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Objective
2
This document presents the continuous real-time operation of the PROSNOW modeling
chain during the 2019/2020 winter season. After a brief description of the daily steps of
the chain, the focus is put on the provision of the downscaled weather forecast, the setup and running of the snow models, the post-processing of the data and their
visualization on the web interface. These various steps have already been presented in
previous documents (in particular, D1.2 and D3.2), but here the goal is to report on how
they have been combined and put to practice and how the full chain has actually
performed, presenting the main issues encountered and the obstacles overcome to
make it work in real-time.
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1. Real-time modeling chain
The PROSNOW modeling chain has been described in detail in D1.2 and D3.2. As
shown in Fig. 1, three types of data transit each day through the central platform hosted
at INRAE (times are referred to as CET).
• Observations. Local observations of snow depth on the slopes and water
consumption for snowmaking, covering the last 24 hours, are provided by the
data suppliers (step 1, from 8am to 10am). These observations are then retrieved
by the partners in charge of snow modeling, to adjust the initial state of the
snowpack (step 3, from 10am to 11am).
• Meteorological forecast data. The sub-monthly weather forecast (4 days leadtime, produced every day) and the seasonal forecast (produced every month) are
downscaled to the local weather stations and stored on the platform (step 2, from
8am to 10am). Those forcing data are then retrieved by the partners in charge of
snow modeling, to drive the snowpack models (step 4, from 10am to 11am).
• Snow model outputs. Using local observations and forcing data, snowpack
models produce outputs spatialized over the Ski-resort Reference Unit (SRU)
geometry. The outputs are post-processed by computing the statistical quantiles
and sampling the time steps, thus reducing the total weight of the files. This
"snow modeling and post-processing" step 5, which also includes the time
necessary to transfer the files to the platform, is the most time-consuming and is
carried out between 11am and 3pm. Finally, the dataset is made available to the
end-users through the PROSNOW web interface (step 6, starting at 3pm).
This daily sequence of steps has been made automatic during the winter 2019/2020.
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OPERATIONAL WORKFLOW
Webservices
Demonstrator, CGX,
Snowsat, TechnoAlpin, …

Snow model outputs
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Snow height measurements
Snowsat (and others)

6)

Water consumption measurements
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5)

IRSTEA platform

1)

4)

Before the season, it stores for each ski resort:

Downscaled and aggregated
forecast products
MF, UIBK, SLF, BOKU, Alpsolut

- SRU geometry
- Historical met data

3)

2)
Downscaling and aggregation of forecast products
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Snow height measurements
Water consumption measurements
MF, UIBK, SLF, Boku, Alpsolut
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DAILY TIMELINE
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Fig.1: Operational workflow and daily timeline of the PROSNOW modeling chain (time in CET).

