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Introduction 

Lately, there has been considerable interest in creating high resolution maps of current or short term 
avalanche hazard, danger or risk for backcountry recreationists. Maps of individual bowls, or even slopes, 
showing areas of high, moderate and low hazard with different colours or shading have been proposed. 
Some of the advantages or the appeal of this type of small-scale mapping include:  

1. There is great interest in knowing where the more or less stable areas are. 

2. Colour coded maps or images are very effective communication tools. 

3. Technology, like geographic information systems (GIS) and the Web, are creating important 
communication opportunities.  

With the recent advances in GIS and terrain data, a reasonable approach to create such maps is with the 
help of digital elevation models (DEMs).  At their current resolution, slope angle, elevation and aspect 
data can be reasonably estimated for cells of 20 m by 20 m, but the accuracy of slope angle estimates is of 
concern. These high resolution terrain attributes could then be combined with snow stability information 
from a central location to model the hazard, danger or risk for each 20 m pixel in the neighboring terrain. 
Current or near future estimates of snow stability can be used to produce maps for different time steps into 
the future. 

The big question that comes to mind is whether this mapping can be done to a degree of accuracy that is 
useful for practitioners and recreationists. There have been opinions that this can’t be done effectively at 
this point in time. In this article we try to answer the question “if not, why not?” Discussions of this 
question at the Avalanche Visualization Workshop during the CAA Annual General Meeting in May, 
2004, focused on spatial scale issues as the principal underlying topic. In order to provide a complete 
answer we first need to introduce some terminology and fundamental concepts. 

Spatial scale refers to the characteristic length of a process (e.g. snowpack property), measurement or 
model (Blöschl and Sivapalan, 1995; Hägeli and McClung , 2001). While the length scale of a process or 
phenomenon depends on the natural characteristics of the underlying processes, the scale characteristics of 
measurements and models are a function of their design.  For example, synoptic weather systems have 
typical length scales on the order of 100 to 1000 km. Weather observation stations and computer models 
have been designed at scales that allow an approximation of the characteristics of this natural system, and 
weather is generally forecasted with reasonable accuracy. Our goal is very similar: We would like to take 
snow stability, measure it adequately and model it across the neighbouring terrain in the form of maps. 
Unfortunately, it is often not possible to measure and model a phenomenon at its natural scales and it 
becomes necessary to transfer information across scales.  This process is generally referred to as scaling, 
and scale issues are the difficulties that arise when dealing with scale and scaling (Blöschl and Sivapalan, 
1995; Hägeli and McClung , 2001; Hägeli and McClung , in press). The two main scale issues with 
respect to small-scale mapping of snow stability are (a) matching the observational and model scale with 
the natural scale of snow stability; and (b) transferring information across scales when it is not possible to 
match observation and model scales to the true process scale. 
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One thing to consider when evaluating the usefulness of these maps is the signal-to-noise ratio (S/N), 
often used in image analysis. The S/N is the ratio of signal strength to noise strength (or the unexplained 
signal variability). High S/N ratios are ideal, but with increasing noise the ratio decreases and becomes 
one when the noise is as strong as the signal. Campbell (2004), for example, was unable to explain the 
variability in snow stability observed on many slopes using arrays of rutschblock tests. In other words, the 
S/N was low. This was probably due to an inadequate number of tests (weak signal) to distinguish 
between the multiple underlying processes (strong noise) that act on stability. The acceptable S/N 
probably depends on many factors but after discussions with John Poole, Jeff Thurston and Ilya Storm it 
became apparent that the acceptable S/N depends on the application and user. Any considerable amount of 
noise on a map intended to guide the public in safe route selection is unacceptable since it might be easily 
be misinterpreted with potentially high consequences. 

Scale issues are strongly debated in many geosciences. In many disciplines the focus is on averaged and 
integrated variables, such as the stored snow water equivalent in an entire watershed in snow hydrology. 
The averaging process takes care of many scale issues and improves the signal-to-noise ratio. In snow 
stability, however, we are interested in variabilities on very small scales (Schweizer et al., 2003).  This 
requires detailed point-to-point extrapolation and interpretation of individual observations, which does not 
improve the initial S/N of the data. While avalanche professionals have developed successful strategies to 
deal with this complexity, it is highly challenging to address this issue in models.   

