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A cotnputer-based systetn simulating snowpack structures 
as a tool for regional avalanche forecasting 
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ABSTRACT. This p a per describes the current state uf a complete autom a t ic system of 
three numerica l models tha t simulate 5nO\\'-CO\'er stratigra phy a nd m'alancllC' r isks for op
era ti onal a\ 'al anche forecas ting, The first m od el, SAFRAN, es tima tes releva nt m e teorolo
g ica l p a ra m eters affecting snOll'pack evo lution, The second, Crocus, is a sno \\' numerica l 
moclcl which si,mula tes the physical processes inside the snow pack and its stra tig r aph y, The 
las t m odel , l\rEPRA, is a n expert system; based on an assessm ent of snoll'pac k sta bilit y, it 
deduces na tura l and accidental m'ala nche ri sks, To drsc ribe the greett \ 'ari a bilit y of th e 
sno\\'pae k a nd the associa ted a\'a lanche ri sks, thi s automa tic sys tem simula tcs snOW-COl'er 
e\'oluti o n a nd its stability fo r many typical slo pes, c1e\'atiuns a nd aspects rep rese ntat i\'(' of 
th e diffe rent French mass ifs, la achi e\'e thi s result, different kinds of\ 'a lida ti o ns have been 
ca rri ed out sincc winter 1981; th ey a rc m a inl y based on compa ri sons with diOc rent ~ets of 
measurem ents and on the opinion of use rs, 

Altho ug h th e routinely o bta ined res ults d o not ye t ta ke into acco unt all sm a ll-scale 
em,'c ts such as wind tra nsp o rt , they hm'C been considcred as " a lua ble inform a ti o n by a\'a 
lanche fo recasters sincc 1992 93 and used o perationa lly since then, 

1. INTRODUCTION 

Progress in snO\I' resea rch a nd more PU\I er ful com put er facil

iti es ha\'l' m ade it poss ible to sim ulate the m a ill fea tures of til e 

snowpac k a nd the corresp ondin g a\'a lanche ac t i\'it )'. Based on 
three indi\'idua l model s (SAFR;\:.\, C rocus, ~[EPRi\; sec 

belOll' , \ 1 e ha\'(' built a n a utomatic system, herea ft er called 

th e SCi\I chai n, The only inputs to thi s ch a in a rc daily me

teorological obscn 'ati ons, output f'rom numerical meteorolo
gica l m odels and prec ipita tion climato logi e~ , ]\'0 snoll'pac k 
info rm at ion is entered into the system, T he m a in assumpti on 

of' this system is the spatia l homogeneit y o f th e mass if~ in
\'oh-ed espec ia ll y fo r prec ipitation), \I'hich impli es a corres
ponding working sca le and excludes representing a ll the 

loca l effccts such as those due to acc umul a ti on a nd crosion by 
wind, As outputs, th e cha in simul ates an ave rage snow man

ti c, desc ribed by its st ratig raphy, on different el e\'ati olls a nd 
aspects fo r 23 mass if<; in th e French Alps and 15 massif, in the 
Pyrenees (France and Spa in ) (surface a rea of each massif 

about 500 km~) , It also simul a tes the corresponding a\'alanche 
risks, Since \I'int er 1 992~93, thi s se t of model s has been used 

opera ti ona ll y by French .\Ips ava la nche fC)l'ecas ters, and since 

1995 96 in the P\'l'enees, i\t the sam!' time it has bee n dC\'C' I

oped a nd impron:d both by cont ac t \I'ith th l' different users 
and by compa ri son \1 ith difkrcllt se ts of'hum a n obslT\'ati ons, 

Some o r th esc studies \\'ill be presl' llled here: 

compa ri so ns of snow d e pth s a nd simul a ted stratigraph y 
with meas urement s thro ug ho ut th e \I'inte r; 

cum pa ri sons o f simul a ted snOlI'-tempera ture g radients 
\\'ith m easurement s on numerous sites; 

compa ri sons or observed a\'a lanche acti\,ity with simu

la ted a \ 'alanche risks, 

The SC,\I cha in is a lso being lI seci in resea rch in hyd rology 

(Bra un a nd o th e rs, 199+ a nd o n the se nsiti\'it y of the sno\\' 

cOl 'e r to clim a te cha nge ( ~l a rtin a nd oth ers, 1994), All these 

studies ha\'L' contributed g reatl y to its dC\'Clopl11l' l1 t. 

This pa per il1\ 'es ti gates the g loba l possibiliti es o f thi s in
tegrated computer-based sy~ te lll . it s limitatio ns a nd wea k

nesses, and hov\' it is used upera tionall y as a helpful tuul by 
French m'a la n che (o recasters, 

2. BACKGROUND 

In Alpine a nd Pyrcnean regions, i ncreascd frequen t ing of th e 
mounta ins has brought a need [o r g rca ter sec urit y, .'\\'a
lanches kill peopl e e\'ery yea r, m ostl y mount a ineering ski ers 
a nd a lpine off-track skiers, a nd ,ause damage to roads and 
\ 'Chicles, Pre\'enta tiH' mcasures ha\'c been de\'eloped in order 
to minimise <l\'a la nche casua lti es, Fo llowi ng th e exa mple of 

the Wr issflul:jo ch Institut e, Swi tze rland, the Frcnch Snow 

R esea rch Centre (Centre d'Et udes de la Neige CEN )) was 
crea ted at Gren oble in 1959 under the French ?\Ie teorol ogica l 

O fli cl', It was cha rged with se tting up an and anc he-fore

casti ng system a nd conducting research and d('\'C lopment ill 
th at li eld, Until 1984. the CL\! prod uced m'a lanche reports, 

Since 198+ da il y reports ha\'(' b een pruduced by m e teo rologi

cal cent res located ill the French Alps and Pyrenees (Pa haut 

a nd others, 1991), under a new sys tcm ( ba~ed o n th e French 

depa rtmenta l ad mini stration ) \l'h ich a i ill S to pnJ\'idc morc 
detailed informa tion, The diOc lT nt loca l centres use difTcrent 

m odels developed by the CEN, which nuw de\'ot cs m ost of its 
ac ti\'it y to th e resea rch and c\e\'elopment uf !l1c thods and 

tools to a id aval a nche forecaste rs, The CEN has de\ 'C' loped 

a n autom atic cha in to simula te sno\\'-cOl 'e r stra tig raphy and 
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corresponding ava lanche risk for operationa l avalanche fore
casting, which forms the subj ect of thi s paper. 

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

Since the 1970s, different avalanche-forecasting models have 
been developed and used by va rious snow and avalanche 
research centres. Sta tistical methods using discrimina nt 
a nalysis and nearest neighbours have been the most popul a r 
approaches (Bois and others, 1975; Buse r and others, 1987), 
a lthough generally they do not deal explicitl y with physical 
snow proces es. Operational sys tems based on nearest
neighbour methods are used by avala nche forecasters in 
severa l countries, but their results are highl y dependent o n 
the available archive data, and unusual silUations are often 
poorly reconstructed. The most common limitation is tha t 
the criteri a for searching analogous situ a tions genera ll y use 
meteorologica l data rather than the internal state of the 
snowpack (strati graphy and physical pa ra meters of the dif
fe rent snow laye rs). The di sc riminant a nalysis method is 
more difficult for the loca l forecaster to interpret (less "sen
sible" approach). The di scriminating capacity of the func
tion used must be well studied to obta in the best skill sco re 
in a stable way throughout the period of use. Genera ll y 
speaking, statistical approaches are effi cient tools, but their 
simplicity needs carefu l tuning and a long ca li bration se ri es. 
These methods a re thus best at forecas ting natural fresh
snow avalanches, rather than slab avalanches trigge red by 
ski ers. 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 a t a given time (typic
a lly once a week from a snow pit), such models would not be 
able to provide continuous and rea li stic time evolution of 
the ch a racteristics of the different snow layers. These models 
use local measurements as a main source of input data a nd 
thus have difficulty taking into account the variability of the 
snowpack stability due to l" lrvation a nd slope aspects. 

Numerical models have a lso been developed to simula te 
snow-cover processes (Colbeck, 1973; Nava rre, 1975; Obled 
and Rossc, 1975; Anderson, 1976). These physica lly 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 m ass 
balance of the snowpack. A new genera ti on of these one-di
mensiona l models has added more physical processes to the 
snowpack simulation a nd to the snow/a tmosphere interface. 
These include snow metamorphism a nd absorption of sola r 
radiation. These processes can be modelled in various ways. 
The SNOTHERM model Uordan, 1991) calculates cr ysta l
growth rates using thermodynamics, while the Crocus 
model (Brun and others, 1989, 1992) calculates the evoluti on 
of both crysta l size and hape in connecti on with the interna
tional snow-crystal classification (Col beck 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 vari ables necessary for the forecasters to calcula te the 
evolution of the snow cover at given locations. This require
ment limited the number of possible simulations to approx i-
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mately fi ve locations, which was too few to calcul ate the 
evolu ti on of the snow cover a t various elevations and for d if
ferent slope aspects. It was therefore decided to develop the 
automati c suite of models described in this pap er. 

