
of a vital local community in preventing depopulation, how 
they influence the young talents’ growth and the general 
attitude towards tourism. Keeping local realities vital influ-
ences investments in maintenance of social capital (trust, 
connectivity, intergenerational activities, taking responsi-
bility for common pool resources etc.).
Key words: technical snow, snow cover, functional groups, 
resilience, small ski resorts, sustainability, demographic 
changes.
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SIMULATING LIQUID WATER INFILTRATION - 
COMPARISON BETWEEN A THREE-DIMENSIONAL WATER 
TRANSPORT MODEL AND A DUAL-DOMAIN APPROACH 
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 Wet snow avalanches are closely related to the processes 
by which liquid water infiltrates into the snowpack. This 
infiltration can occur via two different mechanisms, matrix 
flow and preferential flow. Although most numerical snow-
pack models only include matrix flow, preferential flow is 
a very important mechanism, as it allows water to reach 
deep-lying weak layers. Predicting the timing and depth of 
the release of wet snow avalanches therefore requires an 
accurate simulation of preferential flow. In this study, we 
compare two simulations of water infiltration and prefer-
ential flow formation. The first was generated using a 3-D 
water transport model, and the second by a dual-domain 
approach for preferential flow implemented into the phys-
ics-based multi-layer SNOWPACK model. The 3-D model 
reproduces preferential flow of liquid water in snow by de-
fining a grid of 3-D voxels and considering horizontal and 
vertical water flux, heterogeneity, and water entry suction. 
This model fully reconstructs flow path patterns through 
snow, and has been shown to correctly reproduce prefer-
ential flow. However, its simulations are computationally 
intensive and only include wet-snow metamorphism, thus 
neglecting snow compaction and other relevant, season-
al processes. This makes the 3-D model unsuitable for 
operational use for avalanche predictions. Conversely, the 
dual-domain approach of SNOWPACK separately considers 
both water infiltration in preferential flow paths and matrix 
flow by parameterizing preferential flow area in one dimen-
sion. This approach is useful for operational avalanche 
prediction, but the current one-dimensional parameteri-

zation of preferential flow paths needs more validation. It is 
important, therefore, to compare the SNOWPACK and 3-D 
models to improve the accuracy of liquid water infiltration 
simulations of numerical snowpack models that feature 
preferential flow.

 We used data from the results of the following three 
experiments to validate our models: 1) liquid water profiles 
and preferential-flow patterns around capillary barriers, 
measured in cold laboratories (Avanzi et al., 2016); 2) 
infiltration experiments in nature-identical snow with 
simultaneous measurements of wet-snow metamorphism, 
measured using micro-Computed Tomography, (Avanzi et 
al., 2017); and 3) water sprinkle experiments measuring 
discharge amount in the field (Ishii et al., 2014). 

 Qualitatively, the dual-domain approach of SNOWPACK 
simulations showed similar patterns of water infiltration to 
the 3-D model. Overall, the 3-D was able to replicate the 
laboratory experiments with greater accuracy than SNOW-
PACK. Our results show, that it is possible to use the 3-D 
model to improve the accuracy of the SNOWPACK mod-
el’s simulation by better adjusting the parameters of the 
dual-domain approach. Such improvements enhance the 
ability of SNOWPACK to simulate the liquid water infiltra-
tion in snow, and thereby enhance its ability to predict the 
formation of wet snow avalanches.
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EXTREME SNOWFALLS IN RUSSIA

Daria Fedotova1

1Lomonosov Moscow State University, Moscow,  
Russian Federation

There are few homogeneous snowfall data records to draw 
a conclusion about their changes. This happens because 
of difficulties in studying snowfall data characteristics. 
Extreme snowfalls, as a phenomenon, have a high devel-
opment potential. Extreme snowfalls create snowdrifts, 
isolated houses and blocked roads. Rightly to split extreme 
snowfalls in terms of geographical distribution, duration 
and intensity and manifestation time. The analysis of 
snowfalls have already given an opportunity to organize 
data from different sources of extreme snowfall in terms of 
geographical location.
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Long term records of Alpine meteorological and snow 
conditions are prominent indicators of ongoing climate 
change. However, there has been limited assessments of 
the impact of global air temperature levels on their local 
variations. Such approaches are particularly required at 
present time, because international scientific assessments, 
forming the basis of climate negotiations, have shifted into 
an era of global temperature targets rather than the tradi-
tional scenario based approach. Addressing local impacts 
of global temperature variations may better inform policy 
makers than scenario-based visualizations, because of the 
direct relationship, regardless of the lead time, between 
local climate impacts (required for local climate adaptation 
planning) and the global temperature targets (largely dis-
cussed and showcased in national and international public 
debates and negotiations).

