14 years (2006-2020) of CALIPSO overpasses during the snow winter season. Data are binned at a horizontal resolution of 0.1 ⇥0.1 and integrated
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 36 Figure 3.6: Snow winter season cycle of dust mixing ratio at 700 hPa (shadings) and AOD at 550 nm (blue contours) from CAMS reanalysis, averaged over [2 E-10 E] (inset panel) for the period 2003 to 2020.
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 338 Figure 3.7: 2003-2020 snow season climatology derived from CAMS reanalysis: geopotential height at 700 hPa (m, contours), surface dust mixing ratio at 1000 hPa (shadings) and wind speed ((m/s), arrows) at 700 hPa.
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 393 Figure 3.9: SW-SE weather regime: a), b), c) Anomaly patterns of CAMS geopotential height at 700 hPa (m, contours), dust mixing ratio at 100hPa (shadings) and wind speed ((m/s), arrows) at 700 hPa for D-4, D-2, D-0 accordingly. d), e), f) Composite maps of IDEs derived from CAMS reanalysis: dust mixing ratio at 1000hPa (ug/kg, shadings), dust transport at 700 hPa (ug/kg m/s, arrows in log scale) and geopotential height at 700 hPa (m, contours) for D-4, D-2, D-0 accordingly.
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 33 Figure 3.11: E-NE weather regime: a), b), c) Anomaly patterns of CAMS geopotential height at 700 hPa (m, contours), dust mixing ratio at 1000 hPa (shadings) and wind speed ((m/s), arrows) at 700 hPa for D-4, D-2, D-0 accordingly. d), e), f) Composite maps of IDEs derived from CAMS reanalysis: dust mixing ratio at 1000 hPa (ug/kg, shadings), dust transport at 700 hPa (ug/kg m/s, arrows in log scale) and geopotential height at 700 hPa (m, contours) for D-4, D-2, D-0 accordingly.
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 313314 Figure 3.13: Ant weather regime: a), b), c) Anomaly patterns of CAMS geopotential height at 700 hPa (m, contours), dust mixing ratio at 1000 hPa (shadings) and wind speed ((m/s), arrows) at 700 hPa for D-4, D-2, D-0 accordingly. d), e), f) Composite maps of IDEs derived from CAMS reanalysis: dust mixing ratio at 1000 hPa (ug/kg, shadings), dust transport at 700 hPa (ug/kg m/s, arrows in log scale) and geopotential height at 700 hPa (m, contours) for D-4, D-2, D-0 accordingly.
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 33 Figure 3.15: N-W weather regime: a), b), c) Anomaly patterns of CAMS geopotential height at 700 hPa (m, contours), dust mixing ratio at 1000 hPa (shadings) and wind speed ((m/s), arrows) at 700 hPa for D-4, D-2, D-0 accordingly. d), e), f) Composite maps of IDEs derived from CAMS reanalysis: dust mixing ratio at 1000 hPa (ug/kg, shadings), dust transport at 700 hPa (ug/kg m/s, arrows in log scale) and geopotential height at 700 hPa (m, contours) for D-4, D-2, D-0 accordingly.
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 3 Figure 3.17a) shows that the detected IDEs over the French Alps are characterised by high annual variations.Years 2004Years , 2007Years , 2010Years , 2014Years and 2018 are the years with highest number of identified events. The annual distribution of the di↵erent weather regimes are also shown using di↵erent colors in the histogram bars. SW-SE, E-NE and Ant weather regimes are correlated with a high number of IDEs, while the N-W weather regime is rarely observed(Figure 3.17a). Most of the identified events, including the ones characterised by SW-SE and E-NE weather regimes, occurred in April and March while IDEs are rarely observed in February with even less observed in January (Figure3.17b).

Figure 3 .

