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Résumé

Les propriétés optiques de la neige déterminent la quantité d'énergie solaire absorbée par le manteau neigeux et donc son taux de fonte. Elles sont aussi au coeur de fortes rétroactions climatiques. La théorie du transfert radiatif décrit les interactions entre le rayonnement solaire et la neige, c'est à dire comment la lumière se propage et interagit avec la neige. On s'intéresse ici à différentes échelles, de l'échelle du grain de neige, l'échelle microscopique, aux ondulations de la couverture neigeuse à l'échelle du mètre ou du kilomètre, l'échelle macroscopique.

À l'échelle microscopique, de nombreuses théories lient la propagation de la lumière aux propriétés microstructurelles de la neige (taille et forme des grains) et à la présence d'impuretés absorbant la lumière. Ces théories reposent souvent sur de fortes approximations, la plus courante étant de considérer la neige comme un ensemble de sphères de glace déconnectées et d'impuretés flottant dans l'air interstitiel entre les grains. Cependant, nombreux faits expérimentaux démontrent aujourd'hui que ces approximations ne sont pas valides. À l'échelle macroscopique, le transfert radiatif dans la neige est influencé par toutes les ondulations de la surface, de la rugosité à la topographie de montagne. Ces ondulations modulent le rayonnement incident en portant des ombres et en favorisant le ré-éclairage des pentes environnantes. Cela modifie fortement le bilan d'énergie de la surface par rapport aux terrains plats, et ces effets sont souvent négligés dans les modèles de transfert radiatif qui supposent un milieu uni-dimensionnel.

C'est pour lever ces verrous qu'un modèle 3D de transfert radiatif basé sur un algorithme de transport de photons de Monte Carlo a été amélioré dans cette thèse, le modèle Rough Surface Ray-Tracing (RSRT). A l'échelle microscopique, il calcule la propagation de la lumière dans des images de la microstructure de la neige, c'est-à-dire l'arrangement 3D de l'air et de la glace à l'échelle du micromètre, obtenues par tomographie à rayons X. Les résultats de cette thèse montrent que dans le domaine solaire, la neige n'est pas équivalente à des sphères ou à d'autres formes simples, contrairement à ce qui se fait actuellement dans les modèles.

Un nouveau concept est introduit pour décrire l'influence réelle de la microstructure de la neige, appelé "forme optique de la neige". Cette approche valide en partie une récente hypothèse alternative, consistant à traiter la neige comme un milieu aléatoire biphasique. Ceci représente un nouveau paradigme dans la façon dont la neige est représentée dans les modèles optiques.

La présence d'impuretés dans la neige est abordée en combinant les images de microstructure de la neige pure avec des poussières ajoutées de façon ad hoc, selon divers états de mélange poussière-neige: interne, externe ou en contact avec l'interface air/glace. Cette dernière représentation est plus réaliste. Les résultats montrent une sous-estimation des impacts radiatifs induits par les poussières dans le manteau neigeux, révélant ainsi certaines limites du mélange externe couramment utilisé. À l'échelle macroscopique, le modèle RSRT utilise une représentation 3D d'une région montagneuse. Les résultats du modèle permettent de mieux comprendre comment le rayonnement solaire se propage à cette échelle et de quantifier l'importance relative d'une série d'effets topographiques. Cela devrait permettre d'orienter les développements futurs en matière de modélisation du transfert radiatif dans la neige à cette échelle, en déterminant quels effets peuvent être négligés en fonction de la précision visée.

Ces résultats démontrent qu'il y a un bénéfice à explorer ces simulations précises du transfert radiatif dans la neige, bien qu'elles soient coûteuses en termes de calcul. Les applications de cette thèse vont de la télédétection optique à l'amélioration des instruments optiques, ainsi que des applications pour le bilan d'énergie des surfaces enneigées.
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Tu auras sûrement une bonne raison de parcourir cette thèse, donc je te souhaite le meilleur dans ce très beau monde de l'optique de la neige. Allez, la bise.

Note au lecteur -Note to the reader

Ce manuscrit de thèse est entièrement rédigé en anglais. Cependant, un résumé étendu rédigé en français est disponible au début du manuscrit. Ce résumé comprend le contexte scientifique de la thèse, une synthèse du modèle de ray-tracing que j'ai utilisé, et les principaux résultats obtenus tout au long de ces trois ans de travail. Un lecteur non anglophone pourra ainsi accéder aux détails essentiels, mais pour une compréhension approfondie et complète, je recommande vivement de lire le manuscrit dans son intégralité, en anglais. This thesis manuscript is written entirely in English. However, an extended abstract written in French is available at the beginning of the manuscript. This summary includes the scientific background to the thesis, a synthesis of the ray-tracing model I used, and the main results obtained throughout these three years of work. A non-English-speaking reader will thus be able to access the essential details, but for a thorough and complete understanding, I strongly recommend reading the manuscript in its entirety, in English.

Résumé étendu en français Introduction générale et état de l'art

Dans un contexte du changement climatique, une meilleure compréhension et une meilleure modélisation des zones enneigées et de leurs changements futurs sont cruciales. Dans ces zones, l'évolution du manteau neigeux, y compris sa fonte, dépend à la fois de la quantité et de la distribution spatiale de l'énergie solaire absorbée par le manteau neigeux. Étant donné que l'albédo de la neige et la pénétration de la lumière varient fortement avec l'évolution temporelle des propriétés physiques de la neige [START_REF] Carroll | Effects of solar elevation and cloudiness on snow albedo at the South Pole[END_REF][START_REF] Pirazzini | Surface albedo measurements over sea ice in the Baltic Sea during the spring snowmelt period[END_REF][START_REF] Perovich | Light reflection and transmission by a temperate snow cover[END_REF], il est essentiel de comprendre non seulement les différentes interactions entre la neige et le rayonnement solaire, mais aussi leur évolution dans le temps.

Ces interactions peuvent être décrites par la théorie du transfert radiatif. Le transfert radiatif désigne le processus par lequel le rayonnement électromagnétique (par exemple le rayonnement solaire) se propage et interagit avec le milieu environnant. Cette propagation est influencée par des processus d'absorption, d'émission et de diffusion, à travers des interactions complexes qui dépendent du milieu et du rayonnement lui-même. Pour modéliser avec précision le transfert radiatif dans la neige, il est donc nécessaire d'identifier et de comprendre les différents facteurs qui ont un impact sur cette propagation à toutes les échelles, dès l'échelle des grains de neige à la taille du micromètre au millimètre (appelée par la suite microéchelle), jusqu'aux ondulations de la couverture neigeuse à l'échelle du mètre au kilomètre (appelée par la suite macroéchelle).

La neige pure est un matériau poreux composé de glace et d'air, dans lequel la lumière du soleil se propage à travers de multiples événements de diffusion avant de s'échapper dans l'atmosphère ou d'être absorbée. Le manteau neigeux est constitué de multiples couches aux propriétés physiques variables qui dépendent de l'arrangement tridimensionnel de la glace et de l'air à l'échelle du micromètre, appelé microstructure de la neige. Un accès précis à la microstructure de la neige est aujourd'hui possible grâce à la tomographie par rayons X (Brzoska et al., 1999;[START_REF] Schneebeli | Three-dimensional snow: what snow really looks like[END_REF][START_REF] Coléou | Three-dimensional snow images by X-ray microtomography[END_REF], dont le principe est similaire à celui des scanners d'imagerie médicale. Cette technique permet de mettre en évidence les complexes détails morphologiques de la matrice glace/air (Fig. 1). En matière de transfert radiatif, et malgré sa complexité et son irrégularité, la microstructure de la neige a traditionnellement été représentée comme un ensemble de particules individuelles, c'est-àdire de grains de neige. Les premières études de modélisation ont représenté la neige comme un ensemble de sphères de glace déconnectées [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF][START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF], un choix qui était fortement motivé par la précision et l'efficacité en termes de calcul de la théorie de Mie pour prédire la diffusion et l'absorption de ces particules. La propagation de la lumière est influencée par le diamètre de ces sphères de glace, ce qui est appelé "diamètre optique" (écrit d opt ) ou plus simplement, la taille des grains. Typiquement, l'albédo de la neige diminue avec l'augmentation de la taille des grains.

Plus tard, la communauté scientifique a trouvé un moyen de continuer à utiliser la théorie de Mie dans les modèles optiques, en représentant les grains de neige non sphériques comme une collection de sphères ayant le même rapport volume/surface ou, de manière équivalente, la même taille de grains. Dans ce cas, d opt est simplement lié à la surface S et au volume V d'un grain de neige donné par d opt = 6S/V . Le succès relatif de ce concept de "sphère équivalente" pour simuler l'albédo de la neige a conduit à l'utilisation généralisée de cette approximation dans la plupart des modèles optiques de la neige [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF][START_REF] Liou | Light scattering by nonspherical particles: Remote sensing and climatic implications[END_REF][START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation[END_REF]. Bien que cette hypothèse sphérique produise encore des résultats assez précis lors du calcul de l'albédo de la neige, plusieurs études ont mis en évidence les limites de cette approximation, en particulier en ce qui concerne la dépendance angulaire de la réflectance de la neige [START_REF] Xie | Effect of ice crystal shape and effective size on snow bidirectional reflectance[END_REF][START_REF] Dumont | High-accuracy measurements of snow Bidirectional Reflectance Distribution Function at visible and NIR wavelengths -comparison with modelling results[END_REF][START_REF] Stanton | Bidirectional-reflectance measurements for various snow crystal morphologies[END_REF] et la détermination de la profondeur de pénétration de la lumière [START_REF] Sergent | Caractérisation optique de différents types de neige. Extinction de la lumiere dans la neige[END_REF][START_REF] Meirold-Mautner | Measurements and model calculations of the solar shortwave fluxes in snow on Summit, Greenland[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. Donc même si la taille des grains est la principale propriété géométrique déterminant l'albédo de la neige, il existe encore un second facteur, la forme des grains. [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF] a étudié l'effet de la forme sur la relation entre l'albédo de la neige et la taille des grains, et a constaté des différences de réflectance allant jusqu'à 40% entre des grains sphériques et cubiques de même taille.

Malgré de nombreux efforts récents visant à utiliser d'autres formes pour décrire la microstructure de la neige, comme des fractales [START_REF] Kokhanovsky | Scattering optics of snow[END_REF]) ou des combinaisons de différentes formes [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF][START_REF] Räisänen | Parameterization of singlescattering properties of snow[END_REF], le concept de grain de neige avec une forme bien définie perdure encore aujourd'hui. En revanche, Malinka (2014) a récemment proposé une alternative innovante, qui consiste à considérer la neige comme un milieu aléatoire biphasique sans forme particulière. En d'autres termes, cette approche considère une représentation plus explicite de la microstructure de la neige et, surtout, cette représentation peut être reliée aux propriétés optiques de la neige. Bien que cette approche totalement différente, qui suppose un changement de paradigme dans la façon dont la neige est représentée dans les modèles optiques, fonctionne assez bien en ce qui concerne les mesures de réflectance sur la glace de mer [START_REF] Malinka | Reflective properties of white sea ice and snow[END_REF], il n'est toujours pas certain qu'elle soit totalement précise pour capturer l'influence réelle de la microstructure de la neige [START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF].

Comme illustré, un des défis actuels pour modéliser avec précision le transfert radiatif dans la neige à la microéchelle concerne la manière dont la microstructure de la neige est représentée dans les modèles optiques. Bien que nous ayons la preuve que la microstructure de la neige est complexe et irrégulière, la neige naturelle est encore représentée de manière simpliste dans presque tous les modèles optiques, et généralement sous la forme d'une collection de particules individuelles avec une forme définie. En d'autres termes, l'influence réelle de la microstructure de la neige sur ses propriétés optiques, c'est-à-dire la "forme optique de la neige", n'est pas encore totalement connue. Cette représentation imprécise a des implications pour l'interprétation des données satellitaires [START_REF] Leroux | A model for the bidirectional polarized reflectance of snow[END_REF][START_REF] Schaepman-Strub | Reflectance quantities in optical remote sensing-definitions and case studies[END_REF], ainsi que pour la photochimie de la neige [START_REF] Domine | Snow physics as relevant to snow photochemistry[END_REF][START_REF] Erbland | Air-snow transfer of nitrate on the East Antarctic Plateau -Part 2: An isotopic model for the interpretation of deep ice-core records[END_REF][START_REF] Winton | Deposition, recycling, and archival of nitrate stable isotopes between the air-snow interface: comparison between Dronning Maud Land and Dome C, Antarctica[END_REF]. En outre, les effets de la forme des grains sur les simula- tions climatiques peuvent être considérables pour le bilan d'énergie de surface des régions enneigées [START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF][START_REF] Hao | Improving snow albedo modeling in the E3SM land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau[END_REF]. Par exemple, une étude récente a montré que le simple fait de modifier la forme des grains de neige dans toutes les régions enneigées de la Terre peut modifier la température moyenne annuelle globale de l'air à 2 m de près de 1 K [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF]. Cela montre qu'une représentation plus précise de la microstructure de la neige peut être bénéfique partout où l'optique de la neige est importante.

Un deuxième défi pour modéliser avec précision le transfert radiatif dans la neige à la microéchelle réside dans le fait que la neige n'est pas toujours composée uniquement de glace et d'air. En effet, la présence d'impuretés dans la neige, comme la poussière minérale ou le carbone suie réduit l'albédo de la neige dans le spectre visible, ce qui entraîne un réchauffement accentué de la neige et une fonte accélérée [START_REF] Flanner | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Painter | Response of Colorado River runoff to dust radiative forcing in snow[END_REF][START_REF] Dumont | Contribution of light-absorbing impurities in snow to Greenland's darkening since 2009[END_REF][START_REF] Skiles | Radiative forcing by light-absorbing particles in snow[END_REF]. Bien que plusieurs efforts de modélisation et d'observation aient été réalisés récemment, de grandes incertitudes persistent dans la compréhension fondamentale des interactions entre les impuretés et l'albédo de la neige, ainsi que des effets radiatifs associés. En particulier, on sait que la représentation de l'état de mélange impuretés-neige (c'est-à-dire mélange externe ou interne avec les grains de neige) influence l'augmentation de l'absorption due à la présence d'impuretés, un mélange interne impliquant plus d'absorption qu'un mélange externe (jusqu'à deux fois plus - [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF]He et al., 2019b). Cependant, ces états de mélange sont toujours assez simplifiés, car ils décrivent les impuretés comme étant soit en suspension dans l'air interstitiel (mélange externe), soit ayant des dispositions spatiales spécifiques dans les grains de neige (mélange interne). À titre d'illustration, et dans le contexte de la représentation de la neige comme une collection de particules sphériques, l'ajout d'impuretés implique une représentation, par exemple, d'une sphère enrobée dans le cas d'un mélange interne (avec l'impureté comme région centrale). Il est clair qu'une représentation plus précise de la microstructure de la neige, ainsi qu'une image plus réaliste des états de mélange entre la neige et les impuretés peuvent permettre une meilleure compréhension des interactions entre les impuretés, la neige et le rayonnement.

Les différentes interactions entre la neige et le rayonnement solaire à l'échelle microscopique dépendent en partie de la quantité de lumière qui atteint la surface du manteau neigeux. Dans le cas d'un terrain plat, la distribution spatiale du rayonnement solaire est uniforme, mais la situation se complique rapidement lorsque l'on tient compte de la topographie dans des terrains plus complexes et montagneux. À cette macroéchelle (du mètre au kilomètre), le transfert radiatif dans la neige est affecté par toutes sortes d'ondulations de surface, dès la rugosité de surface à l'échelle du mètre [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF][START_REF] Mondet | Étude des parametres de surface de la calotte polaire antarctique, dans les domaines spectraux du visible et du proche infrarouge[END_REF][START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] jusqu'à la topographie de montagne à l'échelle du kilomètre [START_REF] Dozier | A clear-sky spectral solar radiation model for snow-covered mountainous terrain[END_REF][START_REF] Lenot | SIERRA: A new approach to atmospheric and topographic corrections for hyperspectral imagery[END_REF]. Ces ondulations de surface modifient les angles d'incidence du rayonnement incident et le modulent en portant des ombres et en favorisant le ré-éclairage réfléchi par les pentes environnantes [START_REF] Marks | A clear-sky longwave radiation model for remote alpine areas[END_REF][START_REF] Duguay | Radiation Modeling in Mountainous Terrain Review and Status[END_REF]. En effet, dans ces zones il est probable que le rayonnement incident rebondisse dans la topographie avant de s'échapper vers l'atmosphère, ce qui renforce l'absorption par rapport à une surface plate. De plus, les interactions du rayonnement solaire avec les hétérogènes pentes montagneuses sont difficiles à représenter dans les modèles (en raison du coût de calcul prohibitif), de sorte que les modèles de transfert radiatif qui supposent classiquement que le terrain est plat sont systématiquement biaisés [START_REF] Fan | Modeling study of the impact of complex terrain on the surface energy and hydrology over the Tibetan Plateau[END_REF][START_REF] Lee | Impact of 3-D Radiation-Topography Interactions on Surface Temperature and Energy Budget Over the Tibetan Plateau in Winter[END_REF]. Par exemple, sur le plateau tibétain, [START_REF] Lee | Impact of 3-D topography on surface radiation budget over the Tibetan Plateau[END_REF] a constaté des différences locales dans le rayonnement solaire net à la surface de l'ordre de ≈ 100 W m -2 par rapport à un terrain plat. Dans ces terrains complexes enneigés, seulement une modélisation tridimensionnelle très précise du transfert radiatif peut conduire à une estimation précise du bilan d'énergie de la surface.

En outre, les effets topographiques associés ont un impact direct sur les interactions entre le rayonnement solaire et la microstructure de la neige, modifiant ainsi l'évolution du manteau neigeux.

Pour lever ces verrous, l'objectif général de cette thèse de doctorat est donc de mieux comprendre les interactions complexes entre le rayonnement solaire et la neige, en mettant l'accent sur les propriétés optiques de la neige, et de la microéchelle à la macroéchelle :

(1) À la microéchelle, l'objectif est de comprendre comment la lumière du soleil se propage à travers la microstructure des échantillons de neige naturelle, et éventuellement d'inclure la présence d'impuretés.

(2) À la macroéchelle, l'objectif est de prendre correctement en compte la topographie de montagne et d'identifier et de mieux comprendre son impact sur l'estimation du bilan d'énergie de surface d'un terrain complexe enneigé.

Pour atteindre ces objectifs, un modèle 3D de transfert radiatif, le modèle Rough Surface Ray-Tracing (RSRT), a été adapté et développé à partir de sa version initiale [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]. Basé sur un algorithme de transport de photons de Monte Carlo, ce modèle propage de nombreux photons vers une surface de neige modélisée et les suit jusqu'à ce qu'ils soient absorbés dans la neige ou qu'ils s'échappent de la scène. Le modèle a été utilisé dans deux configurations différentes : l'une correspondant à la microéchelle, prenant comme input des images de microstructure de la neige, et l'autre correspondant à la macroéchelle, utilisant comme input une représentation tridimensionnelle des terrains montagneux. Le modèle permet ainsi de mieux comprendre comment le rayonnement solaire se propage dans la neige à toutes les échelles.

Le modèle RSRT: mode d'emploi

Le modèle Rough Surface Ray-Tracing a été conçu à l'origine pour calculer l'albédo de la neige sur des rugosités de surface [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]. Une nouvelle configuration du modèle a été développée au cours de cette thèse, qui prend comme entrée une image tomographique de la microstructure de la neige. L'idée de base de cette approche est la suivante: un grand nombre de photons (ou rayons) sont lancés vers une surface modélisée (c'est-à-dire l'image de la microstructure de la neige décrite par un maillage triangulaire), et ils sont suivis jusqu'à ce qu'ils soient absorbés dans la neige ou qu'ils s'échappent de la scène. La propagation de la lumière est simulée avec précision tant que l'hypothèse de l'optique géométrique est valide, c'est-à-dire que les détails ou entités de la microstructure de la neige doivent être beaucoup plus grandes que la longueur d'onde. Dans ce cas, la propagation de la lumière est gouvernée par l'absorption dans la phase de glace (qui varie avec la longueur d'onde via le coefficient d'absorption de la glace) et par les lois fondamentales de la réflexion et de la réfraction à chaque interface glace/air, comme dans [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF] et [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF]. La diffraction et la polarisation de la lumière ne sont pas prises en compte dans ce modèle de ray-tracing. Cependant, ces simplifications de l'optique géométrique n'empêchent pas de simuler avec précision la réflectance de la neige [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF][START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF][START_REF] Xiong | A New Hybrid Snow Light Scattering Model Based on Geometric Optics Theory and Vector Radiative Transfer Theory[END_REF].

A cette microéchelle, l'algorithme ainsi: l'origine de chaque rayon est générée de façon aléatoire dans un plan horizontal au-dessus de l'image de la microstructure. La direction de chaque rayon peut être soit représentative du rayonnement solaire direct incident, c'est-àdire avec une direction définie, soit représentative du rayonnement incident diffus. Dans ce dernier cas, la direction de chaque rayon est également choisie au hasard dans une distribution hémisphérique pondérée en cosinus. Lorsqu'un rayon rencontre une interface glace-air, le choix entre réflexion et réfraction est aléatoire et dépend principalement d'une interprétation probabiliste des coefficients de Fresnel. Le rayon choisi emporte toute l'intensité incidente. Lorsqu'il traverse la phase de glace, une partie de l'intensité emportée par le rayon est perdue par absorption, suivant une décroissance exponentielle proportionnelle à la distance parcourue dans la phase de glace (c'est-à-dire la loi de Beer). Pour simuler un manteau neigeux semi-infini, un algorithme de réplication est appliqué lorsqu'un rayon traverse les limites de l'image originale de microstructure. Cette réplication permet de simuler un manteau neigeux macroscopique à partir d'une seule image de microstructure de la neige, ce qui réduit considérablement le coût de calcul de cette approche, en particulier en ce qui concerne le stockage en mémoire du maillage. Plusieurs statistiques sont enregistrées pendant les simulations et fournies comme outputs. Par exemple, le résultat principal et le plus basique, l'albédo de la neige, est calculé comme le rapport de l'intensité transportée par les rayons s'échappant du manteau neigeux avec une trajectoire ascendante à l'intensité totale transportée par les rayons initialement lancés. Une autre quantité essentielle pour simuler correctement le profil vertical d'absorption dans le manteau neigeux est la profondeur de pénétration l e , ou, de manière équivalente, le coefficient d'extinction asymptotique k e = l -1 e . Dans le modèle RSRT, l'intensité emportée par les rayons traversant un ensemble de plans horizontaux à une profondeur croissante z est enregistrée. Plus précisément, l'intensité est enregistrée tous les 100 µm de profondeur. Ce profil vertical d'intensité est équivalent au flux actinique dans le manteau neigeux, et il présente une décroissance quasi-exponentielle avec la profondeur (e.g. [START_REF] Zatko | The influence of snow grain size and impurities on the vertical profiles of actinic flux and associated NOx emissions on the Antarctic and Greenland ice sheets[END_REF]. Il est donc possible de fitter une loi de Beer, à partir de laquelle k e peut éventuellement être déduit. À la macroéchelle, le maillage requis comme input est une représentation tridimensionnelle de la surface de la neige, décrite par un maillage triangulaire qui peut être facilement dérivé d'un modèle numérique de terrain (MNT). Par rapport à la microéchelle, l'initialisation de l'algorithme de ray-tracing ne change pas, c'est-à-dire que l'origine de chaque rayon est générée aléatoirement dans un plan horizontal au-dessus de la surface modélisée, et sa direction initiale peut être soit représentative du rayonnement direct incident, soit purement diffus. Cependant, les interactions entre les rayons et la surface modélisée sont différentes.

Chaque fois qu'il y a une intersection entre le rayon et le maillage, au lieu de choisir entre réflexion et réfraction, seules des réflexions lambertiennes sont prises en compte. Dans ce cas, le changement de direction est aléatoire, la direction est tirée au hasard dans une distribution hémisphérique pondérée en cosinus. L'algorithme itère tant que le rayon se propage de facette en facette et ne s'arrête que lorsque le rayon s'échappe de la scène ou lorsqu'un nombre maximal de rebondissements est atteint. Le principal résultat de la simulation est le nombre de fois où les rayons ont touché une facette donnée en fonction de l'ordre des rebondissements (première réflexion, deuxième réflexion, ...). Ce résultat tient ainsi compte du rayonnement direct reçu par une facette donnée (c'est-à-dire la première réflexion), mais aussi de la ré-illumination provenant des pentes voisines (rayons lors de leur deuxième réflexion ou de leur réflexions ultérieures). Ces informations sont ensuite utilisées pour calculer le rayonnement incident et réfléchi de courte longueur d'onde (short-wave) pour chaque facette. Le calcul du rayonnement net de grande longueur d'onde (long-wave) fait intervenir aussi le "sky-view factor", qui est également calculé avec le modèle RSRT. Typiquement, il est égal à la proportion des rayons lancés atteignant une facette donnée lors de leur première réflexion dans des conditions d'illumination diffuse.

Les sections suivantes décrivent les principaux résultats de cette thèse de doctorat, obtenus en utilisant ce modèle de ray-tracing dans les deux configurations introduites précédemment.

Transfert radiatif dans la neige à l'échelle microscopique

Le transfert radiatif dans la neige à la microéchelle est traité en détail dans les Chapitres 3 et 4. En particulier, le Chapitre 3 aborde la façon dont le rayonnement solaire se propage à travers la microstructure explicite des échantillons de neige naturelle, et jette un peu de lumière sur l'influence réelle de la microstructure de la neige sur ses propriétés optiques, ce qu'on appellera par la suite la forme optique de la neige. Ce concept découle de la théorie AART [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], qui considère la neige comme un ensemble de particules (grains de neige) et introduit deux paramètres qui tiennent explicitement compte de la forme des grains: le paramètre d'amplification de l'absorption B et le facteur d'asymétrie g. B quantifie l'allongement du trajet du photon dû à la réfraction et aux réflexions internes dans la phase de glace par rapport à un trajet en ligne droite, et g quantifie la tendance du milieu à diffuser la lumière vers l'avant ou vers l'arrière (Fig. 3). Ces deux paramètres permettent d'estimer l'influence réelle de la forme des grains sur les propriétés optiques de la neige. Contrairement aux principales propriétés physiques qui caractérisent la microstructure de la neige (c'est-à-dire la densité et la taille des grains), qui peuvent être mesurées objectivement, ces paramètres de forme qui sont liés aux propriétés de diffusion simple de la neige sont plus difficiles à estimer. En effet, la neige est un matériau poreux dans lequel les grains de neige individuels sont à peine reconnaissables, ce qui fait que les techniques habituelles pour dériver les propriétés de diffusion simple qui sont appliquées aux cristaux de glace dans l'atmosphère (e.g. [START_REF] Macke | Applicability of regular particle shapes in light scattering calculations for atmospheric ice particles[END_REF]Saito and Yang, 2019) ne peuvent pas être appliquées de la même manière. Afin de rapprocher ces deux conceptions de la neige, c'est-à-dire celle qui considère la neige comme un milieu granulaire et celle qui considère la neige comme un milieu continu biphasique, l'idée de la forme du grain de neige est remplacée par la forme optique de la neige. Ce nouveau concept révèle l'influence de la "forme" de la microstructure de la neige, au-delà de celle de la taille ou de la densité.

Dans ce chapitre, B et g pour de la neige naturelle sont calculés à l'aide de deux méthodes différentes, toutes deux basées sur le modèle RSRT. La première méthode, appelée méthode macroscopique, repose sur le formalisme développé par [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF], dans lequel les deux paramètres peuvent être calculés à partir de propriétés optiques macroscopiques qui peuvent être mesurées expérimentalement ou simulées numériquement, l'albédo diffus de la neige α diff et le coefficient d'extinction asymptotique k e . Le calcul de k e et la prise en compte des incertitudes liées à sa dérivation est traité de façon rigoureuse avec une méthode bayésienne. La seconde méthode, plus directe, appelée méthode géométrique, repose sur un calcul plus direct suivant la définition géométrique des deux paramètres : B est défini comme l'allongement du trajet des photons dans la phase de glace par rapport à des lignes strictement droites, et g peut être dérivé en calculant les changements de direction entre l'entrée et la sortie de la phase de glace, c'est-à-dire l'angle de diffusion.

Bien que ces paramètres aient déjà été introduits dernièrement [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF][START_REF] Krol | Relating optical and microwave grain metrics of snow: the relevance of grain shape[END_REF], c'est la première fois qu'une estimation basée sur une microstructure explicite d'échantillons de neige naturelle est fournie. Contrairement à ce qui est généralement supposé dans de nombreux modèles optiques (e.g. [START_REF] Holland | Improved Sea Ice Shortwave Radiation Physics in CCSM4: The Impact of Melt Ponds and Aerosols on Arctic Sea Ice[END_REF][START_REF] Van Wessem | Modelling the climate and surface mass balance of polar ice sheets using RACMO2 -Part 2: Antarctica (1979-2016[END_REF], la neige n'est pas équivalente à des sphères ou à d'autres formes simples. Entre autres, les travaux récents de Räisänen et al. (2017); [START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF]; [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF] ont apporté la preuve du rôle de la forme des grains dans les propriétés optiques de la neige, et les résultats de cette thèse renforcent cette tendance. De plus, ils fournissent des valeurs précises pour la forme optique de la neige (Fig. 4). B est pratiquement constant et égal au carré de l'indice de réfraction de la glace, n 2 (c'est-à-dire ≈ 1.7 dans les domaines visible et proche infrarouge), alors que la gamme des valeurs possibles de g pour la neige (g = 0.82 ± 0.01, avec des variations négligeables dans les domaines visible et proche infrarouge) est beaucoup plus étroite que celle des formes géométriques habituellement considérées. En effet, ces valeurs diffèrent fortement, par exemple, de celles des sphères (B = 1.25 et g = 0.89).

Pour une taille des grains et une densité données, l'utilisation de particules sphériques en- [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF]. Les symboles colorés correspondent aux 33 échantillons de neige naturelle, selon le type de neige [START_REF] Fierz | The international classification for seasonal snow on the ground[END_REF]: Neige fraîche (PP), particules reconnaissables (DF), faces planes (FC), givre de profondeur (DH), grains fins (RG) et grains ronds (MF).

traîne une sous-estimation de B de près de 40% et une surestimation de g de 10%, ce qui équivaut à une sous-estimation d'environ 20% de l'albédo de la neige et à une surestimation de près de 60% de la quantité de rayonnement solaire disponible en profondeur. Ceci a un impact direct sur le bilan d'énergie du manteau neigeux et sur son évolution dans le temps. Cette connaissance bien affinée de la forme optique de la neige doit donc être prise en compte dans les futurs efforts de modélisation du manteau neigeux.

De plus, le fait que B soit constant pour la neige naturelle montre que, malgré les très différentes microstructures de neige, la distance parcourue par la lumière dans la phase de glace est, en moyenne, toujours la même. En d'autres termes, la neige est fondamentalement ergodique. Il s'agit d'un résultat majeur, qui en outre valide en partie l'hypothèse alternative consistant à considérer la neige comme un milieu aléatoire biphasique [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF][START_REF] Malinka | Stereological approach to radiative transfer in porous materials. Application to the optics of snow[END_REF]. Cela changera certainement la façon dont la neige est représentée dans les modèles optiques, avec des applications partout où l'optique de la neige est importante, de la photochimie de la neige aux algorithmes de télédétection.

Au-delà de la neige vierge, et toujours à la microéchelle, la présence de poussières minérales dans la neige a été traitée dans le Chapitre 4. Deux sources d'incertitude dans la compréhension actuelle des interactions poussière-neige-rayonnement ont été abordées: (1) l'influence de la position de la poussière dans l'arrangement tridimensionnel glace/air, c'est-à-dire, soit à l'extérieur (flottant dans les pores de l'air ou en contact avec l'interface air/glace), ce qu'on appelle un mélange externe, soit à l'intérieur, avec les poussières ayant des dispositions spatiales spécifiques dans les grains de neige, ce qu'on appelle mélange interne; et (2) l'impact des propriétés optiques des poussières, qui dépendent de leur composition chimique et varient donc en fonction de l'origine géographique de la poussière. [START_REF] Dumont | Contribution of light-absorbing impurities in snow to Greenland's darkening since 2009[END_REF][START_REF] Skiles | Radiative forcing by light-absorbing particles in snow[END_REF][START_REF] Réveillet | Black carbon and dust alter the response of mountain snow cover under climate change[END_REF], les futurs efforts de modélisation devraient viser à représenter de la manière la plus précise possible les différents mélanges poussière-neige et, en fonction de la région géographique d'application, à tenir compte de manière rigoureuse des différentes propriétés optiques des poussières.

Transfert radiatif dans la neige à l'échelle macroscopique

Les ondulations de la couverture neigeuse à l'échelle du mètre ou du kilomètre ont un impact significatif sur le transfert radiatif. À cette macroéchelle, ces variations des composantes radiatives peuvent entraîner des différences de température de surface de l'ordre de plusieurs degrés Celsius dans une zone montagneuse, indépendamment du forçage météorologique.

Le Chapitre 5 aborde l'influence d'une série d'effets topographiques sur le bilan d'énergie de surface des terrains montagneux enneigés. Ces effets comprennent tous types d'ombres portées, ou le fait que dans ce type de terrain, il est probable que le rayonnement incident rebondisse dans la topographie avant de s'échapper vers l'atmosphère, ce qui amplifie l'absorption par rapport à une surface plate [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF]. C'est ce qu'on appelle l'effet de ré-illumination, qui peut être particulièrement marqué dans les vallées en raison des effets de piégeage. Un autre effet est lié au fait qu'en terrain escarpé, la quantité de ciel visible varie fortement d'un endroit à l'autre. Le "sky-view factor" quantifie la fraction de radiance reçue à un endroit donné en faisant l'hypothèse d'un rayonnement isotrope.

Ce paramètre est couramment utilisé pour tenir compte de phénomènes tels que le rayonnement diffus des courtes longueurs d'onde (short-wave) et l'échange d'émission thermique entre des pentes proches (e.g. [START_REF] Dozier | A clear-sky spectral solar radiation model for snow-covered mountainous terrain[END_REF][START_REF] Müller | A Grid-and Subgrid-Scale Radiation Parameterization of Topographic Effects for Mesoscale Weather Forecast Models[END_REF][START_REF] Liou | A WRF simulation of the impact of 3-D radiative transfer on surface hydrology over the Rocky Mountains and Sierra Nevada[END_REF][START_REF] Lee | Impact of 3-D Radiation-Topography Interactions on Surface Temperature and Energy Budget Over the Tibetan Plateau in Winter[END_REF]. À l'échelle macroscopique, l'assimilation des données de télédétection dans les modèles numériques est une approche de plus en plus utilisée qui améliore la précision de la modélisation du manteau neigeux [START_REF] Piazzi | An EnKF-based scheme for snow multivariable data assimilation at an Alpine site[END_REF][START_REF] Largeron | Toward Snow Cover Estimation in Mountainous Areas Using Modern Data Assimilation Methods: A Review[END_REF][START_REF] Revuelto | Assimilation of surface reflectance in snow simulations: Impact on bulk snow variables[END_REF].

L'arrivée future (2025) du satellite infrarouge thermique TRISHNA fournira des images à haute résolution (50 m) de la température de surface dans des zones montagneuses avec un temps de revisite de 3 jours [START_REF] Lagouarde | Indo-French high-resolution thermal infrared space mission for Earth natural resources assessment and monitoring -Concept and definition of TRISHNA[END_REF] The Earth's climate is the result of highly complex interactions between several components: the atmosphere, the hydrosphere, the cryosphere, the lithosphere and the biosphere. The dynamics of these components and external forcings such as solar variations and anthropogenic forcings cause the climate system to evolve in time (IPCC, 2021). The statistical description of these variations or, in simpler words, the average weather over a defined period of time (e.g. 30 years), is what we actually call climate. These complex interactions and dynamics can be measured in terms of energy exchanges, and the Earth's energy budget can thus be defined as the balance between the energy that enters and leaves the climate system (Fig. 1.1).

The majority of the energy entering the climate system comes from solar radiation, reaching the Earth's atmosphere in the form of short-wave radiation, with wavelengths that span approximately from 0.2 to 4 µm. The solar radiation is divided in different spectral regions:

the ultraviolet (UV) from 0.2 to 0.4 µm, the visible from 0.4 to 0.8 µm, the near-infrared (NIR) from 0.8 to 1.4 µm and the mid-wavelength infrared from 1.4 to 4 µm1 . Some of this solar radiation is absorbed and reflected by the atmosphere and clouds and most of it eventually reaches the Earth's surface. The outgoing radiation is composed of the solar (shortwave) radiation reflected by the Earth and the thermal (long-wave) radiation emitted by the Earth. The latter is mostly absorbed in the lower atmosphere and re-emitted towards the surface, which results in a warming of the Earth's surface. This is known as the greenhouse effect.

The long-term oscillations and shifts in the Earth's climate is known as climate change.

The ongoing increase in global temperature and in particular the unprecedented rate of global warming observed from the last decades of the 20th century is causing climate change.

The Earth surface has warmed more than 1.1 °C with respect to the pre-industrial levels and there is established evidence that human activities are largely responsible, mainly because of the increase in greenhouse gas emissions, such as carbon dioxide and methane (IPCC, 2021). As part of the Earth system and its connections, global atmosphere warming is just the beginning of a series of global changes, such as changes in the hydrological cycle and sea level rise. This has major consequences not only on ecosystems but also on societies, which will be exposed to increasing climate risks and will require rapid adaptations. [START_REF] Pörtner | Climate Change 2022: Impacts, Adaptation and Vulnerability[END_REF].

The cryosphere, a key component of the Earth's climate

The word cryosphere comes from the Greek κρ ύç (kryos), meaning "cold" and σ ϕαϊρα (sphaira), meaning "globe". As its name suggests, the cryosphere encompasses all the frozen portions of the Earth's surface water, including snow cover, glaciers, ice caps and ice sheets, sea ice, frozen lakes and rivers, and frozen ground (including permafrost) (Fig. 1.2). All these frozen areas closely interact with the atmosphere, the oceans and the hydrological cycle, and play a fundamental role in the Earth's climate.

Climate change is already having major impacts on the cryosphere, accelerating the loss of ice and snow in vast areas of the planet. This includes a general decline in low-elevation snow cover [START_REF] Marty | Recent Evidence of Large-Scale Receding Snow Water Equivalents in the European Alps[END_REF][START_REF] Beniston | The European mountain cryosphere: a review of its current state, trends, and future challenges[END_REF] and a widespread decrease in ice mass of glaciers (Zemp et al., 2019;[START_REF] Roe | On the attribution of industrial-era glacier mass loss to anthropogenic climate change[END_REF] and polar ice sheets [START_REF] Shepherd | Trends and connections across the Antarctic cryosphere[END_REF][START_REF] Rignot | Four decades of Antarctic Ice Sheet mass balance from 1979-2017[END_REF], as well as a thinning of sea ice in the Arctic [START_REF] Stroeve | Arctic sea ice decline: Faster than forecast[END_REF]. Near the poles, and particularly in the case of the Arctic, we observe a considerably greater climate change than in the rest of the globe, a phenomenon known as polar amplification [START_REF] Holland | Polar amplification of climate change in coupled models[END_REF][START_REF] Xie | Polar amplification comparison among Earth's three poles under different socioeconomic scenarios from CMIP6 surface air temperature[END_REF]. One of the main causes of these intensified changes is a and climate change in cryosphere-dominated areas [START_REF] Qu | What Controls the Strength of Snow-Albedo Feedback?[END_REF][START_REF] Flanner | Radiative forcing and albedo feedback from the Northern Hemisphere cryosphere between 1979 and 2008[END_REF][START_REF] Riihelä | Recent strengthening of snow and ice albedo feedback driven by Antarctic sea-ice loss[END_REF]. These snow-and ice-albedo feedbacks are positive feedbacks3 that have significant consequences at many different levels.

The Greenland and Antarctic ice sheets are potentially the most important sources of sea level rise. If their fate were to eventually melt, their contributions to sea level rise are estimated to be respectively of ≈ 7 and 58 m [START_REF] Imbie Team | Mass balance of the Greenland Ice Sheet from 1992 to[END_REF], 2018). Snow and mountain glaciers melt provide water resources to the large population living downstream of mountainous regions (e.g. High Mountain Asia), so the changes in the timing of water availability impact the ability to grow food crops and generate electric power [START_REF] Sturm | Water and life from snow: A trillion dollar science question[END_REF][START_REF] Sharma | Introduction to the Hindu Kush Himalaya assessment[END_REF]. In the long-term, increasing periods of high water stress (% of water used regarding to the available water) might lead to sudden and uncontrolled population migrations with risks of profound social instabilities, state collapses or interstate conflicts (e.g. [START_REF] Schleussner | Armed-conflict risks enhanced by climate-related disasters in ethnically fractionalized countries[END_REF]. Climate change in the Arctic not only involves losses of cultural heritage and identity, but is already affecting the forms of transportation of local commu-nities, whose traditional sea-ice-based travel is being constrained [START_REF] Ford | Changing access to ice, land and water in Arctic communities[END_REF], with consequences for food availability and gathering activities [START_REF] Hinzman | Adaptation Actions for a Changing Arctic: Perspectives from the Bering-Chukchi-Beaufort Region[END_REF]. Mountain tourism activities have as well been affected in a negative way by climate change. Ski tourism is particularly vulnerable to decreasing snow cover, especially in low-elevation ski resorts [START_REF] Steiger | A critical review of climate change risk for ski tourism[END_REF][START_REF] Berard-Chenu | Past changes in natural and managed snow reliability of French Alps ski resorts from 1961 to 2019[END_REF]. Glacier tourism is exposed to increasing natural hazards due to rapidly retreating glaciers and warming permafrost [START_REF] Purdie | Glacier recession and the changing rockfall hazard: Implications for glacier tourism[END_REF][START_REF] Salim | Glacier tourism and climate change: effects, adaptations, and perspectives in the Alps[END_REF]. It is evident that, in a context of climate change, studying and accurately modeling the cryosphere and its future changes are crucial.

Radiative transfer in snow

The snow-albedo feedback is responsible for roughly half of the additional net incoming solar radiation associated with the Northern Hemisphere cryosphere retreat [START_REF] Hall | The Role of Surface Albedo Feedback in Climate[END_REF][START_REF] Flanner | Radiative forcing and albedo feedback from the Northern Hemisphere cryosphere between 1979 and 2008[END_REF]. But the snow disappearance and the replacement by another less reflective material is not the only reason affecting the surface energy budget. Since snow has one of the highest albedo values, very slight variations in albedo are enough to considerably modify the amount of energy absorbed by the snowpack. For instance, a slight decrease in albedo (e.g. ≈ 10%, from 0.85 to 0.77) almost doubles the proportion of absorbed energy (increasing from 15% to 23%), with a subsequent impact on the energy budget of the snowpack. The depth at which this energy is absorbed, measured by means of the penetration depth 4 , is also important as it determines the vertical availability of sunlight in the snowpack [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF], a crucial quantity for the energy budget and for photochemistry. Considering that snow broadband albedo varies mainly between 0.9 for fresh snow and around 0.6 for more aged snow [START_REF] Carroll | Effects of solar elevation and cloudiness on snow albedo at the South Pole[END_REF][START_REF] Pirazzini | Surface albedo measurements over sea ice in the Baltic Sea during the spring snowmelt period[END_REF], and that light penetration also varies as the snow ages [START_REF] Perovich | Light reflection and transmission by a temperate snow cover[END_REF], it is essential to understand not only the different interplays between snow and solar radiation, but also their evolution with time.

These interactions can be described by the radiative transfer theory. Indeed, radiative transfer refers to the process by which electromagnetic radiation (e.g. solar radiation) propagates and interacts with the surrounding medium. This propagation is affected by absorption, emission and scattering processes, through complex interactions depending on the medium and the radiation itself. To accurately model radiative transfer in snow, it is therefore necessary to identify and understand the various factors that impact this propagation at all scales, from the snow grain scale at the micrometer to millimeter size (called hereinafter microscale), to the snow cover undulations at the meter to kilometer scale (called hereinafter macroscale). 

The microscale

Pure snow is a porous material composed of ice and air, in which sunlight propagates through multiple scattering events before escaping back to the atmosphere or being absorbed. A simple experience that can be done in the field and that illustrates well this phenomenon and the complexity of the snowpack is depicted in Fig. 1.3. Visible wavelengths propagate deep into the snowpack (i.e. large penetration depth) and reveal the multiple snow layers that constitute it, with varying physical properties that depend on the three-dimensional arrangement of ice and air at the micrometer scale, called the snow microstructure. A detailed access and understanding of the snow microstructure is nowadays possible through X-ray microcomputed tomography (Brzoska et al., 1999;[START_REF] Schneebeli | Three-dimensional snow: what snow really looks like[END_REF][START_REF] Coléou | Three-dimensional snow images by X-ray microtomography[END_REF], whose principle is similar to that of medical imaging scans. With this technique, the intricate morphological details of the ice/air matrix appear visible (Fig. 1.4).

