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ABSTRACT. A new experimental software for blowing snow, SYTRONZY, is pre-
sented. It takes advantage of the previous limited realization SY TRONI and of the entire
real-time operational environment of the automatic chain SAFRAN—Crocus—MEPRA
(SCM). It runs presentlg on a rectangular grid, with a mesh size of about 45 m, covering
an area of 3.0 X 3.0 km* around the observation test site Col du Lac Blanc, French Alps
(2700 m a.s.l., near the Alpe dHuez ski resort). SYTRON? is initialized with a realistic
snowpack representation derived from the SCM outputs and coupled to a wind field com-
puted by the new SAMVER model. The final aim is to build a fully embedded tool, sui-
table for representing snowdrift effects with a better resolution at different specific
locations. The different tools and operators used are described, as well as the field valida-
tion processes which are based on remote identification of the eroded and accumulated

areas using digital pictures.

1. INTRODUCTION

Snowdrift assessment is a difficult but important challenge.
Its effects are various and have implications in many areas
such as avalanche-hazard assessment (modification of the
snow stability by large-scale redistribution or formation of
wind slabs and cornices), snow resource management (ski
resorts, water content) or snow defences (roads, buildings).
One of the main problems in modelling snowdrift is that one
has to work in a full range of scales, from the synoptic to the
microtopographical, and one has to consider the permanent
interaction between snow, meteorological conditions and
local topography. These problems often exceed the present
state of the art in different subjects: for example the air tur-
bulent scheme or details of the different snow-transport
mechanisms. However, these phenomena cannot be omitted
from the framework of automatic snow modelling and ava-
lanche-hazard forecasting.

For about four winter seasons, the Centre d’Etudes de la
Neige (CEN), Météo-France, has run an operational pro-
gram to determine snow redistribution due to wind. This pro-
gram, called SYTRONI and described in Durand and others
(2001), is fully integrated into the automatic SAFRAN-Cro-
cus—MEPRA (SCM) chain (Durand and others, 1999), and
has proven to give reliable results at the massif scale
(~500 km?) while showing the need to develop a new and
sounder two-dimensional application for smaller scales.

This new software, SYTRONZ, is the main subject of
this paper. It is a more thorough modelling attempt which
runs at a finer horizontal scale (~1km characteristic length
divided in a mesh size of 45 m) with a realistic topography
at this resolution. It uses some of the SY TRONI operators,
such as the erosion scheme, in order to retain the benefit of
the previous validation. The main feature of the new model
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1s its ability to run quickly (in terms of computer time) and
to be initialized with the SCM large-scale conditions.

Firstly, we have developed a simple model for the near-
surface wind velocity whose output is then modified accord-
ing to topographic patterns (slope and curvature) at two
different resolutions. These resolutions, which exceed the
current accuracy of the automatic evaluation of wind and
snow in mountainous terrain, must be considered carefully.
For simplicity, the calculated (or estimated) wind is kept
constant during every hourly time-step and there is no
coupling with the snowpack characteristics. Secondly, we
have developed some “downscaling operators” to initialize
the local snowpack profiles from the SCM massif profiles.
A snow profile up to 50 layers is interpolated at each grid-
point before being subjected to the wind action.

Once SYTRON? is initialized with realistic conditions,
the model can simulate the occurrence of blowing snow and
estimate the total snow mass transport. The losses due to
sublimation, as well as the modifications of density and crys-
tal morphology, are considered. The centre of the modelled
domain corresponds to our experimental observation site,
Col du Lac Blanc, located in the French Alps at about
2700 m a.s.l., where drifting-snow events have been investi-
gated for 10 years (Fig. la and b).

The result is difficult to validate because we lack objec-
tive tools to observe all the quantities involved. Tests are per-
formed by using different snow-depth pole measurements
(for flux calibration) and photographs of the test site in
order to locate erosion and accumulation areas.