Another avalanche-forecasting method is based on ex
pert system s, a popular approach in the 1980s. The initia l 
obj ective of such models was to reproduce expert human 
reasoning in a particula r field (Giraud and others, 1987). 
Most systems use productio n rul es organised in bases; some 
examples of these rule bascs can be found in Lafeuille and 
others (1987). Recentl y, hybrid expert sys tems have been de
veloped by coupling expert systems with sta tistical models 
(Bolognesi, 1994; Schweizer and Fohn, 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. severa l tens of meters), especially because of 
the high sp atial va ri ability of snow cover due to wind drift. 
However, avalanche forecasting is poss ibl e at a larger sca le 
because the snow packs of a given region present similar fea
tures a t similar elevations on slopes of similar aspect. This is 
particul a rl y the case for the presence of weak layers and for 
the occurrence of processes like melting a nd refreez ing. 

Since the evolution of a snow pack is controlled by the 
prevailing local meteorological conditi ons, 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 snow pack in a given region from the a"erage 
meteo rological conditions prevailing in tha t region. 

To achieve this, it is lirst necessary to calculate the pre
vailing m eteorological conditions as a function of different 
elevatio ns a nd slope asp ects. As we do not have observed 
data for each elevation a nd aspect, we developed a mete
orological a nalysis model, SAFRAN (Systeme d'l-\nalyse 
Fourni ssant des Renseigncments Atmosphcriques it la 
Neige ), to compute the relevant meteorological vari ables 
from a ll 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 di agnose the snowpack 
stability at each elevation a nd aspect from the internal state 
ca lcula ted by Crocus. 

Due to the density of the composite observation network 
in the French Alps and Pyrenees, and for practical reasons, 
we decided to consider regions of about 500 km 2

, called 
massifs (Fig. la and b), a nd to run the models on elevations 
0[600- 3600 m a.s.! sepa ra ted by 300 m steps, on the aspects 
north, east, southeast, south, southwest a nd west with slope 
angles of 20° and 40°. Fig ure 2 di splays the a rchitecture of 
the threc m odel s, detail s o f which are given below. 

SAFRAN 

SAFRAN (Durand and o th ers, 1993) is a me teorological ap
plication . It performs a spatialisation (hereafter "analysis" ) 
of the obse rved weather d a ta available over the considered 
elevati ons a nd aspec t of the different mas ifs. The sources of 
these d a ta a re the autom atic observation ne twork at differ
ent eleva tions; the French Snow/Weather ne twork; tempor
ary observation sites; meteorological m essages such as 
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Fig. 1. JlJaps showing the nall7es and locations if the studied 
massifs: 23 in the French Alj}s ( a) and 15 in the f)renees ( b ). 

SYNOP, \\'hich provides data collected at regul a r (synoptic ) 
ti m es, usuall y ever y 6 hours based on Greenwich M ean 
T ime; and atmosphe ric upper-level so unding. SAFRAN 
automatically combines the observed information with pre
lim.ina ry estimates. These fi elds (generally call ed "guesses" ) 
are computed fi'om the results of the ARPEGE (Actio n R e
cherche Petite Echell e Grande Echelle ) French meteorolog i
ca l model (Courtier a nd others, 1991) or from the European 
Centre for ~redium-ra nge " 'ca thcr Forecasts a na lyses 
through appropriate downsca ling operators. The interpola
ti on method ("optimal interpola tion" (OT )) and operato rs 
used a re desc ribed in detail in Dura nd a nd others (1993). 

0uman Snow OS, 

SAFRAN 

HOURLY METEOROLOGICAL PARAMETERS 

Flj; 2. Flow chart if the SeA! chain. 
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Dumnd and others: Computer simulations q/SI10 wjJack structures 

As outputs, SAFRAN prO\·ides the ma in relevant a tmo
spheric para meters affecting snowpack evolution: air tem
perature, wind speed, air humidit y, cloud cover, snow a nd 
ra in precipitation, long wa ve radiation, direct a nd scaltered 
solar radiation . The ana lysis is ca rried o ut o n the 23 French 
Alpine and 15 Pyrenean ITlassifs at hourl y time-steps, and 
throughout the year provides a se ri es of releva nt meteorolo
gical pa rameters ol'Cr a reas where no hum a n or automa tic 
observation is al·a ilable. These different massifs were chosen 
for their ch matological homogeneity, especially with regard 
to precipitation fields. The calc ul ated results are at thc 
mass if scale, although thi s spat ial definiti on can I'ary 
sli ghtl y in each massif because or inherent filt ers used in 
the different operators: 

1. the downsca ling procedures which produce the initi a l 
guess-fi eld can h3\'e a variable respo nse according to 
the size of the massif and its location (esp ecially along 
the vertical dimension ); 

2. the d ensity of the observation network which gOI'erns 
the amount of data used in the ana lys is of each massif 
(see 1'ible I) and so ca rri es variable fin e-scale informa
tion through the a na lys is process; 

3. the shap e of the structure functi ons of the or scheme 
which implies increased smoo thing in the line sca les 
a na lyzed (Phillips, 1986). 

Seve ra l new imprmT l11e nts to thi s a na lys is not described 
in Durand a nd others (1993) include: 

a revised radi ati ve code with better tra n sm ission fune
lions for the diOcrent c loud classes, ("specially for hig h
a ltitude cirrus; 

a be tter hourl y di sc rimina tion between rain a nd snow; 

the use or satell ite im ages to determine cloudiness. 

Figure 3 displays the prec ipitation a na lyzed by SAFRAN 
for 20 D ecember 1996 on 23 Alpinc massils on a fl at surface at 
1800 m a.s. l. The observa ti on data used by the analysis 
scheme fo r each mass ifa re shown inla ble I, with their respec
tilT locations and c!el·ati o ns. 

SAFRAN was tes ted by comparing its a nalyses through
out a complete snow season with meteo rological obser
I'ations collected at two well-instrumented a utomati c sit es 
located at 1320 m a.s. 1 (Col de Porte, C ha rtreuse massif) 
and 2700 m a.s. 1 (Col dl! Lac Blanc, Grandcs-Rousses 
mass if) At both sites, air tClIlpcratun:, air humidity, wind 
velocity, incoming longwave and shortwa\'e radiation a nd 
snow or rain precipita tion were measured. Naturally, these 
data were not used by SAFRAN to perform its a nalyses and 
thus were designedLO qualify SAFRAN results. Some results, 
derived from Durand a nd others (1993), a re present ed in 
Table 2. \ 'Vith very sma ll biases a nd reasonable rms values 
between observed a nd predicted values, SAFRAN res ult s 
were considered \Try satisfacto ry for prov iding input me
teo rologica l data for a snow modeL 

Crocu s 

Crocus ( Brun and othel-5, 1989, 1992) is a numerical snow 
model ca lcul ating the energy a nd mass evo lution of th e 
snow cover. It uses the meteoro logica l da ta ca lculated by 
the SAFRAN model and simul ates the evo lution of telll
perature, density, liquid-water conten t a nd layering of the 
snowpack. The originality or thi s snow modcllies in its abil-
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Table 1. Data used ~)I Sll FRIL \ '/0 jJrOdure tlte precipitation o17a£ysis shown in Figure 3 (20 December 1996) 

,')'Ialioll n(lmf 

\'a I bcrg 
E,tcnc 

Auroll 

\ 'a lclcrourc 

St .\ uban 
'-\SClU-S 

St Anclrc les ,\I pc, 

La Foux cl 'AlIos 
I\ lont-Agel 

Luccra lll 

:\lonclO\ 'i 
St :\I a rtin \ 'es ubie 

Isola 
I\laljassc t 
;\ ryjC'ux 

Cci ll ac 
St Eti cnnc ell DC\"(l luy 
Pcl\"(lllx 
SenT C I1C'\'alicr 
Embrun 

Brian~on 

St ChrisLOphc en Oisans 
Les 2 . \I pcs 
LaToura 
l\ lontgcnt'\"rc 
Bourg d'Oisans 
L'i\lpc d 'Huc7. 
\ 'aujany 
\ ' ill arcl de Lam 
Villarcl cle Lam 
Chamrousse 
Prapoutci 