For radiative transfer purposes, and despite its acknowledged complexity and irregularity, the snow microstructure has traditionally been considered as a collection of individual particles, i.e. snow grains. Early modeling studies represented snow as a collection of disconnected and independent ice spheres [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF][START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF], a choice strongly motivated by the accuracy and computational efficiency of Mie theory to predict scattering and absorption of such particles. Light propagation is impacted by the diameter of these ice spheres, called the "optical diameter" (written d opt ) or more simply the snow grain size. In particular, snow albedo decreases with an increasing grain size.

Later on, the snow community found a way to still use Mie theory in optical models, by representing non-spherical snow grains (with a defined shape, e.g. cylinders, columns) as a collection of spheres with the same volume-to-area ratio, or equivalently, with the same snow grain size. In this case, d opt is simply related to the surface area S and the volume V of a given snow grain by d opt = 6S/V . The relative success of this "equivalent-sphere" concept to simulate snow albedo promoted the widespread use of this approximation in most snow optical models [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF][START_REF] Liou | Light scattering by nonspherical particles: Remote sensing and climatic implications[END_REF][START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation[END_REF].

While this spherical assumption still yields quite accurate results when computing snow albedo, several studies shed some light on the caveats of this approximation, in particular with respect to the angular dependence of the snow reflectance [START_REF] Xie | Effect of ice crystal shape and effective size on snow bidirectional reflectance[END_REF][START_REF] Dumont | High-accuracy measurements of snow Bidirectional Reflectance Distribution Function at visible and NIR wavelengths -comparison with modelling results[END_REF][START_REF] Stanton | Bidirectional-reflectance measurements for various snow crystal morphologies[END_REF] and the determination of how deep light penetrates [START_REF] Sergent | Caractérisation optique de différents types de neige. Extinction de la lumiere dans la neige[END_REF][START_REF] Meirold-Mautner | Measurements and model calculations of the solar shortwave fluxes in snow on Summit, Greenland[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. So even if the snow grain size is the main geometric property driving snow albedo, there is still a second driver, the grain shape. [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF] investigated the effect of shape on the relationship between snow albedo and grain size, finding differences in reflectance up to 40% between spherical and cubic grains with the same grain size. Despite many recent efforts to use alternative shapes to describe the snow microstructure, such as fractals [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], Voronoi tessellations (Ishimoto et al., 2018), or combinations of different shapes [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF][START_REF] Räisänen | Parameterization of singlescattering properties of snow[END_REF], the concept of snow grain with a well-defined shape still endured. Conversely, [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] recently proposed an innovative and really promising alternative, which consists in considering snow as a two-phase random mixture without any particular shape. In other words, a more explicit representation of the snow microstructure is considered and this representation can be related to the snow optical properties. Although this totally different approach, which supposes a paradigm change in how snow is represented in optical radiative transfer models, works fairly well with respect to reflectance measurements over sea ice [START_REF] Malinka | Reflective properties of white sea ice and snow[END_REF], it is still uncertain whether it is totally accurate to capture the actual influence of the snow microstructure [START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF].

As depicted, a current challenge to accurately model radiative transfer in snow at the microscale involves how the snow microstructure is represented in optical models. Although we have evidence that the snow microstructure is extremely complex and irregular, natural snow is still represented in a simplistic way in almost all optical models, and usually in the form of a collection of individual particles with a defined shape. In other words, the actual influence of the snow microstructure on its optical properties, i.e. the optical shape of snow, is not yet fully understood. This unclear representation has implications for the interpretation of satellite data [START_REF] Leroux | A model for the bidirectional polarized reflectance of snow[END_REF][START_REF] Schaepman-Strub | Reflectance quantities in optical remote sensing-definitions and case studies[END_REF] and for snow photochemistry [START_REF] Domine | Snow physics as relevant to snow photochemistry[END_REF][START_REF] Erbland | Air-snow transfer of nitrate on the East Antarctic Plateau -Part 2: An isotopic model for the interpretation of deep ice-core records[END_REF][START_REF] Winton | Deposition, recycling, and archival of nitrate stable isotopes between the air-snow interface: comparison between Dronning Maud Land and Dome C, Antarctica[END_REF]. Moreover, the effects of the snow grain shape on climate simulations can be noteworthy for the surface energy budget of snow-covered regions [START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF][START_REF] Hao | Improving snow albedo modeling in the E3SM land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau[END_REF]. For instance, a recent study showed that simply changing the snow grain shape in all snow-covered areas on

Earth can modify the global annual-mean 2 m air temperature by nearly 1 K [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF]. This show that a more accurate representation of the snow microstructure, along with a better understanding of how light propagates at this microscale can be beneficial wherever snow optics matters.

A second challenge to accurately model radiative transfer in snow at the microscale involves the fact that snow is not always only composed of ice and air. Indeed, the presence of impurities 5 in snow, such as black carbon, mineral dust or snow algae, reduces snow albedo in the visible wavelengths, leading to an enhanced warming of the snow and an accelerated melt [START_REF] Flanner | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Painter | Response of Colorado River runoff to dust radiative forcing in snow[END_REF][START_REF] Dumont | Contribution of light-absorbing impurities in snow to Greenland's darkening since 2009[END_REF][START_REF] Skiles | Radiative forcing by light-absorbing particles in snow[END_REF][START_REF] Khan | Spectral characterization, radiative forcing and pigment content of coastal Antarctic snow algae: Approaches to spectrally discriminate red and green communities and their impact on snowmelt[END_REF]. Although several modeling and observational efforts have been recently undertaken, large uncertainties still remain in the fundamental understanding of impuritiessnow albedo interplays and associated radiative effects. In particular, the representation of the impurities-snow mixing state (i.e. externally or internally mixed with the snow grains) is known to influence the absorption enhancement due to the presence of impurities, an internal mixing involving more absorption than an external mixing (up to two times more - [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF]He et al., 2019b). Still, these mixing states are not entirely accurate as they depict impurities as either suspended within the interstitial air or having specific spatial arrangements within the snow grains. As an illustration, and in the context of representing snow as a collection of spherical particles, adding impurities involves a representation of, for instance, a coated sphere in the case of an internal mixing (with the impurity as the core region). It is clear that a more accurate representation of the snow microstructure, along with a more realistic picture of the actual mixing states between snow and impurities may allow a better comprehension of the impurity-snow-radiation interactions.

The macroscale

The different interplays between snow and solar radiation at the microscale depend partly on how much sunlight reaches the snowpack surface. In the case of a flat terrain, the spatial distribution of solar radiation is uniform, but this quickly becomes more complicated when one accounts for topography in more complex, mountainous terrains. In this macroscale (meter to kilometer scale), radiative transfer in snow is affected by all kind of surface undulations, from meter-scale surface roughness [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF][START_REF] Mondet | Étude des parametres de surface de la calotte polaire antarctique, dans les domaines spectraux du visible et du proche infrarouge[END_REF][START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] to kilometer-scale topographic features [START_REF] Dozier | A clear-sky spectral solar radiation model for snow-covered mountainous terrain[END_REF][START_REF] Lenot | SIERRA: A new approach to atmospheric and topographic corrections for hyperspectral imagery[END_REF]. These surface undulations modify the effective incident angles of incoming radiation, and modulate it by creating shadows and promoting re-illumination reflected from surrounding slopes [START_REF] Marks | A clear-sky longwave radiation model for remote alpine areas[END_REF][START_REF] Duguay | Radiation Modeling in Mountainous Terrain Review and Status[END_REF]. Indeed, in areas with complex terrain, it is likely that the incident radiation bounces within the topography before escaping to the atmosphere, enhancing absorption compared to a flat or smoother surface.

These three-dimensional effects are already strong at the meter-scale surface roughness.

Compared to flat terrain, [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] measured albedo decreases on the order of 0.03-0.08 in the visible and NIR regions. Moreover, in these areas with complex topography, the interactions of solar radiation with the heterogeneous mountain slopes are difficult to represent in models (because the prohibitive computational cost), so the radiative transfer models that classically assume the terrain to be flat are systematically biased [START_REF] Fan | Modeling study of the impact of complex terrain on the surface energy and hydrology over the Tibetan Plateau[END_REF][START_REF] Lee | Impact of 3-D Radiation-Topography Interactions on Surface Temperature and Energy Budget Over the Tibetan Plateau in Winter[END_REF]. For instance, over the Tibetan Plateau, [START_REF] Lee | Impact of 3-D topography on surface radiation budget over the Tibetan Plateau[END_REF] found local differences in the net surface solar radiation on the order of ≈ 100 W m -2 , compared to flat terrain.

In these snow-covered complex terrains, we hypothesize that only a very precise threedimensional radiative transfer modeling can lead to an accurate estimation of the surface energy budget. Furthermore, the associated topographic effects have a direct impact on the interactions between solar radiation and the snow microstructure, therefore altering the snowpack evolution. A profound understanding of these complex interactions is crucial for improved climate and environmental studies, especially in mountainous areas.

PhD objectives

From considering snow to be a simple and homogeneous medium composed of disconnected particles, to the more recent and essential improvements to treat snow as realistically as possible, the underlying fundamental question has always been the same: what does a photon see and where does it go when it reaches the snowpack? Despite the significant work undertaken by the snow radiative transfer community, the answer to that question is not yet fully answered.

The general objective of this doctoral thesis is to better understand the complex, threedimensional interactions between sunlight and snow, with a focus on the snow optical properties, and from the microscale to the macroscale:

(1) At the microscale, the focus is on understanding how sunlight propagates through the explicit three-dimensional microstructure of natural snow samples, and eventually including the presence of impurities.

(2) At the macroscale, the objective is to correctly account for topography and to identify and better understand its impact in the estimation of the surface energy budget of a snow-covered complex terrain.

In order to achieve these objectives, a three-dimensional radiative transfer model, the Rough Surface Ray-Tracing (RSRT) model, has been adapted and further developed from its initial version [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]. Based on a Monte Carlo photon transport algorithm, this model propagates numerous photons into a modeled snow surface, and they are followed until they are either absorbed in snow or escape from the scene. The model has been used in two different configurations: one corresponding to the microscale, taking as input snow microstructure images, and a second one corresponding to the macroscale, using as input the three-dimensional representation of mountainous terrains. Doing so, the model thus provides a better insight into how solar radiation propagates at all scales in snow.

This doctoral thesis comprises 6 chapters, including this first chapter which presents the general context of the cryosphere in the climate system and a brief overview of the particularities of the three-dimensional radiative transfer in snow, as well as the current modeling limitations and knowledge gaps.

Chapter 2 introduces in detail the main materials and methods applied in this thesis. This includes a thorough description of the snow microstructure, its physical and optical properties and the main radiative transfer theories and approximations used at the microscale, as well as the limitations that motivated this doctoral thesis. The ray-tracing model is eventually introduced, and its microscale configuration described.

Chapter 3 addresses how sunlight propagates through the explicit three-dimensional microstructure of natural snow samples, and sheds some light on the actual influence of the snow microstructure on the snow optical properties, the optical shape of snow.

The presence of impurities in snow is addressed in Chapter 4, with particular emphasis on the role of the different mixing structures at the particle level, as well as other current sources of uncertainty.

Chapter 5 addresses the macroscale. The role of topography in the surface energy budget of snow-covered terrain is addressed in detail, in order to guide future developments of radiative transfer modeling.

Finally, a general conclusion and perspectives are presented in Chapter 6. Chapter 2 

Materials and methods

Introduction

This chapter introduces in detail the materials and methods applied in this thesis. This includes a thorough description of the snow microstructure, its physical and optical properties and the main radiative transfer theories and approximations used at the microscale. The raytracing model is eventually introduced, along with its main characteristics at the microscale.

Note that the macroscale is addressed independently in the corresponding Chapter 5 for ease of reading.

Snow, a porous material

It is often said that the Inuit have dozens of words for snow. In his dictionary of Inuktitut from Nunavik (Canadian High Arctic), [START_REF] Schneider | Ulirnaisigutiit: An Inuktitut-English dictionary of northern Quebec, Labrador, and Eastern Arctic dialects (with an English-Inuktitut index)[END_REF] cites several examples, for instance:

• qannik: snow which falls, snowflake

• aput: snow on the ground

• pukak: crystalline snow that breaks down and 'looks like rough salt'

Inuktitut is a language in which words are composed of a basic element that provides the original meaning, to which other elements are added to provide more context or specific meaning. Following the vocabulary of snow, if the word qannik refers to falling snow, the word qannitaq ("additional snow") refers to the snow recently fallen to the ground. This local knowledge of snow is the perfect illustration of how complex snow is, and sheds lights on the fact that is a material that continuously evolves with time.

Snow is a form of precipitation that occurs when water vapor in the atmosphere freezes into ice crystals and falls to the ground. The formation of these ice crystals starts when some microscopic particles in the air (e.g. dust) provide a surface for water vapor to condense on, a process called nucleation [START_REF] Libbrecht | The physics of snow crystals[END_REF]. Once the ice crystal forms, it acts as a nucleus for further water vapor molecules to freeze onto. As more water vapor condenses and freezes onto the crystal, it grows and develops intricate branches and patterns. The varying atmospheric conditions (i.e. temperature and humidity) influence the growth and shape of the ice crystals, resulting in these unique patterns that we often associate with snowflakes. [START_REF] Nakaya | Snow crystals: natural and artificial[END_REF] already illustrated the different growth morphologies in its snow crystal morphology diagram (Fig. 2.1(left)).

However, once all these diverse snowflakes fall and are deposited on the ground, forming the snow cover, they break and start establishing bonds with each other. As a consequence, the original atmospheric ice crystals are rarely distinguishable after a few hours or days [START_REF] Fierz | The international classification for seasonal snow on the ground[END_REF][START_REF] Pinzer | Vapor flux and recrystallization during dry snow metamorphism under a steady temperature gradient as observed by time-lapse micro-tomography[END_REF], making snow cover a two-phase porous material composed of ice and interstitial air, rather than a collection of individual particles. Despite the common belief that snow is a "cold" material, it is, in fact, considered "warm" from a phys-ical perspective. Snow tends to remain relatively near its melting point (i.e. 0 °C), making it susceptible to rapid structural changes. This continuous evolution is the consequence of the thermodynamical non-equilibrium between ice and interstitial air, that leads to recrystallization of the water molecules, a process called metamorphism [START_REF] Colbeck | An Overview of Seasonal Snow Metamorphism[END_REF]. This process leads to a variety of snow morphologies at the micrometer scale (i.e. microstructure), which after a short time lapse (days) are less regular, less symmetrical and more diverse than the original crystals (Fig. 2.1(right)). The following sections further elaborate on the snow microstructure, as well as the methods and techniques used to investigate it. The physical properties that characterize snow microstructure will be introduced, with special attention to those relevant to radiative transfer in snow.

Snow microstructure from X-ray micro-computed tomography

The snow microstructure is visible to the naked eye but more details appear with a magnifying glass. However, it was only through the use of an optical microscope that a comprehensive understanding of snow microstructure became possible. This breakthrough allowed researchers to photograph and start analyzing individual crystals (e.g. fresh snow [START_REF] Nakaya | Snow crystals: natural and artificial[END_REF][START_REF] Lesaffre | Objective determination of snow-grain characteristics from images[END_REF], or even thin sections of snow samples using a microtome [START_REF] Arnaud | Modelling of the densification of polar firn: characterization of the snow-firn transition[END_REF][START_REF] Brzoska | Thin-sectioning of wet snow after flash-freezing[END_REF]. This enabled the observation of the snow's layered structure in two dimensions. The 3D image of snow volumes could be reconstructed by pho-tographing sequential sections of a sample (Brzoska, J. B. et al., 1999), but with a resolution constrained by the minimum thickness of the sections that could be cut, typically in the range of a few tens of micrometers.

In the last two decades, X-ray micro-computed tomography has emerged as an indispensable tool for investigating the snow microstructure (Brzoska et al., 1999;[START_REF] Schneebeli | Three-dimensional snow: what snow really looks like[END_REF][START_REF] Coléou | Three-dimensional snow images by X-ray microtomography[END_REF]. This technique, which works on the same principles as conventional medical X-ray imaging, provides precise 3D reconstructions of centimeter-sized snow samples with a resolution of a few micrometers. The principle of X-ray tomography is the following: a beam of focused X-rays are emitted towards the studied object (i.e. the snow sample), which is placed between the X-ray source and a detector. This detector measures the X-ray attenuation by the different materials of the snow sample (i.e. ice and air). During the tomographic acquisition, the snow sample rotates and multiple projections are obtained from different angles. Each projection represents a 2D view (a radiography) of the snow sample from a specific perspective. The entire 3D volume is then reconstructed from these 2D projections, giving as output a 3D grayscale image, whose gray levels depend on the different X-ray attenuation coefficients or, simply, the different materials. As the transition between materials is blurred, complex image-processing algorithms need to be applied to segment the grayscale image into a binary ice/air image. Segmentation techniques are usually based on thresholding [START_REF] Schneebeli | Tomography of temperature gradient metamorphism of snow and associated changes in heat conductivity[END_REF][START_REF] Kerbrat | Measuring the specific surface area of snow with X-ray tomography and gas adsorption: comparison and implications for surface smoothness[END_REF] or more, recently, energy-based segmentation algorithms [START_REF] Hagenmuller | Snow as a granular material: Assessment of a new grain segmentation algorithm[END_REF].

Once this segmented 3D image is ready, a wide range of numerical calculations can be applied to characterize the snow microstructure or estimate the physical properties of the snow sample, as long as it is large enough to be representative, i.e. the physical properties do not change when the volume is slightly increased. X-ray tomography has significantly enhanced our understanding of snow microstructure and its associated properties in recent years [START_REF] Montagnat | Editorial: About the Relevance of Snow Microstructure Study in Cryospheric Sciences[END_REF]. With this technique, the evolution in time of the snow microstructure (i.e. the snow metamorphism) can be monitored. Two different approaches exist for this: a static and a dynamic approach.

The static approach captures the snow microstructure of a snow sample by halting its metamorphism before tomographic acquisition [START_REF] Flin | Three-dimensional geometric measurements of snow microstructural evolution under isothermal conditions[END_REF][START_REF] Calonne | Study of a temperature gradient metamorphism of snow from 3-D images: Time evolution of microstructures, physical properties and their associated anisotropy[END_REF]. This is achieved through impregnation, where the sample's pores are filled with a liquid substance that remain liquid below 0 °C, and the whole is then refrozen at a lower temperature. This method is ideal for field sampling as it precisely preserves the sampled microstructure. It thus allows monitoring the metamorphism of a homogeneous snow slab by imaging samples collected at different time intervals. The tomography can be the done in a cold room or at room temperature with a cryogenic cell protecting the sample (i.e. to prevent any phase change during the scan).

The dynamic approach involves scanning a non-impregnated snow sample as it undergoes structural changes due to specific metamorphism conditions [START_REF] Schneebeli | Tomography of temperature gradient metamorphism of snow and associated changes in heat conductivity[END_REF][START_REF] Calonne | CellDyM: A room temperature operating cryogenic cell for the dynamic monitoring of snow metamorphism by time-lapse X-ray microtomography[END_REF]. The main challenge lies in precisely controlling the sample's temperature within a cold room. Despite being less versatile than the static approach, the dynamic approach offers valuable insights into the grain-to-grain evolution through timelapse tomography.

During this doctoral thesis I have used a collection of these 3D segmented images (≈ 35-40), covering most of the types of seasonal snow, i.e., Precipitation Particles (PP), Decomposing and Fragmented precipitation particles (DF), Rounded Grains (RG), Faceted Crystals (FC), Depth Hoar (DH) and Melt Forms (MF), according to the International Classification for Seasonal Snow on the Ground [START_REF] Fierz | The international classification for seasonal snow on the ground[END_REF]. All these images have been acquired

during the last two decades by researchers from the Centre d'Études de la Neige (Météo-France/CNRS -Grenoble) and colleagues for different purposes, and mostly in snow metamorphism studies. Some examples of reconstructed snow microstructure images are shown in Fig. 2.2, and the whole dataset is shown in Appendix B. In all these cases, a static approach was used. The following section briefly describe each of these studies, to give some context on the origin and/or type of metamorphism undergone by the natural snow samples.

Description of the snow microstructure dataset

• [START_REF] Flin | Three-dimensional geometric measurements of snow microstructural evolution under isothermal conditions[END_REF]: In this work, a 3 month long experiment of isothermal metamorphism at -2 °C was run in a cold room at the Col de Porte site (Chartreuse mountains, French Alps). A slab of recent snow was first collected in the field right after a snowfall and directly stored in a cold room at -2 °C. A 3 cm wide core was sampled at increasing time intervals during the experiment, impregnated with 1-chloronaphthalene and scanned at the ID19 beamline of the European Synchrotron Radiation Facility (ESRF)

at Grenoble, France. All images were obtained with a voxel size of 4.91 µm. A subset of the produced images in this study is used in this thesis, corresponding mainly to fresh snow (PP/DF) and rounded grains (RG), depending on the stage of the isothermal metamorphism experiment at which they were scanned (i.e., fresh snow at the earliest stage, rounded grains at the latest stage).

• [START_REF] Brzoska | The temperature-gradient metamorphism of snow: vapour diffusion model and application to tomographic images[END_REF]: In this work, a 3 week long experiment of temperaturegradient metamorphism was run at Col de Porte. Snow was initially sieved into a box and a permanent temperature gradient of 16 K m -1 was applied to the whole device.

Samples of the strongly-developed faceted snow (DH/FC) were then impregnated with 1-chloronaphthalene and scanned at the ID19 beamline of the ESRF. The images were obtained with a voxel size of 4.91 µm.

• [START_REF] Flin | On the computations of specific surface area and specific grain contact area from snow 3D images[END_REF]: For this study, on the computations of specific surface area and specific grain contact area, a series of wet snow samples (MF) was obtained by grain coarsening in water-saturated snow. After a few hours of growth, the samples were drained out from their liquid water content, filled with 1-chloronaphthalene and scanned at a cone beam tomograph of the 3SR Laboratory (Grenoble, France). In addition to those, a collection of snow samples were collected in the field at increasing depths in the snowpack of the Girose glacier (Écrins massif, French Alps). The voxel size of the images varied between ≈ 6 -10 µm in this study.

• [START_REF] Calonne | Study of a temperature gradient metamorphism of snow from 3-D images: Time evolution of microstructures, physical properties and their associated anisotropy[END_REF]: In this study, the authors subjected a snow slab to a permanent temperature gradient in the vertical direction for 3 weeks. Natural snow was collected in the field (French Alps) and sieved in a cold room to obtain a snow slab composed of rounded grains (RG). After 24 h of isothermal conditions, a vertical temperature gradient of 43 K m -1 was applied. The depth hoar (DH) samples used here were impregnated in 1-chloronaphthalene and scanned at the cone beam tomograph of the 3SR Laboratory, with voxel size of 9.7 µm.

• [START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF]: The underlying idea of this study was to characterize both the snow microstructure and the bidirectional reflectance factor (BRF) for the same macroscopic snow sample. The snow samples are mainly decomposing and fragmented particles/rounded grains (DF/RG) obtained from an imposed isothermal metamorphism, as well as more faceted crystals/depth hoar (FC/DH) obtained in a temperature gradient (≈ 20 K m -1 ) experiment. All samples were impregnated in 1-chloronaphthalene and scanned at 7 µm resolution at the 3SR Laboratory. has undergone an isothermal metamorphism experiment [START_REF] Flin | Three-dimensional geometric measurements of snow microstructural evolution under isothermal conditions[END_REF], going from fresh snow to rounded grains. Image size is around 3 × 3 × 3 mm 3 with a voxel size of ≈ 5 µm. The snow sample in (f) is a strongly developed depth hoar after a temperature-gradient metamorphism experiment [START_REF] Brzoska | The temperature-gradient metamorphism of snow: vapour diffusion model and application to tomographic images[END_REF]. Note that the image size of (f) is 8-times bigger than (a-e): 6 × 6 × 6 mm 3 , with the same voxel size of ≈ 5 µm.

Characterizing the snow microstructure

The snow microstructure can be characterized by several physical properties: at the bulk level for instance through the density, and at the grain scale through their size and shape.

Snow density and snow grain size (via the snow specific surface area) are briefly introduced below, and snow grain shape is addressed in Sect. 2.3.1 and thoroughly discussed in Chapter 3.

• Density: The snow density (hereinafter ρ and measured in kg m -3 ) is just the ice mass per unit volume of snow. It varies greatly in all dimensions: horizontally, vertically and temporally within the snowpack. The density of fresh, dry snow is of ≈ 75-100 kg m -3 [START_REF] Doesken | Density of freshly fallen snow in the central Rocky Mountains[END_REF], while snow metamorphism, melt-refreeze events and wind erosion leads to a seasonal densification of the snowpack [START_REF] Colbeck | An Overview of Seasonal Snow Metamorphism[END_REF][START_REF] Bormann | Spatial and temporal variability in seasonal snow density[END_REF]. More aged snow's density increases up to 400-500 kg m -3 once the melt season begins. Density is a fundamental property of porous media [START_REF] Torquato | Random Heterogeneous Materials: Microstructure and Macroscopic Properties[END_REF], and a wide range of effective properties (e.g. thermal conductivity - Sturm et al., 1997) are linked to it. However, it is less clear how density and solar radiation interplay (e.g. [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF].

(
• Specific surface area: The snow specific surface area (hereinafter SSA and measured in m 2 kg -1 ) is equal to S / (V ρ ice ), S and V being the surface area and the volume of a given mass of snow, and ρ ice the ice density (i.e. 917 kg m -3 ) [START_REF] Legagneux | Measurement of the Specific Surface Area of 176 Snow Samples Using Methane Adsorption at 77 K[END_REF]. Fresh snow has typically higher values of SSA due to its intricate and complex microstructure, which increases the surface area. In the case of a seasonal snowpack, as the snow ages and undergoes metamorphism, the SSA decreases most of the time as the microstructure coarsens. Snow SSA values typically range from ≈ 50-70 m 2 kg -1

for freshly fallen snow in the Alps to only 3-6 m 2 kg -1 for melt-freeze layers [START_REF] Domine | A parameterization of the specific surface area of snow in models of snowpack evolution, based on 345 measurements[END_REF].

• Snow grain size: When snow is modeled as independent and disconnected particles (i.e. snow grains), it has been shown that light scattering and absorption by snow depend on the size of these snow grains, represented by the optical diameter (d opt ) [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF][START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF][START_REF] Liou | Light scattering by nonspherical particles: Remote sensing and climatic implications[END_REF]. This concept is valid for spherical and non-spherical representations of the snow grains, d opt being the diameter of a collection of spheres with the same volume-to-area ratio as the nonspherical particles in the latter case. It is thus possible to relate the snow SSA to the snow grain size by:

d opt = 6 ρ ice SSA (2.1)
Snow albedo decreases with an increasing grain size, or equivalently, with a decreasing snow SSA [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF]. Therefore, snow SSA is crucial not only to characterize the snow microstructure, but also to model snow optics.

These physical variables of snow can be measured using different techniques, either in the field or in laboratory environments. Snow density is usually measured by means of the so-called density cutters, where a snow volume is weighted using a device of known volume (box-, or cylinder-shaped, the cutter). High-resolution penetrometry (SnowMicroPen (SMP)

- [START_REF] Schneebeli | A constant-speed penetrometer for high-resolution snow stratigraphy[END_REF]) is a suitable alternative to measure snow density in the field [START_REF] Proksch | Density, specific surface area, and correlation length of snow measured by high-resolution penetrometry[END_REF], providing sub-centimeter vertical resolution of the snowpack density profile.

Snow SSA can be accurately measured by different methods, such as methane adsorption on the ice surface [START_REF] Legagneux | Measurement of the Specific Surface Area of 176 Snow Samples Using Methane Adsorption at 77 K[END_REF] or by stereology on 2D images of snow [START_REF] Wiesmann | Radiometric and structural mesurements of snow samples[END_REF]. Less time-consuming techniques (and therefore more adapted to fieldwork) rely on the relationship between SSA and snow reflectance on the near-infrared region [START_REF] Domine | Correlation between the specific surface area and the short wave infrared (SWIR) reflectance of snow[END_REF]. Vertical profiles of snow SSA can therefore be measured in the field using instruments such as ASSSAP (Alpine Snow Specific Surface Area Profiler - [START_REF] Arnaud | Measurement of vertical profiles of snow specific surface area with a 1 cm resolution using infrared reflectance: instrument description and validation[END_REF] or DUFISSS (DUal Frequency Integrating Sphere for Snow SSA - [START_REF] Gallet | Measurement of the specific surface area of snow using infrared reflectance in an integrating sphere at 1310 and 1550 nm[END_REF], and surface snow SSA is as well accessible via remote sensing measurements [START_REF] Painter | Retrieval of subpixel snow covered area, grain size, and albedo from MODIS[END_REF][START_REF] Kokhanovsky | Retrieval of Snow Properties from the Sentinel-3 Ocean and Land Colour Instrument[END_REF].

Moreover, as the full 3D snow microstructure is available through X-ray micro-computed tomography, density and SSA can be directly calculated from the reconstructed binary images [START_REF] Flin | On the computations of specific surface area and specific grain contact area from snow 3D images[END_REF][START_REF] Proksch | Intercomparison of snow density measurements: Bias, precision, and vertical resolution[END_REF][START_REF] Hagenmuller | Sensitivity of snow density and specific surface area measured by microtomography to different image processing algorithms[END_REF]. This allows estimating the snow SSA from an explicit representation of the snow microstructure, in contrast to the aforementioned techniques (e.g. ASSSAP) that involve certain hypotheses on the snow grain shape, and more generally assume snow as a collection of grains. While X-ray tomography is more time-consuming and more difficult to undertake in the field, it solely relies in geometrical calculations to derive both density and SSA. Thus, it does not suffer from potential biases of the reflectance measurements, originated in the sample preparation process (i.e. mechanical destruction of parts of the original snow microstructure -Martin and Schneebeli, 2023). However, several methods exist for the SSA computation from 3D binary images, each of which comes with its own inherent limitations [START_REF] Flin | On the computations of specific surface area and specific grain contact area from snow 3D images[END_REF]. For instance, the stereological approach [START_REF] Torquato | Random Heterogeneous Materials[END_REF], which relies on throwing straight lines through the snow sample and counting the intersections with the ice/air matrix, inadequately addresses anisotropic structures as we find in snow. Another example, the voxel projection method [START_REF] Flin | An adaptive filtering method to evaluate normal vectors and surface areas of 3D objects. Application to snow images from X-ray tomography[END_REF], which relies on the determination of the surface normals to estimate the area contribution of each voxel of the 3D image, is highly sensitive to the image resolution.

An evaluation of several of these approaches to derive snow density and SSA was performed by [START_REF] Hagenmuller | Sensitivity of snow density and specific surface area measured by microtomography to different image processing algorithms[END_REF], showing that they can be estimated with a ≈ 2% accuracy.

Note that other descriptors to characterize the snow microstructure exist, for instance those related to the curvatures of the ice-air interface (e.g. Gaussian or Mean curvatures), but they are not considered throughout this manuscript.

The snow microstructure, as depicted, is very complex. The identification of independent snow grains becomes a difficult and ambiguous task, and it also constantly evolves over time under the effect of both mechanical and thermodynamical processes in the snowpack, solar radiation being a very important part of them. Snow metamorphism causes a morphological evolution that can drastically influence the snow macroscopic optical properties.

For instance as SSA decreases, snow albedo diminishes as well, and so the more energy the snow absorbs, the higher its temperature, and the faster the metamorphism. This positive feedback thus participates and amplifies the critical snow-albedo feedback [START_REF] Qu | What Controls the Strength of Snow-Albedo Feedback?[END_REF][START_REF] Flanner | Radiative forcing and albedo feedback from the Northern Hemisphere cryosphere between 1979 and 2008[END_REF]. In order to accurately quantify these important feedbacks, it is crucial to correctly characterize the snow microstructure and its interactions with solar radiation.

Optical properties of snow

A better understanding of the three-dimensional interaction of solar radiation with snow (reflection, absorption and transmission) is the general objective of this doctoral thesis. This entails determining the amount of energy absorbed by the snowpack (and conversely the amount reflected back), and also identifying the depth at which this absorption occurs.

Before addressing the light propagation in snow, it is useful to introduce the optical characteristics of ice, which controls the optical properties of snow. Extensive research has been conducted in the past to estimate the refractive index n(λ) and the absorption coefficient γ(λ) of pure ice (e.g. [START_REF] Warren | Optical constants of ice from the ultraviolet to the microwave[END_REF][START_REF] Warren | Optical constants of ice from the ultraviolet to the microwave: A revised compilation[END_REF][START_REF] Picard | Refinement of the ice absorption spectrum in the visible using radiance profile measurements in Antarctic snow[END_REF]. Both properties are wavelength-dependent and are combined as the complex index of refraction m(λ) = n(λ)in i (λ), where γ(λ) is written:

γ(λ) = 4π n i (λ) λ (2.2)
These properties play a crucial role in controlling the scattering (n(λ)) and absorption Both parts of the refractive index of ice vary differently with the wavelength. While the real part of the complex index of refraction (n(λ)) is near-constant in the visible and NIR spectral regions, the ice absorption strongly depends on the wavelength. Indeed, ice is nearly transparent in the shortest wavelengths (< 600 nm), but it turns almost opaque in the near-infrared range. This means that light in the visible wavelengths can traverse several meters of pure ice, while only a thin layer (≈ millimeter) of ice can absorb light in the near-infrared. Let's start by defining the bidirectional reflectance distribution function (BRDF). Considering a direct beam of radiation, and following [START_REF] Nicodemus | Geometrical considerations and nomenclature for reflectance[END_REF] and [START_REF] Schaepman-Strub | Reflectance quantities in optical remote sensing-definitions and case studies[END_REF], the BRDF R(θ 0 , θ ′ , φ 0 , φ ′ , λ) can be written as:

(n i (λ))
R(θ 0 , θ ′ , φ 0 , φ ′ , λ) = I(θ 0 , θ ′ , φ 0 , φ ′ , λ) F(θ 0 , φ 0 , λ) (2.3)
where (θ 0 , φ 0 ) is the incident angle (zenith and azimuth, respectively), (θ ′ , φ ′ ) is the reflection angle, λ is the wavelength, I(θ 0 , θ ′ , φ 0 , φ ′ , λ) is the reflected radiance and F(θ 0 , φ 0 , λ) is the incident irradiance (also called flux density).

The direct albedo α dir (θ 0 , λ) is the 'spectral directional-hemispherical reflectance', and it is computed by integrating R over all reflection angles:

α dir (θ 0 , λ) = 2π 0 π/2 0 R(θ 0 , θ ′ , φ ′ , λ) cos θ ′ sin θ ′ dθ ′ dφ ′ (2.4)
If the incident radiation is hemispherically isotropic instead of directional, the diffuse albedo α diff (λ) is computed as:

α diff (λ) = 2 π/2 0 α dir (θ 0 , λ) cos θ 0 sin θ 0 dθ 0 (2.5)
In more simpler words, the snow spectral albedo α(θ 0 , λ) is the ratio between the reflected and incident irradiance at a particular wavelength, and it is composed of a direct component that depends on the solar zenith angle (θ 0 , noted as well SZA) and a diffuse component. Snow albedo generally increases with the SZA [START_REF] Carroll | Effects of solar elevation and cloudiness on snow albedo at the South Pole[END_REF]) (i.e.

higher albedo when the sun is closer to the horizon) and varies with the presence of clouds in the atmosphere due to two different reasons. First, clouds filter solar radiation by ab-sorbing mostly NIR radiation so only shorter wavelengths reach the surface, which leads mainly to an albedo increase [START_REF] Grenfell | The optical properties of ice and snow in the Arctic Basin[END_REF]. Secondly, they convert direct solar radiation into purely diffuse radiation, modifying the effective SZA (diffuse radiation is approximately equivalent to direct radiation with SZA near 50° [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF]), which leads generally to an albedo decrease depending on the SZA. The presence of clouds therefore modifies at the same time the spectral and geometric characteristics of the incident radiation. Furthermore, snow albedo also varies with snow grain size (increases with an increasing SSA), and decreases in the presence of impurities.

The solar radiation that is not reflected is mostly absorbed in the snowpack. If one considers the snowpack to be semi-infinite and homogeneous (i.e. with uniform density and SSA), the spectral radiation flux F ↓(λ) decreases exponentially with depth [START_REF] Bohren | Theory of the optical properties of snow[END_REF][START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF]:

F ↓ (λ, z + ∆z) = F ↓ (λ, z) exp (-k e (λ) ∆z) (2.6)
with k e (λ) the asymptotic flux extinction coefficient, with unit of m -1 :

k e (λ) = - d ln F ↓ (λ) dz = -1 F ↓ (λ) dF ↓ (λ) dz (2.7)
The asymptotic flux extinction coefficient is indeed the inverse of the depth at which the intensity of the diffuse radiation inside the snowpack falls to ≈ 1/e of its value at the surface. This depth, called penetration depth or e-folding depth, noted l e (λ) and equal to k -1 e (λ), strongly depends on the wavelength [START_REF] Sergent | Caractérisation optique de différents types de neige. Extinction de la lumiere dans la neige[END_REF][START_REF] Meirold-Mautner | Measurements and model calculations of the solar shortwave fluxes in snow on Summit, Greenland[END_REF] and is a key quantity to correctly predict the vertical profile of absorption in the snowpack. As this absorption depends on the ice absorption coefficient γ(λ), in the visible wavelengths light has a high penetration depth and therefore propagate deep into the snowpack (Fig. 1.3), whereas for longer wavelengths (NIR region) practically all the absorption takes place in the upper few centimeters of the snowpack [START_REF] Brandt | Solar-heating rates and temperature profiles in Antarctic snow and ice[END_REF].

The energy budget of the snowpack and its evolution with time is governed by these two quantities, the snow albedo and the absorption vertical profile. The following section describes in detail how we get to model these two quantities by means of the radiative transfer theory.

Modeling the snow optical properties

Snow radiative transfer processes in the visible and near-infrared domains are mainly governed by absorption and scattering, and follow principles that closely resemble those observed in atmospheric radiative transfer processes [START_REF] Liou | An introduction to atmospheric radiation[END_REF]. Indeed, snow is generally represented in models as a medium of air containing a collection of ice particles. The singlescattering properties (SSPs hereafter) refer to the major features of the interaction of solar radiation with one particle (i.e. scatterer -Sect. 2.3.1.1). These SSPs need to be treated ac-curately, as they are required in the different methods and algorithms solving the general radiative transfer equation (Sect. 2.3.1.2 and 2.3.1.3). When light passes through a medium containing particles, such as water droplets or ice particles (i.e. snow grains), it can interact with these particles in several ways. Consider a volume element of snow in which light I coming from direction ⃗ s enters (Fig. 2.4). This beam of light1 can be either scattered or absorbed by the matter contained in the volume (i.e. ice in the case of snow). This rate of extinction, -∆I(⃗ s), is linearly dependent on I(⃗ s) through the extinction coefficient σ e (m -1 ). It corresponds to the addition of σ a and σ s , the absorption and scattering coefficients, respectively. The rate of extinction can be integrated to yield the Beer-Lambert extinction law:

Snow single-scattering properties

I = I 0 e -τ
(2.8)

where I 0 is the intensity of the incoming radiation, and the optical depth τ is an unitless quantity defined as σ e ds.

If the separation between the particles is large enough, snow grains may be treated as incoherent scatterers [START_REF] Bohren | Theory of the optical properties of snow[END_REF], so that the extinction and absorption coefficients are proportional to the respective cross-sections C ext and C abs (m 2 ) via the number of particles per unit volume N (m -3 ):

σ e = N C ext (2.9) σ a = N C abs (2.10)
N can be simply related to the volume V of an individual snow grain and to snow density ρ by:

N = ρ ρ ice V (2.11)
Another key quantity is the ratio of scattering efficiency to extinction efficiency. The single-scattering albedo ω represents the probability that a photon intercepted by a snow grain is scattered instead of absorbed:

ω = σ s σ e = σ s σ s + σ a
(2.12)

The lower the single-scattering albedo, or conversely, the higher the single-scattering coalbedo (1ω), the greater the absorption ability of the snow grain. In the visible, ω is nearly close to 1, so almost all the light encountering a snow grain is scattered. Conversely, in the near-infrared ω goes up to ≈ 0.5, meaning that there is some scattering [START_REF] Hansen | Light scattering in planetary atmospheres[END_REF]. More importantly, the spectral variations of ω determine the main spectral features of snow albedo [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF]. From the beginning of this section, the angular dependence of scattering has been ignored. A fraction of I 0 is scattered, but it may not be uniformly distributed in all directions.

The phase function p(⃗ s, ⃗ s ′ ) is used to represent the angular distribution of this scattered radiation in the direction ⃗ s ′ . The snowpack, as well as the atmosphere, is usually considered for radiative transfer purposes as a plane-parallel stack of layers. Each of these layers is generally considered to be homogeneous (i.e. same snow properties). In such configuration, it is convenient to use z as the vertical coordinate, normal to the plane of the plane-parallel layers (Fig. 2.5). The direction ⃗ s of the incoming unpolarized radiation can thus be defined by the zenith and azimuth angles (θ 0 and φ 0 , respectively), whose vertical component is noted as µ = cos θ 0 . An equivalent notation applies to the direction ⃗ s ′ of the scattered radiation.

The deviation angle Θ between incident and scattered radiation, also called scattering angle, is defined as:

cos Θ = µµ ′ + 1 -µ 2 1 -µ ′2 cos(φ 0 -φ ′ ) (2.13)
The angular distribution of the scattered radiation, i.e. the phase function p(Θ), depends solely on this scattering angle Θ, and is normalized as [START_REF] Hansen | Light scattering in planetary atmospheres[END_REF][START_REF] Mishchenko | Asymmetry parameters of the phase function for isolated and densely packed spherical particles with multiple internal inclusions in the geometric optics limit[END_REF]:

1 2 1 -1 p(Θ) d(cos Θ) = 1 (2.14)
If the phase function is expanded in terms of series of Legendre polynomials, the first order moment of this expansion represents the ability of snow to scatter light forward or backward. The asymmetry parameter g, represented as the mean value of cos Θ, is expressed as:

g =< cos Θ >= 1 2 1 -1 p(Θ) cos Θ d(cos Θ) (2.15)
g varies between -1 and 1, g = 1 meaning that all the incident radiation is scattered in the forward direction, and g = -1 meaning that all the incident radiation is scattered backwards.

Equivalently, an isotropic scattering in which forward and backward scattering are equally distributed yields g = 0.

The angular dependence of scattering being assessed, the extinction law in Eq. 2.8 and the quantities therein should also be adapted to this plane-parallel geometry. Shortly, the vertical coordinate z may represent the snowpack depth (or equivalently, the layer depth).

In that case, and considering an incident flux parallel to the z, we can define the optical depth τ in terms of the extinction coefficient:

τ = ∞ z σ e dz ′ (2.16)
All the aforementioned single-scattering properties are quantities that describe the interaction of solar radiation with a single volume element in the snow. It is important to note that the SSPs are wavelength-dependent and are strongly influenced by several factors, such as the snow physical properties (snow grain size and shape), or the presence of impurities.

The general radiative transfer equation, which governs absorption and scattering processes at the snowpack scale and requires the single-scattering properties is introduced in the following.

The radiative transfer equation

When monochromatic unpolarized radiation propagates in direction ⃗ s in the snowpack, radiation losses are due to scattering and absorption processes, while radiation gains include thermal emission, incoming scattering (scattered from direction ⃗ s ′ to direction ⃗ s) and direct incident flux. The basic equation describing this transfer is [START_REF] Chandrasekhar | Radiative transfer[END_REF]:

⃗ s • ⃗ ∇I(⃗ s) = -σ e I(⃗ s) + σ s 4π 2π 0 1 -1 p(⃗ s, ⃗ s ′ )I( ⃗ s ′ )dµ ′ dφ ′ + S(⃗ s) (2.17)
where S(⃗ s) is a source function for thermal emission. Since we are interested in solar radiation, the thermal emission by the snowpack is negligible and therefore S(⃗ s) = 0. Considering the aforementioned geometry, and using µ = cos θ and the relations dτ = σ e dz and ω = σ s /σ e , Eq. 2.17 is expressed as:

µ dI(τ, µ, φ) dτ = -I(τ, µ, φ) + ω 4π 2π 0 1 -1 p(Θ)I(τ, µ ′ , φ ′ )dµ ′ dφ ′ (2.18)
This expression can be separated into direct and diffuse radiation, i.e.

