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ABSTRACT. This paper describes the current state of a complete automatic system of
three numerical models that simulate snow-cover stratigraphy and avalanche risks for op-
erational avalanche forecasting. The first model, SAFRAN, estimates relevant meteorolo-
gical parameters affecting snowpack evolution. The second, Crocus, is a snow numerical
model which simulates the physical processes inside the snow pack and its strat igraphy. The
last model, MEPRA, is an expert system; based on an assessment of snowpack stability, it
deduces natural and accidental avalanche risks. To describe the great variability of the
snowpack and the associated avalanche risks, this automatic system simulates snow-cover
evolution and its stability for many typical slopes, elevations and aspects representative of
the different French massifs. To achieve this result, different kinds of validations have been
carried out since winter 1981; they are mainly based on comparisons with different sets of
measurements and on the opinion of users.

Although the routinely obtained results do not yet take into account all small-scale
effects such as wind transport, they have been considered as valuable information by ava-

lanche forecasters since 1992-93 and used operationally since then.

1. INTRODUCTION

Progress in snow research and more powerful computer facil-
ities have made it possible to simulate the main features of the
snowpack and the corresponding avalanche activity. Based on
three individual models (SAFRAN, Crocus, MEPRA: sce
below), we have built an automatic system, hereafter called
the SCM chain. The only inputs to this chain are daily me-
teorological observations, output from numerical meteorolo-
gical models and precipitation climatologies. No snowpack
information is entered into the system, The main assumption
of this system is the spatial homogeneity of the massifs in-
volved (especially for precipitation), which implies a corres-
ponding working scale and excludes representing all the
local effects such as those due to accumulation and erosion by
wind. As outputs, the chain simulates an average snow man-
tle, described by its stratigraphy, on different elevations and
aspects for 23 massifs in the French Alps and 15 massifs in the
Pyrenees (France and Spain) (surface area of ecach massif
about 500 km?). It also simulates the corresponding avalanche
risks. Since winter 1992-93, this set of models has been used
operationally by French Alps avalanche forecasters, and since
199596 in the Pyrenees. At the same time it has been devel-
oped and improved both by contact with the different users
and by comparison with different sets of human observations,
Some of these studies will be presented here:

comparisons of snow depths and simulated stratigraphy
with measurements throughout the winter:
comparisons of simulated snow-temperature gradients
with measurements on numerous sites;

comparisons of observed avalanche activity with simu-
lated avalanche risks.
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The SCM chain is also being used in research in hydrology
(Braun and others, 1994) and on the sensitivity of the snow
cover to climate change (Martin and others, 1994). All these
studies have contributed greatly to its development.

This paper investigates the global possibilities of this in-
tegrated computer-hased system, its limitations and weak-
nesses, and how it is used operationally as a helpful ol by
Irench avalanche forecasters.

2. BACKGROUND

In Alpine and Pyrenean regions, increased [requenting of the
mountains has brought a need for greater security. Ava-
lanches kill people every year, mostly mountaineering skiers
and alpine off-track skiers, and cause damage to roads and
vehicles. Preventative measures have been developed in order
to minimise avalanche casualtics. Following the example of
the Weissfluhjoch Institute, Switzerland., the French Snow
Research Centre (Centre d'Etudes de la Neige (CEN)) was
created at Grenoble in 1959 under the French Meteorological
Oflice. It was charged with sctting up an avalanche-fore-
casting system and conducting research and development in
that ficld. Until 1984, the CEN produced avalanche reports,
Since 1984 daily reports have been produced by meteorologi-
cal centres located in the French Alps and Pyrences ( Pahaut
and others, 1991), under a new system (based on the French
departmental administration) which aims to provide more
detailed information. The different local centres use dilferent
models developed by the CEN, which now devotes most of its
activity to the research and development of methods and
tools to aid avalanche forecasters. The CEN has developed
an automatic chain to simulate snow-cover stratigraphy and
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corresponding avalanche risk for operational avalanche fore-
casting, which forms the subject of this paper.

3. STATE OF THE ART IN AVALANCHE-FORE-
CASTING TOOLS

Since the 1970s, different avalanche-forecasting models have
been developed and used by various snow and avalanche
rescarch centres. Statistical methods using discriminant
analysis and nearest neighbours have been the most popular
approaches (Bois and others, 1975; Buser and others, 1987),
although generally they do not deal explicitly with physical
snow processes. Operational systems based on nearest-
neighbour methods are used by avalanche forecasters in
several countries, but their results are highly dependent on
the available archive data, and unusual situations are often
poorly reconstructed. The most common limitation is that
the criteria for searching analogous situations generally use
meteorological data rather than the internal state ol the
snowpack (stratigraphy and physical parameters of the dif-
ferent snow layers). The discriminant analysis method is
more difficult for the local forecaster to interpret (less “sen-
sible” approach). The discriminating capacity of the func-
tion used must be well studied to obtain the best skill score
in a stable way throughout the period of use. Generally
speaking, statistical approaches are efficient tools, but their
simplicity needs careful tuning and a long calibration series.
These methods are thus best at forecasting natural fresh-
snow avalanches, rather than slab avalanches triggered by
skiers. As pointed out by Bader and Salm (1990) and Schwei-
zer (1993), statistical methods cannot identify the presence
of weak layers which are of prime importance for the release
of slab avalanches. Even if information on the vertical struc-
ture of the snowpack were available at a given time (typic-
ally once a week from a snow pit), such models would not be
able to provide continuous and realistic time evolution of
the characteristics of the different snow layers. These models
use local measurements as a main source of input data and
thus have difficulty taking into account the variability of the
snowpack stability due to elevation and slope aspects.
Numerical models have also been developed to simulate
snow-cover processes (Colbeck, 1973; Navarre, 1975; Obled
and Rossé, 1975; Anderson, 1976). These physically based
models simulate the evolution of the snow cover depending
on the weather conditions. They include a representation of
the principal phenomena affecting the energy and mass
balance of the snowpack. A new generation of these one-di-
mensional models has added more physical processes to the
snowpack simulation and to the snow/atmosphere interface.
These include snow metamorphism and absorption of solar
radiation. These processes can be modelled in various ways.
The SNOTHERM model (Jordan, 1991) calculates crystal-
growth rates using thermodynamics, while the Crocus
model (Brun and others, 1989, 1992) calculates the evolution
of both crystal size and shape in connection with the interna-
tional snow-crystal classification (Colbeck and others, 1990).
A first attempt at using these models for avalanche fore-
casting was made in France in 1988, based on a preliminary
version of Crocus (Brun and others, 1989). This model
required manual input of the observed or forecast meteoro-
logical variables necessary for the forecasters to calculate the
evolution of the snow cover at given locations. This require-
ment limited the number of possible simulations to approxi-
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mately five locations, which was too few to calculate the
evolution of the snow cover at various elevations and for dif-
ferent slope aspects. It was therefore decided to develop the
automatic suite of models described in this paper.