This contribution introduces a method addressing the 
links between variations of global temperature and local 
indicators of meteorological (temperature, precipitation, 
snow/rain partitioning) and snow on the ground (mean 
snow depth, peak snow water equivalent, onset/melt-out 
date of the snowpack, number of days above selected snow 
threshold values) in mountainous areas. Past and future 
variations of these indicators were computed based on the 
SAFRAN reanalysis from 1958 to 2016, and using CMIP5/
EURO-CORDEX GCM/RCM pairs spanning historical (1950-
2005) and RCP2.6 (4), RCP4.5 and RCP8.5 (13 each) future 
scenarios (2006-2100). The adjusted climate model runs 
were used to drive the detailed snowpack model Crocus. 
While such an approach makes it possible to generate 
continuous scenarios of meteorological and snow condi-
tions for the time period from 1950 to 2100, we specifically 
process the obtained results in order to highlight the local 
impacts of 1.5°C, 2°C, 3°C etc. global temperature increas-
es since pre-industrial levels, based on 30 years average 
values of the indicators selected. 

The method is introduced and illustrated for a represent-
ative location of the Northern French Alps, the Chartreuse 
massif (near Grenoble) at an altitude of 1500 m. In this case, 
regardless of the time period into the future, variations of 
local meteorological and snow conditions generally show 
significant linear correlation with global temperature varia-
tions, except total winter precipitation which does not show 
any significant relationship to global temperature. Global 
temperature levels on the order of 1.5°C above pre-indus-
trial levels correspond to a 25 % reduction of winter mean 
snow depth (reference 1986-2005). Even larger reduction is 
expected for global temperature levels exceeding 2°C. 

Beyond this illustrative example, this contribution provide 
in-depth analysis of the obtained results in the French Alps 
and in the Pyrenees and discuss how the method can ad-
dress other sectorial indicators, in the field of hydropower, 
mountain tourism or natural hazards. 
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ESTIMATION OF ACCUMULATION FROM SNOW 
AVALANCHES ON THE MOUNTAIN GLACIERS

Anton Lazarev1, Alla Turchaninova1, Yury Seliverstov1,  
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Avalanches redistribute snow from the top of the ridges 
down to the valley bottoms, often occupied by glaciers. 
The evaluation of snow avalanches’ contribution into 
mountain glaciers’ mass balance with a lack of direct 
observational data on snow avalanches is highly relevant 
task delivering the important knowledge of one of the least 
studied components of the glaciers mass balance under 
the climate change. We developed a new approach for the 
numerical estimation of snow avalanches contribution into 
accumulation on glaciers, without carrying out detailed 
terrestrial snow surveys, based on DEM and meteorological 
data analysis using GIS and numerical modeling of snow 
avalanches. Our approach consists of the following steps: 
DEM analysis; avalanche release zones identification; 
meteorological data analysis; indication of the active ava-
lanche release zones and the corresponding snow fracture 
height during the analyzed winter periods; avalanches 
volumes assessment; numerical simulations of avalanches 
in three-dimensional terrain using avalanche dynamics 
program RAMMS; evaluation of the contribution of ava-
lanches into the seasonal accumulation on the glacier. The 
developed approach was tested on the Batysh Sook Glacier, 
Tian Shan. A case study was realized for the 2015/2016 
balance year based on the high-resolution DEM obtained 
from a drone in July 2016 and the data of regular meteor-
ological observations at the nearest to the glacier meteor-
ological station (Kumtor, Tien Shan). We estimated release 
zones that were most probably active during the winter 
season 2015/2016 based on the regional dependences of 
the avalanche activity on relief and climate characteris-
tics. We performed numerical simulations of avalanches 
that were most probably released during the winter period 
2015/2016 using RAMMS. RAMMS simulation results (run 
out distances and deposition heights) were compared with 
the field measurements, July 2016. The outlines of the 
avalanches deposits as well as the deposition heights were 
realistically reproduced by RAMMS using predicted input 
model parameters considering the time difference be-
tween the field measurements. The estimated total volume 
of avalanches-redistributed snow deposited on the Batysh 
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Sook Glacier during the winter season 2015/2016 was 75 
000 m3. Thus, the snow avalanche accumulation on the 
Batysh Sook Glacier during the winter season 2015/2016 
turned out to be 13 +/- 4% of the total accumulation. 
We plan to test our approach for the mountain glaciers in 
other regions. The results of numerical assessment of snow 
avalanches contribution into glacier accumulation possess 
a high scientific significance due to high sensitivity of the 
components of glacial mass balance to the climate change. 
The approach can also be applied to the snow avalanche’s 
contribution to the river runoff that adds even more practi-
cal significance to the research.
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EFFECTS OF SNOW COVER ON SEED GERMINATION FOR 
TWO SPCEIES IN IRON MINE TAILLING, COLD DESERT

