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Alpine valleys are rarely closed systems, implying that the atmospheric boundary layer of a particular valley section is influenced by the surrounding terrain and large-scale flows. A detailed characterisation and quantification of these effects is required in order to design appropriate parameterisation schemes for complex terrains. The focus of this work is to improve the understanding of the effects of surrounding terrain (plains, valleys or tributaries) on the heat and mass budgetso ft h es t a b l eb o u n d a r y layer of a valley section, under dry and weak large-scale wind conditions. Numerical simulations using idealised and real frameworks are performed to meet this goal.

Several idealised terrains (configurations) were considered: an infinitely long valley (i.e. two-dimensional), and upstream valleys opening either on a plain (valley-plain), on a wider valley (draining) or on a narrower valley (pooling). In three-dimensional valleys, two main regimes can be identified for all configurations: a transient regime, before the down-valley flow develops, followed by a quasi-steady regime, when the down-valley flow is fully developed. The presence of a downstream valley reduces the along-valley temperature difference, therefore leading to weaker down-valley flows. As ar e s u l t ,t h ed u r a t i o no ft h et r a n s i e n tr e g i m ei n c r e a s e sc o m pared to the respective x IV.6 Along-valley variations of the heat budget ...............

valley-plain configuration. Its duration is longest for the pooling configuration. For strong pooling the along-valley temperature difference can reverse, forcing up-valley flows from the narrower towards the wider valley. In this regime, the average cooling rate at the valley-scale is found to be a maximum and its magnitude is dependent on the configuration considered. Therefore pooling and draining induce colder and deeper boundary layers than the respective valley-plain configurations. In the quasisteady regime the cooling rate is smaller than during the transient regime, and almost independent of the configuration considered. Indeed, as the pooling character is more pronounced, the warming contribution from advection to the heat budget decreases because of weaker down-valley flows, and so does the cooling contribution from the surface sensible heat flux. The mass budget of the valley boundary layer was found to be controlled by a balance between the convergence of downslope flows at the top of the boundary layer and the divergence of the down-valley flow along the valley axis, with negligible contributions of subsidence far from the valley sidewalls. The mass budget highlighted the importance of the return current above the down-valley flow, which may contribute significantly to the inflow of air at the top of the boundary layer.

iii A case-study of a persistent cold-air pool event which occurred in February 2015 in the Arve River Valley during the intensive observation period 1 (IOP1) of the PASSY-2015 field campaign, allowed us to quantify the effects of neighbouring valleys on the heat and mass budgets of a real valley atmosphere. The cold-air pool persisted as ar e s u l to fw a r ma i ra d v e c t i o na tt h ev a l l e yt o p ,a s s o c i a t e dw ith the passage of an upper-level ridge over Europe. The contributions from each tributary valley to the mass and heat budgets of the valley atmosphere were found to vary from day to day within the persistent stage of the cold-air pool, depending on the large-scale flow. Tributary flows had significant impact on the height of the inversion layer and the strength of the cold-air pool, transporting a significant amount of mass within the valley atmosphere throughout the night. The strong stratification of the near-surface atmosphere prevented the tributary flows from penetrating down to the valley floor. The evolution of the large-scale flow during the episode had a profound impact on the near-surface circulation of the valley. The channellingo ft h el a r g e -s c a l efl o wa t night, can lead to the decrease of the horizontal temperatured i fference driving the near-surface down-valley flow, favouring the stagnation of the air close to the ground.

Résumé

Une vallée alpine constitue rarement un système fermé et, de ce fait, la dynamique de sa couche limite atmosphérique est influencée par le relief environnant et par l'écoulement de grande échelle qui surmonte la vallée. La paramétrisation de la circulation atmosphérique d'une vallée alpine requiert donc de caractériser finement ces effets, ce qui est l'objectif de ce travail de thèse. Plus précisément, notre objectif est de comprendre l'influence du relief environnant une vallée (une plaine ou une autre vallée, de même axe ou tributaire) sur les bilans de masse et de chaleur au travers d'une section de cette vallée ; on suppose que les conditions atmosphériques sont stables et sèches et que le vent synoptique est faible mais non négligeable. Le travail s'appuie sur des simulations numériques menées dans un contexte idéalisé p u i s r é a l i s t e .

Plusieurs vallées idéalisées ont tout d'abord été considérées: une vallée infiniment longue (c'est-à-dire que cette vallée est bidimensionnelle) et une vallée tridimensionnelle, qualifiée de supérieure, ouvrant soit sur une plaine(configurationditede"v alléeplaine"), sur une vallée plus large (configuration de type "drainage") ou sur une vallée plus étroite (configuration de type "quasi-stagnation") ; la vallée plus large ou plus é t r o i t e e s t q u a l i fi é e d ' i n f é r i e u r e .

Dans les vallées tridimensionnelles, deux régimes principaux ont été identifiés, quelle que soit la configuration : un régime transitoire, avant que le vent de vallée (descendant) ne se développe, puis un régime quasi-stationnaire, quand le vent de vallée est complètement développé. La présence d'une vallée inférieure réduit la variation de température le long de la vallée, de sorte que le vent de vallée qui se développe est plus faible que dans la configuration vallée-plaine. En conséquence, la durée du régime transitoire augmente par rapport à cette dernière configuration, et est maximum pour la configuration quasi-stagnation. Lorsque la vallée inférieure est très étroite, la variation de température peut même changer de signe, conduisant à un vent de vallée montant, de la vallée inférieure vers la vallée supérieure. Durant ce régime transitoire, le taux de refroidissement moyenné sur le volume de lav a l l é ee s tm a x i m u m ,s a valeur dépendant de la configuration considérée. En conclusion, les configurations de drainage et quasi-stagnation conduisent à une couche limite dans la vallée supérieure plus froide et plus profonde que dans la configuration vallée-plaine.

Dans le régime quasi-stationnaire, le taux de refroidissement moyenné sur le volume de la vallée est plus faible que dans le régime transitoire et varie peu en fonction de la v configuration considérée. En effet, lorsque la vallée infé r i e u r e d e v i e n t p l u s é t r o i t e , l e réchauffement lié aux effets advectifs diminue car la vitesse du vent de vallée diminue, de sorte que la contribution (refroidissante) du flux de chaleur sensible diminue également. La conservation de la masse dans la couche limite de la vallée supérieure est assurée par un équilibre entre la convergence des vents de pente au sommet de la couche limite et la divergence du vent de vallée, les effets desubsidenceloindesparois de la vallée jouant un rôle négligeable. L'analyse de la conservation de la masse a é g a l e m e n t m i s e n é v i d e n c e l a c o n t r i b u t i o n m a j e u r e à l ' e n trée d'air au sommet de la couche limite du courant de retour au-dessus (et en sens inverse) du vent de vallée descendant.

La dernière partie du travail de thèse aborde le cas réaliste de la vallée de l'Arve autour de Passy -dénommée ci-après "vallée de Passy"-durant une période d'observation intensive de la campagne de mesures PASSY-2015, en février 2015. Une couche d'air froid persistante se forme en fond de vallée, liée à l'advection d'air chaud associée au passage d'une crête anticyclonique au-dessus de l'Europe. L'impact des vallées débouchant dans la vallée de Passy sur les bilans de masse etd ec h a l e u rd a n sc e t t e vallée a été quantifiée précisément. Les écoulementsl el o n gd e sv a l l é e st r i b u t a i r e s présentent ainsi une grande variabilité durant la phase persistante de l'épisode, dépendant de la variabilité de l'écoulement de grande échelle.C e sé c o u l e m e n t so n tu ni m p a c t majeur sur l'intensité de la couche d'air froid et la hauteurd el ' i n v e r s i o nq u il as u rmonte, au travers des flux de masse associés. La forte stratification présente près du sol conduit à leur décollement au-dessus du fond de vallée, laissant l'air s'y trouvant non affecté par leur présence. L'évolution de l'écoulement de grande échelle durant l'épisode a un profond impact sur la dynamique proche du fondd ev a l l é e . D u r a n tl a nuit en effet, la canalisation de cet écoulement réduit la variation de température le long de la vallée contrôlant le vent de vallée, favorisantl as t a g n a t i o nd el ' a i r .
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I General Introduction

"Q u a n d ' l a b r u j a n a a l ' á e l ca pe l o , pose la vanga, e pidje l'ombrelo"

I.1 Motivations

The short verse opening this thesis is a proverb in the local dialect of my home town, stating that when the top of the mountain Brugiana is covered by clouds (it has a 'hat'), most likely it is going to rain ('put down the spade, and pick upy ourum brella!'). The proverb simply describes the correlation between low-levelc l o u dc o v e r( t h eh e i g h to f

mount Brugiana is about 1000 m) and rain event in the town of Massa. Many proverbs exist in the folk's culture that link meteorological phenomena and mountains, which express the impact that mountains and weather have on everyday life.

Broadly speaking, more than 50% of the earth's surface is in the form of mountains, hills and plateau and 26% of the global population lives in mountainous terrains [START_REF] Meybeck | A new typology for mountains and other relief classes -An application to global continental water resources and population distribution[END_REF]. Taking Europe as an example, there are more than 14 million people living in the Alpine chain, with a population density of 74.6 inhabitants per km 2 (calculated over the entire territory encompassed by the mountain range), which makes the Alps one of the most densely inhabited mountainous regions in the From a geographical p oint of view, the ma jor mountain chains are a natural topographic barrier separating countries and economic centres. The Rocky mountains in North America are more than 4800 km long and oriented north-south, dividing the western United States and Canada from the Occidental part. The Alps in Europe divide some of the major countries of the continent, Italy, France, Germany, Switzerland and Austria. The main transport infrastructures are found in valleys and main gaps (like the Brenner Pass between Italy and Austria), where also most of the population in the region is concentrated.

Mountains have a profound impact on weather, climate and generally on atmospheric circulation at all scales. Historically, before orographic gravity wave drag was represented in numerical weather prediction models (NWP), significant systematic errors were found after a few days of numerical forecast [see fori n s t a n c ePalmer et al., 1986]. The simulated surface westerly wind was too strong at mid-latitude ("westerly bias") and excessive low-pressure systems formed at high latitude. This was affecting not only the regional weather forecasts but also global climate simulations, therefore a sound understanding of the response of the climate system to variations in the forcing parameters, like global carbon dioxide (CO 2 )concen trations,w ascompromised. More recently [START_REF] Rotach | The world is not flat -implications for the global carbon balance[END_REF]a r g u e dt h a tt h ed e fi c i e n c i e so fc u r r e n tg l o b a lm o d e l si n accurately simulate the global CO 2 budget can be due to the poor representation of exchange processes between complex terrains and the free atmosphere. Indeed, these exchanges are based on theories and parameterisations formally valid only on flat terrains, and the effects of terrain-induced flows and processes are poorly taken into account [START_REF] Rotach | The world is not flat -implications for the global carbon balance[END_REF][START_REF] Rotach | On the vertical exchange of heat, mass, and momentum over complex, mountainous terrain[END_REF]. This is not only true for quantities like momentum or CO 2 but also for heat, humidity and mass. As an illustration, Fig. I.2 shows clouds resulting from a transport of humidity due to daytime terrain-induced flows over the Apuan Alps, in Tuscany, a phenomenon called "mountain venting"[see for instance [START_REF] Wekker | Convective boundary layer heights over mountainous terrain -A review of concepts[END_REF].

Fo cussing on smaller spatial and temp oral scales, the effect of mountains and complex terrains on the atmospheric flows impacts on the everydayl i f eo fpe o p l el i v i n gi n the surrounding areas. A detailed forecast in terms of timing, location and intensity of all phenomena associated with orographic precipitation (for instance rainfalls or, During wintertime, a major issue for many urbanised mountainous areas around the world are cold-air pools and the associated poor air quality. Cold-air pools are usually referred to as an "accumulation" of cold-air within av a l l e yo rab a s i nc a u s e d by the confined topography. More precisely, atmospheric inversion layers characterized by temperature increasing with height form frequently at the valley floor during nighttime, reducing the dispersion of atmospheric pollution in the atmosphere. During wintertime, these conditions can last for multiple days whena n t i c y c l o n i cc o n d i t i o n s persist over the region and the synoptic flow is weak (see Fig. I.3).

As a result of cold-air pools in valleys and basins the daily-averaged concentration of particulate pollution very often exceeds threshold values imposed by national/international directives [see for instance [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF]. Among these substances, airborne particulate matter with aerodynamic diameter less than 10 µm (PM 10 ) can cause severe health problems. As an example of the problem for the Alpine region, Largeron and Staquet [2016b]r e p o r t e ds e v e r a le p i s o d e sd u r i n gt h ew i n t e ro f 2006-2007 for which the threshold value of daily-averaged PM 10 concentration imposed by the national directive (French Decree 2010-1250 of 21 October 2010) was exceeded for more than three consecutive days in the Grenoble Valley. In their study single days characterized by values of daily-average PM 10 concentration that was almost twice the national threshold were also reported. Emissions and valley-scale circulation are the primary factors responsible for these high particulate pollution episodes.

Major episodes of poor air quality are reported also in smaller urbanised valleys, like the Cache Valley in the United States [START_REF] Malek | Meteorological and environmental aspects of one of the worst national air pollution episodes (January, 2004) in Logan, Cache[END_REF], or the Arve River Valley, 

I.2 Scope of this thesis

While the main ingredients required for the development of stable boundary layer in complex terrains are reasonably well-known, the boundary-layer processes involved and their interactions are complex. The main ingredients/factors can be schematically identified as the nighttime radiative cooling of the ground, aw e a ks y n o p t i cf o r c i n g and clear sky conditions. However, using the words of [START_REF] Rotunno | Lessons on orographic precipitation from the Mesoscale Alpine Programme[END_REF] as regards to orographic convection, "these factors constitute the general framework, for viewing a very complicated problem" (p. 811). The complex orography may lead to terrain-induced flows affecting the dynamics and thermodynamics of the valley atmosphere; radiative cooling of the ground depends on land properties and on the thermal structure of the valley atmosphere; the role of synoptic flows can be different depending on the stratification within the valley and the direction of the flow with respect to the valley orientation; as a result of cooling, fogmayformatthev alleyfloor and transported by terrain-induced flows, modifying radiative cooling processes. These (and other) elements and the interactions among them depend on the geometry of the valley, small-scale terrain features or the surrounding terrains, modifying the structure and evolution of the boundary layer of the valley. For these reasons the characteristics of the atmospheric boundary layer in complex terrain are poorly represented in current numerical weather prediction models. The problem is important not only for the representation of the boundary layer, but also for the representation of the large-scale circulation, as shown by [START_REF] Sandu | Why is it so difficult to represent stably stratified conditions in numerical weather prediction (NWP) models?[END_REF].

To date, the study of exchange pro cesses in complex terrain has focused more on daytime conditions than nighttime conditions. Several works have shown how the boundary-layer structure and its interactions with the surrounding atmosphere is modified by the complex orography during daytime [see for instance Weissmann et al., 2005;[START_REF] Weigel | The effect of mountainous topography on moisture exchange between the surface and the free atmosphere[END_REF]Wagner et al., 2015a,b;[START_REF] Rotach | On the vertical exchange of heat, mass, and momentum over complex, mountainous terrain[END_REF]. During nighttime, as a consequence of the stable stratification which builds up in a valley, turbulent mixing in the atmosphere is reduced [see for instance Mahrt, 2014]. In such conditions, terrain-induced flows are essential mechanismsf o rt r a n s p o r t( e x c h a n g e ) processes between the valley atmosphere and the surrounding.

This thesis focusses on the study of the stable boundary layero fd e e pv a l l e y s during nighttime and dry conditions under weak synoptic winds. This allows us to consider the essential elements of the problem, leaving the complexities due to microphysical processes for further studies. The scientific background on the topic of this thesis is reported in Chapter II.Thethesisexaminesthelinksbetweenterrain-induced flows within the valley and surrounding terrains, and their effects on heat and mass transports within the valley atmosphere. This is addressed by means of numerical simulations in idealised and real frameworks.

II

Scientific Background

II.1 The atmospheric boundary layer in complex terrains

The atmospheric boundary layer (ABL) is usually defined as the lowest part of the atmosphere influenced by the presence of the Earth's surface [START_REF] Garratt | The atmospheric boundary layer[END_REF]. Most of past research on the ABL focused on relatively flat and homogeneous terrain [see for instance [START_REF] Garratt | The atmospheric boundary layer[END_REF]Stull, 1988,f o rr e v i e w s ] . I ns u c hc o n d i t i o n s ,t u r b u l e n tm i x i n g (induced for instance by friction and/or convection) is the main process controlling the transport of heat/momentum/mass within the boundary-layer. In a complex mountainous terrain terrain-induced flows affect the structure and evolution of the ABL. Terrain-induced flows are characterized by a wide range of spatial scales, from the microscale [<2km, [START_REF] Orlanski | A rational subdivision of scales for atmospheric processes[END_REF]tothemesoscale[rangingfrom2to200km, [START_REF] Orlanski | A rational subdivision of scales for atmospheric processes[END_REF]. A schematic division of the ABL over mountainous terrain based on the spatial scale of the main atmospheric phenomena and processes involved can be drawn, following [START_REF] Zardi | Diurnal mountain wind systems[END_REF]( s e eF i g .II.1): the atmospheric layer close to the slope (slope atmosphere) is associated with slope flows, characterised by spatial scales of the order of tens to hundreds of metres, nonetheless havinga ni m p o r t a n ti m p a c t on the evolution of the ABL at the valley scale. The valley atmosphere is affected by along-valley flows, acting at a spatial scale comparable witht h ev a l l e ya t m o s p h e r e( 1 to 100 km). Finally, following [START_REF] Ekhart | De la structure thermique de l'atmosphere dans la montagne[END_REF], a mountain atmosphere can be associated with the effect of the multitude of valleys and ridges forming a mountain range [START_REF] Wekker | Structure and morphology of the convective boundary layer in mountainous terrain[END_REF]. Atmospheric processes controlling the boundary layer of av a l l e y (the Valley Boundary Layer, VBL) may be affected by those in the neighbouring valleys, and also interact with the synoptic (external) flow, making a simple and general description of the structure and evolution of the VBL a difficultt a s k .

Perhaps a general question regarding the ABL over complex terrains can be formulated as follows:

"How are the atmospheric processes in a particular valley determined by the local and The schematic division of the ABL in mountainous regions, adapted from [START_REF] Ekhart | De la structure thermique de l'atmosphere dans la montagne[END_REF].

surrounding orography and how do they respond to external conditions?"

In the following, the contributions from previous studies tothisbroadquestionare presented. A schematic division has been adopted: firstly thes t a b l eb o u n d a r yl a y e r in valleys is presented and secondly the mechanisms controlling the dynamics within av a l l e ya r ed e s c r i b e d ,f o l l o w e db yad i s c u s s i o no nt h em e c h a nisms controlling the cooling of the valley atmosphere. At the end of the chapter, the research objectives of the thesis are outlined.

II.2 Stable boundary layers in valleys

During nighttime, with clear sky and dry conditions, the ABL is usually characterised by a stably stratified atmosphere (i.e. the potential temperature increases with height) and it is referred to as the stable boundary layer [SBL, [START_REF] Garratt | The atmospheric boundary layer[END_REF]. A cold-air pool (CAP) is commonly defined as an atmospheric layer confined in a valley characterised by a positive vertical temperature gradient (i.e. an inversion layer), that is "a confined and stagnant layer of air colder than the air above" [Whiteman et al., 2001a]. However, cold-air pools can be "most generally defined as a surface-based atmospheric layer with high static stability (not necessarily a temperature inversion)" [Zängl, 2005]. [START_REF] Burns | Interactions between downslope flows and a developing cold-air pool[END_REF]p o i n t e do u tt h a ti nad e e pv a l l e ya ni n v e r s i o nl a y e rc a nb ec o nfined in the lower atmospheric layer of the valley, while the stable boundary layer of the valley (SVBL) can be much higher, reaching the valley top [a ground based inversion layer surmounted by a region of enhanced cooling, [START_REF] Burns | Interactions between downslope flows and a developing cold-air pool[END_REF]. In these conditions, the air within a valley at a given height can be found at a lower temperature than the air outside of the valley at the same height, for instance over an adjacent relatively flat region [START_REF] Vergeiner | Valley winds and slop e winds -Observations and elementary thoughts[END_REF][START_REF] Whiteman | Observations of thermally developed winds y s t e m si nm o u ntainous terrain[END_REF]. This difference stems from the influence of terrain-induced flows and other mechanisms on thestructureandevolution of the SVBL, as will be discussed in more details in Sect. II.4.

Several projects and field campaigns were held in the past, motivated by the need for a better understanding of the underlying physical processes controlling the SBL in complex terrain. The Atmospheric Studies in Complex Terrain [ASCOT, Clements et al., 1989a]w asconductedbet w eenthe70sand80s,in v olvingsev eralfield studies in multiple valleys in the United States. The overall aim of the project was to improve the understanding of transport processes associated with nocturnal valley flows in deep valleys. A similar aim motivated the Vertical Transport and Mixing project [VTMX, [START_REF] Doran | The VTMX campaign[END_REF], which took place in the Salt Lake Valley (USA), with a specific focus on vertical transport processes in the stable boundaryl a y e r . V e r t i c a lt r a n s p o r t processes between the Alps and the foreland were the focus of the Vertical Exchange and Orography project [VERTIKATOR, [START_REF] Lugauer | An overview of the VERTIKATOR project and results of alpine pumping[END_REF]. The Terraininduced Rotor Experiment [T-REX, [START_REF] Grubišić | The terrain-induced rotor experiment[END_REF], held in the southern Sierra Nevada (USA), was dedicated to atmospheric rotors, and had a complementary scientific objective to investigate the structure and evolution of the SBL under quiescent conditions.

The Meteor Crater Experiment [METCRAX, Whiteman et al., 2008]s p e c i fi c a l l y aimed at investigating SBL processes and cold-air pools in a shallow (∼ 100 m deep) and almost 'idealised' environment of the Arizona's Meteor Crater (USA). However, the frequent occurrence of regional drainage currents in theM e t e o rC r a t e rm o t i v a t e d a second field campaign [START_REF] Lehner | The metcrax II field experiment[END_REF], in order to better characterise downslope windstorm-type flows and their interactions with the SBLwithinthecrater. The Cold-air pool Experiment [COLPEX, Price et al., 2011] aimed at improving the understanding on cold-air pooling processes in shallow (∼ 100 m deep) valleys at the border between England and Wales, with the objective of developing parameterisations to represent such processes in coarser-resolution numerical models. The atmospheric processes governing multi-day persistent cold-air pools and their link to air pollution were studied during the Persistent Cold Air Pool Study [PCAPS, Lareau et al., 2013b], in the Salt Lake Valley (USA). As regards the Alps, the PASSY-2015 field campaign [START_REF] Paci | La campagne passy-2015: dynamique atmosphérique et qualité de l'air dans la valleé de l'Arve[END_REF], aimed at studying persistent cold-air pooling processes in the truly complex terrain of the Arve River Valley, located on the foothills of Mont-Blanc. The project was motivated by the high level of particulate pollution commonly measured during wintertime in this valley. Understanding the link between severe particulate pollution events along Alpine transport routes and the link with meteorological processes was also the aim of the ALPNAP project [START_REF] Heimann | Air pollution, trafficn o i s ea n dr e l a t e dh e a l t he ffects in the alpine space: a guide for authorities and consulters[END_REF][START_REF] De Franceschi | Study of wintertime high pollution episodes during the Brenner-South ALPNAP measurement campaign[END_REF]. is the potential temperature of a parcel of air close to the slope that is colder than a parcel at the same height far from the slope, of potential temperature θ 2 ; B is the buoyancy force on the parcel and B s is the component of B along the slope s;at y p i c a lj e tp r o fi l eo fad o w n s l o pefl o wi ss k e t c h e d ;i n(b) the bluecoloured columns represent relatively cold air while red-coloured columns represent relatively warm air; the air in a valley is generally colder than the air in the equivalent column on an adjacent plain, hence forcing a down-valley flow from the valley to the plain. The down-valley flow accelerates towards the valley exit forming a valley-exit jet. Adapted from [START_REF] Zardi | Diurnal mountain wind systems[END_REF].

II.3 Dynamics of the valley boundary layer II.3.1 The nighttime valley-wind system

The valley-wind system is a characteristic of mountainous terrain, for instance having asignifican tsignatureinclimatictime-seriesoftheseregions [as reported by [START_REF] Martinez | Conditioned climatology for stably stratified nights in the Lleida area[END_REF]. The local valley-wind system also has an important impact on the temporal and spatial variability of pollutant concentration within the valley, as showed by several studies [Panday and Prinn, 2009;[START_REF] Gohm | Air pollution transport in an alpine valley: results from airborne and ground-based observations[END_REF][START_REF] De Franceschi | Study of wintertime high pollution episodes during the Brenner-South ALPNAP measurement campaign[END_REF].

The basic physical mechanisms beyond the formation of the valley-wind system rely on spatial temperature gradients [START_REF] Zardi | Diurnal mountain wind systems[END_REF]. Because of the sloping surfaces on the side of the mountain, a horizontal temperature gradient develops between the air close to the sloping surface and the air at the same altitude far from the surface. The air close to the slope is then negativelyb uo y an t,forc ingtheair to flow down the slope during nighttime (downslope flows, see Fig. II.2a).

Thermally-driven along-valley flows are triggered by a temperature difference which forms along the valley axis. Generally, along-valley flows form because of the differential cooling between the valley atmosphere and the atmosphere of an adjacent plain [START_REF] Vergeiner | Valley winds and slop e winds -Observations and elementary thoughts[END_REF], or different sections of the same valley [START_REF] Mckee | The role of valley geometry and energy budget in the formation of nocturnal valley winds[END_REF]]. As a result, the along-valley flow direction is independent from the large-scale flow at the valley top, pointing from the low temperature region to the high temperature region (see Fig. II.2b).

It is worth noting that downslope flows are triggered by the cooling of the surface, while along-valley flows are closely related to temperature differences which arise from spatial differences of the thermal structure of the atmosphere. This aspect will be discussed in details in Sect. II.4.1.I nt h ef o l l o w i n ga n a l y t i c a ld e s c r i p t i o n sa n dt y p i c a l features of these flows are discussed.

II.3.1.a Downslope flows

Most of the understanding on downslope flows relies on numerical and analytical models, with a smaller number of observations [Whiteman and Zhong, 2008].

Several models have been proposed to describe these flows. Broadly speaking, conceptual models for downslope flows can be divided into two categories:

(i) profile models, which describe the vertical structure of the flow;

(ii) parcel (or hydraulic) models, which describe the temporal evolution of the integrated (bulk) structure in the vertical of downslope flows.

The [START_REF] Prandtl | COLPEX field and numerical studies over a region of small hills[END_REF]m o d e li sap a r a d i g mo ft h et y p e(i).T h i sm o d e ld e s c r i b e st h e steady state of a flow in which there is a balance between the acceleration due to buoyancy and vertical diffusion of momentum, and the along-slope advection of heat and vertical diffusion of heat. Despite its simplicity, the model reproduces (after appropriate tuning of the constants of the model) the main feature of steady downslope flows, comparing well with observations and numerical simulations [START_REF] Axelsen | Large-eddy simulation of katabatic winds. Part 1: Comparison with observations[END_REF]. Refinements to this analytical model have been made by [START_REF] Grisogono | Katabatic flow: analytic solution for gradually varying eddy diffusivities[END_REF], to include a slowly varying eddy diffusivity, [START_REF] Stiperski | Including Coriolis effects in the Prandtl model for katabatic flows[END_REF] to include the Coriolis effects and [START_REF] Serafin | An analytic solution for time-periodic thermally driven slope flows[END_REF]t od e v e l o pa nu n s t e a d y (periodic in time) solution for the Prandtl model.

The [START_REF] Mcnider | A note on velocity fluctuations in drainage flows[END_REF]modelisaparadigmoft ype(ii).T h em o d e lp r e d i c t saq u a s isteady regime of the downslope flow characterized by oscillatory motions with char-acteristic frequency set by the Brünt-Väisäla frequency N and the slope angle. Physically, the oscillation of the downslope flow is due to the reduced buoyancy forcing on a fluid particle as it is advected downward (because the background flow is stably stratified). As the fluid particle decelerates, it cools due to the radiative cooling of the ground, which again accelerates the parcel down the slope. The oscillations described by the [START_REF] Mcnider | A note on velocity fluctuations in drainage flows[END_REF]m od e la r ep u r eo s c i l l a t i o n si nt i m e ,w i t hn op h a s ep r o p a g a t ion in space. Oscillations of downslope flows are a well-documented feature from observations [see for instance [START_REF] Stone | Low-frequency velocity and temperature fluctuations in katabatic valley flows[END_REF][START_REF] Monti | Observations of flow and turbulence in the nocturnal boundary layer over a slope[END_REF][START_REF] Princevac | Quasi-steady katabatic winds on slopes in wide valleys: hydraulic theory and observations[END_REF].

An unsteady downslope flow may also emit internal gravity waves as it travels in as t a b l ys t r a t i fi e dfl o w s . [START_REF] Chemel | Generation of internalg r a v i t yw a v e sb y ak a t a b a t i cw i n di na ni d e a l i z e da l p i n ev a l l e[END_REF]s t u d i e dt h ei n t e r n a lg r a v i t yw a v efi e l d generated by a downslope flow by means of numerical simulations of three-dimensional idealised valleys, and found that the wave field is characterized by a nearly constant frequency of 0.85N .T h e i rw o r kw a se x t e n d e db yLargeron et al. [2013]toconsiderthe sensitivity to the valley geometry and initial background stratification. The authors found that the gravity wave field is generated by a hydraulic jump experienced by the downslope flow as it reaches the bottom of the slope. Downslope flows properties also depend on surface characteristics. Numerical simulations of cold-air pools in two-dimensional idealised valleys with forest canopy on the sidewalls by [START_REF] Kiefer | The effect of sidewall forest canopies on the formation of cold-air pools: A numerical study[END_REF]s h o wt h a td o w n s l o p efl o w sa r eg e n e r a l l y weaker in valleys with forested sidewalls. This stems from weaker surface cooling on the near-surface slope atmosphere and increased drag on downslope flows.

II.3.1.b Along-valley flows

The structure of the down-valley flow was studied in detail during ASCOT [Clements et al., 1989b]. The vertical profile of this flow is usually characterized byaj e ts h a p e , with wind speeds in the range of 1 to 10 m s -1 [Clements et al., 1989b;[START_REF] Neff | The accumulation and pooling of drainage flows in a large basin[END_REF]Banta et al., 2004]. Empirically, the vertical profile of these flows can be described (best-fit) using a Prandtl-type mathematical expression as for slope flows (see Sect. II.3.1.a), even though it must be clearly stated that this functional form has not been derived formally from an analytical model [Clements et al., 1989b]. Observations of [START_REF] Chrust | Observations of thermally driven wind jets at the exit of Weber Canyon, Utah[END_REF] in the Weber Canyon (Utah, USA) have shown that the downvalley flow develops in a few hours after the evening transition, reaching a steady state for the rest of the night. The depth of the down-valley flow layer is bounded by the actual depth of the terrain surrounding the valley, but observations of shallower (with respect to the depth of the terrain) down-valley flows have been reported.

Approaching the valley exit, down-valley flows can decrease indepthandaccelerate forming a valley-exit jet [START_REF] Whiteman | Mountain meteorology: fundamentals and applications[END_REF],s e ea l s oF i g .II.2]. [START_REF] Banta | Influence of canyoninduced flows on flow and dispersion over adjacent plains[END_REF] reported Doppler-lidar measurements at the exit of the Eldorado canyon (Colorado, USA), showing that the wind speed of the valley-exit jet was maximum under weak synoptic conditions, penetrating for more than 20 km over thea d j a c e n tp l a i n . T h e doppler-lidar measurements indicated that the spatial structure of the valley-exit jet is complicated, with horizontal and vertical spatial heterogeneity. [START_REF] Zängl | A reexamination of the valley wind system in the alpine Inn Valley with numerical simulations[END_REF]examined the valley-exit jet of the Inn Valley (Austria), considering the role of the narrowing of the valley in the formation of the jet. Numerical model results have shown that this valley exit-jet may be dynamically described as a transition from a subcritical to supercritical state due to the constriction at the exit of thev a l l e y[ s e ef o ri n s t a n c e [START_REF] Pan | Gap winds and wakes: SAR observations andn u m e r i c a l simulations[END_REF]. However, a return to the subcritical state through a hydraulic jump was not observed afterwards over the foreland. Because the down-valley flow accelerates towards the valley end, divergence of the flow mayo c c u ra l o n gt h ev a l l e y axis [START_REF] Whiteman | Atmospheric mass transport by along-valley wind systems in a deep Colorado valley[END_REF], causing vertical motions at the valley top as required by mass conservation. This has a large impact on the heat and mass budget of the valley atmosphere as will be discussed in Sect. II. 3.3 and Sect. II.4.2. Oscillations in down-valley flows have been reported in the past, even though similar conceptual models used for downslope flows were difficult to apply. [START_REF] Porch | Nighttime valley waves[END_REF]r e p o r tr e g u l a rd o w n -v a l l e yfl o wo s c i l l a t i o n si nt h eK i m b a l lC r e e kV a l l e y( C o lorado, USA) with a period of about 20 minutes. In that case the oscillations were hypothesised to be due to the interaction between the down-valley flow and the flow through the tributary valleys. Oscillations of the down-valley flow were also observed by [START_REF] Pinto | Coevolution of down-valley flow and the nocturnal boundary layer in complex terrain[END_REF] in the Salt Lake Valley as part of VTMX. Down-valley flows extend up to the top of the SBL within the valley. Anti-winds (a wind flowing in the opposite direction with respect to the down-valley flow, i.e. upvalley) may co-exist above the down-valley flow layer. Anti-winds can be interpreted as the residual part of the daytime up-valley flows [START_REF] Whiteman | Temperature inversion buildup in Colorado's Eagle valley[END_REF]. However, antiwinds may also form during nighttime, being the closing branch of the along-valley circulation, or because of a local thermal imbalance in the upper-layers of the valley atmosphere, as discussed by Serafin and Zardi [2011a]. Features such as the height of the maximum wind speed and the depth of the down-valley flow layer have been observed to be related to the intensity of the anti-wind abovet h ed o w n -v a l l e yfl o w layer [Clements et al., 1989b;[START_REF] Sakiyama | Drainage flow characteristics and inversion breakup in two Alberta mountain valleys[END_REF], even though the exact nature of the upper-level anti-wind is not discussed in these studies.

Conceptual models for down-valley flows have been developed only for very simplified conditions. A linear solution for a single-layer flow within a valley with a prescribed forcing term was developed by [START_REF] Egger | Observations of thermally developed wind systems in mountainous terrain[END_REF]. The solution has the form of a propagating front, from the valley end towards the valleyc e n t r e ,w i t ha" s p e e d of propagation" c =0 .5 HN,w h e r eH is the depth of the valley. The simple model established that the amplitude of the down-valley flow is inversely proportional to the background stratification N ,s ot h a ta sN increases, the down-valley wind speed From a dynamical p oint of view, making an analogy with a flow passing over a hill/mountain, the flow is able to penetrate within a valley ifi n e r t i a lf o r c e sd o m i n a t e over the buoyancy forces, that is if the Froude number

Fr = U NH ,( II.1)
is larger than a critical value, as specified below [START_REF] Bell | Valley ventilation by cross winds[END_REF]. In Eq. II.1 U is usually taken as the external large-scale wind speed abovet h ev a l l e ya n dH is the depth of the valley.

Most studies in the past considered the situation of a flow transverse (or perpendicular) to the valley (cross-valley flow). Laboratory and numerical experiments performed by [START_REF] Bell | Valley ventilation by cross winds[END_REF]indicatedacriticalv alueforFr of 1.3, hence if Fr > 1.3theexternalflowpenetrateswithinthev alley[regime (1)], which otherwise remains dynamically-decoupled from the air above [regime (4)]. This condition can be also reported in terms of the non-dimensional mountain height

Ĥ = NH/U = Fr -1 .( II.2)
Vosp er and Brown [2008]s h o w e dt h a tf o ri d e a l i s e ds h a l l o wt w o -d i m e n s i o n a lv a l l e y s (H<150 m), the valley is decoupled ("sheltered") from the external flow for values of Ĥ above a critical value in the range 0.35 -0.64, depending on the depth H of the valley. In this work the values of U and N were computed from idealised one-dimensional simulations (i.e. single-column vertical models), in ordert ou s e" u n d i s t u r b e d "v a l u e s of these quantities for the calculation of Ĥ. [START_REF] Holden | Tethered balloon observations of the nocturnal stable boundary layer in a valley[END_REF]u s i n go b s e r v a t i o n s taken in a moderately deep (400-m deep) valley in Wales, indicated a critical value of Ĥ of about 2. Above this threshold turbulent production due to dynamical instabilities maintains the coupling of the ground surface with the atmosphere above. Similar conclusions were reported by Lareau and Horel [2015b], by means of numerical simulations of idealised deep two-dimensional valleys. [START_REF] Rotunno | Two-layer stratified flow past a valley[END_REF]s t u d i e ds y s t e m a t i c a l l yt h ep o s s i b l er e g i m e so fafl o w passing over a valley by means of numerical simulations of idealised two-dimensional valleys, in the light of the measurements done during METCRAX II [START_REF] Lehner | The metcrax II field experiment[END_REF]. The authors showed that the behaviour of the flow can depend generally on three non-dimensional parameters, which were chosen as the non-dimensional valley depth and width, Ĥ and NL/U,respectively ,andtheF roudenumberoftheapproach-ing flow upstream of the valley, defined as Fr D = π U/2 ND,w i t hD the depth of the approaching flow. Numerical results showed that the air within a valley is completely stagnant for values of Fr D < 1a n d Ĥ, NL/U much larger than one [regime (4)]. Conversely, for Fr D > 1 and 0 < Ĥ<1t h efl o wi ss y m m e t r i c a la r o u n dt h ev a l l e y , "sweeping" the entire valley atmosphere for a large range of NL/U [regime (1)]. In between these regimes, the interaction between the externalflo wandthev alleyatmosphere may result in a number of possible phenomena, like partial stagnation, internal wave generation, wave breaking and hydraulic jumps, which can describe the nighttime warm-air intrusions observed sometimes in the Arizona MeteorC r a t e r [START_REF] Adler | Warm-air intrusion in Arizona's meteor crater[END_REF][START_REF] Lehner | The metcrax II field experiment[END_REF].