Another avalanche-forecasting method is based on ex-
pert systems, a popular approach in the 1980s, The initial
ohjective of such models was to reproduce expert human
reasoning in a particular field (Giraud and others, 1987).
Most systems use production rules organised in bases; some
examples of these rule bases can be found in Lafeuille and
others (1987). Recently, hybrid expert systems have been de-
veloped by coupling expert systems with statistical models
(Bolognesi, 1994; Schweizer and Iohn, 1994; Weir and
McClung, 1994) or with neural networks (Schweizer and

others, 1994).

4. SAFRAN/Crocus/MEPRA models

Local snowpack stability is strongly influenced by microto-
pography (e.g. several tens of meters), especially because of
the high spatial variability of snow cover due to wind drift.
However, avalanche forecasting is possible at a larger scale
because the snowpacks of'a given region present similar fea-
tures at similar elevations on slopes of similar aspect. This is
particularly the case for the presence of weak layers and for
the occurrence of processes like melting and refreezing.

Since the evolution of a snowpack is controlled by the
prevailing local meteorological conditions, we can make
the following assumption: it is possible, for a set of elevations
and aspects, to simulate the evolution of the main character-
istics of the snowpack in a given region from the average
meteorological conditions prevailing in that region.

To achieve this, it is first necessary to calculate the pre-
vailing meteorological conditions as a function of different
elevations and slope aspects. As we do not have observed
data for each elevation and aspect, we developed a mete-
orological analysis model, SAFRAN (Systéme dAnalyse
Fournissant des Renseignements Atmosphériques a la
Neige), to compute the relevant meteorological variables
from all the meteorological information available in and
around the region considered. The outputs of SAFRAN are
then used by the snow model Crocus to calculate the corres-
ponding evolution of the snowpack. In a third stage, the ex-
pert system MEPRA is used to diagnose the snowpack
stability at each elevation and aspect from the internal state
calculated by Crocus.

Due to the density of the composite observation network
in the Irench Alps and Pyrenees, and for practical reasons,
we decided to consider regions of about 500 km”, called
massifs (Fig. la and b), and to run the models on elevations
of 600-3600 m a.s.1 separated by 300 m steps, on the aspects
north, east, southeast, south, southwest and west with slope
angles of 20° and 40°. Figure 2 displays the architecture of
the three models, details of which are given below.

SAFRAN

SAFRAN (Durand and others, 1993) is a meteorological ap-
plication. It performs a spatialisation (hereafter “analysis”)
of the observed weather data available over the considered
elevations and aspect of the different massifs. The sources of
these data are the automatic observation network at differ-
ent elevations; the Irench Snow/Weather network; tempor-
ary observation sites; meteorological messages such as


https://doi.org/10.3189/S0022143000001337

Fig. I Maps showing the names and locations of the studied
fs: 230 the French Alps (a) and 15in the Pyrenees (b ).

SYNOP, which provides data collected at regular (synoptic)
times, usually every 6 hours based on Greenwich Mean
Time; and atmospheric upper-level sounding. SAFRAN
automatically combines the observed information with pre-
liminary estimates. These ficlds (generally called “guesses”)
are computed from the results of the ARPEGE (Action Re-
cherche Petite Echelle Grande Echelle) French meteorologi-
cal model (Courtier and others, 1991) or from the European
Centre for Medium-range Weather Forecasts analyses
through appropriate downscaling operators. The interpola-
tion method (“optimal interpolation” (Ol)) and operators
93]

used are described in detail in Durand and others (1
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Fig 2. Flow chart of the SCM chain.
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As outputs, SAFRAN provides the main relevant atmo-
spheric parameters affecting snowpack evolution: air tem-
perature, wind speed, air humidity, cloud cover, snow and
rain precipitation, longwave radiation, direct and scattered
solar radiation. The analysis is carried out on the 23 French
Alpine and 15 Pyrenean massifs at hourly time-steps, and
throughout the year provides a series of relevant meteorolo-
gical parameters over areas where no human or automatic
ohservation is available. These different massifls were chosen
for their climatological homogeneity. especially with regard
to precipitation fields, The calculated results are at the
massil’ scale, although this spatial definition can vary
slightly in each massif because of inherent filters used in
the different operators:

I. - the downscaling procedures which produce the initial
guess-field can have a variable response according to
the size of the massif and its location (especially along
the vertical dimension);

2. the density of the observation network which governs
the amount of data used in the analysis of cach massif’
(see Table 1) and so carries variable fine-scale informa-
tion through the analysis process;

3. the shape of the structure functions of the OI scheme
which implies increased smoothing in the fine scales
analyzed (Phillips, 1986).

Several new improvements to this analysis not described
m Durand and others (1993) include:

a revised radiative code with better transmission func-
tions for the different cloud classes, especially for high-
altitude cirrus;

a better hourly discrimination between rain and snow;
the use of satellite images (o determine cloudiness.

Figure 3 displays the precipitation analyzed by SAFRAN
for 20 December 1996 on 23 Alpine massifs on a flat surface at
1800 m a.s.l. The observation data used by the analysis
scheme for each massifare shown inTable 1, with theirrespec-
tive locations and elevations.

SAFRAN was tested by comparing its analyses through-
out a complete snow season with meteorological obser-
vations collected at two well-instrumented automatic sites
located at 1320ma.s.] (Col de Porte, Chartreuse massif)
and 2700masl (Col du
massil). At both sites, air temperature, air humidity, wind
veloeity, incoming longwave and shortwave radiation and

L.ac Blanc, Grandes-Rousses

snow or rain precipitation were measured. Naturally, these
data were not used by SAFRAN to perform its analyses and
thus were designed to qualify SAFRAN results. Some results,
derived from Durand and others (1993), are presented in
Table 2. With very small biases and reasonable rms values
between observed and predicted values, SAFRAN results
were considered very satislactory for providing input me-
teorological data for a snow model.

