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Résumé :

La dynamique atmosphérique dans une vallée alpine par tiondistables (la nuit ou en hiver) est dominée par
des vents de pente descendants, ou vents catabatiquesi@esloivent générer des ondes internes, qui peuvent
étre piégées, déferler et conduire a du mélange dans I'gthere de la vallée malgré les conditions stables.
L'impact de ces processus sur le transport de polluants aude la vallée constitue la motivation de ce travail.
Cette question est étudiée ici, par des simulations nuraés@ I'aide du code ARPS, pour la vallée de Chamonix.
Notre objectif est de caractériser le champ d’ondes émisestmopriétés de mélange. Nous montrons que les
ondes sont piégées dans la vallée et que les processus diehéfiet s’y produisent partout. Il est donc essentiel
d’estimer le mélange induit.

Abstract :

The atmospheric dynamics in an alpine valley under stabhelitions (at night or in winter) is mainly dominated
by down-slope winds. Internal gravity waves must be geedray these winds, may be trapped and possibly break,
thereby inducing mixing within the valley despite the gtatanditions. The impact of these mixing processes in the
dispersion of pollutants motivated our work. These poimésaaldressed here, using numerical simulations with
the ARPS code of the Chamonix valley. Our purpose is to igatstthe features of the emitted internal gravity
waves and to evaluate the potential of the wave dynamicsithrfiixing. We found that the wave characteristics
are controlled by the valley dimensions and that the wavestla@refore trapped. Ubiquitous wave breaking is
observed in the atmosphere of the valley, implying thatngishould be quantified to evaluate its importance.

Mots-clefs :

Fluid mechanics, stably-stratified atmospheric boundary &yer, alpine valley

1 Introduction

As soon as the ground surface is not flat, a horizontal tertyrergradient is created at night
between that surface and the air above it because of ragl@inling of the ground. A katabatic
(i.e. downslope) flow is thereby induced. This flow is a grawtirrent, namely a jet of cold
air confined between the ground and the stable atmospheve.akatabatic flows are well-
known to develop along the gentle slopes of ice shelfs (eegbyxhire and Wood, 1994). For
steep slopes (larger than about 10 degrees), the featukesadiatic flows have also been well
documented through situmeasurements either on a simple slope (f.i. Helmis & Papadop,
1996) or in a valley (Gryning et al. 1985, van Gorsel et al.0ahe along-slope velocity is
of a few meters per second with a high shear, its maximum Jadireg reached at a height of
a few tens of meters above the ground, depending upon trendestrom the top of the slope.
These flows are highly variable and intermittent. Thus, thefrain or detrain free air while
flowing (Baines 2005), possibly trigger shear instabilitytregir top and, in a stably-stratified
medium, exhibit oscillations at periods of the order of onermThe latter behaviour has been
reported both on a single slope (Helmis & Papadopoulos, ,188sétin & Drobinski 2005) and
in a valley.
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Whatever the steepness of the slope, internal gravity waves be generated by these
downslope flows when the atmosphere is stable. Until reg@otivever, only few papers men-
tioned the existence of internal gravity waves in a vallegpile oscillations are often reported.
The single particle model derived by McNider’s (1982) shola a fluid particle should oscil-
late along the slope with frequengysina whereN is the Brunt-Vaisala frequency (assumed to
be constant in the model) andis the local angle of the topography with the horizontal. When
the presence of internal gravity waves is recognized, vars&et al. (2004) assumed that the
wavelengths are imposed by the valley dimensions, botlzdtwtally and vertically ; hence, the
waves are assumed to be trapped and the theoretical penpedraoa to agree well with the
observed period. In the recent theoretical work by Shapi Bedorovich (2007) and in the
laboratory experiments by Fernando et al. (2006), the plessgixcitation of internal gravity
waves by an unsteady katabatic flow on a simple slope is studie

The purpose of the present paper is to address the propariesynamics of the inter-
nal gravity wave field emitted by a katabatic flow in an alpiadey under stable atmospheric
conditions. Several questions are currently unanswerelat are the wave characteristics ?
What does happen to the waves once emitted ? Does a trappicgspralways occur in a val-
ley ? What are the induced mixing and transport properties thBavaves interact, possibly
resonantly, with the katabatic flow (as observed by Maxwoethal. 2002) ?