2. STATE OF THE ART

The snow-modelling efforts of several laboratories have
shown the necessity to undertake the numerical study and
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Fig. 1. Partial views of the test site Col du Lac Blanc, French Alps (2700 m a.s.l.). (a) A southern view of the site showing parts of
the instruments and the pole network. The surface state illustrates the important small-scale variability. (b) The snow surface
affected by snowdrift, the man transport mode ( saltation) and some of the validation poles.

the modelling of snowdrift phenomena whose effects on ava-
lanche hazards are well known. For many years, field obser-
vation campaigns have been conducted and many authors
have described and investigated snowdrift (e.g. Mellor,
1965; Takeuchi, 1980; Fohn and Meister, 1983; Pomeroy and
Gray, 1995). More recently, several numerical attempts have
been made. Some of them are based on sophisticated models

60

https://doi.org/10.3189/172756404781814771 Published online by Cambridge University Press

of the different fluxes and the snow—atmosphere inter-
actions (e.g. Gauer, 1998a, b, 2001) and are more suited for
a precise treatment of specific wind-transport events. Other
realizations are better designed to follow and simulate
snowdrift effects in particular locations for a long period
(e.g. Liston and Sturm, 1998), but with a limited treatment
of the snowpack characteristics. Other attempts are closer to


https://doi.org/10.3189/172756404781814771

the daily exploitation and can be linked to the daily opera-
tional modelling (e.g. Fierz and Gauer, 1998; Lehning and
others, 2000a, 2002), with the possibility of taking into ac-
count the modification of snow crystals.

3. EXISTING STARTING TOOLS AT CEN
3.1. The SCM chain

Our present work is based on the SCM operational chain
(Durand and others, 1999), and aims at improving it for the
case of drifting-snow events. The present SCM working
scale is about 500 km? and it is run daily for 23 Alpine and
21 Pyrenean massifs over the whole year. It is used by the
professional forecasters in charge of the avalanche-hazard
estimation besides other information such as field obser-
vations and direct contacts with mountain professionals
and users.

The SCM chain simulates the snowpack at different
elevations, in vertical steps of 300 m, for different slope as-
pects of the massifs studied. The results are obtained
hourly for three different slope inclinations (flat, 20° and
40°). This is only a rough approximation for the vertical
slopes found in real mountain terrain and is one of the
main weaknesses of the system, as it cannot take into ac-
count small features due to the local effects of wind, topog-
raphy or vegetation. No explicit parameterization of the
snowdrift is incorporated at present, but SCM provides an
hourly set of both meteorological and snow conditions,
which includes a detailed stratigraphy of all layers. All
these quantities are mean values representative of large
slopes at different elevations and aspects.

3.2. SYTRON1

Unlike Gauer (1998a,b) or Liston and Sturm (1998),
SYTRONI does not perform a full three-dimensional esti-
mation of the different transport fluxes over a real topog-
raphy. The model aims only at simulating the effects of a
crest between two opposite aspects at all the elevations of
SCM considered in steady-state conditions. It is described
in detail in Durand and others (2001) and Guyomarc’h and
others (2002). The basic assumption is a one-dimensional
channelled flux forced by the regularly simulated wind.
The output 1s an hourly estimation of the eroded amount
on the windward aspect and of the deposited amount on
the lee aspect. This model can be considered as an opera-
tional application of previous work (e.g. F6hn and Meister,
1983). The computations are done hourly over long periods,
without any re-initialization, and are fully embedded in
the SCM operational suite which is monitored daily. The
evolution of the snow characteristics is determined at once
by the snow model Crocus (Brun and others, 1989, 1992) and
by special operators for the modification of the blowing
snow. A flow chart of the operational running mode is
shown in Figure 2.

4. PROBLEM DEFINITION

The goals of this new two-dimensional application are:

To compute an appropriate two-dimensional local wind
parameter (such as the shear velocity) in order to assess
the initiation and the intensity of the snow transport,
through the use of the PROTEON (Prévision de I'Oc-
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Fig. 2. Flow chart of the links between the different software
employed in the final SYTRONZ model.

currence de Transport Eolien de la Neige) method pre-
sented by Guyomarc’h and Mérindol (1998), and in
order to force the wind advection scheme for the sus-
pended snow at each time-step.

To define the occurrence of blowing snow as an inter-
action between snow characteristics and this local wind,
and to estimate the corresponding fluxes in a common
way with SYTRONI in order to take advantage of its
daily monitoring,.

To adapt the scheme of crystal modification of the
drifted snow after deposition as in SY TRONI.

To define a new redeposition scheme and the corres-
ponding rates.

To elaborate a validation process based on remote meas-
urements.

