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Numerical experiments of wind transport over
a mountainous instrumented site: I. Regional scale

Yves DURAND, GILBERT GUYOMARC'H, LAURENT MERINDOL
Meétéo-France/Centre d’Etudes de la Neige, 1441 rue de la Piscine, 38406 Saint-Martin-d’Heres Cedex, France

ABSTRACT. For about ten winter seasons, the Centre d’Etudes de la Neige and
CEMAGRETF have performed intensive field measurement campaigns concerning
various snow and weather parameters during blowing-snow events. The observation sites
are located near the ski resort, Alpe d’Huez, Col du Lac Blanc, France (27002800 m a.s.L).
Our first objective is to include the main effects of the wind in the operational avalanche-
hazard forecast at the massif scale, taking into account the effects of local winds on our
snow-cover estimation without simulating the phenomena exactly. Only the effects on
snow accumulation or erosion and snow characteristics are measured, without any direct
link with a precise field location except for the validation. The underlying numerical
simulations have been tested on the instrumented site and include an assessment of the
appropriate shear velocity, an evaluation of the occurrence of transport related to the
snow characteristics provided by the software PROTEON and an estimation of the
transport rates. These different computations are embedded in the new software,
SYTRON, which is inserted in the SAFRAN/Crocus/ MEPRA operational chain.
Different validations of this new application are presented in terms of shear velocities,
observed transport periods and snow depths. The encouraging results augur well for an
operational implementation next winter.

INTRODUCTION effects in a larger-scale simulation. Such an attempt has
already been mentioned by Gauer (1998b). These kinds of

) simulations are common in numerical meteorology and
The well-known general effects of wind transport on the

snowpack have been well described by many authors. We
shall quote principally Pomeroy and Gray (1995), hereafter
called PG95, and Liston and Sturm (1998), hereafter called
1.S98, because we work in the framework of a numerical

are generally called “parameterization” (one of the best-
known is the simulation of the convective effects with a
length scale of about lkm within a meteorological
mesoscale model of about 30 km length scale). Our points

) i of study have thus been:
operational system of avalanche-hazard forecasting and we ) ) )
alm to take more fully into account the effects of snow Defining an appropriate Wmfi parameter @uc}l as the
shear velocity) to assess the initiation and intensity of

accumulation and erosion along the wind-flow direction.
the snow transport.

Our use of computed snow-crystal characteristics, variable

in time, 1s also very close to the approach of Fierz and Gauer The occurrence of blowing snow as an interaction

between snow characteristics and the local wind. The
corresponding snow-transport rates for creep, saltation,

(1998) or Lehning and others (2000) who combine a complete
numerical modelling of the snow cover with additional effects
due to the drifted snow.

In order to better understand the phenomena and to test
different algorithms, Météo-France and CEMAGREF (two
French laboratories working in avalanche research) have

suspension and sublimation must also be considered.

The final crystal characteristics of the drifted snow
before redeposition.

operated an instrumented site at 2700 m a.s.l near the ski All these computations are done inside the SYTRON soft-

resort of Alpe dHuez for 10 years (see Guyomarc’h and
Meérindol (1998), hereafter called GM98). Different kinds of
experimentation have been conducted, and this work
presents the attempt to include the knowledge gained into
our automated forecast simulation at the regional scale.
This scale of about 500 km? corresponds to the working scale
of the SAFRAN/Crocus/MEPRA (SCM) chain (Durand
and others, 1999), the current practical limitations of which
are described in the next paragraph.

The purpose of this work is thus to simulate routinely at
this working scale the effects of the wind transport which
occurs at a smaller scale but affects our scale. We do not
simulate the phenomena exactly, but we try to capture their
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ware which has been inserted into the SCM chain. It com-
bines the shear velocity estimation deduced from SAFRAN
(Durand and others, 1993) with the snow characteristics
simulated by Crocus (Brun and others, 1989, 1992) and the
occurrence of transport estimated by the PROTEON method
(GM98). In this new pre-operational approach, the previous
model PROTEON is now fully embedded in SYTRON and is
mainly used to determine if a drift event is possible according
to the snow surface features and the wind speed.

