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Abstract. Avalanche activity in alpine regions is sensi-
tive to climate change. However, without consistent historical
data, it is challenging to estimate past trends in avalanche ac-
tivity and assess future avalanche scenarios from climate pro-
s jections. To tackle this challenge, we use avalanche observa-
tions and simulated snowpack conditions to train a machine
learning gradient-boosting regression model, which predicts
the number of avalanches per day. We focus on a small alpine
domain with high-quality data: the Haute-Maurienne valley
10 in the French Alps, where avalanche paths span elevations
from approximately 1800 to 2700 m a.s.1. First, we demon-
strate that accounting for the uncertainties in avalanche oc-
currence dates and using only the most recent period (2006—
2023) with homogeneous observations during the training
15 step is essential for achieving consistent results. We then use
this machine learning model to reconstruct the past avalanche
activity (1958-2023) from reanalysed meteorological and
snow data, and to project future avalanche activity (1950—
2100) from a downscaled ensemble of snow-climate simula-
20 tions. We evaluate climatic trends in avalanche activity using
three indicators: the number of avalanches per winter season,
the number of avalanches per month, and the annual maxi-
mum number of avalanches in one week, which quantifies the
largest avalanche cycles. Based on reanalysed snow-climate
25 simulations, the model estimates that avalanche activity de-
creased in the past: the mean number of avalanches per year
declined by 47 % per decade between 1958 and 2023, with
a stronger decrease in spring avalanche activity, and the 30-
year return level associated with large avalanche cycles de-
a0 creased at a slower rate of 1.7 % per decade. In the future,
avalanche activity is also expected to decrease. For the emis-
sion scenarios RCP4.5 and RCPS8.5, the annual number of

avalanches is expected to decrease by 4.6 % per decade and
8.8 % per decade, respectively, mainly due to a reduction in
spring avalanche activity. Large avalanche cycles, quantified
by the 30-year return level, are also expected to decrease in
intensity but at slower rates: 2.2 % per decade for RCP4.5
and 5.5 % per decade for RCPS8.5. This study quantifies the
impact of climate change on avalanche activity in an exem-
plary alpine valley. It demonstrates that combining statistical
learning with climate simulations can help produce reference
scenarios for mitigation strategies in high mountain environ-
ments.

1 Introduction

Snow avalanches are rapid mass movements of snow down
a steep slope (Schweizer et al., 2003). They represent a
significant natural hazard in snow-covered mountainous re-
gions, threatening human lives, settlements, and infrastruc-
ture. Studying avalanche risk is essential in populated areas
of mountainous regions, such as the European Alps, due to
the economic and human stakes involved (Fuchs et al., 2007;
Cappabianca et al., 2008; Eckert et al., 2012; Techel et al.,
2016). In these areas, mitigation strategies are mandatory and
mainly rely on heavy protective structures or restrictive land-
use policies, which are designed to remain effective over sev-
eral decades (Holler, 2007). Therefore, implementing effec-
tive risk mitigation strategies requires anticipating potential
non-stationarity in risk components, among which is the pos-
sible impact of climate change on avalanches (Fuchs et al.,
2013; Eckert and Giacona, 2023).
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Table 3. Scores for the four models. Training periods are expressed as winter seasons denoted by the year in which they end (e.g. 2007-2023
corresponds to the winter seasons spanning from 2006/2007 to 2022/2023). The mean absolute errors correspond to a number of avalanches.
The values in brackets are percentages calculated from the average value of each indicator. The model in bold is the one selected for the rest

of this study.
Model version  Training period  Uncertainties on the triggering date  Annual MAE  Monthly MAE  Worst week MAE
MPV 2% 2007-2023  taken into account 3250265%) 23(16.9 %) 4.5 (12.5 %)
M0 2023 1961-2023 taken into account 56.6 (46.2%) 5.9 (43.7%) 14.9 (41.2%)
MO0 2007-2023  not taken into account 50.8 (41.5%)  5.3(39.3%) 8.7 (24.2%)
M0 —20% 1961-2023  not taken into account 56.8 (46.4%) 5.5 (41.0%) 18.8 (52.3 %)

fined indicators of avalanche activity (Fig. 6). In addition,
we compute the temporal linear trends of these indicators us-
ing a Bayesian framework (Abril-Pla et al., 2023). The linear
trends are systematically expressed in % per decade relative
to the 1975-2005 climatology, with its median value and the
10th—90th percentile posterior credible interval.

