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ABSTRACT:  
Avalanches became less frequent in typical large avalanche paths in France. Today, avalanches run shorter 
and deposits are more often wet, observers report from low elevation sites. Observations from higher elevation, 
however, where most release areas are located, are sparse. We employ a simulation approach to model con-
ditions in the release areas to understand the occurrence of avalanche problems and the origin of natural 
release. Our 62-year data set reveals four typical patterns of avalanche problems across the French Alps. The 
climate patterns follow the main orography, such as proximity to the main ridge, with more new snow situations 
in the northern regions and more cases of persistent weak layers in inner-Alpine regions. In the front-ranges 
and in southern regions wet-snow situations occurred early in winter - typical for coastal snow climates. Agree-
ment with the standard snow climate classification and the geography of the French Alps provides confidence 
in the modelling approach. Over the past 62 years avalanche problem occurrences underwent marked 
changes, in particular after a transition period around 1989, when strong changes appeared in French Alpine 
regions. The changes we observe after 1989, refer to an increase in new snow situations in northern regions 
at high elevation, a general shift of the wet-snow cycles to earlier dates and an overall slight increase of days 
when natural avalanches. At lower elevation the known retreat of the snow cover can be confirmed to limit the 
days with natural release. Our results portray the ongoing change and allow to inform avalanche forecasters 
and local decision makers of the individual regional response to climate change in coming years. 
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1. INTRODUCTION 

The European Alps are one of the best monitored 
mountain ranges regarding weather conditions. 
Snow fall is more often giving way to rain (Nicolet et 
al., 2018) and air temperatures increases lead to 
shorter winter seasons (Marty, 2008), for instance. 
Although, precipitation or temperatures are important 
for avalanche danger assessment (LaChapelle, 
1980), direct conclusions on snow instability can 
hardly be made – too important is the role of the snow 
cover properties. On the other hand, some observa-
tions describe the changing characteristics of ava-
lanche danger in the past. Large natural avalanches 
reached the valley floor less often and on their way 
powder clouds developed rarer (Eckert et al., 2013). 
More frequently wet-snow was observed in ava-
lanche deposits (Naaim et al., 2016;Pielmeier et al., 
2013). Despite some clues, our knowledge on the 
temporal change of avalanche danger characteristics 
is limited (Hock et al., 2019) – more specifically, when 
and how often did specific avalanche conditions, 
such as wet-snow situations, occur?  

Some archives of avalanche observations span long 
time periods, and allow to estimate the past activity 
of large avalanches (Eckert et al., 2010). Information 

on the nature of avalanche danger, such as the con-
ditions leading to the event, are, however, typically 
limited. Snow cover simulations, on the other hand, 
provide that information. In combination with homog-
enized meteorological data (Vernay et al., 2021) we 
can reconstruct the snow cover of the past. In a next 
step, avalanche problems can be derived to describe 
the typical avalanche situations during a winter sea-
son. This concept, that is used in avalanche danger 
communication (EAWS, 2019;Statham et al., 2018), 
also already proved useful to classify avalanche situ-
ations in Western Canada or Europe (Shandro and 
Haegeli, 2018;Reuter et al., 2022).  

We use the simulation approach as models are fit 
now and can help us draw a complete picture of re-
gional differences and temporal changes regrading 
avalanche danger. The meteorological data cover 62 
winter seasons between 1958 and 2020 and were 
used to drive the snow cover model Crocus. We em-
ploy two methods to assess regional differences and 
temporal change: clustering of avalanche problem 
occurrences and regression analysis of time series of 
avalanche problem occurrences. 
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2. DATA AND METHODS 

Snow cover simulations from the SAFRAN–
SURFEX/ISBA-Crocus–MEPRA (S2M) data set 
were analyzed. The data can be regarded a reanaly-
sis that describes mountain weather and snow con-
ditions. The version of the data set we used covers 
the 62 winter seasons between 1958 and 2020 for 
the 23 avalanche forecasting regions in the French 
Alps. 

2.1 Snow cover simulations 

Crocus simulations (Vionnet et al., 2012) were initial-
ized on 1 August using the standard settings 
(Lafaysse et al., 2017). The simulations were used 
previously to validate the approach (Reuter et al., 
2022). Simulations ran until 31 May outputting snow 
profiles at 6:00 and 15:00 UTC. 

2.2 Avalanche problem 

We assessed avalanche problems with the approach 
presented by Reuter et al. (2022). Weak layers are 
detected and tracked over time in the snow cover 
simulations. Depending on the type of the weak layer 
(Figure 1) different snow instability indicators deter-
mine how critical the weak layer is at a certain time 
step. Avalanche problems are derived based on me-
teorological parameters which describe the potential 
trigger. In some cases, e.g. with non-persistent weak 
layer within the recent snow and a persistent weak 
layer, two avalanche problems are used to describe 
the situation. 