Finally, it is worth stressing that all of the studies reported have considered the case of a large-scale (external) flow transverse to a valley. In thec a s eo fal a r g e -s c a l efl o w aligned with the valley axis, in order to have a dynamically-decoupled condition it is reasonable to expect a critical value for Ĥ larger than for the case of a flow transverse to the valley axis. [START_REF] Largeron | Dynamique de la couche limite atmosphérique stable en relief complexe. Application aux épisodes de pollution particulaire des vallées alpines[END_REF]a n a l y s e d ,b ym e a n so fn u m e r i c a ls i m u l a t i o n so f the Grenoble valleys, the conditions for which the valley atmosphere was dynamicallydecoupled from the synoptic flow aligned with the valley axis.T h ev a l l e ya t m o s p h e r e was found to be decoupled from the large-scale flow if Ĥ was above a critical value in the range 3.3 -16.7, that is a range of values larger than the ones reported by other studies that consider flows transverse to the valley axis.

II.3.2.b Effects of large-scale flows on downslope flows

Al a r g e -s c a l efl o wt r a n s v e r s et oam o u n t a i nb a r r i e rc a nl e a dt o strong flows down the lee side of the mountain, with low-level wind speeds whichm a ye x c e e d6 0ms -1 [START_REF] Durran | Mountain waves and downslope winds. In: Blumen W (ed) Atmospheric processes over complex terrain[END_REF]. Downslope windstorms are well-known phenomena occurringinman y mountain ranges around the world. They can be associated withc o l d -a i ra d v e c t i o n within the valley, such as the Bora in the oriental Alps, or warm-air advection, such as the Föehn in the Alps or the Chinook in the western United States. The mechanisms behind the formation of downslope windstorms have been the subject of extensive study in the past [see for instance [START_REF] Durran | Mountain waves and downslope winds. In: Blumen W (ed) Atmospheric processes over complex terrain[END_REF][START_REF] Jackson | Dynamically-driven winds[END_REF].

According to [START_REF] Jackson | Dynamically-driven winds[END_REF], the mechanisms which can explain the formation of downslope windstorm-type flows are essentially:

(a) at r a n s i t i o nf r o ms u b -c r i t i c a lt os u p e r -c r i t i c a lfl o wa st h eflow moves over the mountain barrier, in analogy with hydraulic theory [START_REF] Long | Some aspects of the flow of stratified fluids. II. Experiments with a two-fluid system[END_REF][START_REF] Smith | On severe downslope winds[END_REF];

(b) amplification of vertically-propagating waves due to wave reflection at a preexisting critical layer followed by constructive interference [START_REF] Klemp | The dynamics of wave-induced downslope winds[END_REF]; (c) amplification of vertically-propagating waves due to wave reflection at a selfinduced critical layer created by wave-breaking at a certainh e i g h t [START_REF] Peltier | The evolution and stability of finite-amplitude mountain waves. Part II: surface wave drag and severe downslope windstorms[END_REF]. 

II.3.2.c Effects of large-scale flows on valley flows

As shown by [START_REF] Whiteman | The relationship between overlying synoptic-scale flows and winds within a valley[END_REF], the main mechanisms of valley flows due to the effect of large-scale (external) flows are downward momentum transport, forced channelling and pressure driven channelling (see Fig. II.4).

If the valley atmosphere is not dynamically-decoupled from the external flow above the valley (see Sect. II.3.2.a), momentum can be transported downward within the valley atmosphere, as a result of vertical mixing at the top oft h ev a l l e y ,o rg r a v i t y waves on the lee side of a valley sidewall. In wide and shallow valleys, this may lead to a valley flow in the same direction of the large-scale flow aloft.

The term "channelling" is more appropriately used when the valley flow is aligned with the valley axis, so that the variety of possible wind directions are essentially two (i.e. up-valley and down-valley). In deep and narrow valleys, forced channelling usually refers to a downward transport of horizontal momentum from the large-scale flow aloft [see also [START_REF] Whiteman | Mountain meteorology: fundamentals and applications[END_REF], for which the resulting along-valley flow is in the direction of the component of the external flow projected along the valley axis (see The pressure-driven channelling mechanism refers to a valley flow forced by the geostrophic pressure gradient along the valley axis (see Fig. II.4candFig.II.4d). This mechanism is most efficient when the synoptic wind is perpendicular to the valley axis (see Fig. II.4c), hence the large-scale pressure gradient is oriented along the valley axis. This mechanism can be efficient also during periods of decoupling of the valley atmosphere from the flow aloft, depending only on the orientation and intensity of the large-scale pressure gradient at the valley top with respectt ot h ev a l l e yo r i e n t a t i o n .

Pressure-driven channelling (similarly to the thermally-driven forcing) may lead to "counter-currents", a situation in which the direction of the near-surface valley flows is opposite to the wind direction at the valley top [START_REF] Gross | Channeling and countercurrent in the upper Rhine valley: Numerical simulations[END_REF]. [START_REF] Kossmann | Pressure-driven channeling effects in bent valleys[END_REF] 5). Zängl [2005b] showed that the preferred direction of a thermally-driven down-valley flow can be controlled by the direction of the synoptic pressure gradient imposed at the top of the valley.

Ac l i m a t o l o g i c a ls t u d yi nt h eu p pe rR h i n eV a l l e yb yWeb er and Kaufmann [1998] showed that all the mechanisms developing along-valley flowsw i t h i nt h ev a l l e y( i . e . forced channelling, pressure-driven channelling and thermally-driven forcing) can occur simultaneously in some locations, because of the multitude of orientations of valleys surrounding the observation site, hence making it difficult toclassifyv alleyflowsbased only on the synoptic conditions. [START_REF] Schmidli | External influences on nocturnal thermally driven flows in a deep valley[END_REF] studied the interplay between large-scale upper-level pressure forcing, mid-level pressure forcing (∼ 2k ma b o v es e al e v e l ,b e l o wt h ec r e s th e i g h t ) and locally-induced thermal forcing on the along-valley flowo b s e r v e di nt h eO w e n Valley (California, USA). The authors observed two different down-valley flows during two episodes characterised by anticyclonic large-scale conditions, which are supposed to be ideal to have thermally-driven along-valley flows near the surface. Numerical model simulations for these two episodes, showed that the large-scale flow may induce ad i fferent mid-level pressure forcing, which can act either to reinforce or weaken the near-surface down-valley flow, thereby leading to the observed differences during the two episodes.

II.3.3 Transport of mass at the valley-scale

Horizontal and vertical transport of mass in and out of the valley atmosphere, using an expression of [START_REF] Porch | Tributary,v alleyandsidew all air flow interactions in a deep valley[END_REF], "though (...) may appear academic, it could be very important for air pollutant source siting and receptor determination" [Porch et al., 1989,p p .5 7 9 ] . Chemel and Burns [2015a]u s i n gan u m e r i c a lm o d e ls t u d i e dt h ed i s p e r s i o no fa scalar tracer continuously emitted in an idealised deep (1 km) pseudo two-dimensional valley (i.e. invariant along the valley axis). In this case, the effect of down-valley transport was neglected. Numerical model results showed that, despite the fact that compensatory vertical motions induced by downslope flow convergence can mix efficiently tracers emitted from different locations within the valley, most of the tracers were trapped within the valley atmosphere below the capping inversion. Moreover, the induced compensatory vertical motions were able to replenish the tracer concentration within the strongly stratified near-surface inversion layer. A similar mechanism was proposed by Panday and Prinn [2009]toexplainthepollutan tdispersionintheKathmandu valley, Nepal, and confirmed by Panday et al. [2009]u s i n gan u m e r i c a lm o d e l of the dispersion within the same valley. Down-valley flows promote the horizontal transport of mass (and any scalar) between a valley and the foreland, and hence are an efficient mechanism of ventilation along the valley axis [START_REF] Gudiksen | The dispersion of atmospheric tracers in nocturnal drainage flows[END_REF]. [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF]c o m p u t e d the mass flux out of the Salt Wash canyon in the Sinbad basin (Colorado, USA) by means of single-point measurements of the vertical structure of the flow. The calculated mass flux out of the Salt Wash canyon was about 1.7k t o ns -1 during the late evening. This number can be physically interpreted if it is compared with the total mass contained within the volume used for the calculation of the mass budget (control volume), that is computing a mass turnover time for the basin [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF].

The mass turnover time quantifies the time required to fully transport the air within av a l l e yv o l u m e ,t h r o u g hag i v e ns u r f a c eo ft h ec o n t r o lv o l u m e. This can be defined

as t M = [Mass] M ,( II.3)
where [Mass] is the total mass of the control volume and M is the mass flux through the Salt Wash canyon. [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF]f o u n dt h a tt M =3.8h o u r sf o rt h eS i nbad basin, a value that is very similar to the one computed for the Brush Creek valley (Colorado, USA) using data of mass fluxes reported by [START_REF] Whiteman | Atmospheric mass transport by along-valley wind systems in a deep Colorado valley[END_REF]. This is rather surprising, given that the former is a basin-like depression with a narrow exit canyon while the latter is a wide and well-drained valley. As reported already in Sect. II. ASCOT experiment by [START_REF] Porch | Tributary,v alleyandsidew all air flow interactions in a deep valley[END_REF] in the Brush Creek Valley (Colorado, USA), taking into account the contribution to the mass flux from one tributary valley. The analysis showed that a single tributary valley may contribute up to 15% of the entire mass exported out of the valley. A similar analysis performedb yCoulter et al. [1989] for the same tributary valley of Brush Creek indicated that the mass flux through the tributary is extremely sensitive to the external flow. In a successive study, [START_REF] Coulter | A comparison of nocturnal drainage flow in three tributaries[END_REF] studied three tributaries of Kimball Creek (Colorado, USA), indicating that the mass flux through a tributary is also sensitive to the orientation of the tributary with respect to the main valley. Specifically, the computed mass flux was the greatest for the tributary most closely aligned with the mainv a l l e ya x i s . An u m e r i c a l experiment of an idealised valley-tributary system of similar spatial scales of Brush Creek Valley was performed by O'Steen [2000]. Numerical results suggested that a single tributary can increase the along-valley mass flux within the main valley by 5 to 10%, in agreement with the conclusions drawn by [START_REF] Porch | Tributary,v alleyandsidew all air flow interactions in a deep valley[END_REF]. However, many flow features, such as the interactions between the tributaryfl o wa n dt h em a i nv a l l e y flow, were not captured by the idealised numerical model setup.

II.4 Thermodynamic processes of the valley boundary layer

The physical processes contributing to the change of temperature of any parcel of air in the atmosphere are formally described by the equation for thep o t e n t i a lt e m p e r a t u r e

tendency ∂θ ∂t = -u i ∂θ ∂x i - ∂s i ∂x i - θ ρ c p T ∂R i ∂x i ,( II.4)
where ρ, θ, T are the resolved density, potential temperature and temperature fields, respectively, c p is the specific heat capacity at constant pressure and the Einstein notation is used. The terms on the right-hand side (RHS) of Eq. II.4 represent the advection of heat associated with the resolved motions, the divergence of turbulent heat (temperature) fluxes s and the heat loss/input associated to the divergence of radiative fluxes R, respectively.

It is worth noting that the form of Eq. II.4 is similar in the Reynolds averaging (RANS) or Large Eddy Simulation (LES) formalisms. However, the two techniques are fundamentally different as the former implies ensemble (temporal) averages while the latter spatial filtering [see also [START_REF] Zhong | Meso-and fine-scale modeling over complex terrain: Parameterizations and applications[END_REF]. The difference stems from the turbulent heat flux term: using the LES technique, this represents the non-resolved sub-filter turbulent fluxes; in the RANS, it represents the turbulent fluxes associated to the entire turbulent part of the spectrum. Whilst the LES technique can generally be used to parametrise sub-grid-scale motions, a "proper" LES must resolve the most energetic part of the energy spectrum, down to the inertial sub-range [see for instance [START_REF] Wyngaard | Toward numerical modeling in the "Terra Incognita[END_REF][START_REF] Cuxart | When can a high-resolution simulation over complex terrain be called LES?[END_REF].

Abe t t e rp h y s i c a li n s i g h ti n t oE q .II.4 can be obtained by integrating Eq. II.4 over an atmospheric volume within the valley which considers the sloping ground as bottom surface (see Fig. II.6). Invoking Gauss' theorem and assuming incompressibility, Eq. II.4 yields

ˆV ∂θ ∂t dV = ˆΣi -u i θ n i dΣ+ ˆΣi -s i n i dΣ+ ˆΣs τ g dΣ+ ˆV - θ ρ c p T ∂R i ∂x i
dV ,( I I . 5 )

In this form, the volume integral of the advection contribution is decomposed into the heat fluxes through the top and lateral surfaces Σ i (first term on the RHS of Eq. II.5), n i being the unit vector normal to the surfaces Σ i .T h ev o l u m ei n t e g r a lo f the turbulent heat fluxes is decomposed in the turbulent heat fluxes s i through the surfaces Σ i ,andthesurfaceheat(temperature)fluxτ g through the ground surface Σ s .

The last term on the RHS of Eq. II.5 defines the contribution within the volume due to radiative processes. This term can be rewritten as, integrating by parts,

ˆV θ ρ c p T ∂R i ∂x i dV = ˆΣs θ ρ c p T R i n i dΣ + ˆΣi θ ρ c p T R i n i dΣ- -ˆV R i ∂ ∂x i θ ρ c p T dV .
(II.6)

The first and second terms on the RHS of Eq. II.6 represent the cooling due to radiative flux through the surfaces of the control volume V ,a n dt h et h i r dt e r md e s c r i b e st h e dependency of the radiative cooling term on the temperature gradients. As shown by [START_REF] Hoch | A systematic study of longwave radiative heating and cooling within valleys and basins using a three-dimensional radiative transfer model[END_REF], strong near-surface temperature gradients can significantly increase the longwave radiative cooling. Substituting the RHS of Eq. II.6 in Eq. II.5 yields

ˆV ∂θ ∂t dV = + ˆΣi -u i θ n i dΣ + ˆΣi -s i n i dΣ + ˆΣi θ ρ c p T R i n i dΣ + + ˆΣs τ g dΣ + ˆΣs θ ρ c p T R i n i dΣ - -ˆV R i ∂ ∂x i θ ρ c p T dV (II.7)
Eq. II.7 states that the cooling of a given volume of air [left-hand-side (LHS) of Eq. II.7] results from the heat export due to advective, turbulent and radiative heat fluxes through the lateral and top surfaces of the control volume (second line of Eq. II.7), the heat loss at the ground surface due to the surface sensible heat and radiative heat flux (third line of Eq. II.7), and the volume integral of the term representing the dependency of the radiative cooling on temperature gradients (fourth line of Eq. II.7), respectively (see Fig. II.6). The interplay between the different processes is highly dependent on the geometry of the terrain (i.e. depth, width and shape of thed e p r e s s i o n ) ,o nt h e effect of thermally-driven valley flows and on large-scale flows influences.

Even though it is clear that thermally-driven flows are related to terrain features, the following discussion about the mechanisms affecting the physical processes governing the valley boundary layer structure and evolution is schematically divided into the ones due to the topographic characteristics of the valley, the local thermally-driven flows and finally the ones due to large-scale flows.

II.4.1 Effects of terrain features

The valley-volume argument [START_REF] Wagner | Theorie und b eobachtung der p erio dischen gebirgswinde[END_REF][START_REF] Whiteman | Observations of thermally developed winds y s t e m si nm o u ntainous terrain[END_REF]i su s u a l l yo n eo ft h e main mechanisms to explain the larger amplitude of the diurnal cycle of temperature within a valley [START_REF] Vergeiner | Valley winds and slop e winds -Observations and elementary thoughts[END_REF]. The argument can be derived from thermodynamic principles, so that "a given increment of heat Q added to or subtracted from an atmospheric volume will produce a potential temperature change in proportion to... volume V " [Whiteman, 1990, p. 10]. Because valleys are usually U-shaped or Vshaped, the volume of air within a valley embedded by the valley sidewalls up to ridge top (V v ), is smaller than the equivalent volume over a flat terrain (V p )( s e eF i g .II.7). Hence, the volume argument states that given the same amount ofh e a tl o s sd u r i n g nighttime, the valley volume experiences a larger cooling than the equivalent volume over a flat terrain. The volume-argument can be used to explain the larger cooling at nighttime within a valley than on a plain region nearby, as well as temperature differences between different sections along the valley axis [START_REF] Mckee | The role of valley geometry and energy budget in the formation of nocturnal valley winds[END_REF].
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The value of the volume argument to explain the temperature differences between the atmosphere in a valley and the atmosphere in an adjacent plainh a sbe e ni n v e s t i g a t e d by several authors, in particular for daytime conditions [START_REF] Weigel | High-resolution largeeddy simulations of flow in a steep Alpine valley. Part II: flow structure and heat budgets[END_REF][START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF]Serafin and Zardi, 2011a;[START_REF] Schmidli | Daytime heat transfer processes over mountainous terrain[END_REF]. [START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF]s h o w e db ym e a n so fn u m e r i c a ls i m u l a t i o n so fa ni d e a l i s e dv a lley opening on a plain that the volume argument explains in part the larger cooling at nighttime within the valley than on a plain. However, the analysis also highlights its limitations because of the non-negligible effects of thermally-driven flows.

Other topographic parameters directly affect the cooling processes within the VBL, in particular if the near-surface atmosphere is considered.T h o s ea r er e l a t e de s s e n t i a l l y to radiative processes within the VBL. Indeed a sloping topography has a reduced view of the sky compared to a flat terrain, so that downward long-wave radiation at the valley floor is both contributed by the atmosphere and byt h es u r r o u n d i n g terrain (see Fig. II.8). This effect is quantified by the sky-view factor, which ranges from 0 (no sky visible) to 1 (360 • view of the sky, i.e. on a flat terrain) [see for instance [START_REF] Whiteman | Deep valley radiation and surface energy budget microclimates. Part I: radiation[END_REF]. Whiteman et al. [2004b]a n a l y s e dt e m pe r a t u r ed a t a from various small-scale basins (few tens to hundred meters depth) characterized by different orographic characteristics, and found that the sky-view factor better explains the observed temperature at the floor of the basins than the valley-volume argument. [START_REF] Hoch | A systematic study of longwave radiative heating and cooling within valleys and basins using a three-dimensional radiative transfer model[END_REF] showed that the counterradiation from the valley sidewallsc a n change the cooling rate within a valley. For instance, counterradiation can decrease the volume-averaged radiative cooling by about 44 to 58 %, compared to a flat terrain In a valley, because of the sloping surfaces, the downward long-wave radiation received at the valley floor is contributed from the atmosphere and by the surrounding terrain obstructing the sky; in a flat terrain only the air in the atmosphere contributes to downward long-wave radiation and the sky-view factor is one. Modified after [START_REF] Oke | Boundary layer climates-2nd ed[END_REF].

during the early night. However, it was shown that above the valley centre, this effect rapidly vanishes as soon as the distance from the sidewalls isl a r g e rt h a n2k m .

Another mechanism affecting near-surface cooling processes is the sheltering effect of the valley from the flow aloft [START_REF] Gustavsson | A study of air and road¿surface temperature variations during clear windy nights[END_REF]Vosp er and Brown, 2008], even though this is more linked to the non-dimensional terrain depth than to the terrain itself. As discussed in Sect. II.3.2.a,t h es h e l t e r i n go ft h ev a l l e yl e a d st oad y n a mical decoupling of the valley with the flow aloft, and so turbulent mixing processes are significantly reduced within the valley atmosphere. Hencet h en e a r -s u r f a c ea i r is not mixed vertically with warmer air, cooling continuously throughout the night.

Vosp er and Brown [2008]s h o w e dt h a tf o ri d e a l i s e dt w o -d i m e n s i o n a lv a l l e y s ,a st h e non-dimensional valley depth increases above its critical value (see also Sect. II.3.2.a), the maximum temperature difference between the air outside the valley and the air at the valley floor becomes independent of the valley depth. Ins u c hc o n d i t i o n s ,t h e temperature at the valley floor is only controlled by radiative cooling of the ground.

However this mechanism seems to be most effective in hilly areas( c h a r a c t e r i s e db ya depth H ∼ 100 m) where local thermally-driven flows are unlikely to playamajorrole. Numerical real-case simulations of the shallow Clun valley inS h r o p s h i r e ,E n g l a n d ,b y Vosp er et al. [2014], confirmed the importance of such a mechanism for the coolingo f air adjacent to the ground. Turbulent heat flux divergence was found to dominate the near-surface heat budget.

Land cover heterogeneities are also an important factor. [START_REF] Zangl | Formation of extreme cold-air pools in elevated sinkholes: An idealized numerical process study[END_REF]s h o w e dt h a t snow cover strongly affects the minimum temperature observedi nc l o s e db a s i n s . B y means of idealised three-dimensional simulations of a basin-like depression, the author found that snow cover reduces the heat flux within the soil, hence increasing the cooling rate of the near-surface air. Extremely low temperatures can then trigger ad r y i n gm e c h a n i s mp r e v e n t i n gt h ef o r m a t i o no ff o g ,t h e r e b ycooling can continue throughout the night.

II.4.2 Effects of thermally-driven flows

In deep valleys, SBLs and cold-air pools are usually associated with the drainage of cold air from the valley sidewalls towards the valley bottom,w h i c ha c c u m u l a t e sw i t h time [START_REF] Geiger | The Climate Near the Ground[END_REF]. From a physical point of view, the convergence of downslope flows at the valley bottom induces compensatory upward vertical motions because of mass conservation, which transport cooled air at the valley bottom into the upperlayer of the valley atmosphere [see Fig. II.9 and Whiteman, 1986;[START_REF] Fast | An evaluation of mesoscale model predictions of down-valley and canyon flows and their consequences using doppler lidar measurements during VTMX 2000[END_REF][START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF]. Observations by [START_REF] Whiteman | Temperature inversion buildup in Colorado's Eagle valley[END_REF]intheEaglev alley (Colorado, USA) confirmed the existence of such transport process within the valley, showing that the capping inversion at the top of the boundary layer moves upward with time as a result of the compensatory vertical motions (see Fig. II.9). After the evening transition, the upward displacement of the capping inversion ceases, and the layer of air above the ground-based-inversion stabilises slowly with time. It should be noted that this downslope flow-induced circulation only affects the vertical thermal structure of the valley atmosphere if the compensatory vertical motions vary with height or, as for the case observed by [START_REF] Whiteman | Temperature inversion buildup in Colorado's Eagle valley[END_REF], if there is a layer where the potential temperature gradient varies with height [START_REF] Whiteman | Nocturnal cold-air intrusions into a closed basin: observational evidence and conceptual model[END_REF]. Following [START_REF] Whiteman | Nocturnal cold-air intrusions into a closed basin: observational evidence and conceptual model[END_REF], this can be shown by taking the partial derivative along the vertical of Eq. II.4 and only considering the vertical component of the advectiont e r m on the RHS, that is

∂ ∂t ∂θ ∂z = - ∂θ ∂z ∂w ∂z -w ∂ ∂z ∂θ ∂z .( II.8)
The first term on the RHS of Eq. II.8 contributes to variation of stability only if the vertical velocity varies with height, while the second term on the RHS of Eq. II.8 only contributes if the stability varies with height (see Fig. II.9).

Downslope flows in deep valleys respond to the developing stable stratification decreasing their speed and progressively retreating "back up the slope" [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF]. [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF] showed that in such deep valleys, the detrainment of downslope flows towards the valley centre is maximum not far above the ground-based inversion layer. However, the weakening of the downslope flow with time leads to progressively weaker compensatory vertical motions over the valley centre [START_REF] Catalano | High-resolution numerical modeling of thermally driven slope winds in a valley with strong capping[END_REF][START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF]. The vertical thermal structure of the valley boundary layer can be also affected by mixing processes associated with the vertical shear of a down-valley flow. As showed by [START_REF] Pinto | Coevolution of down-valley flow and the nocturnal boundary layer in complex terrain[END_REF]t h ed e v e l o p m e n to fad o w n -v a l l e yfl o wa tt h es o u t h e r nt e r m i n us of the Salt Lake Valley (Utah, USA) was followed by a warming of then e a r -s u r f a c e atmosphere and a cooling of the atmospheric layer just above it. Gravity and Kelvin-Helmholtz waves were identified and associated with the interaction of the down-valley flow with the SBL within the valley. Moreover, interactions between downslope and down-valley flows may create regions of local convergence/divergence of the flow so that local vertical transport of heat and mass can occur within a valley [Banta et al., 2004].

If
Figure II.10: Schematic of the circulation induced by downslope flow convergence over the valley centre at the beginning of the night, i.e. when a strongly stable stratified ground-based inversion layer has not developed yet. Arrows indicates the direction of the flow. Note that possible detrainment of downslope flows is not considered here.

After [START_REF] Wagner | Theorie und b eobachtung der p erio dischen gebirgswinde[END_REF].

II.4.3 Evaluation of heat budget terms

Budgets of heat calculated over valley volumes have been studied extensively to quantify the role of the different atmospheric processes in the cooling of the nocturnal VBL (see Eq. II.5). In basin-like environments advective processes associated with thermally-driven flows are only due to downslope flows. [START_REF] Noppler | Mesoscale heat transport over complex terrain by slope winds ¿ a conceptual model and numerical simulations[END_REF]basedonthe idea that thermally-driven slope flows modify the vertical exchanges of heat between the surface and the free atmosphere, developed a conceptual model in order to take into account such effects. Their results point for a strong need of parameterisations in coarse-resolution global models. [START_REF] Kondo | Heat budget analysis of nocturnal cooling and daytime heating in a basin[END_REF] analysed the heat budget in the Aizu basin (Japan), a 1-km deep basin, by means of observations. The cooling rate averaged over the volume )t h ev o l u m e -a v e r a g e dc o o l i n gr a t ew a sm a i n l yd r i v e nb yt h es urface sensible heat flux divergence, with minor influence of radiative processes. The contribution to the heat budget from advection was found to be negligible. This result indicates that the downslope-flow-induced-circulation for this particular case did not export heat through the top surface of the basin atmosphere (see Fig. II.10). [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF]s h o w e di nan u m e r i c a ls i m u l a t i o no fad e e p( 1k m )i d e a l i s e dt wo-dimensional valley (i.e. invariant along the valley axis) that the contribution from advection and turbulent heat flux divergence together contributes half of the volume-averaged cooling throughout the first part of the night. However, the repartition between advection, turbulent fluxes and surface sensible heat flux was not reported. [START_REF] Katurji | The influence of topography and ambientstabilit yonthec haracteristic of cold-air pools: a numerical investigation[END_REF] analysed the sensitivity of nocturnal VBL structure and cooling processes to the valley topography and ambient stability. The idealised simulations consisted of an extensive set of two-dimensional valleys of different width and slope angles. Two different values for the initial stability profiles were used,o n ec o r r e s p o n d i n gt oa n isothermal atmosphere and one to a strongly stratified atmosphere. Numerical results indicated that the upper-layer of the valley atmosphere above the valley floor (for z>200 m above ground level for the authors) was mainly controlled by vertical advection, while the lower layer by radiative heat flux divergence. In the upper-layer, the cooling rate was found to be larger for the narrower valleyt h a nf o rw i d e rv a l l e y s , because of a stronger effect of vertical advection in the former.

As soon as down-valley flows can develop, for instance in a valley which opens on a plain further downstream, the picture presented above changes. Down-valley flow divergence in the along-valley direction (see Sect. II.3.1.b)hastobecompensated by vertical motions at the valley top as required by mass conservation. In a stably stratified atmosphere this means that potentially warmer airistransporteddo wn w ard within the valley by vertical motions during nighttime. [START_REF] Fast | Boundary layer evolutionw i t h i nac a n y o nland basin. Part II: numerical simulations of nocturnal flowsa n dh e a tb u d g e t s[END_REF]s h o w e di n ah i g h -r e s o l u t i o nn u m e r i c a ls i m u l a t i o n( ∆x =2 5 0m )o ft h eS i n b a dd e p r e s s i o n( C o lorado, USA), that the volume-averaged contribution of advection to the heat budget does indeed warm the valley atmosphere. This is because the terrain surrounding the depression is only partially closed, opening on one side on the narrow Salt Wash canyon, allowing a down-valley flow to develop. The volume-averaged heat budget terms computed by the numerical model were found to be a few times smaller than the respective terms computed from the observations by [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF]. However, the simulated relative contributions of each term to the total cooling rate were more in accord with the ones computed from the observations. Schmidli and Rotunno (see Eq. II.4)f r o mo b s e r v a t i o n sa n dv e r t i c a lp r o fi l e so fr a d i a t i v ec o o l i ng rate using a radiative transfer model to infer the contribution from advection and turbulent heat flux divergence as a residual. The computed profiles of the cooling processes showed that during the time period associated with the development of the down-valley flow (evening transition), the cooling of the near-surface inversion layer stems from the radiative flux divergence, with a warming contribution from theresidual(i.e. thesumof advection and turbulent heat flux divergence). During the mature stage of the downvalley flow, the averaged cooling rate over the lowest 500 m above ground level was contributed by radiative cooling by only 30%, meaning that most of the cooling stems from advection or turbulent heat flux divergence. However, a clear quantification of the relative importance of these two processes was not performed. The numerical simulations of cold-air pools in the shallow (100-m deep) Clun Valley (UK) performed by Vosp er et al. [2014] indicated that for z>5ma b o v eg r o u n dl e v e l ,t h ec o o l i n go ft h e valley atmosphere far from the valley sidewalls was controlled by advection of cold air, associated with downslope flows during the early night, and down-valley flows during the late night.

II.4.4 Effects of large-scale flows

Large-scale flows have been recognised widely as a key factor affecting the thermal structure and evolution of the SBL of deep valleys. Advection of warm air in the upper layer of the valley atmosphere leads to the creation or intensification of elevated stable layers (a capping inversion) at the top of the valley atmosphere (see Fig. II.11a) which favours the dynamical decoupling between the air in the valley and the atmosphere aloft [Whiteman et al., 1999c]. This type of advection is usually associated with anticyclonic conditions and the movement of synoptic upper-level ridges over the region [START_REF] Reeves | Synoptic-scale flow and valley cold pool evolution in the western United States[END_REF]. These conditions had been shown to be strongly linked with the formation of persistent cold-air pools (PCAPs), which are stable boundary layers characterised by an inversion layer at the valley-scale which persists for multiple days within the valley [START_REF] Reeves | Synoptic-scale flow and valley cold pool evolution in the western United States[END_REF]Lareau et al., 2013b;Largeron and Staquet, 2016b]. [START_REF] Reeves | Synoptic-scale flow and valley cold pool evolution in the western United States[END_REF]s h o w e dt h a t ,b a s e do na3 -y e a rc l i m a t o l o g ys t u d yi nt h eW e s t ern United States, the motion over the region of a large-scale ridge corresponds with the simultaneous formation of persistent cold-air pools in various valleys. All the valleys analysed were characterized by a mid-level warm air advection during the onset of the persistent cold-air pool event. The end of the event was linked to the approach of an upper-level trough that was responsible of the advection of cold air at the mid-levels. These findings confirm the results from previous case studies of persistent cold-air pools by Whiteman et al. [2001a]a n dZhong et al. [2001]. Numerical simulations of a persistent (multi-day) cold-air pool event in the Salt Lake Valley (Utah, USA) performed by [START_REF] Lu | A numerical study of a persistent cold air pool episode in the Salt Lake Valley, Utah[END_REF]showedthatlarge-scalewarmairadvectioncontrols the tendency of potential temperature in the upper layer of the valley atmosphere (3000 <z<4000 m above sea level for the Salt Lake Valley) throughout thec o r eo f the episode. The cold-air pool was then removed by cold-air advection in the upper layer of the valley atmosphere. The same behaviour was observed in the Grenoble Valley (France) in the work by Largeron and Staquet [2016a], in which several multiday persistent cold-air pools episodes were simulated during the winter of 2006-2007, all episodes being initiated by a advection of warm air at mid-levels (about 1500 m above sea level for the Grenoble Valley).

Even though large-scale cold-air advection is the main mechanism accounting for the destruction of cold-air pools within a valley, other mechanisms can influence the thermal structure of the valley boundary layer. When a capping inversion is present at the top of the boundary layer, strong large-scale flows above the valley top can be prevented from penetrating within the valley (see Sect. II.3.2.a). However, the shear associated with the flow aloft can favour the entrainment of relatively warmer air from upper levels into the valley atmosphere, thereby progressively reducing its stability because of vertical mixing (see Fig. II.11b). This mechanism is usually referred to as a turbulent erosion of a cold-air pool [see for instance Lareau and Horel, 2015b]. [START_REF] Petkovsek | Turbulent dissipation of cold air lake inab a s i n[END_REF]dev elopedanan alyticalmod elforth istu rb u len te rosionmechanism. The model showed that the speed of the flow above the cold-air pool has to be "large enough" in order for turbulent production to be large enough to initiate the erosion process, and then it must increases continuously with time inordertofullymixtheair within the valley. The first condition can be expressed quantitatively using the bulk Richardson number Ri b for the capping inversion at the top of the valley boundary layer, as done by [START_REF] Zhong | Time scale for cold-air poolb r e a k u pb yt u rbulent erosion[END_REF]. For Ri b smaller than its critical value Ri c =0.25 turbulent erosion at the top of the capping inversion initiates, that is if

U ≥ 2 NCI h ,( II.9)
where U is the wind speed of the flow above the valley, N the Brünt-Väisäla frequency of the capping inversion of depth CI h . Analogously, Eq. II.9 can be expressed as a condition for the Froude number (see Sect. II.3.2.a)f o rt h ec a p p i n gi n v e r s i o nl a y e r . T h e second condition is necessary because as the depth of the boundary-layer decreases, the stability of the capping inversion at its top increases (see Fig. II.11b). Using a semi-analytical model [START_REF] Zhong | Time scale for cold-air poolb r e a k u pb yt u rbulent erosion[END_REF]concludedthatturbulenterosioncannotmix the stably stratified air within a deep valley in a time-scale of the order of a day. A similar conclusion was drawn by [START_REF] Zhong | Meteorological processes affecting the evolution of a wintertime cold air pool int h ec o l u m b i ab a s i n[END_REF]b ym e a n so fn u m e r i c a ls i m u l ations of a cold-air pool event in the Columbia basin. However, other studies pointed towards different conclusions. Zängl [2005b]inaseriesofn umericalsim ulationsofthe shallow Danube basin showed that turbulent erosion can be of moderate importance for the removal of the stably stratified air from the valley. High-resolution numerical simulation of idealised two-dimensional valleys (of spatial scales similar to the Salt Lake Valley) by Lareau and Horel [2015b]s h o w e dt h a ti ft h es p e e do ft h efl o wa l o f t linearly increases with time, turbulent erosion can be a suitable mechanism for mixing the stably stratified air within the valley on a daily time-scale. The dynamical description stems from a continuous interplay between breaking Kelvin-Helmhotz waves, subsequent mixing, and horizontal advection.

Air in a valley can be also "displaced" horizontally by an impinging external flow so that the stably stratified cold-air is replaced by "new" air characterised by a weaker stability [see Fig. II.12, Lareau and Horel, 2015a]. This mechanism is usually associated with descending air on the lee side of one of the valley sidewalls. The flow accelerates as it flows down the slope before plunging into the capping inversion at the top of the boundary layer and, as a result, the air in the valley is displaced downstream and warm air is advected into the valley atmosphere (see Fig. II.12).This mechanism can lead to a full removal of cold-air from the valley atmosphere when the impinging flow is strong enough. [START_REF] Flamant | Föhn/cold-pool interactions in the rhine valley during map iop 15[END_REF]studiedthein teractionsbet w eenaFöhn and a cold-air pool in the lower Rhine valley during IOP15 of MAP using a comprehensive set of observations. Analysis of data showed that the dynamical displacement of the cold-air pool by the Föhn flow was the primary mechanism accounting for the complete removal of the stably stratified air from the valley, with a negligible contribution of turbulent erosion at the top of the cold-air pool. Lareau and Horel [2015a] by means of the set of measurements collected during IOP1 of PCAPS, showed that internal gravity waves formed on the upstream sidewalls, accelerating the flow down the slope. Figure II.12: Schematics of the displacement of a cold-air pool in a vertical crosssection along the downstream direction of the valley, (a) before that mountain waves form and the flow accelerates down the slope and (b) after that the accelerated flow displaced the cold-air pool downstream; red arrows represent the external flow and continuous black lines are lines of constant potential temperature (isentropes). Adapted from Lareau and Horel [2015a].

This leads to the displacement and tilting of the cold-air pool upward in the downstream direction. The cold-air pool can then eventually be displaced again upstream as soon as the balance of forces, which was maintaining the tilting, is destroyed.