2. Weather forecast
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The short-term weather forecast and the seasonal weather forecast were both produced
by Météo-France for all ski-resorts. The former was made available every day at about
9am CET, whereas the latter was provided on a monthly basis, usually during the
second week of the month.
During a first testing phase in September and October 2019, when the API was still
under development, the files have been shared via an ftp protocol. Later on, once the
API was fully operational (around mid-November 2019), the files have been directly
stored on the central platform, ready to be retrieved by each snow modeling team.
Feedback and troubleshooting: short-term forecast
The short-term meteorological forecast was affected by an error resulting in wrong
weather predictions for all Austrian resorts. This was noticed in late October and solved
by early November 2019. During the season, the only problem encountered was the
interruption of the short-term weather forecast production during one day. The problem
was solved promptly, resulting in the loss of only one day of simulations.
Seefeld ski-resort was a particular case, since there has been a consistent positive bias
in the air temperature forecast, especially during periods with cold nights and clear
skies. This is due to the special situation of Seefeld as a cross-country resort located in
a valley floor, with its local topography and microclimate (in particular, the frequent
formation of cold-air pools) not being represented by the coarse-scale atmospheric
model. This systematic bias does not seem to be present in the other resorts. In
Colfosco, a consistent positive bias in the wind speed forecast has been observed,
along with low performances and some artefacts in the relative humidity (partly capped
at ~70%). Those issues have not been addressed during the season.
Feedback and troubleshooting: seasonal forecast
For the seasonal forecast, in several ski resorts the data have been made available later
than expected, sometimes with a delay of more than 15 days, although it has to be
noted that the first weeks of seasonal forecast do not bring in any forecast skill. During
the downscaling implementation, a problem in the ADAMONT code emerged while
treating the seasonal forecast initialised in January and February. This issue led to
strongly underestimating Snowfall and Rainfall amounts for the French ski-resorts La
Plagne and Les Saisies, with, as a result, the underestimation of snow cover mass and
height. As soon as the issue was identified and understood, a second and rectified
production of downscaled data for the two concerned months was released.
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3. Snowpack simulations
Snowpack simulations were carried out by several modeling groups, based on two types
of atmospheric data: for past conditions (until the day of simulations), the models were
fed with input data fully managed by the modeling teams, without using the central dataserver. In contrast, model runs for future conditions were fed with forecast data
described in Section 2, obtained through the API by each modeling team, and the model
initialization corresponded to the last simulated time step of the model runs driven by
past conditions. As described below, the model simulations for past conditions were
adjusted based on in-situ observations of snow depth and water consumption for
snowmaking, pending that the data were available. Although such adjustments are not
technically compulsory for running the model chains, they potentially increase the
realism of model results, and hence their uptake by end-users.
3.1 - Insertion of the observations
One of the main challenges faced while designing and implementing the PROSNOW
real-time chain has been the insertion of daily, local observations through the
PROSNOW API and central data-server. Not only the observations provided by
companies that are members of the PROSNOW consortium (Snowsat, TechoAlpin)
have been implemented during the 2019/2020 winter season, but also some coming
from external companies (namely, Leica in Lenzerheide).
With respect to the snow height measurements on the slopes, obtained with the
Snowsat system, the problem was twofold. First, it was necessary to have a final and
unambiguous definition of the SRUs, which for some resorts was achieved only in late
November or early December. Second, it proved challenging on technical (in particular
IT security) and organizational grounds to open an external access to the Snowsat
measurements. When available, in-situ observations of snow depth were directly
inserted in snow cover models, at the time of observation. This technique (see e.g.
Revuelto et al., 2016, Lopez-Moreno et al., 2020) is significantly simpler to implement
than proper data assimilation (see e.g. Charrois et al., 2016), but is sensitive to spurious
observation data, requiring special attention by the modeling teams and the
implementation of filtering methods to remove outliers.
In the case of the water consumption for snowmaking, provided by TechnoAlpin, the
main problem was to find the right matching between the geospatial GIS data (ID and
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locations of the snowguns) provided by the resorts and used to define the SRUs, and
those present in the TechoAlpin database. At the end, the solution adopted consisted in
implementing a special routine in the API itself, combining several python/plpgsql scripts
in order to retrieve automatically the TechnoAlpin data from a ftp server.
As a consequence of all those issues, the insertion of daily measurements into the realtime chain was progressive, and not all ski-resorts achieved this goal fully. Again, this
didn’t impair the production and availability of forecasts, but affected the realism of some
model simulations when raw model output deviated from observations available to ski
resorts by other means. An overview of the final state of implementation at the end of
the season (March 15th) is given in the following table.
Snow height measurements

Ski-resort

Livigno
(IT)
Lenzerheide
(CH)
Garmisch/Zugspitze
(GER)
Colfosco
(IT)
San Vigilio
(IT)
Obergurgl
(AT)
Seefeld
(AT)
La Plagne
(FR)
Les Saisies
(FR)