Process scales 

Table 1 list some commonly used spatial process scale descriptions. Snowpack properties, including 
stability, can vary significantly at the slope-scale (Campbell, 2004; Kronholm, 2004; Stewart, 2002) and 
even at the study plot-scale (Landry et al., 2004). Varying slab thickness and slope angle have been shown 
to be possible sources of variability in rutschblock scores across some avalanche start zones (Campbell, 
2004; Campbell and Jamieson, 2004). However, using slab thickness and slope angle alone to predict 
stability is impractical because point stability across most start zones did not show correlations with slab 
thickness or slope angle. In most cases it was difficult to understand the processes that cause stability 
variations (Campbell, 2004; Campbell and Jamieson, 2004).  
 

Table 1 – Commonly used scale names and their characteristic lengths (after Kronholm, 2004; Hägeli, 2004). 

Name Description Characteristic 
Length 

Grain-scale The size of individual snow grains or crystals. 0.1 mm – 1 cm 
Layer-scale Typical snow layer thickness. 1 cm – 10 cm 

Snowpack-scale Typical snowpack thickness. 10 cm – 5 m 
Study plot-scale The size of a typical study plot. 5 m – 30 m 

Slope-scale The size of typical avalanche slopes. 5 m – 100 m 
Basin-scale The size of typical mountain basins or bowls. 100 m – 1 km 

Regional-scale One or a few mountains. 1 km – 10 km 
Mountain range-scale Several mountains. 10 km – 100+ km 

 

Consider the rutschblock test array shown in Figure 1. Due to the condition of the surface hoar weak layer, 
it was hypothesized that the stability pattern observed in this array was a result of the destruction of the 
surface hoar by wind when it was on the snow surface (B. McMahon, 2004, pers. comm.). Terrain 
undulations caused some areas of the slope to be sheltered from the wind while other areas were exposed. 
This resulted in areas of low rutschblock scores where there were depressions in the snow surface and 
areas of high rutschblock scores where the snow surface was relatively high. While this explanation and 
understanding is reasonable for a single event in hindsight, the data requirements for modeling or mapping 
the observed stability distribution in real time would be enormous and operationally unfeasible. 
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Figure 1 – Rutschblock test array performed on the headwall above the Abbott weather plot on 2003-02-27/28. All 
the tests failed on the 030215 surface hoar layer at an average depth of 52 cm. Areas of poor stability are circled. 
Average slope angle is 33˚. 
 

Measurement scale 

So what are the scale characteristics of an observation that adequately captures a specific phenomenon? 
Blöschl (1999) and Hägeli and McClung (2001) identify three scale attributes of measurements (Figure 2) 
dubbed the scale triplet. Support is the area or volume integrated into a single measurement, spacing is the 
distance between measurements and extent is the distance spanned by a set of measurements. In the 
rutschblock array example presented above, the support would be the area of an individual rutschblock, 
the spacing is the distance between individual tests and the extent is the size of entire test site (Figure 1).  
In order to measure the distribution of snowpack properties accurately, extent, support and spacing have to 
be chosen according to the natural scale characteristics of the phenomenon (Hägeli and McClung, 2001). 
For example, if the extent is smaller than the characteristic length of the process then the distributions 
appear as trends in the data (i.e. only part of the process is captured). If the extent is much larger than the 
characteristic length, but the support and spacing are insufficient, then the distributions appear as noise. 
Figure 2 gives an example of (a) an adequate measurement scale and (b) an inappropriate scale choice. 

 
Figure 2 – Scale triplet (support, spacing and extent) for a set of measurements (after Blöschl, 1999; Hägeli and 
McClung, 2001). The measurement scale is adequate for the process (black line) shown in (a) but not for the process 
shown in (b). 
 

Why not? 

Most people would agree that to map hazard, danger or risk, stability is an important element, and 
accident statistics are telling us to focus on human triggering, so an index of skier stability is interesting. 
Well, there are at least two indices of skier stability: Sk (Jamieson and Johnston, 1998) and the threshold 
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sum (TS) approach (Schweizer et al., 2004). Sk is similar to the standard stability index based on shear 
frame results (i.e. ratio of strength to stress), but the additional stress from a skier is included. The TS 
approach identifies structural weaknesses in the snowpack by summing up the number of predefined 
snowpack variables (from a manual snow profile) that are in their critical ranges. When experienced 
people select the site and make the manual snowpack measurements, both indices correlate with the 
frequency of skier triggering on the same slope, but such measurements are impractical for small scale 
mapping. 