II.5 Research objectives

Most of the process-level studies on cold-air pools and SBLs in complex terrains have considered idealised valleys invariant in the along-valleydirection,inwhic hthermallydriven along-valley flows are prevented. However Alpine valleys generally present a three-dimensional valley-wind system, because of terrainh e t e r o g e n e i t i e sa l o n gt h e valley axis. The simplest modelling of this system consists of a valley opening on a plain region in the along-valley direction. A detailed mechanistic understanding of the interactions between the three-dimensional valley-wind system and the thermal structure of the stable valley boundary layer is still missing: what are the interactions between downslope and down-valley flows? What is the effect of these interactions on the boundary-layer thermal structure? What are the mechanisms controlling the conservation of mass within the valley? Chapter III aims to answer these questions, using high-resolution numerical modelling of an idealized,straigh tv alleyopeningona plain, without considering the effect of external (synoptic)flows. Thenumericalresults are compared with the results from an idealised valley invariant in the along-valley direction. This allows a quantitative investigation of the effects of the thermally-driven down-valley flow.

AveryidealisedshapeoftheterrainisusedinChapterIII. However, straight valleys opening directly on plain regions rarely exist in nature. Most valleys show complex terrain features like heterogeneities in the along-valley direction, asymmetries in the cross-valley terrain (i.e. one slope steeper than the other), curved or inclined alongvalley terrains, etc. All these aspects have been barely investigated. Among others, along-valley orographic variations are a key feature common to all Alpine valleys: valleys usually widen or narrow in the along-valley direction, a terrain feature which can be modelled schematically as a system of multiple valleys. In Chapter IV the SBL of a system of two valleys of different widths is analysed. Particular emphasis is given to the analysis of the effect that the along-valley terrain heterogeneity has on heat and mass transport processes.

Thus far, this discussion tacitly assumes that the orographyi st h em a i nlocal factor affecting the evolution of the valley atmosphere, at leasti nd e e pv a l l e y s . P r e v i o u s studies showed that other factors may be important, but thosew o u l dp r o b a b l ymodulate the response of the atmospheric processes to the terrain features (for instance surface heterogeneity, canopies...). More complex system of valleys can be studied, to further our understanding of the multiple interactions thatm a yoc c u rbe t w e e na t m ospheric processes in a given valley and the ones in neighbouring valleys (the "mountain atmosphere" as it was called in Sect. II.1). In particular, the role of side (tributary) valleys on the heat and mass budgets of a given valley has received little attention, especially from a modelling perspective. This question is considered for a real terrain landscape under a weak synoptic forcing, in order to study theinfluenceofsurrounding valleys and tributaries on the boundary layer of a valley, in the light of the process-level understanding developed in the idealised framework. The link between the idealised and real worlds is given by semi-idealised numerical simulations, namely numerical simulations with well-controlled initial and boundary conditions (idealised), but using ar e a lo r o g r a p h y . T h ec o n t r a s tb e t w e e ns e m i -i d e a l i s e da n dr eal-case studies allows to quantify the impact of the thermally-driven circulation in the evolution of heat and mass budgets of a cold-air pool, compared to the large-scale (synoptic) forcing. Also, some of the mechanisms put forward in the idealised process-level studies of Chapter III and Chapter IV may be evaluated in such analysis. These aspects will be the objective of Chapter V.T h ei n v e s t i g a t i o nr e l i e so nt h ed a t a s e tc o l l e c t e dd u r i n gt he PASSY-2015 field campaign, a field experiment that was held in a section of the Arve River Valley, near the town of Passy, during the winter of 2014-2015. The area often experiences severe air pollution episodes during wintertime.

To summarise, this thesis aims to advance the understanding of the physical processes controlling the evolution of heat and mass budget of the stable boundary layer in deep Alpine valleys, with the following scientific objectives:

O1 Characterise the influence of the thermally-driven valley-wind system on the mass and heat budgets of the stable valley boundary layer;

O2 Quantify the influence of along-valley orographic variations on the physical processes governing the heat budget of the valley atmosphere;

O3 Quantify the role of the flows from confluent valleys and tributaries to the mass and heat budget of a real valley;

O4 Determine how the synoptic forcing control or modulate the dynamical and thermal characteristics of the atmosphere in a real valley.

The next chapters are organized as follows: Objective O1 will be considered in 

III

Interactions between the Nighttime Valley-Wind System and a Developing Cold-Air Pool

The simplest modelling of the valley-wind system consists ofav a l l e yo p e n i n go na plain. In this chapter the influence of thermally-driven downslope and down-valley flows on the mass and heat budgets of the valley atmosphere is characterised, by contrasting the valley-plain system with a two-dimensionalv a l l e yw h e r ed o w n -v a l l e y flows are non-existent.

This chapter is a reproduction of [START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF]. Note that few minor points on the model setup and the computation of the heat budget have been clarified in the thesis.

Abstract The Weather Research and Forecast (WRF) numerical model is used to characterize the influence of a thermally-driven down-valley flow on a developing coldair pool in an idealized alpine valley decoupled from the atmosphere above. Results for a three-dimensional (3D) valley, which allows for the formation of a down-valley flow, and for a two-dimensional (2D) valley, where the formation of a down-valley flow is inhibited, are analyzed and compared. A key result is that advection leads to a net cooling in the 2D valley and to a warming in the 3D valley, once the down-valley flow is fully developed. This difference stems from the suppression of the slope-flow induced upward motions over the valley centre in the 3D valley. As a result, the downslope flows develop a cross-valley circulation within the cold-airp o o l ,t h eg r o w t ho ft h e cold-air pool is reduced and the valley atmosphere is generally warmer than in the 2D valley. A quasi-steady state is reached for which the divergence of the down-valley flow along the valley is balanced by the convergence of the downslope flows at the top of the cold-air pool, with no net contribution of subsiding motions far from the slope layer. More precisely, the inflow of air at the top of the cold-air pool is found to be driven by an interplay between the return flow from the plain region and subsidence over the plateaux. Finally, the mechanisms that control the structure of the cold-air pool and its evolution are found to be independent of the valley length as soon as the quasi-steady state is reached and the down-valley flow is fully developed.

III.1 Introduction

The representation of the stable atmospheric boundary layerincomplexterrain,ranging from rugged lowlands with valley incisions to the highestmoun tains,constitutesa significant forecasting challenge. Small-scale processes in such complex terrain remain largely unresolved by current numerical weather predictionm o d e l sa n ds oa r et h e i r impacts on weather, climate and air quality [see for instance [START_REF] Zardi | Diurnal mountain wind systems[END_REF]. Specifically, large temperature variations may occur overs h o r td i s t a n c e s ,e specially during clear nights when radiative cooling of the surface leads to a strong ground-based inversion (GBI). In areas sheltered from the atmosphere above, particularly from flow where high wind speeds and consequent intense turbulent mixing conspire to reduce vertical temperature gradients towards zero [e.g. Vosp er and Brown, 2008;Lareau and Horel, 2015a], or under quiescent synoptic conditions, cold-air pools (CAPs) form. CAPs are associated with a strong GBI, and so weather hazards and pollution episodes are more likely in CAPs than over flat terrain in the same region, especially when they are intense, shallow and long lasting asthisma yoccurinwin ter.

Under these conditions, thermally-driven slope and valley winds are key to maintaining some degree of ventilation [e.g. [START_REF] Largeron | Dynamique de la couche limite atmosphérique stable en relief complexe. Application aux épisodes de pollution particulaire des vallées alpines[END_REF][START_REF] Nadeau | Flow during the evening transition over steep alpine slopes[END_REF]. Slope flows develop as a result of the horizontal thermal imbalance between the layer of air adjacent to the slope and the air at the same altitude far from the slope. At night, the radiative cooling of the ground produces downslope flows. Along-valley flows are also thermally driven and are triggered by the thermal imbalance in the down-valley direction, for instance between the valley interior and an adjacent plain.

The role of downslope flows in CAP formation under decoupled conditions depends on the scales of the terrain. [START_REF] Burns | Interactions between downslope flows and a developing cold-air pool[END_REF]Chemel [2014, 2015] In such a deep valley, downslope flows were found to play a major role in the development of a CAP. As the cold-air region engulfedt h es l o pe s ,a1 0 0 -m deep strongly stratified GBI was left above the valley floor. The downslope flows then detrained largely above the GBI layer, thereby mixing the upper part of the CAP. The valley-atmosphere instantaneous cooling was eventually driven by a complex interplay between radiative cooling and dynamical cooling.

Although widely observed [e.g. [START_REF] Neff | Observations of complex terrain flows using acoustic sounders: experiments, topography and winds[END_REF]Banta et al., 2004;[START_REF] Pinto | Coevolution of down-valley flow and the nocturnal boundary layer in complex terrain[END_REF][START_REF] Schmidli | External influences on nocturnal thermally driven flows in a deep valley[END_REF], the influence of down-valley flows on the evolution of CAPs under decoupled conditions is not well characterized, presumably owing to the challenges in simulating CAPs [START_REF] Baker | Challenges to modeling "coldpool"meteorology associated with high pollution episodes[END_REF]a n dc o l l e c t i n ge x t e n s i v eo b s e r v a t i o n s . Numerical modelling studies investigating CAP processes haveg e n e r a l l yc o n s i d e r e d two-dimensional (2D) valley geometries that are invariant in the down-valley direction (referred to as 2D valleys hereafter), thereby preventing any thermally-driven downvalley flow from developing [e.g. Vosp er and Brown, 2008;[START_REF] Catalano | High-resolution numerical modeling of thermally driven slope winds in a valley with strong capping[END_REF][START_REF] Katurji | The influence of topography and ambientstabilit yonthec haracteristic of cold-air pools: a numerical investigation[END_REF][START_REF] Burns | Interactions between downslope flows and a developing cold-air pool[END_REF]Chemel, 2014, 2015]. Numerical simulations considering valleys with a three-dimensional (3D) geometry that is varying in the down-valley direction (referred to as 3D valleys hereafter) have generally focussed on convective situations [e.g. Rampanelli et al., 2004a;[START_REF] Schmidli | Intercomparisonofmesoscalemodelsimulationsofthe daytime valley wind system[END_REF]. Only a few studies have examined pooling and draining processes in 3D valleys. [START_REF] Zangl | Formation of extreme cold-air pools in elevated sinkholes: An idealized numerical process study[END_REF] investigated processes promoting the formation of extreme CAPs in an idealized elevated sinkhole (i.e., closed basin). O'Steen [2000]e x a m i n e dt h ei m p a c to ft r i b u t a r i e s on the nighttime down-valley flow and on the associated mass transport outside idealized valleys. [START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF]e x a m i n e dt h em e c h a n i s m sl e a d i n gt ot h e formation of a thermally-driven along-valley flow in a 3D valley. The importance of the geometry of the valley with respect to the other mechanisms int h ed e v e l o p m e n to fa valley-plain temperature difference, was quantified using the concept of a topographic amplification factor [see, for instance, [START_REF] Whiteman | Observations of thermally developed winds y s t e m si nm o u ntainous terrain[END_REF]. Results indicated that the along-valley flow induces a heating of the valley atmosphere during the night and a cooling of the valley atmosphere during the day. Similar conclusions were reported during daytime by Rampanelli et al. [2004a]i nas t u d yo fa ni d e a l i z e dv a l l e y ,a n db y [START_REF] Weigel | High-resolution largeeddy simulations of flow in a steep Alpine valley. Part II: flow structure and heat budgets[END_REF]i nar e a l -c a s es t u d yo ft h eR i v i e r aV a l l e yi ns o u t h e r nS w i t z erland.

For no cturnal conditions, the heating of the valley atmosphere was explained by subsidence motions from the atmosphere above the valley, due to the divergence of the down-valley flow.

The overall aim of the present work is to characterize the influence of a thermallydriven down-valley flow on a developing CAP in an idealized alpine valley under decoupled conditions. For this purpose, we analyze and comparer e s u l t sf r o mn u m e r i c a l model simulations of a developing CAP in a 3D valley and in the counterpart 2D valley. The set-up of the numerical simulations is presentedi nS e c t .III.2,a n dt h e development of the thermally-driven down-valley flow is discussed in Sect. III.3.I n Sect. III.4,t h ei n fl u e n c eo ft h ed o w n -v a l l e yfl o wi sq u a n t i fi e db yc o n t r a s ting the 3D and 2D valley cases, and in Sect. III.5 we investigate the sensitivity of the results to the valley length. Finally, conclusions are given in Sect. III.6.

III.2 Design of the numerical simulations III.2.1 The numerical model

The numerical simulations were performed with the Weather Research and Forecasting (WRF) model, in its version 3.4.1 of the Advanced Research coref o r m u l a t i o n [START_REF] Skamarock | A description of the Advanced ResearchWRFversion3[END_REF]. The WRF model is a compressible non-hydrostatic model, appropriate for scales ranging from metres to global scales. The governing equations are formulated using a terrain-following hydrostatic-pressure coordinate and discretized on a staggered Arakawa-C grid. For the present work, time integration was performed with a third-order Runge-Kutta scheme using a time-splitting technique to integrate the fast acoustic mode [START_REF] Wicker | Time-splitting methods for elastic models using forward time schemes[END_REF]. The advection terms were discretized using a fifth-order Weighted Essentially Non-Oscillatory (WENO) scheme with positive definite filter. The planetary boundary layer was not parametrized and SGS motions were modelled with a turbulent kinetic energy 1.5-order closure scheme, which accounts for the stability dependence of the SGS lengths c a l ei ns t a b l ys t r a t ified conditions and with the Smagorinsky coefficient C s set to 0.1 [START_REF] Moeng | Examining Two-Way Grid Nesting for Large Eddy Simulation of the PBL Using the WRF Model[END_REF]. We note that in a stably stratified atmosphere, C s may vary with height [START_REF] Smith | An intercomparison of subgrid models for large-eddy simulation of katabatic flows[END_REF], limiting or enhancing SGS mixing. Dynamical models [see for instance [START_REF] Bou-Zeid | A scale-dependent Lagrangian dynamic model for large eddy simulation of complex turbulent flows[END_REF][START_REF] Smith | An intercomparison of subgrid models for large-eddy simulation of katabatic flows[END_REF]]a l l o wt h ev a r i a t i o no fC s with height, depending on the instantaneous flow characteristics. The effect of these variations on the motion at the resolved scales need to be quantified in future work. Radiative transfer was taken into account using the Rapid Radiative Transfer Model for longwave radiation [START_REF] Mlawer | Radiative transfer for inhomogeneous atmospheres: RRTM, a validated correlated-k model for the longwave[END_REF] and the scheme proposed by [START_REF] Dudhia | Numerical study of convection observed duringt h ew i n t e rm o n s o o n experiment using a mesoscale two-dimensional model[END_REF] for shortwave radiation. Shadowing effects were not included, as in [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF]. The interactions with the ground surface were modelled using the community Noah Land Surface Model [Chen and [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF]u s i n gf o u rs o i ll a y e r s .

III.2.2 The topography of the valley

Av alleysimilartotheoneusedb ySchmidli et al. [2011]isconsidered. Itissymmetric about the origin at x =0andy =0(seeFig.III.1), and the analytical expression for the height of the terrain is given by h (x, y)=Hh x (x) h y (y)+h 0 ,( III.1) where

h x (x)= ⎧ ⎪ ⎨ ⎪ ⎩ [1 -cos (π (|x| -L x ) /S x )] /2f o r L x ≤ |x| ≤ S x + L x 0f or |x| <L x 1f or |x| >S x + L x (III.2) and h y (y)= ⎧ ⎪ ⎨ ⎪ ⎩ [1 + cos (π (|y| -L y ) /S y )] /2f o r L y < |y| ≤ S y + L y 0f or |y| >L y + S y 1f or |y| ≤ L y .( I I I . 3 )
The topography considered is characterized by a valley depth H =800m,awidth of the sloping sidewalls S x =4200m(inthecross-v alleydirectionx)andS y =5000m (in the down-valley direction y)a n dah a l f -w i d t ho ft h ev a l l e yfl o o rL x =7 5 0m( i n the cross-valley direction x). The reference height is set to h 0 =1 0 0 0m . W i t ht h i s setup, the maximum angle α of the slope is about 17 • .T h el e n g t ho ft h ev a l l e yL y (as displayed in Fig. III.1)i sv a r i e df r o m6t o1 0k m ,w i t hL y =6kmforthecon trol case. The total valley length L tot = L y + S y for the control case is then equal to 11 km. All the model points were assigned the latitude and longitude of the centre of the Chamonix valley located in the French Alps. [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF]ha v esho wnthatav erticalresolutionsmallerthanafewmetres is needed to capture the downslope flows and the structureofthev alleyboundary layer. Furthermore, the modelling studies by Rampanelli et al. [2004a]a n dSchmidli et al. [2011]haveshownthatthedomainshouldbelargeenoughfortheflowdynamics not to be influenced by the lateral boundary conditions. To satisfy these constraints, we relied on the nesting capability of the WRF model. Two domains were used: an outer domain (D1) discretized with 114 × 334 × 101 grid points in the x-, y-a n d z-direction, respectively, with a horizontal resolution ∆x| D1 = ∆y| D1 =2 7 0m ,a n d an inner domain (D2) discretized with 172 × 361 × 101 grid points in the x-, y-a n d z-direction, respectively, with a horizontal resolution ∆x| D2 = ∆y| D2 =9 0m ,b o t h centered on the origin. The nesting between the two domains iso n e -w a y ,i nt h es e n s e that the boundary conditions of the inner domain are updated from the outer domain solution every outer-domain timestep, with no feedback fromtheinnerdomainonthe outer domain.

III.2.3 Grid design

The vertical coordinate was stretched along the vertical direction using a hyperbolic tangent function [START_REF] Vinokur | On one-dimensional stretching functions forfi n i t e -d i fference calculations[END_REF], providing a vertical resolution ∆z ≈ 1.7mf o rt h e first level above the ground surface, and 10 levels in the first 20 m above the ground surface. In order to obtain numerically stable results, the vertical grid resolution demanded a timestep ∆t| D2 =0 .15 s for the inner domain, and a timestep ∆t| D1 = 0.45 s for the outer domain.

It is acknowledged that the grid resolution is too coarse to resolve the full range of turbulent motions acting in stable boundary layers and then u m e r i c a ls i m u l a t i o n performed in this work should be referred to as high-resolution mesoscale simulations [START_REF] Cuxart | When can a high-resolution simulation over complex terrain be called LES?[END_REF].

III.2.4 Initial conditions

The simulations were initialized 1 h before sunset, and were run for a 6-h period. Decoupled conditions were considered and so no flow was prescribed at the initial time (t =0 ) . T h ea t m o s p h e r ew a si n i t i a l i z e dt ob ei nh y d r o s t a t i cb a l ance. The vertical lapse rate of virtual potential temperature ∂θ v /∂z at t =0w a ss e tt o1 .5Kk m -1 , yielding a temperature profile typical of post-convective conditions. For simplicity, θ v is referred to as potential temperature thereafter. The Brunt-Väisäla frequency N = (g/θ v ) ∂θ v /∂z,w h e r eg is the acceleration due to gravity, has then an initial value N 0 ≈ 0.71 10 -2 s -1 within the valley. The potential temperature of the first air layer at the valley floor was set to θ 0 =288K,andtheskintemperaturew asinitialized by extrapolating the temperature of the first three air layersabovethegroundsurface. The soil temperature of the deepest soil layer (at a depth of 8m) at the valley floor was set to the annual mean surface air temperature of 281.4K[ Chen and [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF], and a constant temperature gradient of 2 K km -1 was used across the idealized terrain in order to account for the variation with height of the deep soil temperature [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF]. The soil temperature profile was initialized assuming an exponential increase of temperature with depth between the skin temperature and the deep soil temperature. A detailed discussion of the soil initialization is given in [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF]. The atmosphere was initialized with a relative humidity of4 0% .

III.2.5 Boundary conditions

Lateral boundary conditions for the outer domain were set to periodic boundary conditions in the x-direction and to open boundary conditions in the y-direction. The total height of the domain is 12 km. A 4-km deep implicit Rayleigh sponge layer [START_REF] Klemp | An upper gravity-wave absorbing layer for NWP applications[END_REF]]w a su s e da tt h et o po ft h ed o m a i nt od a m pu p w a r dp r o p a g a t i n gg ravity waves; the damping coefficient was set to 0.2s -1 .A tt h eg r o u n dt h eu s u a li m p e r m eability condition was used, together with the Monin-Obukhovsimilarit ytheory ,whic h was applied as the bottom boundary condition for the turbulent fluxes [START_REF] Jimenez | A revised scheme for the WRF surface layer formulation[END_REF]]. An alternative formulation for the stably stratified surface layer proposed by Zilitinkevich et al. [2013]w asalsotested,whic hdidnotaffect significantly the numerical results. We note that a slope-modified similarity theory[se eforinstanc e Lobocki, 2014]ma ybemoreappropriatetorepresen tthesurfacela y erofasloping surface. The aerodynamic roughness length was set to 0.1m .

III.2.6 Definition of control volumes

Since the valley boundary layer coincides with the CAP, it willb er e f e r r e dt oa s CAP thereafter. Following [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF], the CAP is decomposed in two parts: the GBI, defined as the layer of atmosphere above theg r o u n ds u r f a c e where a temperature inversion develops (that is ∂T/∂z>0, where T is the absolute temperature), and the part of the CAP above the GBI, which will be referred to as CAP↑.

The height of the GBI, denoted by z GBI ,isdefinedastheheigh twheretheabsolute temperature ceases to increase with height. When the atmosphere is not dry, [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF]h a v es h o w nt h a tt h eh e i g h to ft h et o po ft h eh u m i dl a y e rc a nb e used to track accurately the top of the CAP, denoted by z CAP ;w eu s et h i sd e fi n i t i o n hereafter. Note that a more standard definition of the height of the CAP, based on the height where the vertical gradient of potential temperature reaches a maximum, will also be used; this definition can be equivalently expressed in terms of the height where the Brunt-Väisäla frequency reaches a maximum value.

Different spatial averages will be considered below. We consider the average over the area defined by |x| ≤ L x (i.e. the width of the valley floor) and 2 ≤ y ≤ 4k m (where the plateaux are flat and the slope angle does not changealongthedown-v alley direction, see Fig. III.1b), which will be referred to as the valley centre area hereafter and, for clarity, will be written in italics when referring tot h i sa r e a . V o l u m ea v e r a g e s will be performed over along-valley sections defined by 2 ≤ y ≤ 4k ma n do fh e i g h t range corresponding to the GBI or CAP↑.T h e s ev o l u m e sw i l lb er e f e r r e dt oa st h e GBI volume and the CAP↑ volume, respectively.

III.2.7 Definition of a counterpart two-dimensional valley

The atmospheric circulation in the 3D valley will be comparedt ot h a td e v e l o p i n gi n a2 Dv a l l e y . T h et o p o g r a p h yo ft h e2 Dv a l l e yi sd e fi n e db yE q .III.1 with h y (y)=1 . The 2D simulation was set up as the 3D ones except that no grid nesting was used, and periodic boundary conditions were applied at all lateralb o u n d a r i e s . W er e c a l l that the formation of an along-valley flow is inhibited in the 2D valley. After 330 min, the differential cooling between the valley and the plain is maintained, except over a thin layer of 10 m or so, where the near-surface air temperature is lower over the plain than over the valley floor (see Fig. III.2c,d). This feature is closely linked to the dynamics of the downslope and down-valley flows, which are fully developed at this time, as will be discussed in the next sections. 

III.3 Mechanism of down-valley winds

III.3.2 Development of the down-valley flow

The valley atmosphere far from the slope layer may be assumed to be in hydrostatic balance as discussed for example by Rampanelli et al. [2004a]a n dSerafin and Zardi [2011a]. The boundary layer being deeper and colder in the valley than over the plain (except, as already discussed, over the first 10 m above groundl e v e l ,s e eF i g .III.2c, d), the resulting pressure difference drives a down-valley flow from the valley to the plain. [START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF]s h o w e dt h a tt h i sp r e s s u r ed i fference can be in part explained by the topographic amplification factor of thev a l l e y . I nt h en e x tt w o sections, we investigate the role of the valley-wind system on the formation of this pressure difference. Hence, the flow behaves as 'a flow in a pipe', with the cross-sectional area of the pipe set by the height of the CAP. The reduction in pressure towards the plain leads to an increase in the speed of the down-valley flow, eventuallyc r e a t i n gaj e ta tt h e valley exit. This is attested by vectors of the velocity field displayed in Fig. III.3c. This result is consistent with the observations that a down-valley wind jet can persist for several km [e.g. [START_REF] Vergeiner | Valley winds and slop e winds -Observations and elementary thoughts[END_REF][START_REF] Zängl | A reexamination of the valley wind system in the alpine Inn Valley with numerical simulations[END_REF], eventually reaching a quasi-steady state [START_REF] Neff | The accumulation and pooling of drainage flows in a large basin[END_REF]. 

III.3.3 A simple model for the down-valley flow

v 2 = v 2 1 +2 p 1 ρ 1 - p 2 ρ 2 ,( III.4)
where p is the pressure, ρ is the air density, and the subscripts 1 and 2 refer to two positions in the along-valley direction, y 1 and y 2 , respectively. Equation III.4 expresses that a steady state is reached with the pressure force balanced by the advection. For apo s i t i o ny 2 close to the valley exit, we denote v 2 by v exit .

We computed the value of v exit from Eq. III.4 and the WRF model outputs. For v 1 , p 1 and ρ 1 we used the values of these fields averaged over the width of thev a l l e y floor, at a height of 20 m above ground level and for y 1 =3k m . F o rρ 2 and p 2 , values at y =9k ma r eu s e d . T h ev a l u eo fv exit is displayed in Fig. III.4 versus time and compared with the numerical prediction of the down-valley wind speed at y = 9 km (using the same average along x and for z =20m), denoted b y v WRF .

Since a steady assumption is used to compute v exit , this theoretical prediction should be compared to the numerical finding once the quasi-steady state is reached (after 180 min). Figure III.4 shows that both values agree well, v exit overestimating the mean (temporally averaged) value of v WRF by about 10 %. Thus, Eq. III.4 is a good model for the down-valley wind speed at the valley exit. There is a general retreat of the downslope flows up the slopes as the CAP engulfs the slopes. This is consistent with the findings of [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF]f o ra2 D valley case. However, z (u s,max )i sa l w a y sl o w e rt h a nz CAP for y =9k m( i . e . ,t o w a r d s the valley exit). This can be explained as follows: towards the valley exit, the depth of the valley is significantly shallower (about 360 m at y =9km),andthedo wnslope flows penetrate well below the height of the CAP. They reach their level of neutral buoyancy and detrain just above the GBI, located at about 100 ma b o v et h ev a l l e y floor towards the valley exit.

III.3.4 Along-valley variation of the downslope flows

III.4 Impact of the down-valley flow on cold-airpooling processes

In the following we compare results from the 3D valley sectiondefinedby2≤ y ≤ 4km to those from the counterpart 2D valley. This corresponds to the plume regime described by [START_REF] Baines | Mixing in downslope flows in the ocean -plumesv e r s u sg r a v i t y currents[END_REF]. In this regime, the downslope flows penetrate below their level of neutral buoyancy, transporting warmer air inside the CAP. This creates an unstable layer immediately above the downslope flows (see the potential temperature contours in the slope-surface cooling [START_REF] Mcnider | A note on velocity fluctuations in drainage flows[END_REF]. Such oscillations are not as clear in the 2D valley [see also [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF], where the speed of the downslope flows decrease as the CAP deepens. The frequency spectrum of the downslope wind speed u s at 10 m above ground level for the 3D valley shows a clear peak for a frequency f =0 .4 10 -3 s -1 (see Fig. It is worth noting that the growth of the CAP in the 3D valley is significantly reduced, when compared to that in the 2D valley, after this time, that iswhenv erticalmotions over the centre of the valley are suppressed. This result suggests that vertical advection due to slope-flow induced mass convergence over the centre of the valley is the key process controlling the growth of the CAP. The height of the GBI z GBI ,issimilarinthe 2D and 3D valleys before the down-valley flow is fully developed (after t =180min).

III.4.1 Changes in the vertical structure of the cold air pool

Later on, z GBI decreases with time in the 3D valley, as a result of advective processes associated with the down-valley flow development. This will be discussed in the next subsections. that develops over the centre of the valley because of the detrainment of the downslope flows above the GBI. After t =180min,thev erticalprofileofN 2 is layerized as a result of the interaction between the cross-valley circulation and the down-valley flow, which generates locally shear mixing, thereby decreasing atmospheric stability.

At the top of the CAP, a capping inversion develops in the 2D valley, largely as a result of the continuous upward transport within the CAP of air colder than the air above, and continuously increases in height with time (see Fig. III.8,III.9b). This inversion is not as marked in the 3D valley by the end of the simulated time period, because it is destroyed by local shear mixing and the advection of potentially warmer air by the cross-valley circulation.

III.4.2 Analysis of the time rate of change of potential temperature

In the absence of any phase change, as is the case here, the equation for the potential temperature tendency is:

∂θ v ∂t = -u i ∂θ v ∂x i - ∂F i ∂x i - θ v ρc p T ∂R i ∂x i ,( III.5)
where the common summation notation is used. The terms on the right-hand side (r.h.s.) represent the contributions from advection, the divergence of the SGS turbulent heat flux ⃗ F and the divergence of the radiative flux ⃗ R, c p is the specific heat capacity at constant pressure. All terms of Eq. III.5 are output of the numerical simulation computed on the model grid, in order to avoid any error due to the calculation of spatial derivatives. This ensures that the budget balance, i.e. the sum of all terms of Eq. III.5 is equal to zero (not shown). contributions from the other terms and larger than that for the 2D valley, for which the value at the valley floor is -0.4Kh -1 .T h i sr e s u l ti sd u et ot h ef r i c t i o ni n d u c e d by the down-valley wind at the ground surface. However, apart from the near-surface region, the SGS turbulent heat flux divergence contribution after t ≈ 120 min is very small compared to the contributions from the other terms for both the 2D and 3D valleys, over the x and y ranges of the valley centre (see Fig. III.11c,d).

It should be stressed that, by considering vertical profiles horizontally averaged over the valley centre,w ei g n o r et h ea t m o s p h e r ea b o v et h es l o p e s . T h i si m p o r t a n t point is discussed in the next section.

III.4.3 Changes in the heat budget

In this section, we examine the processes that control the evolution of the GBI layer and upper part of the valley boundary layer. Figure III.12 compares time series of the different terms of Eq. III.5 averaged over the GBI or CAP↑ volumes (see Sect. III.2.6 for the definition of the control volumes). Before t ≈ 120 min, the atmosphere within the CAP↑ experiences a rapid cooling (see Fig.III.12a). After this time, a transient regime develops between 120 and 270 min into the simulations, which is characterized by a higher cooling of the GBI compared to the CAP↑. For the 3D valley, this transient regime is followed by an equilibrium regime characterized by an equal cooling rate within the GBI and the CAP↑.B yt h ee n do ft h es i m u l a t e dt i m ep e r i o d ,t h ec o o l i n g rates within the GBI and CAP↑ for the 2D valley are 3 times larger and 4 times larger, respectively, than for the 3D valley.

The presence of the down-valley flow in the 3D valley changes the relative importance of the processes contributing to the cooling of the valley, when compared to the 2D valley, as already discussed. Figure III.12bdisplaysthetimeseriesoftheadvection contribution. For the 2D valley the magnitude of the advection contribution to the cooling rate decreases with time and tends to zero by the end oft h es i m u l a t e dpe r i od within both the GBI and CAP↑.F o rt h e3 Dv a l l e y ,b yc o n t r a s t ,t h ed o w n -v a l l e yfl o w development leads to a warming within both the GBI and the CAP↑;t h i sw a r m i n gi s higher within the GBI than within the CAP↑ by the end of the simulated time period.

Radiative cooling is comparable for both valleys for the entire simulated time period and within the CAP↑ is approximately half that within the GBI (see Fig. For the 3D valley, friction is maintained over the valley surface by the fully developed downslope and down-valley flows (after t = 180 min). As a result, the contributions from SGS turbulent heat flux divergence within the GBI and CAP↑ are almost equal and nearly constant with time, and about 3 times larger than for the 2D valley. For the 3D valley, the contribution from SGS turbulent heat flux divergence within the GBI by the end of the simulated time period is of the same order of magnitude as the radiative cooling. By contrast, it is less than half the radiative cooling for the 2D valley. When considering the CAP↑ rather than the GBI, it is about twice the radiative cooling for the 3D valley and is of the same order of magnitude as the radiative cooling for the 2D valley. and 3D valleys. The major difference between the 2D and 3D casess t e m sf r o mt h e suppression of homogeneous vertical motions in the valley regions far from the slope for the 3D case. More precisely, no vertical motions are observed in the atmospheric region above the CAP (z>1350 m) for the 3D case. This suggests that pure downward vertical motions far from the slope layer, i.e. subsidence, play a minor role in the mass conservation within the CAP atmosphere for the 3D valley, for this particular setup. The importance of subsiding motions far from the slopel a y e rw i t hr e s p e c t to the cross-valley advection in the mass budget of the CAP, canb eq u a n t i fi e db y computing the mass budget in the control volume defined horizontally by the valley centre, and of height equal to that of the CAP. 

III.4.4 Changes in the mass budget

III.5 Sensitivity to the length of the valley

The previous discussion shows that the flow characteristics depend on the time when the quasi-steady state is reached and the down-valley flow is fully developed, denoted by T ss .B yc h a n g i n gt h el e n g t ho ft h ev a l l e y ,w ee x p e c tT ss to vary. [START_REF] Schmidli | The quasi-steady state of the valley wind system[END_REF]suggestedthat,assumingconstantforcing(i.e.aconstantsurfacesensible heat flux), T ss is proportional to T ℓ =2L tot / (HN 0 ), with a coefficient of proportionality of about 3. T ℓ is the timescale associated with the linear wave solution of the along-valley wind equations derived by [START_REF] Egger | Observations of thermally developed wind systems in mountainous terrain[END_REF]. To examine this proportionality and the sensitivity of the flow characteristics to the valley length, an additional simulation was performed by changing L tot only, from 11 to 15 km. Table III.1 summarizes the main variables analyzed for the different valley lengths L tot ,i n c l u d i n gt h a to ft h e 2D valley, which is infinite.

The coefficient of proportionality between T ss and T ℓ is 2.8 for the two valley lengths considered, and therefore is about 3 as was suggested by [START_REF] Schmidli | The quasi-steady state of the valley wind system[END_REF].

Since for the simulations considered H and N 0 are constant as is the ratio T ss /T ℓ , T ss should vary in proportion to L tot ,a sc o n fi r m e df r o mT a b l eIII.1.T h i ss h o w st h a tT ℓ is the relevant timescale for the approach to the quasi-steady state. The longer is the valley, the longer is the time before the quasi-steady state is reached and a crossvalley circulation is established. This results in a more gradual transition from the 2D regime and the 3D regime and therefore a deeper CAP. Note howeverthatthec hange of the valley length has no significant effect on z GBI , u s,max and the volume-averaged temperatures (⟨θ v ⟩ GBI and ⟨θ v ⟩ CAP↑ in Table III.1).

Table III.1 also shows that the deeper the valley boundary layer, the stronger the down-valley wind jet at the same distance from the valley exit. This can be explained by the Bernoulli model discussed in Sect. III.3.3 and using hydrostatic balance. Writing each of the flow variable as the sum of a reference value (denoted by a subscript r), and a deviation from this reference value (denoted by a prime), hydrostatic balance within the CAP can be written as

∂p ′ /∂z =(ρ r /θ r )θ ′ v g, (III.6)
where ρ r and θ r are the reference density and potential temperature, respectively, outside of the CAP, and the usual approximation -ρ ′ /ρ r = θ ′ v /θ r is used since density variations due to pressure changes are small compared to those due to potential temperature changes [see for instance Holton, 2004,p p .1 9 8 -1 9 9 ] . I n t e g r a t i n gE q .III.6 from the valley floor altitude, h 0 , to the height of the CAP, z CAP , yields

p ′ = -ρ r ˆzCAP h 0 g θ r θ ′ v dz + p ′ (z = z CAP )=-ρ r g θ r θ ′ v d CAP + p ′ (z = z CAP ), (III.7)
where θ ′ v is the layer-averaged potential temperature deficit across the depth of the CAP d CAP = z CAP -h 0 .W en o wc o n s i d e rE q .III.4; by assuming that ρ 1 ≈ ρ 2 ≈ ρ r (that is density variations are only important in the buoyancy term, i.e. the fluid is Table I I I.1: Effect of the valley length on the variables discussed in Sect. III.5,namely: the total valley length L tot ;t h et i m ew h e nt h eq u a s i -s t e a d ys t a t ei sr e a c h e dT ss ;t h e ratio T ss /T ℓ ,w h e r eT ℓ is the timescale associated with the along-valley wind (see text for details); the along-valley wind speed at the distance y = L tot -2kmfromthev alley exit, for z =2 0ma n da v e r a g e do v e r[ -L x ,L x ]i nt h ec r o s s -v a l l e yd i r e c t i o n ,d e n o t e d by v 2 ;t h em a x i m u md o w n s l o pew i n dc o m po n e n tu s,max at y =3km;theheigh tofthe ground-based inversion z GBI and of the cold-air pool z CAP ,c a l c u l a t e da si nF i g .III.8; and the volume-averaged potential temperature within the GBI and CAP↑,d e n o t e d by ⟨θ v ⟩ GBI and ⟨θ v ⟩ CAP↑ , respectively. The values of the last six variables were computed at t =360min. Boussinesq), Eq. III.4 becomes

L tot T ss T ss /T ℓ v 2 u s,max z GBI z CAP ⟨θ v ⟩ GBI ⟨θ v ⟩ CAP↑ (km) (min) (m s -1 )( m s -1 )( m ) ( m ) ( K ) ( K )
v 2 2 -v 2 1 = 2 ρ r (p ′ 1 -p ′ 2 ), (III.8)
where the subscripts 1 and 2 refer to a position within the valley and at the valley exit. As in Sect. III.3.3 v 2 will be denoted as v exit . Using hydrostatic balance written in the form of Eq. III.7,thedifference between the squared down-valley wind speed for two valleys of different length may be computed by subtractingE q .III.8 for the two valleys. Assuming that the pressure at the valley exit is the same in the two valleys and that the down-valley wind speed within the valley is almost the same (as it is in the present case), we obtain

∆v 2 exit = -2 g θ r θ ′ v ∆z CAP ,( III.9)
where we have also assumed that the potential temperature variations averaged over the depth of the CAP (θ ′ v ) and the pressure perturbations at the top of the CAP [p ′ (z = z CAP )] are the same within the two valleys (as is the case here, not shown). ∆v 2 exit and ∆z CAP are the differences in the squared along-valley speed at the valley exit and in the height of the CAP between the two valleys, respectively. )v e r s u si t se s t i m a t e ,u s i n gE q .III.9 (y-axis, ∆v exit .I ts h o u l db en o t e dt h a tE q .III.9 provides an expression for the difference in the squared along-valley wind speed between two finite length valleys, provided that ∆z CAP is known. This means that an equation for ∆z CAP is still required.