\'al fri:ius 
:\lodanc 
StJcan de I\lauricn ne 
Le Corbier 
Bcssa ns 

:\L1s~o i s 

St Pierre dc Cha rtrcusc 
St Hil air!' 
St Pierre ell' Chartrcuse 
Les :\ IhlUircs 
\ 'a lmord 

La Plagne 
1\ IlTibd 1\ 10llaret 
C:ourchC\TI 
\ 'al cl' lst'rc 
Le 1\ [o larcl 

Tignes 
Lcs ,\rcs 

La Ros ic re 
ChambiT)" 
La H'daz 
.\ Iberl\ 'illc 
Les ,\ illons 
Les Sai,ies 
Les Saisies 
Les Contamines l\[ol1ljoic 
Chanlonix 
Chamonix 
Le ' l(JUr 

Lognan 
I\fcgi'\'e 
La Gi('ltctz 

Poisy 
Le Crand Bornand 
La Clusaz 
Flaine 
Avoriaz 
Vachcrcssl' 
St Bonnet 
NO DArA 

Elevalioll 

III 

1670 
1850 
1790 
1100 
1050 
1180 
882 

1900 
1103 

1+80 
560 
1053 
1910 

1900 
1675 
1665 
1260 
1270 
1900 
876 

132+ 
1570 
1630 
2590 
1850 
730 

1860 
1720 
1050 
1020 
1650 
1570 

2200 
1228 
610 

1585 
1707 
2180 
89.1 
910 

1700 
1800 
1350 
1970 
1700 
1775 
1850 
2320 
2080 
20+0 
1900 
239 

1350 
335 

1+00 
1633 
1620 
1870 
1037 
1050 
1+70 
1970 
1070 
11 65 
500 
1270 
1500 
16~0 

1780 
7~)(J 

I03U 

7)11f qfdala 

Snow/' \'emh er 
Ancill a r) 

Snow/' \bt her 
.\uLOIllmic 

Automatic 

Automatic 

Automatic 

Snow/ '\'ea th er 
Autommi(' 

Autolllatic 

Synoptic 
Autom atic 

S llow/ '\e.nlll'r 
Snow/ \\eathn 

Automatic 

Snow/ \\b th er 

Snow/ ' If'ather 
Snow/ ' \cather 
Snow/' \Cather 

Synoptic 
Snow/\\'cat her 

Snow/\\bther 
Snow/' \ 'ea th er 
Snow/' \ 'emhcr 

Snow/' \ 'eather 
Snow/' \'eather 
Snow/Weather 
Snow/' \ 'eather 

Autom atic 

Snow/ ' \ 'rather 

Snow/' "ca t her 
SIIO\\"/ ' \Cather 
Snow/' \cathn 

.. \ utomatil" 

. \ utomatic 

Snow/' \bnhn 
Snow/' \'t'athn 
Sno\\"/ ' \ 'catlll'r 

i\uL0!11atic 

Snow/\ \bther 
Snow/\ \ 'cather 

Sno\\ I' \ 'ea t her 
Snow/\\cather 
Snow/' \ 'ra ther 
Sno\\' \\'cather 

Sno\\ / ' \ 'cmher 
Sno,,"/ ' \'eal her 
Sno\\'/ ' \ 'c;1I her 
Snow/' \ 'cathn 
Snow/' \ 'rather 
Snow i \ \ 'eat her 

S)noptic 
AutoIll<ltir 

.\ulomatic 

Snow/' \"ather 
Automatic 

Snow/ ' \'ralher 
Snow/ \\bthcr 

Synoptic 
Snow/ '\'rather 
Snowl'\'cather 
Snow/\\'c,athcr 

Snow/\\b lhn 

SnO\\"/ '\'cathn 
, \nci llar) 

Snow/ ' \'cat hI" 
Sno,,"/ \\cathl"r 
Snow/\\calher 
Snow/\\'cather 

, \ ncillar) 
, \ ulOlllatic 

.1/twU 

, \Ipes Azureenn('s 

Alpcs i\zurecllnl's 
.\I p," .\ zurl'ennes 
Alpes .\ zuri'ennes 
Alpes t\wriTnnes 
A lpes . \ ZllrCelln C~ 

.\I pes Azurcennes 

.\I p"s i\zurcell ll cs 
1\ Icrcantour 
'\]ercalllour 
j\ lercanlour 
l\ l ercantour 

l\l ercanlollr 

Ubaye 
Quc)'ras 
Qucyras 
1)(-\"Olu\' 

Pekollx 
Pekoux 
Pekoux 
Peh-oux 
OJ,,ans 
Oisan~ 

Oi-;atlS 

Thabor 
Grandcs ROllSS(,S 

e ra Ilcles Rou sscs 
Gralldcs Rousscs 

\ 'errors 
\ 'errors 

Bdlcclolll1c 
Bcll cdonne 
~lallrit'l1nc 

I\lauricllll c 
I\ laurielllle 
~lallri('nIl(, 

H aute-I\ lauriennc 
HaLlle-~hlurienn(' 

Chartreuse 
Chartreuse 

Chartreuse 
\ 'anoise 

\'anaise 
\'ano i,,' 
\ ;lI1o ise 
\anoi se 

J-Ia lILC-' nl rcnta isc 
Haut c-Tarelllaise 
HallLC-'nlrcnlaise 
Halll c-'Elrcl1lai s(' 
HauLc-'!:IITlltaisc 

Rallges 
Bauges 
[huges 

Baugcs 
Beaulc)rt in 

Beaufort in 
1\ [olll-Blanc 
Mont-Blanc 
I\l ont-Blanc 
I\ lont-Blanc 
1\ [ollt-Blanc 

:--lol1i-Blanc 
,\ rm"is 

Arm"is 

.\ravi s 

.\ rm"is 

Chablais 
Chablai, 

Chablais 
Champsaur 
Parpaillon 

RRH 

mm 

26 
+1 
20 
26 
+5 
23 
23 
+6 
20 
21 
1.'i 
33 
19 
23 
31 
18 
31 
~o 

17 
29 
21 
36 
37 
28 
17 

33 
30 
+0 
13 
1+ 
2+ 
20 
ID 
5 

9 
27 
9 

10 
29 
30 
22 
8 

21 
8 
H 

II 

3 
3 
.'i 

12 
.'i 

36 
:,R 
27 
:,5 
22 
22 
15 
ID 
10 
16 
IS 
28 
J2 
:,7 
:11 
:tj 
Tl 
19 
31 
56 

8S24 

(Ill 

6 
30 
18 

33 

20 
16 

12 

o 
12 
27 

9 
6 
+ 

22 
23 
o 
8 
5 

o 

12 

+ 
10 
8 

o 

12 
o 
13 
(j 
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it y to simula te snow meta morphism in nea r-surface a nd 
buried laye rs a nd to represent each snow type in a compre
hensible /(mH. The snow a lbedo and ext incti on coeffIc ient 
depend o n the waveleng th a nd the s url~lce snOI\' type, size 
a nd age. \\'e cons ider tha t each simul a ted slope is sno\\'-free 
on I Aug ust each year. The simulated sno\\'paek thcll el'o lves 
day by day fro m the first snowfa ll until complete melting 

Dw'alld and others: Computer simu/alions a/mow/Jack slruclures 

without re initi a li sation. The computed snow sta te for a give n 
day is thus based onl y on the snow state o/" the previous day 
and on the SAFRAN atmospheric ana lysis of the cu rre nt 
day. No info rmati on concerning the snoll'pac k structure is 
used. Th e drawback of thi s r unning system is tha t th ere is a 
cumul ative effect of a ll the da il y errors thro ug hout the 
season with no direct correc ti on poss ibl e; this point is illus
trated in sect ion 5 below in th e di scussion of the I'a lidati on 
of the simul a ted snow depth a t Tig nes ski reso rt 

The m ain recent del'elopment of thi s model is the initia l 
determ i na ti on of the parameters describi ng fi'esh snow crysta l 
(dendri cit y a nd sphericit y) depending on the SAFRA)J wind 
speed, in o rde r to begin to ta ke into acco unt the dest ructi l"C 
eflect of th e wind during a snowfall . 

Loca l I'a lida ti on of Crocus was ma inly conducted 
duri ng wi nter 1988 89 a t the research site of Col de Parte 
where a ll m e teo rologica l pa ra meters a re measured and re
cordec!' Us ing these data, Croc us simula ted the evolutioll of 
the interna l sta te of the snow cover (tempera ture, liquid
water conte nt, density profiles a nd strat igraphy) which was 
compared w ith obse rvati ons co ll ectcd wee kl y from a snow 
pit a t the sit e (Br un and othe rs, 1992). During this test, C ro
cu. simula ted snowpacks ve ry sim il a r to those obsen 'ed ill 
the fi eH Th e test peri od inc luded mos t of the me teorologi
cal occ urre nces that can be obsen -cd in A lpine regions: 
heal'y d ry-snow fa lls, long d ry peri od s, ra in-on-snow 
el"('nts, complete refreez ing, la te-spring snowfa ll s, high tem
perature g ra di ents. All thi s m ade us l-cr y confident in th e 
abi lit y or C roc us to simula te the main processes affec ting a 
snow pac k. 