 3 Figure 3.17: a) Annual variation of the number of identified Saharan IDEs events over the French Alps from CAMS reanalysis during snow season; di↵erent colors indicate the number of the corresponding weather regimes. b) Normalised frequency of IDEs of the di↵erent weather regimes from CAMS reanalysis during snow season for the period 2003 to 2020 ; di↵erent colors indicate the months of the selected snow season.
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 333 Figure 3.18: Annual cycle of the percentage of the number of identified IDEs normalised by the total number of days for each weather regime (SW-SE : first row panels, E-NE: second-row panels, Ant: third-row panels, N-W: fourth row panels) during snow season (first column panels). Inter-annual variation of the area (French Alps) averaged daily mean wet (second column panels) and dry (third column panels) deposition. Boxplots show the interannual climatological variation of averaged daily mean wet and dry deposition over the Alps. Boxes indicate the 25th and 75th percentile; horizontal lines indicate the median; whiskers indicate the 1st and 99th percentiles; black circles depict the outliers. Scatter plots show the deposition values of the identified IDEs.
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 2 Modeling an extreme dust deposition event to the French alpine seasonal snowpack in April 2018: Meteorological context and predictions of dust deposition.(Baladima et al. 2021) 
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 41 Figure 4.1: The WRF-Chem simulation domains (and associated horizontal model resolutions): D01 (27 km), D02 (9 km), and D03 (3 km, zoom in on right). The model topography (color bar) and domain boundaries (pink) are shown.
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 43 Figure 4.3: (a) Spatial extent of snow cover in the Alps on 22 March 2018 from MODIS/Terra. Magenta cycle presents Col du Lautaret site. Green circles show the location of ground PM10 measurement sites used in Figure 4.13. (b) Dust concentrations measured in snow pits at the Col du Lautaret during spring 2018, originally published in Tuzet et al. (2019). Light gray shaded area corresponds to dust deposition events that occurred between 13 March and 4 April 2018. High dust concentration measurements are depicted with dark red color.Each black dot corresponds to a snowpit measurement. Snow height is given as height above ground level.
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 45 Figure 4.5: Time series of the spatial average over the box : 2.5 E, 38.5 N, 11.5 E, 48.5 N (inset pane) of daily mean AOD from MODIS Aqua (550 nm ) (a) and CAMS reanalysis (b) for the period July 2002/2003 to February 2020/2021. Magenta and teal cycles present the 95 and 99 percentile of AOD during the snow season (December to April) accordingly. The Red Cross presents the simulated dust event in April 2018. Light gray shaded areas correspond to the snow season (December-April).
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 4647 Figure 4.6: 700 hPa Geopotential height (contour) and wind speed (arrows) (a) from ERA5 (b) from WRF-Chem at 12:00 UTC from 31 March to 3 of April 2018.
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 48 Figure 4.8: The 550 nm AOD from 30 March to 04 April 2018 from MODIS Aqua (a-f) compared to CAMS reanalysis (g-l) and WRF-Chem D01 simulated values (mr) on the same days. CALIPSO overpasses are shown in black and green; the black portion of the overpass indicates the data used in Figure 4.12.
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 49 Figure 4.9: The 550 nm AOD from 30 March to 4 April 2018 from MODIS Aqua compared to CAMS reanalysis and WRF-Chem D01 simulated values on the same days. WRF-Chem D01 modeled AOD values are depicted on the third column panels using the default dust emission flux parameters of GOCART emission scheme. Forth column panels shows the simulated AOD values after adapting dust emission fluxes scheme for Saharan dust. Fifth column panels depicts the modeled AOD values after adapting dust emission fluxes scheme and turning on parameters that treats vertical pressure gradient/sound waves.

Figure 4 .

 4 Figure 4.11: FLEXPART-WRF predicted air mass origin for air that arrived at Col du Lautaret on 3-4 April 2018 shown as column integrated PES values. The PES shows the residence time of air in each area prior to arriving at Col du Lautaret for 6 days prior to arrival. Air with elevated dust concentrations arrived from mainly northwest of Africa including Algeria and Tunisia.

Figure 4 .

