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ABSTRACT. Avalanche-hazard estimation for the present and the following days is 
one of the main tasks of the avalanche fo recaster. For 4 years, some have used the results 
of a series of autom atic numerical models in the Alpine m assifs of France. T hee programs 
describe in real time the main meteorological conditions (Sj1 FRA N ), the evolution of the 
snow cover (Crocus ) and the resulting avalanche risks (M EPRA ) at different elevations, 
slopes and aspects of the massifs considered. 

This paper presents the latest evolution of this automa tic tool. \,yith the new version it 
is now possible to provide I day forecasts of the sta te of the snow cover over the massifs of 
both the Alps and Pyrenees, including the main cha racteri stics of the snowpack and an 
assessment of the corresponding avalanche hazards. 

To achieve this res ult, the main changes were with SAFRAN. Two combined methods 
a re used within the same package: adapta tions of la rger-sca le meteo rological forecas ts 
a nd use o f obse r va tions o f a na logo us wea th er situ a tions from the pas t. T hese two 
approaches a re complementa ry especia lly for evaluating precipitation where the second 
solution has importa nt fine-scale inform ation while the fi rst exhibits importa nt local 
biases. 

Validation of this new application was done carefull y a nd proved the qua lity of the 
method, now u ed in real-time by local forecasters. \ ,ye present some validation results, 
concerned bo th with forecasted precipi~a ti on fi elds at the scale of the massif and fore
casted avalanche risks deduced from M EPRA. 

INTRODUCTION 

Our obj ective is the real-time numerical simulation of snow
cover evolution and an assessment of the corresponding ava
lanche risks. The basic assumptions of the system a re: 

hourly knowledge of meteorological conditions at every 
computation point 

c1imatological homogeneity of the different massifs, 
especia lly for precipita tion (a map of the different mas
sifs can be seen in Figure 4) 

The current numerical chain (Giraud a nd others, 1994) 
is therefore composed of three separate models which 
simulate the main features of the snow cover a t the massif 
scale ('" 500 km 2

) . Within each massif, all the parameters in
volved a re computed for different elevations and aspects. 
The working scale is well suited to resolution of the different 

information sourCeS used (observation network a nd meteor
ological models) and allows representation of the m ain 
structure of the snow mantle, except that due to local effects 
such as wind transport or different orographic fo rcing. 

The evolution of the chain presented below concerns its 
ability to forecast snowpack sta tes and avalanche risks a t a 

I day range. 

BACKGROUND 

The prevailing meteorological conditions have a major in
fluence on the evolution of the snow cover. They govern im

plicitly the different energy and mass budgets of every layer 

as well as the type of snow crysta l being formed, most of the 
physical prope rti es and the liquid-water content of the snow. 
All these q uantiti es a re ve ry important for avalanche ha
zard-forecasting, one of the tas ks of the French M eteorologi
cal Office (Meteo-France, MF). Numerical models of the 

snow cover have also become efficient and relatively reliable 
tools; their first application is to provide a complete descrip
tion of the snowpack covering the different massifs. They a re 
widely used by those forecas ting avalanche ri sks. T he numer
ical simulations complement their own skill s, especia lly in 
a reas with sparse observations or during off-winter-season 

periods. The numerical products provide both a daily des
cription of the snow pack state and its evolution in the fol
lowing days. 

THE CURRENT SYSTEM AND ITS LIMITS 

Snow evolution is simulated by the Crocus model (Brun and 
others, 1989, 1992), according to the hourly meteorological 
pa rameters provided: air temperature, humidity and wind, 
precipitati on and its phase, incoming sola r and atmospheric 
radiation, and cloudiness. The main advantage of thi s 
model is it provides appropriate parameterizations espe

cially for simulating the stratigraphy of the different laye rs 
and their metamorphism. 

Avalanche diagnosis is performed by the A1EPRA expert 
model (G iraud, 1993). It estimates the main mechanical 
pro perties (e.g. shear streng th, shear stress, a nd ram ha rd
ness) of the different layers and performs a mechanical sta
bility analysis of the snowpack simulated by Crocus. Thus, a 
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diagnosis of natural risk (comparison between shear 
strength and shear stress, with a specific analysis in the case 
of wet snow) and accidental ri sks (search of slabs including 
weak layers a nd influence of an overloading) is obtained for 
all profiles with different slopes with an indication of the 
likely underlying processes. 