MEPRA 

r-.I1~ PR;\ (C iraud, 1993) is a n ex pert system fo r a\"a la nche
ri sk flJrl'cas ti ng. This sys tem ded uces from the Crocus snoll'
pack silllul a ti o ns additi o na l mechanica l cha racteri stics 
(shea r streng th , ra ll1l11sonde res istance ) a nd adds this new 
inflJrlll <lti o ll to th e different snow profiles. All e\"aluat io ll or 
sllch qu a ntiti es is made thro ug h stati stica l re la ti onships cal
cul ated fro l1l numerous in sit u snow-meas urement ca m
paigns. ,\ s d e ta il ed in G ira ud a nd ~a\'arre (1995), shear 
st re ngth is Cl fun ct ion of snow de nsit y, type of c r ys ta ls, tel11-

Ttlble 2. S:I FR. J, \ . l leri/im/ioll.l at two inslrumellted sites, :,1101('in,r; lite ([1 leraged diJjerfllce, the mu and Ihe correlation 
roifjicielll during u'illter 19WJ 91 
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perature a lid possibly liquid-water content. After classifying 
the computer-generated rammsonde and stratigraphic 
profile, this model predicts the "natural" mechanical stabil
it y of the snowpack (i. e. the risk of spontaneous avalanches 
without human overloading). In the first step, the classica l 
stabilit y index 5 is calculated for each layer of each 
simulated snowpack (Fci hn, 1987): 

5= C. 
Tn 

where C is shear strength and Tn is snow shear stress. D e
pending on the value and the tempora l evolution of this in
dex as wcll as the unstable snow quantity, the "natural" 
avalanche risk is classified at one of six levels (ver y low, 
low, moderate increasing, moderate decreasing, high or very 
high ) according to different thresholds based on experi ence, 
snow m easurements and the literature. This estimation is 
completed by a classification of different avalanche typ es 
(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 diagnost ic based on the increasing depth of the 
wetted layer. Two examples of "natural" ri sk and associa ted 
ava lanche type are discussed below in section 6. 

In the second step, the expert system interprets the 
snowpack structure to detect the hazard of rclease of a dry
slab avalanche by a ski er. It is thought that slab avalanches 
sta rt with a shea r fi'ac ture or a coll apse in a weak layer or 
interface (jamieson andJohnston, 1993; Schweizer, 1993). To 
achieve this, MEPRA looks first for a snow slab in the super
ficial laye rs of the snowpack according to different criteria 
such as density, grain-size and grain typ e. After detecting a 
slab, it looks for the presence of a weak layer beneath the 
slab by calcu lating a new stability index 5' integrating hu
man triggering (Fohn, 1987, Giraud and Navarre, 1995), 
based on a simple R a nkine equilibrium: 

5'=_C_ 
Tn+Ts ' 

where 1'., is ski er shear stress. Depending on the 5' index 
value, a n "accidental" avalanche risk is then deduced on a 
lo ur-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 a\'alanche case. 

MEPRA was first tested at the Fla ine ski resort during 
winter 1988- 89. Initia li sed by Crocus, wc compared 
;VIEPRA's computed estimation of the snowpack structure 
with those observed weekly at snow pits, and the computed 
risk evaluation with hum an-observed local avalanche activ
ity as descr ibed in the da ily 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 form ation of 
faceted crysta ls due to anticyclonic pressures, followed by a 
heating with heavy rainfall increasing se ttling and we tting 
ofthe snow pack. Considerable ava lanche activity followed a 
large snow accu mula tion on this weakened snow cover. 
NI EPRA diagnostics were globally satisfactory, with no er
roneous avalanche activity forecast and only three w rong 
alerts when risk evaluation was decreased too slowly when 
the slopes were already naturally drained. 

These avalanche diagnostics have the same spatia l 
representati vit y as their input data (i. e. th e massif) and do 
not take into acco unt the acc umulation or erosion of snow 
by the wind. MEPRA does not calculate a risk level inte-
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grated sp a tially on the whole m assif. It provides the forecas
ter with "na tura l" or "accidental" risks at different elevations 
and aspects, pointing out what kind of slopes a re m ore likely 
to be a ffec ted 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 SCNI 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 di agnostics. Several tests have therefore been con
ducted to validate the results of the integrated system. 

Validation of snow aeeulllulation and ablation 

These tests m ainly 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 snow pack at various elevations. 'Ve simulated 10 yea rs of 
daily snow depth at 37 obse rvation sites from the Snow/ 
'Veather ne twork which were compared to observations 
(Martin a nd others, 1994). In most locations, simulations 
and observations a re ve ry similal~ highlighting the perfor
mance of SAFRAN/Crocus in representing the accumula
tions of fresh snow, its compaction and the nl.elting of the 
snowpack Ior a wide range of elevations. 

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

Most of the inform ation observed is produced during 
winter even though the snow deposition has already 
begun ( the dotted "obser ved" lines do not cover the full 
year, because meteorological observations of this site 
were not avail able at som e p eriods). The sparsity of the 
observation network prior to the ski season causes the 
unce rta inty in the modelled snow depth a t the begin
ning of D ecember 1981. Lack of data a lso makes it dilTi
cult to evaluate the melting rate, although in April 1988, 
for example, the simulated melting rate seems erro
neo us. But this kind of evalu ation is generally performed 
with automatic stations whose vicinity is less a ffected by 
huma n acti viti es and whose geographical m asks are well 
known. 

Erroneous settling rates can be seen, esp ecially in March 
1982 and 1983 and February- lVlarch 1987; these are 
mainly due to inacc urate est i mation of the initial density 
and ofth e crystal parameters for freshly fa ll en snow. 

Some errors in the quantities of the ana lyzed precipita
tion are visible in December 1981, M a rch- April 1986 
and April 1989. These a re o ften coupled with errors in 
the hourl y vertical determination of limit between rain 
and snow, generall y through lack of pertine nt observed 
information. 

The impossibility of correcting the simula ted snow 
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depths with in situ obse rn nions is appa rem durin g some 
wi nters, such as 1982- 83 or 198.5- 86. Th ese seasons show 
a cumulati\'C bi as based on a n initi a l error. 

The scatter di ag ra m s of Figure .5, wh ich complete the se t 
publi shed by ~ l a rtin a nd others (1994), ge nera lise these in
dicati ons. They compri se 37 obsen 'a ti o n sites a nd show the 
obser ved ()' ax is) a nd simulated ( I' axis) mcan snow d epth 
O YC'r four momhl y peri ods. Here wc ca n apprec iatc the c lose 
correspondence a t m os t of the sites; o nly in April is a n erro
neous snowpack simula ted when in reality it had di sap
pea red. The rms errors of the 37 sites a re usua ll y < 20 cm 
fo r test sites below 1500 m a.s.1. a nd 30 cm for oth er sites 
duri ng winter (1.5 D ecemher to end o f Apri I) genera lly w ith 
a n ex isting snow co\'e r. This perform a nce was confirmed by 
us ing the outputs ofSAFRA~/C roc us as input da ta fo r the 
Swiss Federal institute of -lcchnology's HBV hydrologica l 
m od el (Braun a nd o thers, 1994). 

Validation of the simulated stratigraphy 

]\0 unique pa rameter can qua mif)' th e simil a rity betwee n a 
profile s imul ated by SAFRAi\/Crocus a nd a measured 
profil e from a snow pit. Simil a rit y must be fo und in a ra nge 
of' va ri a bles such as the stratigraph )" the tempera ture 
profile , the liquid-water- co ntent profile a nd the densit y. \ Vc 
hm'e ch osen to show the pe rfo rm ance o f SA FRAN/Croc us 
by di spl ay ing a ll obsen 'C'd a nd simulated pro fil es a t the L a 
Plagne- I\Io lllcha\'in site, where onl )' o nc sno\\' pit is 
obser ved wee kl y by loca l snow patroll ers. This last fac t has 
a bea ring o n the estim a ti o n of the results, fo r it implies tha t 
thi s site d oes not prO\'ide a ny inform ati o n which could be 
used by the numerical sys tem . The wimer 1996- 97 compa r
ison is presemed in Fig ure 6a. In assess ing the res ult s, wc 
must keep in mind th a t such a compa ri son is complicated 
by unce rta inti es about the observat ion itself' (exact tim e', 
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precise locat ion, diITerent obse rvers and difficulties of a fi eld 
obsen -ation) and the na tura l va ri ability of the snowpack. 
The liquid-water content is not di splayed, as it is not meas
ured routinely in the network, but it is implicit in the density 
(g reen line). The diITerent types of crystals, pl otted on the 
right of each profile, arc presented in Figure 6b with a 
colour code which appears in more detai led form in Brun 
and others (1992). The correspondence between this code 
and the internationa l classification (Colbeck and others, 
1990) is shown in Figure 6b. 