 4 Figure 4.12: First row panels (a-d) show the Vertical feature mask (VFM) from the CALIPSO overpass on 31 March 2018 (01:52 UTC to 02:06 UTC), 2 April 2018 01:40 UTC to 01:54 UTC), 4 April 2018 (01:28 UTC to 01:42 UTC), 4 April 2018 (12:08 UTC to 12:21 UTC). Second row panels (e-h) show the vertical sub-types of aerosols, yellow color indicates dust. Third row panels (i -l)show the CAMS reanalysis and forth row panels show WRF-Chem model results of dust mixing ratio extracted along the overpasses.
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 4 Figure 4.13: Hourly PM10 mass observations near the French Alps (black color) and the corresponding WRF-Chem D01 simulated values (blue color) and CAMS values (green color) for 15 March 2018 to 5 April 2018. Light gray shaded area corresponds to dust deposition event for the period 3 March and 4 April 12:00 UTC 2018.
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 4 Figure 4.14: Spatial distribution of co-located WRF-D01 -(a), WRF-D02 -(b), WRF-D03 -(c), GPM -(d), METEO-FRANCE Mosaic Radar -(e), total daily precipitation from 30 March to 4 April. Grey color indicates no data; white color indicates daily precipitation less than 0.1 mm/day. The inner black box depicts the perimeter of WRF-D03.
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 4 Figure 4.15: Daily accumulated precipitation on 4 April 2018 from WRF-Chem D03. The total accumulated precipitation is depicted by the convective precipitation (a) , and non convective precipitation (b) when cumulus

Figure 4 .

 4 Figure 4.16: Orography (a) and accumulated predicted precipitation (b) from WRF-Chem at di↵erent resolutions during the event across the French Alps. Di↵erences between the di↵erent resolutions/domains of orography and mean precipitation are shown at panels (c) and (d) accordingly. The black solid line represents the contour line at 1000 m altitude height. Purple dot depicts Col de Lautaret.
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 44 Figure 4.18: Spatial distribution of co-located binned SAFRAN (first column panels), WRF-D01 (second column panels), WRF-D02 (third column panels), WRF-D03 (fourth column panels), mean temperature -(a) , hourly precipitation (b) from 30 March to 3 April 2018. The first row represents data at altitudes below 1200 m, the second row above 1200 m and below 2100 m , the third row above 2100 m and below 3000 m and the fourth row 3000 m and above. Grey color indicates no data.
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 4 Figure 4.19: Spatial distribution of co-located binned Safran (first column panels), WRF-D01 (second column panels), WRF-D02 (third column panels), WRF-D03 (fourth column panels), mean temperature -panel (a) , hourly precipitation panel (b) on 4 April 2018. The first row represents data at altitudes below 1200 m, the second row above 1200 m and below 2100 m , the third row above 2100 m and below 3000 m and the fourth row 3000 m and above. Grey color indicates no data.
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 4 Figure 4.20a) shows the time series of the hourly 2 m simulated temperature from WRF-Chem and 3.53 m from the ground observed temperature at Col du Lautaret during the simulated period. The diurnal cycle is well represented by the model. Temperature simulated from WRF-Chem D03 is in closer agreement with measured values than WRF-Chem D01 and D02 between 30 March and 2 April, confirmed by RMSE values (Figure 4.21a). D01 and D02 are mainly underestimating the 2 m temperature by up to 6 K and 5 K respectively. D03 overestimates the 2 m temperature during the dust deposition event (light gray shaded area in Figure 4.20); during this period D01 and D02 are in a better agreement with the observations.

Figure 4 .

 4 20c) shows an overestimation in mean wind speed more pronounced for D01 and D02 than D03 caused by the overestimation of the maximum wind speed values (see also boxplot, Figure4.21b). Specific humidity time-series during the simulated period are shown in Figure4.20d). The model is in general in a good agreement with observed values during the simulated period.
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 4 Figure 4.20: Plot of temperature at 2 m height (a), 1 h accumulated precipitation (b), and wind speed (c), specific humidity (d) measured during the 30 March and 4 April event at the Col du Lautaret site. WRF-Chem simulated values of D01, D02 , D03 are depicted by colors blue, teal and red accordingly. Measurement values are illustrated with black color. Light gray shaded area corresponds to dust deposition event for the period 3 March and 4 April 12:00 UTC 2018.