Water consumption measurements
% of the SRU
surface area
Provider and
(equipped with
software
snowmaking)
covered by
observations
Technoalpin
34.55
(ATASS+, Liberty)
Technoalpin
50.59
(ATASS+)

Snow
model

Provider

% of the SRU
surface area
covered by
observations

SNOWPACK

Snowsat

48.63

SNOWPACK

Snowsat
Leica

/

SNOWPACK

Snowsat

96.9

Demaclenko

/

AMUNDSEN

Snowsat

100.00

Technoalpin
(ATASS+)

76.50

AMUNDSEN

Snowsat

91.76

Demaclenko

/

AMUNDSEN

Snowsat

94.12

Demaclenko

/

AMUNDSEN

Snowsat

100.00

Crocus

Leica

/

Crocus

Snowsat

86.39

Technoalpin
(ATASS+, Liberty)
Technoalpin
(Liberty)
Technoalpin
(Liberty)

82.99
86.37
77.19

In Lenzerheide, the data coming from the Leica system were not always considered
sufficiently accurate and consistent. The snow depth values were sometimes different a
few minutes apart when the grooming machine was driving over the same spot, even in
the absence of snowmaking, natural snowfalls or mechanical pushing of snow. This
wasn't a major issue, however, since it occurred only rarely and on a few ski slopes.
In Colfosco, San Vigilio, Obergurgl and Seefeld, where the model AMUNDSEN was run,
the implementation of the snow depth assimilation procedure was relatively
straightforward. However, there were some technical difficulties from Snowsat’s side in
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providing the required measurements. Colfosco was the only resort for which the
operational transfer of the snow depth measurements was working from mid-January
2020 onwards. For the other three resorts, this was only finalized in early to mid-March
2020, very shortly before the unexpected closure of the ski-resorts due to the COVID-19
outbreak. However, at least in the last few operating days the snow depth assimilation
was operational for all four resorts. As for the TechnoAlpin data, since the water
consumption recordings were available quite late in the season, when the largest share
of snow production had already been completed, and the aggregation at the SRU scale
proved to be generally quite challenging, at the end those measurements were not
inserted into the model.
For French resorts, the Snowsat data (Les Saisies) were inserted starting from midJanuary and the TechnoAlpin data (Les Saisies, La Plagne) were inserted starting from
mid-February, without encountering any particular issue.

3.2 - Snow management configurations
The snow management configurations implemented in the PROSNOW chain have been
introduced in D4.1 and described in greater detail in Hanzer et al., 2020. Compared to
what is presented in these documents, however, the configurations used during the
2019/2020 winter season have been slightly different. Indeed, in November, after some
discussion within WP1 in light of real-time implementation, it was decided to adjust the
approach followed to define the configurations, in order to address some
inconsistencies. In particular, it has been decided to run each snow model 3 times over
the previous 24 hours, one for natural snow only, one for groomed natural snow and one
for groomed machine-made and natural snow. This way, it was possible to have 3
different initial states of the snowpack, corresponding to different snow management
practices, starting from which the forecast could be applied. Without this modification, all
future snow management scenarios would have started from the same conditions, which
would be inadequate for assessing the impact of management practices (grooming or
not, snow production or not) since the beginning of the season. To implement this new
approach, some adjustments at the API level were necessary, in order to be able to
handle not only several "snow forecast outputs" (from the current day until the end of the
season), but also several "snow analysis outputs" (from the beginning of the season until
the current day). The table below summarizes the characteristics of the final
configurations used by PROSNOW, where:
• configurations 1 and 2 correspond to, respectively, natural snow and groomed
natural snow all over the season,
• configurations 3 to 10 correspond to different snowmaking strategies,
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• configurations 11 and 12 are used to evaluate the future effects of a full stop of,
respectively, grooming and snowmaking (11), and snowmaking only (12), in order
to assess the impact of these techniques on future snow conditions, until the end
of the winter season.
Analysis of the past
Insertion of
Insertion of
snow depth
water consumpt.
measurements /
measurements /
Simulation of
Simulation of
grooming
snowmaking