To address these questions, we performed numerical siongavhich are briefly described
in the next Section. The kinematical features of the wavesy(fency and wave vector) are
reported in Section 3 and preliminary results about themaghyics are described in Section 4.

2 Methodology

We have carried out high resolution numerical simulatidiib®stably stratified atmosphere
of an alpine valley using the ARPS code (Advanced Regionali€tied System, Xue et al.
2000). We first considered an idealized version of the Chaxnalley before considering the
realistic topography of that valley.

The dimensions of the idealized valley are such that sumanigdtitude 2700m dominate
the bottom of the valley, located at 1000m. The width of th&dso of the valley is 1.2 km
and the mean value of the slope angle i18.3he valley is open at one boundary to allow for
the development of an along-valley wind. The simulationglei@ winter situation for which
a 3 difference exists between the ground surface and the diahwe it (the ground surface
being colder than the air). The horizontal resolution is 00A variable grid is used along
the vertical direction, the resolution between 5m abovetdpegraphy and slowly increasing
upwards. Two different temperature profiles have been usettial time : (i) a linear stable
profile displaying a weak inversion at the altitude of the suta and (ii) a temperature profile
inferred from in situ measurements, which is stable up tattieeide of the summits and neutral
above that altitude.

The initial time of the computation is 22 :00 pm, on Decemlitst2at the latitude of Cha-
monix valley. No velocity field needs to be imposed at initiale : the temperature difference
between the ground surface and the air creates horizom@lei@ture gradients which trigger
the katabatic winds.

3 Analysis of the internal wave field

Constant contours of the vertical velocity field are dispthyeFigure 1 at 22 :45 pm. Two
systems of waves are visible : one is associated with phaee diirected along the slope of the
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topography and confined along it, consistently with McNy&l€t982) predictions, while the
second system is perpendicular to the first and leads to fese wropagating away from the
slope, within the atmosphere of the valley. We focus on thcoad wave system in the present
paper.
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FIG. 1 —Constant contours of the vertical velocity field in a plangyeedicular to the valley axis, at 22 :45 pm.

Simple diagnostic analysis shows that the waves propagadetwo-dimensional vertical
plane perpendicular to the valley axissay, whether the idealized or the realistic valley confi-
guration is considered. The wavelength along thend > directions are found to be close to
the valley dimensions, implying that the waves are trappetthé confined geometry of the val-
ley. The wave frequency, measured independently and whieg the dispersion relation, yield
consistent values, of the order of 10 minutes.

4 Turbulence in the atmosphere of the valley

The same figure as Figure 1 is plotted later in time, at midr(igigure 2) : small structures
are evident, up to an altitude of 5000 meters over which theeg/g@annot propagate (because
their frequency becomes larger than the ambient Brunt-Mafsaquency). The occurence of
small dynamical structures is even clearer in Figure 3. wiilee potentiel temperature field is
plotted for the geometry of the Chamonix valley : overturniegions are visible everywhere
within the valley, implying that mixing should occur there.

5 Conclusion

This academic study has shown that two systems of interraitgrwaves are generated
by katabatic winds in a valley (this should be the case asfael simple slope). These wave
systems propagate at right angles, with the wave-inducexygrilowing either along the slope
(with dispersion relatiom = Nsinw, wherea is the slope angle with the horizontal), or per-
perdicular to the slope (with dispersion relation= Ncosy). The latter wave system gives rise
to trapped waves, with period of the order of 10 minutes, istastly with the finding of van
Gorsel et al. (2004) in the Riviera valley at night.

The striking feature of our numerical simulations is thatngmall scales are generated wi-
thin the atmosphere of the valley. The only possible medmasifor this small scale generation
are wave interactions and wave breaking (as reviewed irust&Sommeria 2002). Hence, the
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FIG. 2 —Constant contours of the vertical velocity field in a planepeedicular to the valley axis, at midnight
(idealized valley configuration).

Potential temperature field in Chamonix valley at midnight
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FIG. 3 —Constant contours of the potential temperature field in then@nix valley at midnight.

generation of gravity waves in the stable atmosphere oflayat night could lead to mixing.
This mixing should therefore be quantified and, if signific@s measured by a diapycnal dif-
fusivity for instance), should be parameterized in largdesmodels.
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