Figure 4 .

 4 Figure 4.21: Timeseries of box plots of Root Mean Square Error (RMSE) (calculated every 6 hours) of temperature at 2 m height (a), and wind speed (b), specific humidity (c) during the 30 March and 4 April event at the Col du Lautaret site. WRF-Chem simulated values of D01, D02, D03 are depicted by colors blue, teal and red accordingly.). Boxes indicate the 25th and 75th percentile, horizontal lines indicate the median; whiskers indicate the 1st and 99th percentiles. Light gray shaded area corresponds to dust deposition event for the period 3 March and 4 April 2018 h12.

Figure 4 .

 4 Figure 4.22: Model predicted 1h accumulated wet (a) and dry (b) deposition of dust at Col du Lautaret. WRF simulated values of D01, D02 , D03 are depicted by colors blue, teal and red accordingly and CAMS reanalysis values by magenta. Aladin simulated values "corrected" by observations are illustrated with black color.

Figure 4 .Figure 4 .

 44 Figure 4.23: Accumulated dust from CAMS reanalysis and predicted OIN. Total (wet & dry) (first row panels) , wet (second row panels) and dry (third row panels) deposition across the Alps on 3 of April 2018. WRF-Chem D01 and CAMS values are depicted over the geographical limits of D02 in order to illustrate and compare the dust deposition rates over the Alpine region. CAMS values are shown on first column panels, WRF-Chem D01 are second column panels D02 are third column panels and D03 fourth column panels. Di↵erences between D01 and CAMS as well as between D03 and D01 and D03 and D02 are shown at the fifth, sixth and seventh column panels accordingly. The inner black box at the first (CAMS) and second (D01) and third (D02) column panels represents the geographical limits of D03. The black solid line represents the contour line at 1000 m altitude height. Purple dot depicts Col du Lautaret.

Figure 4 .

 4 Figure 4.25: Di↵erences of accumulate precipitation across the Alps on 3 April 2018 between WRF-Chem domain D03 and D01 (a) and D03 and D02 (b). The black solid line represents the contour line at 1000 m altitude height. Purple dot depicts Col du Lautaret.

Figure 4 .

 4 Figure 4.26: Accumulated daily precipitation from ERA 5 reanalysis product on 3 April 2018.

Figure 4 .

 4 Figure 4.27: Altitude dependence of (a) the percentage dry to total modeled deposition; black asterisks represents the median and magenta dots the mean values, grey line depicts the 25th to 75cdth percentile intervals, (b) PBL height (a.g.l); blue line presents the standard deviation and shows the spatial variability in each elevation bin, from WRF-Chem D03 at the western French Alps (longitudes less than 6.5 E) on 3rd of April 2018. Deposition rates and PBL heights are binned at 150 m intervals from 800 to 3050 m, and the last bin includes the values above 3050 m.

Figure 4 .

 4 Figure 4.28: Accumulated dust from CAMS reanalysis and WRF-Chem OIN predicted total (wet & dry) (first row panels) , wet (second row panels) and dry (third row panels) deposition at di↵erent size bins across the Alps on 3 of April 2018. CAMS panel (a) and WRF-Chem D01 panel (b) and D03 panel (c) values are depicted over the geographical limits of WRF-Chem D03 in order to illustrate the dust deposition rates over the Alpine region. Size bin 0.039-0.625 µm includes the WRF-Chem D01 accumulated dust deposition rates from the first 4 size bins (0.039-0.078 µm, 0.078-0.156 µm, 0.156-0.312µm, 0.312-0.625 µm). The black solid line represents the contour line at 1000m altitude height. Purple dot depicts Col du Lautaret.