Prediction of the future

Config.
number

Analysis
number

1

1

No

No

Natural snow

2

2

Yes

No

Groomed natural snow

Yes

Groomed machine-made and natural snow
(lances / -6°C / 150 kg m-2)
Groomed machine-made and natural snow
(lances / -6°C / 250 kg m-2)
Groomed machine-made and natural snow
(lances / -4°C / 150 kg m-2)
Groomed machine-made and natural snow
(lances / -4°C / 250 kg m-2)
Groomed machine-made and natural snow
(fans / -4°C / 150 kg m-2)
Groomed machine-made and natural snow
(fans / -4°C / 250 kg m-2)
Groomed machine-made and natural snow
(fans / -2°C / 150 kg m-2)
Groomed machine-made and natural snow
(fans / -2°C / 250 kg m-2)
Natural snow
(stop grooming and snowmaking in the future)
Groomed natural snow
(stop snowmaking in the future)

3
4
5
6
7
3

Yes

8
9
10
11
12

Type of configuration

Among those 12 configurations and for each SRU, each ski-resort has selected (thanks
to work of the Local Working Groups) those who better fit the local snow management
practices, allowing to combine the various configurations into a spatially heterogeneous,
“custom” configuration corresponding to the best possible approximation of snow
conditions for the full ski-resort.
3.3 - Feedback from modeling teams
While building the PROSNOW real-time chain, some specific difficulties with the
individual snowpack models emerged.
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For SNOWPACK, for computational reasons it was necessary to change the spatial
discretization and to reduce the number of SRUs. In Lenzerheide, this process was
difficult for several reasons: difficulty of defining SRUs with similar topographic
characteristics, difficulty of avoiding conflicts with the configurations and the influence of
nearby parallel or crossing slopes, difficulty of estimating the impact of the degradation
in the spatial resolution. Those difficulties were addressed through a careful inspection
of the relevant issues. Another problem concerned the format and the variables of the
forcing files to be fed into SNOWPACK through METEO-IO. A common, shared solution
was found at the beginning of the season, and the problem was solved quickly.
For AMUNDSEN, since the model does not operate on the SRU scale but rather in a
fully distributed manner, only aggregating the results in post-processing, the simulations
were computationally-expensive. The model was first set-up with a 10 m spatial
resolution for Obergurgl, Colfosco and San Vigilio and a 5 m resolution for Seefeld,
which however proved not to be feasible for running the daily operational forecast within
the required time constraints. Hence, the spatial resolution was reduced to 50 m (for
Obergurgl, Colfosco, San Vigilio) and 25 m (for Seefeld), along with some modifications
to the snow management module (to still correctly reproduce the exact slope areas
despite the coarser resolution, an additional input raster was prescribed containing the
slope area encompassed by each pixel). Finally, no weather stations are located in close
vicinity to the two South Tyrolean resorts (Colfosco, and San Vigilio), hence the
meteorological forcing for the simulations had to be derived by interpolation from
comparatively distant stations, with the consequence of potentially enlarged interpolation
errors. For these resorts, simulation results showed to be generally less reliable than for
the two Austrian resorts (Obergurgl and Seefeld), that have weather stations located
directly in the village.
For Crocus, the only main issue encountered consisted in a connexion problem between
the Météo-France servers and the PROSNOW API, preventing some transfers to and
from the central platform. This IT issue was solved in late October and didn't have any
impact on the real-time model chain.