This approach can be operationally generalized in order
to diagnose and then estimate the transported amount of
snow (accumulated or eroded) at all elevations of the
massifs studied by SCM. To this end, an imaginary ridge
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between two opposite aspects is simulated at the elevations
required by SCM. This could accomplish the current
operational evaluations of numerical snow profiles where
the effects of wind transport are presently ignored. All
computations are performed on a simulated snowpack, the
texture of which can be directly related to the International
Snow Crystal Classification (Colbeck and others, 1990).

All the results presented here refer to the Col du Lac
Blanc observation site and correspond to the preliminary
tests of this operational generalization to all the massifs. No
results concerning the stratigraphy, as shown in Fierz and
Gauer (1998), are available yet, but this important point will
be investigated due to its prime importance in avalanche-
hazard estimation.

SHORT DESCRIPTION, LIMITATIONS OF THE
CURRENT SYSTEM AND WAYS OF IMPROVING IT

The current system is mainly composed of the SCM chain
which simulates the snowpack at different fixed elevations
and aspects of several mountainous massifs. The results are
obtained hourly on an “idealized” orography of three slopes
(flat, 20° and 40°) not directly linked to the real terrain.
This is the main weakness of the system, which cannot take
into account small features due to the local effects of wind,
orography or vegetation. However, SCM provides an
hourly set of both meteorological and snow conditions
which includes a detailed stratigraphy of all layers.

The SCM results are presently completed by an estimate
of the driftability of the surface layers provided by
PROTEON. As described by GM98, PROTEON combines
the information of the Crocus snow profiles, which are
summarized in a “snow-particle” mobility index, and a wind
estimation that provides a final snow-driftability index. The
initial wind velocity used by PROTEON is derived from a
statistical adaptation of meteorological models (Guyomarc’h
and others, 1998) and is thus only available at one precise
location (the instrumented site where the statistical learning
had been made). That precludes any use of this model at
another location and constitutes the most severe limitation
on its operational use. We will begin with the same approach
as L1 and Pomeroy (1997) which consists in linking the wind-
transport (or shear velocity) estimation to the routinely
observed wind, and we will add a second level of computation
where wind speed is deduced from the SAFRAN outputs.

The purpose of this work is to fully merge these models
in order to modify directly the simulated snowpack through
the wind action in a routine mode. The coupling is done
hourly; this time-scale allows snowdrifting to begin and
finish as soon as the surface snow crystals are no longer
driftable relative to the simulated shear velocity.

Three main actions were undertaken:

An hourly wind estimation (speed and direction) by
SAFRAN.

The determination of the amount of transported
(eroded and accumulated) snow when drift is detected
by the PROTEON method.

The modification of Crocus in order to incorporate these
new “sink”or “source” terms.

The corresponding quantities were measured at the
instrumented site, and a numerical validation was
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performed on these data, which is presented in the “First
results and comments” section.

THE OBSERVATION SITE

The experimental site, already used for studies on blowing-
snow periods, is located in the French Alps near Grenoble, at
2700 m a.s.l. The aim of this experimental area is to investi-
gate the effects of drifting snow in high mountainous regions.
These experimental equipments and measurements are
expected to provide a link between field observations of snow
characteristics and our theoretical understanding of the time
necessary to erode or accumulate a certain quantity of snow
depending on the snow-grain morphological features.

Alarge north—south-oriented pass, Col du Lac Blanc, was
chosen for this research programme. At this location, the
wind is generally similarly channelled and is often strong
during winter. This characteristic is clearly shown by the
frequency of winds from either north or south (92% of the
cases). There are only a few cases of easterly winds and almost
no cases of westerly winds. Several parameters (air tempera-
ture, wind direction and speed, snow depth, water equivalent
of precipitation) are recorded hourly by a sheltered computer
and transmitted to Grenoble on request. Close by, on both
slopes of the pass (varying around 15°), two areas (of about
300 m?) have been chosen where complementary snow-depth
measurements (averaged on 20 points) are performed regu-
larly. Concurrently, wind and snow conditions (along snow-
pole profiles) are monitored on nearby sites chosen for their
exposure to wind effects.