Figure A. 2 :

 2 Figure A.2: Graphical representation of the unscented ensemble transform method. Distribution colors: blue color indicate wind speed, while orange and magenta the 2 corrected methods. Green dot depicts the ensemble corrected precipitation with the corresponding uncertainty.

  Figure A.3 shows the corrected precipitation values and their standard deviation from both correction methods, Wol↵ et al. (2015) red color and Førland, Hanssen-Bauer (2000) green color, after applying the unscented transform method. The ensemble corrected precipitation values are presented in Figure A.4 (blue line). The variance of the combined corrected precipitation is plotted as a lightly shaded yellow area between dotted lines.

Figure A. 3 :

 3 Figure A.3: Corrected precipitation values and their standard deviation (shaded areas) from both correction methods , Wol↵ et al. (2015) red color and Førland, Hanssen-Bauer (2000) green color, after applying the unscented transform method

  

  retrievals produced with the enhanced Deep Blue algorithm over bright surfaces and two Dark Target algorithms over land and over ocean respectively. Moreover AOD retrievals for the period between December 2002 to March 2012 are used from the Polar Multi-Angle Product (Popp et al., 2016) aboard the Environmental Satellite (Envisat). CAMS reanalysis data have a global horizontal resolution of 0.75 ⇥0.75 and 60 vertical levels. It covers a time period from 2003 to 2020 with a temporal resolution of 3-hours. CAMS provide AOD datasets of multiple wavelengths. AOD data at 550 nm are used in this study.

Table 3 .

 3 

	1: Remote sensing and CAMS forecasting dust event agreement; contingency
	table			
				Event observed
			Identified from MODIS
			Yes	No
	Event forecated	Yes	hits	false alarm
	Identified from CAMS	No misses correct negatives

  During winter SW-SE weather regime is associated with warm weather in South West Europe and cold weather in North-East Europe, while during spring with warm weather in France and cold weather in Western Europe and the Iberian Peninsula. N-W weather regime brings warm weather conditions in Central Europe during winter and cold in Western Europe and warm in East Europe during spring. Ant circulation corresponds to warm weather in the north of Europe and cold and dry in south Europe during winter and spring. Finally, E-NE for the same seasons is associated with cold weather in France and central Europe (Kiennemann, 2021).

Table 3 . 2 :

 32 Table with the number of total and IDE days, IDE events and days associated with wet and dry deposition over the Alps for the identified weather regimes during 2003-2019 snow winter season. We exclude 2020 year data due to the missing deposition data for this year.

  Thomas, D.Voisin, M.Dumont, C.Junquas, R.Kumar, C.Lavaysse,

L.

Marelle, M.Parringtone, J.Flemming (2021)

. "Modeling an extreme dust deposition event to the French alpine seasonal snowpack in April 2018 : Meteorological context and predictions of dust deposition" . In :Journal of Geophysical Research : Atmospheres This article is reproduced in the following sections.

Table 4 .

 4 1: WRF-Chem 4.1.0 setup.