 

Figure 1: Assessing avalanche problems for natural re-
lease: the type of weak layer type and the snow instability 
indicators for two avalanche release processes are subse-
quently combined with weather information (trigger) to de-
rive the problems. 

The avalanche problem data we process to assess 
snow climates, contain the 

• number of days with new snow per season, 

• number of days with persistent weak layers 
per season, and the 

• onset date of the first wet-snow avalanche 
cycle in spring. 

In addition, we also use the number of days that at 
least one of the 4 avalanche problems occurred as a 
measure of the number of days with natural ava-
lanches. We analyze these variables in the 23 re-
gions of the French Alps at 1800, 2100, 2400, 2700 
and 3000 m. 

2.3 Spatial analysis: clustering 

We employed the k-means (e.g. Seber, 1984) clus-
tering method to group mountain regions with similar 
climatological conditions. This method partitions data 
according to its geometric position in the coordinate 
space. We clustered the data of the seasonal ava-
lanche problems. The clustering routine starts at dif-
ferent randomly chosen locations in the data set, and 
then, replicates the cluster, to avoid local minima in 
the optimization process. The final solution for the 
cluster centers after bootstrapping was chosen 
based on the lowest value of the total sum of dis-
tances between the data and the cluster centers. 

To describe a region’s climate, each season of a re-
gion was assigned to one of the clusters. The largest 
proportion of seasons belonging to a certain cluster 
finally translates to a pattern of avalanche problems 
that dominates in that region. 

2.4 Temporal analysis: linear regression 

The seasonal counts of avalanche problems are 
compiled at the models’ elevation which is closest to 
the typical release area elevation in the region 
(Duvillier et al., 2022). For visualization, we normal-
ized occurrences of avalanche problems, such as 
seasonal counts of new snow situations, by subtract-
ing the mean and dividing by the standard deviation 
of the time series. The time series of avalanche prob-
lem occurrence were smoothed using moving aver-
ages with constant a window size of 9 years. 

We use Pearson’s correlation coefficient r, the R2 
value in the sense of variance explained by linear re-
gression, and the p-value to describe significance of 
linear trends in time series.  

3. RESULTS 

We first show a spatial analysis highlighting the 
different climate regions based on the avalanche 
problems, before we discuss changes related to the 
occurrence of avalanche problems. 
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3.1 Spatial analysis: climate clusters 

Erreur ! Source du renvoi introuvable. 3 variables 
“number of days with new snow”, “number of days 
with persistent weak layer problems per season” and 
“onset date of wet snow avalanches” represent a 
subset of uncorrelated variables (all r < 0.4; all p > 
0.05) and contain most of the information of the data 
set. Hence, the three properties can be used to de-
scribe the climatological differences between the 
French Alpine regions. Two of the three variables are 
graphed in Figure 2. The colors indicate how the data 
separates into the 4 groups, the so-called clusters. 
Apparently, the two graphed variables do not sepa-
rate well the blue and the dark green group of data 
points, i.e. the “inner-Alpine” from the “northern” clus-
ter. In this case, the third variable is decisive: the 
number of days with new snow problems (not 
shown). 

 

Figure 2: Clustering of the two variables: number of days 
with persistent weak layer problems and onset date of wet-
snow avalanches. Open circles denote the cluster a day 
way assigned to. Full circles denote the centers of the four 
clusters: “northern” (dark green), “southern” (khaki), “inner-
Alpine” (blue), and “front-range” (violet) (N=1426). 

The four clusters have the characteristics described 
in Table 1. The “inner-Alpine” cluster is characterized 
by many persistent weak layer problems – compared 
to the other 3 clusters. The pattern was prominent in 
the Haute-Maurienne region close to the Alpine 
ridge. In the “northern” cluster, the number of days 
with persistent weak layers was rather low and the 
onset date of wet snow avalanches was seldom be-
fore 1 April. The Mont Blanc region is a typical exam-
ple.  

Table 1: Description of snow avalanche climates in the 
French Alps by occurrence of three avalanche problems: 
new snow, persistent weak layers and onset date of wet-

snow avalanches. 