DETERMINATION OF AN AVAILABLE ANALYZED
SHEAR VELOCITY

As explained in Durand and others (1993), the objective
analysis SAFRAN computes two estimations of the wind
velocity field for each elevation, massif and aspect. The first
is directly used by Crocus in the computation of its vertical
eddy fluxes, sensible and latent heat, while the second is much
less influenced by the ambient atmospheric turbulence. The
first value (hereafter called “surface” wind and denoted by
Ws) represents the wind speed at the bottom of the local
friction layer, while the second (called “free” wind and
denoted by W) is at the top, near the free atmosphere. Prior
investigations and comparisons with field observations have
shown that none of these wind estimations were directly suit-
able for numerical wind-transport simulations; the surface
wind being on average too weak and the free wind too strong
when they were compared to the PROTEON wind estimation
and the field observations.

A cross-comparison between the measured velocity, the
PROTEON estimation during the identified snowdrifting
events and the data of other sites has led to a generalized
empirical estimation of a transport velocity. This velocity,
W, can be inserted in the computation of the PROTEON
snow-driftability index instead of the previously used statis-
tical wind estimate. W; is directly related to the shear
velocity and is obtained from simple linear interpolation:

Wi = aWr + (1 — o)W (1)

The coefficient o depends on the elevation (2) and the
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Fig. 1. Rms of the difference between measured values of wind velocity at eight automatic sites and three SAFRAN wind estima-
tions. The bars noted “SURF”correspond to the surface wind evaluation (W in the text ), while “FREE” represent the sumulated
“free-atmosphere” wind (Wr in the text ). The bars noted “MIX” correspond to the wind-transport evaluation (W in the text).

maximum elevation of the considered massif (zy), all
expressed in meters, according to:

z—1000
zm — 1000 (2)
if z and 2z, > 1000m; 0.11 otherwise.

a=0.1140.23

This relationship has been validated at other locations as
presented in Figure 1. This figure shows the rms between the
observed wind (recorded by an automatic station) and our
estimate derived automatically from the two winds
computed in real time by SAFRAN on some of the study
sites. The results have been estimated satisfactorily,
although two sites (Les Ménuires in the Vanoise massif and
Val-Cenis in Haute-Maurienne) exhibit a rms (computed
on 5years) of >2ms ; these bad values are explained by
specific local conditions poorly accounted for by the
SAFRAN winds.

In the case of a flat area, this linear expression also has a
direct relationship with a neutral formulation of the bound-
ary-layer structure, leading to the well-known Prandtl
expression of wind velocity W, at height z.

U z
WZ = Z In (Z—O), (3)

where u, (ms ') is the friction velocity, k (= 0.4) is the von
Karman constant and 2 is the surface roughness length. In-
serting Equation (3) into Equation (1) gives a rough indication
of the equivalent height (Z) of our estimation W through the
following trivial relationship:

In(Z) = aln(z2) + (1 — ) In(zy), (4)
where we assume equivalent heights 2, for the free velocity
and z; for the surface velocity. The current estimated values
are 2m for 2z; (routine measurement height by human obser-
vers) and 50-75m for zp. This implies a Z value of 5-10 m,
which 1s consistent with Li and Pomeroy’s (1997) values and
the automatic wind measurement in snowy areas.

THE REDISTRIBUTION MODEL SYTRON

Unlike LS98 or Gauer (1998a,b) we do not perform a full
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three-dimensional estimation of the different transport fluxes
over a real orography. We aim to simulate the effects of an
“Imaginary” crest between two opposite aspects at all the com-
putation elevations in steady-state conditions. We shall thus
consider a one-dimensional channel forced by the normal
simulated wind where we want to estimate the amount of snow
removed from one slope and accumulated on the opposite one
in treating only two fictitious points. The computations are
done hourly over long periods, without any re-initialization,
using the transport velocity W; of the windward aspect; the
evolution of the snow characteristics is determined by Crocus
except for the aggregation of the blowing snow.