The predicted number of avalanches per winter season
shows large inter-annual variability but an average decreas-
ing trend (Fig. 6a). For instance, years with more than 200
avalanches are rather frequent (approximately every three
years on average) before the late 1980s and become rare
thereafter. As expected, the trends from the raw observations
are completely off from these assessments, which highlights
that raw observations over a long period may be affected by
sampling biases. Quantitatively, our model predicts a median
decreasing linear trend of —4.7 % per decade in the annual
number of avalanches over the period 1958-2023, with a
10th-90th percentile credible interval ranging from —9:9 %
to +0.4 % (Appendix Fig. Al).

The decrease of the annual number of avalanches is not
uniform during the winter season as shown by contrasting
30-year periods at the beginning and at the end of the dataset:
1958-1988 and 1993-2023 (Fig. 6b). For instance, the result-
ing trends indicate a median slope of —-5 % (with a credible
interval ranging from —75 % to +4-5 %) per decade in the
avalanche activity in December, January, and February (DJF)
and of —84 % (between —3-2 % and —3.5 %) per decade
in March, April and May, with a peak at —14.3 % for the
April avalanche activity (Appendix Fig. Al). Therefore, the
decrease in avalanche activity in the past has been greater in
spring than in winter.

The weekly maximum number of avalanches for each win-
ter season is shown in Fig. 6¢c. As we use a Bayesian frame-
work to fit the GEV distribution on the data, the slope dis-
tribution of the return levels is directly provided within the
inference procedure. The results show a decreasing slope of
the 30-year return level by —-7 % (between —7.3 % and
+3.9%) per decade relative to the mean return level between
1975 and 2005. This downward trend is less significant than
the one observed in the total number of avalanches, suggest-

ing that the magnitude of large cycles has decreased at a
lower rate than the total number of avalanches.

3.3 1950-2100 climate simulations

The same machine learning model is applied to all mem-
bers of the climate simulations (18 per scenario), and the
avalanche activity is quantified by the three previously de-
fined indicators. In contrast to the single reanalysis, the linear
trends derived from climate simulations for a given scenario
are not only made uncertain by the inter-annual variability
but also by the inter-model variability. To compute the prob-
ability distribution function of the trend slope, we arbitrar-
ily assumed that all GCM/RCM pairs are equiprobable and
evaluated the overall credibility interval by pooling posterior
samples derived from individual projections (see Appendix
Fig. Al).

The annual number of avalanches clearly shows a de-
creasing trend under advanced climate change and its con-
sequences for snowpack characteristics (Fig. 7a). The mean
number of avalanches in the historical simulations is around
25 % higher than that in the reanalysis. However, the trends
are similar with a historical decrease at a median rate of
—5.9 % per decade, but with large uncertainties (10th-90th
percentile posterior credible interval ranging from —17.1 %
to 77 %). The projections for the 21st century show a de-
crease in the annual number of avalanches at median rates
of —4.6 % per decade for the RCP4.5 scenario and —8.8 %
for the RCP8.5 scenario with respect to the period spanning
from the winter seasons 1975 to 2005. The associated uncer-
tainties are shown in Table 4. In other words, the results indi-
cate a reduction of approximately 37 % (respectively 65 %)
in the mean number of avalanches over the 2070-2100 pe-
riod compared with the 1975-2005 baseline in the RCP4.5
scenario (resp. RCP8.5).

The expected decline of avalanche activity is heteroge-
neous between seasons (Fig. 7b). First, the higher number of
avalanches predicted by historical climate simulations com-
pared to the reanalysis mainly arises from stronger activity
in March and April, while DJF avalanche activity is broadly
consistent between the two datasets. Then, the projected

45

50

55

60

65

70

75


HAGENMULLER Pascal
-4.8
(-4.756, rounding inconsistency)

HAGENMULLER Pascal
-10.0
(-9.950, rounding inconsistency)

HAGENMULLER Pascal
-1.6
(-1.568, rounding inconsistency)

HAGENMULLER Pascal


HAGENMULLER Pascal
-7.7
(-7.656, rounding inconsistency)

HAGENMULLER Pascal
+4.6
(+4.593, rounding issue)

HAGENMULLER Pascal
-8.3
(-8.317, rounding issue)

HAGENMULLER Pascal
-13.4
(-13.368, rounding issue)

HAGENMULLER Pascal
-1.4
(-1.447, rounding issue)

HAGENMULLER Pascal
+4.3
(+4.256, typos after review + rounding issue)

HAGENMULLER Pascal
7.6
(7.575, rounding issue)


F. Doussot et al.: 1950-2100 climate trends in avalanche activity in Haute-Maurienne, French Alps

(a)

