










4.5 Regional-scale diagnostics

Post-processed information at the point scale can 
be aggregated at a large scale in order to provide 
concise, synthetic information relevant to larger 

areas. For example, in Switzerland the point-scale 
liquid water content index can be aggregated as a 
function of elevation bands, thereby providing an 
ensemble-type wetness index (see Figure 5). 

.In France, the mechanical stability indices for 
natural avalanche release is aggregated at the 
massif-level, in an attempt to provide a massif-
scale natural avalanches level. This index ranges 
from 0 (lowest level) to 8 (highest level), and is 
built as a combination of 1D indices at different 
altitudes from 1500 to 3000 m for 40° slopes and 8 
aspects. It was designed to correspond to a massif 
scale index of observed avalanche activity (Giraud 
et al., 1987). In theory, such indices, computed at 
the regional scale, which in the case of France 
correspond to the avalanche hazard rating zones, 
bridge the gap to the regional hazard level as-
sessment (see Figure 6).

Fig. 6: Example of massif scale (aggregated) snow sta-
bility index for the Pyrenees, showing the time 
evolution (by steps of 3 hours) of the geo-
graphical distribution of simulated natural haz-
ard level for all the forecasting areas during a 
given episode. 

5. EVALUATIONS, FEEDBACK FROM FORE-
CASTERS, LESSONS LEARNED

5.1 Quantitative evaluation, verification strategies 
and limitations

Verification of snowpack model output is challeng-
ing for a variety of reasons, which can all be 
traced to the various sources of uncertainty which 
affect every component of the model chains. Un-
certainties are associated to intrinsic observation 
and forecast errors at the point scale (applicable 
both for meteorological and snow data), but also 
the spatial representativeness of data used for the 
evaluation of model results, be it in-situ (Grüne-

wald et al., 2013) or remotely-sensed. In fact, 
there has been no systematic undertaking of the 
verification of the predictive capability of physi-
cally-based snowpack models and their associ-
ated post-processing routines in terms of 
avalanche hazard forecast, due to the absence of 
objective field measurements of avalanche hazard 
at the regional scale. This also applies to snow-
pack stability, which has lacked hitherto objective 
and reproducible field measurements (Reuter et 
al., 2015). One step less in the model chain, re-
garding snow stratigraphy, comparisons between 
observed and simulated stratigraphy data have 
only been carried out for a few selected cases 
(e.g. Brun et al. 1992, Lehning et al., 2002b) and 
generally lacked an objective framework for quan-
titative comparisons between observed and simu-
lated data in a context with distorsions in layering 
between observed and simulated data are the 
norm (Lehning et al., 2001). So far, the evaluation 
is often limited to comparing simulated and ob-
served snow depth and snow water equivalent. 

5.2 Feedback from operational forecasters

General feedback from operational forecasters 
has been gathered from the organizations wich 
operate snowpack models in support of avalanche 
hazard prediction. A detailed, panel-based evalua-
tion of their use of this ressource is beyond the 
scope of this article, nevertheless recurring topics 
were identified and are outlined below.  

Time. Avalanche hazard forecasters work in a time 
constrained environment. Information from various 
sources, spanning sometimes very wide geo-
graphical areas, need to be processed, analyzed 
and used to produce a nowcast or forecast of ava-
lanche hazard level for various rating regions. In 
many cases, the information from snowpack mod-
els is seen as additional, to the more traditional 
sources of information (observations and weather 
forecasts), sometimes even superfluous. Using 
snowpack model output tends to be considered 
only if time allows. Full integration of model output 
analysis into an existing workstation helps reduc-
ing this trend, but does not fully alleviate it.  

Simplicity. Uptake of snowpack model output by 
operational avalanche hazard forecasters was en-
hanced in case where a limited number of prod-
ucts, most often directly analogous to conventional 
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observed information (e.g. stratiraphy, heigh of 
new snow etc.). In France, despite the provision of 
regional-level integrated avalanche hazard level 
predictions, and a graphical user interface which 
favors progressive deepening of the analysis level 
from the massif scale, to the altitude/aspect scale, 
finally to the individual stratigraphic profile as the 
last stage of the complexity level, forecasters' 
most common feeling with the model output is to 
be overwhelmed by the quantity of information 
made available to them.  

Training. Appropriate training on the background 
of the snowpack modeling chains, their strengths, 
known limitations and uncertainties, and how to 
best integrate them with other sources of informa-
tion, is critical for significant uptake of model prod-
ucts in the decision chain of the forecasters.  

Obvious errors. Operational use of numerical 
models has to cope with model errors, in particular 
the significant misses of the models. These are 
unfortunately unavoidable, and can greatly reduce 
the credibility of the models (Pappenberger et al., 
2011). The occurrences of significant perceived 
errors in precipitation amounts, for example, and 
the resulting snow depth, is a typical case where 
avalanche hazard forecasters tend to loose trust in 
the model, even in cases where useful information 
can still be drawn from model results.  

Effective visualization. Good graphic design with 
colors and easy to read text is critical to gain at-
tention. 