To simplify the parameterization, we directly used as
variables the snow depth and its variations due to the wind
transport, unlike the cited authors who, rightly, used a for-
mulation in fluxes. In our case, this would have added some
new variables incompatible with the present state of Crocus.
As a consequence, the blown snow is easily aggregated to
the new-fallen snow if a snowfall occurs during the trans-
port, in a coherent manner. As the computations are done
hourly, the different snowpacks change simultaneously and
allow the deposited snow (blown or fallen) to be eroded
again in the next hour.

The following parameterizations have principally been
deduced from in situ measurements on the instrumented site
for 10 years.

Occurrence of transport

As presented by GMO98, the occurrence of transport is
deduced in two steps:

l. A “snow-particle” mobility index (hereafter called M;,
and varying between —1 and 1) is computed from the
crystal characteristics of the different considered layers.
A crust or a wet layer stops the vertical analysis.

2. A snow-driftability index, M, 1s deduced for each layer
by comparison of the previous index and the wind
velocity Wy, This index attains a positive value if snow-
drifting is possible.
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Rate of transport: saltation and creep

During many winters, field experiments have shown that, at
our site, the main part of the drifted snow was transported by
saltation (observations made on poles equipped with several
bags at different low vertical levels). Moreover, our experi-
ments did not allow the creep and the saltation transport
modes to be well separated. Many authors quoted by LS98
note the predominance of snow saltation over creeping This
leads us to globally simulate the two effects through a unique
empirical formulation inspired by the field measurements
which are, as previously mentioned, representative of gentle
slopes. We assume that a considerable fraction of the total
amount of drifted snow is removed in this way. We call this
ratio “r”and keep it at the crude constant value of 0.8, but this
point needs further investigation.

As quoted by PG95, the saltation efficiency depends on
the moved crystals. We shall also consider the shape of the
blown crystal in guessing that an “old” snow grain is less
driftable than a new one. The mobility index M, is well suited
for summarizing these effects and we simply set:

M;+1
€= 2+ ) (5)

where e is the transport efficiency, varying between 1 and 0.

Our field experiments corroborate the affirmations of
PGO5 relative to certain linearity of the saltation transport
rate with the wind speed for speeds greater than a minimal
threshold value. Unlike L.S98, we shall thus keep this con-
venient relationship without higher-level assumptions and
we shall write:

Ohsay = erd Wy if W > Wiey; 0 otherwise.  (6)

Ohga1 (m) is the amount of blown snow at one precise location,
and d is a convenient coefficient, with the dimension of time,
integrating the different relevant length scales of the
phenomena. It has been fixed experimentally at 0.075s by
examining local snow-depth differences between poles
during saltation events. The “critical” threshold velocity,
Wheri, 15 set to 4 m s .. This value, fitted on the instrumented
site, 1s larger than those proposed by PG95 for their threshold
shear velocity, but is consistent with those published by Li
and Pomeroy (1997).

Rate of transport: suspension and sublimation

Our measurement site is not very well suited to the experi-
mental study of turbulent diffusion. Hence, we chose a
formulation suggested by PG95:

Shsus = 0.000135e(1 — ) WH1?
if Wt 2 Wtcri; 0 otherwise.

(7)

As quoted by PG95, we consider here, especially through
the threshold velocity, that the source of the turbulent
suspension is the saltation. 6hg,s represents the snow mass
transported by turbulent suspension, which does not subli-
mate and will deposit afterwards. We assume that the subli-
mation occurs only in suspended snow and at higher wind
speeds; this leads to the following expression:

Shsun, = 0.02¢(1 — ) Wi F(T)G(Hu)
if W, > 6.5 ms_l; 0 otherwise.