Prior to the above computations for the snow, the me
teorological conditions a re estimated (we sha ll say "ana
lysed") by SAFRAN (Durand and others, 1993). The 
purpose of the a nalysis process is to provide the requested 
atmospheric data for a ll massifs, by elevation bands of 200 
or 300 m and for the different major slope aspects (north, 
east, south, west and fl at areas ) at hourly intervals. This 
goal is achieved by treating a ll the available information: 
observations obtained by different networks and meteorolo
gical numerical forecasts of the ARPEGE MF model (Cour
tier and others, 1991). SAf"RAN operates as a two-step 
process. In the first step, ARPEGE computes a preliminary 

estimate of the desired quantities (commonly called "guess 

field" in the literature) using suitable down-scaling opera
tors (Durand and others, 1993) in order to take into consid
eration the initial ARPEGE smoothed orography compared 
to our finer working scale. Afterwards these preliminary es
timated fi elds are modifi ed with available observations. 
Only for precipitation, ARPEGEs outputs are replaced with 
specific climatological fields selected according to different 
typical weather conditions deduced from the shape of the 
500 hPa geopotential field ; 7 possible guesses in the Alps 
and 9 in the Pyrenees are used. 

The three models are run daily; allowing us to follow the 
snow-cover state some hours after the last observations had 
been made. However, it was soon confirmed that knowledge 
only of the previous snow state was insufficient, especially 
when the meteorological conditions were evolving rapidly. 
We thus had to consider a "forecasting-working" mode cov
ering the following day and providing a forecasted snow
cover state to the avalanche forecaster. In addition, the sys
tem to be developed has to be time-consistent with its own 
"analysis mode" and coherent with the meteorological fore
cast on a larger scale, which is also used by the forecasters. 
All these reasons exclude any local solution disconnected 
from the numerical models provided by MF. 

AVAILABLE INFORMATION 

We first identifi ed two m ain sources of information: 
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The ARPEGE model, mentioned above, with its hori

zontal resolution of about 30 km. As previously stated, 
its direct use is inadequate at our working scale; its own 
orography cannot represent the large Alpine valleys. 
Nevertheless, it is well able to simulate the synoptic per
turbations which will a ffect the Alpine or Pyrenean 

chains, a nd it equa lly provides a fair estimate of the me

teorological parameters in the free atmosphere. H ence 
the model carries a set of averaged field quantities which 
must be down-scaled at the massif scale. 

The "nearest" meteorological conditions of the past. This 
method had already been successfully used and tested 

(Duband, 1981; Javarre, 1980). Its purpose is to find a si
tuation in the past which closely resembles the current 
one by way of "minimizing a distance" between these 
two situations. The search is generally performed over a 

large geographical area in order to optimize the occur
rence of similar meteorological patterns. 

CUSTOMIZATION OF AVAILABLE INFORMATION 

All forecasting techniques a re based on SAFRAN which has 
to run without its dai ly observations but using the proposed 
information. SAFRAN must provide Crocus and MEPRA 
with their necessary meteorological hourly pa rameters 
(Du rand and others, 1993). This purpose is achieved by con
tinuing the analysis mode every morning (from 6 UTC the 
previous day to 6 UTC the current day) with a forecasting 
mode finishing at 6 UTC the following day. All results have 
to be available about 12 UTC on the current day. The pro
posed solution is based on customization and a combination 
of the two previously mentioned methods and involves the 
following treatments. 

Large-scale ARPEGE fields 

The main task consists of a down-scaled adaptation of the 
outputs of the ARPEGE model through the different opera
tors of which an earli er version has been described by Dur
and and others (1993). These operators are generally only 
used to build the guess fields in the analysis mode. Some 
other operators, suitable for precipitation, were also devel
oped. Contrary to the analysis mode, the medium-range 
forecasted precipitation of the ARPEGE model is used in 
the SAFRAN forecasting mode. 

Analogous s ituations 

It consists of searching for the nearest-neighbour meteoro lo
gical situations, beginning with the summer of 1981. We look 
for a limited set of meteorologica l situations that resemble 
the ARPEGE forecast for the coming day. We generally keep 
the ten "closest" past situations (identifi ed by their dates ) in 
order to perform, if necessary, a second level of resea rch 
based on the neighbouring and ARPEGE-forecasted preci
pitation patterns. The search is performed by compa ring 
these forecasts with past meteorological fields obtained 

from the European Center for M edium-Range Weather 
Forecasts (ECMWF, 1991) analyses. To use such archives is 
most convenient but limits the search to the starting date of 
this Center, despite the fact that many previous observation 
sets are avai lable for the massifs. We a re also certa in that a 
15 year history is not sufficient to identify high-quality 

neighbouring situations, particularly if we consider the 
short return period of some important phenomena. 

