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ABSTRACT: The level of activity, employment, turnover and profit of hundreds of ski resorts in the
European Alps primarily depends on meteorological conditions, in particular natural snowfall but also in-
creasingly conditions favorable for technical snowmaking (production of artificial snow). Ski resorts highly
depend on appropriate conditions for technical snowmaking (mainly the availability of cold water, as well
as sub-freezing temperature with sufficiently low humidity conditions). However, beyond the time scale of
weather forecasts (a few days), managers of ski resorts have to rely on various and scattered sources of
information, hampering their ability to cope with highly variable meteorological conditions. Improved an-
ticipation capabilities at all time scales, spanning from “weather forecast” (up to 5 days typically) to “cli-
mate prediction” at the seasonal scale (up to several months), holds significant potential to increase the
resilience of socio-economic stakeholders and support their real-time adaptation potential. This can bene-
fit from the fact the predictability of snow conditions does not depend only on upcoming meteorological
conditions but also on the current snow conditions, which govern the short- to mid-term range of snow
depth and snow mass on ski slopes. The project PROSNOW, funded from 2017 to 2020 by the European
Commission through the Horizon 2020 programme, is building a demonstrator of a meteorological and
climate prediction and snow management system from one week to several months ahead, with a seam-
less approach specifically tailored to the needs of the ski industry. PROSNOW applies state-of-the-art
knowledge relevant to the predictability of atmospheric and snow conditions, and investigates and docu-
ments the added value of such services. The project proposes an Alpine-wide system (including ski re-
sorts located in France, Switzerland, Germany, Austria and Italy). It joins and links providers of weather
forecasts and climate predictions at the seasonal scale, research institutions specializing in snowpack
modelling, a relevant ensemble of 8 representative resorts in the Alps, technical bodies representing ski
resorts managers, and a group of private technology companies providers proposing high tech services
for snow management (on-tracks snow depth monitoring, snowmaking systems, prediction systems, ...).
This contribution provides a general introduction to the goals, concepts and preliminary results of the
PROSNOW project, one year after its inception. It introduces, in particular, the combination of scientific
methods used to address current and upcoming snow conditions, together with in-situ monitoring meth-
ods, and their application for real-time decision making at the scale of ski slopes in a given ski resort.
PROSNOW outcomes are not meant to provide another software or tool for snow managers, but to be
streamlined and integrated within existing or emerging snow management tools in ski resorts.
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vices, remote sensing

1. CONCEPT at the time of the forecast, because of the grad-
ual build-up of the snowpack over the course of
the season and the bounded rate of snow abla-
tion processes such as snowmelt. A seamless
snow prediction system allowing for improved ski
resort management and optimization, covering
time scales from one week to several months
ahead, can be developed based on appropriate
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' ’ ’ seasonal scale, which is the purpose of PROS-

la plsp_lne, 38400 SF Martin d'Heres, France NOW. PROSNOW therefore has the capacity to
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Weather forecast is currently applied to predict
snow conditions and snow making potential sev-
eral days in advance. The predictability of the
future snow conditions beyond a few weeks
mainly depends on the current snow conditions
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develop better anticipation capabilities of ski re-
sort and winter tourism managers. Various fore-
casting methods will be considered depending
on the desired level of accuracy, prior climate
knowledge about the considered ski resorts, and
the ability to account for the current conditions at
the time of the forecast. Seasonal forecasts
supporting a sound decision-making tool can
only be based on a probabilistic approach,
based on ensemble predictions and an appro-
priate statistical post-processing. Appropriately
visualized and communicated, such forecasts
can help ski resort managers in anticipating im-
portant decisions: inhibition of snow production
under conditions where the produced snow is at
risk of melting or if it corresponds to anticipated

Local meteorological observations
praviders (historical and real-time)

overproduction, identification of the trade-off be-
tween water resources for snow making and
concurrent uses and of periods with production
halt, maintenance decisions to ensure reliable
conditions on the slopes etc.