	Description	D01 (27⇥27 km)	D02 (9⇥9 km) D03 (3⇥3 km)
		Physics options and inputs		
	Planet. bound. layer Surface layer Land surface Microphysics SW radiation LW radiation	YSU (Hong et al., 2006) Revised MM5 Scheme (Jiménez et al., 2012) ! ! Noah-MP(Niu et al., 2011) ! Morrison (Morrison et al., 2009) ! Dudhia Scheme (Dudhia, 1989) ! RRTM Longwave Scheme ! (Mlawer et al., 1997)	! ! ! ! ! !
	Cumulus param. Mountain Options	Kain-Fritsch CuP(Berg et al., 2015) Not activated	! Not activated	See note a See note b
	Physics initial cond. Physics bound. cond.	ERA5 (Hersbach et al., 2020) ERA5 (Hersbach et al., 2020)	! D01	! D02
		Chemistry options and inputs		
	Aerosol chem.	MOSAIC 8 bins (Zaveri et al., 2008) with VBS-2 SOA formation & aq. chem.	!	!
	Gas-phase chemistry Chemical initial cond. Chemical bound. cond. CAM-Chem (Buchholz et al., 2019) SAPRC-99(Carter, 2000) CAM-Chem (Buchholz et al., 2019)	! ! D01	! ! D02
	Anthro. emiss. Fire emiss. Biogenic emiss. Dust emiss.	CAMS (Granier et al., 2019) FINN (Wiedinmyer et al., 2011) MEGAN (Guenther et al., 2006)	! ! !	! ! !
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Over the Alps Lat:45 Lon: 6.4 Fraction Fraction Bin size (mu) We show that the range of the simulated deposition fluxes from WRF-Chem and CAMS varies. To better understand and address the reasons for such di↵erences, we show the spatial distribution of dust deposition fluxes (total, wet and dry) at each size bin over the French Alps, from both WRF-Chem and CAMS (Figure 4.28) on 3 April 2018. WRF-Chem deposition fluxes from the first 4 size bins (0.039-0.078 µm, 0.078-0.156 µm, 0.156-0.312µm, 0.312-0.625 µm) have been accumulated and presented here at one size bin (0.039-0.625 µm) (first column).

Over the Alps, the simulated deposition fluxes are strongly dominated by the coarse size bins i.e particles with diameters over 0.9µm for CAMS and 1.25 µm for WRF-Chem. However, CAMS exhibits a general underestimation of deposition fluxes (total, wet and dry) compared to WRF-Chem over the region at these size bins. The WRF-Chem deposition size bin scheme (MOSAIC) has 3 bins over this range (1.25-2.5 µm, 2.5-5.0 µm, 5.0-10.0 µm), where the gradient of deposition velocity is high, while CAMS has only one (0.9-20 µm). As a result, coarse dust particles from CAMS may be a↵ected mainly by dry and/or wet deposition processes near the dust source area. Moreover, CAMS shows a more important contribution of fine dust particles (diameters less than 1 µm) to wet and total dust deposition over the Alps compared to WRF-Chem. This reveals that these di↵erences may come from first, the variations of the simulated vertical mass flux of dust (saltation flux) from the surface and/or its distribution into the dust emission bins from CAMS and WRF-Chem schemes. Second, the di↵erent simulated vertical distribution and the particle size distribution within the atmosphere from WRF-Chem and CAMS a↵ects dust transportation and deposition. Finally, CAMS assimilates AOD MODIS retrievals therefore modelled optical properties may shift towards observations even when the modelled microphysical properties di↵er. Finer particles exerts a larger e↵ect on aerosol extinction coe cient per unit mass than coarse particles and may be finetuned to represent the observed optical depth.

In Figure 4.28c) we show the simulated dust deposition (total, wet and dry) at all size bins from the highest (D03) WRF-Chem resolution. Model resolution has a strong impact on spatial distribution of dust deposition at all size bins, with more pronounced di↵erences at dust deposition fluxes related to size bins with high dust deposition rates (above 0.625 µm). By increasing the resolution, the spatial distribution of dust deposition (total, wet and dry) is altered and more dust is deposited over the Alps following the higher representation of the topography (D03). It should be noted that the main size bins that contribute to the dust deposition remain the coarse size bins and is dominated by dust particles located between 2.5-5.0 µm and 5.0-10.0 µm. Dust distributions simulated from WRF-Chem are in agreement with dust measurements Appendix A Adjustment of precipitation measurements based on data available at standard automatic weather station in Ny Alesund, Svalbard at gauge height. They found that true precipitation in the Arctic may be estimated reasonably well when the wind speed at gauge height is less than 7 m/s and can be expressed by the following equation:

Where P c is true precipitation, P M is the measured precipitation, k is the correction factor due to aerodynamic e↵ects, P w precipitation lost by wetting, and P E precipitation lost by evaporation. The correction factors are calculated separately for liquid and solid precipitation. The mixed phase correction factors are a combination of liquid and solid correction factors. For unshielded stations at Spitsbergen, the following correction factors are adopted: 