The diITere nL profiles correspond closely throughout the 
season, and no major diITerence can be fo und. Simulated 
and observed snow depths are in agreement despite some 
discrepancies (31 December, 13 J anuary, 17 March ) which 
can be attributed both to the difficulty of using SAFRAN 
to estima te snowfall s in a precise location, and to the natural 
local variability of the snow cover. However, no long-term 
trend can be observed. Density profiles arc, on the other 
hand, well simul ated . 

Temperature profiles a re well simul ated in winter. How
ever, we observe a slight tendency of the model to produce 
colder profi les at the beginning of the melt p eriod (cspe
cially in March). Wet snow grains (in red in Fig. 6a) were 
systematically observed more often than the simulated 
profiles indicate from mid-March. Anothcr consequence is 
the simul ation of crusts (vertical hatch ) with temperatures 
different from zero and no liquid-water content while we t 
grains were observed. 

Sometimes, as on 27 January, observed and simulated 
crystal types differ: they arc faceted (blue) in the obser
\'ations and rounded (pink ) in the modeL The grain-sizes, 
however, are about the same. r-.I[ore detai led examinati on 
of the observed profi les (not presented here) shows that in 
fact mixed forms were observed and the faceted grains were 
coded firsL The discrepancy between numerical and 
observed profiles is thus red uced, and seem s to be 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 th inner. It is an importa nt factor in 
determining the stabi lity of the profile, for it can constitute a 
weak layer, especially in case of O\-crloading (see section 4 
above, subsection on MEPRA). 
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Validation of snow depth and sinlUlated teIllpera
ture gradient 

Comparisons between observed and simulated snowpacks 

cannot be show n for a ll snow-pit locations. In o rder to use 

most of the available observations from snow pits to va lidate 

our system, we have compared the snow depths and the 

simul ated temperature gradient inside the snowpac k with 

the corresponding va lues observed. As stated previously, 

no corresponding cl imatologica l quantities are entered in to 

the chain. The temperature gradient is a pertinent variable 

since it governs the formation of most weak layers. Table 3 

di splays the correlat ion and the bias between these quanti

ties. The comparisons were carri ed out on 701 obsen'ed 

profiles in 50 locations covering a ll the French massifs and 

separated into three main areas during winter 1996 97. 
Snow depths a rc a lways greatel' in reality than in the si

mulations (especia lly in the Pyrenees and Southern Alps ) 

and exh ibit low correlation . This is mainly because in this 

particular winter most of' the snowfall s occurred in NQ\'em

ber, before the opening of the observation netwo rk. The 

results of temperature gradients arc more satisfactory in 

bias and correlation, although the low value in the Southern 

Alps must be investigated further, and they make it possible 

to calcu late a realistic a sociated metamorphism. 

Validation of risk levels diagnosed by MEPRA 

The natu ra l observed avalanche activity and the SCr-.l nat

ural a\'alanche risk on Vanoise massif were compared. To 

carry out this comparison, a measurement of the ava lanche 

activity and of the MEPRA risks was defined. 
For the avalanche activity, we used a simple eva luation 

of regional avalanche activity deduced from the daily re

ports of snow patrollers. As expla ined in Giraud and others 

(1987), this regional score is an average of different loeal

avalanche visual observations as indicated in the currentl y 

used code. The local-a\'alanche est imation for each site is 

computed accord ing to the num.ber of events a nd their na

ture; arti fi cia l releases have less weight than spontaneo us 

ava lanches. A general weight also a llows us to take into ac

count the number of sites with no obsen'cd avalanche activ

ity. This score is expressed on a ten-level scale. 
For l\fEPRA, w(' took an index which summar ises the 

great spati a l and temporal variability and intensity of the 

MEPRA avalanche risks in a massif. It is an average or 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, a nd are 

illustrated in Figure 7 by the chronologica l represen tat ions 

of the different avalanche events ("obsen'ed" index on the 

righty ax is and MEPRA index on the left one) of winter 

1986- 87. This kind of plotting a llowed us to identify the a\'a

lanehe periods for further meteoro logical and snow investi

gations, a lthough the intense avalanche-activity period at 

the beginning of winter is generall y poorly observed by the 

patrollers (extremely severe weather conditions ). Based on a 

simple classification of the results from these two indices, 

eonti ngeney tables were created year by year (see, e.g., liible 
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La Plaglle ski resort, J'alloise massif,' at tile snow -/Jitlocalioll 
rij llionlclwv;n (2100 m a.s./. . norlheaslan as/Ject). The dif
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sllows crusl.1. (b) Colollr code usedJor the S'IO[(, -C1~ystal re/ne
sentalion. The collnection wilh 1111' illlemaliollal classifica
tion (Colbed' ({nd olllfl:l', 1990) is shml'n. The ji'esh 51101(' is 
rejJresented ;11 grem,jaceled C1]slals ill blue and rollnded C/)'s 
laLs ill red. As n/)Lallled ill Brlln and ol/wJ (19.92),jres/t .molt' 
is described ill terms qfdendrici£v alld spherici£)!, andtlie more 
Iral7sJoTllled CI),slals aTe difil1ed ~y Ihei,- si::.e alld s/Jherici£JI. 
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Table 3. Comparisons between observed and simulaled snow dejJths and verliwl temperatllre gradients inside the snowpackJor 
difJerenllocations in lite Alps and Ppenees during winler /996- 97 

Area 

i'\orthern . \I ps 
Southern. \ Ips 
Pyrenees 

. 
~ 3 
'0 

<I g: 
UJ 2 
:0: 

. \illllber q! 
loraliolls 

20 
17 
13 

. \ illllber,!! . Ji:'f rage 
SlInu' /lils used mea.Hlred 

slIow deplh 

CIll 

290 m .6 
2+0 1+5.5 
171 1392 

Fig. 7. Time eomj)(lrison between observed avaLanche aelivilj' 
(dolled line according 10 a scale qf aboulten levels;), a ris and 
scale on the righl ) and JJEPR~ avalanche-risk index (bars. 
on a Jive -Level scale; y a\ is and scale on Ihe lift) Jar Ihe 
Vanoise massifdl1ring winter 1986-87. 

4). They ha\'e been studied acco rding to th e H anssen and 

Kuipers seo re (Hanssen a nd Kuipers, 1965): 

where aij is an ci emel1l of the eontingency ta blc and V is the 
H a nssen a nd Kuipers sco re. 

The fu ll res ults (not presented here) show a Hanssen 
and Kuipers score of 0.7- 0.8 fo r a ll winters. Th ese are qu ite 
good results, especially for spring, which shows a good spa
tia l a nd temporal correlation between acti vity and risk. In
correct fo recasts (Iow pred icted risk wi th an obsen 'Cd 
a\'alanche) a rc attributabl e to ve ry small spring avalanches 
which a re reported as avalanches instead o f snow fl ows o r 
sloughs. \ Vinter-avalanche situations with hig h snow preci
pitation seem to have been less well estima ted. A\'alanche 
observatio ns in winter a re \'ery difficult, a nd even imposs i
ble when weather conditi ons a re extreme, hence the inco r
rect warnings (high ri sk without observed avalanche). 

TabLe 4. Contingency lable qf MEPRA risk and avalanche 
activity during winter 1986 87 in Vanoise massif ( Hanssen 
and KlIijJers score = 0.75) 

Amla)lche ({('Iil 'is)' 

No observed avalanche 
O bscf\TcI ""alanche 

478 

Lolt, 

113 
31 

.I/EPR. l risk 
. I [ot/erale or high 

3<} 
80 

. l l 'eragi' 

.,imulaled 
Jllowde/Jlh 

Clll 

11 7.3 
124.5 
107.2 

Correlalioll . 
lIIowdepths 

. l rera.~e 

mea.Hlred 
lem/Hralurt' 

gradient 

0.65 0.036 
0.63 ONO 
0.80 0.029 

. h'l' rage Conelalioll . 
simulaled lelll/Jeralllre 

lem/Jeralllre gradient 
gradient 

Cm I C m I 

0.0+1 0.8+ 
0.037 0.67 
0.039 0.79 

Fie ld verification during an a valanche inquiry 
(Vanoise, 15 February 1996) 

\\/hen a dr y-sla b avalanche occurred nea r Roc de Fer in the 
Vanoise massif, from about 2300 m a.s. 1 on a northeastern 
slope of abo ut 35°, se\'eral investigations were carri ed out 
the following d ay. The frac ture was about 40- 60 cm thick 
and 100 m wide. The in situ profile (Fig. 8a) is a ll d ry with 
co ld snow, but its most prom inent characteristic is a weak 
layer (70 76 cm deep) of faceted crys ta ls ove rla in by a 
crumbly buri ed slab (76- 91 cm ). The weak laye r lies on a 
I cm crust. It is the dry slab, buried under abo ut 30 cm of 
fres h snow, which was tri ggered by the overload of many 
skiers, with a collapse of the faceted crys tals. 