Crocus

Crocus (Brun and others, 1989, 1992) 1s a numerical snow
model calculating the energy and mass evolution of the
snow cover. It uses the meteorological data calculated by
the SAFRAN model and simulates the evolution of tem-
perature, density, liquid-water content and layering of the
snowpack. The originality of this snow model lies in its abil-
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Table 1. Data used by SAFRAN lo produce the precipitation analysis shown in Figure 3 (20 December 1996)

Station name Elevation Tope of data Massif RR24 5524 SAFRAN 1800 m
m mm cm mm

Valberg 1670 Snow/Weather Alpes Azuréennes 26 6

Estene 1850 Ancillary Alpes Azuréennes H 30

Auron 1790 Snow/Weather Alpes Azuréennes 20 18

Valderoure 1100 Automatic Alpes Azuréennes 26 377
St Auban 1050 Automatic Alpes Azuréennes 45

Ascros 1180 Automatic Alpes Azuréennes 23

St André les Alpes 882 Automatic Alpes Azuréennes 23

La Foux d’Allos 1900 Snow/Weather Alpes Azuréennes 46 33

Mont-Agel 1103 Automatic Mercantour 20

Luceram 1480 Automatic Mercantour 2

Mondovi 360 Synoptic Mercantour 15 34.8
St Martin Vésubie 1053 Automatic Mercantour 33

Isola 1910 Snow/Weather Mercantour 19 20

Maljassct 1900 Snow/Weather Ubaye 23 16 278
Arvieux 1675 Automatic Queyras 3l 26.2
Ceillac 1665 Snow/Weather Queyras 18 12

St Etienne en Dévoluy 1260 Snow/Weather Dévoluy 3l 0 33.8
Pelvoux 1270 Snow/Weather Pelvoux 10 12

Serre Chevalier 1900 Snow/Weather Pelvoux 17 27 41.2
Embrun 876 Synoptic Pelvoux 29

Briangon 1324 Snow/Weather Pelvoux 2] 9

St Christophe en Oisans 1570 Snow/Weather Oisans 56 6

Les 2 Alpes 1630 Snow/Weather Oisans 37 4 407
La'Toura 2590 Snow/Weather Oisans 28 22

Montgenévre 1850 Snow/Weather Thabor 17 23 204
Bourg d'Oisans 750 Snow/Weather Grandes Rousses 33 0

L'Alpe d'Huez 1860 Snow/Weather Grandes Rousses 30 8 39.5
Vaujany 1720 Snow/Weather Grandes Rousses 40 5

Villard de Lans 1050 Automatic Vercors 13 31.2
Villard de Lans 1020 Snow/Weather Vercors 14 0

Chamrousse 1630 Snow/Weather Belledonne 24 1 33.9
Prapoutel 1570 Snow/Weather Belledonne 20 1

Val Fréjus 2200 Snow/Weather Maurienne 10 12

Modane 1228 Automatic Maurienne 3 23.7
St Jean de Mauricnne 610 Automatic Maurienne 9

Le Corbier 1585 Snow/Weather Maurienne 2 5

Bessans 1707 Snow/Weather Haute-Maurienne 9 10 9.8
Aussois 2180 Snow/Weather Haute-Maurienne 10 8

St Pierre de Chartreuse 895 Automatic Chartreuse 29

St Hilaire 910 Snow/Weather Chartreuse 30 0 30.1
St Pierre de Chartreuse 1700 Snow/Weather Chartreuse 22 |

Les Ménuires 1800 Snow/Weather Vanoise 8 12

Valmaorel 1350 Snow/Weather Vanoise 2 1]

La Plagne 1970 Snow/Weather Vanoise 8 13 11.9
Meéribel Mottaret 1700 Snow/Weather Vanoise 8 (i

Courchevel 1775 Snow/Weather Vanoise 11 8

Val d’Isere 1850 Snow/Weather Haute-Tarentaise 3 X

Le Molard 2320 Snow/Weather Haute-larentaise 3 5

Tignes 2080 Snow/Weather Haute-Tarentaise 5 8 5.8
Les Ares 2040 Snow/Weather Haute-Tarentaise 12 10

La Rosicre 1900 Snow/Weather Haute-Tarentaise 3 2

Chambéry 239 Synoptic Bauges 36

La Feclaz 1350 Automatic Bauges 38 10.8
Albertville 335 Automatic Bauges 27

Les Aillons 1400 Snow/Weather Bauges 35 0

Les Saisics 1633 Automatic Beaufortin 22 20.2
Les Saisies 1620 Snow/Weather Beaufortin 22 ]

Les Contamines Montjoie 1870 Snow/Weather Mont-Blanc 15 12

Chamonix 1037 Synoptic Mont-Blanc 10

Chamonix 1050 Snow/Weather Mont-Blanc 10 0 204
Le Tour 1470 Snow/Weather Mont-Blanc 16 0

Lognan 1970 Snow/Weather Mont-Blane 18 18

Mcgeve 1070 Snow/Weather Mont-Blane 28 0

La Giettaz 1165 Snow/Weather Aravis 32 0

Poisy 500 Ancillary Aravis 37 0 383
Le Grand Bornand 1270 Snow/Weather Aravis 3l 0

La Clusaz 1500 Snow/Weather Aravis 35 I

Flaine 1640 Snow/Weather Chablais 32 3

Avoriaz 1780 Snow/Weather Chablais 19 15 34.8
Vacheresse 790 Ancillary Chablais 31 0

St Bonnet 1030 Automatic Champsaur 36 42.2
NO DATA Parpaillon 274

Nate: The different types of data used are explained in the text. The locations of the massifs are shown in Figure . The column RR24 indicates the amount of
measured precipitation during the previous 24 h, and 8524 the amount of fresh snow during the previous 24 h. These two quantitics are combined in the
analysis (o give the average precipitation at 1800 m on a flat surface, which is indicated in the final column.
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'DATE : 20/12/96

DAY PRECIP. (mm)
elevation:1800 m.

Fig. 3. SAFRAN averaged analyzed precipitation on the 23
Alpine massifs at 1800 m a.s.l on a flat aspect, 1920 December
1996.

ity to simulate snow metamorphism in near-surface and
buried layers and to represent each snow type in a compre-
hensible form. The snow albedo and extinetion coclficient
depend on the wavelength and the surface snow type, size
and age. We consider that each simulated slope is snow-free
on 1 August cach year. The simulated snowpack then evolves
day by day from the first snowlall until complete melting

Durand and others: Computer simulations of snowpack structures

without reinitialisation. The computed snow state for a given
day is thus based only on the snow state of the previous day
and on the SAFRAN atmospheric analysis of the current
day. No information concerning the snowpack structure is
used. The drawback of this running system is that there is a
cumulative effect of all the daily errors throughout the
season with no direct correction possible; this point is illus-
trated in section 5 below in the discussion of the validation
of the simulated snow depth at Tignes ski resort.

The main recent development of this maodel is the initial
determination of the parameters describing fresh snow crystal
(dendricity and sphericity) depending on the SAFRAN wind
speed, in order to begin to take into account the destructive
effect of the wind during a snowfall.

Local validation of Crocus was mainly conducted
during winter 1988-89 at the rescarch site of Col de Porte
where all meteorological parameters are measured and re-
corded. Using these data, Crocus simulated the evolution of
the internal state of the snow cover (temperature, liquid-
water content, density profiles and stratigraphy) which was
comparcd with observations collected weekly from a snow
pit at the site (Brun and others, 1992). During this test, Cro-
cus simulated snowpacks very similar to those observed in
the field. The test period included most of the meteorologi-
cal occurrences that can be observed in Alpine regions:
heavy dry-snow falls, long dry periods, rain-on-snow
events, complete refreezing, late-spring snowfalls, high tem-
perature gradients, All this made us very confident i the
ability of Crrocus to simulate the main processes aflecting a
snowpack.