All these points will be addressed below, while the
detailed formulation is given in Durand and others (2001)
and Guyomarc’h and others (2002). Concerning the last
point, all the numerical simulations are performed around
an experimental observation site where observations have
been made for >10 years. During these years our team
became very familiar with this site. The site as well as its cli-
matology is described by Guyomarc’h and others (2001) and
is shown in Figure la and b. It is located at 2700 m a.s.l. near
the ski resort Alpe d'Huez in the Grandes Rousses massif
and 1s characterized by significant snowdrift events. Several
sensors have been set up here and in the surrounding area, in
order to observe and quantify the amount of drifted snow
both in the air and on the ground. However, the large varia-
bility of the local topography at very fine scales usually
makes comparisons with the models difficult. Changes in
the shapes of the drifted crystals have been investigated both
at the field site and in the cold laboratory. This allowed the
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determination of empirical laws of crystal modifications
which are used by SYTRONI and SYTRON2. A brief re-
view of some indications can be found in Guyomarc’h and
others (1991,1995).

5.WIND MODELLING

The non-hydrostatic weather model Meso-NH is developed
in cooperation by the Centre National de Recherches
Meéteorologiques, Météo-France, and the Laboratoire dAér-
ologie, Centre National de la Recherche Scientifique,
France (Lafore and others, 1998). This model allows numer-
ical simulations of the fine atmospheric motions ranging
from large meso-alpha scales down to the microscale, using
a comprehensive physical package.

For our application, we performed 20 runs for different
dates with snowdrift events or heavy winds at our test site.
Every run consisted of a simulation with 12 km horizontal
resolution. This run with a new set of physiographic data,
namely horizon mask, topography, soil and vegetation char-
acteristics, albedo and emissivity, provided the initial and
lateral conditions for a second run at 1.2 km resolution. A
third run with 600 m resolution and nested in the previous
one, provided the wind field for the particular date (Mérin-
dol and others, 2000). Due to the complex and steep topog-
raphy of our zone, it was not possible to achieve a finer mesh
with the present version of the model. However, this limited
sample of meteorological data covers most of the typical
meteorological situations over the French Alps and repre-
sents a valuable dataset for tuning and validating simpler
methods.

Besides these reference simulations, which cannot be run
in real time, we have developed a simpler model suited for
local application in an operational framework, covering the
range 600—45 m. The model, called SAMVER|, is based on
the conservation of the potential vorticity and divergence
on isentropic surfaces close to our site of interest (Holton,
1979). This model is initialized by the analyzed SAFRAN
outputs (Durand and others, 1999) representative of the
massif scale, and aims to adapt these large-scale fields to a
finer topography of 45 m resolution, using several known
simplifying assumptions. The main advantage of the model
is its ability to deliver routinely (every hour) an approxima-
tion of the relevant winds, which can be used for snowdrift
computations. However, fine-mesh effects are often
smoothed or under-evaluated.

We recognize the limitations of such a simplified ap-
proach, hence the model output is statistically corrected
after running according to the topography used.

It is well known that topographic effects produce a turn
in wind direction at small scales. Thus we have applied the
formulation of wind deflection proposed by Ryan (1977), and
quoted and used by Purves and others (1998) for inclinations
<45°%:

Fy = —0.255s4sin[2(A — )], (1)

where Fy is the wind diversion, sq is the inclination (%), A
is the slope aspect and 6 is the wind direction.

The second set of corrections concerns the SAMVER
wind velocity. The same approach as that of Liston and
Sturm (1998) is used but applying two ranges of scales,
600 m and 45 m. These corrections are based on the topo-
graphic variations at these two different scales, represented
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by the topographic slopes €5 and curvature {2 in the wind
direction, and are discretized as:

W=10+ ’YSQS + 'YCQC» (2)

where W is an empirical weighting factor for the wind
velocity, and 75 and 7, are constant to define at different spa-
tial scales, respectively.

The SAMVER velocity correction at the 600 m scale is
based on comparisons with the Meso-NH results over the 20
previously studied situations, where numerical results from
both models are available. The Meso-NH wind fields are
considered the best possible estimation at this scale for a
computational area of about 3 x 3km? and are henceforth
used as reference fields to compute the appropriated con-
stants, s and~y., at this scale. An indication of the initial
performance of both models can be given by their respective
comparisons with the observed wind velocity in the labora-
tory, where Meso-NH exhibits a correlation factor, R, of 0.8
(based on the 20 runs). The corresponding initial value for
SAMVER is only 0.65 before correction.