Even though the CAP is deeper in the longer valley, the maximum speed of the downslope flows at the end of the simulation hardly varies, andas t e a d ys t a t ei s reached, after T ss .F u r t h e r m o r et h ec r o s s -v a l l e yc i r c u l a t i o na n dt h es t r u c t u re of the CAP present the same characteristics. To conclude, the mechanisms that control the structure of the CAP and its evolution are independent of the valley length as soon as the down-valley flow is fully developed.

III.6 Conclusions

We have characterized the influence of a thermally-driven down-valley flow on a developing cold-air pool in an idealized alpine valley under decoupled conditions. Results from numerical model simulations of a developing cold-air pool in a 3D valley, which allows for the formation of a down-valley flow, and in a 2D valley, where the formation of a down-valley flow is inhibited, were analyzed and compared. The main conclusions, along with some discussion, are given below.

• Before the development of the down-valley flow, the thermodynamics of the valley atmosphere in the 3D valley is similar to that in the 2D valley. The downslope flows induce upward motions in the centre of the valley, which are responsible for the growth of the cold-air pool (CAP). As shown by [START_REF] Catalano | High-resolution numerical modeling of thermally driven slope winds in a valley with strong capping[END_REF] and [START_REF] Katurji | The influence of topography and ambientstabilit yonthec haracteristic of cold-air pools: a numerical investigation[END_REF], the depth of the valley is also a key factor controlling the growth of the CAP. Shallower valleys will be 'filled' more rapidly by the developing CAP, suppressing the effect of the downslope flows on the valley atmosphere.

• The down-valley flow, which forms as a result of the differential cooling between the valley and the plain, is fully developed after a time period that increases with the valley length. After this time, the down-valley flow reaches a quasi-steady state characterized by a balance between the pressure force and advection in the along-valley direction. It then behaves as 'a flow in a pipe', with the crosssectional area of the pipe set by the depth of the CAP. The value of the downvalley wind speed at the valley exit during the steady-state appears to be well predicted by the Bernoulli equation. The time when the quasi-steady state is reached is found to be about 3 T ℓ ,w h e r eT ℓ =2L tot / (HN 0 ), L tot is the total valley length, H is the valley depth, and N 0 is the initial Brunt-Väisäla frequency [see also [START_REF] Schmidli | The quasi-steady state of the valley wind system[END_REF].

• In the 2D valley, as the CAP deepens and engulfs the slopes, the downslope flows retreat back up the slopes and slow down. This is not the case int h e3 Dv a l l e y . When the down-valley flow forms, vertical motions induced by the downslope flows cease, and a cross-valley circulation develops as a result of the downslope flow advection within the CAP. Hence, the growth of the CAP is reduced in the 3D valley, the capping inversion at its top is not as marked as in the 2D valley and the valley atmosphere is warmer than that for the 2D valley. This result has implications for the dilution of pollutants. Indeed, pollutants emitted at the valley floor will be spread in the horizontal by the down-valley flow, as was observed for instance by [START_REF] Gudiksen | The dispersion of atmospheric tracers in nocturnal drainage flows[END_REF] from field measurements, instead of being diluted throughout the CAP as for a 2D valley configuration [e.g. Chemel and Burns, 2015b].

• Even though the 2D valley atmosphere is cooler than that of the3 Dv a l l e y ,t h e stability of the CAP is similar for both valleys. By the end of the simulated time period, the net cooling rate is uniform in the vertical throughout the upper part of the CAP, above the near-surface layer, for both the 3D and 2D valleys. This prevents the stability of the upper part of the CAP from increasing with time for both valleys. However, the processes involved are different. While radiative flux divergence leads to a cooling in both valleys, advection leads to a cooling in the 2D valley and a warming in the 3D valley. These processesa r ef o u n dt o be uniform in the vertical throughout the upper part of the CAP for both the 3D and 2D valleys, thereby explaining the uniformity of the net cooling rate in the vertical. Near-surface cooling from subgrid-scale turbulence flux divergence is greatly enhanced for the 3D valley (by more than a factor 6 over the valley centre). Our results may explain the findings of De [START_REF] Wekker | On the time scale of nocturnal boundary layer cooling in valleys and basins and over plains[END_REF] as regards the time scale for nocturnal cooling, defined as thetimewhen≈ 63 % (namely 1 -e -1 )o ft h et o t a lc u m u l a t i v en o c t u r n a lc o o l i n go v e ro n en i g h th a s occurred, assuming an exponential decay for this quantity. It was found by these authors that, for different basins, valleys and plains, this time scale is in the range 3-6 h, depending on the geometry of the basin or valley being considered. This range may be related to the time when cooling by advection is suppressed by the developing down-valley flow, or is gradually being suppressed by the developing CAP (as for the 2D valley).

• When considering the CAP volume, the mass budget of the 3D valley is largely driven by a balance between the divergence of the down-valleyflo winthealongvalley direction and the convergence of the downslope flows att h et o po ft h e CAP. The net contribution from downward vertical motions to the mass budget far from the slopes is found negligible for the 3D valley. Whenc o n s i d e r i n gt h e entire valley scale, the return flow above the CAP (flowing from the plain to the valley) plays a non-negligible role in the mass budget. Indeed, the vertical mass flux at the top of the CAP is driven by an interplay between the along-valley convergence of the return flow and the subsiding or horizontalconvergentmotions from the plateau regions. It should be noted that the computation of the mass budget in previous work relied on the hypothesis of horizontally-homogeneous subsidence from the free atmosphere above the CAP, therefore neglecting the feedback of the down-valley flow on the downslope flows [START_REF] Whiteman | Atmospheric mass transport by along-valley wind systems in a deep Colorado valley[END_REF]. The results of the present paper suggest that unlike daytime situations [Rampanelli et al., 2004a;[START_REF] Weigel | High-resolution largeeddy simulations of flow in a steep Alpine valley. Part II: flow structure and heat budgets[END_REF], mass conservation does not imply subsidence over the valley centre during the night.

• The mechanisms that control the structure of the CAP and its evolution are independent of the valley length as soon as the quasi-steady state is reached and the down-valley flow is fully developed. This work has described the interactions that take place between the nighttime valley-wind system and a developing cold-air pool. Even though the physical mechanisms presented above are found to be independent of the length of the valley, there are a number of other parameters that may affect the results (e.g., the geometry of the valley, the land cover, the stratification) and remain to be examined.

IV

Energetics of Deep Alpine Valleys in Pooling and Draining Configurations

In Chapter III the interactions between downslope and down-valley flows have been described and the influence of these flows on heat and mass budgets of the valley boundary layer has been quantified. However, a very idealised terrain shape was considered, that is a straight valley opening on a plain. These valleys rarely exist in the Alpine chain. Usually valleys widen or narrow in the along-valley direction. As a step towards modelling the complexities of real-world valleys, a system of two valleys characterised by different valley widths is considered in this chapter. The influence of the neighbouring valley on the heat and mass budgets of a given valley section is quantified and compared to the respective valley opening onap l a i n . P a r t i c u l a r emphasis is given to the variations of heat and mass transportp r oc e s s e s .

This chapter is a reproduction of [START_REF] Arduini | Energetics of deep alpinev a l l e y si np o o l i n g and draining configurations[END_REF]. 

Abstract

IV.1 Introduction

The characteristics of the boundary layer in complex terraina r eo f t e nt i g h t l yc o u p l e d with the variations of the underlying orography. The valley to plain temperature differences are primarily explained by the valley-volume effect, which can be quantified by the topographic amplification factor (TAF), a purely geometrical factor characterizing the reduction in the air volume within a valley compared to the equivalent volume if the terrain were flat [START_REF] Wagner | Theorie und b eobachtung der p erio dischen gebirgswinde[END_REF][START_REF] Vergeiner | Valley winds and slop e winds -Observations and elementary thoughts[END_REF][START_REF] Muller | Breakup of a Nocturnal TemperatureInversioninthe Dischma Valley during DISKUS[END_REF][START_REF] Sakiyama | Drainage flow characteristics and inversion breakup in two Alberta mountain valleys[END_REF][START_REF] Whiteman | Observations of thermally developed winds y s t e m si nm o u ntainous terrain[END_REF]. The use of the TAF to characterize along-valley variations in temperature holds when diabatic effects only are considered. When the valley atmosphere is decoupled from the free atmosphere above this is equivalent to neglecting the contribution of advection by thermally-driven flows (along-slope and along-valley flows) to the valley heat (energy) budget, so that the temperature variations areduetoradiativ e,sensible and latent heat flux divergences only. The role of the thermally-driven flows on the volume-averaged (bulk) valley heat budget has been debated in several modelling studies, most of them focusing on daytime conditions. Rampanelli et al. [2004a]studied an idealized valley-plain configuration, highlighting the importance of the valley-scale circulation induced by thermally-driven flows in the warmingofthev alleyatmosphere during daytime. [START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF]s t u d i e dav a l l e y -p l a i nc o n fi g u r a t i o n similar to that of Rampanelli et al. [2004a], using a diagnostic framework providing the means to disentangle the valley-volume effect from the processes controlling the valley heat budget. The authors concluded that, despite the importance of the valleyscale circulation, the valley-plain temperature differencecanbequalitativelyexplained by the valley-volume effect. Further work on the respective roles of the valley-scale circulation and the volume effect on the warming of the valley atmosphere during daytime was performed by [START_REF] Schmidli | Daytime heat transfer processes over mountainous terrain[END_REF], who considered an idealized set of twodimensional and three-dimensional valleys. The author demonstrated that the net effect of the valley-scale circulation, when integrated overt h es c a l eo ft h ev a l l e y ,i st o cool the valley atmosphere. Hence, the valley-volume effect ist h em a i nc a u s eo ft h e enhanced warming of a valley with respect to an adjacent plainregionduringdaytime.

The effects of the along-slope (i.e. upslope or downslope) flows on the thermal structure of the valley atmosphere were studied by [START_REF] Catalano | High-resolution numerical modeling of thermally driven slope winds in a valley with strong capping[END_REF]fora set of two-dimensional idealized valleys characterized by different volumes. Numerical simulations for a diurnal cycle indicated that the volume of the valley is a parameter key to controlling the growth of the nocturnal valley boundary layer (VBL), which, in turn, affects the evolution of downslope flows. [START_REF] Kiefer | An idealized modeling study of nocturnal cooling processes inside a small enclosed basin[END_REF]i n v e s t i g a t e d the impact of downslope flows on the atmospheric static stability of the nocturnal VBL of shallow, idealized valleys of varying widths. The authors found that the valley-averaged cooling rate is reduced in wider valleys because of the reduced impact of downslope flows on the valley heat budget. Similar conclusions were drawn by [START_REF] Katurji | The influence of topography and ambientstabilit yonthec haracteristic of cold-air pools: a numerical investigation[END_REF]i nam o r es y s t e m a t i cs e n s i t i v i t ys t u d y ,e x p l o r i n gal a r g e r set of the parameter space. While most of these studies considered the effects of thermally-driven flows on the structure of the VBL, the interplay between the two has received less attention. [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF] explored the two-way interactions taking place between downslope flows and the thermal structure of the nocturnal VBL in a two-dimensional idealized deep valley. Numerical model results indicated that the deepening of the nocturnal VBL above the ground-basedi n v e r s i o nl e a d st oa deceleration of downslope flows with time, because of the reduction of the near-slope horizontal buoyancy deficit that ultimately drives downslope flows. Their work was extended by [START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF]byconsideringtheinteractionsbetweenthenocturnal valley-wind system (i.e. downslope and down-valley flows) and the thermal structure of the nocturnal VBL. The formation of down-valley flows was found to reduce the growth of the VBL, leading to downslope flows reaching a quasi-steady state. An analysis of the heat and mass budgets indicated that the air evacuating the VBL as ar e s u l to ft h ed o w n -v a l l e yfl o wi sr e p l e n i s h e db yt h ea d v e c t i on of warmer air from downslope flows, with a small contribution from subsidence of air above the valley centre.

Quantifying the effect of the thermally-driven flows on the mass transport in and out of the valley atmosphere is key to understanding the atmospheric circulation at all scales [START_REF] Rotach | The world is not flat -implications for the global carbon balance[END_REF]. The impact of the valley geometry on the structure of the VBL and its evolution was studied by Wagner et al. [2015a]f o rd a y t i m ec o n d i t i o n s , for a set of idealized valley-plain systems. The authors showed that the valley-scale circulation is more sensitive to the valley width and depth than the valley length.

The same conclusion holds for the associated mass transport processes. Wagner et al.

[2015b]investigatedmoresystematicallytheeffect of along-valley orographic variations on transport processes during daytime. For a set of idealizedv a l l e y s ,t h ea u t h o r s showed that a gradual narrowing of the valley cross-section along the valley axis, leads to an increase of the vertical mass flux out of the valley, when compared to that out of a valley of same volume but constant cross-sectional area.

The typical alpine landscape is not formed by single isolatedv a l l e y so p e n i n gd irectly on plains. Valleys are usually connected to one another, and are characterized by different geometries and land covers. The effects of neighbouring valleys on the structure of the nocturnal VBL and its evolution in a single valley section have received little attention to date. The overall aim of the present work is to quantify the impact of along-valley orographic variations (in a system of valleys) on the structure of the nocturnal VBL and its evolution in pooling and draining configurations. To meet this aim, high-resolution numerical simulations of idealized valleys in such configurations are performed. This work is organized as follows: Sect. IV.2 introduces the valley geometry, the definition of pooling and draining valleys, and the methodology used to compare valleys of different geometries; Sect. IV.3 presents the design of the numerical simulations; the structure of the nocturnal VBL and its evolution are analyzed in Sect. IV.4;t h e analysis of the valley heat budget is reported in Sect. IV.5 and Sect. IV.6;c o n c l u s i o n s are given in Sect. IV.7.

IV.2 Methodology

IV.2.1 The idealized terrain

The idealized terrain considered in the present work can be thought as a system of two valleys of different cross-valley widths, connected to one another by a 'junction', with one of the valleys opening on a plain (P). For the purpose of the discussion, the along-valley direction of the valley system is defined in thisw o r ka sf o l l o w s : b e c a u s e we consider nocturnal conditions, when the along-valley wind normally blows from the valley to the plain (that is down-valley), the valley adjacent to the plain will be referred to as the downstream valley (V d )a n dt h ev a l l e yf a r t h e rf r o mt h ep l a i nw i l l be referred to as the upstream valley (V u ). We restrict our attention to a system of valleys with flat valley floor. The system of valleys is made symmetric about the origin (x, y)=(0, 0), where the cross-valley direction x is oriented west-east, and the alongvalley direction y is oriented south-north. The analytical expression for the terrain height h is given by h (x, y)=Hh x (x, y) h y (y)+h 0 , (IV.1)

where H is the height of the surrounding plateaux, set to 800 m, and h 0 is a reference height, set to 1000 m.

The terrain height in the cross-valley direction x,d e n o t e db yh x , is given by

h x (x, y)= ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 1 2 -1 2 cos π |x|-Lx(y) Sx L x (y) ≤ |x| ≤ S x + L x (y) 0 |x| <L x (y) 1 |x| >S x + L x (y) , (IV.2)
where S x is the cross-valley slope width and L x is the half-width of the valley floor. h x is made to vary continuously in the along-valley direction y by varying the half-width of the valley floor (along y)s u c ht h a t

L x (y)= (L x,u + L x,d ) 4t a n h α 2 tanh α |y| -L y,u L J - 1 2 +tanh α 2 , (IV.3)
where L y,u =10kmisthelengthofV u , L J =3kmisthelengthofthejunctionthat connects V u to V d and L x,u and L x,d are the half-width of the V u floor and V d floor, respectively. We set α =5 ,s ot h a tt h eh a l f -w i d t hL x in the V u and V d sections is approximately equal to L x,u and L x,d , respectively.

The terrain height in the along-valley direction y, denoted by h y , is defined as 

h y (y)= ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 1 2 + 1 2 cos π |y|-L y,

IV.2.2 Definition of the pooling and draining configurations

Following [START_REF] Mckee | The role of valley geometry and energy budget in the formation of nocturnal valley winds[END_REF]andWhiteman [1990], the topographic amplification factor (TAF) of a cross-valley section with respect to thee q u i v a l e n tp l a i ns e c t i o n is defined by the ratio

Γ = W v H A v , (IV.5)
where W v is the width of the valley at the height of the plateaux H and A v is the cross-sectional area at fixed along-valley position y. The TAF can be calculated for different valley sections along the valley axis. If Γ decreases (i.e. the valley widens) in the down-valley direction, the valley is defined as a drainingv a l l e y( s e eF i g .IV.1a); if Γ increases (i.e. the valley narrows) in the down-valley direction, the valley is defined as a pooling valley (see Fig. IV.1b). Hence, the ratio of the TAF between two crossvalley sections, termed the intra-valley TAF and denoted by γ hereafter, characterizes the draining or pooling character of a valley; for instance for V u and V d , we get

γ = Γ u Γ d , (IV.6) Figure IV.2: Contours of γ = Γ u /Γ d ,a saf u n c t i o no f( S x /L x )| Vu and (S x /L x )| V d ,
where S x is the slope length and L x is the half-width of the valley floor; Γ u , Γ d are the topographic amplification factors for V u and V d ,r e s pe c t i v e l y ,w i t hΓ = W v H/A v . W v is the width of the valley at the height of the plateaux H and A v is the cross-sectional area at a fixed position in the along-valley direction. The color dots correspond to the cases considered in this work: D1 (red), P1 (green), P1b (magenta), and P2 (brown).

where Γ u , Γ d are the topographic amplification factors for V u and V d ,r e s p e c t i v e l y .

Thus, we have γ > 1 for a draining valley and γ < 1f o rapoo l i n gv a l l e y .

With the parameters characterizing the valley geometry usedi nt h ep r e s e n tw o r k , introduced in Sect. IV.3,t h ew i d t hW v of the valley at the height of the plateaux H is given by W v (y)=2[L x (y)+S x ]. The cross-sectional area A v ,a tfi x e da l o n g -v a l l e y position y,canbecomputedfromtheanalyticalexpressionfortheterrain height in the cross-valley direction x (see Eq. IV.2). Integrating h for -(S x + L x ) <x<(S x + L x ), and a fixed along-valley position y,w h e r eh y (y)=1 ,w eg e tA v = H (2 L x + S x ). Hence, for the terrain geometry considered herein, Γ can be written explicitly as a function of L x and S x : Γ =2(1+S x /L x )(2+S x /L x ) -1 . Γ is therefore between 1 and 2, corresponding to the two limits S x /L x ≪ 1 and S x /L x ≫ 1, respectively.

For the valley geometry considered herein γ is between 0.5a n d2 . C o n t o u r so fγ displayed in a IV.1: List of the numerical simulations performed in this study. A symbolic notation is used to differentiate the simulations, in which a capital letter X = I,D,P defines the type of valley system [isolated valley-plain (I), draining (D), pooling (P)]; a number n =1, 2definesthegeometryoftheupstreamandreferencevalleysconsidered. L x,u is the half-width floor of the upstream valley V u ; L x,d is the half-width floor of the downstream valley V d ; S x,d is the cross-valley slope width of the downstream valley; R V is the ratio of the cross-sectional area of V d to that of V u ; Γ u and Γ d are the topographic amplification factor (TAF) of V u and V d ,r e s pe c t i v e l y ,a n dγ is the intravalley TAF between the two valley sections, e.g. the ratio of Γ u to Γ d .F o ra l lc a s e s , S x,u =4230mandH =800m. case. A draining case (D1) and a pooling case (P1) will be compared to the isolated valley-plain I1 case. An additional case was simulated, referred to as P1b in Table IV.1, for which the parameters are the same as for the P1 case, exceptf o rS x,d =3 0 6 0m . The comparison between the P1 and the P1b cases elucidates the sensitivity of the V u atmosphere to the ratio of the cross-sectional area of V d to that of V u ,denotedb yR V , while keeping γ almost constant (see Table IV.1). A limited range of pooling cases can be explored when considering the geometry for the I1 case. Therefore, another reference case (I2) is considered, for which L x,u is increased, allowing a pooling case characterized by a smaller value of γ.T h i s p o o l i n g c a s e w i l l b e r e f e r r e d t o a s t h e strong pooling case and denoted by P2. The along-valley variation of the cross-valley slope width S x for the P1b case is obtained by applying a tanh function to S x as is done for the half-width L x , thereby leading to steeper slopes.

[(S x /L x )| Vu , (S x /L x )| V d ] diagram,

Case

L x,u (m) L x,d (m) S x,d (m)R V Γ u Γ d γ I1 720 ∞ 4230 NA ⋆ 1.

IV.2.3 Heat budget

When examining the differential cooling along the valley, we consider the volumeaveraged heat budget equation over a volume V j (either in V u , V d or P), that is

1 V j ˆVj ∂θ ∂t dV = 1 V j ˆVj -u i ∂θ ∂x i dV + 1 V j ˆVj - ∂s i ∂x i dV + 1 V j ˆVj -fdV. (IV.7)
The term on the left-hand-side (l.h.s.) of Eq. IV.8 is the volume-averaged potential temperature tendency, and the forcing terms on its right-hand-side (r.h.s.) are the volume-averaged potential temperature advection, divergence of the sub-grid-scale (SGS) turbulent fluxes and divergence of the radiative flux, respectively. Using Gauss' theorem and assuming incompressibility, the volume integrals of the advection and SGS turbulent flux divergence terms can be expressed as surface integrals, yielding

1 V j ˆVj ∂θ ∂t dV T j = 1 V j ˆΣj,i -a i n i dΣ + ˆΣj,i -τ i n i dΣ A j + ˆΣj,s τ s dΣ S j + ˆVj -fdV F j , (IV.8)
where a i and τ i are the advective and SGS turbulent heat fluxes through the top and lateral surfaces Σ j,i of the volume V j ,r e s p e c t i v e l y ,n i is the unit vector normal to the surfaces Σ j,i (defined positively outwards), and τ s is the sensible heat flux at the ground surface Σ j,s .

We collect on the r.h.s. the radiative flux divergence and surface sensible heat flux terms, which are responsible for the heat loss in the valley atmosphere. The sum of these two terms will be referred to as the diabatic term.

Hereafter the following notation is used

X j,V i = 1 V i X j , X j = ˆt1 t 0 X j dt,
where X j = T j ,A j ,S j ,F j and the volume V i can be different from V j .

Following [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF], we introduce a simple non-dimensional form of the heat budget Eq. IV.8,b a s e do nt h eb a l a n c ebe t w e e nT j,V j and A j,V j normalized by the diabatic term that is

T j,V j S j,V j + F j,V j - A j,V j S j,V j + F j,V j = 1. (IV.9)
This equation can be interpreted physically as Indeed, the larger is the first term on the l.h.s. of Eq. IV.9 when compared to the second term in absolute value, the larger is the fraction of the diabatic heat loss that contributes to cool the valley atmosphere. The first term on the l.h.s. of Eq. IV.9 can thus be thought as a term measuring the 'cooling efficiency' of the valley. By contrast, when the ratio of the advection terms to the diabatic term is equal to -1forinstance, the cooling within a valley section ceases even though the heat loss resulting from the diabatic term is non zero. The second term on the l.h.s. of Eq. IV.9,w i l lb er e f e r r e d to as the 'draining efficiency'; it is maximum when equal to -1.

When the cooling efficiency is larger than the draining efficiency in a valley, the valley is referred to as a trapper [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF][START_REF] Fast | Boundary layer evolutionw i t h i nac a n y o nland basin. Part II: numerical simulations of nocturnal flowsa n dh e a tb u d g e t s[END_REF]. If the reverse holds, the valley atmosphere is affected by advectivew a r m i n g ,s or e d u c i n gi t s overall cooling. This type of valley is referred to as a drainer. It is worth noting that Eq. IV.9 characterizes the behaviour of valleys with internal variables (the heat budget terms), rather than with the geometry of the valley.

IV.2.4 Comparison of the cumulative heat budget terms for different valley sections

In the following, we use the diagnostic framework introducedbySchmidli and Rotunno [2010], which separates the valley-volume effect from the thermodynamical processes controlling the valley heat budget when examining the differential cooling between an isolated valley and an adjacent plain.

Introducing the volume P = W v HY of the equivalent plain volume, the r.h.s. of Eq. IV.8 can be rewritten as T j,V j = Γ j [A j,P + S j,P + F j,P ],

(IV.11) where Γ j is the TAF of the upstream (for j = u)o rd o w n s t r e a m( f o rj = d)v a l l e ysection of length Y in the along-valley direction, with respect to the equivalent plain section. Integrating Eq. IV.11,fromatimet 0 to t yields T j,V j = Γ j (A j,P +S j,P +F j,P ).

The ratio of this latter expression for V u to that for V d for Y constant is a measure of the difference of the temperature changes from t 0 between V u and V d . Collecting the diabatic term on the r.h.s. yields

T u,Vu T d,V d = γ S u,Pu + F u,Pu S d,P d + F d,P d ⎡ ⎣ 1+ A u,Pu S u,Pu +F u,Pu ⎤ ⎦ ⎡ ⎣ 1+ A d,P d S d,P d +F d,P d ⎤ ⎦ . (IV.12)
In order to simplify the notation, Eq. IV.12 is rewritten as

R T = γ R C R A , (IV.13)
where R T is the ratio of the net temperature changes and R C and R A are the ratios of the temperature changes due to the diabatic processes and advection, respectively, appropriately weighted by the respective plain volumes. Eq. IV.13 allows the compari-son of the heat budgets of different valley sections, separating the valley-volume effect from the differences in the thermodynamical processes. If thec o m p a r i s o ni sm a d e between a valley-section of volume V j and an adjacent plain, Eq. IV.13 is equivalent to the one used by [START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF], that is

R T = Γ j R C R A . (IV.14)

IV.2.5 Definition of the control volumes and averaging

We set the length Y to 2 km. All the vertical profiles of the different fields shown in the next sections, if not specified otherwise, are horizontally averaged between -180 <x<180 m and 2 <y<4k ma n d1 4<y<16 km for the upstream and downstream valleys, respectively. These regions are termed the 'valley centre' areas (of V u and V d ,r e s p e c t i v e l y ) . W es h a l la l s oc o n s i d e rc o n t r o lv o l u m e sd e fi ned by -(L x +S x ) <x<(L x +S x ), y in the ranges above, and h 0 <z<H+h 0 .T h e s ev o l u m e s are denoted by V u and V d and will be termed 'valley volume' regions. An average over such a control volume will be referred to as a valley-volume average. Control volumes for the isolated valley-plain configurations (I1 and I2) are defined as for V u and V d ,and will be termed V I .F i n a l l y ,ap l a i nv o l u m ei sd e fi n e db y :-(L x + S x ) <x<(L x + S x ), 30 <y<32 km and h 0 <z<H+ h 0 and denoted by P.

IV.3 Numerical model set-up IV.3.1 Numerical method

The numerical simulations reported in Table IV The time integration was performed with a third-order Runge-Kutta scheme, using the time-splitting technique described by [START_REF] Wicker | Time-splitting methods for elastic models using forward time schemes[END_REF]f o rt h ea c o u stic mode. The sub-grid scales were parametrized using a 1.5-order Turbulent Kinetic Energy (TKE) scheme [START_REF] Deardorff | Stratocumulus-capped mixed layers derived from a threedimensional model[END_REF]. The Rapid Radiative Transfer model [START_REF] Mlawer | Radiative transfer for inhomogeneous atmospheres: RRTM, a validated correlated-k model for the longwave[END_REF]]w a su s e dt op a r a m e t r i z et h el o n g w a v er a d i a t i o n ,a n dt h eDudhia [1989] scheme for the shortwave radiation. The surface forcing was simulated explicitly by coupling the atmospheric model to the Noah Land Surface Model [Chen and [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF]]usingtheMonin-Obukhovsimilaritytheory[the"MM5revised" scheme, [START_REF] Jimenez | A revised scheme for the WRF surface layer formulation[END_REF]. Shadowing effects were not taken into account in the presentw o r k .

IV.3.2 Grid design

To prevent spurious numerical effects at the lateral boundaries a large domain in the horizontal directions is needed. Two nested domains were used, with the inner domain covering the full valley system and part of the plain regions.B o t h d o m a i n s w e r e centered on the valley-system region. To minimize the errorsatthelateralboundaries between the two domains, the ratio between the horizontal grid resolutions of the two domains was set to 3, and the number of grid points in the relaxation layer at the lateral boundaries of the inner domain was increased to 5 according to [START_REF] Moeng | Examining Two-Way Grid Nesting for Large Eddy Simulation of the PBL Using the WRF Model[END_REF]. The outer domain was discretized using 120 grid points in the x-direction and 336 grid points in the y-direction with a grid resolution ∆x| D1 = ∆y| D1 = 270 m. For the inner domain, 196 and 610 grid p oints were used in the x-a n dy-directions, respectively, with a grid resolution ∆x| D2 = ∆y| D2 =90m. Theheigh tofthedomain was 12 km and 100 grid points were used along the vertical direction z for both domains. The vertical coordinate was stretched along the vertical using an hyperbolic tangent function, resulting in a resolution close to the ground of about 2 m, and vertical grid spacings continuously increasing with height. The time-steps were 0.45 and 0.15 s for the outer and inner domains, respectively.

IV.3.3 Initial conditions

The design of the initial conditions follows the setup of [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF]. All the model runs were initialized 1 hour before sunset, simulating a 6-h time period after that time, during wintertime. Because this study focuses on the development of stable boundary layers, post-convective conditions were considered for the initial base-state, with the vertical gradient of virtual potential temperature θ set to 1.5Kk m -1 .E v e n though highly idealized, such value of the lapse rate has beenobservedinmountainous region at sunset [e.g. Whiteman and Zhong, 2008]. For simplicity, θ will be referred as potential temperature thereafter. Its value at the valley floor was initialized to 288 K. The skin temperature was initialized by an extrapolation from the air temperature of the first three layers above ground level, and a random temperature perturbation with a minimum value of -0.05 K was applied to the skin temperature to reduce the spin-up time of the simulation. In order to focus on the effectso ft h ev a l l e yg e o m e t r y on the circulation within the valley, the valley atmosphere was dynamically decoupled from the free atmosphere above by setting the wind speed to zero at the initial time across the domains. We restrict our attention to a relatively dry atmosphere, and so relative humidity was set to 40 % across the domains, following previous setup of idealized cases [e.g. [START_REF] Schmidli | Daytime heat transfer processes over mountainous terrain[END_REF]Chemel and Burns, 2015a].

The soil properties and the land-use were homogeneous in order to focus on the effects of the valley geometry. The land-use type was set to 'grassland', which corresponds to short grass, a reasonable assumption for an alpine valley. The soil type was set to 'silty clay loam'; the soil moisture was initialized so that it is 90 % of the soil moisture content at field capacity. This is a value typical of conditions a few days after rainfall, which is a reasonable assumption given that wintertime is considered. The details of the soil initialization are reported in [START_REF] Burns | Evolution of cold-air-pooling processes in complex terrain[END_REF].

IV.3.4 Boundary conditions

Periodic boundary conditions were imposed for the outer domain in the x-direction. This is equivalent to having an infinite repetition of the samev a l l e yi nt h i sd i r e c t i o n .

Open boundary conditions were imposed in the y-direction; because of the idealized setup and the duration of the simulations, only outflow at the boundaries in the ydirection can be simulated. By increasing the number of grid points along y from 336 to 436 we verified that the flow in the region of interest is not affected by the open boundaries for this particular setup. The lateral boundaries of the inner domain were updated every outer domain time-step. A sponge layer was introduced across the top 4 km of the domain to avoid any spurious effect of wave reflectiono nt h en u m e r i c a l solution.

IV.4 Thermal structure and flow evolution

The development of the down-valley flow depends on the differential cooling along the valley axis. In principle, the valley sections should cool differently because of the change of Γ along the valley axis. Because the valley sectionsa r ec o m m u n i c a t i n g ,t h e down-valley flow transports mass and heat from V u to V d and to the plain, modifying this picture. depth of the VBL is controlled by the upward vertical transportinducedbydownslope flow convergence over the valley centre. This vertical transport is suppressed by the development of the down-valley flow. As will be shown in Sect. IV.4.2,thedevelopment of the down-valley flow is delayed for the pooling cases with respect to the respective reference cases, and with respect to the D1 case for the P1 and P1b cases. Hence, the vertical transport induced by the downslope flow convergence persists for a longer time in the pooling valleys, leading to a deeper VBL.

IV.4.1 Thermal structure of the valley boundary layer

For the P1 and P2 cases, V d presents a colder VBL than V u for z<200 m a.g.l. (see Fig. IV.3aa n dF i g .IV.3c). Figure IV.3c also shows that the temperature difference between V d and V u is different for the P1 and P1b cases. For the P1b case the atmosphere of V d below z =200ma.g.l.issligh tlyw armerthanthatfortheP1case, because the downslope flows that develop in V d for the P1b case are weaker than those for the P1 case. Weaker downslope flows lead to a reduced sensible heat flux (since it is proportional to the near-surface wind speed), and so to a reduced cooling. At t =3 6 0m i n ,f o rz>100 m a.g.l., V d presents a warmer VBL than V u for all the cases considered (see Fig. IV.3d). V u for the D1, P1, P1b and P2 cases generally presents a colder and deeper VBL than that for the respective reference cases (see Fig. IV.3b). Nonetheless, the degree of deviation from the reference cases changes between the draining and pooling cases. The thermal structure of V u for the D1 case presents only small differences with that for the I1 case. Muchd e e p e ra n dc o l d e r boundary layers develop for the pooling cases. The case with the smallest value of γ (P2) presents the largest differences with the respective reference case (I2), with an increase of the boundary-layer depth of 85%. The thermal structure of V u is similar for the valley systems characterized by different geometriesd o w n s t r e a mb u ts i m i l a r values of γ (the P1 and P1b cases), suggesting that the thermal structureo fV u is independent of the volume of V d , as long as the TAF of V d is unchanged.

Finally, it is worth noting that the atmosphere of V u presents approximately the same vertical gradient of potential temperature in the upper part of the VBL (above the ground-based inversion) for all the cases by the end of thes i m u l a t e dt i m epe r i od , even though the atmosphere is generally colder for the valley-system cases. This suggests that the pooling or draining character of a valley does not substantially modify the atmospheric stability of the valley atmosphere above the ground-based inversion.

IV.4.2 Down-valley flow

The differences in cooling of the valley atmosphere between the different configurations, shown in Sect. IV.4.1,h a v eas u b s t a n t i a le ffect on the along-valley pressure gradient that ultimately drives the down-valley flow and, therefore, on the structure of the flow itself. Time series of the horizontally-averaged near-surface down-valley wind speed at the exit of V u and along-valley near-surface pressure difference between V u and V d are shown in Fig. IV.4aa n dF i g .IV.4b, respectively.

Al o w -l e v e lu p -v a l l e yfl o w( i . e .n e g a t i v ev a l u e so ft h ew i n ds peed resulting from a negative pressure difference between V u and V d )dev elopsfortheP1andP2casesduring the first part of the night, while the thermally-driven along-valley flow is normally down-valley during the night [see for instance [START_REF] Zardi | Diurnal mountain wind systems[END_REF]. A similar unexpected behaviour of the along-valley flow was observed by Whiteman et al. [1999c] in sub-basins of the Colorado River valley. The low-level up-valley wind is stronger as γ decreases and lasts until t ≃ 105 min for the P1 case and until t ≃ 210 min for Figure IV.4: (a) Time series of the down-valley wind speed at z =25ma.g.l.,a v eraged in the range -180 <x<180 and 11 <y<13 km (i.e. V u exit) and (b) horizontal pressure gradient between V u and V d ,c o m p u t e da l o n gt h ev a l l e ya x i sa ty =3k m for V u and y =1 3k mf o rV d ,a tz =2 5ma . g . l . ,h o r i z o n t a l l ya v e r a g e di nt h er a n g e -180 <x<180 m, for the I1 (black solid line), D1 (black dashed line), P1 (black dotted line), P1b (black dashed-dotted line), I2 (red solid line), and P2 (red dotted line) cases; see Table IV The down-valley flow reaches a dynamical steady state by the end of the simulated time period for all the cases considered. When that steady state is reached, the nearsurface down-valley wind speed is lower by at least a factor of 2 for the pooling and draining cases than for the respective reference cases. This reduction of the down-valley wind speed results from a reduction of the along-valley pressure gradient. The downvalley wind speed is also significantly smaller (40% smaller)f o rt h ep o o l i n gc a s e sP 1 and P1b than for the draining case. It is worth noting that the valley-to-plain pressure difference is smaller (and so is the down-valley wind speed) for the I2 case than for the I1 and D1 cases, because the VBL is shallower (see when a downstream valley is present. At t =3 6 0m i n( s e eF i g .IV.5b), no up-valley flow is observed in the P2 case, in agreement with Fig. IV.4a. A distinction needs to be made between pooling and non-pooling cases. An anti-wind is indeed present for the reference cases (and to some extent for the D1 case). By contrast, no anti-wind forms for the pooling configurations within the valley, as the VBL is deeper in these cases and the down-valley flow fills the valley atmosphere almost up to the height of the plateaux. Hence, mass conservation should be ensured by weak anti-winds above the plateaux for these cases.