Xiaoying Zhao1, Luyao Wang1
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Introduction: Germination responses and dormancy of 
soil seed in nature can reveal dynamics of soil seed bank 
and predict trend of population regeneration, and thus 
information is needed on this aspect of the seed biology of 
a species before it is selected for use in habitat restoration 
projects. Seriphidium gracilensces is a small shrub that is 
dominant species of vegetation and Chenopodium botrys 
is a nursery plant. They are important candidate species 
for revegetation in iron mine tailling, the cold deserts of 
northwest China. 

Methods: We study impacts of snow cover on germination 
and dormancy of seeds in nature of the species for five 
months under snow cover in cold desert habitat. Fresh 
seeds were put on surface iron mine tailling in November 
2017 after first snow and in a house without heater and 
window in Qinghe of Xinjiang, China. They were exhumed 
and tested germination in incubator in April 2018 after 
snow melting.

Results: Some seeds remain dormancy for two species. 
Final germination percentage of fresh seed are 80.7% and 
94.0% respectly for Seriphidium gracilensces and Che-
nopodium botrys. During first two weeks, seed germinate 
52.7% for fresh seed and 88.0% for storage in cold house 
and 87% and 92% for under snow cover to the two spceies. 
Seed under snow cover had higher germination percentage 
than in laboratry (dry and warm). Snow greatly improve 
germination. These results maybe result from cold stratifi-
cation in snow cover during winter.

Conclusion: Snow cover improve dormancy breaking for the 
two species.
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GLOBAL WARMING REDUCES THE CONSEQUENCES OF 
SNOW-RELATED HAZARDS
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Changing weather pattern due to global warming cause 
shifts in the potential of natural hazards worldwide. Most 
recent publications dealing with consequences related 
to avalanches and slushflows state that their impact on 
mankind will increase. That is a highly debatable state-
ment. Milder weather, shorter winters, less snow and rise 
of snowline will mainly shift their potential problem away 
from populated areas and infrastructure. It is unlikely that 
expansion of settlement and/or human activity into these 
areas will outweigh the hazard reduction, mainly because 
other types of rapid mass movements will increase in those 
areas and in general.
Surely are part of the Arctic and parts of cold continental 
and mountainous regions, subject to more snow and rain 
in winter due to the climatic change, and consequently to 
larger and more frequent avalanches and slushflows. It is, 
however, unlikely that the consequences to future activity 
in remote areas will exceed the reduction in consequences 
in more densely populated areas.
Global warming reduces the impact by snow-related 
hazards on mankind, but the general hazard potential 
worldwide will most likely increase. 
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The Fifth AR5 report of the working group of the Stock-
holm IPCC panel confirmed that the snow cover extent in 
the Northern Hemisphere has been gradually decreasing, 
and that in March and April high correlation exists between 
such decrease and anomalous temperature values. 
Recent works have already proved that in the Italian Alps, 
too (6.6-13.7 E and 47.1-44.1 N) the snow cover ex-
tent and the amount of fresh snow have been gradually 
reducing, especially in March and April, at heights ranging 
between 800 and 1,500 m.
The present work instead analyzes temperature data, 
snowfalls and snow cover duration with more than 30 cm 
thickness (skiable snow) in the 1930-2018 period.
The analyses carried out highlighted, in the 1987-1988 