Where k l , k s , k m is the correction factor due to aerodynamic e↵ects for liquid, solid and mixed precipitation respectively, I is the rain intensity (mm/h), u is the wind speed at gauge height, T is the air temperature at gauge height (⇠2m above ground). [START_REF] Wol↵ | Derivation of a new continuous adjustment function for correcting wind-induced loss of solid precipitation: results of a Norwegian field study[END_REF] proposed a new adjustment function for winter precipitation measured by an automatic precipitation gauge (Geonor) equipped with a single Alter windshield. In order to determine the wind-induced under-catch of solid precipitation, measurements from three winters were used. The hourly measurements A.5 Mathematical Formulae for Unscented transform method A.5.1 Bayes theorem -Gaussians

The probability of the measurements at a given state can be described by their likelihood. Thus we can represent them as Gaussians. Moreover, it is well known that the product of two Gaussian with (means µ 1 and µ 2 and standard deviations 1 and

2 ) is proportional to another Gaussian with mean (µ), and standard deviation ( ) described as follow:

After normalizing the result, the product is another Gaussian. If the Gaussians are the likelihood of two correction methods, the mean is a scaled sum. The variance is a combination of their variances, while the variances are una↵ected by mean values. We put this in Bayesian terms like so:

Suppose we combine a fairly inaccurate measurement/value and a more accurate measurement/value (the more accurate measurement/value will have a smaller variance than the less accurate one). In that case, the result is a Gaussian taller than either input as we have incorporated information. The resulting variance is reduced and is closer to the more accurate measurement. Since the variance is a measure of confidence, we weigh it more heavily.

A.5.2 Unscented transform

The unscented transform (UT) is a mathematical function that takes points sampled from a probability distribution (sigma points), passes them through a nonlinear function, and produces a Gaussian for each transformed point; thus, it computes the resulting mean and variance.

For the 1-D problem, the mean can be computed as the average of the 3 points. Due to the wide range of nonlinear problems, the weights of the center point and the outsides points can alter. A general approach is to compute the weighted mean µ = P i w i f (X i ) (calligraphic X are the sigma points) and covariances ⌃ and the sums of the weights of each to equal one. Di↵erent weights for the mean (w m ) and the covariance (w c ) can be used. As a result, we have the following constraints in order to select X and their corresponding weights.

The first two constraints formulate that the weights of mean and covariance must sum to one. While the third and fourth constraints formulate how to compute the weight mean and covariance accordingly. None of them requires that any of the sigma points must be the mean of the input. Following these constraints, we do not have a unique solution. Thus we want an algorithm as described below to generate sigma points X and their corresponding weights W m , W c .

= sigma-function(x, P) W m , W c = weight-function(n, parameters)

We pass each sigma point through f (x, t) and we generate the transformed set of sigma points Y:

We compute the mean x and covariance P using the unscented transform on the transformed sigma points.

x, P = UT (Y, w m , w c , Q)

These are the equations for the unscented transform: (2002) and uses three parameters to control how the sigma points are distributed and weighted: ↵, , and .

A.5.2.2 Sigma point calculation

In this algorithm one sigma point is the mean of the input. We will call this 0 .

X 0 = µ For our convenience we set = ↵ 2 (n + ) n, where n is the dimension of x. The remaining two sigma points are computed as

for i=(n+1) .. 2n

The i subscript chooses the i th column vector of the matrix. The two points are symmetric from the mean and are computed by scaling the covariance matrix.

A.5.2.3 Weight computation

Di↵erent weights for the mean and weights are computed. The weights for the mean of X 0 are computed following:

W m 0 = n + while the weight for the covariance of X 0 following

The weights for the rest of the sigma points 1 ... 2n are the same for the mean and covariance :

A .5.2.4 Reasonable choices for the parameters -= 2 is a good choice for Gaussian problems - = 3 n where n is the dimension x -0  ↵  1 is an appropriate choice for ↵, larger values for ↵ spreads the sigma points further from the mean.
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