The "di stance" used to compare two meteorological si
tuations is based on four fi elds: geopotential at 500 and 
700 hPa, temperature and an estimate of the temperature 
advection (close to the temperature temporal tendency) at 

700 hPa. Various operators are then applied in order to com
pute this mathematical distance; they consider both the 
field and its first and second spatial derivatives. However, 
compa red with the areas treated in the above-mentioned re
ferences, the geographical search area is limited (Alps: 
15 000 km 2 or Pyrenees 10 000 km 2), a fact that can j eopar

dize recognition of some synoptic patterns. So this distance 
is computed as a function of time and integrated over 
30 hours of forecast over the same geog raphical a rea in or
der to compensate for its sm allness by a temporal dimen-
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sion. A supplementary term takes into account the fore

casted and archived precipitation. 
The result obtained, call ed hereafter the "full distance", 

is a number whose low values identify best neighbouring 
date. It characteri zes both the meteorological similarity 
between two dates (called the "similitude dista nce" ) and 
the quality of the ARPEGE forecasts compared to the 

ECMWF a nalysed fields ("forecasting distance" ). We can 
evalu ate an average value of this last uncerta inty by com
paring two se ts of A RPECE forecasts for the same day. The 
first se t is compo ed of 0 and 6 hour range forecasts and is of 
good quality, and will be our reference, while the second is 

composed of medium-term forecasts (from a 12- 30 hour 

range) with a larger error that we want to evaluate. To 
achieve tha t, we compute the averaged forecasting distance 
between these two sets over abo ut 2000 days. The resulting 
value of about 20.000 (composite distance unit, integrating 
a ll the involved variables ) illustrates the inner errors of the 

forecast fi elds and can be compared with the full-distance 
values plotted in Figure 1. This fi gure shows the decrease of 
the averaged full distance (plotted as histograms with the 
scale on the left vert ical axis ) when we use a hi story search 
interval of 1- 15 years. As mentioned, these full -distance 
values include both the discrepancy between the meteorolo

gical patterns ("similitude distance") and the forecasting 
error ("forecasting distance", estimated at 20.000), these 
two parts are a priori uncorrelated. The number of com
puted combinations for each histogram class is plotted as so
lid black squa res on the left (in thousands). We must observe 
that every indication of the magnitude of the distance is de
pendent on its mathematical formulation (not expressed 
here) and therefore must be considered in a relative way. 
As a result of this study, we are working to increase our hi s
tory period with both fields a nd data. 

10 11 12 13 14 15 

Search in years 

Fig. 1. Bar charl showing the decrease rif the avemged minimi
z.ation distance (in thousands) vs the number rifyears used in 
the search. It illustmtes the impact qf a larger sam/Jle qf ana
logous situations in the search which leads to a closer solution 
characterized by a smaller distance. The magnitude qf the dis
tance (plotted on the y axis) is dependent on the mathemati
calfimnulation usedfor the distancefunction and must be seen 
here in a relative way. The number rif avemged cases in each 
bar is plotted (in hundreds) on the vertical right y axis and 
decreases as the history become more important (Jewer possi
ble combinations). 

There is no seasonal limitation in the search; for a given 
day the analogo us situation is chosen within the complete 
set of search situations of the past without any constraint 
on the dates. In order to understand better how the search 
was carried out by the system, Figure 2 shows a histogram of 
the di stribution of the time dev iation (in months) between 
about 5000 reference situations and their analogous dates. 

Dumnd and others: Short -tenn ojJemtional numerical avalancheforecast 

The "0" class co rresponds to cases where, for a given date, 

the analogous situation was in the same month and the 
other classes refer to deviations from I to 6 months before 
or after the reference month. \ Ve can see that, by itself, the 
system favours the month and surrounding ones of th e- re-fer
ence situation, but the search can have a la rger deviati on 
when for example the analogo us situation of an autumn re

ference situation is chosen in spring. 
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Fig. 2. Histogram qf the distribution qf the seasonal time devi
ation (ex/JTessed in months) between a date and its analogue 
.from a sam/Jie rif 5028 search.es with a histor) rif 12- 15)'ears). 
The values are computed with regard to the month rif the refer
ence date and the different classes illustrate the deviation with 
the corresponding analogue date (independently qf the year ). 
As we can select airy analogue date over the yeal; the values 
Val) between - 6 and + 5. The classes +6 and - 6 are the same 
and generally ilLustratee cross-selections between spring and 
autumn. 