The corresponding SCM simu lated profile (Fig. 8b) 
shows simi la r characteristics. At the lO p, we find about 
30 cm of fresh snow (plolled "+" and "f" as g ra in type) 
which covers an older set ofdi ITe rent layers (90- 60 cm deep) 
which a re m or e or less transformed. The dens it y of these 
layers is higher (156- 183 kg 3) a nd the MEPR A stabi lity in
dex sugges ts a good cohesion (3.20- 13.90 compa red 10 about 
\.5). Wc ca n thus assimilate these layers 10 the slab obsen ·ed. 
The main difTerences between simu lated and obse rved 
profi les (a lthough perhaps prese nL in reality ) a re in the 
two weak layers shown in Fig ure 8 b: at 60 cm a layer of fa
ceted crysta ls overlays a layer of depth hoar (45 cm ) sepa
rated by a sm all crust (50 cm ). This kind of stl-ucture has 
been desc ribed by J amieson a nd J ohnslOn (1993) to explain 
a common ease of slab a\·alanche. The deepes t laye r has a 
lower stabi lity index (\.66) than the upper one; thi s explains 
why j'vI EPR A identifies thi s layer as the most likely failure 
(see red a rrow in Fig. 8b). In addi,ti on, the presence of the 
crust is ta ken into acco ul1l in jV[EPRA diagnostics which 
consider it to be not thick eno ugh to stabi lise the underlying 
layers and so m oderate the risk. 

The close correspondence between the observed and the 
simul ated profil es and their respecti\'C stabili ty ill ustrates 
the SCM's cap acity to help prevent some of the m ountain 
dangers. At the time of thi s catas troph ic evem the SCM 
chain was running and some of its elements were a t the dis
posal of the local forecasters who class ified tha t d ay 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 each day, the chain of 
models has been used to calc ula te the previous d ay's snow
profil e evolution for all of the French Alpine a nd P yrenean 
massifs. 
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73401 Enq . aval BSM I 

I I 
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Date 16/0211996 a 10 H 

a 
160 

Site 892-RDC DE FER 
Aspect NE 140 140 
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Temp 
Tps R.A.S 

120 
90- -- Z 1 1 

l-
120 

-
ll: -'- 1 1 140 6 

100 
lI: A 2 1 150 16 

lOO 

-
Slab A Z 3 1 180 22 

-
CAn A Z 3 1 200 80 

Weak layer 

) 0 ~ 7 3 1 200 11 

Bed eurface I 
60 I 

f\ ~ 12 2 1 250 14 
60 

I- -
40 

I 
40 

0 0 14 3 1 330 

~ 
I I 

20 
~ 

f\ f\ 35 2 1 1 250 I 
r-
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rll'llperlture(CI - "------
30 

20 
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, . . . . , c . . . ,R.i!IlLll"r<\n~$~ IJ:~._ .. .,--c , . . 
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Fig 8. ( a) Obm'ved SIlowpack prqjile durillg Ih e Rac du Fer avalallche, 1617ebrll(l1~y 1996, shml' ing the prq/i/es oftell1peratll re ( 0 C) 
all d rammsonde hardness ( kg/) al diffe rent de/llhs I-I. Accordillg 10 Colbeck alld olhers (1990), (oIUIl1 I1S FI alld F2 inrliwle Ihe I/C'o 
main grain sha/les. The densiO' ofeach /C!-)lel' is in kg m 3, and Ihe grain -size is described b)l ilsdiameler in tenlhsofmm. T he (olu III It 
"r I 'e/,'al I indicales a dl)' /Hofile, whereas Ihe mallllal hardne.f.f "Hard" is npressed all ajz1'f-Iael scale. A manllal eslimalioll iflhe 
shearslrenglh ( ill kg rim 1) is ginell in Ihe (o/lI mn "Shear': ( b) Simulated slIow/Jack prifile al a com/JIltillg localioll (o n es/landing 
to Ihf sile ofthf Roe rlll Ferava/a llclie, 16 Febl'lwl)' 1996 ( fOlloise massif, 2/00 m a.s.!. , easlem as/lecl, ';'O slope) alld showillg llif 
sall/ e h t'O profiles as il1 ( a). The Iwo main grain sha/les are presellled in the COllllllll "gra ill'; Ihe diameler q/the gmill -size (columll 
"diam" ) is ill mm al/d Ih e densiO' "dens" ill g cm .'l The slabihO' indl'\ S is /Hill led ill Ihe last column. 

The process beg ins w ith the coll ect io n of the different 
ma nua l o bsen 'ati ons fro m the different ski resorts (Snow! 
Weather net work ) which is assured by the local stati ons o f 
1\ICtco-France. The obsen 'a ti ons a re gene ra ll y made a t 
0800 h loca l time a nd a rc transmitt ed by tel ephone to the 
stati o n which insert s the m into the difTc rent networks a nd 
databases a fter qua lity-c hecking. Ano the r obsen 'ati on is 
made in the a ft ernoon a nd transmitted . Da ta a rc m'a il abl e 
from a bo ut 11 0 stati ons during winter o\'e r the Alps and Pyr
enees. In pa ra llel, wc ex tract the other info rm ati on, such as 

radar images, a utomatic sta ti o n data, mcteo ro log ical mcs
sages a nd numerica l products from mesosca le m e tcorologi
cal model s. A ll this inform a tio n is a\'a il able a t the C EN. 

Thc SCNI cha in begins its run at abo ut 1100 h by simu
lating both the meteoro logica l conditi ons a nd thc full state 
ofth c snow pac k including the m'alanche ri sks o\'er the 111 as
sils, aspec ts a nd heights mentio ned. The nUlll eri ca l simula
tion is perfo rmed 0\'('1' a 24 h peri od from 0600 h the day 
before, All the results arc a\'a il a ble hourl y. 

To help the ava lanche lo recas ter to interp re t the SCM 
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results, software has been de\'eloped that a llows the forecas

ter to look at the meteorological output and the sim ul ated 

snowpack for different aspects and elevati ons in different 

massifs. Displays include: 
SAFRAN meteorological parameters (e.g. air tempera
ture, wind speed, humidity, so lar radiation ) m'eraged a t 
the massifscale (sce Fig. 3) for the Alps and Pyrenees. 

symboli c represellLations (i.e. concentric circles; sec Figs 
9 and 10) by elc\'ati on steps (300 m ) with expos iti ons 
(pie charts ). 

The avalanc he 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 immed iately 
decrease, with a return to stability by refreezing. Just abO\'e 

the snow/rain limit, a low avalanche risk is est imated 
because fresh-snow density calcu lated by Crocus is high 
enough. At higher ele\'ation, natural a\'alanche risk is more 
significant, with fresh snow becoming lighter. 

The second example in Figure 10 is a spring ituation 
with destabilisation by wetting due to solar radiation and 
water flow. In thi s type of avalanche situat ion, the most im
portant faeLor is liquid-wa ter penetration into the snow
pack. \\' hen a dry weak layer (fresh or recellL snow, faceted 
crystal, depth hoar) becomes wet, its shear strength de
creases and an avalanche risk is estimated as a function or 
wet-snow depth. This process of destabilisation depends on 
both aspect and eb·ation. The SCM chain gi\ 'Cs general in
formation abo ut the geographical distribution of these para
meters in order to sunTY the snow-cover wetti ng day by day 
and the associated a\'a lanche risk. 

Natural avalanche risks and types (1.-> r.) Cl llid 

480 

23/01 /95 12H 40deg gdes-rouss 

~0 ~~~~1i~~~~ 
3000 
2700 
2400 
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1800 
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900 

Natural aval. risks 

23/01 /95 12H 40deg gdes-rouss 

Natural aval. types 

Vory high 

Cl High 

D Mod. decre -'" ., -Mod. nae a: -Low -Very low 

D llid 

Wetbottcm 

D Wet surfac 

Mix recent 
Q) 

C. -Sur. slab ~ 

Wetroc. 

Dry rec. 