In a second pass, a new correction with a finer-mesh top-
ography is performed. Here the parameters used, vs,7., are
derived from local field observations and lastly hand-tuned.
The wind finally obtained is then used in the form of the
shear velocity, as is done by Li and Pomeroy (1997), while
linking the wind transport to the measured wind. An illus-
tration of the wind field issued from SAMVER is presented
in Figure 3: the map is centred at the location of the instru-
mented site of Col du Lac Blanc (north is up). The contour
lines are in steps of 100 m and show how the instrumented
site 1s located within a natural channel, with the Dome des
Petites Rousses (2800 m a.s.1) at the west and the Chaine des
Grandes Rousses (>3000 m a.s.1)) at the east side.

6. THE SYTRON2 MODEL

6.1. Presentation

SYTRONZ2 exhibits many differences from SYTRONI. Un-
like the latter with its two “fictive” locations, SYTRONZ2 is a
two-dimensional model which runs at finer scale on a more
realistic topography, using a digital elevation model (DEM)
with a grid resolution of about 45 m. Within the 3 x 3km?
computational area, one can observe different aspects,
slopes and elevations, which will lead to a complex inter-
action of the different phenomena of snow transport, ero-
sion and accumulation.

Two new operators have been added to STYRON? to
describe the relations for the transport mechanism and the
accumulation rate. The rest is common with SYTRONI
which is presently in operational use and is checked daily.
This constant checking process allows a common upgrade
and improvement of new operators through a distinct vali-
dation of the two models with the measurements at the in-
strumented site. SYTRONZ2 can be seen as a highly
simplified version of models like those of Gauer (1998a, b,
2001), Liston and Sturm (1998) or Lehning and others
(2000a, 2002), but with the ability to simulate drifting-snow
events at different locations inside the massifs, where the
SCM chain operates, in near real time. The flow chart of
these models is presented in Figure 2.
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Ig. 3. Representation of the fine-mesh topography at the Col du Lac Blanc test site and the wind-field output from the SAMVER
model. Axis units are gridcells, corresponding to a unit area of 45 x 45 m” and a total area of 2700 x 2700 m”.

6.2. Operators

As previously mentioned, an extreme simplification has
been chosen in the design of the model in order to be able
to produce results, at nearly real time and with a moderate
amount of computer time. The only variable considered is
the averaged mass m (kg) of drifting snow in a mesh cell.
This crude approach of one averaged layer does not allow a
distinction to be made between the different transport
modes, saltation, creep or suspension. The temporal mass
evolution is treated by a classical mass-balance equation
which guarantees the horizontal conservation of the drifted
snow mass by the transport operators and also involves the
other variation operators for erosion and accumulation:

_:_————qacc+Qerr7 (3)

where u, (ms~!) and v,(ms™!) represent the horizontal
particle advection components, in the z and y direction,
and @uee (kgs™!) and ge (kgs™!) are the accumulation
and the erosion rates, respectively. The operator g, 1s the
same as used in SYTRONI (for a complete description, see
Durand and others, 2001) and feeds the moving mass m and
the losses by sublimation at once. As the mesh size is about
45 m, the corresponding time-step in the Eulerian numeri-
cal scheme used is <2 according to the Courant criteria.
This formulation for the erosion does not take into account
any interaction between the individual drifted crystals nor
any turbulence effects, and only the horizontal advection is
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treated without vertical influence. The wind-advection
scheme has to be representative of the particle velocities in
the different transport modes at different heights according
to the respective concentrations, even if the main transport
occurs in saltation (see Fig. 1b). Here, the advection velocity
can be considered almost constant (Pomeroy and Gray,
1995). The wind advection used here is a vertically averaged
quantity linked to the ambient meteorological conditions. It
is practically derived from the corrected-SAMVER velocity
(u and v) field through the crude relationship:

Uy = kU, vy = kv (4)

with k£ = 0.35 derived from our field observations. A similar
approach, but restricted vertically to the saltation layer, has
been used by Gauer (2001) with & = 0.58. A lower value of k
1s likely in our case, as we consider a larger vertical layer
than Gauer. Higher wind speed results from including the
suspension layer, yet most of the snow is transported within
the saltation layer, so a lower value of k is a realistic assump-
tion when considering the vertical distribution of snowdrift.