(®)

W, is limited to 20 m's . The functions F' and G represent,
respectively, the separated effects of the air temperature (1"
and relative humidity (Hu) in order to crudely take into
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account the different energy exchanges between the snow
particle and its environment. These functions have been
expressed as:

T
F(T) = With T = 263.15K , (9a)
ref
100 — Hu
Hu) = —0
G = 100 " Huy

with Huer = 80% and Hu > 25%,  (9b)

19+

which gives, for a fixed snow layer “7”, a maximum depth of
eroded snow of:

R = ORL + OhL + Oh! (10)

max sal sub*

Operational mode

The purpose of the parameterization is to transfer every
hour a small amount of snow, comprising different surface
or near-surface layers, from one exposure to the opposite
one at a given elevation. This snow mass is accounted for in
the Crocus profiles and stems from a previous snowfall or
wind-transport event. The phenomenon occurs only if the
normal component of the transport velocity W, according
to the windward exposure, is strong enough compared to
the considered snow surface conditions and the threshold
velocity. The blown snow is then aggregated (in terms of
crystal characteristics and density) on the opposite aspect
with the surface layer. A horizontal diffusion is also applied
and can limit the total amount of transported snow by
assuming transport from and to the bounds of the experi-
mental area. As we want to make the most of having a full
stratigraphy, provided by Crocus, the computation is done
for every layer, with a specific transport efficiency based on
the mobility index M; of the layer. Different layers on the
windward slope can thus be eroded within the same hourly
time-step. We assume a small densification of transported
snow when it is deposited. Each eroded layer, with an initial
density p., will undergo density changes by compaction
during the transport and have an equivalent deposited
density of p! , computed in the following way:

pfm = pér + 0.2M;(prmax = pér)

if Pt < Pmaxs Pae = Pmax Otherwise.

(11)

The maximum density ppmax was set to 0.350 kg m ° and M,
is the snow-driftability index. The hourly total eroded depth
AH,, is then computed as the sum of n successive layers of
respective depth 6h?, from the top of the profile. The deepest
layer n can be only partially eroded if its own depth 6h" is
greater than the corresponding 6h]

max*

(12a)

n

AHy =Y min(8h', 8hl,,.).

i=1
The evaluation of the lowest hourly eroded layer n, for a
given profile, is an important problem. Its determination is
based on the following two criteria and is obtained when at
least one of them is verified. Equation (12b) corresponds to
the “partially eroded layer” case, while Equation (12¢) is par-
ticularly suited for profiles which exhibit numerous thin layers:

Sh' < &h!

max

for the layersi € [1...n — 1]
while 8h" > Oh;,

max

(12b)

AH,, < max(6h' ) foriec[l...n] (12¢)
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Only the non-sublimated part will be deposited afterwards:
n

AH,. =) [min(6h', 6h

max
i=1

) = bhgyl (13)
At every hourly time-step, we aggregate all the eroded and
non-sublimated snow quantities in one unique leeward
deposited layer with averaged characteristics. This con-
straint is mainly due to the Crocus modifications. Moreover,
due to the compaction, the total deposited depth is slightly dif-
ferent from AH,.. All these averaging operators are based on
an approximation of a mean eroded density pe; and of a mean
accumulated density p, that can be expressed as follows:

-— _ Zilzl [ml (6hi? 6h;£nax)pér]
Per AH.

(14a)

- 21”:1 [mln(6h17 6hinax) B 6H§11b]p;c}
P = ( N . (14b)

The effective deposited snow depth on the lee aspect will be:

AH,: per
AHac/ = (—va (15)
Pac
which will be aggregated in terms of depth, density and
crystal shapes, with the already present surface structure of

the lee slope.

Fluxes from and to outside

A complementary horizontal diffusion is also applied for
reducing both the raw eroded and the accumulated snow
mass in order to simulate the unknown effect of the
surrounding. In fact, it is not unusual to observe a decrease
of the snow depth on the lee side, especially in the case of
strong wind on small slopes, as well as small snow-depth
variations on the windward side when the drifting snow is
immediately replaced by new snow (see, e.g., Fierz and
Gauer, 1998). This kind of transport is not treated by the
previous formulation, which considers only two fictitious
locations on two opposite aspects, but these “combined”
transport effects must be taken into account if we want to
avoid locally a too intense transport of snow mass.