PROPOSED METHODOLOGY 

After experimentation, it was found that onl y A RPECE fore
casts (after scale adapta tion) provided the best solution for 
es timating a ll the fields considered except precipita ti on. 
This res ult has been given by Durand and others (1995) 
and applies over the Alps and the Pyrenees. We shall illus
trate it brieOy by taking some examples from two well-in
strumented mountain sites: Col de Porte (Chartreuse 
massif, 1340 m, Oat) a nd Col du Lac Blanc (Grandes
Rousses massi r, 2700 m, north ). The co rrela tion coeffi cient 
for the different analysed a nd forecasted parameters, com
pared to observations, a re shown in Table I. They illustrate 
the overall qua lity of the forecasted field s. For temperatures 

Table 1. Cone/ation coifficient qf difJerent analysed andfore
casted fields at an hourly time-step compared to observations 
(not taken in the analysis schemes) at two mountainous in 
strumented sites: Col de Parte (Chartreuse, 1340 m, flat) 
and Col du Lac Blanc ( Crandes-Rousses, 2700 m, flat) 
during the 1994- 95 season 

Locatiolls Col de Porte (365 days ) Col du Lac Blallc (175 days ) 
Parameters / fields A G S P A G S P 

Air temperatu re 0.98 0.95 0.78 0.95 0.97 0.96 0.83 0.95 
Wind speed 0.61 0.56 0.41 0.55 0.62 0.68 0.55 0.68 
Relative humid ity 0.73 0.59 0.42 0.55 0.67 0.55 0.51 0.58 
I R radiation 0.70 0.+3 0.56 0.81 0.53 0.67 
G lobal solar rad iati on 0.91 0.87 0.84 0.86 0.95 0.91 0.90 0.88 
Cloudiness 0.51 0.36 0.38 0.34 0.55 0.31 0.36 0.41 
Radiativc budget 0.84 0.72 0.74 0.89 0.76 0.78 

359 https://doi.org/10.3189/1998AoG26-1-357-366 Published online by Cambridge University Press

https://doi.org/10.3189/1998AoG26-1-357-366


Durand and others: Short -term operational numerical avalancheforecast 

(a) Ana lysed (Safra n) and 

[ 
(b) Forecasted (Analogue) and ( c) Forecasted (Arpege) and 

observed temperatures (Col observed temperatures (Col observed temperatures (Col 
de Porte, 1993-94) de Porte, 1993-94) de Porte, 1993-94) 
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Fig. 3. Hourly analysed andforecasted temperatures compared to observations at Col de Porte (Chartreuse massif, 1340 m,jlat) 
during the 1993- 94 season with indication of the R 2 score and number of points. Panel (a) represents the daily SAFRAN 
analyses, while (b) shows the analogue-method forecasted results and (c) the A RPEGE ones. 

a t Col de Porte, the performance of the models are also i lIus
trated in Figure 3. Panel (a ) shows, as a reference, the re

constitution by the analysis mode (with a ll observations 
except those at the site) over the 1993- 94 season with a suc
cess score R 2 (square correlation) of 0.959; panel (b ) gives, 
for the same location at the same dates, the success score o r 
the "analogue" method for which R 2 is only 0.764; panel (c) 

shows the ARPEGE (I day forecast ) sco re whose R 2 is 0.895. 
After these initial conclusions, which assumed the super

iority of the simple use of the down-scaling method for a ll 
fields except precipitation, ensuing developments in thi s 
paper will be concerned onl y with precipi tation which will 
also be treated by the "ana logue" method . 

ONE-DAY RAINFALL FORECAST 

vVe verified (and shall discuss later) that for rainfall the 
"analogue" method provides information that must be taken 
into account. This finding seems compatibl e with the idea 

that use of the observations of the analogous situations can 
add a reali stic va ri ability to the raw and smoothed ARPEGE 
ra infall fi elds by modulating hori zontal gradients between 
m assirs; blocking events or limited rainy areas are often 
observed over the Alps and Pyrenees. The ARPEGE fi elds 
have the g reat advantage of being implicitly consistent with 

the whole forecasting system ofMF and not exhibiting time 
dephasing as the "analogues" can do. This last problem is due 

to the fact that one cannot be assured at all that the analo
gous situation for the current day, beginning at 6 UTC in the 
morning and fini shing the following day at 6 UTC, is a pre
vious situation starting and fini shing at these same times. 
Some experiments (not shown here) proved that the aver

aged full distance values of Figure I (in fact its simi litude 

pa r t) dropped when the search was performed in steps of 
6 hours instead of 24 hours, as is currently done. Nevertheless, 
this assum ption must be made, because a ll available rainfall 
observations a re 24 hour data covering thi s (6 UTC- 6 U T C) 
time period and our purpose is to use these data in for an 

automatic analysis. 