13

500 ~

Observed trend
Reconstructed trend
| EEE Observation

[ Prediction

H
o
o

w

o

o
L

N

o

o
L

Number of avalanches
per year

100

0- P .,-l--llll llllrll

Tk
.|.!u|!!rnrn!lllﬂllllllllll||||I||F|I|||I|“|||“‘

Training dataget
Leave-on-yedy-out

E] 8 ey —_——— - _-._. I

1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 2003 2007 2011 2015 2019 2023
(b) winter season
[ZZ4 Observation: 1958 to 1988 7
401 @ Observation: 1993 to 2023
§ Simulation: 1958 to 1988
S o [ Simulation: 1993 to 2023
< € 30
25
Eo ]
23
20
c5
8c
s
©
= 10+
0 - vaal —i
sep oct nov dec mar apr may
month
Cc
" 140 (c)
g Observation: 30-years return level Trdini dat t
g 1204 ==+ Prediction: 30-years return level L;aa:\r;([arlgn—ae r?out
K] I Observation yee
S 1001 = Simulation
oo
52 o]  Emmmm——- i ‘
80 T T e e e e e e e e e e e e e e L e
EOCJ A S —
a o
E 2 60
F e T N T ———
=2 I R | RS 1 | IR U A e — .
EDT 40 | — =
35
= —
ll”l l !\IIIIIHII II
©
: BalL I| ik 1 M o 0
1959 1963 1967 1971 1975 1979 1983 1987 1991 1995 1999 2003 2007 2011 2015 2019 2023

winter season

Figure 6. Past avalanche activity: (a) annual number of avalanches, (b) mean number of avalanches per month, (¢) maximum number of
avalanches per week. The model predictions are shown in orange. The raw observations are shown in blue. For panels (a) and (c), linear

trends are represented with their 10, 25, 50, 75, 90th percentiles.

lower rate for RCP4.5 and a higher rate for RCP8.5 (Fig. 7c¢).
Yet, considering the credible intervals, for the near future
(2020-2050) or under the RCP4.5 scenario at all temporal
horizons, large avalanche events with intensities comparable
s to those observed during the 1975-2005 reference period re-
main possible with a similar probability. Indeed, the 30-year
return levels show respective trends of —2.2 % per decade
and —5-1 % per decade for the RCP4.5 and RCP8.5 scenarios
relative to the mean return levels computed from the histori-

cal runs between winters from 1975 to 2005. In other words,
the 30-year avalanche cycle is expected to be composed of
approximately 15 % (resp. 35 %) fewer avalanches in 2100
compared to the 1975-2005 reference period in the RCP4.5
scenario (resp. RCP8.5).
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Figure 7. Climate simulations of avalanche activity: (a) 30-year running mean of the annual number of avalanches, (b) mean number of

2100

avalanches per month over different periods and (c) 30-year return level of the maximum number of avalanches per week.

Table 4. Median values and 10th-90th percentile posterior credible interval associated with the slope of the avalanche activity indicators in
the future in % per decade with respect to the 1975-2005 period. The associated ensemble distributions are represented in Appendix Fig. Al.

RCP4.5: RCPS8.5:

2005-2100 2005-2100

(% per decade) (% per decade)

Annual number of avalanches —4.6 [-8.7,—-0.9] —8.8 [—12:4, —5.5]
Number of avalanches in DJF —-3.1[-8.0,1.3] —6.9[—11.6,—1.8]
Number of avalanches in MAM —54[-10.8,—-1.7] —10.0 [—14-0,—-7.0]
30-year return level of the maximum number of avalanches during 1 week —2.2[-59,1.7] —5.5 [—9:0, —2.3]
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rather than absolute values, which are more prone to system-
atic biases. Moreover, Cannon et al. (2015) analyzed the im-
pact of bias correction via quantile mapping on extreme pre-
cipitation and concluded that quantile mapping can inflate the
magnitude of relative trends in precipitation extremes with
respect to the raw dataset. A specific treatment of extreme
values is used in ADAMONT: for RCM values greater than
the 99.5 % quantile, the quantile mapping method is not ap-
plied and a constant adjustment is applied to allow for new
extremes (Verfaillie et al., 2017). This treatment of the ex-
treme values might be better than a simple quantile mapping
method, but may be insufficient to capture the correct trends
in the extreme values. Future work should therefore focus
on more advanced extreme-value frameworks to better con-
strain the upper tail and assess the robustness of the projected
changes in the extreme events.