PROSNOW will cover seasonal forecast lead
times not addressed by operational weather
forecast information already widely used by
mountain professionals. PROSNOW will provide
information about the future meteorological con-
ditions and snow conditions on ski slopes (ac-
counting for snow management techniques such
as grooming and snowmaking).
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Figure 1: Technical dataflow envisioned for PROSNOW product generation

Beyond the overall scientific concept forming the
basis of the PROSNOW products, the main tech-
nical concept overarching the generation of the
PROSNOW products will consist of a series of
interoperable services, through the specification
and development of well-defined Application Pro-
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gramming Interfaces (APIs) and webservices mak-
ing it possible to interface existing and upcoming
data streams necessary to generate and distribute
the PROSNOW products. The main elements of
the data flow supporting the delivery of information
is outlined in Figure 1.
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Figure 2: Possible combinations of forecast prod-
ucts for the seasonal prediction.

2. MONITORING AND FORECASTING
METHODS

As shown on Figure 1, the PROSNOW product
needs to combine various data sources using a
series of state-of-the-art observation and modeling
tools.

Seasonal prediction and downscaling: Multi-model
evaluation of seasonal skill of Seasonal Forecasts
(month 2 to 4), have shown that northern mid-
latitudes (30°N-70°N) show a maximum predict-
ability in winter (Shi et al., 2015, Batté and Doblas-
Reyes, 2015), which is particularly favorable for
the PROSNOW project. This is explained by the
presence of warm/cold events in the tropical Pa-
cific and of enhanced teleconnection patterns dur-
ing this season. On average, the time correlation
is 0.30-0.40 for averages in January-February-
March, which does not permit a successful deter-
ministic predictability of temperature and precipita-
tion on a particular location, but offers probabilistic
forecasts showing an added value with respect to
the prediction based on climatological conditions
only. Teleconnection indices like NAO (North At-
lantic Oscillation) show time correlations of about
0.50. This allows expanding seasonal predictions
beyond the limit of deterministic predictability of
the atmosphere (10-15 days). Using meteorologi-
cal observation data from the ski resort concerned,
appropriate downscaling/correction methods will
be employed (quantile mapping, statistical adapta-
tion methods), in order to extract relevant informa-
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tion from large-scale atmospheric models to local
scale mountainous regions. Such approaches
have been implemented for various socio-
economic applications (e.g. hydrology, Singla et
al., 2012) but not specifically for mountain mete-
orological and snow conditions hitherto. It remains
to be demonstrated whether this source of infor-
mation will specifically add value to the forecast
produced within PROSNOW. Carmagnola et al.
(2018) are currently developing the background
framework for this assessment. Seasonal predic-
tion data provided by Météo-France after appro-
priate downscaling will cover a broad range of
already available or upcoming state-of-the-art pre-
diction systems operating over the European do-
main (including research-grade seasonal forecasts
and the Copernicus Climate Change Service -
Seasonal Prediction forecasts). Furthermore, the
project will also use shorter-term forecast from
either from national meteorological services and
the ECMWEF, in order to provide predictions cover-
ing all the time scales from a few days to a few
months in a seamless manner, even accounting
for the fact that Seasonal Predictions are re-
freshed on a monthly basis at most.

Snowpack modeling: Several physically based
models have been developed during the last few
decades, which represent processes at play in the
natural snowpack (e.g. Crocus - Brun et al., 1992,
SNOWPACK-AIpine3D - Lehning et al., 2006,
AMUNDSEN - Strasser, 2008). Recently, Hanzer
et al. (2014) and Spandre et al. (2016) have pre-
sented modeling approaches which also account
for snow management practices. Such models are
already operating in the respective mountain areas
concerned by the PROSNOW project. PROSNOW
aims to apply the above-mentioned snow cover
models AMUNDSEN, Crocus and SNOWPACK-
Alpine3D both for past and future snow conditions
in forecast mode (Hanzer et al., 2018). The mod-
els will be driven by meteorological and climate
predictions at different time scales and will be
used to translate the expected meteorological and
climate situations to snow cover conditions, their
seasonal evolution and the related implications for
snow management. The fact that several models
are employed in the project guarantees a smooth
implementation of the models in the mountain ar-
eas covered by the project, in terms of observation
data availability and operating environment.