We fin ally deduced, from the studies described in the 
next section, that the procedure suitable for precipitation 
was a combination of the two methods presented previously, 
by trying to keep a ll their respective qualities and produce a 
systematically better skill score. 

QUALITIES OF ARPEGE FORECASTS AND ANA
LOGOUS SITUATIONS FOR PRECIPITATION 

We began by studying the intrinsic quality of the two sys
tems both in the Alps, with a set of about 3 years of verifica-

TabLe 2. Verification if 24 hour forecasted precipitation by different methods compared to riference analysis. Averaged vaLues over 
ALps ( c) (816 cases) and Pyrenees (j) (326 cases) are shown as weLL as the best ( a, d) and worst massifs ( b, e) 

Operator Dairy mean value Correlation 2 cl. Rousseau 5 cl. Rousseau 
Massifs I fields A S P Ml M2 AIS Al P AI MI AI M2 AIS Al P AIMl AIM2 AIS Al P AIMS 

ALPS 
C hab1 a is (a ) 5.2 5.3 5.8 5.5 5.8 0.62 0.76 0.79 0.79 0.47 0.55 0.42 0.60 0.36 0.42 0.46 
Qucyras (b ) 3.1 3.0 6.6 3.3 2.9 0.43 0.44 0.50 0.50 0.50 0.24 0.20 0.52 0.31 0.14 0.30 

All Alps (c) 4.2 4.1 7.2 4.5 4.5 0.55 0.56 0.67 0.67 0.48 0.37 0.30 0.53 0.32 0.25 0.36 

PYREN EES 
Aspe-Ossau (d ) 6.2 5.2 6.4 6.2 6.4 0.39 0.69 0.69 0.69 0.46 0.51 0.44 0.61 0.28 0.32 0.39 
Luchonna is (c) 4.+ 3.8 6.0 +.4 4.6 0.27 0.44 0.46 0.48 0.39 0.36 0.29 0.51 0. 19 0.21 0.29 
All Pyrenees (f) 5.3 4.5 7.1 5.4 5.4 0.35 0.56 0.59 0.60 0.40 0.35 0.25 0.52 0.24 0.24 0.34 

Fields: A. Rcfcrenece/analysis; S. Analogue/forecast; P. ARPEG E-forecast; M l. Mixed-forecast without algorithm; M 2. Mixed-forecast with algorith m. 
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Fig. 4. Panels ( a) (Alps) and (c) ( Pyrenees) show the different massifs where the two methods ( A RPEGE or ''analogue'') 
provide, respectively, the best precipitation forecast occurrence. r!lle can therifore see the ARPEGE superiority in the northwest 
Al/line massifs (a) and the western Pyrenean ones (c), while the analogue method jJrovides the best results elsewhere. This in
formation is importantJor arbitrating on conflicts between the two methods. In addition, panels (b) and ( d) list the names if the 
different massifs involved. 

tion (816 cases ), a nd in the Pyrenees, with a range of about 
I year (326 cases). This verification of the 24· hour forecasts 
was performed on a ll the massifs (23 in the Alps, 15 in the 
Pyrenees, cr. Fig. 4) and rook as a reference the SAFRA N 
a nalysis (Durand and others, 1993) which runs the next day 
when real-time observations are avai lable. This choice was 

debatable but convenient; the natural variability of the pre
cipitation fi eld in mounta inous a reas made direct compari
son of forecasts and observations difficult, but the use of a 
reference analysis a llowed comparison at the same sca le 
(i. e. the massif, which is different from that observed ) and 
at the same a ltitude (1800 m ). It must be borne in mind , 
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Fig. 5. Evaluation qf the quality qf 24 hour forecasted /mcipitatiolZ compared to nference analyses over 23 Alpine ( a, b) and 15 
Py renean ( c, d) massifs ( see names in Figure 4). Plotted values are correlation ( a, c) and 2 class Rousseau score ( b, d) fo r 
different fo recasting methods (''analogue'; ARPEGE, '~ompound" mixing M 2 and persistence (if. text); all indicated on the 
top) vs analyses. The values plotted in 24 (a, b) or in 16 ( c, d) on the x axis correspond to an all-massif average. 

however, that this reference field can be perturbed by differ
ent sources of error, especially during the ofT-winter season. 

This procedure can nevertheless be partia lly justified by 
different comparative studies at Col de Porte and given by 
DUI'and and others (1995). 