period, a variation of regime for all the three parameters 
analyzed. Furthermore, in the 1991-2000 period, the 
largest deficit was observed in the last 10 years. In the 
2004-2013 period a lower temperature rise was observed 
in December-February compared with the 1961-1990 
average, and almost standard snowfalls. 
Temperature ranges in March-April have been instead 
steadily increasing, with a major snow deficit (approxi-
mately -30%) especially at low altitudes, and resulting 
lower snow cover duration.
As for the snow reliability line (LAN), altitude rose by over 
300 m following a seasonal temperature rise of +0.7 °C, 
amounting to a much higher value than that recorded in 
other studies, i.e. 150 m for +1. 0 °C.
Last but not least, in the 1961-2018 period, a high corre-
lation was observed between temperature trends in spring, 
fresh snow accumulation (R=0.81) and duration of snow 
cover with more than 30 cm thickness (R=0.90).

GENERAL TOPIC

Snow making and  
ski resort 
management

 O6.1 

DESIGNING A SEAMLESS MODELLING CHAIN TO PREDICT 
SNOW CONDITIONS IN SKI RESORTS: A RESEARCH 
PROJECT IN THE SERVICE OF SNOW MANAGEMENT

Carlo Maria Carmagnola1, Samuel Morin1, Matthieu 
Lafaysse1, Matthieu Vernay1, Hugues François2, Nicolas 
Eckert2, Lauriane Batté3, Jean-Michel Soubeyroux3, 
Christian Viel3

1Météo-France - CNRS, CNRM, Centre d’Études de la Neige, 
Saint-Martin-d’Hères, France, 2IRSTEA, Saint-Martin-d’Hères, 
France, 3Météo-France - CNRS / CNRM, Toulouse, France

Ski resorts management is strongly affected by meteorolog-
ical conditions, in particular natural snowfall and conditions 
favourable for technical snowmaking (sufficiently low wet-
bulb temperatures and wind speeds). Therefore, improved 
anticipation capabilities at all time scales, spanning from 
“weather forecast” (up to 5 days typically) to “climate 
prediction” at the seasonal scale (up to several months) hold 
significant potential to improve the real-time adaptation of 
ski resorts to upcoming meteorological conditions.

In this context, the H2020 PROSNOW project will build 
a demonstrator of a meteorological, climate and snow 
management prediction system from few days to sever-
al months ahead, with a seamless approach specifically 
tailored to the needs of the ski industry. Numerical weather 
prediction (NWP) data will feed numerical snowpack 
modelling, allowing to generate an ensemble of possible 
realizations of the unfolding of the snow season.

This work will present the first results achieved within 
PROSNOW using the French reanalysis SAFRAN and the 
detailed snowpack model SURFEX/ISBA-Crocus. Ensembles 
of snow height simulations, carried out on different sectors 
in 2 French ski resorts, will be shown and several improve-
ments in the ability to better forecast the observed snow 
height on the ski slopes will be discussed. Using appropri-
ate statistical metrics, we will highlight in particular the 
impact of:
- using a combination of NWP forcing data against mere 
climatology,
- initializing the snowpack simulations with local observa-
tions,
- improving the representation of snowmaking and groom-
ing practices.

Overall, these results will show the significant potential of 
the PROSNOW modelling framework as a decision-making 
tool for ski resort managers.

 O6.2 

CLIMATE CONSTRAINTS ON SKI TOURISM 
SUSTAINABILITY IN THE FRENCH ALPS IN THE 21ST 
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Snow management, and in particular grooming and ar-
tificial snowmaking have become pivotal components of 
ski resorts operations. They are employed to mitigate the 
impacts of the high inter-annual variability, as well as ob-
served and projected decreases of natural snow amounts 
in mountainous areas. Because snowmaking intrinsically 
depends on meteorological conditions (wet bulb temper-
ature and wind-speed), it makes it an adaptation measure 
which is itself climate sensitive. Furthermore, the physical 
behaviour of managed snow is different than that of nat-
ural now, mostly because of its higher density, so that the 
meteorological and climate should be assessed specifically. 
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