MEPRA

MEPRA (Giraud, 1993) is an expert system for avalanche-
risk forecasting, This system deduces [rom the Crocus snow-
pack simulations additional mechanical characteristics
(shear strength, rammsonde resistance) and adds this new
information to the different snow profiles. An evaluation of
such quantities is made through statistical relationships cal-
culated [rom numerous in situ snow-measurement cam-
paigns. As detailed in Giraud and Navarre (1995), shear
strength is a function of snow density, type of crystals, tem-

Table 2. SAFRAN verifications al two instrumented sites, showing the averaged difference, the rms and the correlation

coefficient during winter 1990-91

Number of values Observed SAERAN Dyff. rms diff. Correlation
veriftcation
Col de Porte ( CIP)
Air temperature at 2m (- C) 3244 0.24 0.35 031 1.69 096
Wind at 10m (ms ' 3210 073 1.5 078 1.01 0.65
Air humidity (%) 3245 %2 68.7 11.02 18.71 072
Solar radiation” (Wm ) 128 054 058 0.04 0.82
Daily precipitation (mm 154 243 203 040 1.58 096
Col du Lac Blane ( C11)
Air temperature at 2m | C) 2445 6.98 6.62 056 122 097
Wind at 10m (ms ' 2370 3:H 079 227 0.66
Air humidity (% 2450 551 6 10.54 2101 074
Solar radiation” (W m * a7 0.76 0.04 0.63
Daily precipitation (mm) 103 2.88 0.14 327 0.85
NMote: The various quantities are based on hourly values except the daily normalised solar radiation and the daily precipitation.
= Daily normalised.
473
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perature and possibly liquid-water content. After classifying
the computer-generated rammsonde and stratigraphic
profile, this model predicts the “natural” mechanical stabil-
ity of the snowpack (i.e. the risk of spontancous avalanches
without human overloading). In the first step, the classical
stability index S is calculated for each layer of cach
simulated snowpack (Fohn, 1987):

o

Tll

where (' is shear strength and 7, is snow shear stress. De-
pending on the value and the temporal evolution of this in-
dex as well as the unstable snow quantity, the “natural”
avalanche risk is classified at one of six levels (very low,
low, moderate increasing, moderate decreasing, high or very
high) according to different thresholds based on experience,
snow measurements and the literature. This estimation is
completed by a classification of diflerent avalanche types
(fresh dry, fresh wet, fresh mixed, surface slab, surface wet,
bottom wet). In the case of wet snow, the calculated index is
adjusted by a diagnostic based on the increasing depth of the
wetted layer. Two examples of “natural” risk and associated
avalanche type are discussed below in section 6.

In the second step, the expert system interprets the
snowpack structure to detect the hazard of release of a dry-
slab avalanche by a skier. It 1s thought that slab avalanches
start with a shear fracture or a collapse in a weak layer or
interface {Jamieson and Johnston, 1993; Schweizer, 1993). To
achieve this, MEPR A looks first for a snow slab in the super-
ficial layers of the snowpack according to different criteria
such as density, grain-size and grain type. After detecting a
slab, it looks for the presence of a weak layer beneath the
slab by calculating a new stability index S” integrating hu-
man triggering (Fohn, 1987, Giraud and Navarre, 1995),
based on a simple Rankine equilibrium:

5 i

T o mtn

where 7 is skier shear stress. Depending on the S' index
value, an “accidental” avalanche risk is then deduced on a
four-level scale for each point (very low, low, moderate,
high). The practical use of such indexes is presented below
within the framework of a real avalanche case.

MEPRA was first tested at the Flaine ski resort during
winter 1988-89. Initialised by Crocus, we compared
MEPR A's computed estimation of the snowpack structure
with those observed weekly at snow pits, and the computed
risk evaluation with human-observed local avalanche activ-
ity as described in the daily reports. As presented in Giraud
(1993), various meteorological conditions had been encoun-
tered during the season, implying different evolutions of the

snow. The season began with a cooling and the [ormation of

faceted crystals due to anticyclonic pressures, followed by a
heating with heavy rainfall increasing settling and wetting
of the snowpack. Considerable avalanche activity followed a
large snow accumulation on this weakened snow cover.
MEPRA diagnostics were globally satisfactory, with no er-
roneous avalanche activity forecast and only three wrong
alerts when risk evaluation was decreased too slowly when
the slopes were already naturally drained.

These avalanche diagnostics have the same spatial
representativity as their input data (i.e. the massif) and do
not take into account the accumulation or erosion of snow
by the wind. MEPRA does not calculate a risk level inte-
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grated spatially on the whole massif. It provides the forecas-
ter with “natural” or “accidental” risks at different elevations
and aspects, pointing out what kind of slopes are more likely
to be alfected by the natural or accidental release of ava-
lanches.

5.VALIDATIONS

Each of the three models was first validated separately in order
to assess its individual performance, but as they have to run
together a global validation is necessary. In fact, validation of
the three SCM components does not ensure that Crocus can
simulate realistic snowpacks over a whole massif when its input
data are provided daily by SAFRAN instead of local obser-
vations. This running mode also governs the quality of the
MEPRA diagnostics. Several tests have therefore been con-
ducted to validate the results of the integrated system.

Validation of snow accumulation and ablation

These tests mainly concerned SAFRAN/Crocus and
focused on their performance in simulating the dynamics
of the snow cover, i.e. the accumulation and the ablation of
the snowpack at various elevations. We simulated 10 years of
daily snow depth at 37 observation sites from the Snow/
Weather network which were compared to observations
(Martin and others, 1994). In most locations, simulations
and observations are very similar, highlighting the perfor-
mance of SAFRAN/Crocus in representing the accumula-
tions of fresh snow, its compaction and the melting of the
snowpack for a wide range of elevations.

An example of the snow depth simulated at Tignes ski
resort by Crocus, and the corresponding observed snow
depth, 1s shown in Figure 4. In addition to the close corre-
spondence between the two curves, some details are appar-
ent that reveal the inherent difficulties of our numerical
simulations.

Most of the information observed is produced during
winter even though the snow deposition has alrcady
begun (the dotted “observed” lines do not cover the full
year, because meteorological observations of this site
were not available at some periods). The sparsity of the
observation network prior to the ski season causes the
uncertainty in the modelled snow depth at the begin-
ning of December 1981, Lack of data also makes it difli-
cult to evaluate the melting rate, although in April 1988,
for example, the simulated melting rate seems erro-
neous. But this kind of evaluation is generally performed
with automatic stations whose vicinity is less affected by
human activities and whose geographical masks are well
known.

