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1 Introduction
Stably stratified turbulence presents particular challenges both from an experimental and a modeling perspective. The damping of the turbulence due
to flow stratification and the presence of features such as gravity waves, and
Kelvin-Helmholtz instabilities complicate the the application of turbulence
similarity theories and the formulation of turbulence models. From an LES
perspective, the main problem is that the classic parameterizations of the subgrid scales are often found to be inadequate for stable conditions. To guide the
improvement of SGS modeling under stable conditions and, more generally,
to understand turbulence dynamics under stable stratification and its interaction with other flow featuers, the Snow-Horizontal Array Turbulence Study
(SnoHATS) field study was held at the extensive “Plaine-Morte” glacier in the
Swiss Alps (3000 m) from February to April 2006. The snow cover provided
stable stratification of the flow over long periods. Two horizontal arrays of
3D sonic anemometers were deployed to allow two dimensional filtering and
computation of the three-dimensional strain rate tensors (Fig. 1).

Fig. 1. Side view of the 12 sonics array (left) and upwind fetch (right)
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2 SubGrid Scale Turbulence
The SnoHATS setup was designed to measure a wide range of turbulence
scales and allow the evaluation of the sub-grid scale (SGS) stress tensor
τij = ug
ej uej [1]. This term needs to be parameterized in LES and its
i uj − u
direct field measurement for a-priori studies is helpful in assessing the accuracy of various parameterizations especially under conditions known to be
challenging to LES such as stably stratified boundary layers. We first examine eddy-viscosity closure models, specifically the Smagorinsky model [2], by
computing the values of the model constant cs that match the measured and
modeled SGS dissipations [4]. The general results from SnoHATS agree with
previous findings in [4]: as the stability (∆/L) increases the model coefficient
decreases (Fig. 2). Similarly, the SGS Prandtl number (P r) was plotted versus ∆/L in (Fig. 3); the figure shows a clear trend of increasing P r despite
some scatter of the data. Note the increase in P r around ∆/L = 0.5 which
coincides with a marked decrease in cs . In practice, the coefficient determined
from the experiment is c2s /P r; this is the coefficient appearing in the expression of eddy diffusivity of heat in Smagorinsky type models; this coefficient
actually decreases at ∆/L = 0.5 but not as fast as c2s . This suggets that all
turbulent transport efficiencies decrease with increasing stability; however, the
efficiency of turbulent momentum transfer decreases faster than that of heat.
Other studies [5] under unstable atmospheric conditions clearly show that P r
decreases as ∆/L becomes negative (unstable condition). The data from the
two experiments appear to indicate that atmospheric stability has a significant influence on the relative efficiency of momentum and heat transport by
turbulence: increasingly stable conditions reduce the efficiency of heat transport (relative to momentum) while increasingly unstable conditions increase
the relative efficiency of heat transport.

Fig. 2. cs as a function of ∆/L

Fig. 3. P r as a function of ∆/L

Despite the general agreement with previous literature, several periods
were detected where the turbulence and SGS dynamics were not consistent
with our classic understanding of ABL flows. For example, increasing stability
sometimes caused an increase in the turbulent kinetic energy; during those
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periods the Smagorinsky coefficients reflected the atmospheric stability i.e.
the coefficients and the SGS viscosity were decreasing despite an increase in
TKE. Other interesting results also showed that the TKE tends to decrease as
the temperature variance increases in contrast with the trends under unstable
conditions. Data from this experiment and from a lake experiment under
unstable conditions [5] are shown in Fig. 3.

Fig. 4. TKE versus temperature variance for stable and unstable atmospheres

3 Summary and Conclusion
Experimental results under stable atmospheric stratification from the SnoHATS experiment were presented. Investigation of the subgrid scale fluxes
indicate that increasing stability reduces turbulent transport efficiencies. The
efficiency of momentum transport is reduced faster that that of heat transport. SGS models should be able to take that into account. TKE was also
found to be negatively correlated with the variance of temperature under stable conditions; in contrast to the positive correlation of the two parameters
under unstable conditions. The above results point to the need to reconsider
some of the basic questions about turbulence and SGS physics in stable flows:
How is turbulence affected by other features of stably stratified flows? What
is the main function of the subgrid scales under a strong stable stratification?
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