IV.4.3 Mass fluxes along the valley axis

The differences in the down-valley flow that develops in the different configurations have an impact on the mass budget of V u .F i g u r eIV.6 shows time series of the net along-valley mass fluxes in V u for the D1, P1, P1b and P2 cases, normalized by the net along-valley mass fluxes in the valleys for the respective reference cases (I1 and I2). All the mass fluxes are calculated across the along-valley surfaces of the volume V u . Before t =150min,themassfluxesarelessthanhalfthoseoftherespective reference cases, indicating that the outflow of cold air from V u is strongly reduced during the evening transition. The along-valley mass flux is negative in V u until t =120minfor the P2 case (the net mass flux being always positive for the I2 case), showing that there is a net flux of mass from V d to V u associated with the up-valley flow. It is worth noting that for the D1, P1 and P1b cases the values of the mass flux are similar after t =180min,despitethedifferences in the along-valley flow structure (see Fig. Although the low-level down-valley wind speed is reduced by a factor of 2 between the reference cases and the pooling cases (I1 and P1,P1b; I2 and P2) by the end of the simulated time period, the net along-valley mass flux is larger than that of the reference case, by a factor of 2 for the P1 and P1b cases and by a factor of 2.5f o rt h e P2 case. This is because of the presence of the return flow in the upper part of the valley atmosphere for the reference cases I1 and I2, which reduces the net along-valley mass flux out of V u .

IV.5 Heat budget of the upstream valley atmosphere

The differences in the thermal structure of the VBL in V u between the different configurations, described in Sect. IV.4.1,a r ed r i v e nb yt h ec o m p e t i n gc o o l i n gp r o c e s s e s described in Sect. IV.2.3. Here, we analyze in detail the effects of the downstream valley on the cooling processes in the upstream valley, highlighting the differences with ar e f e r e n c ev a l l e yo pe n i n gd i r e c t l yo nap l a i n . 

IV.5.1 Instantaneous heat budget

5.T h et o t a lc o o l i n gr a t ep r e s e n t st h es a m et e m p o r a le v o l u t i o nf o ra l lt h e

cases: a transient regime characterized by a higher cooling rate, followed by a quasisteady state with a lower cooling rate, which varies only slightly from case to case. As one would expect, the contribution of radiative flux divergence to the heat budget is not affected by the presence of the downstream valley, whatever the particular configuration considered. Hence, the differences in the temperature profiles observed in Fig. IV.3 are due to the differences in the advection and surface sensible heat flux contributions, which are affected by the orographic variations along the valley axis.

The advection contribution from the SGS turbulent processesa tt h et o po ft h ev a l l e y atmosphere and lateral boundaries is found to be negligible compared to that from the resolved motions (not shown). The duration of the transient regime increases as γ decreases (from the D1 to P2 cases; see Fig. IV.7aa n dF i g .IV.7c), thereby delaying the time when the advection contribution reaches a steady state. When the steady state is reached, the contributions from advection and surface sensible heat flux differ from case to case, but the sum of the two does not. This is because weaker downvalley flows lead to a reduction of the contributions from botha d v e c t i o na n ds e n s i b l e heat flux (in absolute value). Hence, the cooling rate is almoste q u a lf o ra l lt h ec a s e s considered by the end of the simulated time period.

IV.5.2 Heat transport in and out of the valley

The heat fluxes that determine the heat transport in and out of V u are those across the surfaces of V u normal to the valley axis and across the upper surface of V u .T h e calculation of the heat fluxes across the surfaces has to be done with respect to a physically-based reference temperature, in order to get a meaningful information [START_REF] Lee | Temperature advection: Internal versus external processes[END_REF]. Because the heat budget terms are averaged over the valley volume, the potential temperature averaged over that volume is used as the reference temperature. The larger value of the vertical heat flux for the pooling and draining cases can be explained as follows: V u for the pooling and to some extent the draining cases do not present significant anti-winds because of the deeper VBL. Hence, the mass in V u for these cases is conserved only by downward vertical motions at the valley top. Using mass conservation in the upstream valley, it is inferredf r o mF i g .IV.6 that the downward vertical mass flux is 1.8t i m e sl a r g e rf o rt h eD 1 ,P 1a n dP 1 bc a s e st h a n for the I1 case and 2.5t i m e sl a r g e rf o rt h eP 2c a s et h a nf o rt h eI 2c a s e . I na d d i t i o n , the V u -averaged temperature is lower for the pooling and draining cases than that for the respective reference cases, hence the vertical heat flux calculated with respect to this reference temperature is larger, provided that the atmosphere is stably stratified and that the temperature at the valley top is the same for all the cases considered (as it is the case here; see Fig. IV.3). The increased downward vertical motions and larger temperature deficit combined, explain the larger vertical heat flux across the valley-top surface when compared with that of the respectiver e f e r e n c ec a s e s . T h e same arguments can be used for the P2 case to account for the larger vertical heat flux relative to the net along-valley heat flux. In summary, when considering V u for the Figure IV.9: (a) Heat budget diagram based on Eq. IV.9 for the upstream valley, for all the configurations simulated; see Table IV.1 and Sect. IV.2.2 for the definition of the simulations. The terms of the heat budget are valley-volume-and time-averaged between t =3 0 0m i na n dt = 360 min. For comparison, the values computed for the Colorado's Sinbad basin (F96S marker) and the Brush Creek valley (F96B marker) by [START_REF] Fast | Boundary layer evolutionw i t h i nac a n y o nland basin. Part II: numerical simulations of nocturnal flowsa n dh e a tb u d g e t s[END_REF], averaged over the full nighttime period, are reported. (b) Time series of the ratio of the (total) tendency to the diabatic term for the upstream valley, with the terms of the heat budget averaged over the valley volume, for the I1 (black solid line), D1 (black dashed line), P1 (black dotted line), P1b (black dashed-dotted line), I2 (red solid line)a n dP 2( red dotted line)c a s e s .

pooling and draining cases the net heat flux in the along-valley direction is reduced when compared to those for the respective reference cases, inp a r t i c u l a rd u r i n gt h e transient regime, enhancing the V u -averaged valley cooling during this time. This results in a stronger vertical heat flux at the valley top, which in turn advects warmer air diminishing the V u -averaged valley cooling when a quasi-steady state is reached.

IV.5.3 Draining versus cooling efficiency

Further insight into the resp ective contributions of the diabatic and advective terms in the heat budget equation (Eq. IV.8)f o rV u for the different cases considered can be obtained by comparing the cooling and draining efficienciesi n t r od u c e di nE q .IV.9 and Eq. IV.10. [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF]p r o p o s e dac o m p a r i s o no fd r a i n i n ge fficiency versus cooling efficiency for the nighttime period, when a quasi-steady state is reached. This representation allows a direct and quantitative comparison with other valleys and basins. Figure IV.9asho wsdrainingefficiency versus cooling efficiency with the terms of the heat budget valley-volume-averaged and time-averaged over the last hour of the simulations (i.e. between t =3 0 0m i na n dt =3 6 0m i n ) ,w h e nt h eq u a s i -s t e a d ys t a t e is reached. As references, the nighttime values calculated for the Sinbad basin and the Brush Creek valley [START_REF] Fast | Boundary layer evolutionw i t h i nac a n y o nland basin. Part II: numerical simulations of nocturnal flowsa n dh e a tb u d g e t s[END_REF]a r ea l s od i s p l a y e d .

From Eq. IV.9,a l lc a s e sa r el o c a t e do nt h em a i nd i a g o n a lo fF i g .IV.9a. V u will be referred to as a drainer if the case belongs to the lower (right) quadrant, and as a trapper if it belongs to the upper (left) quadrant. The draining case D1 is characterized by a smaller value of the cooling efficiency than the I1 case during the quasi-steady state, indicating that the draining character of a valley is associated with a lower cooling efficiency. The value for the D1 case is very similar to the one computed for the Brush Creek valley, which was classified as a drainer by [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF].

Figure IV.9a indicates that the stronger the pooling character, the higher is the cooling efficiency of the valley. Yet, pooling configurations do not fall in the trapper quadrant, implying that a valley characterization based on the intra-valley TAF (γ)o n l yc a nbe misleading. For instance, the value of the cooling efficiency for γ =0 .79 (for the P2 case) is only 0.46 during the quasi-steady state, because the contribution from advection is still large compared to that from the diabatic term. It is worth reporting that the development of a down-valley flow does not prevent a valley from behaving as a trapper. [START_REF] Fast | Boundary layer evolutionw i t h i nac a n y o nland basin. Part II: numerical simulations of nocturnal flowsa n dh e a tb u d g e t s[END_REF] indeed observed a considerable mass flux out of the Sinbad basin during the period of analysis, despite its trapper character.

The characterization of the valleys based on this diagram is valid strictly only when asteady-stateisreached. FigureIV.9bshowstimeseriesofthecoolingefficiency of V u with the terms of the heat budget averaged over the valley volume. During the first two hours of the simulations (i.e. during the evening transition), all the valleys behave as a trapper, since the along-valley flow is not fully developed yet, then 'sliding down' on the diagram (as the cooling efficiency decreases), eventually reaching a position characterizing their quasi-steady state for the rest of the night. Once the cooling efficiency starts to decrease, the speed of the descent (the rate of change of the cooling efficiency) is remarkably independent of γ. However, a shift in time and a difference in amplitude are apparent between the different cases, which make both the position (on the diagram) of the steady state and the time to reach it, dependent on γ.I ti sw o r t h noting that the I2 case presents a greater cooling efficiency than the I1 case during the entire simulated time period. However both cases behave as a drainer, implying that the valley width in the case of an isolated valley opening on a plain does not influence the drainer character of the valley. Finally, in this representation the P1b case hardly differs from the P1 case (taking into account that the ratio of the volumes of V d and V u for the P1b case is closer to that for the P2 case than that for the P1 case; see Table IV.1). Hence, for the range of values for γ considered, we can conclude that the intra-valley volume effect explains to a certain extent the influence of the downstream valley on the trapper or drainer character of the upstream valley.

IV.6 Along-valley variations of the heat budget

In the following sections, the cooling processes in the upstream and downstream valleys are compared, elucidating their impact on the heat budget of the valley system.

IV.6.1 Instantaneous heat budget of the upstream and downstream valleys ). Hence, the atmosphere is cooler in V d than in V u ,forcing the up-valley flow from V d to V u (most noticeable for the P2 case).

After this initial period and for the rest of the simulated time, the surface sensible heat flux contribution to the valley heat budget for V u and V d evolves similarly in time, whatever the case considered, with an almost constant offset between the two. The sign of this offset is reversed for the pooling and draining cases, because the surface sensible heat flux is larger in the narrower valleys.

With regard to the advection contribution, its temporal evolution differs from case to case. For the draining case D1, the advection contributionforV d follows that for V u (see Fig. the advection contributions for V u and V d exceeds that between the surface sensible heat flux contributions for 60 <t<185 min for the P1 case and 70 <t<210 min for the P2 case, leading to a higher cooling rate in V u .T h i sl e a d st oar e v e r s a lo ft h e pressure gradient and so a down-valley flow develops from V u to V d .

When a quasi-steady state is reached, for the P1 case, the vertical heat flux is 50% larger in V u than in V d ,whilethealong-v alleyheatfluxinV u is about 2.5smallerthat in V d .F o rt h eP 2c a s et h ev e r t i c a lh e a tfl u xi s3 0 %l a r g e ri nV u than in V d ,w h i l et h e along-valley heat flux in V u is about 8 times smaller that in V d .T h i ss h o w st h a tt h e difference between the advection contribution for V u and V d for the pooling cases is due largely to the reduction of the along-valley heat flux in V u .

The development of the down-valley flow leads to the homogenization of the cooling rate in the along-valley direction after 210 min, whatever the case considered. This homogenization of the cooling rate results from a balance between advection and surface sensible heat flux: a greater contribution from advection for V u than for V d (as for the D1 case) goes along with a greater (in absolute value) contribution from the surface sensible heat flux. Conversely, when the contribution from advection is smaller for V u than for V d (as for the P1 and P2 cases), the contribution from the surface sensible heat flux is also smaller (in absolute value). These aspects are discussed in the next section using volume arguments.

IV.6.2 Time-integrated valley heat budget

The left column of Fig. IV.11 shows the along-valley variability of the cooling processes, using the ratios of the time-integrated terms of the heat budget of V u to those of V d weighted by the plain volume (see Eq. IV.13), for the D1, P1 and the P2 cases. The time integration starts at the beginning of the simulation. For all the cases the ratio R C of the sum of the diabatic forcing terms for V u to that for V d hardly differs from one after a rapid adjustment at the beginning of the simulations (first 30 min). This suggests that, for the range of parameters considered, the heat loss from the diabatic term, weighted by the volumes of the respective equivalent plains, is unchanged along the valley axis. The advection contribution to the heat budget is similar (and almost negligible) for V u and V d during the initial period (t<60 min for the pooling cases, t<100 min for the draining case; see Fig. IV.10). Hence, the lower (higher) cooling rate in V u with respect to that in V d for the pooling (draining) cases is in large part explained by the intra-valley volume effect. This result holds also for the P1b case (not shown). However, it should be noted that R C decreases slightly with time for the pooling cases (see Fig. V u with respect to the plain, using the same ratios used for the left column, but considering the plain volume instead of V d (see Eq. IV.14), for the same cases (D1, P1 and P2). As already shown by [START_REF] Schmidli | Mechanism of along-valley windsa n dh e a te x c h a n g e over mountainous terrain[END_REF]f o rav a l l e y -p l a i n configuration, the higher cooling experienced by the valley with respect to the plain during the transient regime can be in large part explained by the valley-volume effect. However, as opposed to the intra-valley analysis, R C substantially differs from one. As shown by [START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF], downslope flows are the main driver of the surface sensible heat flux, so that the contribution of the surface sensible heat flux to the heat budget is necessarily different between the valley and the plain for quiescent synoptic conditions. After the down-valley flow has developed, the thermally-driven circulation acts in order to reduce the temperature contrast between the valley and the plain, through the advection term (R A ,s m a l l e rt h a no n e ) ,w h i c hc a nb et h o u g h ta st h e result of the transfer of cold air from the valley to the plain.T h i sp r o c e s si sm o s t efficient for the D1 case, where R A =0.46 by the end of the simulated time period (see Fig. IV.11b), leading to a nearly constant temperature difference between the valley and the plain of about 10%. This process is less effective as γ decreases (from the D1 to P2 cases; see Fig. IV.11ca n dF i g .IV.11e), because the heat transfer from V u to the plain volume is reduced by the valley constriction. Interestingly, for the P2 case the temperature difference between V u and the plain follows Γ once the down-valley flow has developed (that is after t ≃ 180 min); this is the result of the product R A R C being almost equal to 1.

IV.7 Conclusions

The purpose of this work was to quantify the impact of along-valley variations of the valley width on the nocturnal boundary-layer structure of deep valleys, considering systems of two valleys, one upstream, one downstream, opening on a plain. The work shows that the dynamical and thermodynamical properties of the nocturnal valley boundary layer of a valley section are strongly affected by thev a l l e yw i d t ho ft h e neighbouring valleys. Three main configurations are considered: a draining case, a moderate pooling case and a strong pooling case, which are compared to reference cases for which the upstream valley opens directly on a plain.T h ek e yfi n d i n g s ,f o r the range of parameters considered, are summarized below for the upstream valley, unless otherwise stated:

• Draining and pooling configurations induce deeper and colderv a l l e yb o u n d a r y layers compared to valleys opening directly on a plain (see Fig. IV.3). This effect is more pronounced for the pooling configurations.

• The along-valley variations of the valley width lead to a general decrease of the low-level down-valley wind speed when compared to a valley-plain configuration. This reduction of the wind speed results from a reduction of the along-valley pressure gradient that ultimately drives the down-valley flow (see Fig. • For all the configurations considered, a steady state is reached, but the duration of the transient regime depends on the configuration. This duration is shortest for the draining and valley-plain configurations. For the pooling configurations, it increases as the valley becomes narrower in the down-valley direction (that is the intra-valley topographic factor γ decreases). As pointed out by previous studies [e.g. [START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF][START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF], the growth of the valley boundary layer is mainly controlled by the vertical motions induced by downslope flows within the valley centre. Hence, the transient regime is responsible for the differences in the thermal structure of the atmosphere of the different valleys.

• For the draining configuration the co oling pro cesses in the upstream valley are comparable to those of the corresponding valley-plain configuration, and so are hardly affected by the presence of the downstream valley (see Fig. • By comparing the quasi-steady state for the upstream valleys, we conclude that ap o o l i n gv a l l e yi sn o tn e c e s s a r i l ya' t r a p p e r 'i nt h eWhiteman et al. [1996] classification (see Fig. IV.9a), this classification being strictly valid only when a steady state is reached. In other words, γ < 1i sn o tas u fficient condition to have a trapper for the entire night. Note that, when examining the trapper or drainer character of the valley during the evening transition, namely before the steady-state is reached, all the valleys behave as trappers,t h e ne v o l v et o w a r d s ad r a i n e rs t a t ew h e nt h ed o w n -v a l l e yfl o wd e v e l o p s( s e eF i g .IV.9b). It is found that, as soon as the down-valley flow develops, the rate at which the steady state is reached is independent of γ,w h i l et h et i m ew h e nt h ed o w n -v a l l e yw i n d develops and the cooling rate during the quasi-steady state are dependent on γ.

• The effect of the along-valley flow is to reduce the horizontal temperature gradients resulting from the variations of the valley width along the valley axis. Once the down-valley flow is fully developed, all valleys present a homogeneous cooling rate in the along-valley direction (see Fig. IV.10). The diabatic forcing term of the valley heat budget (defined as the sum of the radiative flux divergence and the surface sensible heat flux), when weighted by thev o l u m eo ft h e respective equivalent plains, hardly varies between different valley sections [as was assumed in [START_REF] Mckee | The role of valley geometry and energy budget in the formation of nocturnal valley winds[END_REF], with minor differences resulting from the differences in the down-valley wind speed between the two adjacent valleys (see Fig. IV.11,leftcolumn). Thereforethedifference in the temperature change from t =0bet w eenthet w ov alleysectionsisdriv enb ythatduringthetransien t regimes in the two valleys. Hence, it is driven by the value of γ and the ratio R A of the advection contribution (to the valley heat budget) for V u to that for V d : γ > 1a n dR A < 1f o rt h ed r a i n i n gc o n fi g u r a t i o n ,a n dγ < 1a n dR A > 1 for the pooling configurations. Since for the pooling configurations the product γ R A is larger than 1, the valley boundary layer in the upstream valley is colder than that in the downstream valley (after the dynamics in the valleys are established) leading to the formation of the down-valley flow from the upstream to downstream valleys.

• For the considered quiescent synoptic conditions, the assumption that the diabatic forcing term has the same amplitude within the valley and over the plain is not valid during nighttime for the deep valley considered here. Indeed, the diabatic forcing term is larger within the valley than over the plain, thus enhancing the temperature contrast between the valley and the plain( s e eF i g .IV.11, right column). The development of the down-valley flow reduces this temperature contrast. This reduction cannot be explained by the valley-volume effect. It is slowed down for the pooling configurations because of ther e d u c e dh e a t flux out of the valley. It is found that for the strong pooling configuration the valley-volume effect explains the differential cooling between the valley and the plain once the down-valley flow has developed. In the absence of significant dynamical processes, the valley-plain (bulk) temperature differences can possibly be quantified by the topographic amplification factor. Our results also suggest that this condition can be reached in a valley subject to dynamical processes, when the cooling resulting from the surface sensible heat fluxw i t h i nt h ev a l l e y compensates the warming due to advection; the along-valley constriction is key to reaching this balance.

The results reported here concern a small fraction of possible configurations. Other parameters of particular importance that have not been considered in this study include the shape of the cross-valley slopes along the valley axis and the height of the terrain, which would both affect the topographic amplification factor of the valley (valley-volume effect) and downslope flows (dynamical effects). A characterization of the effects of the full range of orographic variations along the valley axis is needed in order to understand and predict the evolution of the boundaryl a y e ro fap a r t i c u l a r valley section.

V

Local and non-local controls on a persistent cold-air pool in the Arve River Valley

Chapters III and IV demonstrated that the vertical and along-valley transport of mass and heat in a valley can be largely modified by the surrounding terrain under dynamically decoupled conditions. Building up on the process-level understanding developed in the idealised framework, a case-study of a persistent cold-air pool event in a section of the Arve River Valley, in the French Alps, is considered in this chapter.

The objective is to quantify the effects of tributary valleys on the heat and mass budgets of the atmosphere of a real valley under weak synoptic winds. This section This chapter is a reproduction of a manuscript submitted to the Quarterly Journal of the Royal Meteorology Society.

Abstract An u m e r i c a lm o d e li su s e dt os i m u l a t eap e r s i s t e n tc o l d -a i rp ool event that occurred in the section of the Arve River Valley around Passy in the French Alps. During this period, an upper-level ridge from the Atlantic moved over Europe, allowing a CAP to form and persist over time. The impact of the upper-level ridge on the cold-air pool and the dynamics within the valley section is quantified, by examining the mass and heat budgets of the valley atmosphere. During thep e r s i s t e n ts t a g et h e flows through the tributary valleys together with subsiding motions at the valley top, control by and large the nighttime valley-scale circulationa n dt h e r m a ls t r u c t u r eo f the cold-air pool, while thermally-driven valley flows play only a minor role. When the upper-level ridge passes over the Arve River Valley, warm air advection through the tributaries displace the upper-layer of the cold-air pool out of the valley during nighttime, thereby reducing the depth of the CAP. The near-surface atmosphere over the valley floor shows a variability from day to day during the persistent stage of the cold-air pool. When the upper-level ridge passes over thev alley ,do wn-v alleyflo ws export the air mass out of the valley. As the ridge moves away from the valley, the nearsurface air is trapped within the valley. This trapping is theresultofthechannellingof the large-scale flow, which leads to a reduction of the near-surface horizontal pressure difference along the valley axis, thereby suppressing the near-surface down-valley flow.

The study highlights the importance of the tributary valleysi nt h ee v o l u t i o no ft h e persistent cold-air pool. In particular, the direction of the flow through one of the tributaries is found to be determined by the height of the cold-air pool with respect to that of the tributary above the valley floor.

V.1 Introduction

A cold-air pool (CAP) is a stably stratified layer of air confinedt o w a r d st h eb o t t o m of a valley or basin. Diurnal CAPs form frequently during nocturnal hours under clear-sky and weak synoptic wind conditions and are destroyed following sunrise by convection resulting from surface heating. When relatively warm air associated with anticyclonic conditions is transported immediately above deep terrain over multiple days [START_REF] Reeves | Synoptic-scale flow and valley cold pool evolution in the western United States[END_REF], convection is often insufficient to destroy the stable layer, particularly during wintertime [see for instance [START_REF] Vrhovec | Numerical simulations of dissipation of dry temperature inversions in basins[END_REF][START_REF] Lu | A numerical study of a persistent cold air pool episode in the Salt Lake Valley, Utah[END_REF], allowing a persistent cold-air pool (PCAP) to develop. Since a PCAP is characterised by a long-lasting (multi-day) valley inversion and weak winds, air pollutants and moisture emitted within the CAP are trappedandaccumulatefrom day to day, thereby affecting air quality [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF]Largeron and Staquet, 2016a] and visibility when fog forms. The removal of the PCAP may occur because of the advection of a synoptic disturbance within the valley [START_REF] Zhong | Meteorological processes affecting the evolution of a wintertime cold air pool int h ec o l u m b i ab a s i n[END_REF], turbulent erosion of the CAP from the top [Lareau and Horel, 2015b]orthedisplacemen tofthe cold-air layer out of the valley [START_REF] Flamant | Föhn/cold-pool interactions in the rhine valley during map iop 15[END_REF]. While the formation, persistence and destruction stages are common to PCAP in many different regions and conditions [START_REF] Zhong | Meteorological processes affecting the evolution of a wintertime cold air pool int h ec o l u m b i ab a s i n[END_REF]Zängl, 2005;Lareau et al., 2013b;[START_REF] Lu | A numerical study of a persistent cold air pool episode in the Salt Lake Valley, Utah[END_REF]Largeron and Staquet, 2016b], the characteristics of the CAP (depth and strength) during each stages depend largely on the characteristics of the surrounding terrain and variability of the synoptic conditions. Thereafter a distinction is madebetweentheprocessesthat control the characteristics of the CAP and are governed by those of the terrain at the valley or basin scale, which are referred to as local controls, and processes affecting the CAP characteristics but occurring at scales larger than that of the valley (i.e. synoptic winds above the valley boundary layer or flow intrusion from neighbouring valleys and tributaries), which are referred to as non-local controls.

Previous work has considered local controls on CAPs. [START_REF] Vrhovec | A cold air lake formation in a basin -a simulation with a mesoscale numerical model[END_REF] showed using results from numerical simulations of a diurnal CAP in the Slovenj Gradec basin that a dynamical decoupling can take place between the flow within the valley boundary layer and the synoptic flow aloft. As a result, at the top of the CAP an abrupt change in wind speed and direction was observed. In such decoupled condition thermally-driven alongslope and along-valley flows are the key dynamical features of the valley atmosphere [Largeron and Staquet, 2016a]. However, much remains to be understood on their role in the formation and evolution of CAPs [START_REF] Bodine | Variability of surface air temperature over gently sloped terrain[END_REF]. In a numerical modelling case study of the formation of a CAP in a ∼ 100-m deep narrow valley, Vosp er et al.

[2014] concluded that the principal mechanism responsible for thef o r m a t i o no ft h e CAP was the sheltering effect of the valley. The sheltering was shown to increase the turbulent heat flux divergence close to the ground compared to a less sheltered region (i.e. hilltop sites), thereby increasing near-surface cooling and promoting the formation of a ground-based inversion. However, in such a shallow valley, thermallydriven flows are rapidly suppressed after the evening transition [START_REF] Clements | Cold-air-pool structure and evolution in a mountain basin: Peter Sinks, Utah[END_REF]Vosp er et al., 2014]. In a deep and narrow valley dynamically decoupled from the atmosphere above, downslope flows can persist for a longer time, reaching a quasisteady state if a down-valley flow can develop during the night [ Burns and Chemel, 2015;[START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF]. Under these conditions, downslope winds are the main driver of the sensible heat flux divergence, which enhances the cooling of the valley atmosphere with respect to a flat region nearby. Downslope flows are also important in the evolution of the thermal structure of the upper-part of a CAP, through the vertical transport induced by the air flowing down the slopes [START_REF] Whiteman | Breakup of temperature inversions in deepm o u n t a i nv a l l e y s : Part I. Observations[END_REF][START_REF] Kiefer | An idealized modeling study of nocturnal cooling processes inside a small enclosed basin[END_REF][START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF][START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF].

In addition to thermally-driven flows, the variations of the orography and surface properties affect the evolution of a CAP. Because of the reduction in the volume of atmosphere in a valley or basin when compared to that over a flatt e r r a i n ,av a l l e yo r basin experiences a cooling stronger than if it were a flat terrain for the same amount of heat loss [START_REF] Whiteman | Observations of thermally developed winds y s t e m si nm o u ntainous terrain[END_REF]. A differential cooling can also take place between different sections of the same valley because of along-valleyg e o m e t r i c a lv a r i a t i o n s [START_REF] Mckee | The role of valley geometry and energy budget in the formation of nocturnal valley winds[END_REF]]. This differential cooling can lead to along-valley flows that are up-valley instead of down-valley during the night [START_REF] Arduini | Energetics of deep alpinev a l l e y si np o o l i n g and draining configurations[END_REF], affecting the mass and heat budgets of the valley atmosphere. If the ground is covered by snow (as is common in winter in alpine regions), surface albedo is increased and the heat conductivity to the ground is significantly decreased, leading to stronger ground-based inversions [Zängl, 2005a;[START_REF] Billings | Maintenance of a mountain valley cold pool: an u m e r i c a ls t u d[END_REF][START_REF] Neemann | Simulations of a cold-air pool associated with elevated wintertime ozone in the Uintah basin, Utah. Atmos[END_REF].

Non-local controls on CAPs have been examined for a number of case studies. [START_REF] Zhong | Meteorological processes affecting the evolution of a wintertime cold air pool int h ec o l u m b i ab a s i n[END_REF] showed that the formation and maintenance of a PCAP event in the Columbia basin in the Pacific Northwest region of North America was primarily the result of the continuous advection of warm air immediately above the basin by strong westerly winds descending the lee slopes of the surrounding Cascade mountains. Similar results as regards the importance of large-scale advection of warm air above the terrain in the formation and maintenance of a PCAP in the Salt Lake Valley, Utah, USA, were reported by [START_REF] Wei | Numerical simulation of the life cycle of a persistent wintertime inversion over Salt Lake City[END_REF]. [START_REF] Lu | A numerical study of a persistent cold air pool episode in the Salt Lake Valley, Utah[END_REF]quantifiedtherespective contributions of the different terms determining the heat budget of the atmosphere during this PCAP event. Large-scale advection was found key totheformation,maintenance and destruction of the PCAP. While these studies have demonstrated the essential role of warm air advection in the formation and maintenance of a PCAP, the dynamical controls of large-scale flows on the temporal evolution of CAPs have received less attention.

In a numerical modelling case study Zängl [2005]s h o w e dt h ei m p o r t a n c eo ft h e direction of the synoptic pressure gradient and of the along-valley terrain geometry, with respect to the Alpine foreland, in the maintenance of CAPs in a deep Alpine valley system. Model results indicated that the direction ofthesynopticpressuregradient controlled the direction of the along-valley drainageflows. Theauthorconcluded that, for that particular case study, the ideal conditions for cold-air pooling are met when the synoptic pressure gradient is orientated down a constriction in the alongvalley direction. In a following work based on semi-idealised numerical simulations and observations, Zängl [2005b]e x t e n d e dt h i sa n a l y s i st ot h es h a l l o w e rB a v a r i a nD a n u b e basin. Model results showed that advection resulting from the synoptic pressure difference (pressure-driven channelling) and advection down the direction of the synoptic wind (forced-channelling) can both act to remove the PCAP, depending on the direction of the synoptic wind with respect to the orientation of the highest mountain range. Another dynamical mechanism that may affect the temporal evolution of CAPs is shear-induced turbulent mixing at the top of the CAP due to strong winds aloft. Some studies questioned the effectiveness of such turbulent erosion for the destruction of CAPs over time-scales shorter than one day [see for instance [START_REF] Zhong | Meteorological processes affecting the evolution of a wintertime cold air pool int h ec o l u m b i ab a s i n[END_REF][START_REF] Zhong | Time scale for cold-air poolb r e a k u pb yt u rbulent erosion[END_REF]]. However, semi-idealised numerical simulations analysed by Zängl [2005b]s u ggested that this mechanism can contribute significantly to the destruction of a CAP in the relatively shallow Danube basin. In deep valleys, idealised simulations by Lareau and Horel [2015b] indicated that CAPs can be removed by turbulent erosion on a timescale of less than a day, provided that the speed of the flow aloft increases continuously with time such that the Froude number exceeds a threshold value of about 2.

The contribution of tributary flows in the mass budget of a valley was studied extensively as part of the Advanced Studies in Complex Terrain (ASCOT) programme [Clements et al., 1989a]. However, the computation of mass fluxes through tributaries relied solely on limited observations, and so several assumptions and approximations had to be made to estimate their contributions to the mass budget. [START_REF] Porch | Tributary,v alleyandsidew all air flow interactions in a deep valley[END_REF] calculated that the mass flux through a single tributary may account for 5 to 15% of the drainage out of Brush Creek Valley, Colorado, USA. Assuming a similar contribution from all the tributaries of Brush Creek Valley, the authors estimated that tributary flows control by and large the mass budget of the valley, and so that the contribution of slope flows and subsiding motions at the valley top are only minor. Numerical model simulations reported by O'Steen [2000]f o ra ni d e a l i s e dv a l l e y -t r i b u t a r ys y s t e mu n d e r dynamically decoupled conditions confirmed that the flow through the tributary can increase the along-valley mass flux by 5 to 10% compared to an idealised valley without a tributary. However, some of the complex interactions between the tributary flow and the down-valley flow were not captured with this idealised configuration. [START_REF] Coulter | Tributary fluxes into Brush Creek Valley[END_REF]s h o w e dt h a tt h em a s sfl u xt h r o u g ht h et r i b u t a r yi se x t r e m e l ysensitive to the external flow. Under particular synoptic conditions the drainage from the tributary was found 20% larger than that expected if the mass flux was assumed proportional to the drainage area. [START_REF] Coulter | A comparison of nocturnal drainage flow in three tributaries[END_REF]e x a m i n e dt h em a s sfl u x e st h r o u g ht h r e e tributaries of Kimball Creek, Colorado, and showed that the mass flux is largest for the tributary most closely aligned with the valley axis. Despite the efforts led in the ASCOT programme, large uncertainties remain about the effectsoftributaryflo wson the heat and mass budget of a valley atmosphere.

In this paper, we investigate local and non-local controls on a PCAP that formed in the section of the Arve River Valley around Passy in the French Alps, in February 2015 using numerical model simulations. This PCAP event occurred during the first intensive observation period (IOP1) of the PASSY-2015 field campaign [Paci et al., 2015a;[START_REF] Staquet | The Passy project: objectives, underlying scientific questions and preliminary numerical modelling of the Passy Alpine valley[END_REF]. In Sect. V.2,w epresen tthedesignofthen umericalsim ulations. Sect. V.3 provides an overview of the synoptic conditions during IOP1.M o d e l results are analysed in Sect V.4 to V.6.As u m m a r ya n dc o n c l u s i o n sa r ep r e s e n t e di n Sect. V.7.

V.2 Methodology

V.2.1 The Passy Valley

The Arve River Valley is located in the French Alps south of the Swiss Plateau, located between the Jura mountain range and the Swiss Alps (see Fig. 

V.2.2 Terrain representation and snow initialisation

An accurate representation of the terrain is essential to numerical modelling in truly complex terrain such as alpine valley systems. Most alpine valleys are characterised by steep slopes that are a challenge for numerical models formulated using terrainfollowing coordinates, as is the case for the Weather Research and Forecasting (WRF) model used here. Even at horizontal resolutions of the order of 3 km, slope angles exceed 25 • across the Alpine chain of Western Europe. At a horizontal resolution of 100 m, the maximum slope angle in the Arve River Valley is about 75 • .I nt h ep r e s e n t work, 90-m terrain elevation data from the Shuttle Radar Topography Mission [SRTM, [START_REF] Farr | The Shuttle Radar Topography Mission[END_REF]w erecarefullyin terpolatedatthehorizon talresolutionsofthenested model domains (see Fig. V.1a). A smoothing filter was used to reduce the largest slope angles of the terrain to a maximum slope angle α max =45 • while minimising any changes in the overall shape and small-scale features of the valley geometry.

Several studies have pointed out that the presence of snow on the ground surface alters significantly surface-atmosphere interactions [Zängl, 2005a;[START_REF] Neemann | Simulations of a cold-air pool associated with elevated wintertime ozone in the Uintah basin, Utah. Atmos[END_REF][START_REF] Tomasi | High-resolution numerical simulations of wintertime atmospheric boundary layer processes in the Adige Valley during an ALPNAP project field campaign[END_REF]. The initialisation and modelling of the snow pack are difficult tasks. Numerical model reanalysis products are currently available at too coarse a resolution (∼ 15 km) to be used to provide an appropriate representation of the snow cover at sub-kilometre scales. Furthermore, the initialisation of the snow density performed by the WRF Preprocessing System (WPS) assumes climatological values that are not representative for a specific case study. In the present work, MODIS/Terra (MOD10 L2) satellite products at a spatial resolution of 500 m [START_REF] Hall | MODIS/Terra Snow Cover 5-Min L2 Swath 500m, Version 5[END_REF]], averaged in time between 5 and 10 February 2015 were used to initialise the snow fields. The snow mask was directly interpolated at the horizontal resolutions of the nested model domains. To initialise snow albedo, we followed the methodology outlined by [START_REF] Tomasi | High-resolution numerical simulations of wintertime atmospheric boundary layer processes in the Adige Valley during an ALPNAP project field campaign[END_REF]. Snow albedo is a function of the age of the snow [see [START_REF] Livneh | Noah LSM snow model diagnostics and enhancements[END_REF], which is initialized as fresh snow [i.e. with the greatest value of snow albedo, based on an analysis of climatological data, [START_REF] Robinson | Maximum surface albedo of seasonally snow-covered lands in the northern hemisphere[END_REF]. A snow age corresponding to the satellite-retrieved albedo was calculated by inverting the functional relationship proposed by [START_REF] Livneh | Noah LSM snow model diagnostics and enhancements[END_REF], which is implemented in the current version of the Noah land-surface model. The calculated snow age was then used as initial condition. The snow water equivalent was diagnosed by assuming that the density of the snow is, as a zero-order approximation, only a function of the age of the snow [START_REF] Meløysund | Review -Predicting snow density using meteorological data[END_REF]. Hence, given the snow depth, the snow water equivalent can be specified at the initial time. Snow depth wasa s s u m e dt od e p e n d Table V.1: Spatial and temporal resolutions for the domains used for the real-case numerical simulations: number of points nx, ny and nz in the east, north and vertical directions, respectively, horizontal grid resolution ∆x=∆y, vertical grid spacing near the ground surface ∆z min ,t i m es t e p∆t and frequency f bu at which the lateral boundaries of the nested grids were updated. et al., 2009]. Snow depth was initialised to 0.05 m at sea level, to linearly increase above sea level to 0.15 m at 500 m above sea level (a.s.l.) and to linearly increase above 500 m a.s.l. to 1.5 m at 4500 m a.s.l.