To achieve a crude estimation of the snow mass accumu-
lated on the windward side, we use the previous formulation
with the same crystal stratigraphy, but with a velocity limited
to SW;. This very simplified approach does not take into
account a large number of effects, especially the three-dimen-
sional ones; it aims only at representing the effects of a hori-
zontal variation of the transport velocity along one slope of
the one-dimensional channel. The best results, compared to
the field data, are obtained for 8 =~ 0.9. The corresponding
results are presented in the following paragraphs. This new (3
coefficient is the only one used in these different estimations, in
order not to “over-parameterize” the complex process of trans-
port in this first attempt. The result is thus a partial replace-
ment of the initial snow in the eroded profile by drifted snow.
The same procedure is performed on the lee side and aims at
removing a part of the snow that could have been deposited
there. On this side we use the same 3 coefficient, but applied
to the velocity analyzed by SAFRAN on this aspect.

These formulations have an implicit self-limitation: the
transported snow is less subject to a new drifting effect during
the following hours because it underwent some crystal
changes which decrease the corresponding snow-driftability
index and thus the transport ability.
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Precipitation

The SAFRAN hourly precipitation rate is fully applied on
the windward aspect, and the new snow (dendricity = 1,
sphericity = 0.5) is aggregated with the snow surface layer.
On the lee exposition, this rate is reduced in proportion to
the wind velocity in order to take into account both the
wind-deflection effect and the slope influence.

Morphological transformations of the drifted particles

The algorithm used is based on observation of the drifted
crystals, done at the instrumented site for many years. It
tends to make a new drifted crystal which is closer to small
rounded grains than the previous shape; but such transfor-
mations are not obtained in one time-step and can take
many hours.

The snow-crystal characteristics are described by using
the parameters of Crocus (Brun and others, 1992). A recent
snow crystal is thus defined in terms of dendricity (1-0) and
sphericity (0—1). When drifted, its dendricity decreases and
its sphericity increases according to the wind velocity. When
the crystal has undergone some metamorphism, it is mainly
described in terms of sphericity and size (>0.3 mm). Such
drifted crystal will thus decrease in size and increase in
sphericity, always in function of the wind velocity.

Aggregations

The density of the new surface layer of the lee slope is simply
obtained by linear combination of its own previous density
and p,c, weighted with their respective depths.

Another merging is done on the crystal characteristics.
It 1s performed twice: firstly for computing only one drifted
averaged crystal based on the different eroded layers, and
secondly for merging this “drifted” crystal with the surface
lee layer. The numerical aggregation of two types of fresh
snow or of transformed snow is obvious and is based only
on linear transformations. For the mixing of new and trans-
formed “snows”, an equivalent size for the new snow is com-
puted. A linear combination is then performed; if the
compound size is >0.3 mm the resulting snow will be
assumed transformed, otherwise it will stay new. In either
case the same rules are thus applied as for homogenecous
snow types.

Limitations of the model

The limitations of this model are numerous, but, as previously
stated, it must be evaluated in terms only of parameterization
inside a larger-scale numerical modelling. We can principally
criticize the fact that we are in a one-dimensional channel
with only two computation points, which prevents a real esti-
mation of the horizontal divergence of the implied fluxes and
so implies a sometimes wrong estimation of fluxes crossing our
numerical boundaries. The main reason for this is that we do
not have valid wind-field estimation both in time, with the
implicit smoothing due to SAFRAN; and in space where we
do not have a full field. These velocity-estimation discrepan-
cies can cause severe gaps in the transported snow quantities
because, as quoted by Gauer (1998a) and also visible in our
expression of dhg,s, the drifted-snow amount depends on a
power greater than 1 of the wind speed. These facts are illus-
trated in the following section.
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Ing. 2. Different simulations of snow depths (SD ) representative of the Lac Blanc site (2700 m a.s.l.; Grandes Rousses massif,
northern and southern aspects ) compared to some pole observations during winter 1998/99 ( see dates on bottom ). The bold lines
correspond to the SYTRON run (labelled “Drift” ), while the thin lines represent the operational SCM suite where the wind-
transport effects are not taken into account (labelled “NoDrift” ). The red colour corresponds to the northern aspect, and green to
the south. The plotied squares represent observed measurements on poles with the same colour code.