Let’s start with Sk. One could code Sk < 1 as low stability, 1 ≤ Sk ≤ 1.5 as moderate stability and Sk > 1.5 
as high stability (Jamieson and Johnston, 1995), or something like that. Further, Sk depends on slope 
angle, weak layer shear strength, slab thickness and ski penetration, which depends on slab properties, so 
we have a physically based equation for the effect of some key variables on skier stability (Jamieson and 
Johnston, 1998). A couple of interaction diagrams would show that slab thickness and weak layer strength 
have stronger effects on Sk than slope angle within the relevant range. While DEMs can give us slope 
angle over 20 m, the other parameters are generally measured at weather stations or study plot 
observations that are usually 10s of km apart (mountain range-scale). Based on the discussion above, this 
measurement scale is clearly inadequate for measuring snow stability with the goal of mapping it at a 
small scale. In addition, slope angles derived from DEMs contain significant errors due to the accuracy of 
the original terrain data and the calculation method. Without including accurate additional small-scale 
information with a comprehensive understanding of its effect on snow stability is it not feasible to create 
small-scale stability maps. 

Okay, let’s try Schweizer et al.’s (2004) TS approach. High values of around 5 could be coded as low 
stability, medium values of around 3 or 4 as moderate stability and lower values as high stability. That is 
the easy part, and the part that generates false hope. The TS approach requires six variables including slab 
thickness, difference in grain size between the weak layer and adjacent layer, difference in hardness 
between the weak layer and adjacent layers, and hardness of the weak layer, which we cannot estimate on 
the scale of 20 m from available data (weather data or snow profiles 10s of km apart). Again we have a 
serious scale issue between the data that is operationally available and our goal of small-scale maps. 

How about stability as generated by snowpack evolution models such the French Safran-Crocus-MÉPRA 
(SCM) (Durand et al., 1999) or the Swiss SNOWPACK model (Lehning et al., 1999)? SCM was designed 
to predict snow stability (natural and skier triggered) at the mountain range scale (massifs of approx. 500 
km2) based on assimilated weather and snowpack observations at that scale.  Calculations include the 
effects of slab and weak layer properties, as well as slope angle on “skier” stability. In this case, there is 
no discrepancy between the measurement and model scale.  The results are of course quite general, but 
they have shown some correlation with avalanche activity at the mountain range-scale. However, models 
are usually designed to be used for a specific scale and to use them at a scale different from the intended 
one would be incorrect. SNOWPACK uses a different approach: based on high quality meteorological 
measurements, SNOWPACK models the snowpack evolution at a particular location. While the local 
calculations might be quite accurate, the big issue here is how to extrapolate the model results to the 
surrounding terrain (Fierz and Lehning, 2004).  

So, why can’t we just model the weather data at the slope-scale? If we have weather stations giving us 
winds and DEMs giving us slope-scale terrain attributes, can’t we estimate wind drift patterns and hence 
slab thickness distribution for a slope?  There have been some interesting and successful research studies 
(e.g. Gauer, 1998; Doorschot et al., 2001; Durand et al., 2002) but we’re not quite there yet operationally 
because high accuracy is a big concern for practical applications (Schweizer et al., 2003). To use 
measured or modeled weather data as inputs for stability models with current methods requires many 
closely spaced wind sensors  (expensive) and intensive modeling. Otherwise, the results would not be 
useful at the scale relevant for avalanche formation (Schweizer et al., 2003). 
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Small-scale mapping of noisy variables becomes more reasonable if one averages over longer time 
periods. The BC PRISM map of precipitation over terrain is a good example. However, winter mountain 
recreationists have little interest in long term averages of stability. If one produced such a map, some 
would interpret it as tomorrow's stability forecast, no matter what the title and disclaimer said.  

Given the arguments presented in this article, it is apparent that the gap between the data required for 
small-scale mapping of snow stability and what is currently available and operationally feasible in the near 
future is substantial. Even with arrays of stability tests we often cannot explain, let alone predict, the 
stability patterns we find.  If we are going to reliably extrapolate at this scale, we have to at least be able to 
explain these patterns. While avalanche professionals have developed skills to deal with the complexity of 
scale issues, we are far from formalizing this process and producing a reasonably accurate small-scale 
representation of stability over terrain. 
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