V.2.3 Model setup for the real and semi-idealised cases

The numerical simulations were performed using the WRF modelw i t ht h ea d v a n c e d research core [ARW, [START_REF] Skamarock | A description of the Advanced ResearchWRFversion3[END_REF], version 3.5.1. Five nested domains were used (see Table V.1 for the spatial and temporal resolutions that were used for the domains). The simulations were performed in three steps.

Firstly, a simulation for the three outermost domains (d01, d02 and d03) was performed using online one-way nesting and a grid aspect ratio of 5 and 3 for domains d02 and d03 respectively. The computations were made on 46 vertical layers. The grid was stretched along the vertical axis, with a vertical resolution of about 40 m near the ground surface (so that the first mass point above the surface is approximately 20 m above it). Lateral boundary conditions for d02 andd 0 3w e r eu p d a t e d every parent domain time step. Initial conditions other thant h o s ef o rt h es n o wfi e l d s and lateral boundary conditions for the outermost domain d01w e r ed e r i v e df r o mt h e European Centre for Medium-range Weather Forecasts (ECMWF)g r i d d e da n a l y s e s available every 6 h with a horizontal resolution of 0.25 • .T h es i m u l a t i o nw a sr u nc o ntinuously for 7 days from 7 to 14 February 2015. Results from additional sensitivity simulations showed that the model results can drift with respect to the ECMWF analysis (not shown). Therefore the simulated fields in domains d01, d02 and d03 were relaxed towards the ECMWF analysis using spectral nudging. Only the upper-part of d03 (above 6000 m a.s.l.) was nudged towards the analyses. Compared to standard nudging techniques, spectral nudging allows to relax only the large-scale flow features towards the analysis, maintaining the small-scale variability of the regional numerical simulation [see for instance [START_REF] Miguez-Macho | Spectral nudging to eliminate the effects of domain position and geometry in regional climate model simulations[END_REF].

Secondly, a simulation for domain d04 was performed using initial and lateral boundary conditions extracted from the results for d03 (i.e.u s i n go ffline nesting).

The extent of d04 was chosen to cover the main regional-scale orographic feature surrounding the Passy Valley (see Fig. V.1a). The horizontal grid resolution was set to 333 m and 92 vertical levels were used, with a vertical resolution of about 20 m near the ground surface (so that the first mass point above the surface is approximately 10 m above it) and 29 levels in the lowest 1000 m above the surface. The lateral boundary conditions were updated every 10 min. This simulation was runc o n t i n u o u s l yf r o m8 to 14 February 2015.

Finally, a simulation for domain d05 was performed using the same methodology as that for d04 except that it was re-initialised every day at 1200 UTC to facilitate the comparison with semi-idealised simulations for selected days and that the lateral boundary conditions were updated every 5 min. The coverage ofd 0 5i ss h o w ni n Fig. V.1b. The number of vertical levels was the same as that of d04 but the horizontal grid resolution used was refined to 111 m. Results from additional sensitivity simulations revealed negligible differences when using a domain twice as large as d05 and the necessity of a horizontal grid resolution as fine as 111mt or e s o l v et h ec o nstriction in the downstream part of the Passy Valley, which was found to significantly affect the (thermo-) dynamics of the near-surface valley atmosphere (not shown). The simulation for d05 is the reference simulation and is referred to as WRF-R hereafter.

All the nested domains were centred at the airport in Sallanches (45.935 • N, 6.636 • E) and shared the same 'dynamics' and 'physics' options, apart from that for the planetary boundary-layer (PBL) and subgrid-scale turbulence. A third-order Runge-Kutta scheme was used to integrate the model equations and a time-splitting technique was used to integrate the acoustic modes. The advection terms were discretised using a fifth-order Weighted Essentially Non-Oscillatory (WENO) scheme with positive definite filter. The PBL was parameterised for d01, d02 and d03 using the Yonsei University (YSU) parameterisation scheme [START_REF] Hong | A new stable boundary-layer mixing scheme and its impact on the simulated East Asian summer monsoon[END_REF], and explicitly simulated in the higher-resolution simulations for d04 and d05, using a turbulent kinetic energy (TKE) 1.5-order closure scheme with the Smagorinsky coefficient C s set to 0.1. Surfaceatmosphere exchanges were modelled using the Noah land surface model [Chen and [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF]u s i n gf o u rs o i ll a y e r s . S h o r t w a v ea n dl o n g w a v er a d i a t i o nw ere parameterised using the Rapid Radiative Transfer Model [START_REF] Mlawer | Radiative transfer for inhomogeneous atmospheres: RRTM, a validated correlated-k model for the longwave[END_REF]. Shadowing effects were included to take into account the effect of the mountains on the radiative fluxes. Microphysics was parameterised using the scheme developed by [START_REF] Morrison | A new double-moment microphysics parameterization for application in cloud and climate models[END_REF], modified for the treatment of ice fog following [START_REF] Neemann | Simulations of a cold-air pool associated with elevated wintertime ozone in the Uintah basin, Utah. Atmos[END_REF].

As e to fs e m i -i d e a l i s e dn u m e r i c a ls i m u l a t i o n sw e r ep e r f o r m ed to extract the ef-fects of the large-scale flow (simulation WRF-I). WRF-I differs from WRF-R in that the domain is twice as large in order to avoid spurious effects due to the symmetric boundary conditions imposed at the lateral boundaries and that at the initial time the temperature and humidity fields are horizontally homogeneous and the wind speed is set to zero. The initial temperature and humidity profiles forW R F -Iw e r ee x t r a c t e d from the real-case simulation for d04 at the centre of the domain. The skin temperature was initialised by extrapolating the temperature of the first three air layers above the ground surface. Hence, the main difference between WRF-I and WRF-R is that there is no large-scale flow for WRF-I. WRF-I was run for the period between 10 February 2015 at 1200 UTC and 12 February 2015 at 1200 UTC and re-initialised on 11 February 2015 at 1200 UTC.

V.3 Overview of the large-scale circulation during IOP1

The PCAP that formed in the Passy Valley during IOP1 was the result of the passage of a upper-level ridge over the region. A Rex block interestedEuropebet w een4and8 On 13 February 2015 the wind speed in the valley atmosphere increased above 5ms -1 as a large-scale perturbation approached the occidental Alps( s e eS e c t .V.3). On 14 February 2015 the wind speed also increased at the valley bottom, leading to mixing and the full destruction of the CAP. This can be inferred by noticing the rotation of and weakeningo ft h ew i n da l o f t( a t z =6 0 0 0ma . s . l . ,s e eF i g .V.6ba n da ,r e s p e c t i v e l y ) . I nt h ee a r l yn i g h tb e t w e e n1 0 to 11 February 2015 the near-surface flow from MGV reversed to down-valley as the upper-level ridge moved away from the occidental Alps, and remained down-valley until the end of the simulated time period (see Fig. the wind speed there was very weak (at maximum 1 m s -1 ). It is worth noting that simulated near-surface temperatures are slightly underestimated at night, though they fall within the observed range when spatially averaged within a radius of a few hundred metres around the sites (not shown). A cold bias of about 3 K is also present in the afternoon. Such a bias in the afternoon under anticyclonic conditions is not atypical to numerical models and was reported in previous studies [e.g. [START_REF] Lu | A numerical study of a persistent cold air pool episode in the Salt Lake Valley, Utah[END_REF]. Observ ational data at the RS site are superimposed: wind data derived from the wind profiler measurements at z = z m and z =1000ma.s.l.andfrom an instrumented meteorological mast at z =10ma.g.l.,andpoten tialtemperaturedataatz = z m and z =1000ma.s.l.deriv edfromthe radiosounding measurements and from an instrumented meteorological mast at z =10ma.g.l. Since the large-scale flow deviated from that for 'standard' anticyclonic weather conditions in that it varied with time, the persistent stage is divided in two sub-periods: P2a From 10 February 2015 at 1200 UTC to 11 February 2015 at 1200 UTC, when the upper-level ridge moved over the Passy Valley, and the wind speed at z = 6000 m a.s.l. increased over night from a minimum value;

V.4.2 Regional-scale circulation

P2b From 11 February 2015 at 1200 UTC to 12 February 2015 at 1200 UTC, when the large-scale flow rotated continuously from south-easterly to southerly, and the wind speed at z =6000ma.s.l. con tin uedtoincreasewithtime.

Because the formation and destruction stages of the CAP followr a t h e rw e l lunderstood patterns, the focus of the subsequent analysis iso nt h ep e r s i s t e n ts t a g e P2 and its sub-periods P2a and P2b.

V.4.3 Valley-scale circulation during the persistent stage

In this section the valley-scale circulation during the persistent stage P2 is analysed by comparing results from WRF-R and the semi-idealised simulation WRF-I. versely, the flow from MGV in WRF-I reverses above the near-surface only around 0000 UTC and the upper-part of the CAP cools steadily throughoutt h en i g h ta sa result of radiative cooling (see Fig. V.8b,V.8d and V.8f). However, the lower part of the CAP displays a temporal evolution of wind speed and thermals t r u c t u r es i m i l a r to that in WRF-R, as can be inferred from the isentrope θ =276KinFig.V.8.T h i s result suggests that the flow from MGV mostly controlled the increase in temperature around z = 1000 m a.s.l. between 0000 and and 0600UTC, and more generallyt h e thermal structure of the upper-part of the CAP (see Fig. to the vertical is non zero, indicating that there is a phase propagation in the vertical. As a consequence, the hypothesis that oscillations could be triggered by those of thermally-driven flows can be rejected, as those are pure oscillations in time with no phase propagation [START_REF] Largeron | Characterization of oscillatory motions in the stable atmosphere of a deep valley[END_REF]. Horizontal cross-sections of the vertical mass flux at the height of STGV during P2a in WRF-R and at the height of MGV during P2b in WRF-I presented in Fig. V.12 for selected times elucidate the mecha-nism behind the mass flux oscillations. In WRF-R the flow through STGV detrains at about z =1 0 0 0ma . s . l . ,l e a d i n gt ot h ef o r m a t i o no fi n t e r n a lg r a v i t ywaves that propagate within the Passy Valley atmosphere (see Fig. V.12a). In WRF-I internal gravity waves are excited during P2b by the flow from MGV (see Fig. V.12b), and propagate downstream. The impact of these internal gravity waves on the near-surface drainage flows will be further examined in Sect. V.6.

V.5.2 Heat budget

The previous subsection revealed the key role of the inflows/outflows from the tributary valleys in the mass budget of the Passy Valley atmosphere during the persistent stage of the CAP and how those flows are affected by the large-scale flow.T h i s s e c t i o n examines their role on the heat budget of the Passy Valley atmosphere.

The heat fluxes are computed from the non-linear advective term of the densityweighted volume-averaged heat budget equation over the PASSYcon trolv olume,that is, assuming incompressibility,

ADV = ˆV ρ v j ∂θ ∂x j dV = i ˆAi ρ (θ ′ v j ) n j dS = H DS + H MGV + H CHMNX + H STGV + H TOP , (V.2)
where θ ′ = θθ and θ is the volume-averaged potential temperature in the PASSY volume [see for instance [START_REF] Lee | Temperature advection: Internal versus external processes[END_REF], and A j the lateral and top surfaces of the volume, defined in Sect. V.5.1.I no r d e rt oq u a n t i f yt h ec o n t r i b u t i o no fa d v e c t i v ep r ocesses to the heat budget of the valley atmosphere, the ADV term above is compared with the density-weighted volume-averaged total tendency,t h a ti s

TEND = ˆV ρ ∂θ ∂t dV . (V.3)
The effect of the heat fluxes through the tributaries on the thermal structure of the CAP is evaluated by investigating the temporal evolution of the CAP height, CAP h , and the bottom height of the capping inversion, CI h . CAP h is defined as the maximum height where the vertical gradient of absolute temperature is positive and CI h is defined as the height where the signed curvature of θ (z)p r e s e n t sap o s i t i v em a x i m u m . I t should be noted that, during P2, when a capping inversion layer exists within the valley atmosphere, CAP h is very close to the top height of this layer, so that the depth of the capping inversion d can be approximated as d = CAP h -CI h .

In WRF-R the temporal evolution of TEND during P2 follows that of the advection contribution ADV (see Fig. Several mechanisms were hypothesised in order to explain the observed reduction in PM 10 concentration at nighttime, including that thermally-driven drainage flows could export air out of the valley throughout the night. The analysis presented above indicates that the air mass in the near-surface atmosphere can be fully removed in a time-scale consistent with that observed by [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF]. However, during P2b the stagnation of the air within the valley after 2200 UTC suggests that the drainage of the air out of the valley cannot be the sole explanation for the observed reduction in PM 10 concentration at nighttime. In order to elucidate the impact of non-local processes on thet h e r m a ls t r u c t u r e of the near-surface atmosphere above the valley floor, the tendency (TEND) and advection (ADV) terms of the heat budget (see Sect. V.5.2), averaged from the ground surface to z = z 100 ,a r es h o w ni nF i g .V.15b. The temporal evolution and magnitude of both TEND and ADV during the morning and evening transitions (0700 to 0900 UTC and 1300 to 1500 UTC, respectively) is similar in WRF-R and WRF-I, indicating that local processes control the heat budget of the near-surface atmosphere during these transition periods. During P2a TEND and ADV display a similar trend 

V.7 Summary and conclusions

The purpose of the present work was to examine local and non-local controls on a persistent cold-air pool that formed in the Passy Valley in February 2015 using numerical model simulations. The Passy Valley is a region of truly complex terrain with steep slopes and three major tributary valleys, Megève, Saint-Gervais-les-Bains and Chamonix (see Sect. V.2.1). The numerical model simulations were performed using the Weather Research and Forecasting model at a horizontal-grid resolution of 111 m, carefully initialised (see Sect. V.2 for details on the design of the numerical model experiments) and found to realistically capture features ofthepersisten tcold-airpool.

The cold-air pool formed in the evening on 9 February 2015 as a result of advection of warm air, associated with the passage of an upper-level ridge, above the Passy valley at the mean height of the terrain surrounding the valley, which set the height of the cold-air pool during its formation stage. The effects oft h el a r g e -s c a l efl o wo n the cold-air pool during its persistent stage, from 10 February 2015 at 1200 UTC to 12 February 2015 at 1200 UTC, was quantified by examining the mass and heat budget of the atmosphere at the valley scale and in the near-surface layer above the valley floor (lowest 100 m). The horizontal mass and heat fluxesthroughthetributary valleys were quantified and compared to vertical fluxes acrosst h ev a l l e yt o p ,i no r d e r to determine the role of the tributary flows during the persistent stage of the cold-air pool event.

The analysis showed that the thermal structure of the upper-part of the cold-air pool during the persistent stage, and in particular the height of the inversion, was controlled primarily by vertical advection at the valley topandfromtheflo wsthrough the tributary valleys. Conversely the near-surface atmosphere was mainly controlled by local processes, when the upper-level ridge moved over theP a s s yV a l l e y ,w h i l ei t was strongly affected by the large-scale flow when the upper-level ridge moved away from the valley. More specifically, this transition in the large-scale flow led to a change of the direction of the flow in the Megève tributary valley, which substantially modified the dynamics and thermal structure of the Passy Valley atmosphere.

When the upper-level ridge passed over the Passy Valley (between 10 and 11 February 2015), the upper-part of the cold-air pool was found to be mostly controlled by the advection of warm air from the tributary valleys and vertical motions at the valley top. However, while the flow through the Chamonix and Saint-Gervais-les-Bains tributary valleys were down-valley (i.e. into the Passy Valley) throughout the night and supplied about 50% of the air mass that drained out of the valley, the flow through the In spite of this, the cooling due to this process was overtaken by the warming due to advection, and the cooling of the valley boundary layer in the threedimensional valley was found to be about 3 times smaller than in the two-dimensional valley.

As a step towards modelling the complexities of real-world valleys, a system of two valleys was studied (see Chapter IV). Upstream valleys that open either on a wider valley (draining configuration) or on a narrower valley (pooling configuration) downstream were considered, and compared to the respective valley-plain configurations. A key result is that for all the configurations considered, a quasi-steady regime is reached associated with down-valley flows within the valley. However these flows are delayed and generally weaker for pooling and draining configurations, because of the reduced difference in the thermal structure of the atmosphere along the valley axis. As a result, the duration of the transient regime depends on the configuration, and it is found to increase for pooling and draining configurations when compared to the respective valley-plain cases. For pooling configurations it is the longest, and increases as the width of the downstream valley decreases. For strong pooling, the downstream valley can be colder than the upstream valley within the transient regime, thereby reversing the pressure gradient, causing up-valley flows from the downstream to the upstream valley. The impact on the cooling processes in the upstream valley largely depends on the regime and on the configuration of the valley system. During the transient regime, the volume-averaged cooling rate at the valley-scale is larger for pooling configurations compared to that for the respective valley-plain configuration (by more than 50 % for strong pooling). The enhanced cooling stems from the reduction of the warming contribution from both the vertical and along-valley heat fluxes. The along-valley heat flux in particular shows the greatest variations, because of the impact of pooling on the along-valley flows. For the strong pooling case, the along-valley heat flux can contribute to cool the upstream valley, because of the transport of cold air along the valley associated with the up-valley flow. In the quasi-steady regime, both along-valley and vertical heat fluxes contribute to the warming of the valley atmosphere, regardless of the configuration considered. For valley-plain and draining configurations the along-valley heat flux controls the warming contribution to the valley heat budget from advection, exporting colder air out of the upstream valley atmosphere. For pooling configurations, the along-valley heat flux is reduced and for strong pooling, it is almost negligible. The vertical heat flux increases comparedtothatforthere spe c tiv e valley-plain case (by a factor of 5 for strong pooling) but, ins p i t eo ft h i s ,t h en e t contribution to the valley heat budget from advection is reduced for pooling configu-rations. However, weaker down-valley flows also lead to a smaller cooling contribution from the surface sensible heat flux, as it is proportional to the wind speed close to the surface. It was found that in the quasi-steady regime the sum of the contributions from advection and surface sensible heat flux hardly varies between the different configurations, and the cooling rate of the upstream valley isa l m o s ti n d e p e n d e n to f the configuration. A dimensionless form of the heat budget adapted from [START_REF] Whiteman | Boundary layer evolution within a canyonland basin. Part I: mass, heat, and moisture budgets from observations[END_REF]w a si n t r o d u c e di no r d e rt oq u a n t i f yt h ef r a c t i o no ft h es u mo fs u r f a c e sensible heat flux and radiative heat flux divergence that contribute to cool the valley atmosphere compared to advection, i.e. the cooling efficiencyofthev alley . Thecooling efficiency increases for strong pooling compared to the respective valley-plain configuration, while it was found to decrease for the draining configuration. As a result of the effects on the cooling processes, draining and pooling configurations induce deeper and colder valley boundary layers compared to the respectivev a l l e y so pe n i n gd i r e c t l y on a plain. This effect is particularly pronounced for the pooling configurations.

The role of the different mechanisms contributing to the mass budget of the valley atmosphere was quantified. When considering the valley boundary layer only, the mass budget of the valley is largely driven by a balance between the divergence of down-valley flows in the along-valley direction and the convergence of downslope flows at the top of the boundary layer (see Fig. VI.1b). The net contribution from downward vertical motions far from the slopes to the mass budget was found negligible. In this sense, the slope layer is a "preferred route" to follow for airm a s s e si no r d e rt or e p l a c e the air that drains out of the valley along the valley axis. When considering the scale of the valley plain circulation, the vertical mass flux at the top of the boundary layer is driven by an interplay between the along-valley convergence of the return flow, subsiding motions above the valley and horizontal convergent motions from the plateaux (see Fig. VI.1a). In a valley-plain configuration the contribution from ther e t u r nfl o w balances the contribution from the other mechanisms. In pooling configurations, the deeper boundary layer leads to a deeper down-valley flow layer, with no return flow aloft. Hence, subsiding motions at the valley top and horizontal convergent motions from the plateaux solely contribute to the inflow of air through the slope layer at the top of the boundary layer.

Finally, a case-study of a persistent cold-air pool event in a deep Alpine Valley was analysed in order to quantify the effects of neighbouring valleys on the heat and mass budgets of the atmosphere of a real valley (see Chapter V). The episode occurred in a section of the Arve River Valley around the town of Passy (referred to in the present work as the Passy Valley) from 8 to 14 February 2015 during an intensive observation period (IOP) of the PASSY-2015 field campaign, characterised by weak wind speeds during the persistent stage of the event, but withv a r y i n gd i r e c t i o nf r o m day to day. In order to determine the effect of the large-scale forcing on the dynamics and thermodynamics of the boundary layer, the real-case simulation was contrasted with a semi-idealised simulation. This semi-idealised simulation used a real topography and land cover, but idealised initial and boundary conditions were specified.

The mass and heat fluxes from the tributary valleys, namely theM e g è v e ,S a i n t -Gervais-les-Bains and Chamonix Valleys, were quantified during the persistent stage of the event, from 10 February 2015 at 1200 UTC to 12 February 2015 at 1200 UTC. The contribution of these flows to the heat and mass budgets of the Passy Valley atmosphere were found to be variable from day to day, depending on the large-scale conditions. A key result is that the flows through the tributary valleys contributes significantly to the vertical thermal structure of the upper-part of the cold-air pool, while local thermally-driven flows were found to play a minor role in this layer. When the upper-level ridge passed over the Passy Valley during thepe r s i s t e n ts t a g e ,t h a ti s between 10 and 11 February 2015, the continuous decrease of the height of the inversion and the destruction of the capping inversion at the top of the cold-air pool were found to be controlled by horizontal advection of warm air from the tributary flows and vertical warm air advection at the valley top. Mass fluxes in and out of the valley were found to be an order of magnitude larger for the real-cases i m u l a t i o nt h a nt h a t for the semi-idealised simulation. This indicates that the large-scale conditions, even though characterised by relatively weak wind speed (< 15 m s -1 during the persistent stage), have an impact on the magnitude of these flows. The massfl u xi n t ot h eP a s s y 

VI.2 Outlook

The general lesson learnt from this work is that the surrounding terrain can have profound impact on cold-air-pooling processes. This aspect requires further research, to provide a more complete understanding of the interactions between different elements of a mountain range. In the following a few ideas and concepts are developed for future research, on the basis of the conclusions, and limitations, of the present work.

The idealised simulations performed in the present work considered fully decoupled conditions associated to the formation of diurnal cold-air pools, that is the wind aloft was set to zero, and so no advection of warm/cold air aloft was considered. Process-level studies on persistent cold-air pools had focussed on their break-up due to turbulent erosion mechanisms [Lareau and Horel, 2015b]. There is a need for a better understanding of the link between cold-air pools, terrain features and wind aloft. A first question concerns the terrain features leading to the persistence of a cold-air-pool over multiple days during wintertime. For such episodes, theincomingradiativ eheating from the sun is usually insufficient to destroy the stable stratification that builds up from the ground and is enhanced 'from the top' because of warm-air advection aloft. Energetics models for real-case studies have been developed, neglecting advective processes or taking them into account using a simple functional dependency on the valley heat deficit [START_REF] Largeron | Dynamique de la couche limite atmosphérique stable en relief complexe. Application aux épisodes de pollution particulaire des vallées alpines[END_REF]. [START_REF] Leukauf | The impact of the temperature inversion breakup on the exchange of heat and mass in an idealized valley: Sensitivity to the radiative forcing[END_REF]d e v e l o p e da ne n e r g e t i c model for the time required to destroy completely a cold-air pool, which took into account heat transport processes associated with daytime thermally-driven up-slope flows. The analysis was restricted to a two-dimensional idealised valley, and the sensitivity to the radiative forcing was investigated. A step forward will be to quantify the dependency of cold-air pool persistence on the depth of the valley, given a certain warm-air advection aloft. This can be accomplished by means of idealised numerical simulations, varying systematically the non-dimensional depth of the valley, defined in Sect. II.3.2.a. As persistent cold-air pools usually develop in deep valleys a threshold value for the non-dimensional depth of the valley can be expected, above which the cold-air pool persists given a certain solar forcing throughout the day. An energetic model such as the one outlined by [START_REF] Leukauf | The impact of the temperature inversion breakup on the exchange of heat and mass in an idealized valley: Sensitivity to the radiative forcing[END_REF]c a nb eu s e d ,t a k i n gi n t oa ccount the heat exchanges associated not only with the valley flows, but also with the external flow.

Results of Chapter V for the Arve River Valley indicated that any scalar quantity (e.g. air pollutant, moisture) in the tributary valleys can be efficiently transported within the valley atmosphere, thereby impacting atmospheric composition in the valley. However, the analysis did not investigate the fraction ofs u c hq u a n t i t yd e t r a i n e d over the near-surface inversion compared to that entrained close to the ground. Such quantification requires numerical simulations that track passive tracers. The design of these simulations should put particular emphasis on the emission inventory used.

The experiments should be designed in order to quantify the contribution from the tributaries to the passive tracer concentration found at the valley bottom. This can be accomplished for instance, by switching off the emissions over the valley floor of the Arve River Valley, keeping only the emissions from the tributaries.

A

Valley heat deficit as a bulk measure of particulate air pollution in the Arve River Valley

The numerical simulations described in Chapter V covered only a fraction of the PASSY-2015 field campaign that was held in the Arve River Valley during the winter of 2014-2015. This appendix gives context for the detailed analysis presented in Chapter V,exploitingadatasetthatextendso v erat w o-mon thstimeperiod (January and February 2015), collected during the PASSY-2015 field campaign. The appendix focusses on the relationship between the bulk atmospheric stability (the valley heat deficit) and PM 10 concentration within the valley at the diurnal and sub-diurnal time scales. This is realised using temperature profiles retrieved from a microwave radiometer, which sampled continuously the valley atmosphere throughout the two-months time period. The analysis of the measured cooling rate of the valley atmosphere allows us to propose a possible meteorological mechanism that may account for the sub-diurnal variability of PM 10 concentration within the valley. This hypothesis was investigated by means of numerical simulations in the case-study presented in Chapter V. This appendix is a reproduction of [START_REF] Chemel | Coupling an advanced land-surface/hydrology model with the Penn State/NCAR MM5 modeling system. Part I: model implementation and sensitivity[END_REF]. The candidate's contribution is 50 % of the study. The candidate contributed to the processing of the microwave radiometer temperature data and the interpretation of the results.

Abstract Urbanized valleys are particularly vulnerable to particulate air pollution during the winter, when ground-based stable layers or cold-air pools persist over the valley floor. We examine whether the temporal variability of PM 10 concentration in the section of the Arve River Valley between Cluses and Servoz in the French Alps can be explained by the temporal variability of the valley heat deficit, a bulk measure of atmospheric stability within the valley. We do this on the basis of temperature profile and ground-based PM 10 concentration data collected during wintertime with a temporal resolution of one hour or finer, as part of the Passy-2015 field campaign conducted around Passy in this section of valley. The valley heat deficit was highly correlated with PM 10 concentration on a daily time scale. The hourly variability of PM 10 concentrations was more complex and cannot be explained solely by the hourly variability of the valley heat deficit. The interplay of the diurnal cycles of emissions and local dynamics is demonstrated and a drainage mechanism for observed nocturnal dilution of near-surface PM 10 concentrations is proposed.

A.1 Introduction

Urbanized valleys often experience severe air pollution events during the winter, when a cold-air pool (CAP) lingers over the valley floor [e.g. [START_REF] Chazette | Three-dimensional survey of pollution during winter in French Alps valleys[END_REF][START_REF] Malek | Meteorological and environmental aspects of one of the worst national air pollution episodes (January, 2004) in Logan, Cache[END_REF][START_REF] De Franceschi | Study of wintertime high pollution episodes during the Brenner-South ALPNAP measurement campaign[END_REF][START_REF] Gohm | Air pollution transport in an alpine valley: results from airborne and ground-based observations[END_REF][START_REF] Harnisch | Spatial distribution of aerosols in the Inn Valley atmosphere duringw i n t e r t i m e .M e t e orol Atmos Phys[END_REF][START_REF] Schnitzhofer | A multimethodological approach to study the spatial distribution of air pollution in an alpine valley during wintertime[END_REF][START_REF] Silcox | Wintertime PM 2.5 concentrations during persistent, multi-day cold-air pools in a mountain valley[END_REF]. These CAPs are characterized by a strongly stratified ground-based temperature inversion, thereby suppressing vertical mixing of pollutants and decoupling the valley atmosphere from the generally stronger winds aloft, and can persist for multiple days, leading to an accumulation of pollution.

These accumulations lead to PM 10 (suspended particulate matter with aerodynamic diameters less than 10 µm) concentrations that exceed the daily average limit value of 50 µgm -3 required by the European Directive 2008/50/EC on ambient airq u a l i t y and cleaner air for Europe not to be exceeded for more than 35 days in a calendar year. As an illustration of the extent of the problem, in Passy in the Arve River Valley in the French Alps, the number of days in a calendar year during which PM 10 concentrations exceeded the daily average limit value of 50 µgm -3 has been greater than 35 days since the monitoring site was installed in 2007. This part of the Arve River Valley concentrates a mix of PM 10 emission sources, including residential (wood) combustion, road transport with a major international routet oI t a l ya n di n d u s t r i e s , which contribute to elevated PM 10 concentrations in stagnant CAPs. This problem is not isolated and is a major concern in complex terrain across the world [see for instance Green et al., 2015, for western US valleys], although legislation regarding pollution levels varies from country to country.

Previous works investigated relationships between wintertime particulate air pollution and meteorological variables in western US valleys. [START_REF] Silcox | Wintertime PM 2.5 concentrations during persistent, multi-day cold-air pools in a mountain valley[END_REF]r e l a t e d wintertime daily average PM 2.5 concentrations measured in the Salt Lake Valley, Utah, USA, during the Persistent Cold-Air Pool Study [PCAPS, Lareau et al., 2013a], to the valley heat deficit, a bulk measure of atmospheric stability within the valley, calculated using data from rawinsondes (RS) launched daily at 1200 UTC [0500 local time (LT)] from the Salt Lake City International Airport. Daily average PM 2.5 concentrations were found well correlated and to increase with the valley heat deficit calculated at 0500 LT, which increased from day to day during persistent CAPs. The squared Pearson product-moment correlation coefficient r 2 was 0.61 (based on a linear regression of the data presented in their Fig. 3). However, this strong relationship manifested mostly as an association between low values of PM 2.5 concentrations and valley heat deficit. [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF] extended this work and provided context for PCAPS by examining relationships between wintertime meteorological conditions and particulate air pollution in the Salt Lake Valley using data from twice-daily RS launched at 0000 and 1200 UTC (1700 and 0500 LT, respectively) from the Salt LakeCityIn ternational Airport and daily average particulate air pollution measurements over a 40-year period from 1973 to 2003. A close association between PM 2.5 concentrations and valley heat deficit was found on winter, weekly and daily time scales, for the 15 winter seasons from 1998-1999 to 2012-2013 for which PM 2.5 concentration data were available. The correlation coefficient r 2 was 0.65 for daily average PM 2.5 concentrations for the winter seasons 1999-2000 to 2010-2011. Elevated PM 2.5 concentrations were found to be more likely to occur when snow cover was present, when surface pressure and columnmean valley relative humidity were high, and when column-mean valley temperature and wind speed were low. No statistically significant long-term trend in wintertime atmospheric stability within the valley could be detected int h e4 0 -y e a rr e c o r d ,i n d icating that the only option to improve air quality in such valleys is to consider stricter emission control strategies. [START_REF] Green | Effect of snow cover and atmospheric stability on winter PM 2.5 concentrations in western U.S. valleys[END_REF]examinedrelationshipsbet w eendailya v eragePM 2.5 concentrations and valley heat deficit, or differences between valley floor and ridge top temperatures, during wintertime in five western US valleys (Salt Lake City, Utah; Reno, Nevada; Boise, Idaho; Missoula, Montana; and Spokane, Washington). The valley heat deficit was calculated using data from twice-daily RS launched at 0000 and 1200 UTC (1700 and 0500 LT, respectively, for Salt Lake City, Boise andMissoula,and1600and 0400 LT, respectively, for Reno and Spokane) from nearby airports except for Missoula, where RS were not launched. For Missoula, differences between valley floor and ridge top temperatures were considered. PM 2.5 concentrations were highly correlated with valley heat deficit for all cities except Spokane, where the RSatmosphericprofileswere not representative of the valley atmosphere. For all cities except Spokane, the correlation coefficient r 2 was greater for snow cover days than snow free days and was in the range 0.46-0.53. For a given valley heat deficit (or difference between valley and ridge top temperatures for Missoula) snow cover days experienced higher PM 2.5 concentrations than snow free days, mainly due to enhanced ammonium nitrate concentrations. This increase in ammonium nitrate concentrations is the result of increase secondary Since the focus of this work is on correlating ground-based PM 10 concentrations to the heat deficit, we determined the height above ground level at which the correlation coefficient r 2 between the heat deficit and PM 10 concentration at Sallanches during the Passy-2015 field campaign was maximum. The temperature derived from the MWR data was hourly averaged to correspond to the temporal resolution of the PM 10 concentration measurements. The heat deficit was calculatedt od i fferent integration heights at the location of the MWR site from the hourly averagetemperatureprofiles, assuming that the valley atmosphere is in hydrostatic balance, as is reasonable [see for instance Rampanelli et al., 2004b;Serafin and Zardi, 2011b;[START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF]. The integration height corresponding to the maximum correlation is of the order of the mean height of the surrounding mountain ranges at the location of the MWR site (see Fig. A.1). This result is consistent with that reported by [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF] for the Salt Lake Valley, Utah, USA, and simply indicates that atmospheric stability above the bounding terrain is of decreasing significance for the trapping of pollutants in the valley. In the following the heat deficit integrated to this height will be referred to as valley heat deficit and denoted by H v .T h e m a x i m u m c o r r e l a t i o n c o e fficient is significantly higher for the daily average values (r 2 =0 .69) than for the hourly average values (r 2 =0 .31). The correlation coefficient for the daily average values is comparable to those reported for US valleys, which are in the range 0.46-0.65 (see Sect. A.1) and for the Grenoble valley in the French Alps [r 2 =0.68; [START_REF] Largeron | Dynamique de la couche limite atmosphérique stable en relief complexe. Application aux épisodes de pollution particulaire des vallées alpines[END_REF]Largeron and Staquet, 2016b].

The time series and scatter plot of the daily average valley heat deficit and PM 10 concentration at Sallanches during the Passy-2015 field campaign main observation period are presented in Fig. A.4.W e n o t e t h a t a l l t h e fi v e d a y s w h e n t h e d a i l y average PM 10 concentration exceeded the daily average limit value of 50 µgm -3 were associated with persistent CAPs [Whiteman et al., 2001b;Lareau et al., 2013a]a s opposed to diurnal CAPs. Diurnal CAPs are destroyed the next daya f t e rs u n r i s eb y the growth of a convective boundary layer. In this work, we define persistent CAP events as CAP events triggered by an increase in the daily average valley heat deficit . The grey horizontal line shows the the daily average limit value of 50 µgm -3 .T h ev e r t i c a ls o l i da n dd o t t e dl i n e so nt h et i m es e r i e si n d i c ate the range of hourly variations of the valley heat deficit and PM 10 concentration, respectively. The solid line on the scatter plot shows the linear regression line.

Figure A.5: Squared Pearson product-moment correlation coefficient r 2 between daily PM 10 concentration and the valley heat deficit at Sallanches calculated for every hour of day (solid line), compared to that obtained by consideringt h ed a i l ya v e r a g ev a l u e (dashed line), during the Passy-2015 field campaign main observation period (from 10 January to 28 February 2015). 95% confidence intervals, determined using the Fisher transformation, are shown as black vertical lines. The grey vertical lines shows the average times of sunrise and sunset above the horizon during the period considered. and lasting for as long as the daily average valley heat deficiti sa b o v et h a to ft h e first day of the event. Persistent CAP events were observed during IOP1 (from 8 to 14 February 2015) and IOP2 (from 17 to 20 February 2015). The overall temporal variability of the daily average PM 10 concentration is comparable to that of the valley heat deficit. There are fairly large hourly variations of boththev alleyheatdeficitand PM 10 concentration, as indicated by their ranges of variations inF i g .A.4a.

The studies by [START_REF] Silcox | Wintertime PM 2.5 concentrations during persistent, multi-day cold-air pools in a mountain valley[END_REF], [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF]a n dGreen et al. [2015] used valley heat deficit values calculated at a particular time of day (either 0400 or 0500 LT). Considering another particular time of day mighth a v el e dt od i fferent relationships between daily average PM 10 concentration and valley heat deficit. To ascertain whether hourly variations of the valley heat deficit affect the correlation between daily average PM 10 concentration and valley heat deficit, the correlation coefficients between daily PM 10 concentration and the valley heat deficit calculated for every hour of day are shown in Fig. A.5 and compared to that obtained by considering the daily average value. The correlation coefficient r 2 calculated for every hour of day varies between 0.44 and 0.69. It is the highest and close to that calculated using the daily average valley heat deficit (r 2 =0 .69) at 1100 LT, and within 10% of that calculated using the daily average valley heat deficit duringt h em o r n i n gh o u r sf r o m 0600 to 1300 LT. In order to maximize the variance of daily average PM 10 concentration explained by the valley heat deficit calculated at a particular time of day, it is therefore more appropriate to calculate the valley heat deficit during these morning hours, in this valley and most likely in other valleys.