I = I dir + I diff .
Accounting as well for the direct incident flux I 0 (coming from direction (µ 0 , φ 0 ), and considering its attenuation), and noting I diff as I for the sake of simplicity, we can eventually express the radiative transfer equation as:

µ dI(τ, µ, φ) dτ = -I(τ, µ, φ) + ω 4π 2π 0 1 -1 p(µ, φ, µ ′ , φ ′ )I(τ, µ ′ , φ ′ )dµ ′ dφ ′ + ω 4π p(µ, φ, µ 0 , φ 0 )I 0 e -τ/µ (2.19)
In order to accurately model the snow radiative transfer processes, we now need to solve this radiative transfer equation. Numerous approaches have been developed in the past, from the early-stage simplified approximations to highly-developed multi-stream treatments and Monte Carlo methods. The following section introduces and summarizes the essence of some of the most common theories and models applied to snow radiative transfer.

Previous modeling efforts

Numerous snow radiative transfer models have been implemented in the past. The idea of this section is to highlight some of these theories and models, which are either essential to understand the motivation of this doctoral thesis, or are used as benchmarks to validate our modeling approach (Sect. 2.4). The reader interested in the many details of these methods and theories can refer to the recent review by [START_REF] He | Snow Albedo and Radiative Transfer: Theory, Modeling, and Parameterization[END_REF].

The Discrete Ordinate Radiative Transfer (DISORT) method

The DISORT method solves the radiative transfer equation by decomposing the phase function p(µ, φ, µ ′ , φ ′ ) in a series of Legendre polynomials and expanding the intensity I(τ, µ, φ) in a Fourier cosine series [START_REF] Chandrasekhar | Radiative transfer[END_REF]. By doing so, the general radiative transfer equation (Eq.

2.19

) can be reduced to a series of ordinary differential equations, whose explicit solution for I(τ, µ) is eventually found using the Gaussian quadrature and a formulation based on matrices. Nowadays, the algorithm based on matrix formulation proposed by [START_REF] Stamnes | Numerically stable algorithm for discreteordinate-method radiative transfer in multiple scattering and emitting layered media[END_REF] is considered as one of the most rigorous and robust methods to solve radiative transfer problems in the optical domain. For instance, it is used in the commonly-used Santa Barbara DISORT Atmospheric Radiative Transfer (SBDART) model, which computes transmission and scattering in clear and cloudy conditions within the Earth's atmosphere [START_REF] Ricchiazzi | SBDART: A Research and Teaching Software Tool for Plane-Parallel Radiative Transfer in the Earth's Atmosphere[END_REF]. The DISORT method is usually applied with Mie solutions for the single-scattering properties of snow, thus assuming snow to be a collection of spherical ice particles. Only recently, an updated version of DISORT used a different solution to consider non-spherical particles [START_REF] Lin | Polarized Radiative Transfer Simulations: A Tutorial Review and Upgrades of the Vector Discrete Ordinate Radiative Transfer Computational Tool[END_REF]. In recent years, DISORT has been extensively applied to compute the snow albedo (e.g. [START_REF] Nolin | Estimating snow grain size using AVIRIS data[END_REF][START_REF] Glendinning | Incorporation of spectral and directional radiative transfer in a snow model[END_REF][START_REF] Carmagnola | Snow spectral albedo at Summit, Greenland: measurements and numerical simulations based on physical and chemical properties of the snowpack[END_REF], and is commonly considered as a benchmark for evaluating other radiative transfer models [START_REF] Dang | Intercomparison and improvement of two-stream shortwave radiative transfer schemes in Earth system models for a unified treatment of cryospheric surfaces[END_REF].

The two-stream approximation

The two-stream formulation of the radiative transfer theory is a widely-used simplification, whose popularity stems from providing rapid approximate solutions (i.e. it reduces the computational cost of integrating the radiative transfer equation) while being sufficiently accurate.

In the two-stream approximation, the intensity field is integrated over the two hemispheres so that at each interface between two horizontally homogeneous layers, the upward and downward diffuse fluxes (F ± ) are modeled by two coupled differential equations [START_REF] Meador | Two-Stream Approximations to Radiative Transfer in Planetary Atmospheres: A Unified Description of Existing Methods and a New Improvement[END_REF]:

dF + dτ = γ 1 F + -γ 2 F --π F 0 ωγ 3 e -τ/µ 0 (2.20) dF - dτ = γ 2 F + -γ 1 F -+ π F 0 ωγ 4 e -τ/µ 0 (2.21)
where all the γ i coefficients depend on the used approximations and their values depend on the optical depth, the single-scattering albedo ω and the first two moments of the phase function. Among these many approximations that exist to compute the coefficients and therefore the radiative transfer equation, for snow purposes there is one that has shown particular accurate results for highly forward scattering scatterers, as ice particles are. The so-called delta-Eddington approximation consists in replacing the phase function by a sum of two terms: a Dirac distribution in the forward direction, and a two-term Legendre expansion of the original phase function [START_REF] Joseph | The Delta-Eddington Approximation for Radiative Flux Transfer[END_REF]. The effect of these transformations is to artificially suppress part of the strong forward scattering peak and thus improve the ac-curacy of the two-stream formulation in cases with highly asymmetric phase functions (e.g. snow).

These types of solutions to the radiative transfer equation have been used for snow since the 1950s [START_REF] Dunkle | An approximate analysis of the solar reflectance and transmittance of a snow cover[END_REF][START_REF] Giddings | Diffusion Theory Applied to Radiant Energy Distribution and Albedo of Snow[END_REF]. The computation of the single-scattering properties of snow was firstly introduced by [START_REF] Bohren | Theory of the optical properties of snow[END_REF], that related these to observable quantities in a simple way (although only in the visible), a work expanded later to the near-infrared by [START_REF] Choudhury | Two-stream theory of reflectance of snow[END_REF]. Based on all these studies, the seminal work of [START_REF] Wiscombe | A Model for the Spectral Albedo of Snow. I: Pure Snow[END_REF] presented the first modern and precise snow albedo model for homogeneous snowpack, which could be used at any wavelength in the solar spectrum and accounted for direct and diffuse incident radiation at any zenith angle. They combined a two-stream formulation (with the delta-Eddington approximation) for multiple scattering with Mie theory for single scattering. The presence of impurities was also accounted for in [START_REF] Warren | A Model for the Spectral Albedo of Snow. II: Snow Containing Atmospheric Aerosols[END_REF]. Building on this, Toon 2007), that has become today a community tool for modeling spectral snow albedo. In its first versions, this model used the delta-Eddington and delta-Hemispheric mean approximations (see Toon et al., 1989, for details) in the visible and near-infrared spectral regions, respectively. In the most recent version of the model, SNICAR-ADv3 [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF], the solver transitioned from a two-stream solution to an adding-doubling solution, that enabled internal Fresnel layers to be incorporated into the model, allowing a better treatment of radiative transfer for snow on sea ice (see [START_REF] Briegleb | A Delta-Eddington Mutiple Scattering Parameterization for Solar Radiation in the Sea Ice Component of the Community Climate System Model[END_REF]. The single-scattering properties of snow are derived from Mie calculations of ice spheres and adjustments for scattering by non-spherical particles (i.e. the asymmetry parameter [START_REF] Fu | A New Parameterization of an Asymmetry Factor of Cirrus Clouds for Climate Models[END_REF]He et al., 2017b).

Another two-stream-based snow albedo model is the Two-Stream Analytical Radiative

Transfer in Snow (TARTES) model, that also uses the delta-Eddington approximation. The model was initially developed to investigate the influence of the particle shape used to represent snow microstructure on the penetration of light in the snowpack [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF] and to compute the vertical profile of absorbed solar radiation. Moreover, it has been recently included in the Crocus snow model [START_REF] Libois | Summertime evolution of snow specific surface area close to the surface on the Antarctic Plateau[END_REF][START_REF] Charrois | On the assimilation of optical reflectances and snow depth observations into a detailed snowpack model[END_REF][START_REF] Tuzet | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow[END_REF] to investigate the impact of snow microstructure and to represent impurities deposition and their direct impact on the snowpack physical properties. In contrast to SNICAR, in TARTES the single-scattering properties of snow are derived using the geometric optics approximation [START_REF] Bohren | Theory of the optical properties of snow[END_REF], and uses the Approximate Asymptotic Radiative Transfer formalism (Sect. 2.3.1.3.3 -Kokhanovsky and Zege, 2004), which explicitly account for non-spherical ice particles, to compute the optical properties in each layer.

The Approximate Asymptotic Radiative Transfer (AART) theory

Although used in earlier years (e.g. [START_REF] Kokhanovsky | Integral light-scattering and absorption characteristics of large, nonspherical particles[END_REF], it was not until the early 2000s that the AART theory was formally introduced by [START_REF] Kokhanovsky | Scattering optics of snow[END_REF]. This theory proposes a simplified and analytical solution to the radiative transfer equation, in opposition to the complex numerical methods previously described. The motivation for this more recent theory was the widespread vision of snow as a collection of ice spheres, which was clearly a mismatch with the observed snow microstructure. Moreover, the optical properties of complex particles are governed not only by their size, but also by their shape [START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation[END_REF][START_REF] Mishchenko | Scattering, absorption, and emission of light by small particles[END_REF][START_REF] Neshyba | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation: 2. Hexagonal columns and plates[END_REF]. In the AART framework, the Mie theory for deriving the snow SSPs is discarded and replaced by simple geometric optics equations that permit explicitly account for non-spherical ice particles, at the cost of limiting the theory to wavelengths small enough with respect to the particles (i.e. visible and NIR wavelengths).

For a semi-infinite homogeneous snow layer and for weakly absorbing wavelengths, the bidirectional reflectance R(µ 0 , µ ′ , φ) is expressed as:

R(µ 0 , µ ′ , φ) = R 0 (µ 0 , µ ′ , φ) e -a λ f (µ 0 ,µ ′ ,φ) (2.22)
where R 0 (µ 0 , µ ′ , φ) equals R at zero absorption, the function f (µ 0 , µ ′ , φ) depends on R 0 and the so-called escape function K 0 (µ 0 ) and a λ is a factor depending on the absorption and transport path length, i.e. the SSPs of snow (l abs and l tr , respectively):

f (µ 0 , µ ′ , φ) = K 0 (µ 0 )K 0 (µ ′ ) R 0 (µ 0 , µ ′ , φ) (2.23) K 0 (µ 0 ) = 3 7 (1 + 2µ 0 ) (2.24) a λ = 4 l tr /3l abs (2.25)
The snow SSPs are derived in this framework using the geometric optics assumption, as in Bohren and Barkstrom (1974) (Sect. 2.3.1.1). As the particle is big enough compared to the wavelength, the extinction cross-section C ext is simply twice the average projected area Σ of the particle, i.e. C ext = 2Σ. Considering convex grains, their surface area S is also simply related to Σ by S = 4Σ. Using Eq. 2.11, the extinction coefficient can be related to the snow grain size via the snow SSA:

SSA = S ρ ice V (2.26) σ e = ρ SSA 2 (2.27)
Absorption occurs when light goes through a snow volume. The absorption cross-section C abs can be directly related to the ice volume V by:

C abs = BγV (2.28)
where grain shape is explicitly accounted for through the absorption enhancement parameter B. This shape-dependent parameter quantifies the lengthening of the light path within the ice due to refraction and internal reflections with respect to strictly straight lines (Fig.

2.6 - [START_REF] Kokhanovsky | Scattering optics of snow[END_REF][START_REF] Libois | Optical porosimetry of weakly absorbing porous materials[END_REF]. Defining the single-scattering coalbedo (1ω) as the ratio of absorption to extinction coefficients, B can be related to the single-scattering albedo ω by:

(

1 -ω) = B γ 2 SSAρ ice
(2.29) Finally, with respect to the asymmetry parameter g, it is represented as the average of a geometric and a diffraction contribution (g G and g D , respectively). While the geometric contribution is the average cosine of the scattering angle (Fig. 2.6), in this geometric optics framework diffraction is mainly forward, i.e. g D ≈ 1, so that:

g = g G + 1 2 (2.30)
By assuming weak absorption, so that a λ asymptotically approaches 0, one can eventually derive expressions for the diffuse and direct albedos that depend solely on the snow SSPs, i.e. the asymmetry parameter g and single-scattering albedo ω [START_REF] Kokhanovsky | Scattering optics of snow[END_REF]:

α diff (λ) = exp -4 1 -ω 3(1 -g) (2.31) α dir (µ 0 , λ) = exp - 3 7 (1 + 2µ 0 ) 4 1 -ω 3(1 -g) (2.32)
The asymptotic flux extinction coefficient k e can be as well expressed as [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]:

k e = σ e 3(1 -ω)(1 -g) (2.33)
In order to show the explicit dependence to the snow microstructure, we may reformulate these quantities in terms of size through the snow SSA, and shape through B and g G (only the diffuse albedo for concision):

α diff = exp        -8 B γ 3ρ ice SSA(1 -g G )        (2.34) k e = ρ 3 B γ 4ρ ice SSA(1 -g G ) (2.35)
These expressions derived from the AART theory allow representing the two macroscopic quantities that are capital for the energy budget of the snowpack and its evolution with time (i.e. the albedo and the absorption vertical profile) with a pair of parameters accounting for the shape of snow. While these parameters apply here to individual particles, they can also be computed for natural snow microstructures. A new concept is therefore introduced, the optical shape of snow. Its influence on the macroscopic optical properties of the snowpack is thoroughly investigated in Chapter 3.

The presence of impurities can be taken into account in the AART theory by neglecting their influence on light scattering (i.e. g), while significantly considering them for absorption processes. In particular, impurities are considered externally-mixed with the snow grains, and the absorption coefficient of snow σ a is modified through the absorption cross-section C abs, i of the impurities, that accounts for their optical properties. In the end, the resulting optical properties of polluted snow is therefore a weighted average of their corresponding optical properties, as in [START_REF] Warren | A Model for the Spectral Albedo of Snow. II: Snow Containing Atmospheric Aerosols[END_REF] and [START_REF] Dang | Parameterizations for narrowband and broadband albedo of pure snow and snow containing mineral dust and black carbon[END_REF].

The AART theory has been particularly useful to derive snow grain size and impurity content on snow of large areas (e.g. Greenland) from satellite measurements [START_REF] Zege | Algorithm for retrieval of the effective snow grain size and pollution amount from satellite measurements[END_REF][START_REF] Kokhanovsky | Retrieval of Snow Properties from the Sentinel-3 Ocean and Land Colour Instrument[END_REF][START_REF] Vandecrux | The Determination of the Snow Optical Grain Diameter and Snowmelt Area on the Greenland Ice Sheet Using Spaceborne Optical Observations[END_REF], or to follow their dynamics from continuous in situ spectral albedo measurements [START_REF] Libois | Summertime evolution of snow specific surface area close to the surface on the Antarctic Plateau[END_REF][START_REF] Dumont | In situ continuous visible and near-infrared spectroscopy of an alpine snowpack[END_REF][START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF][START_REF] Arioli | Dynamics of the snow grain size in a windy coastal area of Antarctica from continuous in situ spectral-albedo measurements[END_REF]. The radiative transfer scheme implemented in Crocus, TARTES [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Libois | Summertime evolution of snow specific surface area close to the surface on the Antarctic Plateau[END_REF], also adopts the AART theory to account explicitly for shape effects in the snowpack evolution.

2.3.1.3.4 Chords applied to porous materials All the previously introduced efforts to model the optical properties of snow had something in common: they represent the complex snow microstructure as a medium of air containing a collection of ice particles that have a particular shape. Recently, [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] proposed a radically different approach that consisted in modeling radiative transfer in a porous material using the concept of chords. By considering snow as a two-phase random mixture of ice and air, a chord is the segment of any random straight line inside the mixture, lying either in the ice or in the air. The lengths of these chords are random and are distributed according to some distribution function (i.e.

the chord length distribution, CLD hereafter [START_REF] Torquato | Random Heterogeneous Materials[END_REF]). Combining this approach with geometric optics, [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF][START_REF] Malinka | Stereological approach to radiative transfer in porous materials. Application to the optics of snow[END_REF] related the absorption and scattering properties of such mixture to its CLD, based on the fact that the refraction/reflection by the interface between the ice and air is the source of scattering. In other words, an explicit representation of the snow microstructure through its CLD can be directly related to the optical properties of snow.

The absorption along a single chord (in the ice phase) being determined by the Beer's law, the absorption for a random set of chords is given by the Laplace transform L(α) of the CLD (noted f (ξ)):

L(α) = ∞ 0 exp(-aξ)f (ξ)dξ (2.36)
with α being equal to γ the ice absorption coefficient. For weak absorbing materials (small γ), this can be approximated by:

L(γ) ≈ 1 -γa (2.37)
where a is the first moment of the CLD, i.e. the mean chord length of the ice phase. In this framework, the snow SSA depends solely on the mean chord length a of the ice phase by:

SSA = 4 a ρ ice (2.38)
This is valid for a porous material, and also for a collection of independent convex particles. In that case, the mean chord length a is related to the mean particle volume and surface area (<V > and <S>, respectively) by a = 4<V > / <S>.

For snow, this theory explicitly represents the snow microstructure when modeling radiative transfer (and therefore the optical properties). Moreover, the previously introduced optical shape parameters B and g G can also be derived in this framework. B naturally arises as B = n 2 , and g G can be derived analytically in a complex way but solely depends as well on the ice refractive index n (Eq. 60 in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF], see also Sect. 3.5.5.3.1). This alternative approach is promising as it supposes a paradigm change in how snow optical radiative transfer is modeled, either for remote sensing applications or even in climate modeling.

Previous modeling efforts: limitations and knowledge gaps

Despite all the aforementioned modeling efforts in snow radiative transfer, there are still challenges to accurately model the light propagation in such medium. By representing nonspherical snow grains as a collection of spheres with the same volume-to-area ratio (i.e. the same snow grain size -the same SSA), the "equivalent-sphere" concept allowed an extensive use of Mie theory in snow optical models [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF][START_REF] Liou | Light scattering by nonspherical particles: Remote sensing and climatic implications[END_REF][START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation[END_REF]. The key of the success of this concept to simulate snow albedo is mainly explained by the reasonably fair agreement between the Mie-computed single-scattering albedo and extinction efficiency of the "equivalent-spheres" and that of the non-spherical particles. However, this representation consistently failed to match the asymmetry parameter g [START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation[END_REF][START_REF] Neshyba | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation: 2. Hexagonal columns and plates[END_REF][START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation: 3. Hollow columns and plates[END_REF], which is generally smaller for non-spherical particles than for spheres (they are less forward scattering).

Several studies pointed out and revealed certain caveats of this spherical-type representation of snow, in particular with respect to the angular dependence of the snow reflectance [START_REF] Xie | Effect of ice crystal shape and effective size on snow bidirectional reflectance[END_REF][START_REF] Dumont | High-accuracy measurements of snow Bidirectional Reflectance Distribution Function at visible and NIR wavelengths -comparison with modelling results[END_REF][START_REF] Stanton | Bidirectional-reflectance measurements for various snow crystal morphologies[END_REF] and the determination of how deep light penetrates [START_REF] Sergent | Caractérisation optique de différents types de neige. Extinction de la lumiere dans la neige[END_REF][START_REF] Meirold-Mautner | Measurements and model calculations of the solar shortwave fluxes in snow on Summit, Greenland[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. The snow grain size, or SSA, was (and still is) the main geometric property driving the snow albedo, but there was also a second driver, the grain shape.

In order to deal with the mismatch of g and at the same time, better represent the snow microstructure, the single-scattering properties of the non-spherical particles were derived using other approaches. This is the case of several ray-tracing methods that trace photons interacting with highly-complex ice particles, which are commonly used to represent the SSPs of ice crystals in the atmosphere [START_REF] Macke | Applicability of regular particle shapes in light scattering calculations for atmospheric ice particles[END_REF][START_REF] Liou | An introduction to atmospheric radiation[END_REF]Saito and Yang, 2019). But despite all these efforts, the snow microstructure is still represented as a collection of individual and simplified particles, and not as what it actually is: a porous material with grains of varying shapes and with numerous inter-connections, in which the definition and identification of an individual grain is extremely ambiguous. The approach proposed by [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] is innovative and has the potential to change the way snow radiative transfer is modeled. However, this approach strongly relies on the randomness of the medium, and whether this approach is fully accurate in representing the actual role of the snow microstructure or not is not yet certain [START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF].

Another challenge is related to the presence of impurities in snow, and in particularly, to how the impurities and the snow microstructure are mixed at the grain scale. Impurities are usually represented either as externally mixed with the snow grains or internally mixed i.e. inside the snow grains. These different mixing states have large impacts on the absorption efficiency of the impurities. For instance, in the case of black carbon, an internal mixing is almost two times more efficient than an external mixing in terms of albedo reduction [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF]. Still, these mixing states are oversimplified because they consider impurities "floating" in the air pores or with defined spatial distributions within the snow grains. Moreover, in no case is there any physical contact between the ice phase and the impurities. However, a dust particle motion was recently observed through X-ray tomography by [START_REF] Hagenmuller | Motion of dust particles in dry snow under temperature gradient metamorphism[END_REF], showing that under certain conditions, dust particles can enter the ice matrix due to sublimation-condensation processes.

It is now clear that, in order to gain more insights in these snow-radiation interactions, an explicit representation of the snow microstructure is needed, as well as a detailed, threedimensional radiative transfer solution. This kind of solutions have already been attempted, and more importantly, they have been quite successful in representing the light propagation in X-ray tomography images of the snow microstructure [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF][START_REF] Haussener | Determination of the macroscopic optical properties of snow based on exact morphology and direct pore-level heat transfer modeling[END_REF]Ishimoto et al., 2018;[START_REF] Letcher | A generalized photon-tracking approach to simulate spectral snow albedo and transmittance using X-ray microtomography and geometric optics[END_REF]. The adaptation, development and application of a radiative transfer model of this kind is introduced in the following section.

Three-dimensional radiative transfer in snow: a ray-tracing model

A general description of the ray-tracing model used in this doctoral thesis is described in this section, as well as the particularities of ray-tracing at the microscale. Note that the model has been used in other configurations, i.e. including impurities and at the macroscale.

The corresponding description and adaptations are described in the corresponding chapters (Chapters 4 and 5, respectively).

Monte Carlo methods

Radiative transfer is a physical phenomenon that can be described by differential equations, making it a deterministic system. This means that no randomness is involved. Although the aforementioned deterministic methods may appear as the best solution to model this phenomenon, they require a discretization of the radiative transfer equation, either spatial or angular, and therefore their accuracy depends on this discretization.

Conversely, there is another family of methods that use randomness to solve problems that might be deterministic in principle. These are the Monte Carlo methods, whose underlying idea is to use random sampling to approximate solutions to problems that might be difficult to solve analytically. The term and the initial developments concerning these methods can be traced back to the World War II. Indeed, while working on a research project related to the atomic bomb, [START_REF] Metropolis | The Monte Carlo Method[END_REF] simulated neutron trajectories within a fissile material by characterizing their states and the quantity and nature of their interactions with the medium using random variables. Regardless of the application context, Monte Carlo methods have in common that they implement the same random process several times (i.e.

N times).

Because of the random nature of the process, each implementation is potentially different from the previous one, but if N is big enough, the average of the outcomes should closely approximate the expected value. Moreover, the average tends to become closer to the expected value as more and more implementations are performed, as stated by the law of large numbers [START_REF] Hsu | Complete convergence and the law of large numbers[END_REF].

For snow radiative transfer purposes, in this Monte Carlo framework the propagation of radiation can be seen as the sum of independent possible trajectories (i.e. photon paths), numerically generated through a large number of random interactions with the snow microstructure. By averaging over the large set of trajectories, it becomes possible to estimate the relevant physical quantity (e.g. snow albedo) along with the corresponding statistical uncertainty, which decreases as 1/ √ N . Since a large number of trajectories is needed for the average to converge to the solution, these methods quickly become computationally expensive. Nevertheless the absence of bias, linked to the absence of discretization of the radiative transfer equation, and an accurate quantification of the simulation uncertainties, make them a reference method to solve radiative transfer problems.

As the application of this kind of Monte Carlo methods to snow radiative transfer problems involves following a set of photons (rays) through the snow from their source to termination (either absorption or escape at the top of the sample/scene), hereinafter they will be referred as photon-tracking methods, or more simply as ray-tracing methods as long as the geometric optics approximation is valid.

Application to snow radiative transfer problems

Monte Carlo photon-tracking methods have traditionally been applied to derive the singlescattering properties of highly-complex ice crystals [START_REF] Takano | Radiative Transfer in Cirrus Clouds. Part III: Light Scattering by Irregular Ice Crystals[END_REF][START_REF] Liou | Light absorption and scattering by aggregates: Application to black carbon and snow grains[END_REF]. However, it is not until the beginning of the 2000s, with the development of Xray tomography and the emergence of detailed and three-dimensional reconstructions of the snow microstructure (Brzoska et al., 1999;[START_REF] Schneebeli | Three-dimensional snow: what snow really looks like[END_REF][START_REF] Coléou | Three-dimensional snow images by X-ray microtomography[END_REF], that these methods started to take as input a microstructural representation of snow.

The work of [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF] was the first to explicitly account for the snow microstructure using a ray-tracing model. Their model simulated optical properties qualitatively consistent with measurements, demonstrating the feasibility of this kind of approach.

Their study was however limited to rather low resolution (i.e. 10 to 40 µm) images because of computational limitations. Similar results were obtained by [START_REF] Bänninger | Reflectance modelling for real snow structures using a beam tracing model[END_REF] using various snow microstructures. A slightly different approach is that of [START_REF] Haussener | Determination of the macroscopic optical properties of snow based on exact morphology and direct pore-level heat transfer modeling[END_REF].

Using a collection of snow microstructure images and a similar ray-tracing technique, they computed the effective single-scattering properties (e.g. extinction coefficient and scattering phase function), which were then used to derive the macroscopical optical properties of snow using DISORT. In particular, their results were experimentally validated with transmittance measurements. Alternative approaches combining snow microstructure images and ray-tracing include that of Ishimoto et al. (2018), which extracted individual snow grains and computed their single-scattering properties. More recently, [START_REF] Letcher | A generalized photon-tracking approach to simulate spectral snow albedo and transmittance using X-ray microtomography and geometric optics[END_REF] used a similar Monte Carlo framework to directly derive the single-scattering properties of snow from a few microstructure images, and then simulated the snow reflectance and transmittance with a simplified one-dimensional plane-parallel radiative transfer model.

All these recent efforts show the feasibility and potential benefits of this Monte Carlo approach, that allows an explicit representation of the snow microstructure and thus prevents from making hypotheses on the size, shape or arrangement of the snow grains. Combined with high resolution (a few µm) snow microstructure images of various samples of natural snow and less computational limitations, a better understanding of the intricate snowradiation interactions becomes possible.

Ray-tracing at the microscale: description of the RSRT model

The Rough Surface Ray-Tracing (RSRT) model was originally designed to compute albedo over rough surfaces [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]. A new configuration of the model has been developed during this thesis, which takes as input a tomographic image of the natural snow microstructure. The basic idea behind this approach is similar to that of the aforementioned ray-tracing models: a large number of photons are launched towards a modeled surface (i.e.

the snow microstructure image described by a triangular mesh), and they are followed until they are either absorbed in snow or escape from the scene. The light propagation is governed by the absorption within the ice phase (which is wavelength-dependent through the ice absorption coefficient γ) and the fundamentals laws of reflection and refraction at each ice/air interface, as in [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF] and [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF]. Diffraction and polarization of light are not considered in this ray-tracing model. However these geometric optics simplifications do not prevent to accurately simulate snow reflectance [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF][START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF][START_REF] Xiong | A New Hybrid Snow Light Scattering Model Based on Geometric Optics Theory and Vector Radiative Transfer Theory[END_REF]. The following sections describe the required input 3D images and the main steps of the algorithm.

Required input 3D image: a triangulated mesh

The reconstructed 3D images of the snow microstructure are usually generated as binary, voxel-based representations. In other words, the value of voxels containing ice is one, and that of those containing air is zero. For ray-tracing purposes, this cubical representation is not a suitable solution as the actual ice/air interface orientation is not accurately represented. To avoid this, a triangulated mesh of the surface was generated through an automated pipeline, provided by Frédéric Flin (CNRM/CEN), that uses a matlab/octave-based mesh generation and processing toolbox, iso2mesh [START_REF] Fang | Tetrahedral Mesh Generation from Volumetric Binary and Gray-Scale Images[END_REF]. The mesh generation process is mainly based on Delaunay triangulation, a computational geometry technique that consists in connecting a set of points in a way that minimizes the angles of the generated triangles. In particular, iso2mesh relies on the CGAL library [START_REF] Project | CGAL User and Reference Manual[END_REF], which uses a weighted Delaunay 3D triangulation technique, in which each point in the 3D space has an associated weight [START_REF] Caroli | Robust and Efficient Delaunay Triangulations of Points on Or Close to a Sphere[END_REF]. The triangulation is constructed in such way that it optimally connects the points while taking into consideration both the spatial distribution and their associated weights, leading to a more accurate representation of the underlying data distribution.

For each image, the function 'v2s' was used with the option 'cgalmesh', ensuring the most robust path to product meshes from binary volumes. The maximal deviation from the 0.5 isosurface was set below 0.5 and the maximum radius of the Delaunay spheres was chosen smaller than 15 pixels. For each closed surface, the mesh was automatically checked for orientation consistency of the facets, and a final verification was realized using an open source software for processing and editing 3D triangular meshes, Meshlab (Cignoni et al., 2008).

The mesh generation is defined such that each triangle has a normal pointing from the ice to the air. Smoothing techniques can also be applied to correct the eventually generated mesh, but the idea here was to work with the most basic product, without smoothing. Depending on the snow microstructure sample, the provided meshes count approximately between 1 and 8 million triangular facets, which involves a non-negligible computational cost for the model (e.g. time to load and read the mesh).

Shortly after starting to use the snow microstructure images as input for the ray-tracing model, the presence of small air bubbles within the ice phase was discovered (Fig. 2.7).

Actually, these residual air bubbles are either due to experimental problems, related to the casting of the sample [START_REF] Heggli | Snow replica method for three-dimensional X-ray microtomographic imaging[END_REF][START_REF] Hagenmuller | Energy-based binary segmentation of snow microtomographic images[END_REF] or naturally formed during the nucleation and growth of the ice crystals [START_REF] Xie | Effect of the inhomogeneity of ice crystals on retrieving ice cloud optical thickness and effective particle size[END_REF]. While the air bubbles were correctly segmented, at the mesh generation stage they were meshed as ice bubbles, or equivalently, with their surface normals pointing from the air to the ice. So a correction step involving the inversion of the normals was needed. In absence of a quick and automatic method to identify and invert the normals of the air bubbles, I spent a non-negligible amount of time (using Meshlab) manually inverting the normals of each of the remaining air bubbles in each snow microstructure image. While their presence might be unavoidable, some precautions are therefore needed when working with surface meshes, as they might have an influence on the snow optical properties.

Some tests were performed with the ray-tracing model to ensure that the samples were big enough compared to the representative elementary volume, i.e. the smallest volume that contains enough structural and property information to represent the behavior of the medium on a larger scale, and to ensure that smoothing does not play a significant role in the derivation of the snow optical properties. These tests are shown in Appendix C.

Algorithm description

The RSRT model traces the trajectories of photons. These photons, or rays, carry an intensity I with an initial value of I = 1. In the initialization process, the origin of each ray is randomly generated in a horizontal plane above the snow microstructure image. The direction of each ray can be either representative of incoming direct solar radiation with a defined direction, with (θ o , φ o ) the incident zenith and azimuth angles, respectively, or it can be representative of diffuse incident radiation. In the latter case, the direction of each ray is also randomly selected from a cosine-weighted hemispherical distribution.

The algorithm then calculates the next intersection between the ray and the mesh, called a 'hit'. This is efficiently done using a technique known as the bounding volume hierarchies (BVHs) [START_REF] Kay | Ray Tracing Complex Scenes[END_REF]. It consists in organizing triangles into a tree-like arrangement, with each node representing a bounding volume that encloses a subset of objects.

These hierarchical structures allow a really efficient traversal of the 3D scene by discarding irrelevant parts, minimizing the number of intersection tests that are needed.

Once the intersection between the ray and the snow microstructure is found, a decision between reflection and refraction (and therefore change of direction) is done. This choice is random and depends on a probabilistic interpretation of the Fresnel coefficients, defined by:

R s = n 1 n 2 cos θ i -1 -n 1 n 2 2 (1 -cos 2 θ i ) n 1 n 2 cos θ i + 1 -n 1 n 2 2 1 -cos 2 θ i 2 (2.39) R p = cos θ i -n 1 n 2 1 -n 1 n 2 2 (1 -cos 2 θ i ) cos θ i + n 1 n 2 1 -n 1 n 2 2 (1 -cos 2 θ i ) (2.40)
where n i is the refractive index of media 1 and 2 (i.e. i = 1, 2) and θ i is the angle of incidence between the incoming ray ⃗ v i and the normal vector of the interface ⃗ v n (oriented towards the medium 1). The total reflected energy is then computed as:

R = 1 2 R 2 s + R 2 p (2.41)
and therefore the transmitted energy would simply be T = 1-R. This deterministic interpretation is however treated with a Monte Carlo approach, in which a random number between 0 and 1 is drawn and compared to R. If inferior, the ray encounters a reflection, otherwise a refraction. In both cases, the ray carries all the incident intensity. In case of reflection, the ray outgoing direction ⃗ v o is defined by:

⃗ v o = ⃗ v i + 2 cos θ i ⃗ v n (2.42)
and in case of refraction:

⃗ v o = n 1 n 2 ⃗ v i +          n 1 n 2 cos θ i -1 - n 1 n 2 2 (1 -cos 2 θ i )          ⃗ v n (2.43)
The ray moves to the next hit accounting for absorption within the ice phase (if propagating in the ice phase). In particular, the intensity exponentially decreases according to the Beer's law:

I = I 0 e -γ∆s (2.44)
with γ the ice absorption coefficient and ∆s the traveled distance in the ice phase. The algorithm keeps iterating until the ray either escapes from the snow sample or its intensity falls below a given threshold. In order to guarantee an unbiased termination in the latter situation, a 'Russian roulette' method is employed. This method involves deciding whether to absorb or not the ray (photon) with probabilities 1p and p, respectively (p = 0.2 as a default in RSRT). A random number is drawn, and if its value is lower than p, the intensity of the ray is adjusted by a factor of 1/p [START_REF] Iwabuchi | Efficient Monte Carlo Methods for Radiative Transfer Modeling[END_REF]. In other words, the survival of the ray is determined randomly. Fundamentally, energy conservation is attained by offsetting the energy losses that occur when rays are terminated.

When ice absorption is low, for instance in the visible spectral range, rays may travel a long distance both horizontally and vertically, before eventually escaping or being absorbed.

In such cases, a single snow microstructure image (with an image volume varying mainly between 2.5 × 2.5 × 2.5 and 9.5 × 9.5 × 9.5 mm 3 ) is not large enough and needs to be replicated (Fig. 2.8). Unless specified, in all simulations a semi-infinite snowpack has been represented, with periodic boundary conditions. This allows simulating a macroscopic snowpack from a single snow microstructure image, largely reducing the computational cost of this approach, in particular with respect to the memory storage of the mesh. The generated snowpack is thus considered to be homogeneous and single-layer, with snow properties defined by the source microstructure image (i.e. density, SSA). 

Main simulation outputs

Several statistics are recorded during the simulations and provided as outputs. The main and most basic outputs (snow albedo and phase function) are presented in the following. Note that other outputs are directly presented in the chapters in which they intervene.

All the intensity carried by rays escaping the snowpack with an upward trajectory is considered as the total reflected radiation, so the snow spectral albedo α is simply the ratio between this number and the total number of rays initially launched.

The phase function can be computed by recording the angular distribution of the rays after each interaction with the ice. First, scattering angles (or their cosine) are initially divided into a predetermined quantity of discrete bins, each having a width d cos Θ. In the RSRT model the incident and outbound ray directions when entering and going out the ice phase are recorded, and so the scattering angles can be computed and the intensity carried by the outbound ray added to the corresponding bin. From these scattering angles, the average value of the cosine of the scattering angle Θ can be computed and therefore, the geometric asymmetry parameter g G can be eventually derived using Eq. 2.15.

Consistency checks

To ensure that the model is valid and that it does not suffer from inconsistencies, a series of tests were performed in the early-stages of the model development. These were related to how snow reflectance was modeled, including the computation of the phase function for a single sphere and the simulation of the snow albedo of a medium composed of spherical particles. In both cases, results were compared to other models that rely on Mie theory and that are considered as benchmarks for radiative transfer calculations for spherical particles.

2.4.2.4.1 Phase function of a sphere A single spherical particle was generated using trimesh (Dawson-Haggerty et al.), a Python library useful when working with triangular meshes. The sphere generation process involves tuning the number of triangular facets, affecting the final quality or perfection of the sphere: the more triangular facets, the better approximation to a purely geometrical sphere. This comes as well with a computational cost, more facets meaning more memory usage to store the mesh. So in the end it all comes to find the balance between a fair description of the sphere and a reasonable computational cost. In particular, in a basic simulation with a single sphere and no replication of the mesh, the simulation time increases by ≈ 30% between using a fairly well approximated sphere (with ≈ 1300 facets) and a more "perfect" sphere (with ≈ 20k facets).

Figure 2.9 shows the phase function at 900 nm of 4 different spheres. The radius of all the spheres is 100 µm, or equivalently the SSA is ≈ 32 m 2 kg -1 . The number of facets representing the sphere is gradually increased, from 80 to 5120 triangular facets. The ray-tracing model simulates an incoming direct flux coming from the zenith (i.e. nadir illumination conditions). In each simulation, 10 6 photons are launched and the phase function is computed from the scattering angle between entering and going out the particle.

As the number of facets increases, the shape of the phase function becomes smoother. The abrupt changes in the shape of the less perfect spheres' phase functions can be explained by the fact that photons are only launched from one particular direction. Actually, to accurately model the phase function, the sphere needs to be orientation-averaged, which is equivalent to repeat the simulations for one hundred of randomly different incoming directions, and not only from the nadir. Although the accuracy of the phase function computation is not very high, this first test allows choosing a fair representation of the sphere for subsequent simulations while keeping a reasonable computation time. For the comparison to Mie theory, a sphere generated with 1280 facets is chosen.

The phase function of a sphere computed from Mie theory is done by using the miepython [START_REF] Prahl | miepython: Pure python implementation of Mie scattering[END_REF] open source library that allows us to calculate light scattering by non-absorbing or partially-absorbing spheres. Figure 2.10 shows a comparison between the phase function computed with the RSRT model and that computed from Mie theory for unpolarized light.

The spherical particle is in this case orientation-averaged. In particular, the resulting phase function (dark blue) is the average of one hundred different simulations, in which the sphere 80 facets 5120 facets

Figure 2.9: Phase function of a single sphere, generated with an increasing number of triangular facets. The sphere radius is 100 µm. The RSRT simulations launch 10 6 rays with a wavelength of 900 nm with nadir illumination conditions.

has been randomly rotated (light blue ensemble). The simulation set-up is the same as the previous test, 10 6 rays are launched towards the particle and the scattering angle is computed to derive the phase function.

The shape and the main features of the phase function are fairly well reproduced by the RSRT model, including the sharp peak at Θ ≈ 135°, which is responsible for the rainbow [START_REF] Hansen | Light scattering in planetary atmospheres[END_REF]. The high-frequency ripples in the scattered intensity computed from Mie theory are certainly resonance features [START_REF] Chýlek | Resonance structure of composite and slightly absorbing spheres[END_REF][START_REF] Mishchenko | Scattering, absorption, and emission of light by small particles[END_REF]. In the geometric optics approximation governing the RSRT model, diffraction is not considered, conversely to the Mie theory. As diffraction is mainly forward, this explains the slight differences in forward scattering, the ray-tracing model scattering less light for small Θ. The asymmetry parameter (g G in this geometric optics framework) can be computed using Eq. 2.15, yielding g G = 0.79. This is equivalent to g = 0.89 when accounting for diffraction2 , which is consistent with the asymmetry parameter of large spherical particles [START_REF] Hansen | Light scattering in planetary atmospheres[END_REF][START_REF] Mishchenko | Asymmetry parameters of the phase function for isolated and densely packed spherical particles with multiple internal inclusions in the geometric optics limit[END_REF][START_REF] Kokhanovsky | Scattering optics of snow[END_REF]. The albedo differences between the RSRT model and a Mie+DISORT model are small, up to 0.02 for the shortest wavelengths and for the 1200 -1400 nm region. This corresponds to a relative error that is generally lower than 2%, although slightly higher in the 1200 -1400 nm range. A part of these albedo differences can be attributed to the uncertainty of the Monte Carlo algorithm, which is related to the number of rays by 1/ √ N . N=10 5 is equivalent to an approximate uncertainty in the simulated albedo of 0.003. The slight underestimation of the albedo by RSRT could as well be related to the numerical termination of the rays. In particular, in the visible wavelengths where ice is almost transparent, the computing time increases significantly (several hours for a single simulation) due to the longer travel of the rays and their many interactions with the ice phase. So it is plausible that in these particular wavelengths, the rays are absorbed prematurely and therefore the snow albedo is slightly underestimated. In the NIR region this is not the case, and the differences might be more related to the geometric optics approximation, whose principles are valid for computations involving particles with dimensions much larger than the incident wavelength. Another possible explanation might be related to absorption, since the albedo differences are approximately inversely proportional to absorption.

Overall, these albedo differences are small enough to consider the RSRT model to be consistent with the Mie+DISORT model when using spherical particles to simulate snow albedo. Together with the model capability to simulate the scattering phase function of spheres, the model is ready to start using snow microstructure images as input.

Chapter 3

The optical shape of snow 

Introduction

The question motivating this chapter is simple: what does snow looks like for sunlight?

In particular, the chapter addresses how sunlight propagates through the explicit threedimensional microstructure of natural snow samples, and sheds some light on the actual influence of the snow microstructure on the snow optical properties, the optical shape of snow.

This concept stems from the AART theory [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], which assumes snow as a collection of particles (snow grains) and introduces two parameters that explicitly account for the grain shape: the absorption enhancement parameter B and the asymmetry parameter g. B quantifies how the photon path lengthens due to refraction and internal reflections within the ice phase, and g quantifies the tendency of the medium to scatter light forward or backward (Fig. 2.6). Both parameters allow estimating the actual influence of the grain shape on the snow optical properties. In opposition to the main physical properties that characterize the snow microstructure (i.e. density and SSA), which can be objectively measured (Sect. 2.2.3), these shape parameters that are related to the single-scattering properties (SSPs) of snow are more difficult to estimate. Indeed, snow is a porous material in which individual snow grains are barely recognizable, so that conventional techniques to derive the SSPs that are applied to ice crystals in the atmosphere (e.g. [START_REF] Macke | Applicability of regular particle shapes in light scattering calculations for atmospheric ice particles[END_REF]Saito and Yang, 2019) cannot be applied in the same way. In order to bridge these two visions of snow, i.e. the one that considers snow as a granular medium and the one that considers snow as a bicontinuous medium, the snow grain shape idea is replaced by the optical shape of snow. This new concept reveals the influence of the "shape" of the snow microstructure, beyond that of size or density.

In this chapter, B and g for natural snow are derived using two different methods, both using the ray-tracing (RSRT) model. The first method, called the macroscopic method, relies on the formalism developed by [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF], in which both parameters can be computed from macroscopic optical properties that can be experimentally measured or numerically simulated, the diffuse snow albedo α diff and the asymptotic flux extinction coefficient k e . The second and more direct method, called the geometric method, relies on a more direct computation following the geometric definition of the two parameters: B is defined as the lengthening of the photon path within the ice phase compared to strictly straight lines, and g can be derived by computing the direction changes between entering and exiting the ice phase, i.e. the scattering angle. These definitions for B and g can be used for both visions of snow, seen either as a granular or as a continuous medium.

The RSRT model uses as input a collection of 3D images of the snow microstructure, all of them described in Sect. 2.2.2. The main results of this chapter have been published in the peer-reviewed, open access journal (Nature Communications), and are presented in Sect. 3.5.

Due to the particularly short format of such journal, all the preceding and supplementary works that led to that publication are presented in the following sections.

Basic theoretical framework

The snow single-scattering properties are derived using the geometric optics assumption [START_REF] Bohren | Theory of the optical properties of snow[END_REF], as described in Sect. 2.3.1.3.3. Here the main assumptions and equations are just recalled for ease of reading.