Erroneous settling rates can be seen, especially in March
1982 and 1983 and February-March 1987; these are

mainly due to inaccurate estimation of the initial density
and of the crystal parameters for freshly fallen snow.

Some errors in the quantities of the analyzed precipita-
tion are visible in December 1981, March—April 1986
and April 1989. These are often coupled with errors in
the hourly vertical determination of limit between rain
and snow, generally through lack of pertinent observed
information.

The impossibility of correcting the simulated snow
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Fig 4. 10 year comparisons (1981=91) betrween measured snowo depth ( dotted line ) and simulated snow depth ( solid line) at the

Tignes ski resorl, Vanoise massif.

depths with in situ observations is apparent during some
winters, such as 1982 83 or 1985 86. These seasons show
a cumulative bias based on an initial error.

The scatter diagrams of Figure 5, which complete the set
published by Martin and others (1994), generalise these in-
dications. They comprise 37 observation sites and show the
observed (y axis) and simulated (v axis) mean snow depth
over four monthly periods. Here we can appreciate the close
correspondence at most of the sites; only in April is an erro-
neous snowpack simulated when in reality it had disap-
peared. The rms errors of the 37 sites are usually <20 em
for test sites below 1500 ma.s.l. and 30 em for other sites
during winter (15 December to end of April) generally with
an existing snow cover. This performance was confirmed by
using the outputs of SAFRAN/Crocus as input data for the
Swiss Federal Institute of Technology’s HBV hydrological
model (Braun and others, 1994).
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Validation of the simulated stratigraphy

No unique parameter can quantify the similarity between a
profile simulated by SAFRAN/Crocus and a measured
profile from a snow pit. Similarity must be found in a range
of variables such as the stratigraphy, the temperature
profile, the liquid-water-content profile and the density. We
have chosen to show the performance of SAFRAN/Crocus
by displaying all observed and simulated profiles at the La
Plagne Montchavin site, where only one snow pit is
observed weekly by local snow patrollers. This last fact has
a bearing on the estimation of the results, for it implies that
this site does not provide any information which could be
used by the numerical system. The winter 1996-97 compar-
ison is presented in Figure 6a. In assessing the results, we
must keep in mind that such a comparison is complicated
by uncertainties about the observation itself (exact time,
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Fig. 5. Scatter diagrams of measured and simulated mean
snow depth at the 57 test sites during four different months.

precise location, different observers and difficulties of a field
observation) and the natural variability of the snowpack.
The liquid-water content is not displayed, as it is not meas-
ured routinely in the network, but it is implicit in the density
(green line). The different types of crystals, plotted on the
right of each profile, are presented in Figure 6b with a
colour code which appears in more detailed form in Brun
and others (1992). The correspondence between this code
and the international classification (Colbeck and others,
1990) is shown in Figure 6b.

The different profiles correspond closely throughout the
season, and no major difference can be found. Simulated
and observed snow depths are in agreement despite some
discrepancies (31 December, 13 January, 17 March) which
can be attributed both to the difficulty of using SAFRAN
to estimate snowfalls in a precise location, and to the natural
local variability of the snow cover. However, no long-term
trend can be observed. Density profiles are, on the other
hand, well simulated.

Temperature profiles are well simulated in winter. How-
ever, we observe a slight tendency of the model to produce
colder profiles at the beginning of the melt period (espe-
cially in March). Wet snow grains (in red in Fig. 6a) were
systematically observed more often than the simulated
profiles indicate from mid-March. Another consequence is
the simulation of crusts (vertical hatch) with temperatures
different from zero and no liquid-water content while wet
grains were observed.

Sometimes, as on 27 January, observed and simulated
crystal types ditfer: they are faceted (blue) in the obser-
vations and rounded (pink) in the model. The grain-sizes,
however, are about the same. More detailed examination
of the observed profiles (not presented here) shows that in
fact mixed forms were observed and the faceted grains were
coded first. The discrepancy between numerical and
observed profiles is thus reduced, and seems to he mainly
due to a slight difference in the temperature gradients.

The “dark-blue” faceted layer, seen on the observed
profiles of 11 and 24 February, near 80 cm depth is also pres-
ent in the model, but is thinner. It is an important factor in
determining the stability of the profile, for it can constitute a
weak layer, especially in case of overloading (see section 4
above, subsection on MEPRA).
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Validation of snow depth and simulated tempera-
ture gradient

Comparisons between observed and simulated snowpacks
cannot be shown for all snow-pit locations. In order to use
most of the available observations from snow pits to validate
our system, we have compared the snow depths and the
simulated temperature gradient inside the snowpack with
the corresponding values observed. As stated previously,
no corresponding climatological quantitics are entered into
the chain. The temperature gradient is a pertinent variable
since it governs the formation of most weak layers. Table 3
displays the correlation and the bias between these quanti-
ties. The comparisons were carried out on 701 observed
profiles in 50 locations covering all the French massifs and
separated into three main areas during winter 1996-97,

Snow depths are always greater in reality than in the si-
mulations (especially in the Pyrenees and Southern Alps)
and exhibit low correlation. This is mainly because in this
particular winter most of the snowfalls occurred in Novem-
ber, before the opening of the observation network. The
results of temperature gradients are more satisfactory in
bias and correlation, although the low value in the Southern
Alps must be investigated further, and they make it possible
to calculate a realistic associated metamorphism.

Validation of risk levels diagnosed by MEPRA

The natural observed avalanche activity and the SCM nat-
ural avalanche risk on Vanoise massif were compared. To
carry out this comparison, a measurement of the avalanche
activity and of the MEPRA risks was defined.

For the avalanche activity, we used a simple evaluation
of regional avalanche activity deduced from the daily re-
ports of snow patrollers. As explained in Giraud and others
(1987), this regional score is an average of different local-
avalanche visual observations as indicated in the currently
used code. The local-avalanche estimation for cach site is
computed according to the number of events and their na-
ture; artificial releases have less weight than spontaneous
avalanches. A general weight also allows us to take into ac-
count the number of sites with no obhserved avalanche activ-
ity. This score is expressed on a ten-level scale.

For MEPRA, we took an index which summarises the
great spatial and temporal variability and intensity of the
MEPRA avalanche risks in a massif. It is an average of all
MEPRA “natural” risks between 1500 and 3000 m a.s.l. for
different aspects (north, cast, southeast, south, southwest
and west), which is expressed on the previously mentioned
six-level scale.

