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ABSTRACT  

This paper presents a summary of analyses that has been conducted to assess the potential of the 

snowpack model driven by both in-situ and forecasted meteorological data in an avalanche 

context. Results showed good overall performance of the GEMLAM weather model, but also 

showed a bias when the precipitation intensity is high.  The evaluation of in-situ and simulated 

mean relative density and temperature showed that the SNOWPACK model performed well to 

simulate the general structure of the snowpack through the 2014-2015 winter at the Mt. Fidelity 

study plot. Finally, persistent weak layers have been identified using the InfoEX plateform of 

Avalanche Canada to assess the performance of SNOWPACK. Regarding that, crust and surface 

hoar formations dates fits well with the information reported on InfoEX. However, more precise 

validation techniques are necessary to better assess the precision of the simulated stratigraphy. 
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INTRODUCTION 

Each year, approximately 1.5 million avalanches potentially dangerous occur in Canada, of 

which 5% in areas accessible by mountain users. Since the 1990’s, an average of 12 victims per 

year is recorded, making avalanches the deadliest natural geohazard in Canada (Stethem, 2003). 

The large scale analysis of snow conditions, from an avalanche prevention perspective, is now 

considered as a priority (Schweizer, 2008; Stethem, 2003; Jamieson et al., 2002; Jamieson et al, 

1992). As of now, avalanche risk prediction remains spatially limited to punctual observations 

from the industry which consists in snowpit measurements of stratigraphy and compression tests 

(CAA, 2007). However, the reality of avalanche terrain provides great spatial variability 

(elevation, aspect and land cover) so that the measurement approach is only precise at the ground 

local scale. The risk in conducting the measurements, the sparse meteorological information from 

station and the time to access the various sites seriously limit the evaluation of snow stability at 

the regional scale (Schirmer et al, 2010). Those isolated areas are gaining in popularity, thus the 

lack of spatially distributed information increases the risk for mountain users. 

 

It was previously showed that coupling meteorological data from stations with snow 

thermodynamic models can represent an alternative for the evaluation of snow conditions and 

stability (Bellaire, 2006). Models such as SNOWACK (Bartelt and Lehning, 2002; Lehning et al., 
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2002a, 2002b) and CROCUS (Brun et al., 1989) are widely used in an avalanche prediction 

context, mostly in Europe and not yet adapted to North America. CROCUS was the first numerical 

model to simulate snow metamorphism and stratigraphy allowing near-real time analysis of snow 

geophysical properties (Durand et al., 2009). SNOWPACK simulates snow conditions and 

characterizes the force and resistance of each layer following the internal geophysical properties 

(Schweizer et al., 2006). SNOWPACK has been use operationally since 1997-1998 in 

Switzerland, forced with a dense meteorological station network (Lehning, 1999). 

 

The use of such models is now starting to be used by avalanche experts in order to answer the 

limitations of punctual observations; however such data remain essential for validation purposes 

(Langlois et al., 2012). Furthermore, the precision of the snow simulations can be attributed to 

uncertainties in the meteorological forcing data, especially when using a climate model now 

considered as an alternative (Langlois, et al, 2009; 2012) to the sparse meteorological station 

networks in Canada. Although an interesting avenue, the coupling of SNOWPACK with such 

models can bring uncertainties in the simulations, and the sensitivity to specific meteorological 

variable remain unknown. Hence, the general objective of this paper is to couple the SNOWPACK 

model with the three versions of the Global Environmental Multiscale Model (GEM10, GEM15 

and GEM-LAM) in Canadian avalanche terrain. Specifically, we intend to 1) validate the three 

versions of GEM in eastern and western Canada avalanche terrain using in-situ meteorological 

stations, 2) conduct snow simulations using the three forcing datasets, and 3) validate the snow 

simulations from the three GEM versions using field campaign measurements. 

METHODS 

For this study, the Swiss snow cover model SNOWPACK has been forced with in-situ and 

forecasted meteorological data (GEM10, GEM15 and GEM-LAM) for two consecutive winters 

(2013-2014 and 2014-2015). In-situ meteorological data has been acquired via automatic weather 

stations (AWS) placed at each study sites and forecasted weather data has been acquired daily via 

the Canadian Meteorological Center (CMC) FTP. Study sites have been chosen to represent the 

three main mountainous meteorological conditions that can be found in Canada. First study site is 

the Chic-Chocs mountains located in a coastal climate in the Gaspésie National Park in Québec. 

Snowpack in the Chic-Chocs is characterized by frequent wind slabs formations and important 

faceting during winter. The second study site is Marmot Basin in the Jasper National Park in 

Alberta. This site is located within continental climatic condition, which means cold temperatures, 

high winds and low precipitations. The snowpack is characterized by a strong temperature gradient 

that leads to the formation of weak layers with low bonding with adjacent layers, mainly in the 

bottom of the snowpack. Last study site is Mt. Fidelity in the Glacier National Park in British 

Columbia.  This site is located in a transitional climate and is described by heavy precipitation and 

high relative humidity. The snowpack is deep and avalanches are often triggered by the weight of 

new snow during heavy snowfall events. Validation data has been gathered at each site for both 

winter except for the Marmot Basin site which has been visited only in the 2013-2014 winter. 