The first comparisons, rela ting to the averaged precipi
ta tion values, exhibit a close simila rity over the two a reas 
between the reference analysis and the "analogue" forecast. 
We are confronted here with an a rtefact of our system. We 
a re verifying that both analyses (reference running on the 
real date a nd analogue on the past da te) have in fact the 
same internal climatology (according to seven typical 
weather conditions over the Alps and nine over the Pyre
nees, cf. Durand and others, 1993). The mean value fore
casted by ARPEGE is considerably different; it is much 
more important for the global average and is strongly influ
enced by the internal orography of the model. So, those 
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massifs with a high average height in the model (for in
stance, H aute Maurienne in the Alps or the Spanish massifs 

in the Pyrenees ) are systematically overestimated in the AR
PECE fi elds; this is, in fact, an indication of precipi tation at 
a higher altitude than the reference one (1800 m ). This first 
study allowed us still to compute debiased coefficients for 
every massif inside the ARPECE estimate with seasonal 
variability over the Alps. The Pyrenean coefficients were 
annual due to the sm all history interval of the learning fi le. 
All these coefficients a re, of course, revised frequently when 
the size of the compa rison datase t increases. T he results are 
globally synthesized in Table 2 which shows daily averaged 
values over the Alps and Pyrenees; in addit ion some specific 
massifs are also given. 

The second study was concerned with the correctness of 
the forecast of the "precipitation" phenomena for the fo llow
ing day, irrespective of its amount. This led to the study ofa 

https://doi.org/10.3189/1998AoG26-1-357-366 Published online by Cambridge University Press

https://doi.org/10.3189/1998AoG26-1-357-366


simple contingency table with two entries characterizing the 
occurrence of the phenomena. The verification index used is 
that of Rousseau (1980) which is well suited to precipitation 
and varies between 0 (very bad) to 1 (perfect). Unlike the 
classical indices (ratio test, Hansen and Kuiper index (Han
sen and others, 1965) or the threat score ), it is more constrain

ing and systematically penalizes the biased forecasts. It 
retains the advantages of the different indices cited in being 
free of their disadvantages; in addition, its non-linear formu
lation is compatible with the definition of a distance between 
different sets. The results have finally shown that ARPEGE 
forecasts were the best only in the Pre-Alps (northwest Alps, 

from Chablais to Chartreuse, cr. Fig. 4) and a lso in the western 
Pyrenean massifs (Pays-Basque, Aspe-Ossau, cr. Fig. 4). This 
result agrees with the "classical" path of the synoptic pertur
bations reaching these massifs, which are well represented by 
the model. Nevertheless, the model seems to encounter some 

difficulty in representing the progression (or the blocking) of 

the precipitation areas inside the massifs, while the "analo

gue" method is obviously better for such cases. The results 
are synthesized inTable 2 which shows the global value of the 
two classes of Rousseau indices (denoted "2 cl. Rousseau") 
over the areas, while Figure 5 (panels (b) and (d )) displays 
the spatial variability of this index according to the different 

Alpine (Fig. 5b) and Pyrenean (Fig. 5d ) massifs. Figure 4 also 
summarizes these results by mapping the different massifs 
where the ARPEGE or "analogue" method provided the best 
forecast of rainfall occurrence. These results are not onlyvali
dations but will be used later to a rbitrate between cases where 

the forecasts of the two methods are different. 

A third study, on another precipitation contingency table 
with five classes, basically confirmed the previous idea by 
showing the superiority of the ARPEGE distribution in the 
first western massifs, both in the Alps and the Pyrenees, while 
the "analogue" method provided best results everywhere else. 
The results can be seen inTable 2 (indicated " 5 cl. Rousseau" ) 
where the index used is a generali zation of the previously ci
ted Rousseau index described by Rousseau (1985). 

We next studied the temporal correlation between the 
forecasted and analysed fields within each massif. The results 
are plotted in Figures 5a and c with the same previously des

cribed x axis. Concerning these figures, we must note that 
the interpretation of the values presented is more difficult, 
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because our reference field (the daily SAFRAN analysis) is 
inevitably slightly erroneous due to its own interpolation 
method or its use of false data or, more prosaically, the lack 
of observations from ofT-winter seasons. However, as men
tioned previously, the main advantage is that the compari
son-scale problems were reduced. Contrary to previous 

verifications, this study clearly favours ARPEGE; it demon
strates the best behaviour over most of the Alpine and Pyre
nean massifs; its major weaknesses appears in the eastern 
Alpine massifs, e.g. Haule-Tarentaise. Here, the model 
poorly estimates the south and southwest meteorological 
flows and generates strong precipitation, where in reality it 
should be weak with a more-or-less pronounced fohn regime 
(personal communication from Bourg-St-Maurice forecas
ters ). In the Pyrenees, only Andorra and a central Spanish 
massif are better treated by the "analogue" method than by 
ARPEGE. A briefsynthesis of the results is also shown in Table 