4. Post-processing
In order to feed the Demonstrator, through the API, with relevant meteorological and
snow cover data, post-processing steps are required to compute the relevant quantities
at the appropriate time resolution (see e.g. D1.5 on visualization and post-processing of
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the meteorological and snow data). Performing such post-processing also allows to
compress the information and reduce the data volume to be transferred through the API.
The time step of the snow model outputs was sampled according to the needs of the
end-users, keeping an hourly temporal resolution during the entire first night of the
forecast, in order to provide relevant information for precise production periods, and then
progressively relaxing the resolution. The final temporal resolution adopted within the
chain was the following:
Forecast lead-time
(initialization on day D at 6am)
D+1, 12am
D+4, 6am
D+15, 6am
D+30, 6am
End of seasonal forecast

Time resolution
1h
3h
6h
12h
24h

The large amount of data passing through the platform represented a problem during the
first weeks of operational exploitation, since the API happened to block some data
transfer, interpreting them as DOS attacks. To avoid such a problem, two solutions have
been adopted. First, the performances of the API have been increased, in order to be
able to handle heavier files. Second, the snow modelers were asked to follow some
simple rules while pushing the data to the platform. Those rules allowed to minimize the
risks of crashing within the chain. To be able to keep track of the issues and be alerted
immediately in case of any problem with the chain, an automatic mailing system was
implemented, allowing the modeling team to receive all necessary information. At the
same time, a dedicated PROSNOW mailing list was created, to facilitate the discussions
between the developers and help finding fast and appropriate solutions to each problem.
The production of snow outputs and their post-processing (step 5 in Fig. 1) was usually
carried out within the allotted time, between 11am and 3pm. To check the consistency of
snowpack model's raw outputs before applying the post-processing routines, each
modelling team implemented a solution consistent with the natural environment of the
modelling tools, which were all already used by the modelling teams for various uses,
although not all in real-time or operationally (Morin et al., 2020). In particular, graphics
were used to identify potential errors in the chain. Fig. 2 shows an example for a
representative SRU in La Plagne.
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Fig.2: Automatic plots generated every day to check the consistency of the snowpack model's
outputs. This example presents the time evolution of 4 variables over 2 different time periods.

The post-processing, including the computation of the statistical quantiles and the
sampling of the time steps, was applied to the raw outputs by each modeling team,
using dedicated scripts.
Once all the post-processed data were produced by the snow modelers, another series
of scripts took care of the final transfer to the platform. This process was sometimes long
(up to one hour on certain days) but it was usually achieved before 3pm, when the endusers started consulting the web interface to look for the updated data.
The following table presents the weight of the data that were pulled from and pushed to
the API every day (respectively, step 4 and step 5 in Fig.1). The total daily weight of the
data handled by the API was about 3.7 GB, corresponding to about 3.5 MB per SRU.
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Daily weight of the data pulled from and pushed to the API
(example for 31/03/2020, values in MB)
Ski-resort

Number
of SRUs

From API
to snow models
Forecast - Weather
Short-term

Forecast - Weather
Seasonal (*)

From snow models
to API
Analysis - Weather

Analysis - Snow

Forecast - Weather

Livigno
176
/
/
49,1
(IT)
Lenzerheide
138
/
/
38,3
(CH)
Garmisch/Zugspitze
35
/
/
9,7
(GER)
Colfosco
13,6
85,8
22
0,1
0,3
5,6
(IT)
San Vigilio
44
0,2
0,5
10,6
(IT)
Obergurgl
59
0,2
0,7
13,5
(AT)
Seefeld
4
0,0
0,1
1,0
(AT)
La Plagne
366
1,5
4,6
75,3
(FR)
447,4
2 831,0
Les Saisies
213
0,9
2,7
43,8
(FR)
(*) The seasonal weather forecast, in this example, includes 3 months of predictions (April to June).
This forecast is produced and retrieved only once per month, hence it is not taken into account to compute the total daily weight per resort (last column).