Snowpit data includes stratigraphy, temperature and density profiles, compression tests and 

resistance measurements (snow micro-pen, ram penetrometer). Validation data is completed with 

data from the Avalanche Canada plateform InfoEX. InfoEX is a portal for avalanche and guiding 

operations through Canada that allows them to share snowpack, weather and avalanches 

observations data to get to a better assessment of the snow stability in their respective region.  

 

Forecasted parameters such has air temperature, relative humidity, wind speed, incoming short 

and long wave radiation and precipitation intensity have first been compared to in-situ 

meteorological data to validate the precision of the GEM models in complexes mountainous 

conditions. SNOWPACK simulations have then been conducted at each site and forced with each 

weather model. To validate the output of these simulations, we first compared the modelled snow 

height with observed data that has been gathered by AWS or park technicians. We then compared 

the mean relative density (equation 1) and the mean relative temperature (equation 2) within the 

snowpack.  
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Finally, we compared the general structure of the snowpack to assess the correct simulation of 

weak layers that has been observed on-site and identified on the InfoEX portal.  

RESULTS 

Forecasted meteorological data validation 

For this paper, only results for the Mt. Fidelity study site are shown. Table 1 shows the 

comparison between forecasted and in-situ weather data provided by Parks Canada AWS for the 

2013-2014 winter. Underlined values are the best values for each fit parameter. Results showed 

that GEMLAM model performed the best for the 2013-2014 winter for almost all meteorological 

parameters.  

Table 1. Mt. Fidelity forecasted weather data validation (2013-2014) 

  GEM10 GEM15 GEMLAM 

  m b R² RMSE m b R² RMSE m b R² RMSE 

T° 1,01 -0,80 0,95 1,97 1,01 -1,11 0,96 1,96 0,92 21,69 0,95 1,80 

RH 0,75 8,05 0,62 19,01 0,75 8,51 0,62 18,85 1,00 -13,68 0,74 18,22 

ISWR 0,44 78,19 0,53 158,43 0,44 76,94 0,53 157,86 0,56 96,17 0,58 150,50 

ILWR 0,61 85,12 0,69 37,52 0,62 84,68 0,70 37,73 0,77 53,18 0,73 37,14 

Wspeed 0,24 1,69 0,46 2,87 0,21 1,63 0,44 2,97 0,30 2,21 0,58 2,38 

PSUM 0,33 0,10 0,51 0,46 0,34 0,11 0,51 0,46 0,65 0,12 0,48 0,64 

 

Table 2 shows the results for the 2014-2015 winter season. Precision of the GEMLAM weather 

model decreased for the second winter. The GEM10 model presents the best results, even though 

GEMLAM is not very far behind. There has been no analysis of incoming short and long wave 

radiation parameters for the GEMLAM data as the CMC stopped producing this data during the 

year.  

Table 2. Mt.Fidelity forecasted weather data validation (2014-2015) 

  GEM10 GEM15 GEMLAM 

  m b R² RMSE m b R² RMSE m b R² RMSE 

T° 0,90 26,12 0,94 1,64 0,91 25,38 0,94 1,62 0,84 43,69 0,91 2,08 

RH 0,75 0,15 0,71 0,14 0,73 0,16 0,71 0,14 0,86 0,04 0,73 0,15 

ISWR 0,11 148,82 0,13 216,64 0,11 153,36 0,13 218,57 - - - - 

ILWR 0,61 97,18 0,77 32,55 0,61 97,00 0,77 32,48 - - - - 

Wspeed 0,17 1,84 0,31 2,76 0,15 1,77 0,30 2,83 0,18 5,26 0,13 4,01 

PSUM 0,25 0,08 0,58 0,50 0,25 0,09 0,54 0,50 0,43 0,12 0,34 0,77 

 

Figure 1 presents the difference between forecasted and observed precipitation data for both 

winters combined. Each precipitation value has been classified in an intensity class as presented in 

Bellaire et al. (2010). The three weather models show a systematic over-estimation of the 

precipitation intensity value the more the intensity class is high.  



148 
 

 

Figure 1 Difference in precipitation intensity values regrouped by intensity class for both winters at Mt. 

Fidelity study site 

SNOWPACK simulations validation 

Figure 2 presents a snow height (HS) comparison between simulated and observed data for the 

2013-2014 winter.  

 

Figure 2 Snow height comparison for the 2013-2014 winter at the Mt. Fidelity study site 

 

Observed HS has been found over the simulated HS through all winter except in the early 

winter. Box #1 shows an over-estimation of a snow precipitation event by GEMLAM. Box #2 

shows an erroneous simulation by the GEM models of an intense snow event as the observed HS 

raised abruptly compared to the simulated HS. Box #3 and #4 show an incorrect modeling by the 

SNOWPACK model as we can identify a snow accumulation in the observed data compared to a 

melting event in the simulated data. 