ORIENTATIONS 

Fig. 9 . . ~Jlmbolic representation (elevation and aSjJects) of A1EPRA natural avalanche risks and i)IjJes on Ihe Grandes-RollsSfS 
massiJJor one slope (400

) in a tyjJical winter situalion (23 Jan 11 (l1) 1995 al 12 UTC). The different avalanche risks Jllotted are: 
lIery high, high, moderate decreasing, moderate increasing, low and vel) low. The corresponding avalanche types are: wel bottom, 
wet suiface, mixed recent, suiface slab, wet recent and dry recent. The grf9! "vid" color is used when no indicalion is available. 

3000 \ \ 
2700 ' \ 
2400 
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~ "-~ 
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ORIENTATIONS 

Fig. 10. Symbolic rejJresentation (elevation and aspects) of MEPRA natum/ avalanche risks and types 011 Ihe Belledonne massijJor 
one slope (400

) in a typical spring situation (9 March 1994 at 12 UTC) with the same colollr code as in Figure 9. 
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complete stratig ra phic a nd ramm sonde profi les as pre
sented in Figures 8b and 11. Figure II represents an un
stable snowpack, with accidcnta l risk due to the presence 
of a weak layer orface ted crys ta ls be low a snow slab in a 
northern exposure. All the elements o f the profil e a rc 
summa rised (Bell edonne mass if, 2100 m a.s.l. , lV(,s tern 
as pect, 40 ) slope ) a nd a rc used by MEPRA evalua tion 
for each layer. On the right side we find the grain-size 
according to the intern ati ona l c lass ificati on (Colbeck 
a nd others, 1990), the di ameter o f the g ra ins (in mm ), 
thc densit y and the stability index (F6 hn, 1987). On th e 
left sidc th ree \'Crti ca l curn's indicatc simultancously a t 
difle rent snow depth s (\"Crtical axis, in cm) the snow 
temperature (blue cun'e, in QC), the ra mmsonde ha rd
ness (brown curve, in kgf) and the liquid-lVater content 
( red fillin g, in ex, of t he total \"O lume as indicated a t th e 
bo ttom of the profil e ). The la rge rcd a rrow indicates th e 
weak laye r. 

continuous c\'o lutio n ofstrat igraphy a nd snowpack tem
p era ture (Fig. 12) from the beginning o f winter. 

I\ s the ex pert system mustjustify its reasoning, the anl

la nche forecaster can a lso display complete, deta il ed g ra

phics o f stratigraphy a nd rammsonde profil es (Figs 8 a nd 

11 ) with instabilit y b 'C ls a nd r-.lEPRA information such as 

a\'a la nche ri sks and typ e a nd snowpack profi le. 
Our first-hand contact with the forecas tcrs has a llowed 

continuous de\Tlopment of a l! the program s. The forecas ters 

have da il y contact lI'ith the sno\\' patrollers of the ski resorts 

who inform them of the obsen Td a \'a la nche act i\'ity. The 

cha in o utputs a rc also systemati call y used a nd compared 

with the field realit y when specifi c inquiries a rc made about 

real ava la nche cases (e.g. the Roc de Fer ava la nche di sc ussed 

in sec tio n 5 abOlT). These compa ri sons all oll' us to identify 

the differences between the chain and realit y but not to eas

il y co rrec t thcm. As previously ex pl a ined , there is no fe ed

back to the system from field obsen 'a tions conce rning snow 

a nd aval a nches; the o nl y input is th e me teo rological condi-

01 .01 .96 12 h 

DlImlld and others: Com/Jli/er sill/u la tions q/Jllow/Jack st rl/rtllre,\ 

li ons, a nd thc cha in ca n be eorrccted onl y by m odifi cati on of 

these conditio ns, as ex pl a ined in the ncx t sect io n. 
Wc a rc a lso working o n proj ections on a g ro und digita l 

model (75 m mesh) of some elaborated pa ra me ters: surface 
snow temperaturc, snow de pth , a\'a lanchc r isk, a\'alanchc 
type, we t-snO\\' depth a nd refreezing-snow depth. £\'(" n if 
some prelimina ry versions of these di splays a rc a lready a t 
the di sp osa l o f local forec as ters, thi s kind o f p roduct is still 
a research subj ect because it is difficult , g i\'l' l1 our bas ic 
ass umptions, to integratc the necessa ry loca l e!Tects. Some 
new devel opments and thei r co rrespondi ng ill ust ra tions wi 11 
soon be ava il abl e. 

7. WEAKNESSES OF THE MODELS AND OPINION 
OF THE FORECASTERS 

The SCl\J results have bee n used and \T rifi ed by the Grc

noble avala nche forecasters since winter 1992 93, This op
era ti ona l use has a ll owed us to correct some preliminary 

errors a nd to ma ke impro\'C m ents in difTc rent pa rts of the 

code, such as a be tter determ i na ti on of thc elC\'a t ion of the 
transition be tween snow a nd ra in, The fo recas ters a rc not 

the only so urce of inform a ti o n; wc consider a ll the da il y 

obse l'\'atio ns, especiall y those provided by the two 

automa tic-instrumented sites (Col de Po rt e a nd Col du 
Lac Bl a nc ) which a rc not used by the cha i n a nd prO\'ide 

rea l-time diagnostics for e\'a lua ling both the m eteorologi
cal conditi o ns a nd the sta te o f the snowpack. Another veri

fi ca ti on procedure is to carry o ut quasi-rea l-time numerica l 

simula ti o ns 0 11 snow-pit sites characteri sed by their massif, 

eie\'ati o n, slope a nd aspec t. 
Apa rt from some loca l cfTects, the m a in so urce o f' 

probl ems is the SAFRAK a na lys is which may lac k pertinent 

informatio n, as can occ ur out side the winter peri od or at high 

elenltion. The problem becomes noticeable when, in these 
underd etermined situati ons, a n analyzed qua ntit y is ob

\'iously errOl1 cous ur badl y e \'a luatC'd, or crosses a physica l 
threshold (as whcn the ana lysis determin es it IS rall111lg In-
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Fig. 1 t. Graphical indication if the likefJI 11l1df1'~)l il7g ,\ fEPR11 processesIor all accidelltal risk 011 the B elLedollllf' massif Jar olle slope 
(40"), 1 ]al1l1(L1] 1996 at 12 [-re: 
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Fig. 12. Time-continllolls evolution qf Crocus snowpack temperature Oil the Cltablais massif at 2700 m a.s.l 0 17 a !lorthem aspect 
(400 slope) during winter 1996-97 (t ime-scale 017 x axis, snow dejJth in CIIl on)' axis, temperature according 10 the colour scale). 

stead of snowing through an inacc urate determination of the 
hourl y vertical limit between ra in 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 detec ted and ana lyzed (genera lly in the snowpac k 
state, more ra rely in the meteorological conditions, except in 
the ana lyzed precipita ti on or cloudiness ), wc check th e 
SAFRAN output. This is the most "sensible" point and the ea
siest to correct. The cause is usually an erroneous obsen 'ati on 
(accepted des pite automatic checking) or missing data, in 
which case it is poss ibl e to change the results by modifying 
input meteorological data and re-running the models from 
the da te of the error. But problems are not a lways directl y 
linked with incorrect data; they can also be due to the limita
tions of these numerica l models. All malfuncti ons (found by 
the forecas ters or by us) a rc recorded and studied. 

Embarrassment a rises when SCM snow profiles diffe r 
too much from loca l observa ti ons such as the weekly snow 
pits. This problem is mainly due to the lack ofmeteo rologi
cal obsen 'ations at high elevation and on southern slopes. At 
present, there is no way to rectify such a di ve rgence between 
simulated and observed snow profiles, fo r it is imposs ibl e to 
modify (with coherent co rrections for a ll the physical a nd 
sl1"ati g ,"aphica l elements) a ll the simul ated profiles at differ
ent elevations and aspec ts using only a few spa rse ly 
observed snow pits. 

In spite of such current limitations, French avalanche 
forecasters ha\'e found that SCM helps them to analyze the 
spati a l vari ability of the snowpack structure (e.g. weak 
layer, rammsonde resista nce, shear streng th ) over a wide 
range of eleva ti ons and aspec ts. Throughout the winter (No
vember- M ay), the ava lanche forecaster receives reali sti c si
mula tions orthe snow-cover limits, snow depths, loca ti ons o f 
high-temperature-gradient metamorphism, wetting or re
freez ing depth and natura l or acc identa l avalanche risks. 
During winte l~ when weekl y snow pits a re numerous, C ro
cus outputs a rc a useful complement to pit observations: 
they m ake it poss ible to obtain continuous and rel iable in
formation on the evolution of the interna l state of the snow 
cover between two pits a nd they give information at eleva
tions and a pec ts where no pit observation is availabl e. Cro
cus and MEPRA help the forecaster in pointing out th e 
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range or elevations and aspects where processes a fTecting 
the stability of the snowpack a rc occurring or expec ted: 
weak-l ayer fo rmati on due to thermal gradient metamor
phism, surface or deep wetting, fres h-snow compact ion, re
freez ing. At the beginning (November to mid-December) or 
at the cnd of winter (mid-April to May), snow and ava
lanche observations arc ra re, a nd the SCM chain has 
proved itself a reli able source of inrormation on the snow
pack structures in spite of spa rse obsen ·ati ons. 