Quantitative comparisons were then conducted, and are
illustrated in Figure 7 by the chronological representations
of the different avalanche events (“observed” index on the
right y axis and MEPRA index on the left one) of winter
1986-87. This kind of plotting allowed us to identify the ava-
lanche periods for further meteorological and snow investi-
gations, although the intense avalanche-activity period at
the beginning of winter is generally poorly observed by the
patrollers (extremely severe weather conditions). Based ona
simple classification of the results from these two indices,
contingency tables were created year by year (see, e.g:, Table
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Lig. 6. (a) Comparisons between observed and numerically
simulated snowpack structures during winter 1996-97 at the
La Plagne ski resort, Vanotse massif, at the snow-pil location
of Montchavin (2100 m a.s.0., northeastern aspect ). The dif-
Jerent panels illustrate the weekly-observed snow pits and the
corresponding computed profile. The vertical axis (in cm) re-
presents the snow depth, and the blue and green curves, respect -
11'1'!): the temperature (in °C) and density profiles (ingcm
7\ with two different scales on the horizontal axis. On the
right side of each profile, the stratigraphic profile is illustrated
by the colour code presented in (). while the vertical hatch
shows crusts. (b) Colour code used for the snoze -crystal repre-
sentation. The connection with the international classifica-
tion ( Colbeck and others, 1990) is shown. The fresh snow is
represented in green, faceled crystals in blue and rounded crys-
tals in red. Asexplained in Brun and others (1992), fresh snowe
is described in lerms of dendricity and sphericity, and the more
transformed erystals are defined by their size and sphericily.
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Table 5. Comparisons between observed and simulated snow depths and vertical temperature gradients inside the snowpack for
different locations in the Alps and Pyrenees during winter 1996-97

Area Number of Number of Average Average Correlation, Average Average Carrelation,
locations sne pits used measured simulaled snow depths measured simulated temperature
snow depth snow depth femperature temperature gradient
gradient gradient
cm cm Cm' Cim?
Northern Alps 20 290 124.6 1173 0.65 0.036 0.041 0.84
Southern Alps 17 240 1155 124.5 0.63 0.040 0.037 067
Pyreneces 13 171 1392 107.2 0.80 0.029 0.039 079
Field verification during an avalanche inquiry
59 6

Observed avalanche activity

Fig. 7. Time comparison between observed avalanche aclivily
( dotted line according lo a scale of aboul ten levels; y axis and
scale on the right) and MEPR A avalanche-risk index ( bars,
on a five-level scale; y axis and scale on the left) for the
Vanoise massif during winter 198687,

4). They have been studied according to the Hanssen and

Kuipers score (Hanssen and Kuipers, 1965):

V=¥ (rt,.;/Z(a,_,) %

i

where @;; is an clement of the contingency table and V'is the
Hanssen and Kuipers score.

The full results (not presented here) show a Hanssen
and Kuipers score of 0.7-0.8 for all winters. These are quite
good results, especially for spring, which shows a good spa-
tial and temporal correlation between activity and risk. In-
correct forecasts (low predicted risk with an observed
avalanche) are attributable to very small spring avalanches
which are reported as avalanches instead of snow flows or
sloughs. Winter-avalanche situations with high snow preci-
pitation seem to have been less well estimated. Avalanche
observations in winter are very difficult, and even impossi-
ble when weather conditions are extreme, hence the incor-
rect warnings (high risk without observed avalanche).

Table 4. Contingency table of MEPRA risk and avalanche
activily during winter 1986-87 in Vanoise masstf ( Hanssen
and Kuipers score = (1.75)

Avalanche activity MEPRA risk

Low Moderate or high
No observed avalanche 115 34
Observed avalanche 31 80
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(Vanoise, 15 February 1996)

When a dry-slab avalanche occurred near Roe de Fer in the
Vanoise massil, from about 2300 m a.s.]l on a northeastern
slope of about 35°, several investigations were carried out
the following day. The fracture was about 40-60 cm thick
and 100 m wide. The in situ profile (Fig. 8a) is all dry with
cold snow, but its most prominent characteristic is a weak
layer (7076 em deep) of faceted crystals overlain by a
crumbly buried slab (76-91cm). The weak layer lies on a
lem crust. Tt is the dry slab, buried under about 30 cm of
fresh snow, which was triggered by the overload of many
skiers, with a collapse of the faceted crystals.

The corresponding SCM simulated profile (Fig. 8b)
shows similar characteristics. At the top, we find about

L]

30cm of fresh snow (plotted “+7” and “/* as grain type)
which covers an older set of different layers (9060 em deep)
which are more or less transtormed. The density of these
layers is higher (156-183 kg ) and the MEPRA stability in-
dex suggests a good cohesion (3.20-13.90 compared to about
1.5). We can thus assimilate these layers to the slab observed.
The main differences between simulated and observed
profiles (although perhaps present in reality) are in the
two weak layers shown in Figure 8h: at 60 cm a layer of fa-
ceted crystals overlays a layer of depth hoar (45 cm) sepa-
rated by a small crust (50 cm). This kind of structure has
been described by Jamieson and Johnston (1993) to explain
a common case of slab avalanche. The deepest layer has a
lower stability index (1.66) than the upper one; this explains
why MEPRA identifies this layer as the most likely failure
(see red arrow in Fig. 8b). In addition, the presence of the
crust is taken into account in MEPRA diagnostics which
consider it to be not thick enough to stabilise the underlying
layers and so moderate the risk.

The close correspondence between the observed and the
simulated profiles and their respective stability illustrates
the SCM’s capacity to help prevent some of the mountain
dangers. At the time of this catastrophic event the SCM
chain was running and some of its clements were at the dis-
posal of the local forecasters who classified that day at level
4 (the maximum being 5) on the European avalanche scale.

6. OPERATIONAL PROCESS FOR RUNNING THE
MODEL

Since winter 1991-93 at mid-morning cach day, the chain of
models has been used to calculate the previous day’s snow-
profile evolution for all of the French Alpine and Pyrencan
massifs.
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Fig 8. (a) Observed snowpack profile during the Roc du Fer avalanche, 16 February 1996, showing the profiles of temperature ( “C)

and rammsonde hardness (kgf) at different depths H. According to Colbeck and others ( 1990), columns Fland F2 indicate the two
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The process begins with the collection of the different
manual observations from the different ski resorts (Snow/
Weather network) which is assured by the local stations of
Météo-France. The observations are generally made at
0800 h local time and are transmitted by telephone to the
station which inserts them into the different networks and
databases after quality-checking. Another observation is
made in the afternoon and transmitted. Data are available
from about 110 stations during winter over the Alps and Pyr-
ences. In parallel, we extract the other information, such as
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radar images, automatic station data, metcorological mes-
sages and numerical products from mesoscale meteorologi-
cal models. All this information is available at the CEN,

The SCM chain begins its run at about 1100 h by simu-
lating both the metcorological conditions and the full state
of the snowpack including the avalanche risks over the mas-
sifs, aspects and heights mentioned. The numerical simula-
tion is performed over a 24 h period from 0600 h the day
before. All the results are available hourly.