The accumulation operator g, differs from those of
SYTRONI. As no explicit particle-settlement velocity can
be easily derived, it has been formulated in a probabilistic
manner in assuming that, from equilibrium conditions,
95% of the drifted snow was redeposited after transport
over a fetch distance, L, of about 1200 m with a mean hori-
zontal wind-transport velocity V of at least 15ms~!. These
values are calculated following standard approaches in me-
teorology for the deposition of advected scalars. The prob-
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abilistic formulation is similar to that used in other studies
of snowdrift, and the ratio V/L is in the range of values
found in the literature (Takeuchi, 1980; Liston and Sturm,
1998; Essery and others, 1999). The actual values used in this
work are the best fit to previous, unpublished experimental
studies using snow marked with colour tracers at the Col du
Lac Blanc test site. For lower wind values the fetch distance
is reduced proportionally. This fetch distance gives only a
mean composite instantancous evaluation of the deposition
rate for a given wind value and is thus characteristic of the
distance after which a crystal can no longer be mobilized by
the wind due to the changes undergone in shape and
density. This formulation partly compensates for the lack of
vertical velocities in Equation (3). All the current numerical
values are not finally fixed at the moment and still undergo
a process of field validation. The presently used form is:

Qacc = a(l - Bw)m

w=y/u2 + v sin(6) (5)

|Bw| <1,

with
and

where w is a large-scale vertical topographic forcing factor
whose mean value along the fetch distance is assumed to be
zero and 6 is the topographic slope in the flux direction. A
similar formulation of the deposition governed by the shape
of the terrain can be found in Fohn and Meister (1983). « is
estimated based on the previous redeposition hypothesis by
integrating a limited form of Equation (3) over the fetch dis-
tance assuming a constant horizontal speed

(11—7: = —Qacc = = —1In(1.0 — 0.95)%, (6)
while the constant 3 has been estimated to be 1.0 (sm™!).

Contrary to the Eulerian scheme used for the mass-
transport processes, a Lagrangian method is used to deter-
mine the new morphological characteristics of the accumu-
lated snow for each gridpoint at every time-step. It is
performed by identifying the starting point of the moving
crystals, then integrating the different features over the ap-
propriate fetch distance and finally modifying these aver-
aged characteristics. The algorithm aims at making a new
drifting crystal which is closer to a small rounded grain than
its previous shape. This transformation is not obtained in
one time-step and can take some time. As described in Dur-
and and others (2001), the dendricity of the fresh snow de-
creases and the sphericity increases according to the wind
velocity during the transport. When the crystal has under-
gone some metamorphism, it will decrease in size and in-
crease in sphericity, always as a function of the wind
velocity during the transport. These operators are based on
observation of the drifted crystals, done at the instrumented
site for many years, as well as on the densification mechan-
isms presented in Durand and others (2001).

At each gridpoint and time-step, the deposited snow is
then added to the snow bed by aggregation to the first layer,
or through a new layer if the amount is large enough. In case
of snowfall, fresh snow is simply added to the snow mass in
movement and treated as eroded snow. This allows a deposi-
tion of the fresh snow suited to the wind and topographic
conditions.

All these formulations have an implicit self-limitation:
the transported snow is less subject to a new drifting effect
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during the following hours because it underwent some crys-
tal changes, which decrease the corresponding snow-drift-
ability index and thus the transportability. Over an area of
60 x 60 gridpoints, 1 hour of numerical integration takes
about 2 min of computer time in an HP J282 UNIX work-
station using a constant hourly velocity field.

6.3. Initializations and downscaling procedures

The only meteorological and snow conditions routinely
available are those provided by the SCM on an hourly basis
and at the massif scale. As presented by Bouvet-Naaim and
others (2001), this information is not sufficient because snow-
transport phenomena cover a larger range of spatial scales,
including smaller scales, with complex interactions. Hence,
the described models, SAMVER and SYTRONZ2, have to
be fed with appropriate small-scale information derived
from larger scales by suitable downscaling procedures,
which are mainly issued from statistical-dynamical meth-
ods and are always under evaluation.