 

Table 3 presents the values associated with each fits for the mean relative density comparison 

between observed and simulated data for both winter combined. 
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Table 3. Mean relative density fits values for both winters at the Mt. Fidelity study site 

Mean relative density 

  m b R² RMSE 

In-situ 0,38 182,38 0,50 5,80 

GEMLAM 0,59 166,50 0,48 8,22 

GEM15 0,38 158,90 0,40 3,33 

GEM10 0,31 170,06 0,30 2,30 

 

The GEMLAM simulations showed the best results for the modelled weather data, as shown by 

the 41% margin of error and the 0,48 r-squared value. Even if the r-squared for this validation 

process isn’t very good, the low RMSE values are a good sign of the performance of the model. 

The bias found with this method could be explained by an incorrect modelling of the kinetic 

metamorphism in the lower layers, which are constantly denser than upper layer. 

 

Table 4 presents the values associated with each fits for the mean relative temperature 

comparison between observed and simulated data for both winter combined. 

Table 4. Mean relative temperature fits values for both winters at the Mt. Fidelity study site 

Mean relative temperature 

  m b R² RMSE 

In-situ 1,15 0,25 0,86 0,51 

GEMLAM 1,60 1,66 0,86 0,59 

GEM15 1,12 0,32 0,82 0,31 

GEM10 1,02 0,04 0,79 0,18 

 

The results for the mean relative temperature analysis are better than for the density analysis, as 

shown by the 0.86 r-squared values for the in-situ and GEMLAM simulations. The GEM10 

simulations show the overall best result for this exercise, with a fit with a near-perfect slope and 

the lowest RMSE.  

 

The last analysis performed for the purpose of this paper has been a general assessment of the 

structure of the simulated snowpacks and the validation of the presence of persistent weak layers 

identified on the InfoEX plateform in these. Table 5 presents three important rain or warm 

temperatures events that occurred during the 2014-2015 winter at Mt.Fidelity study plot. Data 

shown in this table has been extracted from in-situ forcing data.  

Table 5. Notable rain and warm temperature events at Mt. Fidelity study site for the 2014-2015 winter 

Start date End date 

Mean 

precipitation 

intensity 

(mm/h) 

Max 

precipitation 

(mm/h) 

Total 

precipitation 

(mm) 

Mean T°  

(°C) 

Max T°  

(°C) 

06-11-2014 01:00 07-11-2014 16:00 0,83 2,65 33,00 0,73 2,09 

10-12-2014 11:00 12-12-2014 00:00 0,37 1,49 14,10 0,24 1,51 

25-01-2015 03:00 27-01-2015 17:00 0,05 1,00 2,99 0,91 3,32 

 

First event listed is a rain event that left in the snowpack near 33mm of water. This precipitation 

led to the formation of a melt-freeze crust that has been identified as active on the InfoEX 

plateform until mid-December. The SNOWPACK simulation correctly modelled this change in the 
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snow grain type model output. A succession of clear and cold nights then led to the formation of a 

small layer of surface hoar on top of the snowpack. This weak layer has been identified active on 

InfoEX on November 21
st
 because of the snow accumulation over it. It can be seen in the 

simulation output that this weak layer is still present in the snowpack structure even with the new 

load of snow, which results in a factor of instability. The second event listed in table 5 is also a 

rain event that led to a melt-freeze crust formation, again correctly modelled by SNOWPACK. This 

melt-freeze crust and the load that it put on the snowpack destroyed the surface hoar layer 

previously identified as a weak, as correctly simulated in SNOWPACK. A layer of surface hoar 

then formed on the top of this crust and has been identified active on InfoEX from December 12
th
 

to January 1
st
. This layer has been identified inactive following a snow event that left around 40cm 

in 5 days on the ground and completely buried and destroyed the surface hoard layer. The last 

event reported in table 5 is a rise in temperature that led to another melt-freeze crust formation. 

This crust has been reported as active on InfoEX from January 31
st
 to February 13

th
 following a 

new snow load on the snowpack. SNOWPACK correctly modelled the melting in the snowpack 

and the formation of the crust. 

CONCLUSION 

The results showed in this paper highlights a good overall performance of the SNOWPACK 

model, but also showed the dependency of good quality input data, especially precipitation data. 

Meteorological data validation showed that the GEMLAM models produced the more accurate 

weather data for all sites (not shown in this paper). Forecasted meteorological data can be very 

useful to assess snowpack stability in remote areas; however, a precipitation data correction is 

necessary to exploit the full potential of this data. The general structure of the snowpack is in good 

agreement with the reality observed on the field and reported in InfoEX, but needs more precise 

validation techniques for assessing the stratigraphy. Future work in this project includes the 

implementation of a correction factor for erroneous precipitation classes for the GEMLAM model 

and the validation of the new outputs of the analysis showed in this paper. A sensibility analysis of 

each meteorological variable will also be achieved. Finally, Alpine3D simulations will be driven 

at each site with forecasted weather data as it is possible to build a network of stations as required 

by the model.  
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