Considering geometric optics and convex particles, the extinction coefficient σ e is simply related to the snow SSA and snow density ρ by σ e = ρ SSA / 2. Absorption occurs when light traverses a snow volume, so the absorption cross-section C abs can be directly related to the grain volume V by:

C abs = BγV (3.1)
where γ is the wavelength-dependent ice absorption coefficient, and B the absorption enhancement parameter. Defining the single-scattering co-albedo (1ω) as the ratio of absorption to extinction coefficients, B can be related to the single-scattering albedo ω by:

(

1 -ω) = B γ 2 SSAρ ice (3.2)
Assuming weak absorption, and in the framework of the AART theory, one can eventually derive expressions for the diffuse snow albedo α diff and the asymptotic flux extinction coefficient k e1 that depend solely on the snow SSPs, i.e. the asymmetry parameter g and single-scattering albedo ω [START_REF] Kokhanovsky | Scattering optics of snow[END_REF]:

α diff = exp -4 1 -ω 3(1 -g) (3.3) k e = σ e 3(1 -ω)(1 -g) (3.4)
Considering the geometrical and diffraction contributions for g, and in order to show the explicit dependence to the snow microstructure, one may reformulate these quantities in terms of size and shape (i.e. SSA, B, g G ):

α diff = exp        -8 B γ 3ρ ice SSA(1 -g G )        (3.5) k e = ρ 3 B γ 4ρ ice SSA(1 -g G ) (3.6)
Or equivalently, B and g G as function of the macroscopical quantities α diff and k e :

B ≃ - ρ ice k e ln(α diff ) 4ργ(λ) (3.7) g G ≃ 1 + 16k e 3ρ SSA ln(α diff ) (3.8)
Using this approach, B has previously been estimated from macroscopic measurements of reflectance and irradiance profiles on snow [START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF], yielding B = 1.6 ± 0.1, which allows estimating the g G values for snow: varying from 0.66 to 0.73.

B and g G can also be derived under the [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] framework, which considers snow as a two-phase random mixture where each segment of each ray trajectory is independent of any other segment, even the preceding and succeeding segment. Both parameters depend solely on the real part of the ice refractive index n: B in a simple way (Eqs. 9, 25 in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF], whereas g G is derived analytically in a complex way (Eq. 60 in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF]:

B = n 2 (3.9) g G = 1 ω r 1 + 1 n 2 t 2 1 L(α) 1 -r in 1 L(α) (3.10)
where ω is the single-scattering albedo (named photon survival probability in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] -Eq. 56, L(α) is the Laplace transform of the chord length distribution of the medium (Eq. 21), and where r 1 , t 1 and r in 1 are given in an analytic way in Eqs. 29, 42 and 49 in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF]. Using the previous equations, the median values across the visible and NIR spectral range (i.e. 400 -1400 nm) of the optical shape parameters for the two-phase random mixture are B = 1.69 and g G = 0.67.

Ray-tracing simulations: main outputs

The RSRT model is used to derive all the quantities required to compute B and g G for snow for both the macroscopic and geometric methods. For the macroscopic method (Eqs. 3.7 and 3.8), one needs to calculate α diff and k e using the snow microstructure images as input.

Snow albedo is computed as the ratio of the intensity carried by the rays escaping the snowpack to the total number of rays. The RSRT simulations are performed with diffuse illumination conditions, and unless specified, 10 6 rays are launched in each simulation.

The penetration depth l e , or equivalently the asymptotic flux extinction coefficient k e = l -1 e , is also retrieved using the same configuration. In the RSRT model, the intensity carried by the rays passing through a set of horizontal planes at increasing depth z is counted. More precisely, the intensity is counted every 100 µm of depth. This vertical profile of intensity is equivalent to the actinic flux in the snowpack, and it shows an quasi-exponential decay with depth (e.g. [START_REF] Zatko | The influence of snow grain size and impurities on the vertical profiles of actinic flux and associated NOx emissions on the Antarctic and Greenland ice sheets[END_REF]. It is therefore possible to fit a Beer's law:

I(z) ≈ I(z = 0) e -k e z
(3.11) from which k e can eventually be deduced using an ordinary least squares (OLS) method (the validity of this choice is assessed in Sect. 3.4 and a more sophisticated method is proposed, but the idea remains the same). By computing the snow density and SSA directly of the triangular mesh (using the trimesh Python package -Dawson-Haggerty et al.), the values of B and g G can therefore be computed.

The geometric representation of B is also accessible through the ray-tracing simulations.

B quantifies the lengthening of the light path within the ice due to refraction and internal reflections with respect to strictly straight lines, so in the RSRT model, every time a ray hits an air/ice interface, one straight trajectory is computed and the distance traveled in the ice phase before going out is recorded. The ratio of the total distance traveled in the ice phase accounting for refraction and internal reflections to this total straight traveled distance is B, as depicted in Fig. 2.6. The geometric asymmetry parameter g G can be deduced from the phase function as described in Sect. 2.4.2.3 and illustrated in the consistency checks of Chapter 2.

Uncertainty assessment of the ray-tracing simulations

In order to accurately compute B and g G for snow with the macroscopic method, the values of α diff and k e need to be estimated (Eqs. 3.7 and 3.8), along with their corresponding modeling uncertainties.

Starting with the snow diffuse albedo α diff , the accuracy in this Monte Carlo method increases with the number of rays N in 1/ √ N . Figure 3.1 shows how α diff varies in the visible and NIR spectral range for 5 different snow microstructure images with a varying N . When launching only 100 or 1000 rays, the accuracy of the snow albedo calculations is low (± 0.1 and ± 0.03), highlighted by the abrupt changes from one wavelength to the next one. When the number of launched rays is gradually increased, the computed snow albedo rapidly converges and the accuracy increases (≈ ± 0.001 for N = 10 6 rays). The computed values also compare well to the snow albedo of a semi-infinite snowpack computed with the TARTES model, adjusted with the corresponding snow density and SSA values, and B and g values of 1.6 and 0.85, respectively [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. Although the computed snow albedo appears to be accurate, when considering the ln α diff dependence in Eqs. 3.7 and 3.8, very slight errors are sufficient to considerably impact the estimates of B and g G . This is particularly the case in the visible, where α diff approaches 1 and therefore ln α diff becomes very close to zero.

Simulations need thus to be extremely accurate, and at the same time a balance between accuracy and computational cost needs to be found. For instance, the simulations in the visible are particularly long, of up to 2 h of computing time for 1 million rays. The estimation of the asymptotic flux extinction k e is less straightforward, and two different approaches have been implemented here to deduce its value. The first approach consists in assuming that the vertical profile of intensity in the snowpack shows an exponential decay with depth. In this case, by fitting a Beer's law (Eq. 3.11), the value of k e can be deduced using a simple ordinary least square (OLS) method. The second approach consists in a finer statistical analysis and is based on a Bayesian treatment of the simulation uncertainties.

OLS method

In this first approach, the value of k e is deduced using a simple OLS method, which assumes that the errors are independent and normally distributed with zero mean. In order to validate this hypothesis, the RSRT model was run with simple cases, i.e. a medium composed of spherical particles. TARTES model (dashed lines). TARTES was run using the same configuration, setting B = 1.25 and g= 0.89 for spheres. Although the ray-tracing simulation results globally match that of TARTES, there are some slight under-and over-estimations, in particular if the intensity becomes very low. This increasing error with depth suggest that the initial assumption involving an exponential decay with depth can lead to a biased estimation of B and g G . (2014) for the two-phase random medium, the abrupt spectral variations throughout the visible and NIR region for both parameters confirm that the initial assumption leads to a biased estimation of B and g G . This suggest that other hypotheses need to be tested to deduce the optical shape of snow. A finer statistical analysis, based on a Bayesian treatment of the simulation uncertainties is presented in the following section.

A Bayesian approach

The Bayesian approach consists in treating each entity (e.g. observed variables, model parameters, missing data) as a random variable that is characterized by a probability distribution. First, each unknown entity is assigned a distribution that represents a prior state of knowledge. This prior knowledge is then combined with observational data (here the vertical profile of intensity in the snowpack) through the likelihood function, and the Bayes' theorem is used to update the prior probability distribution to a posterior probability distribution, a process call inference. In simpler words, Bayesian inference is a particular form of statistical inference, in which the probability of an hypothesis H is updated based on new evidences E. This updated probability is proportional to how likely E is, given the knowledge of H (i.e. the likelihood), and to how 'precise' was the prior knowledge of H. Bayes' theorem states:

p(H|E) = p(H) × p(E|H) p(E) (3.12)
where p(H|E) is the posterior probability distribution of H after considering the new data E, p(H) is the prior probability distribution of H, p(E|H) is the likelihood function, and p(E)

is the probability density function of observing the evidence E regardless of whether H was true or not. This technique is used here to estimate the probability distribution of model parameters and provide insights into the uncertainty associated with these parameters, making them a powerful framework for treat and quantify the uncertainties in our estimation. Moreover, there is an increasing use of these techniques in geophysics and cryospheric sciences (e.g. [START_REF] Berliner | Physical-statistical modeling in geophysics[END_REF][START_REF] Verjans | Bayesian calibration of firn densification models[END_REF]Gopalan et al., 2021), showing the potential of the Bayesian framework and the importance of uncertainty assessment and quantification.

In this context, the goal is to estimate the posterior probability distribution of k e , conditional on the observed data, here the simulated profile of intensity in RSRT. As with the simple OLS method, in this Bayesian approach a regression model is used. The main difficulty when creating these models is to choose appropriate prior distributions and likelihood functions, as they affect the outcome of the inference process. Consequently, in order to accurately estimate the probability density function of k e , three different Bayesian models have been implemented and tested, each of them with a different likelihood function and prior distributions. Two of them are equivalent to conventional linear regression, and the third one is based on a binomial regression model.

Model 1: Linear regression with constant σ

The exponential decay of the normalized intensity in the snowpack I with depth z can be written as:

ln I(z) = -k e z (3.13)
In this first Bayesian linear regression model, the probability distribution of the intensity carried by a ray at a certain depth is assumed to follow a Gaussian distribution. In this case, we can define the likelihood function, p(E|H) in Eq. 3.12, as a Normal distribution N (µ, σ 2 ), with mean equal to ln I(z) = -k e z, and standard deviation σ k e . In this first model, the error is assumed to be constant with depth. This first model is the Bayesian equivalent of the simple OLS method described in Sect. 3.4.1. The likelihood function is therefore:

N -k e z, σ 2 k e = 1 √ 2πσ k e exp       - 1 2 ln I s (z) -(-k e z) σ k e 2       (3.14)
A first step to perform a Bayesian inference is to characterize the prior probability distributions of the unknown quantities, p(H) in Eq. 3.12, which in this case are k e and σ k e .

Considering the lack of such information in our case, the prior knowledge of k e is represented here with a non-informative, uniform distribution with large bounds (minimum and maximum expected values for k e , i.e. 5 to 250 m -1 ). This prior probability distribution of σ k e is represented with a Half-Cauchy distribution. The choice of this family of distributions for representing the variance of any distribution is motivated by the fact that it has heavy tails, so it accounts for outliers or unexpected large variations in the data, which seems reasonable if the presence of rays becomes rare, i.e. with very low intensity in depth.

Model 2: Linear regression with σ (z)

The aim of this second Bayesian linear regression model is to quantify and account for the increasing error with depth (see Fig. 3.2). This second model is similar to the first model, meaning that the probability distribution of the intensity carried by a ray at a certain depth is assumed to follow a Gaussian distribution. The likelihood function is therefore:

N -k e z, σ 2 k e (z) = 1 √ 2πσ k e (z) exp       - 1 2 ln I s (z) -(-k e z) σ k e (z) 2       (3.15)
The only difference is the prior knowledge of σ k e (z), which is now assumed to vary with depth. In particular, the error is expected to increase exponentially with depth at the same rate as the intensity decreases, so the prior probability distribution is written as:

σ k e (z) = σ 0 + σ 1 exp k e 2 z (3.16)
where σ 0 and σ 1 are Half-Cauchy distributions and the prior distribution of k e is the same as in the first Bayesian model, i.e. a non-informative, uniform distribution.

Model 3: Binomial regression

The third Bayesian regression model makes a different assumption compared to the first two models. Instead of considering the probability of finding a ray (and its carried intensity) at a certain depth z as Gaussian, this probability is now described as a Bernoulli process. This type of process involves repeated trials with only two possible outcomes: either success or failure. In this case, the probability of finding n rays at a depth z can be described by a Binomial distribution:

B(n, p) = N n p n (1 -p) N -n (3.17)
with N the total number of rays and p the "success" probability, which exponentially decreases with depth, i.e. p = exp(-k e z). The likelihood function can be thus rewritten as:

B (n, exp(-k e z)) = N n (exp(-k e z)) n (1 -exp(-k e z)) N -n (3.18)
where the prior distribution of k e is the same as in the two Bayesian linear regression models, i.e. a non-informative, uniform distribution.

Using the RSRT-simulated intensity profile as the observational data, Bayesian inference can then be performed to determine the posterior distribution of the model parameters, i.e.

the posterior distribution of k e .

Posterior distribution of k e

The Bayesian inference (Eq. 3.12) is performed by means of the Python probabilistic programming library PyMC3 [START_REF] Salvatier | Probabilistic programming in Python using PyMC3[END_REF]. This library allows building Bayesian models and fit them using Markov Chain Monte Carlo (MCMC) methods. The MCMC methods are used to generate a sequence of samples drawn from the posterior probability distribution. The key idea is that each sample is generated based on the previous one, creating a "chain" of samples that, when allowed to run for a sufficiently long time, converges to a stationary distribution that is the desired distribution [START_REF] Robert | Monte Carlo statistical methods[END_REF][START_REF] Van Ravenzwaaij | A simple introduction to Markov Chain Monte-Carlo sampling[END_REF]. In particular, the sampling algorithm used here is a No-U-Turn Sampler (NUTS), in which a recursive algorithm is used to construct a collection of probable points covering a broad range of the desired distribution. This algorithm halts automatically as it begins retracing its own path or doubling back [START_REF] Hoffman | The No-U-Turn sampler: adaptively setting path lengths in Hamiltonian Monte Carlo[END_REF]. With respect to simulation details, in most of the presented results 8000 samples are drawn from each of 4 chains. 

Estimation of the B and g G parameters

The propagation of the flux extinction k e and snow albedo α diff uncertainties into the (B, g G ) calculation is evaluated here. In order to account for the uncertainty in the albedo calculations, we assume the error to follow a Gaussian distribution, so the probability distribution

of α diff is a Normal distribution N (α diff , σ 2 α diff ): N (α diff , σ 2 α diff ) = 1 √ 2πσ α diff exp - 1 2 (α diff, s -α diff ) 2 σ 2 α diff (3.19)
with mean α diff and standard deviation σ α diff , equal to 1/ √ N . Figure 3.6 shows the proba- bility distribution of α diff at two wavelengths (650 and 750 nm). Even by launching a big number of rays (N = 10 5 in this case), the albedo estimation is not extremely accurate (i.e.

σ α diff ≈ 0.003), which might be a problem if the albedo approaches 1 in the visible wavelengths.

Instead of using only the maximum likelihood estimation of k e , the whole posterior distribution of k e and the whole probability distribution of α diff are used in Eqs. 3.7 and 3.8

to obtain a full distribution of the optical shape parameters B and g G . This is obtained by sampling each distribution (32000 samples) and computing B and g G for each sample. For each wavelength, the mean (B, g G ) pair of values of the corresponding distributions are used hereinafter, unless otherwise specified. Figure 3.7 shows the spectral variations of both optical shape parameters. The abrupt spectral variations in B and g G that were clearly visible using the simple OLS method to estimate k e are strongly smoothed by using the Bayesian approaches, in particular when accounting for the increasing uncertainty with depth, as well as when making a binomial assumption. The latter choice seems the most powerful method to accurately estimate k e , and the propagation into the optical shape parameters computation yields the most stable results, which is highlighted by the smaller dispersion in B and g G when doing independent simulations for the same wavelength. Moreover, these spectral variations are coherent with the predicted ones by [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] for the two-phase random mixture.

The motivation of this section was to correctly estimate k e using the ray-tracing model simulation as input data, as well as its modeling uncertainties, in order to eventually estimate the optical shape parameters in the best possible way. An accurate estimation of k e was therefore needed, and in the following, only the Bayesian approach with the binomial model and g G is presented in Sect. 3.5, in which these parameters are computed for a collection of snow microstructure images, unraveling the optical shape of snow.

3.5 Article: Unraveling the optical shape of snow 

Abstract

The reflection of sunlight off the snow is a major driver of the Earth's climate. This reflection is governed by the shape and arrangement of ice crystals at the micrometer scale, called snow microstructure. However, snow optical models overlook the complexity of this microstructure by using simple shapes, and mainly spheres. The use of these various shapes leads to large uncertainties in climate modeling, which could reach 1.2 K in global air temperature. Here, we accurately simulate light propagation in three-dimensional images of natural snow at the micrometer scale, revealing the optical shape of snow. This optical shape is neither spherical nor close to the other idealized shapes commonly used in models. Instead, it more closely approximates a collection of convex particles without symmetry.

Besides providing a more realistic representation of snow in the visible and near-infrared spectral region (400 to 1400 nm), this breakthrough can be directly used in climate models, reducing by 3 the uncertainties in global air temperature related to the optical shape of snow.

Introduction

Ice crystals formed in the atmosphere show a large variety of sophisticated and, often, nearperfect geometric shapes (Lawson et al., 2011) (Fig. 3.8a). The interaction of sunlight with such crystals sometimes results into well-known optical phenomena, called halos [START_REF] Greenler | Rainbows, Halos, and Glories[END_REF], whose nature is directly related to the shape of the crystals [START_REF] Moilanen | Light scattering by airborne ice crystals -An inventory of atmospheric halos[END_REF].

Once the ice crystals are deposited on the ground and form the snow cover, they establish bonds with each other and their shape drastically changes. As a consequence, the original atmospheric crystals are rarely distinguishable after a few hours or days [START_REF] Fierz | The international classification for seasonal snow on the ground[END_REF][START_REF] Pinzer | Vapor flux and recrystallization during dry snow metamorphism under a steady temperature gradient as observed by time-lapse micro-tomography[END_REF], making snow cover a two-phase porous material made of ice and air, rather than a collection of individual particles. Snow is continuously evolving due to the thermodynamical non-equilibrium between ice and interstitial air that leads to recrystallisation of the water molecules, a process called metamorphism. This process leads to a variety of snow morphologies at the micrometer scale, called microstructure hereinafter, which are less regular, less symmetrical and more diverse than the original crystals (Fig.

3.8b-d).

Hence the interaction of sunlight with snow on the ground is more complicated to model than with ice clouds in the atmosphere, and is not yet fully understood. The resulting uncertainties significantly alter the estimation of the solar radiation reflected by snow and in turn the Earth's radiative budget [START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF][START_REF] Hao | Improving snow albedo modeling in the E3SM land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau[END_REF]. Recent climate Early studies have tried to relate the snow optical properties to the snow microstructure, relying on strong approximations such as considering snow as a collection of disconnected and independent ice spheres [START_REF] Bohren | Theory of the optical properties of snow[END_REF]. Under this hypothesis, the Mie theory provides the optical properties for a given sphere size. Later on, the relative success of the equivalent-sphere concept, i.e., the representation of snow as a collection of spheres with the same volume-to-area ratio, to simulate snow albedo, led to the spread of this concept in most snow optical models [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF][START_REF] Liou | Light scattering by nonspherical particles: Remote sensing and climatic implications[END_REF][START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation[END_REF]. This representation provided a clear relationship between the snow albedo and the sphere size [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF][START_REF] Domine | Correlation between the specific surface area and the short wave infrared (SWIR) reflectance of snow[END_REF], called the "optical diameter". However, posterior studies highlighted several caveats of the spherical assumption [START_REF] Neshyba | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation: 2. Hexagonal columns and plates[END_REF][START_REF] Grenfell | Representation of a nonspherical ice particle by a collection of independent spheres for scattering and absorption of radiation: 3. Hollow columns and plates[END_REF][START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF], particularly in determining how the snow reflects light in different directions and how deep the light penetrates [START_REF] Dumont | High-accuracy measurements of snow Bidirectional Reflectance Distribution Function at visible and NIR wavelengths -comparison with modelling results[END_REF][START_REF] Stanton | Bidirectional-reflectance measurements for various snow crystal morphologies[END_REF][START_REF] Sergent | Caractérisation optique de différents types de neige. Extinction de la lumiere dans la neige[END_REF][START_REF] Meirold-Mautner | Measurements and model calculations of the solar shortwave fluxes in snow on Summit, Greenland[END_REF]. This uncertain representation has implications for the interpretation of satellite data [START_REF] Leroux | A model for the bidirectional polarized reflectance of snow[END_REF][START_REF] Schaepman-Strub | Reflectance quantities in optical remote sensing-definitions and case studies[END_REF], for snow photochemistry [START_REF] Domine | Snow physics as relevant to snow photochemistry[END_REF][START_REF] Erbland | Air-snow transfer of nitrate on the East Antarctic Plateau -Part 2: An isotopic model for the interpretation of deep ice-core records[END_REF][START_REF] Winton | Deposition, recycling, and archival of nitrate stable isotopes between the air-snow interface: comparison between Dronning Maud Land and Dome C, Antarctica[END_REF], for light transmission though snow over sea ice [START_REF] Vérin | Metamorphism of snow on Arctic sea ice during the melt season: impact on spectral albedo and radiative fluxes through snow[END_REF], and more importantly for the surface energy budget of snow-covered regions [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF][START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF][START_REF] Hao | Improving snow albedo modeling in the E3SM land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau[END_REF]. This raises the need to go beyond the unrealistic but still widely used spherical representation of snow.

Many alternative shapes have been used to describe the snow microstructure, such as fractals [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], Voronoi tessellations (Ishimoto et al., 2018), cubes, hexaedra and hyperboloids, and combinations thereof [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF]Saito et al., 2019).

However, all these attempts have in common that they still represent snow as a collection of particles with well-defined shapes. Conversely, [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] considered snow as a two-phase random medium without any particular shape, but it is still unclear whether this approach is fully valid for representing the microstructure of natural snow [START_REF] Malinka | Reflective properties of white sea ice and snow[END_REF][START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF]. Despite all these attempts to derive the optical properties of snow by fitting various shapes or hypotheses onto the complexity of the snow microstructure, little is known about its actual role. In simpler words, the "optical shape" of snowa concept we introduce here following that of the "optical diameter" -remains largely unknown.

Here, we address the question of the optical shape of snow, across the wide diversity of snow microstructures. To do so, we apply a ray-tracing model to simulate the path and attenuation of light in 3D images issued from micro-computed tomography (Brzoska et al., 1999;[START_REF] Coléou | Three-dimensional snow images by X-ray microtomography[END_REF][START_REF] Schneebeli | Tomography of temperature gradient metamorphism of snow and associated changes in heat conductivity[END_REF], which over two decades has provided detailed knowledge of the microstructure of snow with a resolution of a few micrometers (Fig. 3.8e-g). From the simulation results we deduce the values of two main optical shape parameters, namely the absorption enhancement parameter B and the geometric asymmetry parameter g G (Kokhanovsky and Zege, 2004) (Fig. 3.8h, i). B quantifies the lengthening of the light path within the absorbing phase (the ice) due to refraction and internal reflections, and is important for accurately estimating the light absorption in snow. g G quantifies the tendency of the medium to scatter light forward or backward, and is essential to predict how deep light can penetrate into snow, or conversely how easily it is reflected back to the atmosphere. Both parameters characterize the optical shape independently of the size. Snow optical models, such as those implemented in climate models [START_REF] Holland | Improved Sea Ice Shortwave Radiation Physics in CCSM4: The Impact of Melt Ponds and Aerosols on Arctic Sea Ice[END_REF][START_REF] Flanner | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF], directly or indirectly rely on prescribed values of these parameters, which are most of the time set to the values for spheres. B and g G have previously been estimated for individual ice particles with particular shapes [START_REF] Kokhanovsky | Integral light-scattering and absorption characteristics of large, nonspherical particles[END_REF][START_REF] Kokhanovsky | Scattering optics of snow[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]Saito and Yang, 2019;[START_REF] Xu | Accurate Retrieval of Asymmetry Parameter for Large and Complex Ice Crystals From In-Situ Polar Nephelometer Measurements[END_REF] or indirectly estimated from macroscopic measurements on snow [START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF][START_REF] Ottaviani | Photopolarimetric retrievals of snow properties[END_REF]. However, direct estimation of B and g G for natural snow along with their variability is still unknown [START_REF] Letcher | A generalized photon-tracking approach to simulate spectral snow albedo and transmittance using X-ray microtomography and geometric optics[END_REF]. In the present study, our simulations provide an accurate estimate of the range of these fundamental parameters for natural snow, paving the way for a more realistic representation of snow in optical and climate models.

Results

3.5.2.1 The optical shape of natural snow

The shape parameters B and g G were computed over 33 snow microstructure images, that cover most of the snow types referenced in the international classification of seasonal snow on the ground [START_REF] Fierz | The international classification for seasonal snow on the ground[END_REF]) (see Supplementary Table 3.1). The computations are made with the Rough Surface Ray-Tracing (RSRT) model [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]Robledano et al., 2022b), which has been extended to simulate light propagation in 3D microstructure images (see Methods). For every image, simulations are run in the visible and near-infrared (NIR) spectral region, every 50 nm from 400 to 1400 nm. The simulations track 10 6 photons through the microstructure and report the energy reflected back and the profile of energy within the snowpack, which are then used to deduce B and g G (macroscopic method hereinafter). In addition, we implemented a microscopic approach (called geometric method)

that records the traveled distance within the ice, and the direction changes between entering and exiting the ice (see Methods).

The parameters B and g G of all snow samples at 900 nm are presented in Fig. 3.9, along with previous estimates obtained for idealized geometric shapes. Figure 3.9 also shows the values predicted by the two-phase random medium theory [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF], where B is related to the ice refractive index n by B = n 2 . g G can also be expressed in terms of n, in a less trivial way (see Supplementary Methods 1 -Sec. 3.5.5.3.1). We use here the 900 nm results for a comparison with previous studies [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Krol | Relating optical and microwave grain metrics of snow: the relevance of grain shape[END_REF].

These results are as well a compromise between the lower wavelengths where the modeling uncertainties are higher (Supplementary Fig. 3.12) and the higher wavelengths where the assumption of low absorption of ice is less valid than at shorter wavelengths. The absorption enhancement parameter B of natural snow clearly clusters around 1.7 (mean of the 33 samples ± 1 standard deviation: 1.68 ± 0.02 in Fig. 3.9a, 1.70 ± 0.00 in Fig. 3.9c), while for idealized shapes it spans a larger range between 1.25 for spheres to 1.84 for fractals.

However, except fractals, all other featured shapes have a B smaller than 1.7, meaning that natural snow absorbs energy more efficiently than these idealized shapes. The value of 1.7 is comparable to that experimentally retrieved in [START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF] (1.6 ± 0.1), and is slightly higher than the one in [START_REF] Letcher | A generalized photon-tracking approach to simulate spectral snow albedo and transmittance using X-ray microtomography and geometric optics[END_REF] (1.49). It matches the predicted value for the two-phase random medium, that is B = 1.70 at λ = 900 nm [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF]. Over the 600 to 1200 nm range, B barely varies, less than 2% with the geometric method and no more than 7% with the macroscopic method (Supplementary Fig. 3.13). For wavelengths shorter and longer than 600 nm and 1200 nm, respectively, the macroscopic method is less accurate (see Methods) but the geometric method still yields B = n 2 . Hence, the absorption enhancement of natural snow do not depend on the microstructural details. Instead, B is virtually constant and equal to n 2 over the 400 to 1400 nm range. The geometric asymmetry parameter g G of natural snow varies between 0.60 and 0.73 (0.65 ± 0.03) at 900 nm with negligible variations across the visible and NIR range (Fig.

3.9a,c and Supplementary Fig. 3.13), while for the geometric shapes it spreads from 0.50 for fractals to 0.79 for spheres. This means that snow is less forward-scattering than spheres, but more than most of the featured geometric shapes. These values agree with those presented in previous studies (g G = 0.68 at λ = 900 nm [START_REF] Krol | Relating optical and microwave grain metrics of snow: the relevance of grain shape[END_REF]; g G varying from 0.66 to 0.73 [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF] or 0.64 to 0.66 for a more limited dataset [START_REF] Letcher | A generalized photon-tracking approach to simulate spectral snow albedo and transmittance using X-ray microtomography and geometric optics[END_REF]).

The albedo and the light penetration depth are controlled by the grain size (via the specific surface area, SSA) and the combination of B and g G . Indeed, the ratio

B/SSA(1 -g G )
governs the influence of the size and the optical shape on the albedo and the product B(1g G )SSA on the light penetration [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. In the representation in Fig. 3 

3.14).

Fresh snow is, however, more penetrating than the rest of snow types for a given SSA.

Even if the spectral albedo of non-spherical shapes can be estimated using spheres by scaling their radius [START_REF] Dang | Effect of Snow Grain Shape on Snow Albedo[END_REF], light penetration depth in a medium with spheres is approximately twice longer than in snow with the same SSA. These results show that, in order to represent these quantities, natural snow should not be represented by the geometric shapes that have been commonly implemented in radiative transfer models, and in particular by spheres.

Towards a universal representation of snow microstructure in optical models

To further understand why all the featured snow types lead to the same constant value for absorption enhancement, we investigate with the ray-tracing model how the value of B varies when an idealized shape is progressively deformed. To this end we explore three shapes: a sphere, a cube and a convex shape without any symmetry, unlike the first two (Supplementary Methods 2 -Sec. 3.5.5.3.2 and Supplementary Fig. 3.15). For the sphere and the convex shape, the number of triangulated facets used to generate the surface is gradually decreased, while for the cube, each of the 8 corners is translated in space in a random direction, with an increasing distance. In all cases, this results in increasingly deformed shapes.

The parameters B and g G of the three shapes at 900 nm, computed with the geometric method, are presented in Fig. 3.10. Interestingly, for the convex shape, B is constant, while for spheres and cubes, B progressively converges as the deformation increases to the value found for natural snow and predicted for the two-phase random medium (1.7 -Fig. 3.10, top panel). The theoretical value of B for spheres, around 1.25 [START_REF] Bohren | Theory of the optical properties of snow[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF], is only obtained for the sphere with the largest number of facets (≈ 5 million), suggesting that even the smallest deviation from this perfection has large consequences for optical properties. This is relevant to understand that, even if rounded grains or melt forms may look spherical, their B and g G values considerably differ from those of "perfect" spheres.

Figure 3.10: Optical shape parameters of gradually deformed idealized shapes. Variations of the optical shape parameters (absorption enhancement parameter B (top); geometric asymmetry parameter g G (bottom)) of a gradually deformed sphere (left), cube (center) and analytical convex shape (right). All the simulations are performed at 900 nm with the geometric method.

The underlying reason explaining why and when B = n 2 can be established from a series of fundamental studies in mathematics, ecology, optics and nuclear physics [START_REF] Blanco | An invariance property of diffusive random walks[END_REF][START_REF] Szász | Multidimensional hyperbolic billiards[END_REF][START_REF] Reuss | Cauchy's theorem and generalization[END_REF][START_REF] Majic | Mean path length inside nonscattering refractive objects[END_REF]. The absorption within a weaklyabsorbing particle is proportional to the mean path traveled by photons in the particle, and B measures how this distance is increased compared to the propagation in a straight line, in the case of diffuse illumination. B is influenced by two effects, (i) how the photons are focused as they enter the particle (refraction), and (ii) the mean distance traveled by photons in the particle. The first effect introduces a factor n 2 and is independent of the particle shape as demonstrated theoretically and experimentally [START_REF] Yablonovitch | Statistical ray optics[END_REF][START_REF] Savo | Observation of mean path length invariance in light-scattering media[END_REF]. The second effect introduces a factor of exactly 1 (thus leading to B = n 2 ) in several cases: for non-refractive particles (n = 1) the photons propagate in straight lines and the mean distance traveled in the particle < l > is given by the Cauchy formula < l > = 4 V /S (V and S are the volume and surface area of the particle). The same mean distance is obtained for refractive (n > 1) particles composed of a scattering material [START_REF] Savo | Observation of mean path length invariance in light-scattering media[END_REF] because the Cauchy formula holds for a wide class of random walks [START_REF] Blanco | An invariance property of diffusive random walks[END_REF][START_REF] Reuss | Cauchy's theorem and generalization[END_REF]. The reason is the compensating effect of scattering: longer tortuous paths are balanced by short paths that escape quickly from the particle. However, ice is not a scattering material. In that case, the mathematical theory of billiards can be applied to photons bouncing inside a particle [START_REF] Szász | Multidimensional hyperbolic billiards[END_REF], and it was shown by [START_REF] Majic | Mean path length inside nonscattering refractive objects[END_REF] that if the photons traverse the entire particle in all directions perfectly uniformly, the mean distance is again given by the Cauchy formula, which implies B = n 2 . Some billiards (i.e., shapes) are ergodic and verify this isotropy condition for any refractive index. Conversely, idealized shapes such as spheres and cubes, are non-ergodic and some regions may not be uniformly explored by photons coming from the outside, especially if the refractive index is larger than a shape-dependent critical value [START_REF] Majic | Mean path length inside nonscattering refractive objects[END_REF]. As these unexplored regions generally correspond to very long paths that are only accessible through internal scattering, the mean traveled distance decreases, leading to B < n 2 as observed in Fig. 3.11

for spheres and cubes. Note also that strong absorption also reduces the very long paths, leading to a decreased B (Supplementary Fig. To investigate whether this result applies to materials other than snow, we computed B for different n values with the ray-tracing model. We find that the value of B for near-perfect spheres closely follows the analytical expression for spheres [START_REF] Bohren | Theory of the optical properties of snow[END_REF], while the equality between B and n 2 stands for less symmetric spheres (Fig. 3.11a), as well as for the large diversity of snow samples studied here (Fig. 3.11b). This equality is more general and is actually an experimental evidence that, in terms of absorption enhancement, a weakly absorbing porous material like snow can be represented as a collection of convex particles without symmetry or as a two-phase random medium. Representing such porous media in these ways may be useful and crucial for refining the computation of other shapedependent optical properties [START_REF] Libois | Optical porosimetry of weakly absorbing porous materials[END_REF], with a wide range of applications well beyond the snow optics community, such as the optical characterization of pharmaceutical powders [START_REF] Scheibelhofer | Spatially Resolved Spectral Powder Analysis: Experiments and Modeling[END_REF] or solar cell design [START_REF] Sychugov | Geometry effects on luminescence solar concentrator efficiency: analytical treatment[END_REF].

In contrast to B, g G is almost unaffected by the shape deformation (Fig. 3.10, bottom panel), although it is more sensitive to the particle shape or the type of snow (Fig. 3.9).

For spheres, g G closely matches the value obtained by theoretical calculations [START_REF] Bohren | Theory of the optical properties of snow[END_REF] and in other studies [START_REF] Kokhanovsky | Scattering optics of snow[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. For cubes, g G decreases very slightly when the random displacement is applied to the corners, breaking the symmetries between the faces. While B is very sensitive to the rare and long paths discussed above, we conclude that g G is more sensitive to the few internal reflections experienced by the photons, which determine the ability of snow to scatter light forward.

Consequently, g G does not have a unique value for snow, but mainly spans the interval 0.62-0.68, with a slightly higher value for fresh snow. This range is however much smaller than that estimated from idealized shapes, and importantly, it does not contain the value for spheres (0.79), still commonly implemented in some climate models [START_REF] Flanner | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Holland | Improved Sea Ice Shortwave Radiation Physics in CCSM4: The Impact of Melt Ponds and Aerosols on Arctic Sea Ice[END_REF]. The values of the two-phase random medium and the convex particle (0.67 and 0.63, respectively) are more consistent but they do not represent the full range of values across the diverse types of snow. Even if different B and g G values might be expected for under-represented snow types in our study, such as very peculiar samples of fresh snow or strongly developed depth hoar, our results show that the behavior of snow in the 400 to 1400 nm range is less variable and less shape-dependent than thought so far. This constitutes a step towards a more accurate and universal representation of snow in optical models.

Discussion

Climate simulations suggest that an ambiguous treatment of snow shape leads to large uncertainties in the estimation of surface radiative forcing [START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF][START_REF] Hao | Improving snow albedo modeling in the E3SM land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau[END_REF] and global air temperature of up to 1.17 K [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF]. This uncertainty is due to the high sensitivity of the global temperature to the snow albedo, enhanced by potent climate feedbacks [START_REF] Qu | What Controls the Strength of Snow-Albedo Feedback?[END_REF][START_REF] Flanner | Radiative forcing and albedo feedback from the Northern Hemisphere cryosphere between 1979 and 2008[END_REF][START_REF] Riihelä | Recent strengthening of snow and ice albedo feedback driven by Antarctic sea-ice loss[END_REF]. These uncertainties in snow albedo are driven by B and g G through the single-scattering properties of snow.

While these parameters might not be directly used in such relevant models, it is possible to convert these quantities into other optical properties, such as the asymmetry parameter g and the single-scattering albedo ω. g determines the first order angular variations of the phase function and is directly related to the previously studied g G . The single-scattering co-albedo (1-ω) depends linearly, for a given particle size, on B (see Methods). Only recently snow radiative transfer schemes implemented in climate models, such as SNICAR-ADv3, started to consider non-spherical shapes for g, with parameterizations based on spheroids, hexagonal plates and fractals (He et al., 2017b[START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF][START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF][START_REF] Hao | Improving snow albedo modeling in the E3SM land model (version 2.0) and assessing its impacts on snow and surface fluxes over the Tibetan Plateau[END_REF].

Still, the spherical assumption is used for B (indirectly via ω). This simplification has a direct impact on the albedo, and also strong consequences for the light penetration depth, as spheres are roughly twice more penetrating than natural snow (Fig. 3.9). This has implications for the thermal regime of the snowpack [START_REF] Kuipers Munneke | The role of radiation penetration in the energy budget of the snowpack at Summit, Greenland[END_REF] and for the transmittance of snow over ground [START_REF] Letcher | A generalized photon-tracking approach to simulate spectral snow albedo and transmittance using X-ray microtomography and geometric optics[END_REF] or over sea ice [START_REF] Vérin | Metamorphism of snow on Arctic sea ice during the melt season: impact on spectral albedo and radiative fluxes through snow[END_REF].

To our knowledge, only in [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF] non-spherical values of B and g G are considered. Their 1.17 K global air temperature change was obtained by varying together g from 0.89 to 0.78 and B from 1.25 to ≈ 1.62 (indirectly via ω [START_REF] Räisänen | Parameterization of singlescattering properties of snow[END_REF]).

Here we provide strong observational constraints on B and g for snow, which shall help reduce uncertainties in climate studies by successfully simulating snow albedo and light penetration at the same time. B is universal and equal to n 2 , and according to our simulations, the value of g for snow over the 33 samples is g = 0.82 ± 0.01, with negligible variations in the 400 to 1400 nm wavelength range. Although performing climate simulations with these updated values is beyond the scope of this study, we propose a simple estimation of the impact on global air temperature, based on the study from [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF] and by considering the quantities represented in Fig. 3.9b, d (see Methods). By using the constant values of B = 1.7 and g = 0.82 (or equivalently g G = 0.65) instead of the values for the non-spherical shape, the simulated global annual-mean air temperature would shift by roughly 0.6 K, assuming similar sensitivity of temperature to snow albedo as in [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF]. Moreover, the narrow range of values found here for natural snow would drastically reduce the uncertainties due to the equivocal impact of snow morphology, dropping from 1.17 K to approximately 0.4 K. Beyond climate simulations, the refined knowledge of the optical shape of snow obtained in this study will be beneficial wherever snow optics matter, from snow photochemistry to remote sensing algorithms, solving the long-standing issue of the optical shape of snow.

Methods

Snow microstructure from X-ray tomography

The 3D snow microstructure images have been acquired over the last decades by the Centre d'Études de la Neige (Météo-France -CNRS). The dataset presented here (33 images) includes mainly seasonal snow collected in the French Alps, as well as several samples resulting from a series of laboratory metamorphism experiments [START_REF] Flin | Three-dimensional geometric measurements of snow microstructural evolution under isothermal conditions[END_REF][START_REF] Flin | On the computations of specific surface area and specific grain contact area from snow 3D images[END_REF][START_REF] Calonne | 3-D image-based numerical computations of snow permeability: links to specific surface area, density, and microstructural anisotropy[END_REF][START_REF] Calonne | Study of a temperature gradient metamorphism of snow from 3-D images: Time evolution of microstructures, physical properties and their associated anisotropy[END_REF][START_REF] Wautier | Linking snow microstructure to its macroscopic elastic stiffness tensor: A numerical homogenization method and its application to 3-D images from X-ray tomography[END_REF][START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF]. The X-ray tomography was performed at various resolutions, from 4.91 µm to 11.65 µm. Depending on the experimental set-up, the sample volume varied between 2.5 × 2.5 × 2.5 and 9.5 × 9.5 × 9.5 mm 3 . For image acquisition, samples were first impregnated with liquid 1-chloronaphthalene around -10 °C, and placed below -20 °C, thus forcing the clhoronaphthalene to freeze. Small cylinders were then machined at -30 °C, inserted in plexiglas caps and fixed on copper columns for their later insertion into CellStat, a cold cell specifically designed for tomography of frozen samples at ambient temperature [START_REF] Calonne | Study of a temperature gradient metamorphism of snow from 3-D images: Time evolution of microstructures, physical properties and their associated anisotropy[END_REF][START_REF] Haffar | X-ray tomography for 3D analysis of ice particles in jet A-1 fuel[END_REF]. After tomography, the differences in X-ray attenuation between the ice, 1-chloronaphthalene and remaining air bubbles were used to segment the reconstructed 3D grey-level images into 3D binary images. Surface meshes were then obtained through an automated pipeline using iso2mesh [START_REF] Fang | Tetrahedral Mesh Generation from Volumetric Binary and Gray-Scale Images[END_REF]. For each image, the function 'v2s' of this mesh generation toolbox was used with option 'cgalmesh', ensuring the most robust path to produce meshes from binary volumes. The maximal deviation from the 0.5 isosurface was set below 0.5 and the maximum radius of the Delaunay spheres was chosen smaller than 15 pixels. For each closed surface, the mesh was then automatically checked for orientation consistency of the facets.

A final manual verification and correction step was realized using MeshLab (Cignoni et al., 2008).

The whole description of the dataset (type of snow, resolution, etc) is available in the Supplementary Table 3.1. The corresponding snow microstructural properties (density, SSA)

were computed directly over the mesh with the trimesh Python package (Dawson-Haggerty et al.). Visualizations of several of these images are available in Fig. 3.8e-g.

The ray-tracing model

The existing Rough Surface Ray-Tracing (RSRT) model, originally designed to simulate albedo over rough surfaces and topography [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]Robledano et al., 2022b), has been adapted to trace light propagation in 3D microstructure images. In this Monte Carlo photontracking approach, a set of photons (rays) is followed through the snow from their source to termination (absorption or escape at the top of the sample), relying on the geometric optics approximation (i.e., we consider the microstructure features to be much larger than the wavelength) to simulate the ray path. The light propagation is governed by both absorption within the ice phase (which is wavelength-dependent) and the fundamental laws of reflection and refraction at each air-ice interface, as in [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF] and [START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF]. The origin and initial direction of each ray is randomly generated above the snow microstructure image. When a ray encounters an ice-air interface, the choice between reflection and refraction is random, and depends on the Fresnel's law of reflectance (Supplementary Methods 3.5.5.3.3). The chosen ray carries all the incident energy. When traveling through the ice phase, part of the energy carried by the ray is lost by absorption, following an exponential decay proportional to the traveled distance in the ice phase (i.e. Beer's law).

This is wavelength-dependent as it considers the ice absorption coefficient γ:

γ = 4π λ n i (λ) (3.20)
where n i (λ) is the imaginary part of the ice refractive index [START_REF] Picard | Refinement of the ice absorption spectrum in the visible using radiance profile measurements in Antarctic snow[END_REF].

To simulate a semi-infinite snowpack, a replication algorithm is applied when a ray goes through the boundaries of the original snow microstructure image. Replicating periodically the source image allows simulating a macroscopic snowpack from a single snow microstructure image, largely reducing the computational cost of this approach (in particular with respect to the memory storage of the mesh). It also has some drawbacks, as we consider the snowpack to be homogeneous and single-layer, with snow properties defined by the source microstructure image, such as density or specific surface area (SSA). However, this does not prevent the use of the intrinsic B and g G quantities in a multi-layered snowpack, where the properties vary vertically [START_REF] Toon | Rapid calculation of radiative heating rates and photodissociation rates in inhomogeneous multiple scattering atmospheres[END_REF].

Every single ray is traced until it escapes the simulated semi-infinite snowpack in the upward direction, or until its energy goes below a defined, very low threshold (we consider the ray to be absorbed). N = 10 6 rays are launched in each simulation to reach a reasonable accuracy (uncertainty in this Monte-Carlo framework decreases as 1/ √ N ).

B and g G computation: the macroscopic method

Two different methods have been implemented to derive the optical shape parameters, B and g G , from 3D images. The hereinafter called macroscopic method relies on the reflected energy by the snowpack and the vertical profile of energy in the snowpack. Starting from the approximate asymptotic radiative transfer (AART) theory [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], and with the formalism developed in [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF], the bi-hemispherical albedo α (hereafter albedo) and the asymptotic flux extinction coefficient k e are expressed in terms of the optical shape parameters B and g G by:

α ≃ exp        -4 BγV 3Σ(1 -g G )        (3.21) k e ≃ ρ ρ ice 3BγΣ V (1 -g G ) (3.22)
from where we formulate B and g G as:

B ≃ - ρ ice k e (λ) ln(α(λ)) 4ργ(λ) (3.23) g G ≃ 1 + 16k e (λ) 3ρ SSA ln(α(λ)) (3.24)
using the snow SSA = 4Σ / (V ρ ice ), ρ the snow density and ρ ice the ice density (i.e.