SAMVER needs only an initial air temperature and
wind field to start the run. The initial temperature values
are derived by linear interpolation between the main SCM
elevations and expositions at each gridpoint. Although this
assumption is adequate for the air temperature, it is insuffi-
cient for the wind field. Presently, it is very difficult to obtain
a realistic small-scale estimation of the wind field in moun-
tainous conditions because it exceeds in many respects both
the computer capacities and the state of the art, especially
regarding the turbulence formulation. Therefore, the initial
velocity field (two wind components) is obtained in two
steps: first, a projection on the gridpoints according to their
relative exposition from the SCM wind-transport velocity
and direction (noted W; in Durand and others, 2001) is de-
rived, and secondly, a global minimization of the diver-
gence over the whole domain is applied. The previously
described final corrections with fine topography can be con-
sidered as downscaling operators.

SYTRON? initially needs a complete description of the
snow profile on each gridpoint in terms of stratigraphy, den-
sity and temperature, which implies defining some interpo-
lation operators between the available SCM profiles. Snow
professionals all know how difficult a rigorous comparison
between two profiles is. The SCM profiles are firstly simpli-
fied by aggregating coherent daily snow layers according to
the international classification (Colbeck and others, 1990) in
order to better identify the corresponding homogeneous
layers between the different SCM profiles. In a second step,
the different layers are interpolated at cach gridpoint profile
according to the exposition, aspect, elevation and a distance
function of the grain types. This distance is the same one
used by Lehning and others (2001) for comparing different
snow profiles. When the SCM profiles exhibit characteris-
tics that are too different in terms of crystallography, several
small layers, representative of these inhomogencous fea-
tures, are superposed in the gridpoint profile.

6.4. Limitations of the model

The new approach still has numerous limitations. Beside the
simplicity of the scheme, we should mention the constant
horizontal wind velocity during the 1 hour time-step and
the neglect of the turbulent entrainment of snow, which has
a stabilizing effect with subsequent damping of turbulence
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Fig. 4. Snow-depth field deduced from the SCM snow profile on 31 January 2002 at 06 UTC and subjected to the effects of the
SAMVER plotted wind field (darts) for several hours. (a) Variation of the snow depth during the drift event; (b) the final
crystal shape of the first layer of the snowpack after this event. T he figure shows the ability of the model to discern snow type and its
driftability. To the west of the image, on the lower section below 2700 m, precipitation was heavy snow or rain, and no drift occurs.
Only lighter snow at higher altitude has been transported.
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Fig. 5. Comparison between photograph (a) and modelled snow-depth variations field (b ), on morning of 7 February 2003 on the
northern slope of Col du Lac Blanc. Both panels exhibit the same large-scale erosion area due to the effects of a previous

northerly wind.

(Wamser and Lykossov, 1995; Bintanja, 1998; Gallée and
others, 2000).

At present, one of the main limitations is the impossibil-
ity of following drift events over the entire winter season. It
is also impossible to feed back the new profile information
available at the small-scale grid into the large-scale system
referenced in terms of massiffelevation/slopefaspect. Thus, it
1s only possible to simulate a drift event without taking into
account any information from the previous drift events and
using only an initial state adapted from the larger scales.
However, the main limitation remains the large simplifica-
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tion of the scheme. We are fully aware of the need to improve
the mechanisms represented in parallel with a better initial-
ization, since large discrepancies in the initial conditions
could imply unacceptable gaps even in a more sophisticated
model.

7. EXAMPLE OF MODELLING RESULTS: MORN-
ING OF 31 JANUARY 2003

This date was characterized by a recent small snowfall
(10 cm) under light winds, up to 6.5ms™!, and mild tem-
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peratures. The transition line between snow and rain was at
around 2600—2700 m a.s.l. This meteorological situation il-
lustrates well some of the previously presented operators
and the ability of the model to discern snow driftability.
The maps in Figure 4 cover the same area as in Figure 3,
with the same 45 m mesh. Figure 4a shows the variation of
snow depth due to the drift event (green colours represent
the accumulations and brown the erosions with scales in
the range from —5 to +5 cm). Figure 4b exhibits the final
surface crystal characteristics in the Crocus formalism (Brun
and others, 1992).

No drift occurs below 2700 m. This is due both to the
initial conditions, corresponding to rounded grains (pink
and red colour), and to the fact that below this altitude new
precipitation occurred as rain. Some rounded grains are
also visible at higher elevations on southern aspects due to
radiative effects and light wind erosion. The variations in
the shape of the fresh snow crystals (in green) are mainly
due to the wind transport.