Total
per resort
Forecast - Snow
294,5

357,1

267,8

319,6

58,3

81,6

66,7

86,2

127,4

152,2

162,1

190,1

11,8

26,4

904,1

1 432,9

526,1

1 020,9

It has to be noted that the values reported in the table have been computed for a late
date of the winter season (31st of March 2020), when the relative contribution of the
analysis (spanning 6 months, from October to March) is not completely negligible
compared to that of the forecast (spanning 3 months, from April to June).
For the 7 Italian, Swiss, German and Austrian ski-resorts, the snow models retrieved the
same short-term and seasonal weather forecast, produced for the 51 weather stations
located within and around the resorts. For the 2 French ski-resorts, the snow model also
retrieved the same short-term and seasonal weather forecast, in this case produced
over the whole French Alps. The seasonal weather forecast was produced and retrieved
only once per month, whereas the weather analysis wasn't retrieved from the central
platform, each snow modelling team having already access to such data. Moreover, the
weather and snow analysis of 3 resorts (Livigno, Lenzerheide and Garmisch) were not
pushed to the API because of technical issues.
As expected, the snow forecast data were the heaviest among those that were handled
on a daily basis. Indeed, they accounted not only for 35 forecast members, but also for
several snow management configurations (up to 12, depending on the ski-resort).

5. Web interface
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Every day, at 3pm CET at the latest, the PROSNOW web interface (Demonstrator) was
updated with the new forecast data. This was the final step of the real-time chain. At the
end of the season, two versions of the web interface have been kept available:
1. the main Demonstrator (demonstrator.prosnow.org), displaying the predictions
made on the 1st of April 2020 for all 9 pilot ski-resorts,
2. the showcase Demonstrator (showcase.prosnow.org), displaying the predictions
made on the 7th of February 2020 for a sector of La Plagne.
The first version was implemented in order to "freeze" the Demonstrator at a date at
which some snow was still present on the ski slopes. The second version was designed,
following an agreement with La Plagne's stakeholders, to present PROSNOW to new
potential customers
The different visualization features, already described in previous documents (see in
particular D3.2 and D4.1), are presented here through a series of screenshots taken
from the first version.
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6. Conclusions
In light of the complexity of the whole modeling chain and the relatively short
development time (less than 2 years since the beginning of the project until the start of
the real-time test) and despite some minor, sporadic issues, it is generally considered
that the full model chain implemented in PROSNOW worked very satisfyingly during its
"operational life", before an abrupt end in mid-March 2020, when all resorts in Europe
closed due to the COVID-19 pandemic. For this reason, it wasn't possible to evaluate
the performances of the PROSNOW chain during the final stretch of the season in a
meaningful way. However, the 4 months during which the chain remained operational
already proved its robustness and the adequacy of the technical and scientific choices
used to implement this real-time forecasting tool. A detailed analysis of the feedback of
the end-users on the different PROSNOW features is provided in D4.3 and D4.4. .
In order to enable the exploitation of PROSNOW beyond the project lifetime and analyse
the cost to set-up the full model chain in a commercial environment, a test was
performed in the spring 2020, to implement the full model chain for a new ski-resort
located in Andorra (Soldeu-Grand Valira). This test, carried out by CGX, Dianeige and
Météo-France (potential exploitation entity, see D5.4), with support from INRAE and
interactions with TechnoAlpin for the provision of water consumption, demonstrated that
the full model chain can be transferred to another resort under acceptable costs,
fostering the capacity of PROSNOW exploitation entities to engage in commercial
exploitation of PROSNOW results. This activity also led to the consolidation of the
documentation of the model chain and improved the transferability of the tool (see final
Data Management Plan). As of May 15th, the model chain for Soldeu-Grand Valira is
running, with limited additional development required to deploy the tool to other skiresorts covered by the CGX/Dianeige/Météo-France exploitation entity.
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D3.2 - Central database server and accompanying tools (I/O) and web services to
access data in the two ways.
D4.1 - Document describing information needed to start using the Demonstrator and
dissemination to all ski resorts through their corresponding scientific partners.
D4.3 - Report describing the assessment of the continuous exploitation of the
Demonstrator.
D4.4 - Report on the perceived added-value of the service from a users experience and
quantification of the added-value based on economic indicators developed in WP2.
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