The time series and scatter plot of the hourly average valley heat deficit and PM 10 concentration at Sallanches are presented in Fig. A.6. Not surprisingly, both the hourly valley heat deficit and PM 10 concentration varies over a wide range of temporal scales. Given the spatial separation of measurement sites and various PM 10 emission sources, and the time scales of processes involved in changing PM 10 concentrations and distributing any changes (e.g. emissions, deposition, advection, mixing), out-of-phase variations will weaken direct correlation on an hourly time scale, where a change in one variable in one hour results in a later or slower change in PM 10 concentration. In this sense the daily average is arguably a type of 'fuzzy' verification, integrating all sub-diurnal time scales. Single-time-per-day correlations would also be affected, but using all hours would suffer a so called 'double penalty', making them worse. The role of PM 10 emissions and local dynamics on the hourly variability of PM 10 concentrations will be examined in the following subsection of the paper.

We note that filtering the data around p ossible factors can lead to meaningless conclusions since the size of the dataset will be reduced. Fore x a m p l e ,w a s h o u ta n d more generally scavenging by precipitation is effective in cleaning the polluted atmosphere. Large particles (with aerodynamic diameters greater than 1 µm) are most efficiently removed by washout. Hence, it is reasonable to hypothesize that low PM 10 concentrations can be associated with washout, irrespective of the value of the valley heat deficit. Excluding the hours when precipitation occurred to eliminate such values does not reduce the scatter, leading to a similar correlationc o e fficient for the hourly average values (r 2 =0 .32 to be compared to r 2 =0 .31). Drawing randomly subsets of the data of the same size as that filtered for precipitation leads to correlation coef- 2015), normalized by the mean value during this period (dark grey solid line), and diurnal profiles of PM 10 emissions for the residential combustion (dashed line) and road transport (dotted line) source sectors, and both combined (black solid line), normalized by total PM 10 emissions during the period considered. The 95% confidence interval for the mean hour-of-day variation of PM 10 concentration, calculated through bootstrap re-sampling, is displayed as grey shading. The vertical lines shows the average times of sunrise and sunset above the horizon during the period considered. ficients r 2 in the range 0.26-0.34. Hence, it is impossible to state the significance of the former change, or lack of, in r 2 ,e x c e p tt h a ti ti sw i t h i nt h eb o u n d so fe r r o rf o r the dataset.

Passy-2015 field campaign main observation period. The hourly time rate of change of the potential temperature of the near-surface layer changesfromnegative(i.e.cooling) to positive (i.e. warming) at 0900 LT, shortly after sunrise,andincreasesuntil1300L T.

As a result, shallow, capped boundary-layer convection develops. The vertical gradient of potential temperature in the first 100 m above the ground surface decreases during this period (see the bottom plot of Fig. A.8), changing from positive (i.e. stable) to negative (i.e. unstable) shortly before 1300 LT, yielding a capped convective boundary layer of depth of at least 100 m at this time. Between 1400 and 1800 LT the hourly time rate of change of the potential temperature of the near-surface layer decreases, changing from warming to cooling at 1600 LT. This results in ani n c r e a s eo ft h e near-surface vertical gradient of potential temperature, which changes from unstable to stable for the first 100 m around 1600 LT. Between sunset around 1800 LT and sunrise around 0800 LT the cooling rate of the near-surface layer decreases, while the near-surface vertical gradient of potential temperature continues to increase until midnight and then levels off until sunrise. This levelling off of the near-surface vertical gradient of potential temperature is associated with a progressive homogenization of the cooling rate in the vertical. [START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF]f o u n dt h a t ,f o ra ni d e a l i z e da l p i n ev a l l e yo p e n i n go nap l a i n, the decrease of the cooling rate after the evening transitioni sa s s o c i a t e dw i t ht h e development of the night-time valley-wind system, characterized by drainage winds.

Hence, we hypothesize that cleaner air from nighttime drainage flows dilutes the lowest layers of the valley atmosphere as the CAP grows in depth. To check whether this explanation is plausible, let us assume that this section of the valley is trapezoidal, that the slope of the valley floor is constant and that the lowest layers of the valley atmosphere above the valley floor is of depth d.B e c a u s eo ft h e s es i m p l i fi c a t i o n s ,t h e calculation presented below does not depend on d,a n ds ol e tu ss e td to 10 m for an illustrative purpose. Estimates of the surface area and perimeter of the valley floor are 30 km 2 and 50 km, respectively. Hence, estimates of the volume and lateral surface area of this lowest layer are 0.3k m 3 and 0.5k m 2 ,r e s p e c t i v e l y . L e tu sf u r t h e r assume that PM 10 concentrations are horizontally homogeneous in the valley section. Hence, the 45% gradual decrease of PM 10 concentration between 2300 and 0700 LT, observed in Fig. A.7,w ouldrequire0.3 × 45% = 0.135 km 3 of clean air flowing through the lateral surface area of 0.5k m 2 in 8 hours, that is a wind speed in the order of 1 cm s -1 .I f w e r e s t r i c t t h e i n fl o w t o t h e t h r e e m a j o r t r i b u t a r i e s f r o m Servoz, Saint-Gervais-les-Bains and Megève (see Fig. A.1), the lateral surface area reduces to approximately 0.03 km 2 ,l e a d i n gt oaw i n ds p e e di nt h eo r d e ro f0 . 2ms -1 .T h i s scenario does not lead to absurd values, suggesting that nighttime drainage flows may be key to maintaining some degree of ventilation. Furthermore, vertical transport associated with such drainage flows could provide an additional mechanism for diluting A.1)d u r i n gt h eP a s s y -2 0 1 5 field campaign main observation period (from 10 January to 28 February 2015). Note that the colour scale is not linear. The bottom plot displays the mean hour-of-day variation of the vertical gradient of potential temperatureinthefirst100mabo v ethe ground surface (dark grey solid line), denoted by ∆Θ/∆z,atthesamelocationduring the same period. The 95% confidence interval for the mean hour-of-day variation of ∆Θ/∆z,c a l c u l a t e dt h r o u g hboo t s t r a pr e -s a m p l i n g ,i sd i s p l a y e da sg r e ys h a d i n g . T h e vertical lines shows the average times of sunrise and sunset above the horizon during the period considered. near-surface PM 10 concentrations. The importance of these mechanisms will need to be confirmed by results from numerical model simulations. Similar conclusions were reached from observations in the Kathmandu Valley, Nepal by Panday and Prinn [2009] and confirmed by results from numerical model simulations [Panday et al., 2009].

To summarize, the interplay of the diurnal cycles of emissions and local dynamics is as follows: PM 10 concentrations increase sharply in the morning hours shortly before sunrise and until the onset of convection due to the increase of PM 10 emissions from proximate sources, then is diluted vertically by shallow, capped boundary-layer convection (despite continued emission), increase sharply again when convection breaks down, and then is diluted by some removal process (hypothesized drainage winds) when PM 10 emissions are minimum. • The variance of daily average PM 10 concentration explained by the daily average valley heat deficit during wintertime in this section of the Arve River Valley is consistent with that reported when correlating PM 2.5 concentration to the valley heat deficit calculated during the late night in US valleys by [START_REF] Silcox | Wintertime PM 2.5 concentrations during persistent, multi-day cold-air pools in a mountain valley[END_REF], [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF] and [START_REF] Green | Effect of snow cover and atmospheric stability on winter PM 2.5 concentrations in western U.S. valleys[END_REF], and in the Grenoble valley in the French Alps by [START_REF] Largeron | Dynamique de la couche limite atmosphérique stable en relief complexe. Application aux épisodes de pollution particulaire des vallées alpines[END_REF]a n dLargeron and Staquet [2016b]. In addition, the correlation between daily average PM 10 concentration and the valley heat deficit in this section of valley is found to be sensitive to thet i m ew h e nt h e valley heat deficit is calculated. It is more appropriate to calculate the valley heat deficit during the morning hours from 0600 to 1300 local time, when the correlation is comparable to that calculated using the daily average valley heat deficit. A similar result is expected for other valleys.

A.4 Conclusions

• The hourly variability of PM 10 concentrations in this section of valley is more complex and cannot be explained solely by the hourly variability of the valley heat deficit. The diurnal cycle of near-surface PM 10 concentration is affected by local PM 10 emissions, atmospheric stability and the local dynamics of the valley atmosphere, as evidenced for other valleys [e.g. [START_REF] De Franceschi | Study of wintertime high pollution episodes during the Brenner-South ALPNAP measurement campaign[END_REF][START_REF] Gohm | Air pollution transport in an alpine valley: results from airborne and ground-based observations[END_REF]. It is proposed that advection and mixing by nighttime drainage flows may be responsible for the decrease of near-surface PM 10 concentration observed at night and that vertical mixing resulting from convection leads to a decrease of near-surface PM 10 concentration in the morning (after the morning peak of PM 10 emissions).

Analysis of additional observations collected during the Passy-2015 field campaign will help to understand and constrain the complex relationships between particulate air pollution and atmospheric conditions in this valley and other similar valleys. Analysis of numerical model simulations, along with these additionalobserv ations,willpro vide insights into the role of the local dynamics of the valley atmosphere on the spatial and temporal distribution of particulate air pollution in the valley.
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  world [Permanent Secretariat of the Alpine Convention, 2015]. More specifically the highest population densities are found in valleys and pre-alpine regions. The valley floors are characterised by a population density similar to other non-Alpine regions in Europe [Permanent Secretariat of the Alpine Convention, 2015]. Moreover, the Alps, and mountainous regions in general, attract a huge number of tourists throughout the year, because of sport resorts and outstanding natural beauties (see Fig. I.1).

Figure I. 1 :

 1 Figure I.1: The natural beauty of the Alps attracts tourists, and also the author, throughout the year. Photographs by G. Arduini.

Figure I. 2 :

 2 Figure I.2: Clouds forming as a result of transport of humidity over the Apuan Alps associated with daytime terrain-induced flows (mountain venting). Photograph by G. Arduini.

Figure I. 3 :

 3 Figure I.3: The Arve River Valley (in the French Alps) during thec o l d -a i rpoo le v e n t that occurred at the beginning of January 2015, which caused am a j o re p i s o d eo f particulate pollution in the valley. Photograph by G. Arduini.

  Figure II.1: The schematic division of the ABL in mountainous regions, adapted from Ekhart [1948].

Figure II. 2 :

 2 Figure II.2: Schematics of thermally-driven (a) downslope flows and (b) down-valley flows during nighttime; in (a) θ 1 is the potential temperature of a parcel of air close to the slope that is colder than a parcel at the same height far from the slope, of potential temperature θ 2 ; B is the buoyancy force on the parcel and B s is the component of B along the slope s;at y p i c a lj e tp r o fi l eo fad o w n s l o pefl o wi ss k e t c h e d ;i n(b) the bluecoloured columns represent relatively cold air while red-coloured columns represent relatively warm air; the air in a valley is generally colder than the air in the equivalent column on an adjacent plain, hence forcing a down-valley flow from the valley to the plain. The down-valley flow accelerates towards the valley exit forming a valley-exit jet. Adapted from Zardi and Whiteman [2013].
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 3123 Figure II.3: Schematics of the possible regimes for an external flow passing over a valley distinguished by Holden et al. [2000]: (a) flow following the terrain, (b) phase shifting and gravity wave radiation, (c) flow separation and (d) dynamically-decoupled flow. Adapted from Holden et al. [2000].

Figure II. 4 :

 4 Figure II.4: Schematics of (a), (b) forced channelling and (c), (d) pressure-driven channelling mechanisms in a straight valley in the northern hemisphere. Not all the possible configurations are illustrated but only selected examples for a large-scale geostrophic flow U that is (a) south-easterly, (b) south-westerly, (c) southerly and (d) south-westerly.V valley is the along-valley flow within the valley, continuous black lines indicate isobar of pressure p i (i =1 , 2...5) at the valley top, increasing from L (low-pressure) to H (high-pressure), U p is the projection of U along the valley axis, and dashed lines identify the valley sidewalls. Each frame illustrates a top-view in a horizontal x-y plane (where x indicates the west-east direction and y the south-north direction) in the upper part, and a vertical cross-section along the valley axis in the bottom part. Adapted from[START_REF] Kossmann | Pressure-driven channeling effects in bent valleys[END_REF].

4 Figure

 4 Figure II.5: Schematics of the pressure-driven forcing mechanism in a bent valley with angle α =1 2 0 • for a large-scale flow U that is (a) easterly and (b) westerly; V valley is the resulting valley flow within the valley (black arrows),c o n t i n u o u sl i n e si n d i c a t e isobar of pressure p i (i =1, 2...5) at the valley top, increasing from L (low-pressure) to H(high-pressure),anddashedlinesidentifythevalleysidewalls. Each frame illustrates at o p -v i e wi nah o r i z o n t a lx-y plane (where x indicates the west-east direction and y the south-north direction) in the upper part, and a vertical cross-section along the valley axis in the bottom part; regions of convergence/divergence are identified with vertical black arrows in the bottom part of each frame. Adapted from[START_REF] Kossmann | Pressure-driven channeling effects in bent valleys[END_REF].
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  Fig. II.4a and Fig. II.4b).

  p r o p o s e dac o n c e p t u a lm o d e lw h i c hi n d i c a t e st h a ti n ac u r v e dv a l l e y ,p r e s s u r e -d r i v e nc h a n n e l l i n gm a yl e a dt oc o nvergence or divergence of the along-valley flow, hence forming regions of compensatory upward or downward motions where the valley bends (see Fig. II.

  3.1.b,a l o n g -v a l l e yd i v e r g e n c eo fd o w n -v a l l e yfl o w si n d u c e sc o m p ensatory motions as required by mass conservation. The source of the compensatory air has been received little attention in the past.[START_REF] Whiteman | Atmospheric mass transport by along-valley wind systems in a deep Colorado valley[END_REF]assumedahorizontally homogeneous subsidence at the valley top in order to balance the along-valley divergence of the down-valley flow, neglecting influences from slope flows and tributaries because of the lack of data. A more refined calculation was performed during the 1984

Figure II. 6 :

 6 Figure II.6: Schematic of the cooling processes acting within an atmospheric volume encompassing the ground up to the top of the valley. Surface sensible heat flux at the ground surface (blue arrows), divergence of radiative heat fluxes (green arrows) and heat import/export due to advective and turbulent heat fluxesthroughthelateraland top surfaces (red arrows and eddies); see Eq. II.7.

Figure II. 8 :

 8 Figure II.8: Schematics of the reduced view of the sky within a valley. Arrows show long-wave radiation emitted by the ground or by the atmosphere. In a valley, because of the sloping surfaces, the downward long-wave radiation received at the valley floor is contributed from the atmosphere and by the surrounding terrain obstructing the sky; in a flat terrain only the air in the atmosphere contributes to downward long-wave radiation and the sky-view factor is one. Modified after[START_REF] Oke | Boundary layer climates-2nd ed[END_REF].

  Fig. II.6)t h ev o l u m e -a v e r a g e dc o o l i n gr a t ew a sm a i n l yd r i v e nb yt h es urface sensible
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  Figure II.11: Schematics of (a) advection of warm air at the top of the valley, leading to the formation of a strong capping inversion layer at the valley top and (b) turbulent erosion of the stable valley boundary layer; U is the large-scale (external) flow and different dash patterns identify different times of the vertical profile of potential temperature θ(z, t i )( i =1, 2...).

  a n dVosp er et al. [2014] discussed results from numerical model simulations of the formation of a CAP in valleys of very different depths. Vosp er et al. [2014]c o n s i d e r e dt h eC l u nV a l l e y ,E n g l a n d ,a narrow valley with depth between 75 and 150 m. In such a shallowvalley ,thesheltering provided by surrounding terrain allowed a CAP to form. The strong atmospheric static stability of the simulated developing CAP rapidly suppressedd o w n s l o p efl o w s . T h e cooling of the air adjacent to the ground was dominated by the parametrized subgridscale (SGS) turbulent mixing, while the cooling above was dominated by the transport of cold air from the valley sides or from down-valley drainage. By contrast, Burns and Chemel [2014, 2015]c o n s i d e r e da ni d e a l i z e d1 -k md e e pn a r r o wv a l l e y ,n o ts u b j e ct to down-valley winds.

Figure III. 1 :

 1 Figure III.1: (a) Terrain height for the control case. The top ography is symmetric about the origin (x, y)=(0, 0), where the cross-valley direction x is oriented west-east and the down-valley direction y is oriented south-north. (b) Contours of the terrain height (with intervals of 100 m) for the control case; the light blue box denotes the valley centre area, i.e. the area within the valley defined by 2 <y<4 km and |x| ≤ L x ; see Sect. III.2.6 for details. Note that half of the topography along the y-direction is displayed.
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 31 Fig. III.2a). After 90 min (i.e., 30 min after sunset), a shallow stable boundary layer typical of flat terrain develops over the plain; in the valley,b yc o n t r a s t ,t h ebo u n d a r y layer is deeper and, for a given height, displays lower temperatures than over the plain. This differential cooling is linked to the downslope flows, which develop about 30 min after sunset, as follows. The air advected by the downslope flow, together with the cold air layer over the valley floor due to longwave radiative heat loss, are mixed in the vertical by the rising motions resulting from mass conservation [seeBurns and Chemel, 2015,a n dS e c t .4 . 1 ] ,s i n c et h ed o w n -v a l l e yfl o wh a sh a r d l yf o r m e dat this time.

Figure III. 2 :

 2 Figure III.2: Vertical profiles of potential temperature θ v , averaged over the valley centre (black line, see Sect. III.2.6)a n do v e rt h ep l a i nf o r1 2 .4 ≤ y ≤ 14.4k m( r e d line) at (a) t =30min,(b) t =90min,and(c) and (d) t =330min. (d) is a zoom of (c) over the first 70 m above the ground surface.

Figure

  Figure III.3a displays the height of the CAP z CAP versus time for different positions in the along-valley direction y. Since the CAP height is partly controlled by the vertical motions induced by the downslope flows, the maximum value of the downslope flow speed u s,max computed at the same y-positions is displayed versus time in Fig. III.3b.

Figure III. 3 :

 3 Figure III.3: Time series of (a) the height of the CAP z CAP and (b) the maximum downslope wind speed u s,max at different positions in the along-valley direction y [y = 3k m( r e dl i n e s ) ,y =7km(greenlines)andy =9km(blac klines)]. (c) Along-valley cross-section of the down-valley wind vectors at t =150mina v eragedo v erthewidth of the valley floor. The reference wind vector corresponds to 1ms -1 .I s o -c o n t o u r so f the square of the Brunt-Väisäla frequency N 2 averaged over the width of the valley floor are superimposed, with intervals of 10 -4 s -2 .

Figure

  FigureIII.3b shows that, until 60 min or so, u s,max hardly varies in the y-direction. The downslope wind speed decreases from this time on, more so as the y-value is closer to the valley exit. This is associated with the development oft h ed o w n -v a l l e yfl o w after 1 h into the simulation (see Fig. III.4). Figure III.3bindicatesthatthedownslope flows reach a quasi-steady regime after about 3 h into the simulation. This is also the time when the along-valley flow becomes quasi-steady (see Fig. III.4). Analyzing now the evolution of the CAP height, three regimes canbedistinguished (see Fig. III.3a). Until the time u s,max reaches a maximum value, at about 60 min, z CAP hardly increases or varies in the y-direction. The CAP height increases sharply from this time on, due to the vertical motions induced by the downslope flows, which are more vigorous as the valley exit is farther. From t ≈ 180 min, when the down-valley

  Am o d e lf o rt h ed o w n -v a l l e yw i n dc o m p o n e n tv once a quasi-steady regime has been reached can be obtained from Bernoulli's equation for a steady, frictionless and irrotational fluid, viz.

  As shown in Fig.III.3b, the speed of the downslope flows decreases towards the plain.

Figure

  Figure III.5 displays time series of the height of the maximum speed of the downslope flows z (u s,max )a l o n gw i t ht h o s eo fz CAP at two positions in the along-valley direction.There is a general retreat of the downslope flows up the slopes as the CAP engulfs the slopes. This is consistent with the findings of[START_REF] Burns | Interactions between downslope flowsa n dad e v e l o p i n g cold-air pool[END_REF]f o ra2 D valley case. However, z (u s,max )i sa l w a y sl o w e rt h a nz CAP for y =9k m( i . e . ,t o w a r d s the valley exit). This can be explained as follows: towards the valley exit, the depth of the valley is significantly shallower (about 360 m at y =9km),andthedo wnslope

Figure

  Figure III.6 displays, for different times, vertical cross-valley sections of potential temperature θ v and wind vectors u cr ≡ (u, w), where u and w are the components of the wind in the cross-valley direction x and vertical direction z,r e s p e c t i v e l y . B o t h

Figure

  Figure III.6 suggests that, in the 3D valley, the circulation induced by the downslope flows may be subdivided in two regimes, depending on the presence of a downvalley flow or not. Before the down-valley flow is fully developed, there is a circulation within the CAP↑,w i t hr i s i n gm o t i o n si nt h ec e n t r eo ft h ev a l l e y( s e eF i g .III.6a, b for 1200 ≤ z ≤ 1400 m). After the down-valley flow is fully developed, a cross-valley circulation develops within the CAP↑ (see Fig. III.6c). This cross-valley circulation is not present in the 2D valley. Close inspection of the flow features in Fig. III.6c reveals that the cross-valley circulation is the result of the downslope flows overshooting theirlev elofneutralbuo y ancy .

  Figure III.6: Cross-valley sections (along the cross-valley direction x)o fp o t e n t i a l temperature θ v averaged over the along-valley section defined by 2 ≤ y ≤ 4k ma t t =1 2 0m i n[ (a) and (b)]a n dt =3 6 0m i n[ (c) and (d)]i nt h e3 D( l e f t )a n d2 D (right) valleys. The wind vectors u cr ≡ (u, w), where u and w are the components of the wind in the cross-valley direction x and vertical direction z,r e s pe c t i v e l y ,a v e r a g e d over the same along-valley section are superimposed. The reference wind vector is 0.5ms -1 .

  III.7b), corresponding to a period T ≈ 40 min. This frequency is close to that predicted by the model of McNider [1982], namely f McNider = N sin α/ (2 π). Indeed, using N = N 0 ≈ 0.71 10 -2 s -1 and the maximum slope angle α = α max ≈ 17 • , one gets f McNider ≈ 0.33 10 -3 s -1 .T h i sr e s u l ti sc o n s i s t e n tw i t ht h e findings of Largeron et al. [2013]f o ra3 Dv a l l e y . Times series of the heights of the GBI and of the CAP are displayed in Fig. III.8. The heights of the CAP in the 2D and 3D valleys diverge from one another already after 1 h or so into the simulation, when the down-valley flow develops (see Fig. III.4).

Figure

  Figure III.7: (a) Time series of the downslope wind speed u s at 10 m above ground level, for x = -1500 m and y =3 0 0 0m ,f o r1 2 0≤ t ≤ 360 min (i.e. when the downslope flows oscillate), in the 3D (red) and 2D (black) valleys. (b) Spectra |F | of u s at the same location, in the 3D (red) and 2D (black) valleys.

Figure III. 8 :

 8 Figure III.8: Time series of the height of the ground-based inversion z GBI (solid line) and cold-air pool z CAP (dashed line) in the 3D (red) and 2D (black) valleys, averaged over the over the x and y ranges of the valley centre.

Figure

  Figure III.9 displays vertical profiles of N 2 ,wheretheo v erbarindicatesana v erage over the x and y ranges of the valley centre and over time intervals of 40 min (corresponding to that of the oscillations of the downslope flows). The stratification in the GBI is similar for both the 2D and 3D valleys with a stratification two orders of magnitude larger than the initial stratification by the end ofthesimulatedtimeperiod (not visible on Fig. III.9a, b). However, the temporal evolution of the stratification above the GBI is more complex for the 3D valley (see Fig. III.9a) than for the 2D valley (see Fig. III.9b). For the 3D valley, prior to t =180minN 2 presents two local maxima at z ≈ 1100 m and z ≈ 1250 m, which are associated with the strong shear

Figure

  Figure III.10: Vertical profiles of potential temperature tendency ∂θ v /∂t,a v e r a g e d over the x and y ranges of the valley centre and over time intervals of 40 min, for the 3D (a) and 2D (b) valleys.

Figure

  Figure III.10 displays vertical profiles of the potential temperature tendency ∂θ v /∂t, averaged over the x and y ranges of the valley centre and over time intervals of 40 min, for the 2D and 3D valleys. A striking feature is the near uniformity of the profiles with height after t =240min,forboththe3Dand2Dv alleys. Bycon trast,thereare large variations along the vertical before that time, which calls for an examination of the different terms contributing to the potential temperature tendency. Vertical profiles of the different terms contributing to the potential temperature tendency (see Eq. III.5), averaged in the same way as ∂θ v /∂t,arepresentedinFig.III.11 for two time intervals. Before t =180min,theadv ectionandSGSturbulen theatflux divergence terms dominate the cooling rate (see Fig. III.11a, b). The contributions of advection in the 2D and 3D valleys are similar, as was already qualitatively described from Fig. III.6a, b. After t =1 8 0m i n ,t h ea d v e c t i o nc o n t r i b u t i o ni nt h e3 Dv a l l e y changes from a cooling to a warming as the circulation inducedb yt h ed o w n s l o p e flows changes (see Fig. III.6c). The near uniformity of the advection contribution with height, above the GBI (of height ≈ 1100 m) in the 3D valley may be explained as follows: the downslope flows become positively buoyant over the slope as they overshoot their level of neutral buoyancy, resulting in a spreading of the relatively warmer air vertically by convection. This relatively warmer air is thena d v e c t e dh o r i z o n t a l l yb y the cross-valley circulation over the entire CAP. In the 2D valley, vertical motions in the centre of the valley are eventually reduced, but not suppressed (see Fig. III.6d). This vertical transport produces a homogeneous cooling for 1100 ≤ z ≤ 1500 m, with the contributions from advection and radiation being almost equal. Hence, the

Figure

  FigureIII.11a, b indicate that, until t ≈ 120 min, the magnitude of the contribution from the SGS turbulent heat flux divergence is comparable to that of the (resolved) advection contribution up to 1250 m (that is the height of the CAP at t =120min). By the end of the simulated time period, for the 3D valley, the SGS turbulent heat flux divergence contribution at the valley floor is -2.7Kh -1 ,t h a ti sl a r g e rt h a nt h e

  III.12c). Figure III.12ddisplaysthetimeseriesofthecontributionfromSGSturbulent heat flux divergence, which is mostly due to the surface turbulent heat flux. After t ≈ 180 min, because of the slow down of the downslope flows as the CAP grows up, its magnitude decreases with time for the 2D valley and is almost the same within the GBI and CAP↑.

Figure

  Figure III.13 shows vertical cross-sections of the vertical velocity w,w i t ht h ea l o n gvalley velocity component v superimposed at t =300minforthe3Dand2Dv alleys. The fields are averaged over the along-valley section defined by 2 <y<4k m . T h e

  Fig. III.8 for the height of the CAP). This return flow transports air from the plain to the valley, as opposed to the down-valley flow underneath. Hence, for the 3D case the inflow of air into the slope layer, is driven by a combination of the return flow, the subsidence above the plateaux and the horizontal (cross-valley) advection from the plateaux.The relative contributions of these processes to the mass budget of the 3D valley can be quantified by considering the mass budget for a control volume encompassing the upper part of the valley atmosphere and part of the plateaux, defined by z CAP <

Figure

  Figure III.15 displays time series of the net mass fluxes associated with theh o r i zo n t a l velocity components u and v,andthemassfluxesassociatedwiththev erticalv elocit y w across the top and bottom surfaces of this control volume, denoted by Mu , Mv , Mw, t and Mw ,r e s pe c t i v e l y . W eq u a n t i f yt h ei m po r t a n c eo fe a c ho ft h e s et erms in the mass budget with respect to Mw by normalizing them by Mw .B e f o r et =2 8 5m i n , the subsidence from the free atmosphere ( Mw,t )d e c r e a s e sm o n o t o n i c a l l yi na b s o l u t e value with time. The along-valley mass flux ( Mv ) decreases continuously and becomes negative from about t = 160 min, as the return flow intensifies. After t =160min, Mv increases monotonically in absolute value with a value of -0.75 Mw at t =285min. A t this time, the advection of air along the slopes, across the upper surface of the CAP, is mainly replenished by the air from the plain, due to the return flow. After this time, Mw, t increases in absolute value, which is associated with a decrease in absolute value of Mv .B yt h ee n do ft h es i m u l a t e dt i m ep e r i o d , Mw, t is equal to -0.35 Mw and Mu to -0.15 Mw ,w h i l e Mv is equal to -0.50 Mw . Hence, we conclude that, by the end of the simulated time period, the vertical mass flux in the slope layer is driven by ac o m p l e xi n t e r p l a yb e t w e e nt h ea l o n g -v a l l e ym a s sfl u xf r o mt he plain to the valley, resulting from the return flow, and the subsidence and horizontal advection from the plateaux.

Figure

  Figure III.14: Net mass fluxes across the surfaces of the control volume defined horizontally by the valley centre and of height equal to that of the CAP, scaled by the mass of the CAP: vertical flux M w (red), along-valley flux M v (blue) and cross-valley flux M u (black) for (a) the 3D valley and (b) the 2D valley. The grey line shows the vertical mass flux across the entire upper surface of the CAP (from slope to slope), denoted by Mw .

Figure

  Figure III.15: Mass fluxes across the surfaces of the upper control volume defined by z CAP <z<(h 0 + H +100 m), -(S x + L x +1000 m)<x<(S x + L x +1000 m), 2 <y<4 km, normalized by the vertical mass flux across the bottom surface, denoted Mw :n e ta l o n g -v a l l e yfl u x Mv / Mw (blue), net cross-valley flux from the plateaux Mu / Mw (black), vertical flux across the bottom surface (within the CAP) Mw / Mw (grey), vertical flux across the top surface (subsidence) Mw, t / Mw (red), for the 3D valley.

Figure

  FigureIII.16 shows the comparison between the squared wind speed difference computed using Eq. III.9 (denoted by ∆v 2 exit ) with the variables averaged in the range 2 <y<4k m ,a n df r o mt h eW R Fm o d e lo u t p u t s( d e n o t e db y∆v 2 WRF ) at the valley exit (y =9k ma n dy =13km for the shorter and longer v alley , respectiv ely). The comparison is made between 150 and 360 min. Despite the assumptions made to derive Eq. III.9,theexpressiongivesacorrectorder-of-magnitudeofthesquared along-

  Figure III.16: Scatter plot of the difference in the squared along-valley wind speed between the two finite length valleys displayed in Table III.1,c o m p u t e df r o mt h e WRF model outputs (x-axis, ∆v 2 WRF)v e r s u si t se s t i m a t e ,u s i n gE q .III.9 (y-axis, ∆v 2 exit ), between 150 and 360 min. The dashed lines indicate the rangewithinafactor 2a n dt h es o l i dl i n ei st h eo n e -t o -o n el i n e .

  The Weather Research and Forecast numerical model is used to investigate the nocturnal atmospheric boundary layer in a valley that opens either on a wider valley (draining configuration) or on a narrower valley (pooling configuration). One draining case and three weak to strong pooling cases are considered. Results show that the structure of the nocturnal boundary layer is substantially different for the draining and pooling configurations. The greater the pooling, the deeper and colder is the boundary layer. Down-valley winds are weaker for pooling and draining configurations than in an equivalent valley opening directly on ap l a i n . F o rt h es t r o n g pooling case, an up-valley flow develops from the narrower to the wider valley during the evening transition, affecting the mass budget of the wider valley during that period. Considering the heat budget of the valley system, thec o n t r i b u t i o no ft h e diabatic processes, when appropriately weighted, hardly varies along the valley axis.Conversely, the contribution of advection varies along the valley axis: it decreases for ap o o l i n gc o n fi g u r a t i o na n di n c r e a s e sf o rad r a i n i n gc o n fi g u r ation. Consequently, for apoo l i n gc o n fi g u r a t i o n ,t h eh e a tt r a n s f e rbe t w e e nt h ev a l l eyandtheplainisreduced, thereby increasing the temperature difference between them.F o rt h es t r o n gp o o l i n g case, this temperature difference can be explained by the valley-volume effect once the down-valley flow has developed. This occurs in a valley when the 'extra' heat loss within the valley due to the surface sensible heat flux balances the heat input due to advection.

  [START_REF] Mckee | The role of valley geometry and energy budget in the formation of nocturnal valley winds[END_REF] considered the intra-valley variations of the TAF, thereby characterizing temperature gradients along the valley axis. In valleys characterized by a decreasing TAF (i.e. the valley widens) in the down-valley direction, the along-valley variation of the valley geometry induces a horizontal temperature gradient that promotes the development of a down-valley flow. Such valleys are defined as 'draining' valleys. Conversely, when the TAF increases (i.e. the valley narrows) in the down-valleydirection,thehorizon tal temperature gradient changes sign, hindering the development of a down-valley flow and promoting stagnation of the air in the valley. Such valleys are defined as 'pooling' valleys. This classification was used by[START_REF] Lundquist | Automated algorithm form a p p i n gr e g i o n s of cold-air-pooling in complex terrain[END_REF]i nt h ed e v e l o p m e n to f an algorithm to map mountainous regions sensitive to cold-air-pooling processes.

Figure IV. 1 :

 1 Figure IV.1: Contours of the terrain height h (with intervals of 100 m) defined by Eq. IV.1.T h ec r o s s -v a l l e yd i r e c t i o nx is oriented west-east and the along-valley direction y is oriented south-north. The terrain is symmetric about the plane y =0 . (a) Draining case D1 in Table IV.1;u p s t r e a mv a l l e y( V u ,0<y<10 km) with half-width valley floor L x,u ,c o n n e c t e db yaj u n c t i o no fl e n g t hL J to the downstream valley (V d , 13 <y<19 km) with half-width valley floor L x,d =2.875 L x,u ,whic hopensonaplain P.T h ec r o s s -v a l l e ys l o p ew i d t hS x is the same for the downstream and upstream valleys. (b) Pooling case P1 in Table IV.1;s a m ea s(a),b u tc o n s i d e r i n gad o w n s t r e a m valley with half-width valley floor L x,d =0.25 L x,u .

  tot Sy L y,tot < |y| ≤ S y + L y,tot 0 |y| >L y,tot + S y 1 |y| ≤ L y,tot , (IV.4) where L y,tot =24kmisthetotallengthofthev alleysystem,L y,d =6kmisthelength of V d , and S y =5kmisthealong-v alleyslopewidthofV d . This formulation for the terrain height can describe a valleyo pe n i n go rn a r r o w i n g on another valley, which opens on a plain, as illustrated in Fig. IV.1.F i g . IV.1a and Fig. IV.1bs h o wc o n t o u r so ft h et e r r a i nh e i g h th defined by Eq. IV.1 for L x,d = 2.875 L x,u and L x,d =0.25 L x,u , respectively.

  are shown in Fig. IV.2.F o rad e e p and narrow (alpine) valley model, S x /L x should be larger than about 2 leading to γ between about 0.75 and 1.33. This shows that only a limited range of values for γ can be explored. The geometrical parameters for the numerical simulations presented in this work are listed in Table IV.1.As y m b o l i cn o t a t i o ni su s e dt od i fferentiate the simulations: acapitalletterX = I,D,P defines the type of valley system [isolated valley-plain (I), draining (D), pooling (P)]; a number n =1 , 2d e fi n e st h eg e o m e t r yo ft h eu p s t r e a m and reference valleys considered. The subscripts u and d are used to indicate the valley section considered (u for V u and d for V d ). For instance P1 d refers to V d for the P1 Table

[

  

Figure IV. 3

 3 Figure IV.3 displays vertical profiles of potential temperature change from t =0inV u and V d ,d e n o t e db y∆θ,f o rt h ed i fferent cases at t =1 5 0m i na n dt =3 6 0m i n . T h e top height of the VBL is diagnosed here by the top height of the elevated inversion layer. Figure IV.3ashowthatthenear-surfaceatmosphereexperiencesastrongcooling during the first part of the night (θ decreases by 5 K from t =0tot =150min)forall the cases. The pooling cases P1 and P1b present a colder and deeper VBL than the respective reference case I1 and draining case D1; this result also holds for P2 and I2.As shown by[START_REF] Arduini | Interactions between then i g h t -t i m ev a l l e ywind system and a developing cold-air pool[END_REF], before the down-valley flow is fully developed, the

  FigureIV.4: (a) Time series of the down-valley wind speed at z =25ma.g.l.,a v eraged in the range -180 <x<180 and 11 <y<13 km (i.e. V u exit) and (b) horizontal pressure gradient between V u and V d ,c o m p u t e da l o n gt h ev a l l e ya x i sa ty =3k m for V u and y =1 3k mf o rV d ,a tz =2 5ma . g . l . ,h o r i z o n t a l l ya v e r a g e di nt h er a n g e -180 <x<180 m, for the I1 (black solid line), D1 (black dashed line), P1 (black dotted line), P1b (black dashed-dotted line), I2 (red solid line), and P2 (red dotted line) cases; see TableIV.1 and Sect. IV.2.2 for the definition of the simulations.