2; it illustrates the mean characteristics of the ARPEGE adap

tations (denoted by P) and those of the analogue method (S) 
by comparison with the analyses (A). One should notice that 
these parameters can have strong annual variations as shown 
by the averaged Alpine correlations in Figure 6. From this 
figure, though limited to 3 years, we can appreciate the 
annual variations of the moving quarterly scores. The rela

tively bad summer scores are principally due to the convec
tive characteristics of the rainfall which both methods have 
difficulty in representing, whi le the correlation value often 
exceeds 0.75 during the winter season. The contribution of 
each method is also evaluated with regard to the rough per

sistence method. This method which consists of taking the 

current analysed rainfall as the I day forecast for the follow
ing day is a convenient way of appreciating the quality of a 
forecasting method and the added value. 

MIXING OF ARPEGE AND ''ANALOGUE'' METH
OD OUTPUTS 

Synthesis of the previous results, as well as of other studies 
(not presented here), which were carried out over shorter 
periods corresponding to different seasons with different 
rainfall conditions (frontal, convective and mixed), led us 

to mix the two solution p roced ures. The principle was to 

• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~8888888888~ 
o 'N5~8~~S8~~S~~5~8~~88~~2~~5~83~88~82 

"--__ --'I Analogues --. -- Final Mixing M2 --D------ Persistence 

Fig. 6. Time variation if the correlation if 24 hour forecast ed precipitation by different methods with the analysis. 
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minimize the root mean square (rms ) of the difference 
between the SAFRAN analysis and a linear combination of 
the two so lutions given previously (the first statistically 
centred ). The computation was done over 3 years for the 
Alps and I year for the Pyrenees. An immediate conse
quence was to achieve automatically a better correlation 
than with each of the components. This optimal mixing 
which takes information from each solution therefore pro
vides a combination of better quality than each elementary 
solution (sce Table 2, parameter Ml). The coefficients of the 

linear combination (hereafter denoted by am) are variable 
according to the massifs and are annual for the Pyrenees 
and seasonal for the Alps; explicitly, it is done as follows for 
each massif "In" (the exponents "s"and "p" indicate, respec
tively, "analogue" method results and ARPEGE forecasts ): 

where Rml is a preliminary forecast result for given massif 
"m", and R,~, and R,~ are the "analogue" method and AR
PEGE forecasts for "m" massif, am is the combination coeffi
cient between the two methods (see below), and Nl~ and NJ~ 
are normalization factors (see below). 

The combination coefficients are in the range of 0.2- 1.5 
and are regularly updated according to the rms minimiza
tion criteria (see above) which is applied in every massif. 
They show (not presented here) that in each massif the mix
ing gives the advantage toARPEGE; more pronounced in the 

Pyrenees than in the Alps (which can be seen in Figure 5c). 
The forecasted quantities are also renormalized according 
to the operational SAFRANanalysis; this operation is much 
more important ror the ARPEGE fields (as explained in the 
previous paragraphs; sec Table 2, field P). 'Ve can therefore 
interpret this mixing as the result of a large-scale field, which 

is renormalized by massif and in phase with the meteorologi

cal reality, weighted by analogue-method outputs which are 
intrinsically less efficient but arc able to carry small-scale in
rormation both with regard to the occurrence of the event 
"precipitation"and the variability between massifs. 

The emerging Rml is successfu l in terms of the correla

tion with the analyses. The use of seasonal coefficients pro
vides good quality in wintertime when the reference 
analyses are reliable. On the other hand, this mixing exhi
bits totally deplorable contingency chal'aeteristics (cf. pre
\'ious section ) in the two or five Rousseau cases (cf. Table 

2). The explanation is simple; the wrong forecasts for each 

of the two components of the mixing were accumulative. 
So, it is sufficient for one of the two to produce a wrong 
"rainy" forecast to obtain immediately an erroneous mixing 
solution. On the other hand, two "dry" components arc 
needed to make a successful dry forecast. All these problems 
are synthesized by a drastic decrease of the Rousseau score 
when it is applied to the contingency tables produced by this 
preliminary mixing. 