4.3 Climate trends in avalanche activity

The past trend in avalanche activity based on the S2M re-
analysis (1958-2023) shows a decrease in the mean annual
number of avalanches between 1958 and 2023, at a rate of
approximately 6 % per decade. Based on the S2M reanal-
ysis and the raw EPA dataset without any prior statistical
pre-processing, Castebrunet et al. (2012) found no signifi-
cant trend in avalanche occurrences at the scale of the North-
ern French Alps between 1958 and 2009. Using a more ad-
vanced statistical treatment of the EPA dataset, Eckert et al.
(2013) found a decrease of 19 % in the mean number of
avalanches per winter between 1980 and 2009 in the en-
tire French Alps, which corresponds to approximately 6 %
per decade, in line with our result. We also showed that
the decrease in avalanche activity is more pronounced dur-
ing spring, which is consistent with Reuter et al. (2025)
who reported an advancement of about 3 weeks of the on-
set date of wet-snow activity from 1958 to 2020. Moreover,
we found that the magnitude of large avalanche cycles, quan-
tified by the maximum number of avalanches during 1 week,
decreased by around 2.2 % per decade, at a lower rate com-
pared to the annual number of avalanches. Peitzsch et al.
(2021) used dendrochronology analysis in the Rocky Moun-
tains and demonstrated that the probability of large avalanche
occurrence decreased by approximately 2 % per decade from
1950 to 2017. Although this metric is not directly compara-
ble to our results, since we analyze avalanche counts during
one week rather than the occurrence of large avalanches, both
metrics address changes in the frequency of large avalanche
cycles over time.

Regarding future climate simulations, our results are in
agreement with the small number of existing studies that
provide quantitative assessments, which consistently report
a marked decrease in the mean annual avalanche occur-
rence. Mayer et al. (2024) reported a decrease in the num-
ber of avalanche days between the periods 1990-2020 and
2969-2999, with the magnitude of the decrease depending

on station elevation. At the station with the lowest eleva-
tion (1824 m, similar to the Haute-Maurienne valley floor),
the number of avalanche days declined by approximately
30 % under the RCP4.5 scenario and by about 60 % under
the RCP8.5 scenario. At higher altitudes, between 2300 and
2800 m, this decline is less pronounced, reaching around
10 % in the RCP4.5 scenario and 20 % to 30 % in the RCP8.5
scenario. Mayer et al. (2024) also showed that seasonality in
dry-snow avalanche activity (characterized by peaks in Jan-
uary and February) remains mostly unchanged while the wet
snow avalanches are expected to appear earlier in the sea-
son and decrease in number in April and May. Taking into
account all avalanche problems, it leads to a significant re-
duction in spring avalanches. Similarly, in the Rocky Moun-
tains, the wet avalanches are expected to start earlier than his-
torical averages (around 40 to 45 d earlier in the high emis-
sion scenario) (Lazar and Williams, 2008). This is consis-
tent with our findings which indicate a drop in the number of
avalanches in April and May, especially in the RCP8.5 sce-
nario. More generally, the observed decrease in the annual
number of avalanches appears to be largely associated with
the shortening of the avalanche season, as discussed in Kruyt
et al. (2023). We also found that the return levels of large
avalanche cycles are expected to decrease, but at a slower
rate than the mean avalanche activity. This is consistent with
the results of Ortner et al. (2025), which show that despite
climate change, some locations continue to be at high risk
of avalanches. Furthermore, Bonsoms et al. (2025) demon-
strated that the mean daily snowfall in the Pyrenees at 2500—
3000 m will decline significantly and emphasize that extreme
snowfall events will change only slightly. Similarly, Le Roux
et al. (2023) demonstrated that the expected decrease in the
100-year return level of daily snowfall is slower than the ex-
pected decrease in the mean annual maximum value. This
illustrates that a decrease in mean conditions does not neces-
sarily imply a proportional decrease in extreme values.

The snowpack conditions in the Haute-Maurienne valley
are rather specific: a relatively high valley floor compared
to typical alpine valleys and substantial precipitation asso-
ciated with eastern flows. Therefore, the spatial generaliza-
tion of these results should be addressed in future work. In
particular, future analyses should explicitly account for the
influence of elevation on avalanche activity, given its major
role in modulating the impacts of climate change on snow-
pack conditions (Dumont et al., 2025) and extreme snowfall
events (Le Roux et al., 2023). Based on documented changes
at low elevations (Giacona et al., 2021) and high elevations
(Ballesteros-Cénovas et al., 2018), a conceptual framework
describing elevation-dependent avalanche activity has been
proposed by Eckert et al. (2024). However, further investi-
gations are required to provide quantitative assessments of
these elevation-dependent effects.
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5 Conclusions

This study aims to better understand the impact of climate
change on avalanche activity in the European Alps using an
exemplary alpine valley. This study brings methodological
improvements and provides quantified trends for several in-
dicators of avalanche activity.