Remotely-sensed and in-situ observations: Re-
motely sensed data can provide twofold key infor-
mation to the models. On one side, they can be
used to correctly initialize the state variables of the
models. On the other side, they can be used to
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cross-compare the results of the forecast and
evaluate them (e.g. Notarnicola et al., 2013a,
2013b). In this case, remotely sensed snow maps
will be considered as reference data. Remote
sensing data can be provided on two scales: on a
scale of 250m resolution a time series of 14 years
snow cover based on MODIS data developed by
EURAC will be used. On the scale of 10m — 20m
the latest Copernicus Sentinel 1 and 2 data (radar
and optical) with 5 to 10 days repetition time will
be employed. Several types of in-situ observations
will be used from ski resorts and used to further
refine PROSNOW output. In-situ meteorological
observations acquired in ski resorts, when avail-
able, will be used to characterize local climate and
perform the statistical adaptation of large scale
seasonal predictions. In-situ, long-term monitoring
of snow conditions (in particular snow depth) will
be used to assess snow model output perform-
ance. When available PROSNOW will harvest and
use snow depth measurements increasingly car-
ried out by grooming machines during their daily
operations, allowing real time assessment of snow
condition on ski slopes and allowing to take them
into account to forecast their time evolution into
the future. Real time snow production data will
also be used to better initialize the forecast sys-
tem.

Statistical post-processing: Seasonal prediction
systems rely heavily on ensemble forecasting
methods, because deterministic forecasts cannot
be used beyond a few days. Even at short lead-
times, probabilistic frameworks make it possible to
incorporate several components including cost
assessments and thresholds, to provide a deci-
sion-making framework accounting for the various
elements to consider and acknowledging the un-
certainty held by some of its key constituents, in
particular the meteorological/climate prediction
part. PROSNOW will thus build on cutting edge
statistical approaches to develop the decision
making framework, and will package their results
in visualization toolboxes adapted to be used by
non-experts and adjusted to fit their operational
decision-making processes.

Once the data is produced and post-processed, it
will be channelized through an information system
allowing direct integration (through webservices) in
the graphical user interface of the end-users. The
stand-alone PROSNOW demonstrator (internet-
based for desktops and mobile apps) will be built
upon this architecture, along with the possibility for
existing snow management software commercial-
ized by solutions provides associated (TECH-
NOALPIN, SNOWSAT, CGX AERO) or not to the
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project PROSNOW to integrate this novel source
of data into their own software. This focus on the
development of standardized web services, asso-
ciating from the design stage key players of the
snow management industry, will foster the inclu-
sion of PROSNOW information into existing resort
management platforms and significantly enhance
market uptake of the PROSNOW concept, rather
than developing and independent, stand-alone
tools which would add to already existing tools.

Figure 2 shows the possible combinations of fore-
cast products considered in the project. Seamless
combination of the existing body of information at
all relevant time scales will provide unprecedented
information in support of snow management deci-
sion making. Not only seasonal prediction sys-
tems, but also short-term forecasting systems will
be considered.
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Figure 3: Example of a seasonal prediction corre-
sponding to configuration B’ of Figure 2.
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Figure 3 illustrates an example of a seasonal pre-
diction of snow depth for a location in the Mont-
Blanc area (1500 m altitude, 20° south-facing
slope), simulated with the snowpack model Crocus
and initialized on 4 February 2016. In this case,
the first 4 days of the forecast of snow conditions
are provided by an ensemble system of numerical
weather predictions (Vernay et al., 2015), and the
prediction is extended into the season using a cli-
matology of meteorological conditions (Morin et
al., 2013) (configuration B’ of Figure 2). The plot
clearly shows how the 2015-2016 snow season
natural snow deficit is likely to continue well into
the months of February and March 2016. Predic-
tions would be greatly improved moving towards
C/C’ or D/D’ configurations (see Figure 2), consid-
ering in-situ or remotely-sensed observations to
improve the initialization, and accounting for
grooming and snowmaking in the generation of
prediction of future snow conditions. This figure
also highlights the fact that the predictability of
snow conditions depends not only on future
weather conditions, but also the starting state of
the snowpack (because of its cumulative nature)
and, in the future, the management options used
(e.g. with/without snowmaking).
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3. ASSESSMENT OF THE DEMAND AND CO-
DESIGN