One can thus see how the snow cover has been modified
according to the expositions through the action of the differ-
ent snow-transport operators. Presumably, the south-south-
west wind induces a transport from the southern windward
aspects to the northern leeward ones through the action of
the different fluxes involved, as described. One can recog-
nize such patterns in Figure 4a at different locations at high
elevation and also at the centre of the area, which exhibits a
large dipole erosionfaccumulation. One can also notice a
certain variability of the snow-depth field in all aspects due
to several small topographic features.

8. FIELD VALIDATIONS

8.1. Comparisons with local observations

Different approaches are followed to test the performance of
the model and its ability to simulate real events. Two auto-
matic weather stations permanently record wind speed,
wind direction and snow depth at the Col du Lac Blanc
observation site (Fig. 1). A network of 18 snow poles is regu-
larly monitored to assess the height variations of the snow-
pack along a north—south transect with varying slopes and
aspects. This task, already presented for one season in Dur-
and and others (2001, fig. 2), has been continued for five
winter seasons (not presented here) and aims to provide
information for the tuning of the operators common to

SYTRONI and SYTRON?2.
8.2. Photographic survey

A remote-sensing approach using oblique digital photogra-
phy is employed to monitor the spatial variations of the
snow cover throughout the winter season. Different works
have been undertaken to diagnose snowdrift effects (accu-
mulation and deposition areas) through the patterns of the
picture. A simple example of the raw phenomena is illus-
trated in Figure 5 which represents the northern wind situ-
ation from 6 February 2003. Figure 5a shows a view of Col
du Lac Blanc from the northwest (located at the centre of
Figures 3 and 4, with the Dome des Petites Rousses on the
right), while Figure 5b represents the modelled snow-depth
variation at the same date with the same colour code as in
Figure 4 (but different depth scale). Both panels exhibit a
large erosion area on this windward slope with a maximum
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modelled value of about 15 cm. The systematic survey and
treatment of this information is in progress throughout the
season.

8.3. Albedo comparisons

Underlying theory and assumptions

Many snowdrift events result in variations of the snow layer
of the order of a few ecmd ' according to one run of the
model SYTRON2, when the total snow transport is aver-
aged over the whole surface of the gridcell (about
2000 m?). Although precise laser altimetry would be suit-
able to detect this variation, its application to a large area
1s impractical. Differential interferometry has proven useful
to detect centimetric variations in ice depth over glaciers,
but given the cold, dry conditions and low densities of the
fresh snow layer, evaluating the returned radar signal is
likely to present problems, and besides the costs of high-tem-
poral-resolution monitoring would be prohibitive. There-
fore it is necessary to find a tool easy to deploy, of low cost
and ready for use at the required date and time.

The relationship between snow-grain characteristics
and albedo has been described by several authors (e.g. Wis-
combe and Warren, 1980; Dozier and others, 1981; Fily and
others, 1997; Nolin and Dozier, 2000). Wind transport of
snow results in mechanical modifications of the snow grain,
and snow grains are differentially transported according to
their characteristics (Guyomarc’h and Mérindol, 1991, 1995;
Guyomarc’h and others, 2002). Hence, a modification of the
reflectiveness of the snow layer can be expected during a
snowdrift event, which could be detected using optical and
near-infrared detectors. Research is ongoing, and the first
results for the winter 2002/03 campaign are presented here;
a more detailed study and the full theoretical background
will be presented in a future paper.

Methodology

Oblique digital photographs of the study site were taken
from different points and georeferenced to a DEM of the
area. The georeferencing process 1s explained in detail in
Corripio (2002), and consists of applying a viewing transfor-
mation to the DEM according to the position, viewing dir-
ection and focal length of the photographic image. The
result 1s projected into perspective and scaled according to
the resolution of the digital image, resulting in a “virtual”
photography of the DEM that can be compared to the ac-
tual photography of the area. Finally, a mapping function
between the perspective position of the DEM gridcells and
the photographic pixels establishes the exact location of
every point in the image (Fig. 6).