 Few days with 
“new snow” 

“New snow”  
frequent 

“Persis-
tent weak  

layers”  
frequent 

Wet-snow onset  
> 1April 

Few 
data 

Few data 

Few  
“persis-

tent weak  
layers” 

Wet-
snow 

onset < 
1 March 

Wet-
snow 

onset > 
1 March 

Few 
data 

Wet-
snow  

onset > 
1 April 

 

In the case that neither new snow, nor persistent 
weak layers were relatively common, the onset date 
of wet snow avalanches separates two clusters. The 
violet data points describe cases with an early onset 
of wet snow avalanches (Figure 2), typically before 1 
March, the khaki data points have a later onset of wet 
snow avalanches, rather after 1 March. Chartreuse 
and Ubaye are regions representative of the “front-
range” and the “southern” cluster, respectively. 

Patterns of the occurrence and timing of the simu-
lated avalanche problems can be located on a map 
(Erreur ! Source du renvoi introuvable.). The color 
shading can be interpreted as the likelihood that a 
particular region has the climatological patterns of a 
cluster.  

The snow climate classification introduced by Mock 
(Mock and Birkeland, 2000) was applied to the 
French Alpine regions. The three panels in Figure 4 
show the snow climate classification for the French 
Alps. Despite their different approach the avalanche 
problem-based classification parallels much the 
snow climate classification. Front-range regions are 
found in the coastal regions, inner-Alpine regions 
match quite well the “continental” regions. The 
“northern” and the “southern” clusters make up for 
the majority of the “intermountain” regions. 

 

 

Figure 3: Maps of the French Alpine regions highlighting 
the frequency of winter seasons assigned to one of the 4 
typical patterns: front-range, southern, northern or inner-
Alpine regions. 
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3.2 Temporal analysis 

Figure 5 compiles the seasonal occurrences of ava-
lanche problems and days with natural release in typ-
ical release areas. A marked decrease in avalanche 
problem frequency separates two distinct periods on 
the graphs of Figure 5 a, b and d. The average sea-
sonal occurrence of situations with new snow, persis-
tent weak layers or natural release was rather stable 
or increased gradually, until around 1989 a decline of 
numbers of situations set in. In the second part of the 
data set, occurrences drew near the previous level 
again. The onset date of wet-snow avalanches 
shifted more rapidly towards earlier dates after 1989. 

 

 
Figure 4: Maps of the French Alpine regions highlighting 
the frequency of costal, intermountain and continental 
snow climates during the period between 1958 and 2020.  

Considering all regions between 1958 and 2020, new 
snow situations decreased by about half a day, per-
sistent weak layer situations decreased by about 4 
days, the wet-snow onset date advanced by about 1 
month and natural release increased by about 1 day. 

Looking at change in the second period 
(1989 – 2020) provides a more diverse picture. The 
change the regions underwent can be summarized 
for every avalanche problem as follows: 

• New snow situations became more frequent in 
most of the regions (63%) and at most of the 
elevations (80%) during the second period. 
The second period follows a short transitional 
period with strong decrease. In the second pe-
riod and at higher elevation positive trends 

were significant in several inner-Alpine re-
gions.  

• Regarding persistent weak layer problems, af-
ter an abrupt decrease in the transition to the 
second period, trends of increase and de-
crease were balanced.  

• The onset date of wet-snow avalanches 
shifted to earlier dates in the majority of the 
cases during the second period (60%). In par-
ticular in northern regions, were trends signifi-
cant at one elevation per region at least. The 
shift of the wet-snow onset was less distinct in 
the southern regions. 

 

Figure 5: Normalized seasonal occurrence of (a) new snow 
situations, (b) persistent weak layers, (c) onset date of wet-
snow avalanches and (d) natural release between 1958 
and 2020. Dotted, colored lines represent average condi-
tions in every region of the French Alps. Data were 
smoothed with a 9-year moving average. Average condi-
tions in the entire French Alps by full, grey lines. 

• Natural release became more frequent with 
slightly more increasing trends in the second 
period after a sharp decrease around 1989. 
During the second period the increase was 
significant in some of the northern regions at 
around 2400 m. 
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4. DISCUSSION 

4.1 Comparison with North-American climates 

The smaller topographical size of the French Alps, 
compared to North-American mountain ranges, 
where snow climatology was developed firstly, does 
not mean that differences are too small to be identi-
fied. In fact, the Alpine regions show a diversity be-
yond the three-level snow climate classification that 
becomes apparent in a novel, finer classification 
based on avalanche problems. This classification is 
applicable to any mountain region with sufficient me-
teorological data so snow cover modeling is possible. 