An improvement or this first intermediate result was 
therefore necessary and has been achieved through an algo
rithm whose purpose is to solve the case where, in a particu
lar massif, one method gives a rainy result and the other 
gives a dry result. The adjustment process is based on the 
two Rousseau scores which have indicated (er. previous sec
tions and Figure 4) the respective massifs where each 
method is better for rorecasting the occurrence orprecipita
tion. The optimal solution is therefore to take only the most 
suitable method (according to Rousseau ) in every massif 
(without mixing) when the two estimates are different in 
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their forecasting of the occurrence of precipitation. The 
best-averaged ARPEGE quality is still present in the algo
rithm; as a matter of fact, a strong precipitation ARPEGE 
forecast is retained even in massifs where one should take a 

dry analogue-method forecast according to the previous 
criteria. All these rules are applied in both the Alps and the 
Pyrenees, and are used to compute a final field Rm2 which 
has been proven to be better than the other estimates for all 
the previously mentioned statistical tests (mean, correlation 
and Rousseau ) as shown inTable 2 and Figures 5 and 6 (and 

denoted by M2). 

VALIDATION BY COMPARISON BETWEEN 
MEPRA-ESTIMATED AND FORECASTED RISKS 

In order to evaluate the quality loss of this "forecast chain" 
with regard to the "analysis chain" results and to complete 
the SAFRAN tests, qualitative comparisons were done. 'Ve 
compared MEPRA natural risks coming from both the 
"analysis" and the "forecast chain" that are valid for the same 
day. To carry out these comparisons, the measurement of 

MEPRA risks was defined. Different indices were tested 
and onc was chosen that summarized the great spatial 
variability and intensity of the MEPRA natural risks within 
a massif. To account for the intensity of the risk, each level of 
the MEPRA scale was assigned a weighting of 0 for very low 
and low risk, 2 for moderately decreasing risk, 3 for moder
ately increasing risk, 4 or 5 for high or very high risk. The 
AIEPRA index is, in fact, the average of the MEPRA natural 
risk between the elevations or 1500 and 3000 m for all aspects 
(north, east, southeast, south, southwest and west). In the 
past, the same index was also used to compare naturally 

observed avalanche activity with MEPRA risks (Giraud 

and others, 1994). For this validation, 5 years of comparisons 
were done for the Vanoise massifin the Savoy department. A 
small decrease in quality was measured except when fore
cast errors concerned the precipitation values. The 1994- 95 
winter example (Fig. 7, panels (a) and (b)) shows three per
iods with high forecasted risks and very low estimated risks, 

22 December 1994, 4 and 29 March 1995. These spectacular 
errors are due to wrong forecasts of precipitation values, 
Ilear 40- 50 cm of forecast fresh snow even though no preci
pitation was observed. In the other cases, the results are 
quite good and the forecast risks overlap the estimated risks. 

These numerical results can be compared (Fig. 7, panel 

(c)) with an observed avalanche-activity score deduced from 
the daily data which are sent by the snow patrolers at the ski 
resorts. This score is expressed on a different scale of about 16 
levels (Giraud and others, 1987) and shows good agreement 
with previous resul ts (Fig. 7, panels (a) and (b)), especially in 
terms of phasing. Nevertheless, the difficulty of observing 
all the avalanche events (especially in bad weather condi
tions ) makes quantitative comparisons diIIicult to achieve. 

CONCLUSION 

Meteorological and avalanche forecasts in mountainous 
areas are difficult exercises from which one sti ll has a lot to 
learn. Our attempt, though still based on a too-limited ser
ies of comparisons, is a appropriate answer to the demands 
for a local "mountainous forecasting" dealing with small
scale phenomena. We have presented a so lution, which u es 
the different existing tools and provides a 24 hour forecast 
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for the different meteorological parameters that are relevant 
for numerical snow simulation and related avalanche risks. 
It is based on down-scaling the large r-scale ARPEGE fi elds 
and using ana logous situations from the past. If, for all 
quantiti es except precipitation, the down-scaling method 

provides the best results, the precipitation forecast is the 
result of a combination of the two previous methods. The 

impact of the "analogue" -method forecast is at once "sens i
ble" to the forecasters, who appreciate obtaining an earli er 
situation, and is especial ly discriminating for the precipita
tion-forecast occurrence. ARPEGE gives valuable averaged 
information and mixing only increases the quality of the 

forecast of precipitation produced. This mixing must still 
be automatically supervised in order to ayoid wrong fore-
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casts of each component. The system is now used in real
time by forecasters as a supplement to traditiona l tools and 
provides a full snowpack description covering the whole 
range of avalanche reports. 
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