  Figure IV.5: (a) Vertical profiles of the down-valley wind comp onent v,h o r i z o n t a l l y averaged in the range -180 <x<180 m and 11 <y<13 km (i.e. V u exit), at t =150minfortheI1(black solid line), D1 (black dashed line), P1 (black dotted line), I2 (red solid line), and P2 (red dotted line) cases; see Table IV.1 and Sect. IV.2.2 for the definition of the simulations. (b) Same as (a),b u ta tt =360min.

  IV.5b).

Figure IV. 6 :

 6 Figure IV.6: Time series of the normalized net along-valley mass fluxes across the surfaces of the V u valley volumes (V u ), for the D1 (black dashed line), P1 (black dotted line), P1b (black dashed-dotted line), and P2 (red dotted line)c a s e s ;s e eT a b l eIV.1 and Sect. IV.2.2 for the definition of the simulations. The mass fluxes are normalized by the mass fluxes in the valleys for the respective reference cases (I1 and I2).

Figure 1 Figure

 1 Figure IV.7 displays time series of the V u -averaged terms of the heat budget equation (Eq. IV.8), for the D1, P1, P1b and P2 cases and the respective referencec a s e s( I 1

Figure IV. 8

 8 Figure IV.8 displays time series of along-valley and vertical heat fluxesf o rV u ,f o r the D1, P1, P1b, P2 cases and the respective reference cases (I1 and I2). For the I1 and I2 cases, the contribution from the net along-valley heatfl u xi n c r e a s e sw i t ht i m e , and it is 82% and 88%, respectively, of the total advection contribution by the end of the simulated time period (see Fig. IV.8aa n dIV.8c). For the D1 case the alongvalley heat flux is reduced, and it is 60% of the total advectionc o n t r i b u t i o nb yt h e end of the simulated time period (see Fig. IV.8a). This indicates that the net export of colder air out of V u by the down-valley flow is the most efficient heat transport mechanism for the draining and reference cases. However, the vertical heat flux plays an o n n e g l i g i b l er o l ef o rt h eD 1c a s e ,a n di ti si n c r e a s e db yaf actor of 2.4 compared to that for the respective reference case. For the pooling cases, the net along-valley heat flux accounts for 32% of the contribution from advection for the P1 and P1b cases and 15% for the P2 case at the end of the simulated time period (see Fig. IV.8b, Fig. IV.8c and Fig. IV.8d). This indicates that the import of warmer air at the valley top is the dominant heat transport mechanism for the pooling cases. Compared to those for the respective reference cases, the vertical heat flux is increased by a factor of 3.2f o rt h e P1 and P1b cases, and by a factor of 5.3 for the P2 case.

Figure IV. 8 :

 8 Figure IV.8: Time series of the horizontal and vertical heat fluxes across the surfaces of V u [HV :h o r i z o n t a l( a l o n g -v a l l e y )h e a tfl u x ;HW:v e r t i c a lh e a tfl u x ]f o rt h eu pstream valley (dashed line)a n dt h ec o r r e s p o n d i n gi s o l a t e dv a l l e yo p e n i n gd i r e c t l yo n ap l a i n( continuous line)f o rt h e(a) D1, I1; (b) P1, I1; (c) P2, I2; (d) P1b, I1 cases; see Table IV.1 and Sect. IV.2.2 for the definition of the simulations.

Figure

  Figure IV.10 shows time series of the valley-volume-averaged terms of theheatbudget (Eq. IV.8)andofthenetalong-v alleyandverticalheatfluxesacrossthe surfaces of the volumes for V u and V d ,f o rt h eD 1 ,P 1a n dP 2c a s e s ,a n dt h et o t a lc o o l i n g( t e n d e n c y term) averaged over the plain volume. For t<60 min, Fig. IV.10ca n dF i g .IV.10e show that for the pooling cases (P1 and P2), V d experiences a stronger cooling than V u .T h i ss t r o n g e rc o o l i n gs t e m sf r o mt h ec o o l i n gc o n t r i b u t i o nfrom the surface sensible heat flux, which is larger in the narrower valley because of thes m a l l e rv a l l e yv o l u m e .During this time period, the warming effect from advection hasn o ts t a r t e dy e t( s e e Fig. IV.10candFig.IV.10e). Hence, the atmosphere is cooler in V d than in V u ,forcing the up-valley flow from V d to V u (most noticeable for the P2 case).

  Figure IV.10: Time series of the terms of the valley heat budget (see Eq. IV.8)a n d horizontal and vertical heat fluxes across the surfaces of V u and V d [HV :h o r i z o n t a l (along-valley) heat flux; HW: vertical heat flux] for the upstream (dashed line)a n d downstream (continuous line)v alleys,respectiv ely ,forthe(a) D1, (b) P1 and (c) P2 cases; see Table IV.1 and Sect. IV.2.2 for the definition of the simulations. The grey line corresponds to the total cooling (tendency term) for thep l a i nv o l u m e ,d e fi n e db y -(L x,u + S x,u ) <x<(L x,u + S x,u ), 30 <y<32 km and h 0 <z<H+ h 0 .

  Figure IV.11: Left column: ratios of the time-integrated terms of the heat budget of the upstream valley to those of the downstream valley (see Eq. IV.13), for the (a) D1, (c) P1 and (e) P2 cases; see Table IV.1 and Sect. IV.2.2 for the definition of the simulations. Right column: the same ratios, but consideringt h eu p s t r e a mv a l l e ya n d the plain, (see Eq. IV.14), for the (b) D1, (d)P1 and (f ) P2 cases. The plain volume is defined as in Fig. IV.10.

  IV.4aand Fig. IV.4b). The deeper valley boundary layer in the pooling configurations leads to a deeper down-valley flow, with no anti-winds up to thep l a t e a u x ,a s opposed to the valley-plain configuration. Because of the absence of anti-winds, the net mass flux out of the valley is higher in pooling and draining configurations when compared to the corresponding valley-plain configurations (seeFig. IV.6), although the low-level down-valley wind is reduced by a factor of 2. For the strong pooling configuration, the mass flux is up-valley during the early night, leading to an inflow of air from the downstream to the upstream valley.

  IV.7a). For the pooling configurations the cooling rate is about 50% larger than that of the corresponding valley-plain configurations during the transient regime, because of the reduction of the along-valley and vertical heat fluxes during this time period (see Fig. IV.8b, Fig. IV.8c and Fig. IV.8d). When a steady state is reached, the advection contribution to the valley heat budget leads to a warming of the valley atmosphere. It is dominated by the along-valley heat flux for the draining and valley-plain configurations and by the vertical heat flux at the valley top for the pooling configurations.

of

  Valley is characterised by three major tributaries and a variation of the valley floor width along the valley axis from about 2000 m upstream to approximately 200 m close to the valley exit, where the Valley opens on the southern part of the wide Swiss Plateau. The study relies on the dataset collected during the PASSY-2015 field campaign, a field experiment that was held in this section of the Valley during the winter of 2014-2015.

  Figure V.1: (a) Topographic map of domain d01 with the positions of the nested domains d02, d03 and d04 represented by boxes. (b) Topographic map of the innermost domain d05; the dashed black polygon indicates the horizontal extent of the PASSY control volume, the white line indicates the path of cross-sections used in the paper; mass and heat fluxes are calculated across 'gates' represented by the blue lines; the position of selected sites are labelled in bold: radiosounding site (RS), downstream part of the valley (DS), Megève (MGV), Saint-Gervais-les-Bains (STGV), Chamonix (CHMNX) and Marnaz (MRNZ). (c) Terrain height along the polygon defining the PASSY control volume; the dotted line indicates the mean height of the terrain along the polygon; the dashed-dotted line is the height of the RS site; see text for details.

February 2015 .

 2015 The upp er-level ridge of the blo cking patternw aslocatedimmediately to the east of the British Isles on 9 February 2015 at 0000 UTC (see Fig. V.2a). The CAP formed in the evening on 9 February 2015, when the upper-level ridge moved over Northwest Europe (see Fig. V.2b). This synoptic flow pattern led to the channelling of the large-scale north-easterly flow over the Swiss Plateau, bringing warm air above the Passy Valley. From 10 to 12 February 2015 the upper-level ridge continued to move across Europe and was centred over Central Europe on 12 February 2015. The displacement of the ridge resulted in a weakening of the wind speed and a rotation of the wind over the occidental Alps clockwise from north-easterly on 9 February 2015 to south-easterly on 12 February 2015 (see Fig. V.2b to d), allowing the CAP to persist over time. On 13 February 2015 the trailing upper-level trough cut across Northwest Europe, leading to a southerly flow and an increase inw i n ds pe e do v e rt h e occidental Alps (see Fig. V.2e). On 14 February 2015 cold air brought by the largescale perturbation reached the occidental Alps (see Fig. V.2f), thereby removing the PCAP and putting an end to IOP1.

Figure V. 2 :

 2 Figure V.2: Synoptic weather conditions at 500 hPa from 9 to 14 February 2015 at 0000 UTC (a) to (f) extracted from the European Centre for Medium-range Weather Forecasts (ECMWF) gridded analyses with a horizontal resolutiono f0 .25 • .T h ec o l o u r and dashed contours indicates geopotential height and temperature (in K), respectively. The green dot in the centre of the weather charts indicates the position of the Passy Valley.

Figure V. 3

 3 Figure V.3 shows the temporal evolution of the vertical structure of the CAP obtained by compiling potential temperature profiles from the radiosounding ascents and windprofiles retrieved from LiDAR and wind profiler data at the RS site during IOP1, and extracted from the WRF-R simulation. It is overall well captured in WRF-R, despite some discrepancies in particular before the PCAP event duringt h en i g h tf r o m8t o9 February 2015 and the end of the episo de on 14 February when simulated temperatures are slightly too warm and the transitions in the simulated wind regime occur a bit

  Figure V.5: Birdeye plots of the wind and potential temperature fields at z = z m =1 5 6 0ma . s . l . f r o m1 0t o1 4F e b r u a r y2 0 1 5a t0 0 0 0 UTC (a), (c), (e), (g) and (h), respectively, and 1200 UTC (b), 1500 UTC (d), and 1200 UTC (f), respectively. The speed and direction of the large-scale flow at z =6 0 0 0ma . s . l . a r ei n d i c a t e do nt h et o pr i g h tc o r n e ro ft h ep l o ts. The green dot in the centre of the plots indicates the position of the Passy Valley.

  Fig. V.6fa n di ) . T h el a r g e -s c a l efl o wa tt h i st i m ew a sn o r t h e a s t -e a s t erly, i.e. aligned with the Sion and Chamonix valleys, thereby favouring the channelling of the flow down these two valleys (see Fig. V.5c). Throughout the night the large-scale flow slowly rotated clockwise and strengthened as the upper-level ridge moved towards the north-east (see Fig. V.6aa n dV.6b). Later on, on 11 February 2015 at 1200 UTC, the large-scale flow became south-easterly, and the resulting channelling through the Swiss Plateau gave rise to a regional south-westerly flow at mid-level (see Fig, V.5d). This led to a channelling of the flow through the downstream part of the Passy Valley and the rapid change in the wind direction within the valley tos o u t h -w e s tf r o m1 2 0 0 UTC to 1800 UTC, a transition well captured in WRF-R. During the night between 11 and 12 February 2015 θ at z =1 0 0 0ma . s . l .a n dz = z m hardly varied (Fig. V.6f and i), while the near-surface temperature dropped throughout the night, as during the previous night. The amplitude of the diurnal range of θ at z = z m is somewhat underestimated in WRF-R, but the overall temporal evolutionisw ellcapturedduring this night. From 10 to 12 February 2015 the near-surface temperature at night was non-homogeneous across the valley floor, as indicated by differences of 4-5 K between the DS and RS sites that are approximately at the same height (see Fig. V.6l), while

Figure V. 6 :

 6 Figure V.6: Timeseries of the horizontal wind speed (left column) and direction (middle column), and potential temperature (right column) at z =6000ma.s.l.,z = z m =1560ma.s.l.,z =1000ma.s.l. andz =10ma.g.l. (toptobottomro ws,respectiv ely),atthelocations of the RS, DS, MGV and CHMNX sites (see Fig. V.1bforthelocationofthesites),inWRF-Rduringthesim ulatedtimeperiod.Observ ational data at the RS site are superimposed: wind data derived from the wind profiler measurements at z = z m and z =1000ma.s.l.andfrom an instrumented meteorological mast at z =10ma.g.l.,andpoten tialtemperaturedataatz = z m and z =1000ma.s.l.deriv edfromthe radiosounding measurements and from an instrumented meteorological mast at z =10ma.g.l.

  During 13 and 14 February 2015, advection of cold air by the large-scale perturbation led to the destruction of the CAP, strengthening of the near-surface flow with prevalently southerly winds, and a homogenisation of the temperature across the valley floor (see Fig. V.5g, V.5h and V.6l). The overview of the life-cycle of the CAP presented above identified three main time periods, which correspond to the three stages of a PCAP: P1 The formation stage -from 8 to 10 February 2015, when the valley inversion formed in the Passy Valley and a change in wind direction was observed aloft; P2 The persistent stage -from 10 to 13 February 2015, when the valley inversion persisted in the Passy Valley; P3 The destruction stage -on 14 February 2015.

  Figure V.7: Simulated wind and potential temperature fields at z =1 0ma . g . l . i n WRF-R (top row) and WRF-I (bottom row) on 10 February 2015 at 1800 UTC (left column) and 11 February 2015 at 0600 UTC (right column). The speed and direction of the large-scale flow at z =6000ma.s.l. areindicatedonthetoprigh tcornerofthe plots for WRF-R.

  Fig. V.7ba n dV.7d). However, the near-surface temperature there is lower in WRF-I than in WRF-R, which explains the larger near-surface vertical gradient of potential temperature that develops in WRF-I when compared to WRF-R during the second part of the night (see Fig. V.4b).

Figure

  Figure V.10: Timeseries of the mass fluxes through DS (M DS ), MGV (M MGV ), CHMNX (M CHMNX ), STGV (M STGV ), vertically integrated from the ground surface to z = z m , and through the top surface at z = z m (M TOP )f o rt h ep e r i o df r o m1 0F e b r u a r y2 0 1 5 at 1200 UTC to 12 February 2015 at 1200 UTC in WRF-R (a) and WRF-I (b); see Fig. V.1ba n dV.1cf o rt h el o c a t i o no ft h eg a t e s . T h en i g h t t i m ep e r i o d s( f r o ms unset to sunrise) are displayed as grey shading. The bottom panel shows the mass fluxes normalised by the total mass flux out of the Passy Valley. Positive and negative values of the mass flux correspond to a flux out of and into the Passy Valley, respectively.

Figure V. 12 :

 12 Figure V.12: Horizontal cross-sections (across the polygon defining the PASSY volume, see Fig. V.1b) of the vertical mass flux at the height of STGV on 10 February 2015 at 2200 UTC (during P2a) in WRF-R (a) and at the height of MGV on 11F e b r u a r y 2015 at 1900 UTC (during P2b) in WRF-I (b). Positive and negative values of the mass flux correspond to a flux out of and into the Passy Valley, respectively.

  Figure V.13: (a) Timeseries of the density-weighted total potential temperature tendency (TEND), advection contribution (ADV) to the total tendency and that restricted to the tributaries (Trib, horizontal advection), averaged over the PASSY volume (see Fig. V.1b), for the period from 10 February 2015 at 1200 UTC to 12 February 2015 at 1200 UTC in WRF-R; (b) Timeseries of the horizontal advection contribution to the total tendency from DS, MGV, CHMNX and STGV (see Fig. V.1b). The nighttime periods (from sunset to sunrise) are displayed as grey shading.

Figure V. 14 :

 14 Figure V.14: Timeseries of the heights of the cold-air pool (CAP h )andofthecapping inversion (CI h ), and potential temperature at the RS and MGV sites (see Fig. V.1b), vertically-averaged in the height range 1150 <z<z m =1560ma.s.l(θ RS and θ MGV , respectively), for the period from 10 February 2015 at 1200 UTC to 12 February 2015 at 1200 UTC in WRF-R. Note that there is no capping inversion after 1500 UTC on 11 February 2015. Dashed lines indicates the height of the valley floor at MGV (1100 m a.g.l.) and z m =1 5 6 0ma . s . l . ( s e eF i g .V.1c). The nighttime periods (from sunset to sunrise) are displayed as grey shading.

  in WRF-R and WRF-I during nighttime. During P2b, the trends are opposite: in WRF-R TEND and ADV decrease with time during the night while in WRF-I they increase. Note that as the consequence of the stagnation of the air mass in WRF-R in the late night during P2b, ADV fluctuates about zero. This difference between WRF-R and WRF-I during P2b is a result of the evolution of the large-scale flow. As the south-southeasterly large-scale flow strengthens during the course of the night, favouring channelling through MGV, subsidence of warm air at the top of the CAP reduces the horizontal temperature contrast between the valley centre and outside the valley towards MRNZ (see Fig. V.1b). This leads to a reduction in the near-surface pressure difference driving the down-valley flow between RS and MRNZ between 2100 and 0000 UTC (see Fig. V.16), leading to the stagnation of the near-surface air within the valley. This reduction is not as marked in WRF-I and the near-surface horizontal pressure difference between RS and MRNZ continues to drive ad o w n -v a l l e yfl o w throughout the night (see Fig. V.16b).

Figure VI. 1 :

 1 Figure VI.1: Schematic diagrams of (a) along-valley section showing the difference in the boundary-layer height between the plain (left) and the valley (right) which force the down-valley flow, with the main mechanisms coming into play in the mass budget of the valley; (b) cross-valley section showing the main phenomena and processes affected by the down-valley flow development and potential temperature profiles at times t 1 <t 2 <t 3 after that a quasi-steady regime is reached.

Figure VI. 2 :

 2 Figure VI.2: Schematic diagrams in a z-along-valley section of the controls on the near-surface atmosphere of the section of the Arve River Valley around the town of Passy when the upper-level ridge moved away from the Passy Valley; (a) during the first part of the night, the flow is channelled from Marnaz towards Megève in the upper-part of the valley, and the upper-part of the atmosphere is colder in the Passy Valley than in Marnaz, hence forcing thermally-driven down-valley flows in the nearsurface atmosphere; (b) the temperature difference in the upper-part of the cold-air pool is reduced because of subsidence warming, thence the pressure difference at the surface is reduced and no down-valley flows form; the air is stagnant within the valley. See the text and Chapter V for details.

Figure A. 1 :

 1 Figure A.1: Topographic map of the section of the Arve River Valley between Cluses and Servoz in the French Alps, displaying the terrain height (filled contours), Arve River (blue line) and location of the PM 10 monitoring site in Sallanches, and of the rawinsonde (RS) and microwave radiometer (MWR) sites. The black line indicates the horizontal direction of the MWR beam, orientated 343 • North.

Figure A. 2 :

 2 Figure A.2: Temperature profiles above ground level at z = h 0 at the location of the microwave radiometer (MWR) site (see Fig. A.1 and Table A.1), (a) retrieved from the MWR data and (b) from the rawinsonde (RS) ascents during the Passy-2015 intensive observation periods (IOPs) from 6 to 14 February 2015 (IOP1) and from 17 to 20 February 2015 (IOP2) at the times of the RS launches.

Figure A. 3 :

 3 Figure A.3: Squared Pearson product-moment correlation coefficient r 2 between the heat deficit calculated for different integration heights z and PM 10 concentration at Sallanches during the Passy-2015 field campaign main observation period (from 10 January to 28 February 2015) displayed as a function of heighta bo v eg r o u n dl e v e la t z = h 0 at the location of the microwave radiometer site (see Fig. A.1 and Table A.1), on (a) daily and (b) hourly time scales. 95% confidence intervals, determined using the Fisher transformation, are shown as horizontal lines.

Fig. A. 3

 3 Fig. A.3 shows that the correlation coefficient r 2 increases with height reaching a maximum value for a height above ground level z -h 0 near 1, 000 m and decreases with height above, on both daily (midnight to midnight LT) andh o u r l yt i m es c a l e s .

Figure A. 4 :

 4 Figure A.4: (a) Time series of the daily average valley heat deficit (solid line) and PM 10 concentration (dotted line) at Sallanches and (b) corresponding scatter plot, during the Passy-2015 field campaign main observation period( f r o m1 0J a n u a r yt o 28 February 2015). The grey horizontal line shows the the daily average limit value of 50 µgm -3 .T h ev e r t i c a ls o l i da n dd o t t e dl i n e so nt h et i m es e r i e si n d i c ate the range of hourly variations of the valley heat deficit and PM 10 concentration, respectively. The solid line on the scatter plot shows the linear regression line.

Figure A. 6 :

 6 Figure A.6: (a) Time series of the hourly average valley heat deficit (solid line) and PM 10 concentration (dotted line) at Sallanches and (b) corresponding scatter plot, during the Passy-2015 field campaign main observation period( f r o m1 0J a n u a r yt o 28 February 2015). The solid line on the scatter plot shows thelinearregressionline.

Figure A. 7 :

 7 Figure A.7: Mean hour-of-day variation of PM 10 concentration at Sallanches during the Passy-2015 field campaign main observation period (from 10 January to 28 February2015), normalized by the mean value during this period (dark grey solid line), and diurnal profiles of PM 10 emissions for the residential combustion (dashed line) and road transport (dotted line) source sectors, and both combined (black solid line), normalized by total PM 10 emissions during the period considered. The 95% confidence interval for the mean hour-of-day variation of PM 10 concentration, calculated through bootstrap re-sampling, is displayed as grey shading. The vertical lines shows the average times of sunrise and sunset above the horizon during the period considered.

Figure A. 8 :

 8 Figure A.8: The top plot displays the mean hour-of-day variation of hourly time rate of change of the potential temperature profile above ground level at z = h 0 at the location of the microwave radiometer site (see Fig. A.1 and TableA.1)d u r i n gt h eP a s s y -2 0 1 5 field campaign main observation period (from 10 January to 28 February 2015). Note that the colour scale is not linear. The bottom plot displays the mean hour-of-day variation of the vertical gradient of potential temperatureinthefirst100mabo v ethe ground surface (dark grey solid line), denoted by ∆Θ/∆z,atthesamelocationduring the same period. The 95% confidence interval for the mean hour-of-day variation of ∆Θ/∆z,c a l c u l a t e dt h r o u g hboo t s t r a pr e -s a m p l i n g ,i sd i s p l a y e da sg r e ys h a d i n g . T h e vertical lines shows the average times of sunrise and sunset above the horizon during the period considered.

  Analysis of temperature profile and ground-based PM 10 concentration data collected with a temporal resolution of one hour or finer, as part of the Passy-2015 field campaign conducted around Passy in the section of the Arve River Valley between Cluses and Servoz in the French Alps during the winter season 2014-2015 led to the following main conclusions:

  

  this detrainment is associated with a horizontal advection of colder air into the valley, the vertical stratification of the valley atmospheremaydecreasethroughoutthe night[START_REF] Whiteman | Nocturnal cold-air intrusions into a closed basin: observational evidence and conceptual model[END_REF]. This argument was proposed by[START_REF] Whiteman | Nocturnal cold-air intrusions into a closed basin: observational evidence and conceptual model[END_REF] 

	z	
	capping inversion	
	at t 1	capping inversion
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	Figure II.9: Schematic of the structure of the stable boundary layer in a valley dur-
	ing the development period, at time t 1 and at time t 2 >t 1 , with the main features
	highlighted. Adapted from Whiteman [1986].	
	and Haiden et al. [2011]inordertoexplainthenear-isothermallayerabovethestrongly
	stratified ground-based-inversion in the Meteor Crater (Arizona, USA): air cools at the
	top of the basin, over the elevated plateaux, then it is advected into the basin, hence
	detraining at the height corresponding to its level of neutral buoyancy. This leads to a
	differential vertical cooling which weakens the stability oft h eu p pe rp a r to ft h eb a s i n
	atmosphere. This mechanism was confirmed by Kiefer and Zhong [2011]inanumerical
	simulation of an idealised two-dimensional valley with similar geometrical parameters
	of the Meteor Crater (Arizona, USA). A similar two-layer vertical thermal structure
	of the boundary layer (namely a strong ground-based inversion surmounted by a near-
	isothermal layer) was also observed by other authors in deeper valleys. Clements
	et al. [1989b]o b s e r v e das t r o n gg r o u n d -b a s e di n v e r s i o nl a y e rs u r m o u n t e d by a nearly
	isothermal region up to the valley top for the Brush Creek Valley (Colorado, USA).
	Neff and King [1989]r e p o r t e das i m i l a rs t r u c t u r ef o rt h eD eB e q u eb a s i n( C o l o r a do,
	USA).	

  Chapter III;C h a p t e rIV aims at addressing objective O2;C h a p t e rV focusses on objectives O3 and O4 using a dataset collected during IOP1 of the PASSY-2015 field

campaign; more details about the PASSY-2015 field campaign are reported in Appendix A.C h a p t e rVI draws general conclusions from this work and gives indications for future research in the field.
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V. During the sub-period P2b (from 11 February 2015 at 1200 UTC to 12 February 2015 at 1200 UTC) the evolution of the bulk thermal properties of the Passy Valley atmosphere are more similar in WRF-R and WRF-I than during P2a( s e eF i g .V.4).

At 1800 UTC, the near-surface flows through MGV, CHMNX and STGV are down the tributaries and the near-surface flow in the Passy Valley is down-valley (see Fig. V.9a and V.9c). Hence, the near-surface flow and the flow in the upper-part of the CAP are in opposite directions (see Fig. V.5 and Sect. V.4.2).

The speed of the flow from MGV increases with time in WRF-R, reaching its maximum in the morning on 12 February 2015, while it remains constant in WRF-I (see Fig. V.9bandV.9d). The flow from CHMNX is weaker than that from MGV and comparable in WRF-R and WRF-I. In contrast to P2a, the near-surface temperature in the Passy Valley is similar in WRF-R and WRF-I during P2b (see also Fig. V.4b).

V.5 Mass and heat fluxes in and out of the valley

Sect. V.4.3 highlighted non-local controls of the large-scale flow on the CAP in the Passy Valley during the persistent stage (P2), in particularindeterminingtherespective contributions of the tributary flows to the mass and heat budgets of the valley atmosphere. In this section, these contributions are quantified.

V.5.1 Mass budget

The mass budget of the Passy Valley atmosphere is performed over the PASSY control volume, defined in Sect. V.2.1. Assuming incompressibility, the mass budget reads i ˆAi

where 

VI

Summary and Conclusions

VI.1 General conclusions

The aim of this thesis was to improve the understanding of physical processes governing the structure and evolution of the stable boundary layer in deep Alpine valleys under dry conditions and weak synoptic winds. The work used an integrated approach with idealised and real-case simulations. The numerical simulations were performed with the Weather Research and Forecast (WRF) model. The work contributes to an improved understanding of the effects of surrounding terrain (plains, valleys or tributaries) on the heat and mass budgets of the stable valleyb o u n d a r yl a y e r . T h e following discussion responds to the research objectives outlined in Sect. II.5.

Av a l l e yo p e n i n go nap l a i nr e p r e s e n t st h es i m p l e s tm o d e lt h a ta l l o w sf o rat h r e edimensional valley-wind system to develop. In this simple framework, the interactions between thermally-driven flows and a developing cold-air pool was described and the effects on heat and mass budgets quantified (see Chapter III). Results were contrasted with those for an infinitely long valley (i.e. two-dimensional). A key point shown by the analysis is that downslope flows do not cease as soon as a three-dimensional along-valley flow can develop. In a two-dimensional valley, the speed of downslope flows decreases with time and so does their effect on the coolingprocessesofthev alley boundary layer. In a three-dimensional valley two regimes can be identified: a transient regime, before the down-valley flow develops, followed by a quasi-steady regime, when the down-valley flow is fully-developed. The quasi-steady regime of the down-valley flow is characterised by a balance between the pressure force and advection in the along-valley direction. In this sense, the flow behaves as 'a flow in a pipe', with the cross-sectional area of the pipe set by the depth of the boundary layer (see Fig. VI.1a). The time for the quasi-steady regime to be reached is found to be proportional to the time-scale associated with the linear wave solution of the simplified along-valley flow equation derived by [START_REF] Egger | Observations of thermally developed wind systems in mountainous terrain[END_REF]. The coefficient of proportionality was found to be about 3, in agreement with what is suggested in the literature.

The development of a down-valley flow from the valley towards the plain changes formation under higher humidity and lower temperatures on snow cover days. This finding is consistent with that reported by [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF]thattheprobabilit y of exceeding the daily average 35 µgm -3 US National Ambient Air Quality Standard in the Salt Lake Valley is roughly 4 times greater when there iss n o wc o v e rp r e s e n t than when there is no snow cover. Weighting wintertime average PM 2.5 concentrations by the ratio of the specific winter average valley heat deficit to the long-term winter average valley heat deficit was found to reduce the winter-to-winter variability in PM 2.5 concentrations, allowing long-term trends to be more clearly identified so as to examine the effectiveness of emission control strategies.

The statistical relationships between daily average PM 2.5 concentrations and valley heat deficit reported by [START_REF] Silcox | Wintertime PM 2.5 concentrations during persistent, multi-day cold-air pools in a mountain valley[END_REF], [START_REF] Whiteman | Relationship between particulate air pollution and meteorological variables in Utah's Salt Lake Valley[END_REF]a n dGreen et al.

[2015]a r el i m i t e db yt h eu s eo fd a i l ya v e r a g ev a l u e st h a tc a n n o tr e solve shorter term variability. This study uses temperature profile and ground-based PM 10 concentration data collected with a temporal resolution of one hour or finer,a sp a r to ft h eP a s s y -2015 field campaign conducted around Passy in the section of the Arve River Valley between Cluses and Servoz in the French Alps during the winter season 2014-2015 [Paci et al., 2015a,b;[START_REF] Staquet | The Passy project: objectives, underlying scientific questions and preliminary numerical modelling of the Passy Alpine valley[END_REF], characterized by typical wintertime meteorological conditions (not shown). We analyze the data to investigate

• whether conclusions from previous works as regards the relationships between daily average particulate air pollution and valley heat deficit are applicable to this section of the Arve River Valley;

• whether the hourly variability of PM 10 concentrations in this section of the Arve River Valley can be explained by the hourly variability of thev alleyheatdeficit.

The methodology is presented in Sect. A.2,r e s u l t sa r ep r e s e n t e da n dd i s c u s s e di n Sect. A.3,a n dc o n c l u s i o n sa r eg i v e ni nS e c t .A.4.

A.2 Methodology

In the following the sites and instruments used in this work, namely a microwave radiometer (MWR) and PM 10 monitor are described. The MWR data were collected during the main observation period of the Passy-2015 field campaign (from 10 January to 28 February 2015). We also use RS data collected during the intensive observation periods (IOPs) of the field campaign to compare to the MWR data. 

A.2.1 Site

A.2.2 Instruments

AstandardThermoScien tificTEOM™ FDMS (Filter Dynamic Measurement System) sampler, maintained by the Air Rhône-Alpes air quality agency, provided routine hourly PM 10 concentrations at an urban location in Sallanches.

As c a n n i n gH umidity And Temperature PROfiler (HATPRO), manufactured by Radiometer Physics GmbH, was deployed within the perimeter oft h ea i r fi e l di nS a llanches. The HATPRO is a MWR measuring brightness temperatures for two 7channel frequency reception bands: from 22.24 to 31.4 GHz and from 51 to 58 GHz.

The first frequency band contains information on cloud liquidw a t e rc o n t e n ta n dt h e vertical profile of atmospheric absolute humidity, while thes e c o n df r e q u e n c yb a n d contains information on the vertical profile of atmospheric temperature. A steerable paraboloid mirror, covered by a microwave transparent radome insures the focussing of the beam (width of 3 • or less) and enables radiation from ±90 • elevation to be received. The radome was continuously protected by a heated blower system to prevent the formation of dew and any condensation. The MWR was operated in a bilateral two-scan mode providing tropospheric profiles every 9-10 min, with elevation angles ). An absolute system calibration, utilizing the built-in ambient temperature target and an external liquid-nitrogen-cooled radiometric target, was performed before the start of the Passy-2015 campaign. Further details on the technical specifications and calibration methods of the HATPRO are given by [START_REF] Rose | A network suitable microwave radiometer for operational monitoring of the cloudy atmosphere[END_REF].

In this work, we use temperature data retrieved from the measured brightness temperatures, following the combined elevation scanning and multiple frequency retrieval method described by [START_REF] Crewell | Accuracy of boundary layer temperature profiles retrieved with multifrequency multiangle microwave radiometry[END_REF]. No long-term routine upper air observations are available for the section of the valley considered herein, so data from RS launched twice a day at 0000 and 1200 UTC (0100 and 1300 LT) at theWMOstation 6610 at Payerne, Switzerland, during the period 1994-2014, were used to develop the retrieval algorithms. The station is located in the Broye River Valley between the Jura and Prealps mountain ranges (of mean height above the valley floor similar to that at the location of the MWR) at latitude 46.82 • , longitude 6.95 • (about 100 km north of the MWR site) and elevation 491 m (similar to that of the MWR site, see Table A.1), and has a climate and weather conditions typical of Alpine regions and so similar to that of the valley section considered herein. The retrieval algorithm uses simulated brightness temperatures at required frequenciesandelev ationanglesderived from the pressure, temperature and humidity profiles from thel o n g -t e r mR Sd a t a s e t via radiative transfer calculations [see for instance [START_REF] Crewell | Accuracy of boundary layer temperature profiles retrieved with multifrequency multiangle microwave radiometry[END_REF][START_REF] Löhnert | Operational profiling of temperature using ground-based microwave radiometry at Payerne: prospects and challenges[END_REF].

Temp erature profiles retrieved from the MWR data were compared to the temperature profiles from the RS ascents, using VäisäläR S 9 2r e u s a b l er a d i o s o n d e s [START_REF] Legain | High-frequency boundary layer profiling with reusabler a d i o s o n d e s .A tmos[END_REF], launched at the RS site during the Passy-2015 IOPs. The RS temperature data were interpolated on the vertical levels of the retrieved MWR data. The time interval between two RS profiles varied from 1.5t o1 2h . F i g .A.2 displays times series of temperature profiles retrieved from the MWR data and from the RS ascents during the IOPs (IOP1 from 6 to 14 February 2015 and IOP2 from 17 to 20 February 2015) at the times of the RS launches. The overall temporal variability of the temperature profiles derived from the MWR data is comparable to that of the temperature profiles from the RS ascents. Accuracies reported in terms of root-mean-square-error (RMSE) for temperature for the HATPRO are typically between 0.4a n d0 .8Ki nt h e lowest 500 m a.g.l., gradually increasing with height to 1.2Ka t1 , 2 0 0ma . g . l . a n d 1.7Ka t4 , 0 0 0ma . g . l . [START_REF] Löhnert | Operational profiling of temperature using ground-based microwave radiometry at Payerne: prospects and challenges[END_REF]. Assuming that the atmosphere is horizontally homogeneous in the valley section, we can quantitatively compare the two datasets. This assumption will need to be evaluated in future work, for instance using results from numerical model simulations. The root-mean-square-differences calculated from the two datasets are 0.7Kbelo w500ma.g.l.,1.1Kfrom500to1,200m a.g.l. and 1.7Kf r o m1 , 2 0 0t o4 , 0 0 0ma . g . l . ,w h i c ha r ec o m p a r a b l et ot h et y pical accuracies (RMSE) for the HATPRO. This result suggests that the vertical structure of the valley atmosphere in terms of temperature is similar above the MWR and RS sites. If this is the case, this indicates that the accuracy oft h et e m p e r a t u r ep r o fi l e s retrieved from the MWR data (based on long-term observationsatPayerne)isasgood as the typical accuracy for the HATPRO.

A.2.3 Bulk measure of atmospheric stability

In the analysis presented in Sect. A.3,weuseextensivelytheheatdeficitH [Whiteman et al., 1999b]a sab u l km e a s u r eo fa t m o s p h e r i cs t a b i l i t y ,d e fi n e db y

where c p =1, 005 J kg -1 K -1 is the specific heat of air at constant pressure, z -h 0 is the height above ground level at z = h 0 ,a n dρ and θ are the air density and potential temperature, respectively. The heat deficit is the heat (energy) per unit area (in Jm -2 ) required to bring a column of air of unit area and depth z -h 0 to the potential temperature at height z (and hence leading to a dry adiabatic lapse rate throughout the column). This method of determining a bulk measure of stability relies on a choice of integration height, as discussed in Sect. A. The diurnal emission patterns for both source sectors are bimodal with peaks representing morning and evening peaks for residential combustion and morning and afternoon trafficr u s h -h o u rpe a k sf o rr o a dt r a n s po r t . W h e nw e i g hted by the percentage contributions of each source sector to total PM 10 emissions during the period considered, the diurnal emission pattern remains bimodal but follows most closely that of residential combustion. It is evident that the mean hour-of-day variation of PM 10 concentration follows the changes in PM 10 emissions from the residential combustion and road transport source sectors combined, despite continued PM 10 emissions. This 'double peak' profile for PM 10 concentration is similar to those observed elsewhere in urbanized valleys with similar mix of PM 10 emissions during wintertime [Tromp etter et al., 2010,a n dr e f e r e n c e st h e r e i n ] . R e a s o n sf o rt h ed i l u t i o no fP M 10 concentration observed between 1000 and 1700 LT (32% gradual decrease in 5 hours) and between 2300 and 0700 LT (45% gradual decrease in 8 hours) are exploredi nt h ef o l l o w i n g . I t is worth noting that the source of dilution between 2300 and 0700 LT need not be as significant as that between 1000 and 1700 LT, since PM 10 emissions are 2 to 3 times lower.

The top plot of