917 kg m -3 ). Σ and V are, respectively, the average projected area and the average volume of a particle. Albedo differences of 0.002 are found between a Mie+DISORT model (e.g. Carmagnola et al. ( 2013)) -a robust and accurate radiative transfer model for spherical particles -and the AART theory using B and g G relevant for spheres (1.25 and 0.79, respectively), and a SSA of 16.4 m 2 kg -1 . These albedo differences yield a relative error of ≈ 1% in the (B, g G ) computations (≈ 0.02 and ≈ 0.007, respectively), which we consider negligible. These expressions remain thus valid in the limit of low absorption, which is globally true in the visible and NIR spectral region (400 to 1400 nm).

In the RSRT model we compute the albedo α as the ratio between the number of photons escaping the semi-infinite snowpack with an upward direction and the total number of photons launched. Using a collection of monodisperse spherical particles, the spectral relative error between albedos computed with RSRT and those predicted by the Mie+DISORT model was lower than 3% in the 400 to 1200 nm wavelength range (slightly higher in the 1200 to 1400 nm range -Supplementary Fig. 3.17). The asymptotic flux extinction coefficient k e is computed counting the intensity carried by the photons passing through a given horizontal plane z. This intensity shows an exponential decrease with depth, from where we fir a Beer-Lambert law (i.e. I(z) ≃ I(z=0) exp(-k e z)) to obtain k e and eventually compute B and g G with Eqs. 3.23, 3.24. The modeling uncertainty of α and k e is treated here with a Bayesian framework.

Bayesian treatment of uncertainties

To ensure the accuracy of the computed optical shape parameters with the macroscopic method, we implemented a Bayesian model to quantify the uncertainties. Two optical quantities are derived from the ray-tracing simulations: (i) the albedo, and (ii) the flux extinction coefficient k e . These unknown quantities are then described using some known probability distributions (named priors), which are updated using Bayes' theorem, a process called inference. The resulting posterior distribution provides an estimation of the albedo and k e modeling uncertainties [START_REF] Martin | Bayesian Modeling and Computation in Python[END_REF].

Here, for each simulation we describe the prior distribution of albedo with a normal distribution N (µ, σ 2 ), with µ being the computed albedo and σ = 1/ √ N . For k e , it is less direct.

The probability of finding a photon exponentially decreases with depth z, so we could describe this as a Bernoulli process. Consequently, the prior distribution of observing n photons at a certain depth z is given by a Binomial distribution B(n, p), with p = exp(-k e z).

The inference is then performed by means of a Python package [START_REF] Salvatier | Probabilistic programming in Python using PyMC3[END_REF].

To obtain the posterior estimates, the model fitting is based on samples drawn from the posterior distribution using Markov Chain Monte Carlo (MCMC) methods. In particular, a

No-U-Turn Sampler (NUTS) is implemented here (8000 samples). Instead of using only the maximum likelihood estimation, all the posterior estimations of both albedo and k e are then introduced in Eqs. 3.23, 3.24 to obtain a full distribution of the optical shape parameters B and g G (Supplementary Fig. 3.12).

B and g G computation: the geometric method

We also implemented a more direct approach (called geometric method) where the geometric definition of the shape parameters is computed by means of ray-tracing from the actual snow microstructure. This method relies only on the geometric optics approximation. The absorption enhancement parameter B can be defined by the lengthening of the photon path in the ice phase due to internal reflections and refraction with respect to strictly straight lines [START_REF] Libois | Optical porosimetry of weakly absorbing porous materials[END_REF]. The asymmetry parameter (i.e. g G in this geometric optics framework) is defined by the scattering phase function [START_REF] Hansen | Light scattering in planetary atmospheres[END_REF][START_REF] Mishchenko | Asymmetry parameters of the phase function for isolated and densely packed spherical particles with multiple internal inclusions in the geometric optics limit[END_REF], and is expressed as:

g G = 1 2 1 -1 d(cos Θ) cos Θ p(Θ) (3.25)
with Θ the scattering angle and p(Θ) the scattering phase function, normalized as:

1 2 1 -1 d(cos Θ) p(Θ) = 1 (3.26)
In the RSRT model, in order to compute the scattering phase function, we record the incident and outbound ray direction when entering and going out the ice phase, respectively.

The geometric asymmetry parameter g G is directly deduced from Eq. 3.25. (

1 -ω) = B γ V 2Σ (3.27)
where the snow SSA can be introduced by using SSA = 4Σ / (V ρ ice ):

(

1 -ω) = B γ 2 SSAρ ice (3.28)
The asymmetry parameter g is simply the average of the geometric and the diffraction terms (g G and g D , respectively). In this framework, where the wavelength is small enough compared to the particles, diffraction is mainly forward (i.e. g D ≈ 1), so that:

g = g G + 1 2 (3.29)
For more advanced models, g can be used to parameterize the phase function. For in-stance in DISORT [START_REF] Stamnes | Numerically stable algorithm for discreteordinate-method radiative transfer in multiple scattering and emitting layered media[END_REF], that uses the Legendre polynomial decomposition of the phase function, g appears to be the coefficient of the first order polynomial.

For models that only require the broadband value of the snow albedo, the values of B and g G found here for natural snow could be used in snow radiative transfer models that rely on such parameters (e.g. TARTES [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]) to eventually derive an updated snow albedo parameterization [START_REF] Gardner | A review of snow and ice albedo and the development of a new physically based broadband albedo parameterization[END_REF][START_REF] Dang | Parameterizations for narrowband and broadband albedo of pure snow and snow containing mineral dust and black carbon[END_REF].

Estimation of temperature uncertainty reduction

In [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF], it was found that if the shape spans the range from spheres to the Optimized Habit Combination (OHC), the global annual-mean air temperature varies by 1.17 K. Since the snow albedo depends on the ratio Γ = B / (1g G ), in order to estimate the reduction of the uncertainties related to the optical shape of snow in climate modeling, this quantity and its variations for natural snow are evaluated and compared to those in [START_REF] Räisänen | Effects of snow grain shape on climate simulations: Sensitivity tests with the Norwegian Earth System Model[END_REF].

Using the value for the sphere (B = 1.25, g G = 0.79) and the values for the OHC (B ≈ 1.62, g G ≈ 0.56 -Räisänen et al. ( 2015)), the Γ range explored by Räisänen et al. ( 2017) is:

Γ Räisänen = B sph 1 -g G sph - B OHC 1 -g G OHC = 2.27 (3.30)
In the present study, we obtained a reduced range for natural snow. B can be considered constant and equal to 1.7, and g G varies mainly between 0.62 and 0.68 (0.65 ± 0.03 -Fig.

3.9

). If we use our values instead of those for the sphere and the OHC, the Γ range explored in this study is:

Γ RSRT = B snow 1 -g G snow, upper - B snow 1 -g G snow, lower = 0.84 (3.31)
From these values we conclude that the shape uncertainty is reduced by a factor Γ Räisänen / Γ RSRT ≈ 3. Assuming linear sensitivity of global temperature to albeo and linear dependency between albedo and Γ (valid for small perturbations), the temperature uncertainty is reduced then from 1.17 K to 0.43 K.

Method limitations

Snow microstructure

(1) Our results are based on a finite set of snow images. Although meant to be representative of the diversity of snow, it is limited to 33 images, so that different B and g values cannot be ruled out for very peculiar, under-represented snow morphologies.

(2) Note that only pure snow, i.e. without light-absorbing particles (LAPs), is considered in this study. This is due to the fact that the size distribution of dust particles is much lower than the resolution limit of our X-ray tomographic images (a few µm). A recent study showed the feasibility of capturing the motion of dust particle aggregates in dry snow [START_REF] Hagenmuller | Motion of dust particles in dry snow under temperature gradient metamorphism[END_REF], which could potentially open the way to determine the impact of LAPs on the optical properties of snow by ray-tracing. Work is underway to implement this feature in our ray-tracing model.

Ray-tracing model

(1) Wave properties of light (diffraction and polarization) are not considered in our raytracing model. However, several studies showed that these geometric optics simplifications do not prevent to correct simulate snow reflectance [START_REF] Kaempfer | A three-dimensional microstructure-based photon-tracking model of radiative transfer in snow[END_REF][START_REF] Picard | Determining snow specific surface area from nearinfrared reflectance measurements: Numerical study of the influence of grain shape[END_REF][START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF][START_REF] Xiong | A New Hybrid Snow Light Scattering Model Based on Geometric Optics Theory and Vector Radiative Transfer Theory[END_REF].

(2) Some numerical errors may occur with the most complex snow microstructures (mainly corresponding to fresh snow). This is due to the resolution limit of our current imaging technique, that fails to resolve the most detailed features of such microstructures. This leads to slight artifacts in the mesh generation process and in turn may induce some errors in the photon-tracking method. This is particularly true for the longest photon paths, at the shortest wavelengths, when the ice absorption is extremely weak.

(3) The definition of a single-scattering event in this study slightly differs from what is typically assumed for unconnected particles (Saito and Yang, 2019). Here, a singlescattering event ends when the ray first exits the ice phase (including reflection at the entrance), whereas in the common definition a ray may enter and exit several times if the particle is concave, before finally escaping the particle. Unfortunately, this common definition requires extracting independent particles from 3D images, which is somewhat arbitrary, since the ice phase is usually mostly connected. Individual snow grains can however be defined as zones separated by regions of potential mechanical weakness (e.g. [START_REF] Hagenmuller | Snow as a granular material: Assessment of a new grain segmentation algorithm[END_REF]) though these individual snow grains are still connected by ice. The surface area of these ice-ice contacts is nevertheless small compared to the ice-air interface area [START_REF] Flin | On the computations of specific surface area and specific grain contact area from snow 3D images[END_REF]. In conclusion, for natural snow, and in order to use the snow microstructure as is, this uncommon but pragmatic definition of a single-scattering event was used here in the geometric method to derive g G .

Model uncertainties

(1) The B and g G values presented in the text and figures with the macroscopic method correspond to the mean values of the resulting B and g G distributions. Their dispersion is usually small, with a mean standard deviation over the whole dataset and the 600-1200 nm wavelength range σ of 0.02 and 0.004 for B and g G estimations, respectively.

For B it is therefore unlikely that the conclusion B = n 2 is affected (Supplementary Fig.

3.12). The same applies to the estimation uncertainty of g G , which is also considerably smaller than the differences between natural snow and the considered geometric shapes.

(2) In relation with the precedent limitation about the modeling uncertainties, the macroscopic method is less accurate at the shortest and longest wavelength range (400-600 nm and 1200-1400 nm, respectively). Below 600 nm, the albedo computation needs to be extremely accurate to derive a precise estimate of the (B, g G ) parameters, which is very computation-costly with a Monte-Carlo approach. This happens because the snow albedo α in this spectral region is close to 1, and in the limit of α ≈ 1, the ln α dependence becomes very close to zero and in particular, a slight underestimation of the albedo (likely due to the numerical cutoff of the photons) leads to a large overestimation of B (Supplementary Fig. 3.12). Above 1200 nm, the limitation comes from the underlying asymptotic radiative transfer theory that is only valid in the low absorption limit, which might not be fully respected at these longer wavelengths. However, it is important to note that the geometric method still yields B = n 2 below 600 nm and above 1200 nm. For longer wavelengths, the geometric optics approximation (where particles need to have dimensions much larger than the incident wavelength), limits as well the geometric method. To summarize, our results are valid over the 400 to 1400 nm range, which encompasses the most important part of the solar spectrum (≈ 85% of the solar irradiance at the surface is within this range).

(3) In the macroscopic method, some very small uncertainties in the (B, g G ) computation might come from the input macroscopic quantities (density and SSA). In particular, B relies on the snow density ρ (Methods, Eq. 3.23), and g G relies on both ρ and SSA (Methods, Eq. 3.24). These quantities can be estimated with a 2% accuracy [START_REF] Hagenmuller | Sensitivity of snow density and specific surface area measured by microtomography to different image processing algorithms[END_REF]. Propagating this uncertainty into the equations, this is equivalent to errors of 0.03 and 0.02 in B and g G , respectively. Moreover, our computed ρ and SSA values compare well to measurements over the voxelized microstructure images in [START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF], with similar accuracy. However, it is important to note that the geometric method, which does not suffer from these uncertainties in the input macroscopic variables, yields equivalent results to the macroscopic method. In all panels, both retrieval methods are shown, and all snow microstructure images are considered. The Malinka estimations for the two-phase random medium are included. The lower and upper limits of the envelope wrapping the median value represent the 10th and the 90th-percentile of the estimates for each wavelength. Note that the B values for the two-phase random medium are virtually equivalent to those estimated with the geometric method and equal to n 2 . Note also that the macroscopic method is less accurate below 600 nm and above 1200 nm (see Method limitations). This is the reason why the envelope is more transparent for the shortest and longest wavelengths. et al.). The snow samples were either collected in the field (French Alps) or come from controlled cold-room experiments. In the latter case, the initial sample was most of the time recent alpine snow. More details on the snow sampling and characterization are available at each of the correspondent studies: F04 [START_REF] Flin | Three-dimensional geometric measurements of snow microstructural evolution under isothermal conditions[END_REF], F11 [START_REF] Flin | On the computations of specific surface area and specific grain contact area from snow 3D images[END_REF], C12 [START_REF] Calonne | 3-D image-based numerical computations of snow permeability: links to specific surface area, density, and microstructural anisotropy[END_REF], C14 [START_REF] Calonne | Study of a temperature gradient metamorphism of snow from 3-D images: Time evolution of microstructures, physical properties and their associated anisotropy[END_REF], W15 [START_REF] Wautier | Linking snow microstructure to its macroscopic elastic stiffness tensor: A numerical homogenization method and its application to 3-D images from X-ray tomography[END_REF], and D21 [START_REF] Dumont | Experimental and model-based investigation of the links between snow bidirectional reflectance and snow microstructure[END_REF].

Geometric shape Aspect ratio

B g G Study

Sphere [START_REF] Kokhanovsky | Scattering optics of snow[END_REF] Table 3.2: Optical shape parameters of geometric shapes. Values of B and g G for a diverse set of geometric shapes, computed with ray-tracing models in previous studies. The aspect ratio for hexagonal plates, cuboids and cylinders is the ratio of the height to, respectively, the length of the hexagonal side, the length of the square side and the radius of the circle. For the spheroid, it is the ratio of the largest semi-axis to the shortest one.

3.5.5.3.3 Supplementary Methods 3: Fresnel's law of reflectance When the ray path intersects an ice-air interface, a decision between reflection and refraction (and therefore change of direction) may be done. This choice is random and depends mainly on a probabilistic interpretation of the Fresnel coefficients, defined by:

R s = n 1 n 2 cos θ i -1 -n 1 n 2 2 (1 -cos 2 θ i ) n 1 n 2 cos θ i + 1 -n 1 n 2 2 1 -cos 2 θ i 2 R p = cos θ i -n 1 n 2 1 -n 1 n 2 2 (1 -cos 2 θ i ) cos θ i + n 1 n 2 1 -n 1 n 2 2 (1 -cos 2 θ i )
where n i is the refractive index of media 1 and 2 (i.e. i = 1, 2) and θ i is the angle of incidence between the incoming ray ⃗ v i and the normal vector of the interface ⃗ v n (oriented towards the medium 1). The total reflected energy is then computed as:

R = 1 2 R 2 s + R 2 p (3.33)
and therefore the transmitted energy would simply be T = 1 -R. Here, this deterministic interpretation is treated with a Monte Carlo approach, where a random number is drawn and compared to R. If inferior, the ray encounters a reflection, otherwise a refraction. In both cases, the ray carries all the incident energy. In case of reflection, the ray outgoing direction ⃗ v o is defined by:

⃗ v o = ⃗ v i + 2 cos θ i ⃗ v n (3.34)
and in case of refraction:

⃗ v o = n 1 n 2 ⃗ v i +          n 1 n 2 cos θ i -1 - n 1 n 2 2 (1 -cos 2 θ i )          ⃗ v n (3.35)

Open questions and further work

The definition and quantification of the optical shape of natural snow represents a milestone in this doctoral thesis. However, a few details and scientific questions still remain open, particularly regarding the differences between the macroscopic and geometric methods. These are developed in the following. Figures 3.9 and 3.13 showed the slight but still noticeable differences between the two implemented approaches to compute B and g G . The differences in the shortest and longest wavelengths of the studied spectral range (400 to 600 nm and 1200 to 1400 nm) might be partly due to the modeling uncertainties mentioned in Sect. 3.5.4.7. So in the following, and unless specified, only the 600 to 1200 nm wavelength range will be considered. A closer look to the spectral variations of both parameters for a small subset of 4 samples is shown in Fig. 3.18, computed with both methods. The macroscopic and geometric approaches give similar values for B in the visible, but in the near-infrared region (particularly above 900 nm) some larger differences arise. For g G the differences between the two methods are quite variable, from almost none for the fresh snow (PP) sample to large differences for the melt form (MF) sample. In any case, these differences remain approximately constant through the 600-1200 nm range, whereas for B there is undoubtedly a slight change in the near-infrared.

The overall shape of the spectral macroscopic B remotely resembles that of a given snow albedo α, which could be explained by the ln(α) dependence in the computation of B and g G with the macroscopic method (see Eqs. 3.7 and 3.8). In fact, errors in albedo affect more B than g G because of the different dependency (∼ ln(α) and ∼1 + 1/ln(α), respectively).

In order to investigate why the differences in the parameters computation vary between the different snow microstructures, Fig. 3.19 shows the differences between the two approaches as a function of snow density and SSA, for simulations run at 900 nm with 10 6 rays. For B no strong conclusions can be derived, other than the geometric method (i.e. B

= n 2 ) yields generally higher values. For g G there might be however a signal. Indeed, the largest differences between both methods correspond mainly to melt forms (MF) and faceted crystals (FC). This is somehow related to density and SSA, the largest differences corresponding to the snow samples with the largest densities and lowest SSA. On the contrary, there are almost no differences for the most complex, low-density and high-SSA snow samples, corresponding to fresh snow (PP) or decomposing and fragmented particles (DF).

One hypothesis to test is if this is somehow related to the albedo. For that, Fig. 3.20 shows the differences in the diffuse snow albedo computed with RSRT, and that computed with the AART theory [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], using for each sample the corresponding snow SSA, and the corresponding (B, g G ) values computed with the geometric method. The signal found for the g G retrieval differences matches fairly well these albedo differences, showing that the observed signal in density might be directly related to snow albedo. So the open question here is: this density-albedo signal comes from numerical errors, or is it a physical signal?

The impact of snow density in albedo is thought to be mostly explained by the snow SSA (e.g. [START_REF] Warren | Optical Properties of Snow (Paper 1R1505)[END_REF]. Indeed, changes in density usually involve a change in snow SSA, which controls at the first order the snow albedo. However, recent studies showed that beyond the snow SSA, a denser medium could have an impact on the snow albedo. For instance, He et al. a regular lattice) reduces snow albedo, which might be explained by dense media effects.

The recent work of [START_REF] Malinka | Stereological approach to radiative transfer in porous materials. Application to the optics of snow[END_REF], which is based on and further expands the hypothesis of considering snow as a two-phase random mixture, also found a reduction in albedo for denser snowpacks. This density effect is related to the resolution of the radiative transfer equation (in particular its analogous representation, see Eq. 32 in Malinka ( 2014)) and the treatment of the boundary conditions.

The differences between both methods remain still unclear. However, by trying to understand them, the possible impact of snow density on its albedo appeared as a hint to follow in the future, supported by recent works (He et al., 2017a;[START_REF] Malinka | Stereological approach to radiative transfer in porous materials. Application to the optics of snow[END_REF]. Moreover, the ray-tracing model offers a complete and powerful tool to explore this scientific question in depth.

Conclusions

This chapter presents one of the core results of this doctoral thesis. The combined use of a three-dimensional radiative transfer solution (the ray-tracing model) and an explicit representation of the snow microstructure allows one to simulate light propagation through the snowpack in a quite accurate way. This powerful framework has eventually resulted in the derivation of the optical shape of snow, a concept that explains how the snow microstructure drives light scattering and absorption in the snow.

While the snow SSA is the main driver of snow albedo, the shape still influences snow albedo and importantly, greatly influences light penetration in snow [START_REF] Meirold-Mautner | Measurements and model calculations of the solar shortwave fluxes in snow on Summit, Greenland[END_REF][START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF]. The concept of the optical shape has already been introduced in recent years [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF][START_REF] Krol | Relating optical and microwave grain metrics of snow: the relevance of grain shape[END_REF], but this is the first time that an accurate estimate of its value is provided. Contrary to what is currently done in many snow optical models [START_REF] Holland | Improved Sea Ice Shortwave Radiation Physics in CCSM4: The Impact of Melt Ponds and Aerosols on Arctic Sea Ice[END_REF][START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF], and from an optical point of view, snow is not equivalent to spheres or other simple shapes. The absorption enhancement parameter B is mostly constant and equals n 2 (i.e. ≈ 1.7 in the visible and NIR spectral regions), a major result showing that, despite the very different microstructures of snow, the distance traveled by sunlight in the ice phase is, on average, always the same. In other words, snow is fundamentally ergodic. g G , or more generally the asymmetry parameter g, is not constant, but the possible range of values for snow (g = 0.82 ± 0.01, with negligible variations in the visible and NIR spectral regions) is much narrower than that of the usually considered geometric shapes. In other words, the lack of hypothesis on the shape of the snow grains and the use of an explicit representation of the snow microstructure has resulted in a well-refined knowledge of the optical shape of snow. Moreover, these results partly validate the alternative hypothesis of considering snow as a two-phase random mixture [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF], which represents a paradigm shift in the way snow is represented in optical models.

A considerable amount of work is still needed to answer the remaining open questions, but the increasing interest on such questions is very promising for the future.

The deduced values for B and g can be used directly in climate models, instead of the assumption of sphericity (or any other assumption). Beyond climate simulations, these results can be beneficial wherever snow optics are important, from snow photochemistry to remote sensing algorithms. In addition, there is an increasing evidence that the two conceptions of snow radiative transfer, the one that considers snow as a granular medium, and the one that considers snow as a continuous random mixture, need to be thoroughly studied, compared and confronted. All the presented results of this chapter will hopefully represent a stepping stone towards a more precise and correct understanding of the three-dimensional interactions between sunlight and snow at the microstructure scale.

Introduction

Snow is not always composed of ice and air only. Usually, some small particles called impurities pollute the snowpack. Figure 4.1 illustrates well that snow is not always white when polluted (in the images, the type of impurity is mostly mineral dust). This orange tint

shows that impurities have the potential to absorb more sunlight in the visible wavelengths than pristine snow, and that is the reason they are also referred as light-absorbing particles, LAPs. As snow becomes less white, the main radiative effect associated to the presence of LAPs in snow is a substantial albedo reduction, also known as snow darkening [START_REF] Warren | A Model for the Spectral Albedo of Snow. II: Snow Containing Atmospheric Aerosols[END_REF]. As the snow surface darkens, a potent positive feedback is set up, in which a higher snow absorption involves a faster snow coarsening and a decreasing snow SSA, which enhances snow darkening. The result of this feedback is the modification of the snow cover evolution, the acceleration of melt and a reduction of the snow cover duration, with important consequences for the hydrological cycle [START_REF] Dumont | Contribution of light-absorbing impurities in snow to Greenland's darkening since 2009[END_REF][START_REF] Skiles | Radiative forcing by light-absorbing particles in snow[END_REF]. This has several consequences for the hydrological cycle in areas with a seasonal snowpack, such as the shift in time of the peak runoff from snowmelt [START_REF] Painter | Response of Colorado River runoff to dust radiative forcing in snow[END_REF][START_REF] Réveillet | Black carbon and dust alter the response of mountain snow cover under climate change[END_REF]. The main types of LAPs are black carbon, mineral dust, brown carbon, volcanic ash and snow algae. Except maybe the last one, all of them were atmospheric aerosols which, at some point, are deposited on snow. The deposited quantities strongly vary depending on the geographical location and might be of sporadic nature, such as dust outbreaks or volcanic eruptions. Black and brown carbon are produced from biomass and fossil fuel combustion, and in particular black carbon has the strongest light-absorbing ability per unit of mass [START_REF] Flanner | Present-day climate forcing and response from black carbon in snow[END_REF][START_REF] Painter | End of the Little Ice Age in the Alps forced by industrial black carbon[END_REF]. Mineral dust, hereinafter referred simply as dust, originates from arid regions (e.g. in the Alps, most of the dust usually originates from the Sahara (Di [START_REF] Mauro | Saharan dust events in the European Alps: Role in snowmelt and geochemical characterization[END_REF]). Dust has a weaker light-absorbing ability than black carbon, but is generally a lot more abundant in the atmosphere [START_REF] Ginoux | Global-scale attribution of anthropogenic and natural dust sources and their emission rates based on MODIS Deep Blue aerosol products[END_REF], and therefore in snow when deposited [START_REF] Skiles | Daily evolution in dust and black carbon content, snow grain size, and snow albedo during snowmelt, Rocky Mountains, Colorado[END_REF][START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF]. Because of this, the radiative impact of dust can be comparable or even higher than black carbon in many regions [START_REF] Skiles | Radiative forcing by light-absorbing particles in snow[END_REF][START_REF] Réveillet | Black carbon and dust alter the response of mountain snow cover under climate change[END_REF]. Volcanic ash, due to the rare volcanic eruptions has been less studied, but it can lower snow albedo substantially [START_REF] Constantin | Measurements and modeling of snow albedo at Alerce Glacier, Argentina: Effects of volcanic ash, snow grain size, and cloudiness[END_REF][START_REF] Gunnarsson | Annual and inter-annual variability and trends of albedo of Icelandic glaciers[END_REF], with an impact comparable to dust [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF]. In addition to these atmospheric aerosols, there is a growing interest on the radiative impacts of snow algae, which bloom over large areas in mountainous and polar areas (e.g. Greenland)

reaching considerably high concentrations [START_REF] Lutz | Variations of algal communities cause darkening of a Greenland glacier[END_REF]. The pigments of these living organisms absorb very efficiently solar radiation, and as a result, snow albedo is drastically reduced when the conditions are favorable [START_REF] Cook | Glacier algae accelerate melt rates on the south-western Greenland Ice Sheet[END_REF][START_REF] Chevrollier | Light absorption and albedo reduction by pigmented microalgae on snow and ice[END_REF].

LAPs deposition on snow occurs by two different mechanisms, dry deposition and wet deposition. Dry deposition occurs when LAPs that are suspended in the atmosphere eventually get to the snowpack surface, for instance because of gravity and turbulence. Wet deposition involves a precipitation episode, which carries downward the LAPs present in the atmosphere to the surface. These aerosols may also act as condensation nuclei for ice crystals to grow [START_REF] Libbrecht | The physics of snow crystals[END_REF], which ultimately leads to their presence in the snowpack when precipitation occurs. These two mechanisms determine part of the interactions between LAPs and the snow microstructure.

The position of LAPs in the ice/air three-dimensional arrangement is a fundamental factor controlling the absorption. If located on the surface of the snow grains (mainly occurs because of dry deposition), LAPs are said to be externally mixed with the snow microstructure. On the contrary, if they are embedded within the ice phase (e.g. as a result of wet deposition or other snow processes, Hagenmuller et al. ( 2019)), they are said to be internally mixed with the snow microstructure. These different mixing states have large impacts on the absorption efficiency of the impurities. For instance, in the case of black carbon, an internal mixing is almost two times more efficient than an external mixing in terms of albedo reduction [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF]. The impacts in the case of dust are highly variable, but in any scenario an internal mixing implies a greater snow albedo reduction compared to an external mixing [START_REF] Liou | Stochastic parameterization for light absorption by internally mixed BC/dust in snow grains for application to climate models[END_REF]He et al., 2019a;[START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. This is explained by the fact that when sunlight propagates through the ice phase, it undergoes multiple internal reflections, so the absorption probability is enhanced in the case of internal mixing, an effect called lensing effect [START_REF] Dumont | Light-absorbing Particles in Snow and Climate[END_REF]. After deposition, LAPs either remain in the same snowpack layer (see Fig. 4.1b) or slightly move and interact with the ice matrix under certain conditions [START_REF] Hagenmuller | Motion of dust particles in dry snow under temperature gradient metamorphism[END_REF]. Moreover, in some cases liquid water can percolate through the snowpack and carry part of the LAPs with it, in particular if the LAP size is small enough (e.g. black carbon - [START_REF] Doherty | Observed vertical redistribution of black carbon and other insoluble light-absorbing particles in melting snow[END_REF]. When the layer containing LAPs is buried, the vertical profile of absorption can be modified and when melt starts, LAPs start accumulating at the snowpack surface, which further enhances absorption and amplifies the snow-albedo feedback.

The presence of LAPs in snow has the potential to strongly modify the snowpack evolution, with important consequences across the global cryosphere by amplifying climate feedbacks and accelerating melt. In this chapter, some of the remaining uncertainties in the fundamental understanding of the LAP-snow-radiation interplays are explored, with a focus on the presence of dust in snow. In particular, taking advantage of the explicit representation of the snow microstructure and the ray-tracing model, the different mixing states of dust and snow (with the associated radiative impacts) are thoroughly investigated.

Dust in snow: state of the art

Among the different types of impurities or LAPs, we have chosen to investigate and model the presence of dust in snow. Besides its importance for the cryosphere, the typical size of dust particles fits quite well with the geometric optics assumption on which the ray-tracing model is based. Indeed, under this hypothesis, in order to accurately simulate the light propagation the wavelength must be small compared to the particle size (i.e. the snow microstructure features or the LAP size). Their size distribution of dust particles largely varies between the different sources and the distance to them (the coarsest particles tend to be deposited closer to the source), but the typical size distribution is on the order of a few micrometers (Denjean et al., 2016a,b;[START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF][START_REF] Dumont | Spatial variability of Saharan dust deposition revealed through a citizen science campaign[END_REF]. On the contrary, the typical black carbon particle size is very small, of approximately a few hundreds of nanometers [START_REF] Bond | Bounding the role of black carbon in the climate system: A scientific assessment[END_REF], so practically the same order of magnitude as the visible wavelengths. Dust is therefore more adapted than black carbon and is thus the type of LAP studied in this doctoral thesis.

Previous modeling efforts and current limitations

Modeling the effect of dust in snow is a quite challenging task, which can be divided in mostly two main problems. First, we need to correctly characterize the dust physical and optical properties. This includes the determination of the mineral composition (which depends on the source), the density and size distribution, and eventually the quantity of dust present in the snowpack once deposited. Second, we need to correctly account for the location of deposited dust in the snowpack, especially at the microscale (either externally or internally mixed with snow) but also at the snowpack scale (e.g. the vertical distribution in the snowpack).

Dust originates from bare soils either from local or from remote sources, such as arid regions, and contains a variety of minerals (e.g. iron oxides, quartz or clays) that absorb solar radiation in the visible and NIR spectral regions in various ways [START_REF] Lafon | Characterization of iron oxides in mineral dust aerosols: Implications for light absorption[END_REF][START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF]. Dust is absorptive in the visible wavelengths, which is mainly controlled by the presence of iron oxides with marked absorption bands in these shortest wavelengths [START_REF] Bedidi | Light scattering by spherical particles with hematite and goethitelike optical properties: Effect of water impregnation[END_REF]. Similar to ice, the absorption of dust can be represented by the With dust originating from different regions and therefore of various chemical composition, the imaginary part of the dust refractive index also varies across the globe or even at the region scale (e.g. [START_REF] Caponi | Spectral-and size-resolved mass absorption efficiency of mineral dust aerosols in the shortwave spectrum: A simulation chamber study[END_REF]. Several attempts have been made to compile this variability, the most recent and complete to our knowledge being that of Di [START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF]. In their work, they presented a dataset of complex refractive indices with almost 20 different dust aerosols over the 370 to 950 nm wavelength range, originating from dif-ferent regions (e.g. Sahara, North and South America, or Australia). Figure 4.2 shows some examples of this dataset: the value for Libyan dust, an average value for the northern Africa-Sahara (NAF-S) region (these two are relevant for the Alps as shown by [START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF] and the mean value, 10th-and 90th-percentile of the whole compilation. Several differences appear between the different dust compositions in the visible wavelengths, the Libyan dust being less absorptive per unit of mass. A previous compilation by [START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF] for Saharan dust is also shown in Fig. 4.2. This one is implemented in the snow radiative transfer model SNICAR [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF]. The differences between these two compilations for the Sahara region are large and highly impact the quantification of their radiative impact in snow. Moreover, the differences shown in this figure highlight that n i,d (λ) varies greatly at the region scale (e.g. almost a 40% increase at ≈ 600 nm between the Libyan dust and the average NAF-S dust), so models should consider and assess the uncertainty associated with the different dust sources.

imaginary part (n i,d ) of the complex refractive index m d (λ) = n d (λ) -in i,d (λ) of
Dust density also varies with the different sources, due to the different mineralogy. Values reported in the literature fluctuate mainly between 2500 and 2700 kg m -3 for Saharan dust [START_REF] Haywood | Optical properties and direct radiative effect of Saharan dust: A case study of two Saharan dust outbreaks using aircraft data[END_REF][START_REF] Kandler | Chemical composition and complex refractive index of Saharan Mineral Dust at Izaña, Tenerife (Spain) derived by electron microscopy[END_REF][START_REF] Schladitz | In situ measurements of optical properties at Tinfou (Morocco) during the Saharan Mineral Dust Experiment SAMUM 2006[END_REF]. For modeling purposes, a value in this range is usually used, e.g. 2500 kg m -3 in [START_REF] Dang | Parameterizations for narrowband and broadband albedo of pure snow and snow containing mineral dust and black carbon[END_REF], 2600 kg m -3 in [START_REF] Skiles | Daily evolution in dust and black carbon content, snow grain size, and snow albedo during snowmelt, Rocky Mountains, Colorado[END_REF] and [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF], or 2700 kg m -3 in [START_REF] Dumont | Spatial variability of Saharan dust deposition revealed through a citizen science campaign[END_REF].

The dust size distribution can be measured by means of particle counters (such as a Coulter counter - [START_REF] Delmonte | Dust size evidence for opposite regional atmospheric circulation changes over east Antarctica during the last climatic transition[END_REF], and is generally assumed to follow a lognormal distribution. This means that dust in snow is composed of many small particles (fine dust, with a diameter lower than ≈ 20 µm) and a lower quantity of coarse particles (with a diameter bigger than ≈ 20 µm). The dust size distribution usually shows a large spatial variability for a single dust outbreak [START_REF] Dumont | Spatial variability of Saharan dust deposition revealed through a citizen science campaign[END_REF], which makes it challenging to model.

In optical modeling, dust and snow have traditionally been assumed to be externally mixed [START_REF] Warren | A Model for the Spectral Albedo of Snow. II: Snow Containing Atmospheric Aerosols[END_REF][START_REF] Dang | Parameterizations for narrowband and broadband albedo of pure snow and snow containing mineral dust and black carbon[END_REF], that is, with the dust particles in the interstitial space between the snow grains, which resembles a dry deposition episode. On the contrary, the internal mixing, which resemble a wet deposition episode and illustrate the fact that dust particles can actually penetrate the ice matrix [START_REF] Hagenmuller | Motion of dust particles in dry snow under temperature gradient metamorphism[END_REF], is not usually represented in models. This has important consequences for the radiative impacts, as a dust-snow internal mixing involves approximately up to a 40-50% enhancement of the albedo reduction with respect to an external mixing (He et al., 2019a;[START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]Shi et al., , 2022a).

In the most common case, which is an external mixing, snow radiative transfer models represent dust particles as spherical particles. If these models also consider snow as a collection of independent ice spheres, Mie theory is usually used to derive independently the singlescattering properties (SSPs) of ice and dust independently. The total SSPs of the snow-dust mixture is thus a weighted average of their corresponding SSPs, with the dust contribution weighted by the deposited quantity (i.e. dust volumetric concentration). This concentration C dust is expressed as:

C dust = ρ snow c dust ρ dust (4.1)
where c dust is the dust content in snow (kg kg -1 snow ), and ρ snow and ρ dust are the snow and dust densities. For typical dust content (up to a few hundreds of ppm), scattering in polluted snow is mainly governed by ice for wavelengths lower than ≈ 1 µm [START_REF] Liou | Stochastic parameterization for light absorption by internally mixed BC/dust in snow grains for application to climate models[END_REF]. Hence, snow radiative transfer models as TARTES only modify the total absorption coefficient of the mixture [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. While acknowledging that the impact is negligible on snow albedo (at least in the visible and NIR spectral regions), the snow radiative transfer model SNICAR also accounts for the scattering ability of dust [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF].

A different approach has been used in the scarce cases in which a dust-snow internal mixing has been investigated. [START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF] applied the effective medium approximation to derive an effective complex refractive index for the dust-snow mixture. This effective refractive index depends on both the refractive indices of ice and dust, and dust content in snow (see their Eq. 8). Using this effective refractive index, Mie theory was then applied to compute the total absorption of the polluted snow grain. He et al. (2019a) implemented recently a different approach, using a ray-tracing model to derive the SSPs of a dust internally mixed with non-spherical grains. Their approach was also used for an external mixing.

Observations of dust in snow at the microstructure scale

The aforementioned ways of modeling the presence of dust in snow are summarized schematically in Fig. 4.3a, adapted from [START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. Several efforts have been made to accurately model this location, but a simplified vision of snow, and how it is mixed with dust is still commonly employed. The question arises as to whether, by using the alternative assumptions of snow as a continuous mixture of ice and air, the understanding of the radiative impacts of dust in snow could be better constrained or not (Fig. 4.3b). A first effort in this direction was done by [START_REF] Hagenmuller | Motion of dust particles in dry snow under temperature gradient metamorphism[END_REF], which acquired a tomographic time series of snow samples polluted with dust. They studied the role of snow metamorphism in the dust particle motion, and found that under certain conditions (i.e. temperature gradient metamorphism), dust particles can enter the ice matrix due to sublimation-condensation processes. In addition to the precious value of these first microscopic observations of the dustsnow interaction dynamics, they shed some light in how dust and snow are really mixed, with dust aggregates in contact with the ice/air interface, or particles embedded in the ice phase. This highlights that the current mixing states commonly implemented in models are oversimplified, either by representing dust floating in the air pores, or by locating it with a defined spatial distributions within the snow grains, but never considering a physical contact between both materials.

An explicit representation of the snow microstructure, along with a more realistic representation of these mixing states and the associated radiative impacts can be attained by means of ray-tracing at the condition to neglect non-geometric optics effects. In this chapter, the presence of dust in snow is studied with a different and novel approach, which consists in generating dust particles with a given configuration (dust content, size, mixing state) in the 3D volume of snow, and simulating the light propagation by adjusting the optical properties (absorption and scattering) of each material.

Dust in the RSRT model

The following sections describe how the dust particles are generated in the 3D snow microstructure, and the required changes to the RSRT model to accommodate different materials in addition to ice and air. While the main characteristics of the ray-tracing modeling remain unchanged (see Sect. 2.4.2), there were several changes in the preparation and reading of the input mesh, and some extra checks for the special case of the interface mixing.

Dust inclusion in the snow microstructure

In order to represent a polluted snowpack, dust particles have been numerically added to a few microstructure images of pristine snow samples. This is a time-consuming process in which the dust particles are generated uniformly in the 3D snow volume with the desired mixing state with snow. They can be externally-or internally-mixed with snow, or with a physical contact with the air/ice interface, referred hereinafter as interface mixing. The number of identical particles to be generated is determined from the desired dust content in snow (in kg dust kg -1 snow ), assuming a dust density of 2600 kg m -3 , as in [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF]. The snow microstructure mesh and the collection of dust particles are eventually combined in a single mesh and the polluted snow image is then ready to be used as input for the raytracing model.

The generation and location of the dust particles is done by an iterative process using the trimesh Python package (Dawson-Haggerty et al.), described as follows:

(1) The dust particles are generated, with a given size and shape. They are assumed quasispherical (i.e. 80 facets) with a radius of 7.5 µm. This choice is motivated by the geometric optics limitation and by finding a reasonable computational cost of potentially including thousands of these particles in the snow microstructure image.

(2) Depending on the desired mixing state (i.e. external, internal or with a physical contact), the dust particles are translated to a set of points in the 3D volume of the snow microstructure chosen randomly under geometrical constraints depending on the mixing state (see Fig. 4.4).

(2a) External mixing: In this mixing state, the particles are floating in the pores of the snow microstructure. First, the dust particle is translated to an uniformly random point of the 3D volume. Then, a first check verifies if the particle is in contact with the air/ice interface. If not, another check verifies if the particle is inside or outside the ice phase (through a signed distance function in trimesh, which depends on the facets' normals). If it is located inside the ice phase, it is again translated in the direction of the closest facet of the mesh. The contact and inside/outside check is repeated until the particle is correctly located in the air phase.

(2b) Internal mixing: In this mixing state, the dust particle is located inside the ice phase. The process to translate the particle is similar to that described above, but in opposite direction (a particle inside the ice phase is correctly located, and a particle in the air phase is translated until it is located in the ice phase).

(2c) Interface mixing: In this mixing state, a physical contact between the dust particle and the air/ice interface is desired, so the dust particle location process is a bit different. First, a triangular facet of the snow microstructure mesh is randomly selected. Then, the center of the dust particle is translated to the center of this facet and a Boolean difference between the snow microstructure mesh and the dust particle is computed. In other words, the snow microstructure mesh is partially opened as if the dust particle was in contact with it (in particular, as if half the particle was located inside the ice phase), and then repaired (re-meshed) in order to have the same triangular pattern as the dust particle. This operation takes a non-negligible amount of time, close to a minute for each dust particle, which is approximately an order of magnitude longer than for the other two mixing states.

Eventually, in the interface (the contact area), for each facet of the ice phase, there will be another overlapping facet of the dust particle. Note that this algorithm does not yield a perfect uniform random position on the interface (because the size of the facets vary and because the dust particle is moved to the center) but this simplification is required for computational reasons (time and correctness of the final mesh). The choices made here to represent the presence of dust in snow is a simplified representation of natural polluted snow. First, the dust particles are all identical. Second, the generated dust particles are large (sphere radius of 7.5 µm) because the RSRT models relies on the geometric optics approximation, which states that the wavelength needs to be small enough compared to the object. Small dust particles (with radius lower than ≈ 5 µm) are therefore not suitable. The selected sphere radius (i.e. 7.5 µm) is in accordance with the average values measured for a recent Sahara outbreak in the Pyrenees and Alps [START_REF] Dumont | Spatial variability of Saharan dust deposition revealed through a citizen science campaign[END_REF]. This choice also allows a reasonable computational cost when large amounts of dust particles need to be generated (dust content > 50 ppm). For instance, the dust particles generation and location on a snow microstructure image of high density (i.e. melt forms) takes several hours, and up to a day of computing time for dust contents higher than 50 ppm. Table 4.1 summarizes the different snow-dust mixing states, with details on the snow samples and dust content. The spatial distribution of the dust particles within the snow volume is uniform along the vertical and horizontal.

Main changes to the ray-tracing algorithm

The changes in the mesh preparation involved some changes to the ray-tracing algorithm.

Every time there is an intersection between the rays and the mesh, the choice between refraction and reflection depends at a material X / material Y interface is controlled by the real part n of the corresponding complex refractive indices. In the case of pristine snow, only two types of transitions existed: from air to ice and vice versa1 . With the inclusion of dust, there are more possible types of transitions. In this case, we assign an index to the facets corresponding to each material (ice or dust), so when the raytracing algorithm searches for the next intersection with the mesh, it accounts for this index, identifies the facet as ice or dust, and then uses the corresponding optical properties of each material. When the transition is of type air to ice/dust (or vice versa), which is equivalent to the cases of external and internal mixing, no further modifications in the algorithm are needed. On the contrary, when the transition is of type ice to dust (or vice versa), which is equivalent to the interface mixing, some modifications are needed. In this particular case, in the areas of contact between ice and dust there are many overlapping facets. However, this physical contact is not perfect because of small rounding errors, and in practice we have two facets very close to each other. Therefore, in these areas the model checks if there are overlapping facets by searching the two next closest intersections instead of only the first one in the normal ray-tracing algorithm, the second one with a slightly increased distance with respect to the first one. By doing so, the refraction/reflection decision is correctly done by considering that the ray first exits material X and right after enters material Y.

On the other hand, the absorption within each material remains unchanged, i.e. controlled by the ice or dust absorption coefficient γ(λ):

γ(λ) = 4π n i (λ) λ (4.2)
with n i (λ) the imaginary part of the complex refractive index of ice or dust. The rays propagate and their intensity decreases with the corresponding absorption coefficients depending on the material in which they propagate.