16 help the avalanche forecaster to interpret the SCM
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results, software has been developed that allows the forecas-
ter to look at the meteorological output and the simulated
snowpack for different aspects and elevations in different
massifs. Displays include:
SAFRAN meteorological parameters (e.g. air tempera-
ture, wind speed, humidity, solar radiation) averaged at
the massil scale (see Fig. 3) for the Alps and Pyrences.

symbolic representations (i.e. concentric circles; see Figs
9 and 10) by elevation steps (300m) with expositions
(pie charts).

The avalanche risks in Figure 9 are due to destabilisa-
tion by rain (first wetting of dry weak layer), and a high risk
is indicated at low elevation, When all the weak layers have
been wetted, the MEPRA avalanche risks immediately
decrease, with a return to stability by refreezing. Just above

the snow/rain limit, a low avalanche risk is estimated
because fresh-snow density calculated by Crocus is high
enough. At higher clevation, natural avalanche risk is more
significant, with fresh snow hecoming lighter.

The second example in Figure 10 is a spring situation
with destabilisation by wetting due to solar radiation and
water flow. In this type of avalanche situation, the most im-
portant factor is liquid-water penetration into the snow-
pack. When a dry weak layer (fresh or recent snow, faceted
crystal, depth hoar) becomes wet, its shear strength de-
creases and an avalanche risk is estimated as a function of
wet-snow depth. This process of destabilisation depends on
both aspect and elevation. The SCM chain gives general in-
formation about the geographical distribution of these para-
meters in order to survey the snow-cover wetting day by day
and the associated avalanche risk.
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massif for one slope (40° ) in a typical winter situation (23 January 1995 at 12 UTC). The different avalanche risks plotted are:
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complete stratigraphic and rammsonde profiles as pre-

sented in Figures 8b and 11 Figure 11 represents an un-

stable snowpack, with accidental risk due to the presence

of a weak layer of faceted crystals below a snow slab in a

northern exposure. All the elements of the profile are

summarised (Belledonne massif; 2100 ma.s.l., western
aspect, 40° slope) and are used by MEPRA evaluation
for each layer. On the right side we find the grain-size
according to the international classification (Colbeck
and others, 1990), the diameter of the grains (in mm),
the density and the stability index (Fohn, 1987). On the
left side three vertical curves indicate simultaneously at
different snow depths (vertical axis, in em) the snow
temperature (blue curve, in “C), the rammsonde hard-
ness (brown curve, in kgl) and the liquid-water content

(red filling, in % of the total volume as indicated at the

bottom of the profile). The large red arrow indicates the

weak layer.

continuous evolution of stratigraphy and snowpack tem-

perature (Fig. 12) [rom the beginning of winter,

As the expert system must justify its reasoning, the ava-
lanche forecaster can also display complete, detailed gra-
phics of stratigraphy and rammsonde profiles (Figs 8 and
11) with instahility levels and MEPRA information such as
avalanche risks and type and snowpack profile.

Our first-hand contact with the forecasters has allowed
continuous development of all the programs. The forecasters
have daily contact with the snow patrollers of the ski resorts
who inform them of the observed avalanche activity. The
chain outputs are also systematically used and compared
with the field reality when specific inquiries are made about
real avalanche cases (e.g. the Roc de Ter avalanche discussed
in section 5 above). These comparisons allow us to identify
the differences between the chain and reality but not to cas-
ily correct them. As previously explained, there is no feed-
back to the system [rom field observations concerning snow

and avalanches; the only input is the metcorological condi-

Durand and others: Computer simulations of snowpack structures

tions, and the chain can be corrected only by modification of
these conditions, as explained in the next section.

We are also working on projections on a ground digital
model (75 m mesh) of some claborated parameters: surface
snow temperature, snow depth, avalanche risk, avalanche
Llype, wet-snow depth and refreezing-snow depth. Even if
some preliminary versions of these displays are already at
the disposal of local forecasters, this kind of product is still
a research subject because it is difficult, given our basic
assumptions, to integrate the necessary local effects. Some
new developments and their corresponding illustrations will
soon be available,

7. WEAKNESSES OF THE MODELS AND OPINION
OF THE FORECASTERS

The SCM results have been used and verified by the Gre-
noble avalanche forecasters since winter 199293, This op-
erational use has allowed us to correct some preliminary
errors and to make improvements in different parts of the
code, such as a better determination of the elevation of the
transition between snow and rain. The forecasters are not
the only source of information; we consider all the daily

observations, especially those provided by the two

automatic-instrumented sites (Col de Porte and Col du
Lac Blanc) which are not used by the chain and provide
real-time diagnostics for evaluating both the meteorologi-
cal conditions and the state of the snowpack. Another veri-
fication procedure is to carry out quasi-real-time numerical
simulations on snow-pit sites characterised by their massif,
clevation, slope and aspect.

Apart from some local effects, the main source of
problems is the SAFRAN analysis which may lack pertinent
information, as can occur outside the winter period or at high
clevation. The problem becomes noticeable when, in these
underdetermined situations, an analyzed quantity is ob-
viously erroncous or badly evaluated, or crosses a physical
threshold (as when the analysis determines it is raining in-
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Fig. 11. Graphical indication of the likely underlying MEPRA prrocesses for an accidental visk on the Belledonne massif for ane slope

(40° ). 1 January 1996 at 12 UTC.
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Fig. 12. Time-continuous evolution of Crocus snowpack temperature on the Chablais massif at 2700 m a.s.l on a northern aspect
(40° slope ) during winter 1996-97 ( time-scale on x axis, snow depth in cm on y axis, temperature according to the colour scale ).

stead of snowing through an inaccurate determination of the
hourly vertical limit between rain and snow). But some other
problems can be more insidious and reveal permanent weak-
nesses, as did the previous cloudiness scheme, Once an error
has been detected and analyzed (generally in the snowpack
state, more rarely in the meteorological conditions, except in
the analyzed precipitation or cloudiness), we check the
SAFRAN output, This is the most “sensible” point and the ea-
siest to correct. The cause is usually an erroneous observation
(accepted despite automatic checking) or missing data, in
which case it is possible to change the results by modifying
input metcorological data and re-running the models from
the date of the error. But problems are not always directly
linked with incorrect data; they can also be due to the limita-
tions of these numerical models. All malfunctions (found by
the forecasters or by us) are recorded and studied.

Embarrassment arises when SCM snow profiles differ
too much from local observations such as the weekly snow
pits. This problem is mainly due to the lack of meteorologi-
cal observations at high elevation and on southern slopes. At
present, there is no way to rectify such a divergence between
simulated and observed snow profiles, for it is impossible to
modily (with coherent corrections for all the physical and
stratigraphical elements) all the simulated profiles at differ-
ent clevations and aspects using only a few sparsely
observed snow pits.