FIRST RESULTS AND COMMENTS

The model has run on an “idealized” location of the instru-
mented site in the Grandes Rousses massif, at 2700 m a.s.] on
20° slopes with northern and southern aspects, since winter
1998/99. Observations at the site are used only for validation,
not for re-initializing the simulation. The experiment is con-
tinuing in the year 2000. The present monitoring is done
mainly on the snow depths measured on the two exposures of
the site (north and south). The set of verification poles set up
in 1998 was augmented in 1999/2000, but the small-scale het-
erogeneity of the site sometimes makes comparisons difficult.

Full winter season 1998/99

Figure 2 shows different simulations of snow depth on the two
main aspects of the site. The bold lines represent the
SYTRON simulation (green = southern aspect, and red =
northern aspect) and are labelled “Drift”. The corresponding
coloured thin lines represent the current operational SCM
runs without any wind redistribution, and are labelled “No-
Drift” The plotted squares are pole snow-depth measure-
ments at two locations (north and south) of the instrumented
site. These locations were chosen for their representativeness
at the scale of the model, according to the homogeneous char-
acteristics (size, slope, precise exposure) of the surrounding
topography.

We can see that an intensive wind transport is simulated
on 7 December 1998, with a northerly wind of 6-9ms .
During this period, the southern snow depth became deeper
than on the northern aspect, contrary to the prediction of
the operational suite. The pole measurements are difficult
to interpret during this period, due to many small-scale
phenomena, but still reveal some discrepancies in the south-
ern aspect where the snow depth remains too deep after the
drifting event.
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Fortunately, the rest of the season is better represented,
and the “drifted” snow depths are not too far from the obser-
vations which exhibit well the accumulation effects on the
southern slope, especially during February. We also note
the numerical stability of the “Drift” simulations, which
can run for several months without observation of the site
and without any re-initialization.

Beginning of winter 1999/2000

Figure 3a and b illustrate the beginning of the current season
with the same colour code as previously. Figure 3a displays
the same elements as Figure 2, with a supplementary plot of
two new averaged snow-depth measurements, denoted by
“Pole 2” (coloured circles). These new values represent about
20 manual measurements around a precise location. They
have been added this season in order to better visualize the
spatial heterogeneity of the site. Figure 3b mainly shows the
difference between the “Drift”and “NoDrift” snow depths on
two aspects.

In Figure 3a, we can readily see the same effects as
during the previous year, namely, accumulation on the
southern slope and erosion on the northern slope, which
are typical of these climatic conditions. Considering the
global mass balance in the “Drift” simulation, we notice,
especially in Figure 3b, an important loss of snow mass on
the northern slope, but less accumulation on the southern
aspect, which gives a negative global mass balance compared
to the “NoDrift” experiment. This effect 1s partially due to the
extremely strong winds observed in France at the end of 1999.
For this reason, we have also plotted the observed wind at the
site in Figure 3b (black bars) and the SAFRAN transport
velocity (thin blue lines) previously denoted by W,.

Many gaps are still visible. The main points are labelled
“Pbx” in Figure 3a and plotted as a vertical dashed line in
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Fig. 3. Beginning of winter 1999/2000 on the same site. (a) Same elements as Figure 2 for this new season, but with the addition
of a new set of poles which are plotted as circles. The meaning of the colours and lines remains the same. PBI, PB2 and PB3 refer to
discrepancies commented onin the text. (b) Snow-depth differences between the two simulations (“Drift”and “NoDrift” ) on two
aspects; the observed wind on the site (m s ") is represented by black bars, and the velocity from the SAFR AN analyses by thin blue
lines; both are referenced on the right vertical axis. Vertical dashed lines indicate the previous problem dates.