E\'ery spring, a general mee ting takes place a t C EN. Eac h 
local centre is represented and the different forecasters make 
an assessment of the previous winter. The SCl\II p erformances 
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 
Pyrenean massifs where they provided their avalanche re
ports throughout winter 1996- 97. The results seem quite poor 
in terms of the snow-depth pa rameter because of Ilumerous 
insufficient simulati ons, but the associated simulated natural 
risks on the four mass ifs a re considered sati sfactory nearly 
three times o ut offour (see Fig. 13b) and the associated acci
dental ri sks a re considered satisfac tory in 58% of cases (see 
Fig. 13c ). The other indications in Figure 13b and c show how 
forecasters judged i'v[EPRA diagnostics compared to their 
own ("pc simistic" indicating a simulated risk too high com
pared to the obsen 'ed avalanche acti\'it y, and "optimistic" in
dicating a simulated risk that is too low). The weakn ess in the 
snow depths produced has been found to be due to inadequate 
SAFRAN ra infall climatology field which inferred an erro
neous ve rtical gradient. 

8. USING SCM CHAIN IN A FORECAST MODE 

The fir t goal of the SCM cha in was to 'imula te the e\'olu
tion of snow cover acco rding to present and past weather 
conditions. But in France, the dail y avalanche report 
emitted by the mounta in me teo rological sta tion describes 
the present sta te of the snow cover and its e\'olution for the 
next 48 h in connecti on with the weather forecast. There
fore, SCM has been upgraded to provide a 48 h foreca. t of 
the snow-cover evolution. The solution of the problem was 
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P M e l c AoodenloJ MEFAA riSks 

Fig. 13. (a) Evaluation /J..JI l)reneallJorerasters cif the global 
simulated snow depth overfo ur massifs during winteT 1996-
97 according tojoursilll/Jl f rrilnia (' 'e_\aggerated '' indicating 
a simulated slLOwjJack dee/Jer thall obsm'ed, alld "ill.flUJi
cient" indicating that the observation is deeper thall the simu
latioll). ( b) C:orresjJo lldillg evaluation tJ' ~J'rellean 

forecasters cif the simulated sjJontaneous ,\lEPRA risks ac
rording to three simjJ/e criteria all the s{/lII ejimr massifs (' yJes
simistic" indicatillg a simulated risk too high compared to the 
observed avalanrhe artivi{)I, alld "ojJtilll istir" indicating a 
simulated risk that is too low ). ( () CorresjJonding eNt/uation 
ID' ~JlreneanJorecasters cif the simulated (Iaidental ,IIEPRA 
risks accordillg to the same IliTee simple rriteria on the same 

.follr massijr. 

within the SAFRAI\ a na lys is (Dura nd a nd o th ers, 1995, 
1998) which had to be custo mised to run w ith \,·ea th er fore

casts a nd obsen ·ati on d a ta o f a n a na logo us d ay. 
Two m a in so urces of info rm ati on have been used: 

fin e-sca le adapta ti on o f" th e ARPEG E (Co urti er a nd 
oth e rs, 1991) French m e teo rologica l- model fo recast (out
put mes h size about 30 km ) 

resea rch of pas t da tes w he re th e synopti c pa tterns of dif
ferent meteo rolog ica l fi e ld s at 500 a nd 700 hPa hcights 
a rc close to those fo recas t by th e ARPEGE model. I t is 
a class ica l applicati on o f th e nea rest-n c ig hbour method 
appli ed to middle-a ltitude meteo rolog ica l fi e lds with dif
ferent o perators conce rn ing both the fi cld s a nd th eir de
ri\·a ti\"('s (Durand a nd o thers, 1998). 

For a ll ml"leorologica l va ri ablcs except preCIpItati on, we 
perform o nly an ad aptatio n o f ARPEGE forecasts at the 
mass if scale through downsca ling opera to rs, as is donc in 
the a na lys is \Trsion of SA FRAl\ (Durand a nd o t hers, 1995) 
to compute the initi a l g uess-fi e ld. 

For the prec ipit a ti on, bo th methods a rc used (sce Dur
a nd a nd o the rs, 1998): the fi rs t estimati on is obta ined fro m 
ARPEGE through diflc rent appropri ate opera to rs, a nd th e 
sccond from th e ana lysis of nearcst-neighbo ur (a na logo us) 
past d ay. The t\,·o est ima ted prec ipitatio n fi e lds (ARPEGE 
adapta ti o n a nd "ana logous" solution) a rc then mcrged. In 
additio n, a specia l a lgorithm is used in the frequent cases 
where o nc estim ati on is r a iny a nd the o th e r o ne not. Aftc r 
nearl y 2 yea rs of\ "C rili ca ti o ns (627 compa ri so ns, Septembcr 

Duralld and others: Cum/JUter simulations rijsnou'/Jack stmctures 

1994 August 1996), this fin a l m ixing with rcgardto the op
e rati ona l a na lyses has g ivc n improved results. as indicated 
by th c diffcrent correl ation values in th e first row of Table 
5. These numbe rs a re computed on daily va lues for ever y 
Alpine massif a t 1800 m a.s.1. for the fu ll 2 yea r p er iod a nd 
a rc typical o f a sta tistica l mi x ing compa red to its sepa ra te 
componcnts. On the othcr hand, wc must rcmember th at 
the st udy p eri o d co\·e rs summer pe r iods whcre ana lyscs 
a nd forecasts o f precipitati on a re di fTi cu It because o f COIl\ "CC
tiye e\"cllts a nd m any ana lyzed a nd fo recast dry d ays. For 
the last two w inters (171 situa tions), the samc va lid a ti on is 
presented in th e second row o f Ta ble 5 \\-ith be tte r rcs ults 
t ha n O\"C r the fu ll peri od. 

9. CONCLUSION 

Va rious \·a lida ti o ns of the SC l\ r m odels hm·e shown tha t 
they gave a re I ia ble a na lys is o f the meteorolog ica l condi
tions prt"\"a iling in a mass if a t diffc rent clC\·a ti ons a nd as
p ects, a nd simu late their clTeCls o n the e\·olution of th e 
snO\'"I)ack a nd its stabi lity. These m odels have been used for 
se\"Cra l yea rs bo th to monito r the prese nt sta te o f thc snow 
cow!" and to fo recast its evo lut ion a nd stabili ty fo r the fo l-
10\\·ing ..J.8 h. Th ey help the ava la nche forecaster in p o inting 
o ut th e range o f c1 c\·ati ons a nd as pec ts at which the sno\\"
pack undergoes processes a ffccli llg its stabi lit y: acc umu
lat ion a nd compac tion of dee p fres h-snow layers, form at ion 
o f wea k laye rs due to high-tempcra ture-gradi ent meta
m orphism, mclting a nd refreez ing. 

The ma in limi tati on of the m odels is th at they do not 
simulate acc ulllu la tion and e rosio n by the wind which may 
sig ni fi cantly III od i fy the loca I snow condi tions. I mpro\·i ng 
th em in thi s res pect is a cha ll enge fo !" future resea rch. Phys i
ca ll y based method s co uld be d eve loped by using the out
puts of recent line-mes h meteo ro log ica l models which a rc 
now able to represent the wind Jicld in mounta ino us r egions 
with a spati a l resoluti on of abo ut 100 m. 
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7(lble 5. Correlation befll'Ce!1 ana~w:.ed precipitatioll and diJ~ 
fermt .foreca s! field jJ recijJitatioll, (I S described ill the tn t 
( jJ RPEGE dOll'lIscaling ada/Jta tiu/I, ana{J'sis q/tlte /l earest
lI eighbollr d(~)! all d lII i,illg cif tlte tn·o jJTel'iolls SOllltiolls 
( lIl i \f{ljorews! ) ) 

.IJo(/,t 

Correlat ion 

2 yea I' periods I 
COrrl" I"1 iO ll 
2 wi11ll"r periods I 

. I RPE(;/,· 

0.579 

. \ ;'ares/ I/();gltbollr .1 Ii \f(ljorl'«() 11 

0.,),),\ 0.695 

0.62-1 0.719 
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