6. FUTURE CHALLENGES AND PERSPEC-
TIVES

6.1 Re-assessing how model results are made 
available to the forecasters

The concerns highlighted above require in-depth 
assessments on how the model results are made 
available to the forecasters, and how they are 
used. This issue is not only challenging for ava-
lanche hazard prediction, but more generally to all 
decision-making processes involving interactions 
between human forecasters and predictive models 
(Pagano et al., 2014). While in some operational 
forecasting domains, e.g. meteorology, the role of 
human forecasters is constantly reducing in favor 
of NWP outputs (Sills et al., 2009), in avalanche 
hazard forecasting the issue at hand is clearly how 
to make the most of information used by ava-
lanche forecasters, which in some case rely only 
marginally, if at all, on numerical simulations in 
support of their activities. The possibility to auto-
matically produce avalanche warning information 

remains a long term, possibly elusive challenge 
(Floyer et al., 2016). 

Improvements of the situation may be favored by 
the following avenues: 

- Direct research towards adding value to fore-
casts, through better design and visualization of 
the post-processed outputs at the point and re-
gional scale. 

- Better communication of the uncertainty. To add 
value, models need to reduce the forecaster's un-
certainty about snow conditions. However snow 
models have several levels of uncertainty (e.g. 
meteorological inputs, mechanical models, spatial 
representativeness) and most products are poor at 
communicating that.  

- Better integration of model output with existing 
data management platforms. This is a big multi-
faceted topic which is relevant to data sharing and 
IT developments. 

- Better combination of snowpack models with 
other models such as statistical models, additional 
weather products, and risk-based models, such as 
the conceptual model of avalanche hazard 
(Statham et al., 2010, Floyer et al., 2016) or the 
European avalanche warning matrix (Müller et al., 
2016) 

6.2 Improvements on the physical science side

Main research items, which are likely to lead to 
improved snow model chains, can be summarized 
as follows: 

Snow physics and snow modeling. This concerns 
the improvement of the modeling of intrinsic snow 
processes, such as liquid water dynamics, snow 
metamorphism, the impact of light absorbing impu-
rities etc. Advances in snow mechanics could 
translate into renewed methods to estimate snow 
stability from simulated snow profiles (Reuter et 
al., 2015).  

Verification. Improved measurements methods, 
and recently developed method making it possible 
to pair observations and simulations despite mis-
matches in layering (Hagenmuller and Pilloix, 
2016), open the possibility to more quantitatively 
evaluate the output of snowpack models and 
guide most required improvements. Such verifica-
tions may also benefit from remote sensing data. 

Higher spatial resolution. Numerous snow proc-
esses, e.g. blowing snow and preferential deposi-
tion, operate at the scale of a few meters and in 
3D, and thus require an explicit representation of 
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topography and associated processes. Progress in 
this area can only benefit from interactions with 
developments in the field of mountain hydrology 
(Marsh et al., 2018).  

Data assimilation and ensemble forecast. Devia-
tions of model output with in-situ and remotely-
sensed observations are a critical issue hampering 
operational use of the models by the forecasters. 
Data assimilation is a promising, yet challenging 
way forward in this respect. Recent developments 
in data assimilation rely on ensemble-based 
methods (Lafaysse et al., 2017, Cluzet et al., 
2018), which, in addition estimate model errors 
quantitatively within the assimilation system, open 
new possibilities for ensemble forecast of ava-
lanche hazard (Vernay et al., 2015). 

Post-processing of model output. Model output 
statistics are routinely used in numerical weather 
prediction and hydrological prediction, yet seldom 
used for avalanche hazard forecast, although simi-
lar issues need to be addressed. Furthermore, the 
skyrocketing development of data science and 
artificial intelligence applied to a broad range of 
practical issues makes it possible to envision ap-
plications to avalanche hazard forecasting, 
thereby providing added-value products beyond 
raw snowpack model outputs, with potential for 
directly feeding the production of avalanche bulle-
tins.  

6.3 Technical and organizational perspectives

In contrast to the situation prevailing a few years 
ago, most snowpack models used by operational 
services are now open source, community-based 
software with version control and increasing verifi-
cation routines. This increases the overall robust-
ness of the models, although the costs associated 
to their maintenance and development remains 
high on their host institutions. Moving further into 
this direction is a clear way forward, following pre-
vious examples from the climate, meteorological 
or hydrological communities.  

Beyond developing and maintaining the codes, it 
may be worth exploring an increased level of pool-
ing of computational resources, especially for or-
ganizations operating in neighboring geographical 
domains. Currently implemented station-based or 
topographic class-based approaches are generally 
limited to national or regional boundaries. The de-
velopment of grid-based approaches based on 
numerical weather prediction data, remote sensing 
data and high performance, ensemble based fore-
cast and data assimilation methods, may develop 
more efficiently in a cross-boundary context, in 

close association to high performance computing 
infrastructures, rather than in multiple local imple-
mentations. This would facilitate multi-model en-
semble approaches (multiple NWP models, 
multiple snowpack models), analogous to mete-
orological and hydrological prediction frameworks. 
Such a long term endeavor remains to the refined, 
but could benefit from multi-national opportunities 
such as the Copernicus services, in Europe (e.g., 
Copernicus Emergency Management Services, or 
Copernicus Land Monitoring Services), or large 
scale similar initiatives in North America. Such an 
approach may even make it possible, in the longer 
term, to deploy snowpack modeling chains over 
large geographical areas currently devoid of such 
systems, such as High Mountains of Asia or South 
America.  
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