Figure 3b; they are discussed below in inverse chronological
order. They cover different kinds of errors, such as a wrong
wind-velocity evaluation, a lack of drifting on the lee aspect
or an erroneous parameterization of the outside fluxes.

PB3 occurred on 20 December 1999 during the first
tempest event. Erosion was correctly simulated on the north-
ern aspect, as observed on the poles, but the accumulated
snow remained on the opposite aspect. The main reason for
this is an underestimation of the northerly transport wind by
SAFRAN, which calculated 8ms ' when 13ms ' was
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observed. From the pole values, we see that the lee aspect
(south) was also completely drifted and has less snow depth
than the northern aspect, which is not simulated at all. The
second tempest event, on 25 December, with 13m st
observed but 15 ms 'simulated, was better estimated in terms
of transport, precipitation rates and resulting snow depths.
The PB2 problem, again on the southern aspect, is clearly
seen in the pole observations of 17 December, which exhibit
much less snow depth than the numerical simulation. The
identified cause is the event of 6 December 1999 where we
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missed the southern erosion and thus overestimated the snow
depth on this aspect. At that date, the simulated surface layers
on both sides were mainly composed of mixed transformed
particles (rounded and faceted) with a density of about
185 kg m . Although somewhat underestimated (7-9ms '
instead of 6-13ms ' observed), the simulated velocity was
strong enough to drive the erosion of such crystals on the
northern aspects, but the induced changes in the shapes and
densities of the transported grains made it impossible for de-
posited snow to drift again from the southern aspects. We thus
kept an erroneous and too high snow depth on this aspect.

PBl 1s, in some aspects, similar to PB2 and occurred on
23 November but was observed on 25 November. On the
first date, the two experiments (“Drift”and “NoDrift”) were
very close and the surface layers were mainly composed of
recent light snow (fallen on 19 November) with a density of
about 95kgm >, The main error comes from the fact that
the transport occurred during a period of small wind
speeds, not too badly simulated by SAFRAN as shown in
Figure 3b. In reality, nearly all the snow on the northern
slope was driftable and was effectively removed. In the
simulation, the relatively small velocity induced only a
partial transport on this aspect due to our crude formulation
directly linked to the wind speed for both the amount and
the end criterion. The second level of the trap is also due to
this medium wind speed whose value is used for the evalua-
tion of the outside fluxes. The § coeflicient ( <1) of this formu-
lation implied no new drifting of the previously deposited
snow on the southern aspect.

FUTURE PROJECTS

In addition to the routine SY TRON evaluation in its current
form, a new version is planned. It will run on a more com-
plete wind field, also forced by SAFRAN, but fully two-
dimensional in the horizontal in order to avoid the two main
identified problems: the need for a more complex wind
evaluation taking more fully into account the topography
features, and the effects due to the surroundings. This version
will use the same local transport formulations as presented
here, but expressed in terms of fluxes and mass conservation.

CONCLUSION

We have tried to insert the effects of the wind transport in an
operational suite of numerical simulation of the snowpack
where this phenomenon was not taken into account hereto-
fore. The differences in the length scales due to the phen-
omena involved and the strong forcing of the topography
make this approach difficult but challenging.

We first tried to make the best possible use of 10 years of
experiments and archives on the instrumented Lac Blanc
site. It was very useful to tune and validate different form-
ulations and empirical laws governing these effects. It
allowed also a first evaluation of a wind transport velocity.

The results obtained indicate a large influence of these
effects on the simulated snow depths. They will be
completed soon by a MEPRA evaluation of the stability of
these modified snow profiles and by avalanche-hazard
estimations. The main weaknesses come from a sometimes
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erroneous determination of the wind transport and from
an incomplete simulation of the wind-transport effects on
the two aspects.

The current plan is to use this first version complemen-
tary to the “NoDrift” operational suite in order to give a wider
range of avalanche-hazard indication on the two sides (wind-
ward and leeward) of an imaginary ridge at different eleva-
tions of a massif. But another research programme, based on
the current transport formula and in a two-dimensional
framework, has begun.
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