Once the photograph is georeferenced, the reflectance
values are normalized according to the viewing geometry,
the angle of incidence of sun rays on the slope, the ratio of
direct to diffuse radiation, the atmospheric transmittance
between the pixel location and the position of the camera,
and the effect of radiation reflected on the surrounding
slopes. The final result is a map of normalized reflectance
values, or relative albedos, that can be compared to the
albedo derived from the snow-grain types predicted by the
model, which is calculated following the formulation used
in the Crocus model (Brun and others, 1992). This photo-
graphic technique for albedo estimation has performed well
in similar alpine environments according to previous ex-
periments performed by one of the authors. It is also worth
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Fig. 6. Georeferenced map of reflectance values from digital photographs taken from Pic du Lac Blanc (at the lower right of the
image ) in the direction of Col du Lac Blac ( at the lower centre left of the image ). This map was acquired after the correction for
terrain parameters, atmospheric transmittances and the ratio of divect to diffuse radiation produced in Figure 7.

noticing that in terms of albedo at high-altitude mountain
sites, Crocus is the best-performing model in a recent inter-
comparison study (Etchevers and others, 2004).

First results

Figure 7a and b show the results for the photographically
derived and the model-estimated albedo, respectively, for
18 February 2003. Both images are for a grid resolution of
45 m. The comparison is qualitatively satisfactory, although
there are problems resulting from sub-grid variability in re-
flectance values and snow-accumulation patterns that are
inherent in the use of discrete mathematical representations
of topography in the form of DEMs.

The large areas of lower and higher albedo are similar,
both in the simulations and in the photographic estimation.
Areas of maximum albedo in the photography tend to be
near to non-visible areas (black shapes in Fig. 7). These
regions correspond to zones where the incidence angle of
the sun is almost tangential. This results in lower insolation
and therefore slower snow metamorphism, maintaining a
higher albedo. At low illumination angles, however, the
photographically derived albedo should be modified ac-
cording to appropriate bidirectional reflectance distribution
functions, and the margins for error increase. These first
results reveal that the technique has a good potential applic-
ability for the validation of spatial models.

68

https://doi.org/10.3189/172756404781814771 Published online by Cambridge University Press

9. FUTURE WORK

Several improvements to the different models are in pro-
gress. The SAMVER model is being improved by the addi-
tion of new vertical layers which will lead to a more precise
initial wind-velocity estimation and a possible use of vertical
velocities in both the advection scheme and the erosion/
accumulation operators. In SYTRON2, we will separate
the different transport modes, saltation, creep and turbulent
diffusion, with distinct advections and mass exchanges
between them.

Future work for the validation includes the use of spec-
tral filtering to take advantage of the variability of snow
albedo in the near-infrared region of the spectrum and the
application of digital image processing for image segmenta-
tion and pattern recognition (e.g. sastrugi) that can be
related to areas of erosion deposition and different degrees
of transport.

10. CONCLUSION

This work continues more than 10 years of experiments and
archives from the instrumented site at Lac Blanc. We tried to
model the observed wind-transport phenomena while keep-
ing in mind the necessity to build a system able to run oper-
ationally and be coupled to the SCM chain. The differences
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Fig. 7. Albedo estimated from photography (a) and according to snow-grain characteristics modelled by SYTRONZ2 (b) on
18 February 2003 at Col du Lac Blanc. Map (a) is derived from the image in Figure 6 after correction _for terrain parameters,
atmospheric transmittances and the ratio of dvrect to diffuse radiation. The colour code does not represent absolute values but a

relative gradation from lower values (blue) to higher ones (red ).

in length scales due to the phenomena involved, the strong
forcing of the topography, and the difficulty of obtaining a
realistic wind field, make this approach difficult and chal-
lenging.

This objective has been attained for SYTRONI and is in
progress for SYTRONZ2. For the latter, we still have to devel-
op new scientifically based improvements and to take better
account of the energetical evolution of the snowpack. The
first results are encouraging and show the ability of the
models to capture some of the main observed snow features.
Among these correct results are the localization of areas of
snow erosion and deposition (Fig. 4a); the ability to distin-
guish between snow grains that are likely to be transported
and those which are not, or what we call driftability
(Fig. 4b); the adequate coupling with the snow surface layer
modelled by Crocus; the general intensity and direction of
winds at the surface (Fig. 3); and the ability to simulate
snow-grain modification and its effects on the relative vari-
ation of snow albedo (Fig. 7). The validation process has
opened a new field of remote investigations of the surface
snowpack characteristics; it will be continued and devel-
oped for other applications.
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