Optical properties of the dust particles

Absorption within a given material and the choice between refraction and reflection depend on the complex refractive indices of both ice and dust. In contrast with the ice refractive index n, the real part of the refractive index is assumed here to have a constant value that do not depend on the wavelength. n dust = 1.52 in accordance to the compilation of Di Biagio et al. ( 2019), which corresponds to the mean value of the 19 different dust samples, with a standard deviation of 0.04. This value is also close to that used by SNICAR for Saharan and Colorado dust (i.e. ≈ 1.50 and 1.52, respectively).

As introduced in Sect. 4.2.1, the imaginary part of the refractive index of dust, n i,d , controls absorption within the dust particles, but there are still large uncertainties associated with its value. Indeed, it depends on the mineralogy of the dust particles and therefore varies across the globe. Recent studies showed that a two-fold variation in n i,d may result in differences up to 0.1 in the reductions of snow albedo caused by dust (He et al., 2019a;[START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF], so different values of n i,d have been implemented in the RSRT model (Figure 4.2). All these values come from the compilation of Di Biagio et al. ( 2019), with a focus on dust originating from Sahara region (main origin of deposited dust in the Alps), but also considering the mean, 10th-and 90th-percentile of the whole compilation. Although these values are provided for 7 particular wavelengths in the 370 to 950 nm wavelength range, a PCHIP 1-D monotonic cubic interpolation is performed to complete the entire range. The value for Saharan dust that is implemented in SNICAR [START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF][START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF] is also used here as it is interesting to compare different sources for the same region.

The differences in absorption between sources are significant, almost a 10-fold factor between the least and the most absorbent dust, and remain approximately constant all along the 370 to 950 nm range. In this chapter, all these values for n i,d have been used for different purposes and their influence is discussed in the following.

Results

Model evaluation against SNICAR

The RSRT simulation results are first compared and evaluated against a commonly used snow optical model, the most recent published version of SNICAR (i.e. SNICAR-ADv3 - [START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF]. This model allows computing the spectral albedo of a snowpack polluted with different impurities, including dust.

SNICAR considers snow as a granular medium, so the needed inputs have been selected to match as close as possible the physical and optical properties of the corresponding snow microstructure image. This is, the snow density and snow SSA (or equivalently, the effective radius for SNICAR) used as input are those of the evaluated snow sample. The snow grain shape can also be defined. Among the 4 different shapes proposed in SNICAR, an hexagonal plate is the default grain shape, and it has been used here. Both RSRT and SNICAR use the same ice refractive index given by [START_REF] Picard | Refinement of the ice absorption spectrum in the visible using radiance profile measurements in Antarctic snow[END_REF].

The optical properties of dust are determined from the same dust source, the Saharan dust from the compilation of [START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF]. The size of dust particles is similar to that of the generated ones. In particular, a 10-100 µm diameter is set as input in SNICAR. It is important to note that only the external dust-snow mixing state is incorporated in SNICAR. compare well, this is, the almost constant snow albedo below 500 nm, and the dome-like spectral pattern between 500 and 700 nm, particularly for the highest dust content. There is however a slight underestimation of the snow albedo by the RSRT model, even in the NIR spectral region (> 800 nm) where the influence of dust is less important. This could be explained by the use of the hexagonal plates as the snow grain shape in SNICAR, instead of the real snow microstructure. As discussed in Chapter 3 and shown in Fig. 3.9, using a different optical shape has an impact in snow albedo. For a given SSA, snow represented by hexagonal plates tends to yield a higher albedo than snow represented by its microstructure (Fig. 3.9b, d), which explains the small bias in albedo between SNICAR and RSRT. Overall, the differences are small enough to consider the RSRT model to be consistent with SNICAR.

Sensitivity of the optical properties to the imaginary part of the refractive index of dust n i,d

Before assessing the role of the different dust-snow mixing states, this section explores the sensitivity of the modeled optical properties of polluted snow to the different values for the imaginary part of the refractive index of dust n i,d .

Figure 4.6 shows the modeled spectral albedo in diffuse illumination conditions with a varying n i,d . For low dust content (i.e. 20 ppm -Fig. 4.6 a,b), the differences in albedo between the various sources are small, up to 0.02 for an external mixing state. In the case of an internal mixing, differences are slightly higher (up to 0.03 in the 500-600 nm wavelength range), and overall the albedo reduction with respect to pure snow is larger. For higher dust content in snow (i.e. 100 ppm -Fig. 4.6c,d), the albedo reduction is higher as well, of up to 0.08-0.10 in the visible, depending on the chosen dust absorption. Differences between the different types of dust are also larger for higher dust contents, in particular for an internal mixing state (up to 0.05 in albedo). Dust originating from similar regions can yield different snow albedo reductions. The Northern Africa-Sahara value in the Di Biagio et al. ( 2019) dataset (which corresponds closely to the mean value of the compilation), compares well to the Libyan dust. However, the absorption of the Saharan dust provided by [START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF] is higher, which results in a lower spectral albedo, with significant differences with high dust content and an internal mixing state. For low dust content, its presence in the snowpack noticeably impacts albedo up to ≈ 700 nm, whereas higher dust content impacts albedo up to longer wavelengths (≈ 900 nm). More generally, the differences in albedo reductions in the 700-900 nm region between the different n i,d increase with an increasing dust content. In other words, the choice of dust absorption in this spectral region has a significant impact for snow albedo only for high dust content.

The presence of dust in snow not only impacts snow albedo, but also the vertical profile of available sunlight in the snowpack. (c-d) Dust content is 100 ppm, with external and internal mixing states, respectively. The radius of the dust spherical particles is 7.5 µm. One snow microstructure is used in all cases (E17 sample, DF/RG), with snow SSA = 21.5 m 2 kg -1 . All simulations launch 10 5 rays in diffuse illumination conditions. of a pure and dust-polluted snowpack with varying n i,d at two different wavelengths (490 and 700 nm). In this case, dust content is 75 ppm, and is externally-mixed with snow. In the visible wavelengths (i.e. 490 nm), the polluted snowpack absorbs the intensity carried by the rays much more strongly than the dust-free snowpack. There are also considerable differences between the various dust sources. For instance, For instance, there is almost a 10fold increase in the vertical profiles of intensity between the most and less absorptive dataset Absorption is generally greater in the case of a polluted snowpack, but the differences to the dust-free case are drastically reduced. Moreover, the differences between the different dust sources become much smaller, so the impact of the choice of dust absorption is less critical than at shortest wavelengths. 4.1), polluted with 50 ppm of two different types of dust, internally-mixed with snow.

The dust-induced albedo reductions strongly vary depending on the sample, the larger reductions corresponding to the lower snow SSA (Fig. 4.8c), which is consistent with previous modeling works (e.g. He et al., 2019a;[START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF][START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF]. The sensitivity to different n i,d values varies in the same way with the snow sample: higher SSA (i.e. fresh snow -Fig. 4.8d) results in small variations in albedo between both n i,d (of ≈ 0.01-0.02), while for low SSA, differences in albedo are up to 0.05. For every sample, the differences in snow albedo reductions for both refractive indices vary in a similar way throughout the 400-900 nm range, with an increase at 500-650 nm, and a rapid decrease from 700 nm onwards.

These results show the sensitivity of the modeled snow optical properties to the dust complex refractive index, and therefore the relevance of choosing given index in modeling. Significant radiative impacts can result from this uncertain choice, either in terms of albedo or in terms of vertical absorption in the snowpack. Differences in snow albedo between the multiple dust sources are greater with higher dust content and lower SSA, and are more prominent with an internal mixing state compared to a dust-snow external mixing.

In other words, the higher the absorption, the greater the differences between the different dust sources. In addition, the choice of a dust refractive index is critical in the visible wavelengths, but becomes less important especially from 700 nm onwards. This is, however, less valid for high dust content (> 75 ppm) and for more aged snow (i.e. melt forms).

Sensitivity of the optical properties to the dust-snow mixing state

The sensitivity of the modeled optical properties of polluted snow to the different mixing states (external, internal and interface) is explored in this section. Figure 4.9 shows the spectral albedo of a snowpack with different dust-snow mixing states and with increasing dust content. For low dust content in snow (20 ppm), the albedo reductions are almost similar for the three mixing states, with increasing differences at the shortest wavelengths. On the contrary, for higher dust content (100 ppm), the albedo reduction strongly depends on the mixing state. In the case illustrated in Fig. 4.9, and compared to an external mixing, an internal mixing involves an additional albedo decrease of up to 0.03 at the shortest wavelengths. From 600 nm onwards, the differences between the mixing states are smaller and become almost negligible at the NIR spectral region, which is also consistent with previous modeling efforts (e.g. He et al., 2019a;[START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF][START_REF] Shi | Enhanced light absorption and reduced snow albedo due to internally mixed mineral dust in grains of snow[END_REF].

One of the novelties of this ray-tracing approach is the opportunity to simulate an interface mixing state in which the dust particles are in contact with the air/ice interface. The snow albedo reduction in this configuration is found to be approximately halfway between the external and internal mixing state, and slightly closer to the internal mixing in the 500-750 nm wavelength range. 2019). The snow microstructure used is the TG8 sample (FC/DH), with snow SSA = 16.7 m 2 kg -1 . Note that the complete vertical profile in pure snow for 490 nm is not shown to capture the different details of the polluted snowpack profiles.

The simulated vertical profile of available sunlight in a polluted snowpack depends also on the dust-snow mixing state. Figure 4.10 shows the intensity profile in a snowpack with 50 ppm of Libyan dust [START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF] at two wavelengths (490 and 740 nm). As in Fig. 4.7, for the shortest wavelength, the snowpack becomes considerably more opaque when dust is added, which evidences the potent light-absorbing ability of this impurity in this spectral region. The internal mixing generally results in more absorption than the other two mixing states throughout the snowpack, followed however closely by the interface mixing.

On the contrary, at longer wavelengths (i.e. 740 nm -Fig. 4.10b), the differences between them are almost none, which confirms that an accurate representation of the mixing state is less crucial when we approach the NIR spectral region, at least for low dust content as the case in Fig. 4.10.

Enhancement factor and mixing efficiency

In order to better quantify and compare the albedo reductions due to the different dustsnow mixing states, two quantities are introduced in the following. First, the enhancement factor E ∆α , as defined by He et al. (2019a); Shi et al. (2022a), refers to the ratio of the snow albedo reduction due to an internal or interface mixing (∆α int, intf ) to that due to external mixing (∆α ext ). In other words, compared to an external mixing, E ∆α quantifies how the snow albedo darkening increases due to an internal or interface mixing state:

E ∆α = ∆α int, intf ∆α ext (4.3)
Second, the mixing efficiency E ∆ppm refers to how much interface-or internally-mixed dust is needed to reduce snow albedo as much as a given externally-mixed dust content.

For each mixing state at a particular wavelength, a cubic polynomial function is fitted to the corresponding albedo reductions. E ∆ppm is then computed as the ratio of the amount of externally-mixed dust to the amount of interface-or internally-mixed dust for a given snow albedo reduction. 3 in the visible wavelengths depending on the snow grain size and shape. For the interface mixing, there are no large differences in E ∆α due to the different dust sources, E ∆α varies from 1.16 to 1.19, but for the more-aged and coarser snow sample (melt form -Fig.

4.11d

), E ∆α decreases to ≈ 1.10, however with higher errors.

The internal and interface mixing efficiencies (E ∆ppm ) for different dust contents are presented in Fig. 4.12. In the left panel, the snow albedo reductions for the three different (i.e. > 600 nm), the mixing efficiencies vary depending on the dust content, so no strong conclusions can be drawn. Nevertheless, it is interesting to note that in this region, for the dust contents in the upper limit of the studied range (80-100 ppm), the interface mixing efficiency closely approaches the internal one, which is coherent with the results presented in Fig. 4.9.

These results confirm that the interface mixing state is approximately halfway between the external and internal mixing states. Considering that the external mixing is extensively used, in particular for dry deposition events, and that the interface mixing is a less simplified representation of these events, these enhanced snow albedo reductions found here should be accounted for in models. Moreover, this implies that methods depending on snow reflectance to derive dust content in snow (e.g. remote sensing retrievals - [START_REF] Dumont | Accelerated Snow Melt in the Russian Caucasus Mountains After the Saharan Dust Outbreak in March 2018[END_REF] should consider the different dust-snow mixing states, in particular if they rely on the snow reflectance at wavelengths in the visible spectral region.

Discussion, open questions and concluding remarks

A snowpack polluted with dust absorbs considerably more sunlight in the blue region (450 to 500 nm) compared to the rest of the visible spectral region, which explains the reddish color of snow when dust is present in it. The albedo reductions increase with an increasing dust content and snow grain size or equivalently a decreasing snow SSA. To our knowledge, this is the first time that a snow radiative transfer model has combined an explicit representation of the snow microstructure with a detailed representation of the different dust-snow mixing states. In addition to the commonly implemented external mixing and the (yet) rarely used internal mixing, an interface mixing in which the dust particles are in contact with the air/ice interface has been implemented during this thesis. This novel mixing state is a less simplified representation of how the dust particles and the snow microstructure interact, and one can argue that it is probably the most reasonable representation in case of dry deposition of dust on snow. In that case, the commonly used external mixing, that represents dust particles suspended in the air between the snow grains might be replaced by this new interface mixing. The results presented here show that this has consequences for the snow optical properties, as an interface mixing reduces snow albedo almost a 20% more efficiently than a pure external mixing. Considering that the internal mixing reduces snow albedo a 30-40% more efficiently than external mixing, this implies that the difference in the radiative impacts between dry and wet deposition of dust on snow might be lower than currently thought. In other words, if dust is no longer assumed to be floating in the air pores, and is instead assumed to be in contact with the air/ice interface, the choice between the mixing states has a lower influence on the modeled snow optical properties. However, this modeling approach has also some limitations and simplifications that are more rigorously treated by other approaches. To date, all the dust particles are equal, so no size distribution is implemented here, which influences the radiative impacts of impurities in snow [START_REF] Flanner | Enhanced solar energy absorption by internally-mixed black carbon in snow grains[END_REF]He et al., 2019a). This should be easily implemented in the future, and by taking some precautions to comply with the geometric optics limitations, the impact of particles of varying size could be assessed. Another source of uncertainty comes from considering the dust particles as spheroids [START_REF] Kahnert | Mie simulations as an error source in mineral aerosol radiative forcing calculations[END_REF][START_REF] Huang | Linking the Different Diameter Types of Aspherical Desert Dust Indicates That Models Underestimate Coarse Dust Emission[END_REF].

Recently, Shi et al. (2022b) demonstrated that the dust particle non-sphericity enhance the albedo reductions up to 20%, a comparable radiative impact to that of the different mixing states. Future work should build upon these works (e.g. Shi et al., 2022b, and references therein) to represent the shape of dust particles as appropriately as possible.

(a) (b) (c) Furthermore, regarding the spatial distribution of the dust particles in the snowpack, a quite simple solution has been adopted here: the particles are generated with an uniform distribution in the snow microstructure volume. This is a simplified vision of the dust particles dynamics in the snowpack, which for instance tend to accumulate at the snowpack surface after the melt onset, or even enter the ice matrix due to sublimation-condensation processes under certain conditions [START_REF] Hagenmuller | Motion of dust particles in dry snow under temperature gradient metamorphism[END_REF]. This simplification might affect the radiative impacts of dust, as albedo tends to decrease more when the mass of impurities is concentrated in the top centimeters of the snowpack compared to when it is vertically distributed over several layers of the snowpack [START_REF] Aoki | Effects of snow physical parameters on spectral albedo and bidirectional reflectance of snow surface[END_REF][START_REF] Dumont | Contribution of light-absorbing impurities in snow to Greenland's darkening since 2009[END_REF]. Regarding the representation of the physical contact between ice and dust, i.e. the interface mixing, some uncertainties still remain. Recent X-ray tomography acquisitions of snow samples containing dust are shown in Fig. 4.14 (these images were provided by Pascal Hagenmuller and Frédéric Flin from the CNRM and acquired in the framework of the ANR JCJC EBONI project -personal communication). In these 2D grayscale images, the dust particles are the tiny and brightest parts of the image, and they seem to accumulate in preferential areas of the snow microstructure volume, likely in the most convex areas. This clumping effect, i.e., the tendency of particles to gather or cluster together, highlights that the uniform representation implemented here is oversimplified. These recent images would be an excellent starting point for a better treatment of the spatial distribution of dust in the ice/air matrix, which should lead to a better understanding of their radiative impacts.

The dust elemental composition greatly impacts its optical properties, as minerals with oxidized iron tend to strongly absorb light [START_REF] Caponi | Spectral-and size-resolved mass absorption efficiency of mineral dust aerosols in the shortwave spectrum: A simulation chamber study[END_REF]. The results presented in this chapter show that the choice of a dust complex refractive index (n i,d ), and therefore the dust source, can induce differences in the albedo reductions up to 0.05 for a relatively high dust content (100 ppm). These differences between the different dust sources increase with an increasing dust content and a decreasing snow SSA, and are greater in the case of an internal mixing state. When comparing the albedo reductions due to the different dust-snow mixing states, a different dust absorptivity also results in different albedo reduction enhancements (E ∆α ). Here, the enhancement factor generally increases for more absorbing dust. However, this is in disagreement with the results of He et al. (2019a), which found a stronger E ∆α for the less absorbing dust.

In addition to the complex choice of a dust source for modeling purposes, the determination of the dust particle refractive index suffers also from several uncertainties. These are related to the assumption made on the particle shape, which is generally represented as a sphere so that Mie theory can be used to retrieve the refractive index. This means that, besides impacting the light propagation in the polluted snowpack (Shi et al., 2022b), the assumption of a given shape of the dust particles may have an impact on the retrieved dust refractive indices currently used in modeling [START_REF] Otto | Solar radiative effects of a Saharan dust plume observed during SAMUM assuming spheroidal model particles[END_REF][START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF]. Accounting for shape effects is a challenging task that is still not accurately treated, so the potential uncertainties that are induced by this simplification need to be acknowledged.

The evaluation of the RSRT simulation results against a commonly used snow radiative transfer model (SNICAR) showed that the radiative impacts due to the different dust-snow mixing states are mostly overlooked. Thus, failing to consider the enhancement of snow albedo reductions through the different mixing states could lead to significant biases. To reduce these biases, the computed values of the enhancement factor E ∆α can potentially be used as a scaling factor in this kind of models. Combining this with an accurate representation of the optical shape of snow (see Chapter 3) will certainly increase the accuracy in the modeled dust-induced snow albedo reductions. Moreover, efficient models as SNICAR can be subsequently used to develop increasingly accurate snow albedo parameterizations for a convenient application to land or climate models [START_REF] Dang | Parameterizations for narrowband and broadband albedo of pure snow and snow containing mineral dust and black carbon[END_REF]He et al., 2019a). Beyond climate simulations, many methods rely on the snow reflectance to derive or monitor the evolution of the dust content at the snowpack surface, such as optical remote sensing retrievals [START_REF] Mauro | Impact of impurities and cryoconite on the optical properties of the Morteratsch Glacier (Swiss Alps)[END_REF][START_REF] Dumont | Accelerated Snow Melt in the Russian Caucasus Mountains After the Saharan Dust Outbreak in March 2018[END_REF]. These methods would undoubtedly benefit from this refined knowledge of the dust-snow-radiation interplays, which will result in a better characterization of the snowpack evolution.

The presence of dust in snow has a potent impact on the three-dimensional interactions of sunlight with snow at the microscopic scale. All the presented results in this chapter will hopefully help to better comprehend and characterize radiative transfer in polluted snowpacks, and contribute to guide the future developments of snow radiative transfer models.

Introduction

The snow cover undulations at the meter to kilometer scale significantly impact radiative transfer, for instance because of the modulation of the short-wave incoming radiation by the local slope, the shadows and the short-wave and long-wave re-illumination of the surface from nearby slopes. At this macroscale, these variations in radiative components can cause surface temperature differences of several degrees Celsius across a kilometer-wide mountainous area, independent of the near-surface meteorological forcing. Moreover, they are quite challenging to model [START_REF] Marks | A clear-sky longwave radiation model for remote alpine areas[END_REF][START_REF] Dozier | A clear-sky spectral solar radiation model for snow-covered mountainous terrain[END_REF][START_REF] Duguay | Radiation Modeling in Mountainous Terrain Review and Status[END_REF][START_REF] Plüss | Longwave radiation on snow-covered mountainous surfaces[END_REF], and traditional large-scale radiative transfer models, assuming flat terrain, become systematically biased in such complex terrains [START_REF] Fan | Modeling study of the impact of complex terrain on the surface energy and hydrology over the Tibetan Plateau[END_REF][START_REF] Lee | Impact of 3-D Radiation-Topography Interactions on Surface Temperature and Energy Budget Over the Tibetan Plateau in Winter[END_REF][START_REF] Lalande | Climate change in the High Mountain Asia in CMIP6[END_REF].

The objective of this chapter is to quantify the influence of a series of topographic effects on the surface energy budget of snow-covered mountainous terrain. These effects include shadows of all types, or the fact that in such terrain, it is likely that the incident radiation bounces within the topography before escaping to the atmosphere, enhancing absorption compared to a flat surface [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF]. This is called the re-illumination effect, and it can be particularly marked in valleys because of trapping effects. Related to this, another effect is linked to the fact that in steep terrain, the amount of visible sky strongly varies between different locations. The sky-view factor quantifies the fraction of sky radiance received at a location under the assumption of isotropic sky radiation, and is commonly employed to account for phenomena such as diffuse short-wave radiation and the exchange of long-wave emission between nearby slopes (e.g. [START_REF] Dozier | A clear-sky spectral solar radiation model for snow-covered mountainous terrain[END_REF][START_REF] Müller | A Grid-and Subgrid-Scale Radiation Parameterization of Topographic Effects for Mesoscale Weather Forecast Models[END_REF][START_REF] Liou | A WRF simulation of the impact of 3-D radiative transfer on surface hydrology over the Rocky Mountains and Sierra Nevada[END_REF][START_REF] Lee | Impact of 3-D Radiation-Topography Interactions on Surface Temperature and Energy Budget Over the Tibetan Plateau in Winter[END_REF]. Among other effects related to the presence of topography, this short list highlights that in order to achieve precise estimations of the surface energy budget and accurately predict the snowpack evolution, advanced three-dimensional radiative transfer modeling is essential [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF][START_REF] Steger | HORAYZON v1.2: an efficient and flexible ray-tracing algorithm to compute horizon and sky view factor[END_REF]. A profound comprehension of these complex interactions is crucial for improved climate and environmental studies in mountainous areas.

In order to describe these 3D radiative transfer effects, a different configuration of the The main results of this study were published in the peer-reviewed, open access journal (The Cryosphere), and are presented in Sect. 5.3. In this chapter, some details of the ray-tracing particularities at this macroscale are also presented, along with some additional conclusions and perspectives.

To the reader, note that the notion of absorption enhancement used in this chapter differs from the one in the previous chapters. Here, the absorption enhancement is related to multiple scattering within the topography, and therefore illustrates the fact that in complex terrain, the total probability of absorption of a given incident photon is thereby increased at every bounce compared to a flat or smooth surface where at most one bounce occurs [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF].

Ray-tracing at the macroscale: main particularities

This section describes the main features of the RSRT model in the macroscale configuration. This initial development of RSRT aimed to compute the snow albedo over rough surfaces [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF]. In this macroscopic configuration, the required input is a threedimensional representation of the snow surface, which is described by a triangular mesh that can be easily derived from a digital elevation model (DEM). In this chapter, the study area corresponds to a 50 km 2 mountainous area around the Col du Lautaret site in the French Alps (Fig. 5.1). Using a DEM with spatial resolution of 10 m, this results in a surface mesh of approximately 1 million triangular facets.

The main ray-tracing characteristics are similar to that described in Sect. 2.4.2 for the microscale. The basic idea behind this approach is to launch a set of rays towards a modeled surface and follow them until they are either absorbed in snow or escape from the scene.

Compared to the microscale, the initialization of the ray-tracing algorithm does not change, this is, the origin of each ray is randomly generated in a horizontal plane above the modeled surface, and its initial direction can be either representative of incoming direct radiation (defined by θ 0 and φ 0 ) or purely diffuse radiation. However, the interactions between the rays and the modeled surface are different. Every time there is an intersection between the ray and the mesh, instead of choosing between reflection and refraction, only Lambertian reflections are considered in this configuration. In this case, the change in direction is taken randomly from the cosine-weighted hemispherical distribution. The algorithm iterates as long as the ray propagates from facet to facet and stops only when the ray escapes from the scene or when a maximum number of bounces is reached. Note that the RSRT model only computes the possible geometric trajectories of the rays in the given mesh. The main simulation result is the number of times that rays have hit a given facet as a function of the bounce order (first reflection, second reflection, ...). It accounts for the direct radiation received by a given facet (i.e. first reflection), but also the re-illumination coming from nearby slopes (rays at their second or subsequent reflection). This information is then used to calculate the incident and reflected short-wave radiation for each facet (see Sect. 5.3.2.1.1). The calculation of the net long-wave radiation involves the sky-view factor, which is computed also with the RSRT model. Here, it is equal to the proportion of the launched rays hitting a given facet on their first reflection in diffuse illumination conditions.

The snow surface temperature is eventually estimated for each facet of the modeled surface by closure of the whole energy budget (including the net short-wave and long-wave radiation and turbulent heat fluxes, see Sect. 5.3.2.1.4).

Figure 5.1: Three-dimensional representation of the snow surface, described by a triangular mesh and derived from a digital elevation model. In this case, the study area is of ≈ 50 km 2 , centered at the Col du Lautaret site (French Alps).

5.3 Article: Modelling surface temperature and radiation budget of snow-covered complex terrain Robledano, A., Picard, G., Arnaud, L., Larue, F., and Ollivier, I.: Modelling surface temperature and radiation budget of snow-covered complex terrain, The Cryosphere, 16, 559-579, doi: 10.5194/tc-16-559-2022Cryosphere, 16, 559-579, doi: 10.5194/tc-16-559- , 2022.

Abstract

The surface temperature controls the temporal evolution of the snowpack, playing a key role in metamorphism and snowmelt. It shows large spatial variations in mountainous areas because the surface energy budget is affected by the topography, for instance because of the modulation of the short-wave irradiance by the local slope, the shadows and the short-wave and long-wave re-illumination of the surface from surrounding slopes. These topographic effects are often neglected in large-scale models considering the surface to be flat and smooth.

Here we aim at estimating the surface temperature of snow-covered mountainous terrain in clear-sky conditions in order to evaluate the relative importance of the different processes that control the spatial variations. For this, a modeling chain is implemented to compute These results show the necessity of considering the topography to correctly assess the energy budget and the surface temperature of snow-covered complex terrain.

Introduction

The snow cover is rarely flat and smooth on Earth. Undulations exist over a very large range of scales, from the centimeter to the kilometer scale. At the centimeter and meter scale, ripples, snow dunes and erosion features (sastrugi) formed by wind usually coexist [START_REF] Filhol | Snow bedforms: A review, new data, and a formation model[END_REF]. Penitents (spike formations of snow and ice; [START_REF] Lliboutry | The Origin of Penitents[END_REF]) are also found in some particular conditions. At the decameter to kilometer scale range, the snow surface topography is mostly determined by the underlying soil or ice topography [START_REF] Revuelto | Multi-Criteria Evaluation of Snowpack Simulations in Complex Alpine Terrain Using Satellite and In Situ Observations[END_REF]. Because of all these undulations, the surface temperature can vary by several degrees Celsius across a study area, even without significant differences in the near-surface meteorological forcing (incident radiation, wind, air temperature, humidity). Terrain slope and orientation and the presence of facing neighboring slopes cause significant variations in the surface energy budget and more specifically in the radiative components. An abundant amount of literature has investigated how the short-wave (SW) and long-wave (LW) radiation is distributed across a complex terrain [START_REF] Marks | A clear-sky longwave radiation model for remote alpine areas[END_REF][START_REF] Duguay | Radiation Modeling in Mountainous Terrain Review and Status[END_REF][START_REF] Plüss | Longwave radiation on snow-covered mountainous surfaces[END_REF], often for applications in mountainous areas. This study aims at quantifying the relative importance of a series of topographic effects that control the surface energy budget and the surface temperature. These effects are illustrated in Fig. 5.2 and summarized in Table 5.1. The first effect is the combination of the shadowing from local horizons (cast shadows) and the modulation of the direct solar irradiance depending on the face slope and aspect relative to the sun's position. This modulation depends on the local solar zenith angle (SZA). Self-shadowing occurs when the face completely turns away from the sun (local SZA < 0 or > 90°). [START_REF] Chen | Estimation of surface energy fluxes under complex terrain of Mt. Qomolangma over the Tibetan Plateau[END_REF] accounted for this first effect, all the other terms of the energy budget being calculated as for flat terrain.

This approximation is called "small slope approximation" by [START_REF] Picard | Spectral albedo measurements over snow-covered slopes: Theory and slope effect corrections[END_REF] and is valid for gentle slopes up to ≈ 20°. [START_REF] Arnold | Topographic controls on the surface energy balance of a high Arctic valley glacier[END_REF] Absorption enhancement due to multiple scattering within the topography is an additional effect, particularly important in steep terrains. It is indeed likely that the incident photons in such a terrain encounter more than one bounce between the terrain slopes before escaping to the sky or being absorbed in the snow. The total probability of absorption of a given incident photon is thereby increased at every bounce compared to a flat or smooth surface where at most one bounce occurs [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF]. [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] experimentally quantified this effect by measuring spectral albedo over artificial rough surfaces, showing a decrease in albedo (i.e. increase in absorption) on the order of 0.03-0.08 in the visible and near-infrared compared to a smooth surface. This range was confirmed in the SW using optical models for rough surfaces [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF][START_REF] Leroux | Modeling the effect of sastrugi on snow reflectance[END_REF][START_REF] Lhermitte | Albedo over rough snow and ice surfaces[END_REF]. For real 3D terrains, ray-tracing and Monte Carlo techniques can take into account this effect [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] at the expense of intensive computation. [START_REF] Lee | Impact of 3-D topography on surface radiation budget over the Tibetan Plateau[END_REF] used similar methods to show the impact of including the topography on the surface radiation budget over the whole Tibetan Plateau. They found differences of ≈ 14 Wm -2 with respect to a flat-surface calculation. A simpler approach to account for multiple bounces is to add a mean contribution coming from neighboring slopes by assuming that they are illuminated as if they were flat [START_REF] Lenot | SIERRA: A new approach to atmospheric and topographic corrections for hyperspectral imagery[END_REF][START_REF] Olson | Terrain Induced Biases in Clear-Sky Shortwave Radiation Due to Digital Elevation Model Resolution for Glaciers in Complex Terrain[END_REF]. This contribution requires a value representing the effective albedo of neighboring terrain and is modulated by the sky-view factor of the slope. It is important to note that the absorption enhancement is not uniform; it is usually stronger in the valleys (trapping effect) than near the summits of the topography [START_REF] Lliboutry | The Origin of Penitents[END_REF].

In addition, most models cited above consider only broadband SW fluxes, neglecting the spectral dependence of snow albedo and incident radiation. The probable consequence is an inaccurate estimation of the absorption enhancement due to neglecting the large differ- ence in albedo between the visible and the near-infrared. In the visible, the albedo is high (typically over 0.95), implying intense multiple scattering but extremely weak absorption.

In contrast, the albedo is lower in the near-infrared and closer to the optimal albedo for enhancement (0.5), where multiple scattering and absorption are balanced [START_REF] Warren | Effect of surface roughness on bidirectional reflectance of Antarctic snow[END_REF].

The turbulent heat fluxes are important in the surface energy budget [START_REF] Brun | An energy and mass model of snow cover suitable for operational avalanche forecasting[END_REF], in particular during nights, as they balance the radiative cooling of the surface. These fluxes are difficult to parameterize when only a few in situ measurements are available [START_REF] Martin | Turbulent fluxes above the snow surface[END_REF]Pomeroy et al., 2016). In complex terrain, their spatial and temporal variations are mostly determined by the wind distribution around the relief and by the change in air temperature with elevation [START_REF] Rotach | On the boundary-layer structure over highly complex terrain: Key findings from MAP[END_REF].

The most advanced model to simulate surface temperature in a mountainous area is -to our knowledge -a commercial product [START_REF] Adams | Modeling variation of surface hoar and radiation recrystallization across a slope[END_REF][START_REF] Adams | Local terrain-topography and thermalproperties influence on energy and mass balance of a snow cover[END_REF] which includes not only a comprehensive energy budget modeling (including absorption enhancement and emission by faces), but also radiation penetration in the snow, different types of surface (snow, rock, tree), and the heat diffusion in the snow to describe the full temperature profile in the snowpack. The precise equations and approximations are however not known. In a study case in south-westerns Montana, USA, the model predicts spatial variations in temperature between -15 and 0 °C at 14:00 local time, with most of these variations being primarily explained by terrain type. This non-exhaustive review of approximations and models in the literature highlights the various effects related to the topography, the large number of possible approximations, and the different scales of application (meter-scale roughness and complex-terrain scales).

To investigate the relative importance of the topographic effects, this study aims at modeling the snow surface temperature variations in a mountainous area from radiometric and meteorological measurements at a single point. The modeling chain includes a 3D radiative transfer model, the Rough Surface Ray-Tracing (RSRT) model [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] 

SW net, f (θ s ) = SW net, dir, f (θ s ) + SW net, diff, f (5.2) SW net, dir, f (θ s ) = λ 1 λ 0 A dir, f (λ, θ s ) I dir (λ) dλ (5.3) SW net, diff, f = λ 1 λ 0 A diff, f (λ) I diff (λ) dλ (5.4)
where the direct and diffuse components of the absorbed SW radiation by every facet are computed using (i) and absorption coefficient A dir, diff, f , derived from the RSRT model, and

(ii) the spectral irradiance coming from the sky I dir, diff (λ), issued from the SBDART model.

The integration is between λ 0 =300 nm and λ 1 =4200 nm to cover all the solar radiation spectrum.

A direct way to compute the absorbed SW radiation by each facet would be to use the ray-tracing RSRT model to trace many photons for every wavelength in the solar spectrum.

Nevertheless, with millions of facets and hundreds of wavelengths, this approach would imply an enormous computational cost due to the inefficiency of the Monte Carlo ray-tracing method. To overcome this, we take advantage of the result of the RSRT model to account for multiple bouncing. In this model, each launched photon has an initial propagation direction specified by the zenith and azimuth angles and a random initial position above the mesh.

The intersection between the photon direction and the mesh surface is first calculated. Then, to simulate a Lambertian reflection, the change in direction is taken randomly from the cosine-weighted hemispherical distribution. The algorithm iterates as long as the photon propagates from facet to facet and stops only when the photon escapes from the domain or when a maximum number of bounces is reached (noted n max ). No albedo and no absorption are involved at this stage; RSRT only computes possible geometric trajectories of photons in the given mesh. The number of photons launched is 4•10 8 , and edge effects are avoided by excluding the outermost 15% of the mesh area.

The RSRT model records the number of times photons have hit a given facet as a function of the bounce order of the photon (first reflection, second reflection, ...). It is hereafter noted

n (i)
hit, d, f and corresponds to the proportion of photons that directly hit the facet at their i-th reflection (from i=0, and d is dir or diff depending on the illumination conditions -direct or diffuse). Assuming that the area has a uniform albedo (same snow properties everywhere in the domain) and that the reflections are Lambertian, the absorption coefficient A dir, diff, f is computed by taking into account (i) the spectral dependence of snow albedo and (ii) the fact that the illumination received by each facet is the sum of the illumination from photons at their first reflection and the multiple bounce contribution, considered to be diffuse illumination from photons at their second reflection, third reflection, etc. The coefficient is determined with

A dir, f (λ, θ s ) = [1 -α dir (λ, θ s )] n (0) hit, dir, f + [1 -α diff (λ)] α dir (λ, θ s ) i=n max i=1 α i-1 diff (λ) n (i) hit, dir, f (5.5) A diff, f (λ) = [1 -α diff (λ)] i=n max i=0 α i diff (λ) n (i) hit, diff, f (5.6)
where θ s is the local solar zenith angle, and α dir, diff (λ, θ s ) is the snow spectral albedo under direct and diffuse illumination. Here, these albedos are computed using the asymptotic radiative transfer (ART) theory [START_REF] Kokhanovsky | Scattering optics of snow[END_REF], whose formulation is presented in the Appendix A1. The calculation needs the snow specific surface area (SSA) as input. If not specified, a standard value of 20 m 2 kg -1 is assumed in the modeling.

The spectral irradiance coming from the sky I dir, diff (λ) is computed with the SBDART model. This model computes the atmospheric transmission and scattering (Mie theory). The simulations are run in the spectral range 300-4200 nm by steps of 3 nm. Here, a generic midlatitude winter atmospheric profile os assumed, and the aerosol optical depth at 550 nm is 0.08 ("rural" profile in SBDART). The elevation is 2052 m a.s.l. (see Sect. 5.3.2.2), and solar zenith and azimuth angles correspond to the desired date and time.

The net broadband SW radiation of each facet is eventually calculated by means of Eq. 5.2. (5.9)

In complex terrain facets receive radiation not only from the atmosphere but also from the surrounding slopes. Computing this contribution requires the facet surface temperature, which is precisely unknown. We proceed by iteration in two steps: in the first step, we neglect the thermal emission from the surrounding facets. This leads to a first estimate of the surface temperature (Sect. 5.3.2.1.4) that is then used in the second step to account for the emission of surrounding terrain. The average upwelling LW flux from each facet (LW u, scene-average ) is computed from the average surface temperature of the whole domain with the Stefan-Boltzmann equation. This thermal emission is a constant; we neglect the possible variations in temperature around each facet. The updated downwelling LW flux on each facet is eventually calculated with

LW d, f, updated = V f LW d, f + (1 -V f ) LW u, scene-average (5.10)
where V f is the sky-view factor calculated with RSRT. V f is different for each facet: those in the valley receive more LW radiation from the surrounding slopes than facets at the summits of the domain. The sky-view factor is indeed equal to the proportion of the launched photons hitting a facet on their first bounce in diffuse illumination, namely V f = n (0) hit, diff, f . The upwelling long-wave radiation, LW u, f is determined by the Stefan-Boltzmann law: 5.11) with snow emissivity ϵ = 0.98 and T s the snow surface temperature of the facet.

LW u, f = ϵ σ T 4 s + (1 -ϵ) LW d, f ( 

Turbulent heat fluxes

While the main focus of this work is on the role of the topographic effects controlling the radiation budget of the surface, the turbulent heat fluxes also need to be assessed to close the surface energy budget. We follow a simple modeling approach; potential improvements are left to further work in the future. The sensible and latent heat fluxes are calculated following the one-level approach:

H f = ρ air c p, air C H U (T s -T air ) (5.12) L f = L s ρ air C H U • (q sat (T s , P s ) -q air ) (5.13)
where ρ air and c p,air are the density and heat capacity of the air; U is the wind speed, T air is the air temperature; L s is the sublimation heat; q sat (T s , P s ) is the saturation specific humidity at the snow surface, with surface temperature T s and pressure P s ; and q air is the specific humidity at the level where air temperature and humidity are measured. C H is a surface exchange coefficient which in principle depends on atmospheric stability. For the sake of simplicity, a neutral situation is considered here. C H therefore depends only on the aerodynamic roughness length z 0 , assumed constant across the domain and equal to 10 -3 m following previous works [START_REF] Brock | Measurement and parameterization of aerodynamic roughness length variations at Haut Glacier d'Arolla, Switzerland[END_REF]. The expression of this coefficient is provided in the Appendix A2, and the values of the defined symbols are presented in the Appendix B.

The air temperature and wind speed are taken from the meteorological station (Sect. 5.3.2.2).

T air accounts for the variations in altitude within the domain in a similar way as the downward LW flux (Sect. 5.3.2.1.2), via a lapse rate effect (Eq. 5.8). Wind speed and relative humidity are however considered constant. Note that the specific humidity is deduced from the relative humidity and air temperature, so it indirectly depends on altitude.

The ground heat flux (G) is neglected here as the snowpack is considered thermalised. We assume that no energy is exchanged with the snowpack, which is checked in the discussion (Sect. 5.3.4.2).

Snow surface temperature estimation

The equation of the surface energy budget (Eq. 5.1) with explicit T s dependencies is

SW net, f + LW d, f, updated -LW u, f T s 4 + H f (T s ) + L f (q sat (T s )) = 0 (5.14)
The equation is solved to determine the unknown T s for each facet f . However this equation is non-linear due to the T 4 s term (upwelling LW radiation) and the complex dependence of the saturation specific humidity at the surface to T s . Solving such an equation for millions of facets can be computationally intensive. To avoid this issue, we linearize the specific humidity at saturation about T air , as in [START_REF] Essery | Parameter sensitivity in simulations of snowmelt[END_REF]:

q sat (T s , P s ) = q sat (T air , P s ) + (T s -T air ) • q ′ sat (T air , P s ) (5.15) where:

q ′ sat (T air , P s ) = q sat (T air , P s )q sat (T air -∆T , P s ) ∆T where a, d and e are a constant (for each facet). The general solution [START_REF] Neumark | Chapter 3 -Quartic equation[END_REF] of this equation is shown in the Appendix A3. The evaluation of this equation for a large number of facets is computationally efficient compared to using a non-linear optimization solver. to 3220 m a.s.l. The predominant orientation is south-south-west-, followed by north-northeast-facing terrain, and the slope varies mainly between 15 and 40°. Protruding vegetation is rare in the study area in winter and is neglected here. We assume that the snow cover is 100 %. The mesh required for simulations was built from the RGE ALTI®Version 2.0 digital elevation model (DEM) provided by IGN France (IGN, 2021), acquired using radar techniques in 2009. Its coordinate reference system is Lambert 93 (EPSG: 2154), and the original spatial resolution was 5 m. It was however resampled to 10 m to limit computational cost. To create the mesh, the center of each pixel is taken as a vertex. Each vertex is then connected to their four closest neighbors, which eventually leads to two triangular facets shared by the same vertex. [START_REF] Jin | A Practical Split-Window Algorithm for Retrieving Land Surface Temperature from Landsat-8 Data and a Case Study of an Urban Area in China[END_REF], mono-window techniques [START_REF] Tardy | A Software Tool for Atmospheric Correction and Surface Temperature Estimation of Landsat Infrared Thermal Data[END_REF], or single-channel approaches [START_REF] Jiménez-Muñoz | A generalized single-channel method for retrieving land surface temperature from remote sensing data[END_REF]. Soon after the launch of Landsat 8, stray light was observed on thermal data [START_REF] Montanaro | Stray Light Artifacts in Imagery from the Landsat 8 Thermal Infrared Sensor[END_REF] due to scattering of outer radiance in Band 11. Methods based on only one band are therefore suggested. The single-channel approach proposed by [START_REF] Jiménez-Muñoz | A generalized single-channel method for retrieving land surface temperature from remote sensing data[END_REF] approximates the atmospheric functions from the atmospheric water vapor content (w; in g cm -2 ). [START_REF] Cristóbal | An Improved Single-Channel Method to Retrieve Land Surface Temperature from the Landsat-8 Thermal Band[END_REF] presented an improved single-channel method dependent on only water vapor content but also on near-surface air temperature (T a ). Figure 5.5 shows the flowchart to retrieve LST from satellite observations, following [START_REF] Cristóbal | An Improved Single-Channel Method to Retrieve Land Surface Temperature from the Landsat-8 Thermal Band[END_REF].

Study area and in situ measurements

Both the single-channel method (SC method; [START_REF] Jiménez-Muñoz | A generalized single-channel method for retrieving land surface temperature from remote sensing data[END_REF]) and the improved single-channel method (iSC method; Cristóbal et al. ( 2018)) have been implemented in this study. LST is calculated for each pixel by applying the radiative transfer equation to a sensor channel (Eqs. 1 to 3 in [START_REF] Cristóbal | An Improved Single-Channel Method to Retrieve Land Surface Temperature from the Landsat-8 Thermal Band[END_REF]), which eventually leads to

LST = γ • ε -1 (ψ 1 • L sensor,λ + ψ 2 ) + ψ 3 + δ (5.18)
where γ and δ are constants that depend on the top-of-atmosphere radiance (L sensor,λ )

and the brightness temperature of the pixel, ε is the emissivity of the pixel, and ψ i represents the atmospheric parameterized functions. More details are shown in the Appendix A4 for completeness. The emissivity is considered equal to 0.98 in the whole scene, in line with our modeling chain. Water vapor and near-surface air temperature data come from the ERA5 Reanalysis dataset [START_REF] Hersbach | ERA5 hourly data on pressure levels from 1940 to present[END_REF]. They are taken from the closest grid point. In order to cover a large range of solar zenith angles, a total of 20 cloudless thermal images from different winter dates were selected, from February 2015 to December 2019 (list in Appendix C). The acquisition times of Landsat 8 observations (10:17 or 10:23 UTC depending on the scene) and in situ measurements (10:30 UTC, averaged over the previous 30 min) are considered to be equivalent. Among the selected clear-sky days, 4 of them have accompanying manual measurements of snow SSA [START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF]. These are 2 February 2018, 18 February 2018, 27 February 2018, and 22 March 2018, with snow SSA of 47, 45, 53, and 32 m 2 kg -1 , respectively.