3.1 Co-design

The shared technical knowledge on ski and snow
management across the Alps, the good level of
engineering skills of snow management profes-
sionals (in ski resorts and in private companies
supplying services and equipment), the presence
of public and private resort operators, and long-
term meteorological and climate expertise for
mountain regions, originally developed in the field
of avalanches forecast and hydrology, makes the
ski industry a valuable case for co-design of a
dedicated product. The sector has the capacity not
only to demonstrate the value of climate services,
but also to illustrate a beneficial co-design of ser-
vices. Moreover ski resorts are under direct threat
of the ongoing climate change and encounter sig-
nificant pressure to adapt to changing environ-
mental conditions, exemplified by the recent series
of challenging early winter situations with poor
natural snow conditions and too high temperature
for snowmaking (in particular the beginning of the
snow seasons 2014/2015, 2015/2016 and
2016/2017 throughout the entire Alpine regions).

The development of the PROSNOW products will
be coordinated and primarily carried out by the
scientific partners of PROSNOW. Two types of
socio-economic stakeholders directly concerned
by snow in ski resorts will be involved in the co-
design of PROSNOW products, namely ski resorts
themselves but also representative private com-
panies operating in the field of snow management.

PROSNOW associates as formal partners a blend
of world leading private companies operating in
the field of snow management. They are in charge
of developing and supplying ski resorts with snow
management equipment (snowmaking units,
grooming machines) and services (desktop or em-
bedded management software, consulting for
slope preparation etc.). From their commercial and
advisory position they possess a unique overview
of snow management practices in various ski re-
sorts which will be a critical resource to develop
PROSNOW products which will fit market expecta-
tions at the European scale and beyond. They will
also contribute to the project through the exempli-
fication on how PROSNOW products could be in-
serted into existing snow management platforms,
thereby increasing the potential for market replica-
tion and the penetration of the PROSNOW prod-
ucts in the ski industry market.

PROSNOW associates 8 Alpine ski resorts in or-
der to improve the content of the products and
their capacity to match the demand, and to test the
developed PROSNOW products under operational
conditions. The choice of these partner resorts
allows representing the diversity of geographical,
climate and technical characteristics, infrastructure
and snowmaking equipment, as well as govern-
ance setting and economic dynamics, which often
depend on national framing conditions. The variety
of cases will allow assessing the real interest for
climate services for different types of constraints.
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Figure 4: Location of the pilot ski resorts associ-
ated to the project.

3.2 Market analysis and exploitation

The ultimate goal of PROSNOW is to develop an
operational service deployed in a potentially large
number of ski resorts. Work is underway, primarily
associating the pilot ski resorts but also other
stakeholders involved in the ski tourism business,
in order to assess as precisely as possible what is
the extent of the market for a potential PROSNOW
commercial service and what could be its business
model.

4. NEXT STEPS

The PROSNOW project has started in September
2017 for a total duration of 3 years. At the time of
writing this article, it is thus one year into the pro-
ject lifetime. Most basic technical elements are
currently being developed and refined (see Hanzer
et al., 2018, Carmagnola et al., 2018), in order to
develop the functional and technical specifications
of the forecasting system, and in particular the
way ski resorts are geographically represented,
and the way tactical and strategic snow manage-
ment options are accounted for. This is required
on order to use the PROSNOW system in a deci-
sion making context. Simultaneously, work is cur-
rently underway to refine the post-processing and
visualization options, making it possible to ski re-
sort managers to make use of the future service.
In parallel, work already addresses the various
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facets of the future exploitation of the PROSNOW
service (intellectual property rights, enabling con-
ditions for running the service, market analysis
and business model). It is remarkable that, al-
though still in a early stage, PROSNOW is gener-
ating a lot of attention from the ski tourism industry
in Europe. This demonstrates critical expectations
from this field, and is best illustrated by the fact
that PROSNOW was awarded the Jury’s Prize of
the Digital Mountain Award during the 2018 edition
of the bi-annual “Mountain Planet” fair in Grenoble,
France, in April 2018.
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