In spite of such current limitations, French avalanche
forecasters have found that SCM helps them to analyze the
spatial variability of the snowpack structure (e.g. weak
layer, rammsonde resistance, shear strength) over a wide
range of elevations and aspects. Throughout the winter (No-
vember—May), the avalanche forecaster receives realistic si-
mulations of the snow-cover limits, snow depths, locations of
high-temperature-gradient metamorphism, wetting or re-
freezing depth and natural or accidental avalanche risks.
During winter, when weekly snow pits are numerous, Cro-
cus outputs are a useful complement to pit observations:
they make it possible to obtain continuous and reliable in-
formation on the evolution of the internal state of the snow
cover between two pits and they give information at eleva-
tions and aspects where no pit observation is available. Cro-
cus and MEPRA help the forecaster in pointing out the
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range of clevations and aspects where processes allecting
the stability of the snowpack are occurring or expected:
weak-layer formation due to thermal gradient metamor-
phism, surface or deep wetting, {resh-snow compaction, re-
freezing, At the beginning (November to mid-December) or
at the end of winter (mid-April to May), snow and ava-
lanche observations are rare, and the SCM chain has
proved itself a reliable source of information on the snow-
pack structures in spite of sparse observations.

Every spring, a general meeting takes place at CEN. Each
local centre is represented and the different forecasters make
an assessment of the previous winter. The SCM performances
are discussed and can be presented as in Figure 13. Figure 13a
shows the opinion of the forecasters at the Toulouse local
centre concerning the daily SCM snow depths over the four
Pyrencan massifs where they provided their avalanche re-
ports throughout winter 1996-97. The results seem quite poor
in terms of the snow-depth parameter because of numerous
insufficient simulations, but the associated simulated natural
risks on the four massifs are considered satisfactory nearly
three times out of four (see Fig. 13b) and the associated acci-
dental risks are considered satisfactory in 58% of cases (see
Fig. 13¢). The other indications in Figure 13b and ¢ show how
forecasters judged MEPRA diagnostics compared to their
own (“pessimistic” indicating a simulated risk too high com-
pared to the observed avalanche activity, and “optimistic” in-
dicating a simulated risk that is too low). The weakness in the
snow depths produced has been found to be due to inadequate
SAFRAN rainfall climatology fields which inferred an erro-
neous vertical gradient.

8. USING SCM CHAIN IN A FORECAST MODE

The first goal of the SCM chain was to simulate the evolu-
tion of snow cover according to present and past weather
conditions. But in Irance, the daily avalanche report
emitted by the mountain meteorological station describes
the present state of the snow cover and its evolution for the
next 48 h in connection with the weather forecast. There-
fore, SCM has been upgraded to provide a 48 h forecast of
the snow-cover evolution. The solution of the problem was
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Fig. 13, (a) Evaluation by Pyrenean forecasters of the global
simulated snow depth over four massifs during winter 1996
97 according to four simple criteria (“exaggeraled” indicating
a simulated snowpack deeper than ebserved, and “insuffi-
cient” indicating that the observation is deeper than the simu-
lation). (b)) Corresponding  evaluation by Pyrenean
Jorecasters of the simulated spontaneous MEPRA risks ac-
cording la three simple criteria on the same four massifs (“pes-
simustic™ indicating a simulated risk loo high compared to the
observed avalanche activity. and “optimistic™ indicating a
stmulated risk that is loo low ). (¢ ) Corresponding evaluation
by Pyrenean forecasters of the simulated accidental MEPRA
risks according lo the same three simple criteria on the same
Jour massifs.

within the SAFRAN analysis (Durand and others, 1995,
1998) which had to be customised to run with weather fore-
casts and observation data of an analogous day.

Two main sources of information have been used:

fine-scale adaptation of the ARPEGE (Courtier and
others, 1991) French meteorological-model forecast (out-
put mesh size about 30 km)

rescarch of past dates where the synoptic patterns of dif-
ferent meteorological fields at 500 and 700 hPa heights
are close to those forecast by the ARPEGE model. Tt is
a classical application of the nearest-neighbour method
applicd to middle-altitude metcorological fields with dif-
ferent operators concerning both the fields and their de-
rivatives (Durand and others, 1998),

For all meteorological variables except precipitation, we
perform only an adaptation of ARPEGE forecasts at the
massil scale through downscaling operators, as is done in
the analysis version of SAFRAN (Durand and others, 1993)
to compute the initial guess-field.

For the precipitation, both methods are used (see Dur-
and and others, 1998): the [irst estimation is obtained [rom
ARPEGE through different appropriate operators, and the
second from the analysis of nearest-neighbour (analogous)
past day. The two estimated precipitation ficlds (ARPEGE
adaptation and “analogous™ solution) are then merged. In
addition, a special algorithm is used in the frequent cases
where one estimation is rainy and the other one not. After
nearly 2 years of verifications (627 comparisons, September
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1994 August 1996), this final mixing with regard to the op-
erational analyses has given improved results, as indicated
by the different correlation values in the first row of Table
3. These numbers are computed on daily values for every
Alpine massif at 1800 m a.s.l. for the full 2 year period and
are typical ol a statistical mixing compared to its scparate
components. On the other hand, we must remember that
the study period covers summer periods where analyses
and forecasts of precipitation are diflicult hecause of convec-
tive events and many analyzed and forecast dry days. For
the last two winters (171 situations), the same validation is
presented in the second row of Table 5 with better results
than over the full period.

9. CONCLUSION

Various validations of the SCM models have shown that
they gave a reliable analysis of the meteorological condi-
tions prevailing in a massil at different clevations and as-
pects, and simulate their effects on the evolution of the
snowpack and its stability. These models have been used for
several years both to monitor the present state of the snow
cover and to forecast its evolution and stability for the fol-
lowing 48 h. They help the avalanche [orecaster in pointing
out the range of elevations and aspects at which the snow-
pack undergoes processes affecting its stability: accumu-
lation and compaction of deep fresh-snow lavers, formation
of weak layers due to high-temperature-gradient meta-
morphism, melting and refreczing.

The main limitation of the models is that they do not
simulate accumulation and erosion by the wind which may
significantly modify the local snow conditions. Improving
them in this respect is a challenge {or future rescarch. Physi-
cally based methods could be developed by using the out-
puts of recent fine-mesh meteorological models which are
now able to represent the wind field in mountainous regions
with a spatial resolution of about 100 m.
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dable 5. Correlation between analyzed precipitation and dif-
Jerent forecast field precipitation, as described in the lext
(ARPEGE downsealing adaptation, analvsis of the nearest-
neighbour day and mixing of the two previous solutions
(mixed forecast ) )

Mudel ARPEGE Nearest neighbow Mixed forecast
Correlation 0,579 (.535 0,695
2 year periods
Correlation 0.674 0.624 0.719
2 winter periods
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