The Landsat Collection 2 surface temperature product recently made public is also considered here. It is compared to the results of the aforementioned LST retrieval methods in our case of study.

Results

The spatially resolved LST observations from Landsat 8 are first assessed in the study area before the evaluation of the model simulations against the local measurements and the satellite observations. Finally the relative importance of the topographic effects on surface temperature is quantified.

Surface temperature observations from Landsat 8

The surface temperature observations from Landsat 8 (LST) are compared to the in situ FluxAlp measurements (Fig. 5.6a). The Landsat 8 surface temperature is extracted from the pixel covering the FluxAlp station location from all the 20 thermal images. Both the singlechannel (SC) method and the improved single-channel (iSC) method show better estimations at the FluxAlp station than the official Collection 2 surface temperature product (-3.5 °C underestimation). As a result, we exclude this latter dataset from further analysis. The iSC method provides generally higher temperatures than the SC method, with a mean bias of -1.3 and -2.0 °C, respectively. Its total error is of 2.0 °C RMS, dominated by the bias (2.6 °C for the SC method). The improved single-channel method shows slightly more accurate results, and it is used in the following to evaluate the estimation of snow surface temperature by the modeling chain. 

Evaluation of the spatial variations

To evaluate the spatial variations in T s , the simulation corresponding to the Landsat 8 acquisition on 18 February 2018 is analysed here.

It is chosen because in situ SSA measurements were available [START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF], allowing a more accurate estimate of the surface albedo. The SSA value is 45 m 2 kg -1 . resampled to 30 m to match the spatial resolution of the Landsat 8 observations. Figure 5.9

(right) shows the correlation coefficient r as a function of the RMSE between simulations and remote sensing observations. The simulations are slightly colder in general, with a bias principally between -3 and 1 °C. The standard deviation of the differences varies mostly between 1 and 3 °C (2 and 4 °C for the RMSE). Some outliers are observed, and in particular the simulation that shows the highest differences (both standard deviation and RMSE) corresponds to an acquisition from late March. Such differences could be explained with an early onset of snowmelt (snow patches in the lowest areas) due to mild temperatures, a particular situation that breaks the assumptions in the model (e.g. 100% snow cover). The shallow snowpack in early winter (probable patches of bare soil) can lead to a similar situation, where the bare soil temperature would be certainly different than that of snow-covered terrain. This could explain the lowest correlation value of the dataset, which corresponds to an acquisition from early December. Nevertheless, apart from these two cases, considering all acquisitions, these differences do not seem to be clearly related to the time of the year (shown as color in Fig.

Figure 5.9), so strong conclusions cannot be drawn.

These results show the performance of the RoughSEB model to simulate the snow surface temperature in complex terrain within a reasonable accuracy. The temporal and spatial variations in T s are also well represented in the study area. To understand these variations, the role of the topographic effects is addressed in the following section. To extend these results to all the dates, Fig. 5.11 displays summary statistics of the difference between the simulations with a disabled topographic effect and the reference simulation. The left panel presents the mean difference between the simulation without the effect and the reference simulation (for each effect), while the standard deviation of the differences (right panel) shows how both simulations agree in terms of spatial variations. A value close to zero means that the effect is negligible in terms of average and variations, respectively.

When no topography is taken into account (i.e. a perfectly flat surface instead of the actual topography), the snow surface temperature is uniform (-5.9 °C) across the scene. This value overestimates the mean temperature of the reference simulation (-7.2 °C), showing that not only the spatial variations in temperature are not represented (r value ≈ 0), but even on average a simulation with flat terrain is not equivalent to the mean temperature of the area with topography. This simulation highlights the considerable effect of the topography on the surface temperature and the importance to take it into account even for large-scale simulations. Considering all the 20 dates, neglecting the topography results in an overall overestimation of 1.3 °C (median value), and the standard variations with respect to the reference simulation are high, with a median value of 3.2 °C and a maximum of 6 °C.

The simulation with single-scattering only in the SW (only the first bounce of the photons is considered by RSRT; the absorption enhancement is neglected) shows very small differences with respect to the reference simulation. It is only slightly colder, in particular in the coldest pixels. This is mainly due to neglecting the illumination in the shadowed (and cold) areas coming from slopes facing towards cold areas. Nevertheless, the impact is not significant, the mean difference being barely different from zero (median of -0.2 °C, standard variations of 0.2 °C). The smallest impact is observed in early winter, which could be explained by a dependence on the solar zenith angle and on how the topography modulates the received solar irradiance. Overall, this result means that, at least in our study area, the absorption enhancement caused by multiple bouncing is almost negligible.

When neglecting the spectral dependence of snow albedo and thus calculating SW net directly from the broadband albedo (≈ 0.87 on 18 February 2018), the simulated surface temperature is slightly warmer than the reference, with overall differences of 0.5 °C (median of the means) and of 0.7 °C (median of standard deviations), with a maximum beyond 1.5 °C.

This shows the importance of taking into account this effect involving the coupling between spectral dependence of snow albedo and topography.

The effect of the thermal emission by surrounding terrain in the LW is obtained by estimating the surface temperature as if the terrain were flat (first step as detailed in Sect.

5.3.2.1.2). For the selected date in Fig. 5.10 the peak of the distribution is less marked and widened in the range -5 to -8 °C, and T s is systematically underestimated when this approximation is applied. The difference in the warmest areas of the domain (> -5 °C) is of -0.6 °C.

In the coldest areas (< -12 °C), the underestimation is of -1.4 °C because direct radiation is absent, and the radiation budget is dominated by diffuse and weak illumination. The thermal emission by surrounding facets warms these cold areas as a function of their sky-view factor. The mean difference is -0.7 °C (standard variations of 0.6 °C) when considering all the simulations.

Neglecting the altitudinal variations in the downwelling LW flux over the study area has a limited impact on T s . Slight differences are mainly concentrated in the range of -3 to -8 °C and also in the coldest areas, where the T s is overestimated by almost 0.6 °C. Parts of these zones are at the highest altitudes of the study area, and without the correction they receive more donwnwelling LW flux (up to ≈ 15-20 W m -2 ), leading to warmer surface temperature.

Overall, neglecting the altitudinal variations barely overestimates the estimation of T s by 0.2 °C, with errors that are not significant (median value of 0.3 °C).

With respect to the altitudinal variations in air temperature (lapse rate effect), the distribution shape squeezes and even becomes bimodal, with two marked peaks at -5 and -10 °C when the lapse rate is neglected (Fig. 5.10). The differences to the reference simulation are significant when considering all the dates, with a median value of 0.9 °C and a median standard deviation of 1.3 °C. Introducing the lapse rate effect tends to warm the air in the lowest parts of the domain (usually the warmest) and the opposite on the highest and coldest faces.

Since the FluxAlp measurement station (where the reference air temperature is taken) is in the lower range of altitudes of the study area, the overall impact of neglecting the lapse rate is an overestimation (0.9 °C). This result is specific to the position of the station with respect to the altitudinal distribution, and using a different reference air temperature would change this result. In contrast, the standard variations are also significant, and this is not specific to our setting. It effectively shows that neglecting the altitudinal variations in air temperature results in an overall significant error of 1.3 °C (median) in surface temperature over the study area. The correlation coefficient is the lowest, with a median value of 0.921 considering all the simulations.

These results give the relative importance of the topographic effects investigated here.

Neglecting the topography (i.e. assuming a flat surface) is as expected the most important source of error when simulating snow surface temperature. Neglecting the altitudinal variations in air temperature is the second effect in terms of importance. It is followed by the thermal emission by surrounding terrain in the LW and the spectral dependence of snow albedo, the latter being slightly less important. Finally, the absorption enhancement caused by multiple bouncing is almost negligible, as are the altitudinal variations in downwelling LW flux.

Discussion

Retrieval of surface temperature from satellite observations

The assessment of our modeling chain was performed against in situ and satellite observations, the latter being crucial for spatial variations. However, they depend on the choice of the method for the atmospheric correction. Here we implemented two single-channel methods for Landsat 8 thermal imagery -the SC method [START_REF] Jiménez-Muñoz | A generalized single-channel method for retrieving land surface temperature from remote sensing data[END_REF] and the iSC method [START_REF] Cristóbal | An Improved Single-Channel Method to Retrieve Land Surface Temperature from the Landsat-8 Thermal Band[END_REF]) -and we compared them to the most recent surface temperature product. The iSC method is the most accurate (within ≈ 1 °C) at the FluxAlp measurement station. The Collection 2 surface temperature product is the less accurate (within 3.5 °C). However, this does not preclude the quality in the whole area. In particular, we assumed that the whole scene is covered by snow, with an emissivity equal to 0.98. However, in alpine areas, vertical mountain ridges or patches without snow on sun-facing slopes are frequent and may result in a variable emissivity over the scene. A possible future improvement would be to include a land mask to set a particular emissivity value for each pixel depending on the presence of snow, rocks, grass, etc. This is normally achieved by means of normalized difference vegetation index (NDVI)-based classifications [START_REF] Li | Satellite-derived land surface temperature: Current status and perspectives[END_REF] that can be adapted to snow-covered complex terrains with methods that rely on the snow cover area [START_REF] Varade | Assessment of winter season land surface temperature in the Himalayan regions around the Kullu area in India using landsat-8 data[END_REF]. The surface temperature product, which includes NDVI-based classifications, is less accurate than the methods without this refinement (at the FluxAlp station). Overall, the differences across the study area between the iSC method and this official product are 0.3 °C (median of standard deviations), which is considerably lower than the difference at FluxAlp. The satellite thermal observations from Landsat 8 are therefore correct enough to assess the model performance, with an accuracy of the order 1 °C and a precision lower than 0.5 °C. et al., 2008). As a result, SSA is expected to be higher at the highest altitudes and in the shadows where the conditions are colder. Higher SSA leads to less short-wave absorption, which would tend to increase the cooling in these areas compared to lower SSA areas. The spatial variations in SSA could be modeled, for instance, using SSA retrieved by satellite (e.g. [START_REF] Kokhanovsky | Retrieval of Snow Properties from the Sentinel-3 Ocean and Land Colour Instrument[END_REF]). The temporal variations in SSA could explain the differences between the simulated and measured SW net flux as here the same value was kept constant for the whole time series.

The aerodynamic roughness length controls the sensible and latent heat fluxes, so it shall also be carefully prescribed. In this study, a value of 10 -3 m is assumed, which is standard according to previous works (e.g. [START_REF] Brock | Measurement and parameterization of aerodynamic roughness length variations at Haut Glacier d'Arolla, Switzerland[END_REF]). The sensitivity of T s to aerodynamic roughness length is shown in Fig. 5.12 (bottom); z 0 varies by a factor of 5 with respect to the reference simulation. The choice of z 0 has a significant impact on the simulated surface temperature, in particular during the night (up to 2 °C), when the SW radiation is absent.

Previous works [START_REF] Martin | Turbulent fluxes above the snow surface[END_REF][START_REF] Kuipers Munneke | The role of radiation penetration in the energy budget of the snowpack at Summit, Greenland[END_REF] found similar variations with different approaches. A different formulation of the turbulent heat fluxes (e.g. atmospheric stability) could lead to smaller differences during the night, in particular with stable conditions. According to [START_REF] Brock | Measurement and parameterization of aerodynamic roughness length variations at Haut Glacier d'Arolla, Switzerland[END_REF], snow z 0 can vary up to 3 orders of magnitude depending on the time of the season and on snow type (i.e. fresh snow or melting snow). To estimate the expected spatial variations in a mountainous area of several square kilometers, a parameterization of snow z 0 as a function of the snow type would be possible via the snow SSA [START_REF] Domine | A parameterization of the specific surface area of snow in models of snowpack evolution, based on 345 measurements[END_REF]. The spatial variations in T s are clearly dependent on the topography and are correctly simulated (Fig. 5.8). They seem to depend on slope orientation, as shown in Fig. 5.13. For larger slopes (>30°), the lack of direct radiation governs the surface temperature in some areas, such as the north-facing (north-west to north-east) shadowed slopes. The temperature difference is large between opposing slopes (on the order of 5 to 10 °C). Overall, the mean T s of the north-facing facets is -10.7 °C (± 1.9 °C). They are considerably colder than the southern (south-east to south-west) ones (-5.6 °C (± 1.8 °C)). These differences are consistent with previous studies (e.g. [START_REF] Fierz | Evaluation of snow-surface energy balance models in alpine terrain[END_REF]) and highlight the necessity of accounting for spatial variations in surface temperature in mountainous areas.

Role of the topographic effects

The results presented in this study show that the topography controls the surface temperature to a large extent. However modeling all the processes involved in complex terrain has prohibitive computational cost for most applications. This has an adverse outcome: some of them are usually neglected or approximated. Our modeling chain takes into account a relatively comprehensive set of effects, especially on the radiative aspects. The motivation of this study is therefore to quantify their relative importance in order to determine which ones can be neglected as a function of the targeted accuracy.

The role of the topography is quantified in Sect. 5.3.3.2.4, where we compare the reference simulation (where all effects are considered) to simulations where we disabled one effect at a time. Overall, we found that the absence of topography (i.e. terrain altitude, slope, and aspect) -and therefore the presence of variations in altitude and all kinds of shadows -is the most important effect. Errors of several degrees Celsius are to be expected if considering a flat surface. The same conclusion is drawn by [START_REF] Yan | Topographic radiation modeling and spatial scaling of clear-sky land surface longwave radiation over rugged terrain[END_REF], who found significant errors in the estimation of net LW radiation flux by assuming a flat surface at a larger scale over the Tibetan Plateau. [START_REF] Yan | Topographic radiation modeling and spatial scaling of clear-sky land surface longwave radiation over rugged terrain[END_REF] also accounted for the sky-view factor and the contribution of thermal radiation coming from surrounding terrain. Our results show a cooling effect of almost 1 °C (median of -0.7 °C) when disabling these two topographic effects. This agrees with the results presented by [START_REF] Arnold | Topographic controls on the surface energy balance of a high Arctic valley glacier[END_REF], showing a similar ratio of importance between the shadows and the LW contribution when considering glacier melt. To take this effect into account, the downwelling LW radiation flux in each facet is updated with the thermal emission of the surrounding facets, which is derived from an average T s over the whole scene.

Such an approximation saves a lot of computation time, but, as a result, the differences in thermal emission due to spatial variations in surface temperature are masked. In reality, the warmest faces emit more LW radiation than the coldest ones, leading to spatial differences in the T s . Neglecting the variations in altitude of the downwelling LW flux has a lower influence on surface temperature. For the selected simulation (Fig. 5.10), the elevation-corrected flux spans from 180 to 213 W m -2 , while the measured flux is 204 W m -2 . This range is consistent with other works [START_REF] Greuell | Elevational changes in meteorological variables along a midlatitude glacier during summer[END_REF][START_REF] Iziomon | Downward atmospheric longwave irradiance under clear and cloudy skies: Measurement and parameterization[END_REF], and the impact on T s is only significant (>0.5 °C) in the coldest areas.

Our results show a significant impact on the simulated T s when disabling the altitudinal variations in air temperature, with a warming effect up to 1 °C. The spatial and temporal distribution of air temperature, as well as wind dynamics in mountainous areas, has been within a reasonable accuracy and precision. The spatial variations across the 50 km 2 scene are also well represented, with differences to the satellite observations mainly comprised between 1 and 3 °C, which is small compared to the actual surface temperature variations of 5-10 °C between the slopes in the study area.

The topographic effects responsible for such spatio-temporal variations are ranked by order of importance: (1) the modulation of solar irradiance by the terrain slope and aspect (i.e. the presence of topography), (2) the altitudinal changes in air temperature (lapse rate effect), (3) the contribution of thermal radiation coming from surrounding terrain, (4) the spectral dependence of snow albedo, (5) the changes in downward long-wave flux because of variations in altitude, and (6) the absorption enhancement caused by multiple bouncing of photons in the SW domain.

A future possible extension of the modeling chain should aim at investigating snowmelt and patchy snow conditions. An application is the preparation of the thermal infrared TR-ISHNA satellite mission [START_REF] Lagouarde | Indo-French high-resolution thermal infrared space mission for Earth natural resources assessment and monitoring -Concept and definition of TRISHNA[END_REF] and in the future its calibration and validation. From 2025, TRISHNA will provide high-resolution images (50 m) of the Earth surface temperature in mountainous areas with a 3 d revisit time.

Appendix A: Additional equations and mathematical developments

A1: Snow spectral albedo in the asymptotic radiative transfer (ART) theory

The direct and diffuse components of the snow spectral albedo are computed using the ART theory [START_REF] Kokhanovsky | Scattering optics of snow[END_REF]. We assume that the snowpack is semi-infinite, and the surface is flat and smooth (the facets of the mesh are small enough to be considered smooth surfaces). The albedos are expressed as follows:

α dir (λ, θ s ) = exp         - 12(1 + 2 cos θ s ) 7 2Bγ(λ) 3ρ ice SSA(1 -g)         (5.19) α diff (λ) = exp       -4 2Bγ(λ) 3ρ ice SSA(1 -g)       (5.20)
where θ s is the solar zenith angle, SSA is the snow specific surface area, ρ ice = 917 kg m -3

is the bulk density of ice at 0 °C, γ(λ) is the ice absorption coefficient [START_REF] Picard | Refinement of the ice absorption spectrum in the visible using radiance profile measurements in Antarctic snow[END_REF] and B and g are the optical shape parameters of snow [START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF].

A2: Surface exchange coefficient

The surface exchange coefficient involved in the calculation of the turbulent heat fluxes is given by C H = 0.16 ln( z t z 0 ) ln( z w z 0 )

-1 (5.21) where z t and z w are the heights at which air temperature and wind speed are measured, respectively, and z 0 is the aerodynamic roughness length. Their values are provided in Appendix B1.

A3: General solution of the quartic equation

The simplified surface energy budget equation (Eq. 5.14) eventually becomes a quartic equation, with T s as the unknown: T 4 s + p T 2 s + q T s + r = 0 (5.23) which can be solved by means of the Ferrari equation [START_REF] Neumark | Chapter 3 -Quartic equation[END_REF]. It consists of adapting the equation to present it as a difference of two squares, which eventually leads to a resolvent cubic that is then solved, yielding 5.24) where q is the simplified first-degree coefficient of the depressed quartic equation (q = d / a) and where (5.31) δ = -γ • L sensor,λ + T sensor (5.32)

T s = -S + 1 2 -4S 2 + q S (
S = 1 2 1 3a Q + ∆ 0 Q (5.25) Q = 3 ∆ 1 + ∆ 2 1 -4∆ 3
T sensor = K 2 ln K 1 L λ + 1
( 5.33) where ε is the emissivity of the pixel, ψ i represents the atmospheric functions that are parameterized, λ is the effective wavelength (10.904 µm for Band 10), L sensor,λ is the topof-atmosphere radiance calculated from pixel digital numbers (DNs) using rescaling factors (USGS, 2021), and T sensor is the brightness temperature in kelvin. Values of the symbols can be found in Appendix B1.

The atmospheric functions are statistically fitted from the GAPRI database (Mattar et al., Chapter 6

General conclusions and perspectives

General conclusions

In the context of climate change, a better comprehension and modeling of the snow-covered areas and their future changes are crucial. In these areas, the snowpack evolution, including its melt, depends both on the amount and the spatial distribution of solar energy absorbed by the snowpack. The main objective of this doctoral thesis was therefore to better understand how sunlight propagates and interacts with snow at all scales, from the snow grain size at the micro to millimeter scale (the microscale) to the snow cover undulations at the meter to kilometer scale (the macroscale).

For this reason, a three-dimensional radiative transfer model, the Rough Surface Ray-Tracing (RSRT) model, has been adapted and developed throughout this thesis (Chapter 2).

Based on a Monte Carlo photon transport algorithm, the model can be used in two different configurations that permit the investigation of the fundamental questions that motivate this work. At the microscale, the model uses as input three-dimensional images (i.e. a surface mesh) of the microstructure of natural snow samples, obtained by X-ray micro-computed tomography. As long as the geometric optics approximation is valid (computations involving particles with dimensions much larger than the incident wavelength), the light propagation at this scale can be accurately simulated using the fundamental laws of refraction. Beyond pristine snow, the presence of impurities is also taken into account in the model, and in particular mineral dust, as dust particles are generally large compared to the incident wavelength, so the geometric optics approximation is still valid. At the macroscale, the model uses instead the three-dimensional representation of mountainous terrain, derived from a digital elevation model. The ray paths are employed to compute the net short-wave radiation at every facet of the mesh and are subsequently used in a modeling chain that eventually estimates the surface energy budget in such complex terrain.

Starting with the microscale, in Chapter 3 we have tried to reconcile the two different visions of snow, i.e. the one that considers snow as a granular medium and the one that considers snow as a continuous medium composed of ice and air. By doing so, the snow grain shape can be replaced by another concept, that we have called the optical shape of snow. The influence of the shape of the snow microstructure, beyond that of size can be finally quantified through the estimation of two parameters: the absorption enhancement parameter B and the asymmetry parameter g. B quantifies the lengthening of the photon's path resulting from refraction and internal reflections occurring within the ice phase, and g quantifies the medium's tendency to scatter light forward versus backward. Although these parameters have already been introduced in recent years [START_REF] Libois | Influence of grain shape on light penetration in snow[END_REF][START_REF] Libois | Experimental determination of the absorption enhancement parameter of snow[END_REF][START_REF] Krol | Relating optical and microwave grain metrics of snow: the relevance of grain shape[END_REF], this is the first time that an estimate based on an explicit microstructure of natural snow samples is provided. Contrary to what is commonly assumed in many snow optical models (e.g. [START_REF] Holland | Improved Sea Ice Shortwave Radiation Physics in CCSM4: The Impact of Melt Ponds and Aerosols on Arctic Sea Ice[END_REF][START_REF] Van Wessem | Modelling the climate and surface mass balance of polar ice sheets using RACMO2 -Part 2: Antarctica (1979-2016[END_REF], snow is not equivalent to spheres or other simple shapes. Among other, the recent works of Räisänen et al. ( 2017 This has direct impacts on the snowpack energy budget and its evolution with time, so this well-refined knowledge of the optical shape of snow must be taken into account in future snowpack modeling efforts.

Moreover, the fact that B is constant for natural snow shows that, despite the very different microstructures of snow, the distance traveled by sunlight in the ice phase is, on average, always the same. In other words, snow is fundamentally ergodic. This is a major result, which in addition partly validate the alternative hypothesis of considering snow as a twophase random mixture [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF][START_REF] Malinka | Stereological approach to radiative transfer in porous materials. Application to the optics of snow[END_REF]. These new metrics appear to be a promising step in the process of bringing the two confronted visions of snow closer together. This will certainly change the way snow is represented in optical models, with applications wherever snow optics matter, from snow photochemistry to remote sensing algorithms.

Beyond pristine snow, and still at the microscale, the presence of mineral dust in snow has been dealt with in Chapter 4. Two sources of uncertainty in the current understanding of the dust-snow-radiation interactions have been addressed: (1) the influence of the position of dust in the ice/air three-dimensional arrangement, this is, either externally (floating in the air pores or in contact with the air/ice interface) or internally mixed with snow, and (2) the impact of the varying optical properties of the dust particles, which depend on their chemical composition and thus vary depending on the dust origin. To our knowledge, this is the first time that a snow radiative transfer model has combined an explicit representation of the snow microstructure with a detailed representation of the different dust-snow mixing states.

Apart from the simplified but still commonly used external mixing, with dust particles floating in the air pores, and the rarely used internal mixing, with dust located within the snow grains, here an interface mixing has been introduced. In this novel mixing state, dust particles come into contact with the air/ice interface, offering a less simplified representation of the interactions between dust particles and the snow microstructure. It could be argued that this representation is perhaps the most accurate, particularly regarding the case of dry deposition of dust on snow. The results unveiled in this work show the profound impact of this interface mixing representation on snow optical properties. Notably, it reduces snow albedo by almost 20% more than a pure external mixing. Considering the 30-40% greater efficiency of the internal mixing in reducing snow albedo as opposed to external mixing, this implies that the disparity in radiative effects between dry and wet dust deposition on snow might be less significant than currently thought.

The varying dust chemical composition that result from the various dust sources generally leads to varying radiative impacts. The differences between the dust sources increase with an increasing dust content in snow, and a decreasing snow SSA. For instance, snow albedo reductions differ up to 0.05 for the studied dust types here. Moreover, an internal mixing results in enhanced differences between the types of dust. It is evident that, if not accurately addressed, the combined radiative impacts of the dust optical properties and the dust-snow mixing state might lead to large uncertainties in current snow radiative transfer models. Considering that the presence of dust (or more generally, any type of impurity) in snow results in important consequences for the snowpack energy budget and the hydrological cycle [START_REF] Dumont | Contribution of light-absorbing impurities in snow to Greenland's darkening since 2009[END_REF][START_REF] Skiles | Radiative forcing by light-absorbing particles in snow[END_REF][START_REF] Réveillet | Black carbon and dust alter the response of mountain snow cover under climate change[END_REF], future modeling efforts should aim to represent in the most accurate way the different dust-snow mixing states and depending on the geographical region of application, rigorously account for the varying dust optical properties.

Moving to the macroscale, in Chapter 5 the role of topography in the surface energy budget of snow-covered complex terrain has been addressed. The relative importance of a series of topographic effects and the associated impacts of each of these topographic effects in the snow surface temperature have been quantified, with impacts up to several degrees Celsius in a 50 km 2 mountainous area in the French Alps. Shadows and more generally, the modulation of solar irradiance by the terrain slope and aspect, i.e. the presence of topography, is the most prominent effect, followed by altitudinal changes in air temperature and the contribution of thermal radiation coming from surrounding terrain. These are followed closely by the impact of considering a spectral snow albedo instead of a broadband one and the changes in downward long-wave flux because of variations in altitude. Surprisingly, the enhanced absorption caused by short-wave re-illumination from nearby slopes is the less important effect in terms of snow surface temperature, although it was the main motivation underlying this work. By quantifying all these topographic effects with a high-resolution three-dimensional radiative transfer model as RSRT, future modeling efforts in mountainous regions will be able to decide whether to neglect or not part of these effects depending on the targeted accuracy.

At the expense of intensive computing, either the microstructure of a snow sample or a detailed representation of a mountainous area can be used to better determine how sunlight propagates and interacts with snow at all scales.

Besides providing an answer to the fundamental scientific questions that motivated this doctoral thesis, the main results shown here demonstrate that there is a benefit in exploring these accurate visions of snow radiative transfer.

Perspectives

At the microscale, using the explicit representation of snow microstructure has confirmed the promising alternative of considering snow as a continuous, two-phase random medium.

In order to define the optical shape of snow, the two shape parameters used here (B and g) permit to gradually shift from the granular to the continuous medium. However, there might be other metrics that are more adapted and characterize better the complex details of the snow microstructure, providing a more accurate determination of its optical shape. Some descriptors related to the curvatures of the ice-air interface, such as the Gaussian or Mean curvatures, have already been used to better understand snow metamorphism (e.g. [START_REF] Calonne | Study of a temperature gradient metamorphism of snow from 3-D images: Time evolution of microstructures, physical properties and their associated anisotropy[END_REF]. Another appealing metric is the two-point correlation function, also know as auto-covariance function [START_REF] Torquato | Random Heterogeneous Materials: Microstructure and Macroscopic Properties[END_REF]. This function captures a combination of both size and arrangement of the medium structures, and it has been used recently to predict microwave scattering [START_REF] Krol | Relating optical and microwave grain metrics of snow: the relevance of grain shape[END_REF][START_REF] Picard | The Microwave Snow Grain Size: A New Concept to Predict Satellite Observations Over Snow-Covered Regions[END_REF]. In particular, [START_REF] Picard | The Microwave Snow Grain Size: A New Concept to Predict Satellite Observations Over Snow-Covered Regions[END_REF] introduced the concept of the microwave grain size, which can be estimated from the optical grain size and a so-called polydispersity factor. Interestingly, it turns out to be that these quantities can be directly computed from the chord length distribution (CLD) of the snow microstructure, as it is the case of B and g. In other words, this means that the vision of snow as a two-phase random mixture, introduced by Malinka (2014), is a very promising hint for the future, as it provides a common ground for the different snow microstructure metrics required for both optical and microwave modeling.

This gradual shift in the vision of snow will certainly have an impact in how we retrieve snow properties from satellite data. All these properties (such as snow albedo or SSA) are commonly retrieved using algorithms that depend on snow reflectance and, at some point, rely on some hypotheses on the shape. This is the case for instance of an algorithm for retrieval of snow properties from the the OLCI instrument onboard the Sentinel-3A and B satellites [START_REF] Kokhanovsky | Retrieval of Snow Properties from the Sentinel-3 Ocean and Land Colour Instrument[END_REF]. As the optical shape of snow has been found to be less variable than thought up to now, its use in this kind of algorithms will certainly reduce some of the uncertainties associated with the characterization of the snow microstructure. Snow samples from polar snowpacks are currently under-represented in this work. Further work should make it possible to extend these conclusions to polar samples, which have different microstructures to those of alpine snow. This will certainly be possible in the near-future, as projects such as IVORI1 , should soon deliver unprecedented season-long observations of snow microstructure in the Arctic, Alps and possibly Antarctica.

Going beyond pristine snow, methods to estimate dust content in snow from optical remote sensing data will benefit as well from a better understanding of the intricate dustsnow-radiation interplays. These methods are generally based on strong assumptions on the optical properties of dust particles and the dust-snow mixing state (Di [START_REF] Mauro | Impact of impurities and cryoconite on the optical properties of the Morteratsch Glacier (Swiss Alps)[END_REF], which are rarely supported by field data [START_REF] Mauro | Mineral dust impact on snow radiative properties in the European Alps combining ground, UAV, and satellite observations[END_REF][START_REF] Dumont | Accelerated Snow Melt in the Russian Caucasus Mountains After the Saharan Dust Outbreak in March 2018[END_REF], and therefore subject to significant uncertainties. Further work on the interface mixing introduced here is needed, for instance to better represent the tendency of dust particles to aggregate. In any case, a more detailed treatment of the spatial distribution of dust particles in the ice/air arrangement will undoubtedly ameliorate the large-scale monitoring of dust content in snow using satellite imagery. A less idealized vision of a polluted snowpack in these kind of retrieval algorithms will result in a more accurate characterization of the snowpack evolution, either through its energy budget [START_REF] Tuzet | A multilayer physically based snowpack model simulating direct and indirect radiative impacts of light-absorbing impurities in snow[END_REF][START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF] or through its mechanical stability [START_REF] Dick | Can Saharan dust deposition impact snowpack stability in the French Alps?[END_REF]. In addition, the population dynamics of living organisms as snow algae depend on the availability of sunlight in the snowpack [START_REF] Ezzedine | Adaptive traits of cysts of the snow alga Sanguina nivaloides unveiled by 3D subcellular imaging[END_REF]. As the presence of dust (or other impurities) impact this availability by enhancing absorption, it also affects the pigmentation process of snow algae, which results in varying radiative impacts for the snowpack [START_REF] Cook | A predictive model for the spectral "bioalbedo" of snow[END_REF]. More generally, a better understanding of the LAPs-induced radiative impacts is possible with ray-tracing solutions as the one introduced in this thesis.

At the macroscale, the assimilation of remote sensing data into numerical models is an increasingly used approach that improves the accuracy in snowpack modeling [START_REF] Piazzi | An EnKF-based scheme for snow multivariable data assimilation at an Alpine site[END_REF][START_REF] Largeron | Toward Snow Cover Estimation in Mountainous Areas Using Modern Data Assimilation Methods: A Review[END_REF][START_REF] Revuelto | Assimilation of surface reflectance in snow simulations: Impact on bulk snow variables[END_REF]. Beyond the assimilation of optical imagery (e.g. [START_REF] Cluzet | Towards the assimilation of satellite reflectance into semi-distributed ensemble snowpack simulations[END_REF], thermal infrared sensors provide large-scale information on the surface temperature [START_REF] Alonso-González | Exploring the potential of thermal infrared remote sensing to improve a snowpack model through an observing system simulation experiment[END_REF]. In terms of data assimilation, they could provide crucial information on the occurrence of snowmelt, and strongly ameliorate the modeling of the snowpack evolution. Nowadays, thermal imagery is provided either in coarse resolution for applications in complex terrain (e.g. MODIS, Sentinel-3) or with an inconvenient revisit time (Landsat 8/9). The future arrival (2025) of the thermal infrared TRISHNA satellite mission will provide high-resolution images (50 m) of the Earth surface temperature in mountainous areas with a 3 d revisit time [START_REF] Lagouarde | Indo-French high-resolution thermal infrared space mission for Earth natural resources assessment and monitoring -Concept and definition of TRISHNA[END_REF]. The com-values do not impact snow albedo or the flux extinction. For the NH5G sample, the variations in image size slightly have a more marked impact on snow albedo but an almost negligible impact on the flux extinction. In any case, the typical image size of the microstructure images is usually above this minimal REV.

Sensitivity to the applied smoothing

Two different smoothing and correction techniques (and combinations) were applied during the generation of the snow microstructure meshes. The image size in this case is of 800 voxels, which corresponds to 5.9 × 5.9 × 5.9 mm 3 and 7.6 × 7.6 × 7.6 mm 3 for the 1600sup800 and NH5G samples, respectively. The different smoothing and correction techniques are: (i)

'wfc', which stands for 'without final check' and is simply a final verification step in the mesh generation algorithm, and (ii) a Taubin technique, which is a commonly used technique in computer graphics. The Taubin smoothing is anisotropic, which helps preserve important geometric features. In total, for each of the two snow samples, four different cases are compared here: a base mesh without any smoothing or correction, a wfc mesh, a Taubin mesh, and a wfc + Taubin mesh. 

Figure 1 :

 1 Figure 1: Exemple d'une microstructure de neige. Dans ce cas c'est de la neige fraîche.

Figure 2 :

 2 Figure 2: Transfert radiatif tridimensionnel dans la neige, de sa microstructure à la topographie de montagne.

Figure 3 :

 3 Figure 3: Illustration du paramètre d'amplification de l'absorption B et du facteur d'asymétrie géométrique g G dans un espace 2D.

Figure 4 :

 4 Figure 4: La forme optique de la neige. a, b Paramètre d'amplification de l'absorption B et facteur d'asymétrie géométrique g G (et combinaisons) de la neige à 900 nm, obtenus avec la méthode macroscopique. c, d Idem, calculé avec la méthode géométrique. Notez que l'albédo et la pénétration de la lumière dépendent d'autres facteurs que la forme, en particulier de la taille des grains, de sorte que la représentation dans b, d doit être interprétée à taille des grains égale. Dans chaque panneau, les symboles en noir correspondent aux formes géométriques décrites dans la littérature et le milieu aléatoire biphasique, appelé dans a comme Malinka (2014). Les symboles colorés correspondent aux 33 échantillons de neige naturelle, selon le type de neige (Fierz et al., 2009): Neige fraîche (PP), particules reconnaissables (DF), faces planes (FC), givre de profondeur (DH), grains fins (RG) et grains ronds (MF).

Figure 5 :

 5 Figure 5: Comparaisons des réductions de l'albédo de la neige dues aux mélange interne et d'interface par rapport à celles dues à un mélange externe. Quatre échantillons de neige différents sont considérés (panneaux (a) à (d)), et deux indices de réfraction différents pour la poussière sont utilisés pour chaque cas (ligne solide colorée et ligne pointillée, respectivement). La ligne pointillée noire 1:1 représente une égalité parfaite avec les réductions d'albédo dues à un mélange externe.

  Afin de décrire et quantifier l'impact de ces effets liés à la topographie de montagne, une configuration différente du modèle RSRT a été utilisée comme élément clé d'une chaîne de modélisation mise en place pour simuler la température de la surface de la neige dans des zones de montagne. Le modèle utilise en entrée une représentation tridimensionnelle de la topographie de la surface de la neige (c'est-à-dire un modèle numérique de terrain ou MNT), et un ensemble de rayons est lancé vers la surface pour calculer le rayonnement incident et réfléchi à ondes courtes. Les résultats des simulations sont ensuite utilisés dans un schéma de surface, le modèle RoughSEB, pour calculer tous les termes du bilan d'énergie de surface sur chaque facette en fonction de la température de surface de la facette. La zone d'étude est un terrain montagneux de ≈ 50 km 2 dans les Alpes françaises. La chaîne de modélisation a été évaluée par rapport à des mesures in situ et des observations thermiques par télédétection (Landsat-8) pour tenir compte des variations spatiales dans la zone d'étude.

Figure 6 :

 6 Figure 6: Représentation de la différence moyenne et de l'écart-type entre la simulation de référence (REF), où tous les processus liés à la topographie sont pris en compte, et les simulations supplémentaires, où un effet topographique est désactivé à la fois. Les moustaches des boxplots représentent les 10e et 90e percentiles de la distribution.

Figure 1 . 1 :

 11 Figure 1.1: Schematic representation of the global mean energy budget of the Earth (upper panel) and its equivalent without considerations of cloud effects (lower panel). Numbers indicate best estimates for the magnitudes of the globally averaged energy balance components in Wm -2 together with their uncertainty ranges in parentheses (5-95% confidence range), representing climate conditions at the beginning of the 21st century. This is the Figure 7.2 from the Working Group I contribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 2021).

Figure 1 . 2 :

 12 Figure 1.2: The cryosphere and spatial distribution of its main components. Snow cover extent for Northern Hemisphere is represented by the 1966-2005 February average, for Southern Hemisphere by the 1987-2003 August average. Sea ice extent for Northern Hemisphere is represented by the 1979-2003 March average, for Southern Hemisphere by the 1979-2002 September average. Permafrost areas for mountain areas and for the Southern Hemisphere are not represented in this map, neither are river and lake ice. Credits: Hugo Ahlenius, UNEP/GRID-Arendal (https://www.grida.no/resources/5279)
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 13 Figure 1.3: Combining a snowpit with a colorful tarp allows identifying the multiple layers that constitute the snowpack (about 1 m deep here). Snow is, indeed, a translucent material, in which sunlight propagates through multiple scattering events before escaping back to the atmosphere or being absorbed. Image taken at the Col du Lautaret site (French Alps).
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 14 Figure 1.4:The three-dimensional arrangement of ice and air at the micrometer scale of a snow sample, called snow microstructure, can be captured through X-ray tomography. On the left, Neige Calonne, a researcher from CNRM/CEN, prepares a sample to be scanned. On the right, an example of a reconstructed 3D snow microstructure images, in this case of a freshly fallen snow sample.
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 15 Figure 1.5: Three-dimensional radiative transfer in snow, from the microstructure to topography.

Figure 2

 2 Figure 2.1: (left) Nakaya's snow crystal morphology diagram showing the various shapes of snowflakes that grow under different temperature and supersaturation conditions (Fig. 4 of Deville (2013)). (right) Different snow types, as referenced in the international classification of seasonal snow on the ground (Fierz et al., 2009): Precipitation Particles (PP), Decomposing and Fragmented precipitation particles (DF), Faceted Crystals (FC), Depth Hoar (DH), Rounded Grains (RG) and Melt Forms (MF).

Figure 2 . 2 :

 22 Figure 2.2: Examples of reconstructed 3D snow microstructure images. The snow sample in (a-e)has undergone an isothermal metamorphism experiment[START_REF] Flin | Three-dimensional geometric measurements of snow microstructural evolution under isothermal conditions[END_REF], going from fresh snow to rounded grains. Image size is around 3 × 3 × 3 mm 3 with a voxel size of ≈ 5 µm. The snow sample in (f) is a strongly developed depth hoar after a temperature-gradient metamorphism experiment[START_REF] Brzoska | The temperature-gradient metamorphism of snow: vapour diffusion model and application to tomographic images[END_REF]. Note that the image size of (f) is 8-times bigger than (a-e): 6 × 6 × 6 mm 3 , with the same voxel size of ≈ 5 µm.

  abilities of snow-covered surfaces, sea ice and ice clouds. At present, the Warren and Brandt (2008) compilation, along with the refinement of the ice absorption coefficient in the visible from Picard et al. (2016), is the most complete and up-to-date database of the spectral refractive index of ice (Fig. 2.3). Unless specified, the Picard et al. (2016) refinement has been used throughout this work.

Figure 2

 2 Figure 2.3: Refractive index n(λ) and absorption coefficient γ(λ) of pure ice, based on the compilations from[START_REF] Warren | Optical constants of ice from the ultraviolet to the microwave: A revised compilation[END_REF] and[START_REF] Picard | Refinement of the ice absorption spectrum in the visible using radiance profile measurements in Antarctic snow[END_REF].
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 24 Figure 2.4: Simplified representation of the interaction of light I coming from direction ⃗ s with a particle in the snowpack. The extinction because of absorption and scattering of I along the distance ds is -∆I.
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 25 Figure 2.5: Coordinate system of the plane-parallel snowpack, adapted from[START_REF] Libois | Evolution des propriétés physiques de neige de surface sur le plateau Antarctique. Observations et modélisation du transfert radiatif et du métamorphisme[END_REF]. The vertical coordinate z is defined in the direction of the normal to the plane. Radiation arrives from direction ⃗ s, which is defined by the zenith angle θ 0 (i.e. the angle with the plane normal), and the azimuth angle φ 0 , and is scattered in direction ⃗ s ′ (θ ′ , φ ′ ). Θ refers to the deviation angle between incident and scattered radiation.

  et al. (1989) expanded the two-stream approximation to treat radiative transfer in snowpacks where the properties vary vertically. Modern multi-layer snow albedo models generally rely on these previous works. It is the case of the Snow, Ice, and Aerosol Radiation (SNICAR) model, developed by Flanner and Zender (2005); Flanner et al. (
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 26 Figure 2.6: Illustration of the absorption enhancement parameter B and the geometric asymmetry parameter g G in a 2D space. For B, the red arrows represent a photon path accounting for refraction and internal reflections, while the black arrows represent propagation in a straight line. For g G , the black arrows represent an incoming set of photons, and the red arrows represent an ensemble of possible outgoing photon paths.

Figure 2

 2 Figure 2.7: Air bubble within the ice phase. The normals of each one of these residual air bubbles were manually inverted to accurately accounting for them in the ray-tracing model.

Figure 2

 2 Figure 2.8: Illustration of the replication algorithm to represent a semi-infinite snowpack. When a photon (ray) traverses the source microstructure image, its position is shifted to emulate periodic boundary conditions. The replication bounds are (dx, dy, dz), and the photon path along with these bounds are represented in a 2D space at the bottom right corner of the figure.

2. 4

 4 .2.4.2 Albedo of a snowpack composed of spherical particles The accuracy in the computation of snow albedo is evaluated here by generating a snowpack composed of spherical particles. One of the most rigorous approaches to model snow albedo in such configuration is to use the Mie phase function calculation as input to the DISORT model, which makes it a perfect benchmark for testing the consistency and accuracy of the RSRT model.
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 2 Figure 2.10: Scattering phase function of a single sphere, computed with the RSRT model and compared to that based on Mie calculations.
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 22 Figure 2.11: Illustration of a collection of monodisperses spheres, similar to that used to simulate the albedo of a snowpack composed of spherical particles.

Figure 3

 3 Figure 3.1: Spectral variations of the snow diffuse albedo α diff with a varying number N of launched rays, for 5 different snow microstructure images. The TARTES simulation results (Libois et al., 2013) are shown as a comparison and evaluation.
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 32 Figure 3.2: Vertical profile of intensity of monodisperse spherical particles with specific surface area (SSA) of 16.4 m 2 kg -1 , using three different wavelengths. The solid lines correspond to the RSRT simulations, and the dashed lines correspond to TARTES simulations with B and g values corresponding to spheres (1.25 and 0.89, respectively).
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 33 Figure 3.3 shows the computed values of B and g G for three different snow samples, using the k e values estimated with this OLS method. Compared to the predicted values by Malinka
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 34 Figure 3.4: Posterior distribution of the asymptotic flux extinction coefficient k e , using the three different Bayesian models for two different wavelengths, 650 and 750 nm (left and right, respectively).

Figure 3 .