This study focuses on the upper part of the Haute-
Maurienne valley in the French Alps, a region offering
several advantages for the analysis of avalanche activity.
In particular, it benefits from a long-term avalanche ob-
servation dataset documenting numerous events on well-
identified avalanche paths over several decades, collected us-
ing a methodology that is as homogeneous as possible over
time. To model avalanche activity, we combined meteorolog-
ical and snowpack modeling, using the SAFRAN reanalysis
for past conditions and an ensemble of climate simulations
for future projections, together with the Crocus snowpack
model. This framework provides consistent meteorological
and snowpack variables at the massif scale, which are used
as predictors of avalanche activity.

This study introduces a machine learning regressor to pre-
dict the daily number of avalanches, going beyond previ-
ous works based on binary classification. Unlike classifiers,
it provides insight into the magnitude of avalanche activity
and enables the use of quantitative indicators for trend anal-
ysis. The model was trained only on post-2006 data to avoid
biases from inconsistent historical observation records, and
the training step accounts for uncertainties in the reported
avalanche release date, which significantly reduces predic-
tion biases and errors. The proposed chain model is generic
and can be transferred to other regions where simulated me-
teorological and snowpack data, together with systematic
avalanche observations, are available.

This study shows a clear long-term decline in avalanche
activity linked to climate warming. In the past, both reanaly-
sis and historical climate simulations indicate a clear down-
ward trend in the annual number of avalanches. The reanal-
ysis exhibited a trend of —4-7 % per decade over the 1958—
2023 period (relative to the 1975-2005 baseline). In the his-
torical climate simulations (1950-2005), the median trend is
estimated at —5.9 % per decade. This decline is seasonally
heterogeneous, mainly driven by a sharp reduction in spring
avalanches (March—May), while winter activity (December—
February) remains relatively stable. The 30-year return level
of the weekly maximum number of avalanches shows a de-
cline of —7 % per decade for the reanalysis from winter
seasons 1959 to 2023. This suggests a moderate decrease in
extreme avalanche events, although less pronounced than the
decline in total avalanche numbers.

For the future, we used an ensemble of 18 GCM/RCM
couples for the RCP4.5 and 8.5 emission scenarios. The pro-
jected evolution of avalanche activity over the historical pe-
riod (1950-2005) is consistent with the decline observed be-
tween 1958 and 2005. Under RCP4.5 and RCP8.5 scenarios,

the annual number of avalanches is expected to decrease by
4.6 % per decade and 8.8 % per decade, respectively (rela-
tive to the 1975-2005 baseline). By the end of the century,
this corresponds to a 37 % reduction under RCP4.5 and 65 %
under RCP8.5 compared to 2025. Again, while winter ac-
tivity remains relatively stable, spring avalanches (March—
May) are projected to nearly disappear, leading to a substan-
tial shortening of the avalanche season. Extreme events are
also expected to decrease, but at more moderate rates, with
return levels expected to decrease by 2.2 % per decade and
5.5 % per decade under RCP4.5 and RCP8.5 scenarios rela-
tively to the 1975-2005 winter seasons.

Our results show a marked decrease in avalanche activity
in the Haute-Maurienne valley, both in terms of frequency
and intensity, particularly driven by a sharp reduction in
spring avalanches. However, unlike lower-elevation ranges
such as the Vosges (Giacona et al., 2017) where avalanche
activity has nearly disappeared in the 20th century due to
natural and anthropogenic warming, avalanches remain a fre-
quent and significant phenomenon in the Haute-Maurienne.
This highlights the persistence of avalanche risk in high
alpine environments, even under ongoing climate change.
Future work should explore how evolving snow and weather
regimes may continue to reshape the spatial and temporal
patterns of avalanche activity in mountainous regions.

Appendix A: Hyper-parameters

The gradient boosting model’s optimal hyper-parameters de-
pend on its predictors. The choice of hyper-parameters was
informed by expert knowledge. For instance, the maximum
depth of the trees was set to 6, the default value that prevents
overfitting while maintaining sufficient model complexity.
The subsample and colsample by tree parameters have been
set to 0.7 and 0.8 respectively, to prevent overfitting. Reg-
ularization tends to reduce the predicted probability of rare
events. Setting lambda to zero allows the model to predict
rare events. They are summarized in Table Al. Furthermore,
the results show that the scores (defined in Sect. 2.4.4) are
not greatly affected by the chosen hyper-parameters, demon-
strating that the model is robust.

Table A1. Hyper-parameters values chosen in the machine learning
model.

Hyper-parameter  Selected value

max depth 6
eta 0.1
subsample 0.7
colsample by tree 0.8
alpha 0
lambda 0
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