One decisive criterion apparently relates to the timing 
of wet-snow avalanches that also (LaChapelle, 1966) 
described when he grouped regions in the U.S. and 
gave guidelines for forecasting. The inverse relation-
ship i.e., frequent new snow and rare persistent weak 
layer problems or rare new snow but frequent persis-
tent weak layer problems, also appears in early de-
scriptions of snow climates (Roch, 1949) and in a re-
cent analysis of avalanche problems for Western 
Canada (Shandro and Haegeli, 2018). To summa-
rize, the snow climates along the Pacific coast of 
Southwestern Canada and the Northwestern U.S. fa-
vor heavy snow fall or rain that promote short-term 
instabilities – while persistent weak layers are rare. 
The shallow Rocky Mountain snowpack on the other 
hand, maintains persistent instabilities that occasion-
ally overlap with new snow situations. In the French 
Alps, the closest match for these extreme cases 
would be Chartreuse in the front-ranges on one end 
and Haute-Maurienne as an inner-Alpine valley on 
the other. 

4.2 Temporal change  

A regression analysis for the entire 62-year time se-
ries revealed the strongest trend for the onset date of 
wet-snow avalanches, which shifted by about one 
month over the period. New snow and persistent 
weak layer situations did not change significantly at 
that scale.  

The simulated avalanche problem frequencies 
showed a marked decrease at the beginning of the 
90s. This abrupt change parallels documented fluc-
tuations of air temperature, snow accumulation or 
heavy precipitation (Ceppi et al., 2012;Schöner et al., 
2019;Scherrer et al., 2016). Two periods become ob-
vious, the first one including the seasons until 1989 
and the second one thereafter. Zooming in on the 
second period, we observe a regional response of 
avalanche danger to climatic changes that are docu-
mented in the Alpine regions (Beniston, 2012). Rates 
and amplitudes of change depend on season and el-
evation, and so are our results diverse at the scale of 
the avalanche forecasting regions.  

4.3 Wet-snow  

Past research has put forward the idea of an increase 
in wet-snow situations. However, more frequent ob-
servations of so-called wet-snow avalanches (Naaim 
et al., 2016;Pielmeier et al., 2013) refer to the snow 
wetness in the runout zone, where observations are 
typically made, and not the release area. Wet-snow 
avalanches occur when a weak layer loses strength 
due to wetting. A rain event, for instance, alone does 
not make for a wet-snow avalanche cycle as long as 
the weak layer stays dry, which is hard to observe. 
The presented simulations consider this detail and al-
low for an objective assessment. Our data do not in-
dicate an overall increase of wet-snow avalanche sit-
uations, that would give rise to an activity increase. 
Considering all regions at the typical release area el-
evation wet-snow situations increased, because 
many regions hadn’t seen an important contribution 
of wet-snow at this elevation, yet. The changes at the 
regional level, however, indicate that the occurrence 
of wet-snow situations shifts upwards, with the ob-
served upwards shift of the snow line and the snow-
rain limit (Serquet et al., 2013). This does not mean 
that the overall number of avalanches increases, but 
that the typical release area of wet-snow avalanches 
changes. 

4.4 Limitations 

Limitations of the presented classification ae related 
to the meteorological data we used. The reanalysis 
includes field observations as well as weather model 
data and represents the best available historic data 
set for the area. Nevertheless, as new snow is the 
most important ingredient for natural release, results 
are sensitive to the new snow amounts in the data 
set. Regarding snow transport, we only flagged wind 
slab situations and avoided simulations of preferen-
tial disposition or snow redistribution, as currently it 
is not clear to what extent a climatological study 
would benefit from adding this layer of complexity. 

5. CONCLUSIONS 

We utilized an approach to derive a snow avalanche 
climatology based on avalanche problems. Applica-
tion to the French Alps identified four typical patterns 
of avalanche problems. They follow the main orogra-
phy with more new snow situations in the northern 
regions and more cases of persistent weak layers in 
inner-Alpine regions. In the front-ranges and in 
southern regions wet-snow situations occurred early 
in winter - typical for coastal snow climates. 

The most pronounced trends we observed from 1989 
on were (1) an unbroken frequency of natural re-
lease, (2) an increase of new snow situations, in par-
ticular in inner-Alpine regions and (3) an earlier onset 
of wet-snow avalanches, in particular in northern re-
gions. Change occurs at the regional scale and is ra-
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ther individual to a region. The trends fit into the gen-
eral picture of Alpine climate trends, where a warmer 
average atmosphere forces shorter snow seasons, 
while high elevations still favor snow fall over rain. 

The presented snow avalanche climatology shows 
that climate zones can be outlined based on ava-
lanche problems which is informative for avalanche 
forecasting and climate change impact studies.  

This research explains the response of avalanche 
hazard to climatic change in typical release areas. 
Given that our results are based on simulations form 
one meteorological reanalysis data set, the research 
should be confirmed in a next step, ideally when fu-
ture trends from climate projections are analyzed 
which facilitates model comparisons. 
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