 3 Figure 3.4 shows the posterior distributions of k e for two simulations using a natural snow sample at 650 and 750 nm, respectively. The simulations launched N = 10 5 rays, and the snow microstructure image corresponds to a faceted-type snow sample, with SSA and density of ≈ 18 m 2 kg -1 and 280 kg m -3 , respectively. The posterior distributions of k e are strongly affected by the choice of the Bayesian model. Indeed, not only the distribution bounds vary, but also the shapes of the distributions are different. Assuming a Gaussiandistribution of the error leads to, effectively, the less precise estimates even with a Bayesian approach. Accounting for an increasing uncertainty with depth eventually improves the precision of the computed k e values, but it is clearly the third assumption (the one that describes the probability of finding a ray as a Bernoulli process) that works best. The bounds of the distribution slightly vary, and the distribution shape abruptly squeezes, highlighting the increasing precision.
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 3535 Figure 3.5(left) shows the spectral variations of k e , computed using the different approaches: the simple OLS method (not Bayesian) and the three different Bayesian models.

Figure 3

 3 Figure 3.6: Probability distribution of the snow diffuse albedo α diff at two wavelengths (650 and 750 nm). N = 10 5 rays are launched.

Figure 3 . 7 :

 37 Figure3.7: Spectral variations of the B and g G parameters using the different estimates of k e . In the left panels, each solid line corresponds to a different RSRT simulation (5 in total for each wavelength), whereas in the right panels it is shown the mean value ± standard deviation (represented by the envelope) of the 5 simulations.
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 38 Figure 3.8: From ice crystals to snow microstructure. a Photograph of an ice crystal in the atmopshere (stellar dendrite -K. Libbrecht). b Photograph of natural snow on the gorund (decomposing and fragmented precipitation particles -Météo-France). White scale bars: 1 mm. c, d Photographs of natural snow on the ground (rounded grains and depth hoar -F. Dominé). White scale bars: 1 mm.e-g 3D microstructure of three natural snow samples as revealed by X-ray tomography. From left to right: precipitation particles, rounded grains, and depth hoar. h, i Illustration of the absorption enhancement parameter B and the geometric asymmetry parameter g G in a 2D space. In h, the red arrows represent a photon path accounting for refraction and internal reflections, while the white arrows represent propagation in a straight line. In i, the white arrows represent an incoming set of photons, and the red arrows represent an ensemble of possible outgoing photon paths.
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 39 Figure 3.9: The optical shape of snow. a, bAbsorption enhancement parameter B and geometric asymmetry parameter g G (and combinations) of snow at 900 nm, retrieved with the macroscopic method. c, d Idem, retrieved with the geometric method. Note that albedo and light penetration depend on other factors than shape, in particular on grain size, so the representation in b, d must be interpreted at equal snow grain size. In every panel, the dark symbols correspond to geometric shapes reported in the literature (see Supplementary Table3.2 and the two-phase random medium, labeled in a

  3

  .2 and the two-phase random medium, labeled in a as[START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF] (see Supplementary Methods 1 -Sec. 3.5.5.3.1). The colored ones correspond to the 33 natural snow samples, depending on the snow type[START_REF] Fierz | The international classification for seasonal snow on the ground[END_REF]:Precipitation Particles (PP), Decomposing and Fragmented precipitation particles (DF), Faceted Crystals (FC), Depth Hoar (DH), Rounded Grains (RG) and Melt Forms (MF).

  .9b, d, two snowpacks with equal size (i.e. same SSA) but different shapes have the same albedo (respectively light penetration) only if the shapes have the same ordinate (respectively abscissa). In other words, snow samples with equal size but different shape may have different albedo or light penetration. Natural snow spans a region distinct from that of the geometric shapes in the 2D space defined by these quantities (Fig.3.9b, d), implying that none of the studied geometric shapes can be used to satisfactorily simulate snow albedo and light penetration at the same time.Interestingly, a relationship arises between the albedo and the snow type. For a given SSA, fresh snow (PP), like spheres, is a relatively inefficient reflector, while rounded grain (RG) nearly behave as other idealized shapes, such as cylinders(Fig. 3.9b,. This is counter-intuitive as rounded grains or melt forms (MF) have the most spherical shape. Regarding light penetration, natural snow behaves similarly to cylinders, and roughly halfway between spheres and fractals (Fig.3.9b, d and Supplementary Fig.
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 311 Figure 3.11: Variations of the absorption enhancement parameter B with a varying ice refractive index n. a Variations for spheres.The number of triangular facets used to generate the surface is gradually increased. The BB 1974 curve is the analytical expression for spheres of B in terms of n (Eq. 9 in[START_REF] Bohren | Theory of the optical properties of snow[END_REF]). b Variations for natural snow. 9 samples are considered, covering most of the main snow types. Three 3D images of snow samples are shown to illustrate the wide diversity of snow microstructures. The simulations are done with the geometric method, and the ice absorption coefficient γ is kept constant and corresponding to the ice absorption at 900 nm.
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 545 Relating the optical shape parameters to the snow single-scattering propertiesThe two optical shape parameters, B and g G , can be used in climate modeling. The first step would be to use them to calculate other fundamental snow optical properties, such as the single-scattering albedo ω and the asymmetry parameter g. Defining the single-scattering co-albedo (1ω) as the ratio of absorption to extinction coefficients, and following the formalism developed inLibois et al. (2013) (Eqs. 1-6), we can relate B to ω by:

  Figure 3.13: Spectral variations of the optical shape parameters. a Absorption enhancement parameter B.b Geometric asymmetry parameter g G . In all panels, both retrieval methods are shown, and all snow microstructure images are considered. The Malinka estimations for the two-phase random medium are included. The lower and upper limits of the envelope wrapping the median value represent the 10th and the 90th-percentile of the estimates for each wavelength. Note that the B values for the two-phase random medium are virtually equivalent to those estimated with the geometric method and equal to n 2 . Note also that the macroscopic method is less accurate below 600 nm and above 1200 nm (see Method limitations). This is the reason why the envelope is more transparent for the shortest and longest wavelengths.
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 314 Figure 3.14: Snow albedo and flux profile (I(z)). Spectral variations of snow albedo (top) and flux profile (I(z)) (bottom) at λ = 900 nm of three different

Figure 3

 3 Figure3.18: Spectral variations of the optical shape parameters B (top) and g G (bottom) for 4 different snow samples, computed with the two retrieval methods (macroscopic and geometric). For the macroscopic method, the solid line and envelope correspond to the mean value and the standard deviation of the full retrieved distribution.
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 3 Figure 3.19: Differences between the geometric and macroscopic calculations of the optical shape parameters B(top) and g G (bottom), as a function of the snow density (left) and SSA (right). The simulations are run at 900 nm for each sample with 10 6 rays in diffuse illumination conditions.
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 3 Figure3.20: (top) Snow albedo differences between the one computed with the RSRT model and that computed using the AART theory, adjusted with the corresponding SSA, B and g G (both geometric) for each snow sample. (bottom) Differences between the geometric and macroscopic calculations of g G , as a function of the snow density. The simulations are run at 900 nm for each sample with 10 6 rays in diffuse illumination conditions.

Figure 4 .

 4 Figure 4.1: Presence of impurities in snow. (a) Snowpit at Col de Porte (Chartreuse mountains, French Alps), showing a layer polluted with dust; (b) A clearly visible layer of dust, buried by subsequent snowfalls (Écrins massif, French Alps); (c) Heterogeneous presence of dust at the snowpack surface (Mont Blanc massif, French Alps -Photo credits: Bruno Jourdain (IGE)).
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 42 Figure 4.2: Different dust imaginary refractive indices, depending on the source and compilations, either Di Biagio et al. (2019) or Scanza et al. (2015). Solid lines correspond to different values from the compilation of Di Biagio et al. (2019), i.e. the mean, the 10th-and the 90th-percentile, the values for the Libyan dust and the mean of the Northern Africa-Sahara region (NAF-S). The dashed line corresponds to the Scanza et al. (2015) value for Saharan dust. All of them are used in the RSRT model for different purposes in this chapter.

Figure 4

 4 Figure 4.3: (a) Figure 1 of Shi et al. (2021), a schematic of the different mixing states of dust and snow (external and internal), originated from the different types of dust deposition on snow (dry and wet, respectively). The snowpack is composed of a collection of independent ice particles with various shapes; (b) An updated and more simple schematic, in which the collection of ice particles is replaced by a 3D snow microstructure image, and dust is numerically added as an external (top) and internal (bottom) mixing.
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 44 Figure 4.4: Three examples of generated mixtures of snow and dust for the external, internal, and interface mixing states. The generated dust particles are quasi-spherical (i.e. 80 triangular facets) with a 7.5 µm radius.
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 45 Figure 4.5: Simulated spectral snow albedo of an increasingly polluted snowpack (dust content of 10-50-100 ppm). The top panel (a) correspond to the E17 snow sample (DF/RG), and the bottom panel (b) correspond to the NH5G snow sample (MF). All simulations launch 10 5 rays in diffuse illumination conditions.

Figure 4 .

 4 Figure 4.5 shows the evaluation of the RSRT-simulated spectral snow albedo for dust content of 10-50-100 ppm against the SNICAR model. The snow albedo simulated with the raytracing model closely matches the one simulated by SNICAR: the main spectral variations
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 446 Figure 4.6: Spectral albedo of pure and polluted snow simulated with the RSRT model. The imaginary part of the refractive index of dust n i,d varies from the different sources described in Sect. 4.3.3. (a-b) Dust content is 20 ppm, with external and internal mixing states, respectively; (c-d) Dust content is 100 ppm, with external and internal mixing states, respectively. The radius of the dust spherical particles is 7.5 µm. One snow microstructure is used in all cases (E17 sample, DF/RG), with snow SSA = 21.5 m 2 kg -1 . All simulations launch 10 5 rays in diffuse illumination conditions.

  (i.e. the Saharan dust from[START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF] and the 10th-percentile from Di Biagio et al.(2019), respectively). As noted for snow albedo, using either the Saharan dust sources or the mean value of the Di Biagio et al. (2019) compilation results in similar profiles of intensity, but still very different from the[START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF] one. The different spectral impact of dust on the snowpack optical properties is highlighted also by the vertical profile at 700 nm.
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 47 Figure 4.7: Simulated vertical profile of intensity I(z) in a pure and polluted snowpack with varying n i,d at two different wavelengths. Dust content is 75 ppm, externally-mixed, and the snow microstructure used is the E17 sample (DF/RG), with snow SSA = 21.5 m 2 kg -1 . Note that the complete vertical profile in pure snow for 490 nm is not shown to capture the different details of the polluted snowpack profiles.
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 48 Figure 4.8: Spectral albedo of 4 different snow samples. The imaginary part of the refractive index of dust n i,d varies from the different sources described in Sect. 4.3.3. Dust content is 50 ppm, internallymixed with snow. All simulations launch 10 5 rays in diffuse illumination conditions.

Figure 4 .

 4 Figure 4.8 shows the modeled spectral albedo of 4 different snow microstructure samples (Table4.1), polluted with 50 ppm of two different types of dust, internally-mixed with snow.
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 4 Figure 4.9: Spectral albedo of pure and polluted snow (20 ppm and 100 ppm in (a) and (b), respectively) simulated with the RSRT model. The dust complex refractive index n i,d is the one in[START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF]. The snow sample is E17 (DF/RG), with snow SSA = 21.5 m 2 kg -1 . All simulations launch 10 5 rays in diffuse illumination conditions.
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 4 Figure 4.10: Simulated vertical profile of intensity I(z) in a pure and polluted snowpack with varying dust-snow mixing state at two different wavelengths. Dust content is 50 ppm, and the complex refractive index n i,d is the Libyan one in Di Biagio et al. (2019). The snow microstructure used is the TG8 sample (FC/DH), with snow SSA = 16.7 m 2 kg -1 . Note that the complete vertical profile in pure snow for 490 nm is not shown to capture the different details of the polluted snowpack profiles.

Figure 4 .

 4 Figure 4.11 shows how the simulated snow diffuse albedo decreases in the case of an internal or interface mixing compared to an external mixing. Four different snow samples are used, along with two different complex refractive indices of dust in each case (Libyan dust[START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF] and Saharan dust[START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF], respectively). Dust content varied from 10 to 100 ppm for two samples (E17 and 03iso), and from 10 to 50 ppm for the other two samples.Both the internal or interface mixing generally result in larger albedo reductions than the external mixing, independently of the snow sample or n i,d used. The enhancement factor E ∆α is computed by means of a linear regression between the two corresponding albedo reductions (i.e. internal/external or interface/external). E ∆α varies between 1.07 and 1.36 depending on the mixing state, snow sample and type of dust. The greater values (i.e. > 1.3) correspond to the internal mixing states and the Saharan dust of[START_REF] Scanza | Modeling dust as component minerals in the Community Atmosphere Model: development of framework and impact on radiative forcing[END_REF], with slightly lower values (1.25-1.29) for the Libyan dust of Di[START_REF] Di Biagio | Complex refractive indices and single-scattering albedo of global dust aerosols in the shortwave spectrum and relationship to size and iron content[END_REF]. These values for the enhancement factor are similar to those found byHe et al. (2019a), which varied from 1.1 to 1.3 in the visible wavelengths depending on the snow grain size and shape. For the

Figure 4 .Figure 4 .

 44 Figure 4.11: Comparisons of the simulated snow albedo reductions due to internal and interface mixing states versus that due to an external mixing state. Four different snow samples are considered (panels (a) to (d)), and two different complex refractive indices for dust are used for each case (colored solid and dashed line, respectively). The black 1:1 dashed line represents perfect equality with the albedo reductions due to an external mixing. All simulations launch 10 5 rays in diffuse illumination conditions.

  (b) RSRT versus SNICAR (50 ppm) Snow SSA = 43.7 m 2 kg 1

Figure 4 .

 4 Figure 4.13: Simulated spectral snow albedo of a polluted snowpack with different dust-snow mixing states, simulated with both the RSRT and SNICAR models. The left panel (a) corresponds to the TG8 snow sample (FC/DH) with 50 ppm of dust, and the right panel (b) correspond to the 03iso snow sample (PP/DF) with 100 ppm of dust. Note that SNICAR only simulates an external mixing state. All the ray-tracing simulations launch 10 5 rays in diffuse illumination conditions.

Figure 4 .

 4 Figure 4.13 shows how the three different mixing states that are simulated with the RSRT model compare to the external mixing implemented in the SNICAR model in terms of snow albedo and for a given dust content. The comparison still yields the same albedo underestimation as in Fig.4.5, which is certainly related to the fact that the two models do not consider exactly the same snow microstructure. Particularly in the visible wavelengths, the differences in snow albedo between SNICAR and the RSRT-simulated internal mixing are not negligible (up to 0.03-0.04), which evidences that the different mixing states explore a range of albedo reductions that cannot be only explained with an external one.

Figure 4 .

 4 Figure 4.14: Trimmed 2D grayscale images (horizontal slices) of recent X-ray tomographic acquisitions of snow samples containing dust. The brightest parts of the images correspond to dust particles, the dark-gray parts correspond to the ice phase, and the black parts correspond to the air pores. Images provided by Pascal Hagenmuller and Frédéric Flin (CNRM) in a personal communication.

  RSRT model has been used as the key part of a modeling chain implemented to simulate snow surface temperature in mountainous areas. The model uses as input a threedimensional representation of the snow surface topography (i.e. a digital elevation model), and a set of rays are launched towards the surface to compute the incident and reflected short-wave radiation (see Sect. 5.2). The simulation results are subsequently used in a surface scheme (the RoughSEB model, see Sect. 5.3.2.1) to compute all the terms of the surface energy budget on each facet as a function of the facet surface temperature. The study area is a kilometer-wide mountainous terrain in the French Alps. By doing so, one can investigate the relative importance of the topographic effects in order to determine which ones can be neglected as a function of the targeted accuracy. The modeling chain has been eval-uated against in situ measurements and remote sensing thermal observations (Landsat-8) to account for the spatial variations in the study area.

  the surface temperature in a kilometer-wide area from local radiometric and meteorological measurements at a single station. The first component of this chain is the Rough Surface Ray-Tracing model (RSRT). Based on a photon transport Monte Carlo algorithm, this model quantifies the incident and reflected short-wave radiation on every facet of the mesh describing the snow-covered terrain. The second component is a surface scheme that estimates the terms of the surface energy budget from which the surface temperature is eventually estimated. To assess the modeling chain performance, we use in situ measurements of surface temperature and satellite thermal observations (Landsat 8) in the Col du Lautaret area, in the French Alps. The results of the simulations show (i) an agreement between the simulated and measured surface temperature at the station for a diurnal cycle in winter within 0.2 °C;(ii) that the spatial variations in surface temperature are on the order of 5 to 10 °C in the domain and are well represented by the model; and (iii) that the topographic effects ranked by importance are the modulation of solar irradiance by the local slope, followed by the altitudinal variations in air temperature (lapse rate), the re-illumination by long-wave thermal emission from surrounding terrain, and the spectral dependence of snow albedo. The changes in the downward long-wave flux because of variations in altitude and the absorption enhancement due to multiple bounces of photons in steep terrain play a less significant role.
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 52 Figure 5.2: Illustration of the topographic effects considered in this study. They are summarized in Table5.1. The color code in the scheme that illustrates the lapse rate effects means decreasing temperatures with increasing elevation.

  investigated the topographic parameters controlling the surface energy balance on an Arctic glacier. Their model takes into account not only the local SZA and cast shadows for direct SW radiation, but also the sky-view factor for the diffuse SW and sky LW radiation. The model additionally accounts for LW radiation from the surrounding slopes by assuming an average surface temperature, a simplification with respect to the reality where each face may have a different temperature. The model evaluated with measured melt rate in different parts of the glacier performs well (correlation coefficient r ≈ 0.85 for the majority of the melt season). The topographic effects ranked by importance are first shadows, followed by the local SZA and the sky-view factor. Olson et al. (2019) confirmed this ranking by studying the first two effects. LW emission by surrounding slopes can be a significant term in a steep topography. At larger scales (kilometer), Yan et al. (2016) showed that neglecting these topographic effects may induce errors of up to 100 Wm -2 for the modeled net LW flux.

  , to compute the incident and reflected SW radiation. The model launches a set of photons to the snow surface described by a triangular mesh (i.e. a connected set of triangular facets) that can be derived easily from a digital elevation model (DEM). Its spatial resolution limits the scope of this study to topography at the decameter to kilometer scale range. The RSRT simulation results are then used in a surface scheme (RoughSEB model) to compute the net SW and LW radiation and the turbulent heat fluxes on each facet as a function of the facet surface temperature. The surface temperature is eventually deduced by closure of the energy budget. To assess the modeling chain performance, satellite thermal infrared observations from Landsat 8 are used. The topographic effects that are taken into account in this study can be disabled or modified when needed in order to quantify their relative importance by measuring the impact on the surface temperature. This study is applied at the Col du Lautaret area (French Alps), and we mostly consider clear-sky conditions since they tend to maximize the topographic effects compared to diffuse conditions. Section 5.3.2 provides the model description as well as the method for retrieving surface temperature from satellite images and a description of the study area. Results are shown in Sect.5.3.3 and discussed in Sect. 5.3.4. The conclusions are presented in Sect. 5.3.5.5.3.2 Methods and materials5.3.2.1 The RoughSEB model

Figure 5 . 3 :

 53 Figure 5.3: Flowchart of the modeling chain to estimate snow surface temperature. TOM (top of mountains) is the horizontal above the highest point in the study area. The involved models are in green, the terms of the surface energy budget are in orange, the needed inputs are in blue, and the topographic effects are in gray. The dashed red lines indicate the two-step iterative process to compute the downward LW flux.

5. 3 T

 3 .2.1.2 Long-wave radiation fluxes To compute the incident LW flux from the atmosphere on each facet, we first apply a local correction to the observed downward LW flux (noted LW d, obs ), measured in a single point of the domain (Sect. Sect.5.3.2.2). This correction takes into account the LW variations in altitude over the whole domain using the same approach as in[START_REF] Arnold | Topographic controls on the surface energy balance of a high Arctic valley glacier[END_REF]. The correction consists of deriving an "effective emissive temperature" of the sky (noted T sky, obs ) from the measured LW flux with the Stefan-Boltzmann equation. This temperature is corrected for changes in elevation by introducing the lapse rate Γ : sky, f = T sky, obs + Γ (z fz obs )(5.8) with σ the Stefan-Boltzmann constant and where T sky, f is the effective emissive temperature of the atmosphere above each facet. We choose Γ = -6.5 °C km -1 , the environmental lapse rate as defined in the International Standard Atmosphere(ISO 2533(ISO :1975)). The downwelling LW flux incident on each facet (LW d, f ) is then recalculated with the Stefan-Boltzmann equation: LW d, f = σ T 4 sky, f

  5.16) with ∆T = 5 K. The simplified surface energy budget equation eventually becomes a quartic equation for T s of the form a T4 s + d T s + e = 0 (5.17)
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 54 Figure 5.4: Location of the study area around the Col du Lautaret alpine site. The blue rectangle in (a) represents the extension of the study area, shown in (b). The domain is generated from the RGE ALTI®Version 2.0 digital elevation model (DEM) provided by IGN France at a spatial resolution of 5 m and resampled to 10 m for this study. Slope angle is represented by the intensity of the color.

Figure 5 .

 5 Figure 5.4 shows the study area. It is located around the Lautaret mountain pass in the French Alps (45.0°N, 6.4°E). This area is of interest to study surface temperature as it features both north-and south-facing slopes that are spaced by a few hundreds meters. It also contains smaller-scale rugged terrain covering the rest of orientations and promoting re-illumination. The size of the area is ≈ 50 km 2 , and the range of altitudes spans from 1640
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 55 Figure 5.5: Workflow to retrieve land surface temperature from Landsat 8 thermal observations with a single-channel approach.

Figure 5 .

 5 Figure 5.6: Landsat-8-retrieved surface temperature as a function of surface temperature measurements at the FluxAlp station (a) using the iSC method (blue) and the SC method (brown). The Collection 2 surface temperature product is shown in orange. (b) Simulated T s by the model (red) and observed T s by Landsat 8 (iSC method, blue). The 1:1 dashed line represents perfect agreement with in situ measurements.

Figure 5 . 7 :

 57 Figure 5.7: Simulation of the surface fluxes (a) and snow surface temperature (b) at the FluxAlp station for a ≈ 36 h long time series starting 10 March 2016. The radiative fluxes are compared to in situ measurements All times are in UTC.

Figure 5 .

 5 Figure 5.8 shows the spatial variations in snow surface temperature, observed by Landsat 8 (left) and simulated by the RoughSEB model (right). The variations are well represented bythe model, with many similarities at all scales across the domain. The small-scale variations are better resolved by the model as the spatial resolution is significantly higher (10 vs. 30 m for the satellite). This is in particular true in the northern area of the domain, which features a series of small valleys, showing a larger temperature gradient in the simulation. The model is slightly colder in the coldest areas (e.g. shadows in the southern area of the scene) as well as in the warmest areas around the FLuxAlp station (green marker). As shown in Fig.5.6b, the surface temperature does not differ significantly in the FluxAlp area.
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 5 Figure 5.9 (left) shows the bias and the standard deviation of a pixel-to-pixel comparison between all the 20 satellite observations and the corresponding simulations. The latter are

Figure 5 .

 5 Figure 5.8: Surface temperature observed by Landsat 8 (a) and simulated by the RoughSEB model (b) in the Col du Lautaret area on 18 February 2018. The location of the FluxAlp station is highlighted by the green marker. Projection is Lambert 93 (EPSG: 2154), and the coordinates are in meters.

Figure 5 . 9 :

 59 Figure 5.9: Comparison of the spatial variations in surface temperature between the simulations and the satellite observations for each date, computed considering the whole domain. (a) Mean bias and standard deviation of the differences. (b) RMSE and the correlation coefficient r.

  5.3.3.2.4 Relative importance of the topographic effects In order to quantify the relative importance of the topographic effects, we run a series of simulations where every effect considered in this work is disabled at a time. The importance of applying an elevationcorrected downward LW flux instead of considering a uniform one is also quantified. Figure5.10 shows the impact on the surface temperature distribution across the area on 18 February 2018. The scatter plots show the modeled T s for every pixel in the domain as a function of the T s from the reference simulation(REF), where all the effects are included. The histogram plots show the distribution of all the pixels and, in addition, the reference simulation (black line) -including all the effects -and Landsat 8 observations (red).

Figure 5 .

 5 Figure 5.10: Impact of disabling a topographic effect on the simulated T s on 18 February 2018. Each panel corresponds to a disabled topographic effect, with respect to the reference simulation (REF) where all effects are included. The marginal histograms show the distribution of surface temperature for each simulation as well as the observed T s by the satellite (red) and the reference simulation (black).

Figure 5 .

 5 Figure 5.11: Overall representation of the mean difference and standard deviation between the reference simulation (REF), where all processes are considered, and the additional simulations, where one topographic effect is disabled at a time. The whiskers of the boxplots represent the 10th and 90th percentiles of the distribution.

Figure 5 .

 5 Figure 5.12: Changes in simulated snow surface temperature (∆T s ) for a diurnal cycle at the FluxAlp station when varying the specific surface area (SSA; a) and the aerodynamic roughness length (z 0 ; b). The shaded areas correspond to nighttime (i.e. SZA below 0°or over 90°).

Figure 5 .

 5 Figure 5.13: Distribution of simulated surface temperature as a function of the aspect for slopes larger than 30°. The radius of each of the 16 sectors corresponds to the normed (displayed in per cent) quantity of facets.

  d and e are constant for each facet. The general solution of this equation requires a simple change of variable to transform the quartic into a depressed quartic:

  surface temperature retrieval from Landsat 8LST is calculated for each pixel by applying the radiative transfer equation to a sensor channel (Eqs. 1 to 3 in[START_REF] Cristóbal | An Improved Single-Channel Method to Retrieve Land Surface Temperature from the Landsat-8 Thermal Band[END_REF]), which leads to:LST = γ • ε -1 (ψ 1 • L sensor,λ + ψ 2 ) + ψ 3 + δ (

  );[START_REF] He | Black carbon-induced snow albedo reduction over the Tibetan Plateau: Uncertainties from snow grain shape and aerosol-snow mixing state based on an updated SNICAR model[END_REF];[START_REF] Flanner | SNICAR-ADv3: a community tool for modeling spectral snow albedo[END_REF] added proof of the role of the grain shape in the snow optical properties, and the results of this thesis reinforces this trend. Moreover, they provide accurate values for the optical shape of snow. B is mostly constant and equals n 2 (i.e. ≈ 1.7 in the visible and NIR spectral regions), whereas the possible range of values of g for snow (g = 0.82 ± 0.01, with negligible variations in the visible and NIR spectral regions) is much narrower than that of the usually considered geometric shapes. Indeed, these values strongly differ for instance, from that of spheres (B = 1.25 and g = 0.89). For a given snow SSA and density, the use of spherical particles results in almost a 40% underestimation of B and a 10% overestimation of g, which is equivalent to approximately a 20% underestimation of snow albedo, and almost a 60% overestimation of the available amount of sunlight in depth.

Figure C2 :

 C2 FigureC2: Snow density, SSA, diffuse albedo and asymptotic flux extinction coefficient k e for two snow samples with different smoothing techniques. The image sizes are 5.9 × 5.9 × 5.9 mm 3 and 7.6 × 7.6 × 7.6 mm 3 for the 1600sup800 and NH5G samples, respectively.

Figure

  FigureC2shows the variations of several snow physical and optical properties with the different smoothing techniques. The impact of the different techniques on snow density, snow SSA, snow diffuse albedo and flux extinction is negligible. For this, throughout this thesis we have used the most basic and fundamental snow microstructure images, without applying any smoothing technique. The meshes used here have therefore been either the 'base' one or the 'wfc' one.

  

  

  

  

  

  

  Notamment, elle réduit l'albédo de la neige de près de 20% de plus qu'un mélange externe pur. Si l'on considère que le mélange interne est 30 à 40% plus efficace pour réduire l'albédo de la neige que le mélange externe, cela implique que la disparité des effets radiatifs entre les dépôts secs et humides de poussière sur la neige pourrait être moins importante qu'on ne le pense actuellement.Les variations dans la composition chimique des poussières résultant des diverses sources géographiques entraîne généralement des impacts radiatifs variables. Les différences entre les sources de poussière augmentent avec la quantité des poussières présente dans la neige et l'augmentation de la taille des grains. Par exemple, les réductions de l'albédo diffèrent jusqu'à 0.05 pour les différents types de poussières étudiés dans ce travail. En outre, un mélange interne entraîne des différences plus marquées entre les types de poussière. Il est évident que, s'ils ne sont pas pris en compte avec précision, les impacts radiatifs combinés

5) montrent l'impact profond de cette représentation du mélange d'interface sur les propriétés optiques de la neige. des propriétés optiques des poussières et des différents mélanges poussière-neige peuvent entraîner de grandes incertitudes dans les modèles actuels de transfert radiatif de neige. Étant donné que la présence de poussières (ou, plus généralement, de tout type d'impureté) dans la neige a des conséquences importantes pour le bilan d'énergie du manteau neigeux et le cycle hydrologique

  une zone montagneuse peuvent être utilisées pour mieux déterminer comment le rayonnement solaire se propage et interagit avec la neige à toutes les échelles. En plus d'apporter une réponse aux questions scientifiques qui ont motivé cette thèse de doctorat, les principaux résultats présentés ici démontrent qu'il y a un avantage à explorer ces simulations précises du transfert radiatif dans la neige.

	1.1 Snow, ice and climate
	1.1.1 The Earth's climate
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  Robledano, A., Picard, G., Dumont, M., Flin, F., Arnaud, L., and Libois, Q.: Unraveling the optical shape of snow, NatureCommunications, 14, 3955, doi: 10.1038Communications, 14, 3955, doi: 10. /s41467-023-39671-3, 2023. . 

Table 3 . 1 :

 31 Description of the 3D snow microstructure images dataset. Resolution corresponds to the X-ray tomography imaging pixel size, and snow properties (density and specific surface area (SSA)) were computed directly over the mesh with the trimesh Python package (Dawson-Haggerty

Table 4 .

 4 1: Detailed summary of the generated snow-dust mixtures. It includes 4 snow microstructure images with different mixing states, and each of them with different dust contents.

Table 5 .

 5 1: Several effects relevant to short-wave (SW), long-wave (LW) and turbulent heat fluxes calculation in complex terrains. Other effects such as those involving the atmosphere are beyond the scope of this study.

  Manual measurements of surface snow SSA for two consecutive winter seasons (2016/2017 and 2017/2018) have been collected occasionally[START_REF] Tuzet | Quantification of the radiative impact of light-absorbing particles during two contrasted snow seasons at Col du Lautaret (2058 m a.s.l., French Alps)[END_REF] a few meters around the FluxAlp station. The measurements were collected with the DUFISSS instrument[START_REF] Gallet | Measurement of the specific surface area of snow using infrared reflectance in an integrating sphere at 1310 and 1550 nm[END_REF] during the first season and with the Alpine Snowpack Specific Surface Area Pro-

	filer (ASSSAP; a lighter version of the POSSSUM instrument; Arnaud et al. (2011)) during
	the second season. These measurements have an estimated uncertainty of 10 %.
	5.3.2.3 Surface temperature retrieval with Landsat 8 observations
	Spatial variations in surface temperature are retrieved from satellite observations. The two
	thermal bands (thermal infrared sensor, TIRS -Bands 10 and 11) onboard Landsat 8 cover
	the spectrum at around 10.6 and 12.51 µm, with a spatial resolution of 100 m (resampled
	by cubic convolution methods to 30 m in the product) and a 16 d repeat cycle. Different
	methods to correct atmospheric effects have been implemented in order to retrieve land sur-
	face temperature (LST hereafter): split-window methods
	The study area includes the measurement station FLuxAlp (45.0413°N, 6.4106°E), lo-
	cated at 2052 m a.s.l. This station collects meteorological and radiometric observations. Ra-
	diation fluxes are measured with a Kipp & Zonen CNR4 radiometer with a spectral range
	0.3-2.8 µm in the SW and 4.5-42 µm in the LW. The data needed as input for the modeling

chain are issued from here (air temperature, wind speed, relative humidity, and downwelling LW radiation flux). All measurements are averaged over 30 min; i.e. a measurement at 10:30 UTC is the average of the period 10:00-10:30 UTC. The upwelling LW measurements at FLuxAlp are used to assess the modeled surface temperature at the station point.

Note that the boundaries of these spectral regions slightly vary for different sources.

The albedo is defined as the fraction of energy reflected by a surface. The albedo varies thus between 0 and 1, and snow has the highest albedo among all natural surfaces on Earth. For instance, in the visible wavelengths, the albedo of fresh snow is close to 1, meaning that almost all the incoming sunlight is reflected back to the atmosphere, which also explains its white color.

A positive feedback is a feedback that amplifies an initial forcing. In the case of the snow-albedo feedback, an initial warming leads to a reduced snow cover, resulting in more energy being absorbed by the surface and an enhanced warming.

The penetration depth, also called e-folding depth, is defined as the depth at which the intensity of the radiation inside a given material falls to 1/e (about 37%) of its original value at the surface.

The impurities are also called in the literature light-absorbing particles, LAPs.

Note that, unless otherwise specified, all the following quantities are wavelength-dependent. The λ dependence is not written for ease of reading. Also, only unpolarized light is considered.

g = ≈ (g G + 1) / 2, considering that diffraction is mainly forward.

Recall that these quantities are wavelength-dependent, but the notation has been simplified for ease of reading.

We assume throughout this thesis that the air is a non-absorbing medium, with n = 1.

https://ivori.osug.fr/
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Supplementary information

Supplementary information to the manuscript entitled 'Unraveling the optical shape of snow' by A. Robledano, G. Picard, M. Dumont, F. Flin, L. Arnaud and Q. Libois, submitted as an Article to Nature Communications. The following includes six figures, two tables and three methods items. .12: Estimation of the optical shape parameters with the macroscopic method for the I23 (RG) sample. a Model estimations of the absorption enhancement parameter B represented as probability distributions, with the lines in each violin plot corresponding to the extrema, the mean, and the 10th and 90th-percentile of the resulting distributions. The geometric method estimation is also displayed. b Model estimations of the geometric asymmetry parameter g G represented as probability distributions.

3. 5.5.3 Supplementary Methods 3.5.5.3.1 Supplementary Methods 1: B and g G for the two-phase random medium For the sake of completeness, we show here the expressions of the optical shape parameters B and g G for the two-phase random medium, which are actually derived in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF].

Considering that in such medium, along a straight line, the positions of consecutive air-ice interfaces follows a Markov process, it was shown that B = n 2 in the limit of low absorption (see Eqs. 9 and 25 in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF]).

The geometric asymmetry parameter g G is analytically derived in the same study (Eq. 60) as:

where ω 0 is the single-scattering albedo (named photon survival probability in Malinka (2014) -Eq. 56), L(α) is the Laplace transform of the chord length distribution of the medium (Eq. 21), and where r 1 , t 1 and r in 1 are given in an analytic way in Eqs. 29, 42 and 49 in [START_REF] Malinka | Light scattering in porous materials: Geometrical optics and stereological approach[END_REF].

The value of these parameters for the two-phase random medium are wavelength-dependent via the ice refractive index n, and their median values across the visible and NIR spectral range (400 -1400 nm) are B = 1.69 and g G = 0.67. 3.5.5.3.2 Supplementary Methods 2: Analytical convex shape generation The analytical convex shape explored in this study is generated with the following parametric equations:

where x ′ and y ′ are defined as:

with the polar angle θ ∈ [0, π] and the azimuthal angle φ ∈ [0, 2π].

Snow surface temperature estimation

The simulations show an overall agreement with both in situ measurements and satellite observations (Sect. 5.3.3.2). The simulated fluxes and the temporal evolution of T s are well represented for a daily cycle (Fig. 5.7). The net SW flux is slightly underestimated during part of the day (except in the morning, when it is slightly overestimated), but the impact on surface temperature is balanced by the other terms of the energy budget. The treatment of the turbulent heat fluxes in the model at this stage is very simple: the atmosphere is assumed neutral, the aerodynamic roughness length is uniform, the wind is uniform, etc. Some of these simplifications are required for the computational performances and may be challenging to take into account, while other (e.g. atmospheric stability) could be easily implemented [START_REF] Essery | Parameter sensitivity in simulations of snowmelt[END_REF].

The ground heat flux was also neglected, which means that the surface temperature reacts immediately to changes in the downwelling radiation. In reality, the snowpack has some thermal inertia which delays and moderates the diurnal amplitude of T s . If significant, this would lead to an overestimation in the morning and underestimation in the late afternoon, when the warming (cooling) of the surface is more pronounced in the simulations as the solar zenith angle decreases (increases). Nevertheless, this delay is barely visible in our case (Fig. 5.7). Snow is indeed a highly insulating material and has a small thermal inertia.

Assuming a thermal conductivity of around 0.2 W m -1 K -1 [START_REF] Sturm | Vapor transport, grain growth and depth hoar development in the subarctic snow[END_REF], the daily wave penetrates by no more than 20 cm into the snowpack. This means that with a diurnal cycle half-amplitude of ≈ 7 °C in surface temperature, the maximum temperature gradient in the upper snowpack is of the order of 35 K m -1 . According to the Fourier law, this implies a maximum ground heat flux G ≈ 7 W m -2 , which is an order of magnitude lower than the radiative and turbulent heat fluxes estimated in our case (Fig. 5.7). This simple calculation confirms that neglecting G is acceptable in a first approximation when snow is relatively fresh and is not melting. In spring, with a denser and less insulating snowpack and with melt, this approximation needs to be reconsidered. However, taking into account the thermal diffusion in the snowpack over millions of facets represents a significant computational cost.

The choice of input parameters such as SSA and aerodynamic roughness length (z 0 ) is critical for the simulations. Local measurements are not always available and may not be representative of the whole area. SSA drives the albedo and, in turn, the short-wave absorption by the snowpack. The sensitivity of snow surface temperature to SSA is assessed in Fig. 5.12 (top) for the diurnal cycle presented in Fig. 5.7. SSA is varied by ± 10 m 2 kg -1 with respect to the reference simulation for the whole time series (20 m 2 kg -1 ). The impact of varying SSA on T s is up to 1 °C and is larger when considering a low SSA than a large SSA. This is mainly due to the fact that the SSA-albedo relationship is non-linear [START_REF] Domine | Correlation between the specific surface area and the short wave infrared (SWIR) reflectance of snow[END_REF]. In general, spatio-temporal variations in SSA are expected in our area because the fresh-snow SSA value depends mainly on snowfall temperature, and its subsequent evolution is a general decrease depending on the thermal evolution of the snowpack (Domine widely investigated [START_REF] Jiménez | Improving the representation of resolved and unresolved topographic effects on surface wind in the wrf model[END_REF][START_REF] Rotach | On the vertical exchange of heat, mass, and momentum over complex[END_REF]. Different parameterization and estimation methods exist to overcome their complexity (e.g. [START_REF] Wood | Parametrizing the effects of orography on the boundary layer: An alternative to effective roughness lengths[END_REF]).

The approach implemented here is simple, with several approximations and rough assumptions (as a constant aerodynamic roughness length and wind speed across the study area).

Future improvements of our approach could benefit from wind downscaling methods to better represent wind speed distribution over complex terrain, as in [START_REF] Helbig | Parameterizing surface wind speed over complex topography[END_REF].

This study accounts for the spectral dependence of snow albedo, which is an improvement with respect to most of the models that only account for broadband albedo. As running RSRT at many wavelengths is very expensive, we developed the effective method present in Eqs.

5.5 and 5.6. The impact on T s is limited, but errors up to ≈ 1.5 °C are possible. The relative importance is similar to that of the thermal emission from surrounding slopes and is not negligible.

The last topographic effect investigated here is the influence of the multiple bounces of photons between the faces in the short-wave domain, also called re-illumination or cause of absorption enhancement. It is simulated with the RSRT model [START_REF] Larue | Snow albedo sensitivity to macroscopic surface roughness using a new ray-tracing model[END_REF] and represents the most expensive step of the modeling chain in terms of computational cost as each photon is tracked until it escapes the scene, after one or several bounces. The results presented here suggest that the re-illumination can be neglected, with a limited impact on the surface temperature estimations (< 0.2 °C). This implies that RSRT is only needed to track the shadows and slope and compute the sky-view factor. In principle these effects can be taken into account by other faster methods (e.g. [START_REF] Dozier | A faster solution to the horizon problem[END_REF]). Nevertheless, other authors have drawn different conclusions regarding the role of re-illumination in the same study area. [START_REF] Lamare | Simulating optical top-of-atmosphere radiance satellite images over snow-covered rugged terrain[END_REF] found a significant contribution of multiple reflections on the simulated top-of-atmosphere (TOA) radiance in the same area as ours. A hypothesis to explain this discrepancy is the dependence on the sun's position and the configuration of the terrain. Earlier simulations in the winter season (closer to 1 December) show a lower impact than later ones. However, this point requires further investigation, in particular as atmospheric scattering and absorption effects due to the air within the relief are neglected in the present work.

Conclusions

We have investigated the relative importance of several topographic effects in a mountainous terrain in the French Alps. For this, we have first developed a modeling chain to predict surface temperature, combining existing radiative transfer models (RSRT, SBDART) and a new surface energy budget model (RoughSEB). This chain was evaluated against in situ measurements and remote sensing thermal observations to account for the spatial variations.

A ≈ 36 h long time series was simulated, and an overall agreement is achieved with the in situ measurements, within 0.2 °C. Besides, the bias of the simulations at the FluxAlp station for the 20 scenes corresponding to the Landsat 8 acquisitions is only -0.2 °C (total error of 1.2 °C RMS), which highlights the potential of the chain to simulate surface temperature 2015) containing 4714 atmospheric profiles from tropical to arctic atmospheric conditions.

The following fit is applied here:

All the coefficient values (from i to a) are in [START_REF] Cristóbal | An Improved Single-Channel Method to Retrieve Land Surface Temperature from the Landsat-8 Thermal Band[END_REF]. 

Appendix B:

Conclusions

The motivation of this chapter was to better understand the role of topography in the surface energy budget of snow-covered complex terrain. Accurately accounting for the modulation of the short-wave incoming radiation by the local slope, the shadows and the short-and longwave re-illumination of the surface from nearby slopes is a challenging task, and it is evident that modeling all these processes (among many others) has prohibitive computational cost for most applications. The outcome is that unfortunately most of them are usually approximated or directly neglected. The RSRT model, along the whole modeling chain developed in this chapter (RoughSEB model) has proven to be a powerful tool to quantify the relative importance of such processes, which should help determining which ones can be neglected as a function of the targeted accuracy.

The RoughSEB model still simplifies several processes in the surface energy budget estimations, which should be addressed in the future. For instance, patchy snow conditions and snowmelt should be further investigated, and future improvements could focus on better represent wind fields in complex terrain through wind downscaling methods [START_REF] Helbig | Parameterizing surface wind speed over complex topography[END_REF][START_REF] Le Toumelin | Emulating the Adaptation of Wind Fields to Complex Terrain with Deep Learning[END_REF]. Given the growing evidence of the benefits of assimilating surface temperature into snowpack simulations (Alonso-González et al., 2023), a model like RoughSEB could use satellite thermal observations at high-resolution to better represent the snowpack evolution in remote and mountainous areas.

bination of distributed ensemble simulations and high-resolution thermal images from TR-ISHNA will certainly result in better insights of the interactions of sunlight and snow at the macroscale. A profound comprehension of these complex interactions will be crucial for improved climate and environmental studies, especially in mountainous areas.

The future of snow radiative transfer modeling is exciting. The combination of increasingly accurate observational techniques with efficient computing solutions will undoubtedly help us answer the most fundamental question: what does a photon see and where does it go when it reaches the snowpack?

Appendix B: Snow microstructure images.

Appendix C: Sensitivity to image size and smoothing.

Appendix A -List of publications and communications

Publications:

• Dumont, M., Gascoin, S., Réveillet, M., Voisin, D., Tuzet, F., Arnaud, L., Bonnefoy, M., Bacardit Peñarroya, M., Carmagnola, C., Deguine, A., Diacre, A., Dürr, L., Evrard, O., Fontaine, F., Frankl, A., Fructus, M., Gandois, L., Gouttevin, I., Gherab, A., Hagen- To ensure that the snow samples were big enough compared to the representative elementary volume (REV), i.e. the smallest volume that contains enough structural and property information to represent the behavior of the medium on a larger scale, and to ensure that smoothing during the mesh generation does not play a significant role in the derivation of the snow optical properties, some tests were performed with the ray-tracing model. For two snow samples, several meshes were generated by Frédéric Flin (CNRM). To check the REV, meshes were generated with a varying image size. To check that smoothing does not play a significant role, for a given image size, meshes were generated by applying different types of smoothing and correction techniques.

Sensitivity to the image size

The image size is defined here as the edge length of the snow microstructure volume, assumed to be a cube. This is a slightly abuse of notation, so please note that a given image size of X mm actually refers to an image volume of X × X × X mm 3 . Figure C1 shows the variations of several snow physical and optical properties with an increasing image size. Generally, the REV seems to be attained with a sufficient precision for an image size of around 3 to 4 mm. The snow density and SSA do not strongly vary above these values, only a slight decrease is observed for SSA. For the 1600sup800 sample the REV is slightly smaller (≈ 2.5 to 3 mm image size), and the variations in image size above these