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ABSTRACT: Snowpack evolution models developed in Europe require meteorological and radiation 
instrumentation rarely used in North America. In contrast, SAWLEM uses a spreadsheet to model the 
evolution of persistent weak layers and the overlying dry slabs using weekly manual snow profiles in a 
study plot and daily measurements or long-term average values of snowfall. The shear strength of a 
persistent weak layer, dependent on the grain type, is estimated based on parameters such as slab load, 
grain size, thickness of the weak layer, thickness of the slab, snowpack height and temperature just 
below the weak layer from a detailed manual profile in a study plot. The calculated shear strength is 
adjusted daily based on the most recently measured snow profile parameters and recent snowfall rates or 
average long-term snowfall values in the area according to previously published empirical models. Slab 
load, ski penetration and skier stress at the base of the slab and subsequently skier stability indices 
based on the ratio of shear strength to shear stress such as Sk38 are calculated. For daily calculations of 
Sk38 the slab settles according to the long-term average and the 24 hour snowfall is added to the slab 
thickness in order to calculate the slab load on days without snowprofile observations. We summarize 
comparisons of the estimated and measured shear strength as well as correlations of Sk38 with skier-
triggered avalanche activity in the Columbia Mountains. 
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1. INTRODUCTION 
 

Snowpack evolution models developed in 
Europe require meteorological and radiation 
instrumentation rarely used in North America. The 
slab and weak layer evolution model SAWLEM 
has been developed over several years and is 
based on consistent study plot measurements 
including the shear strength of persistent weak 
snowpack layers over 10 years. In the Columbia 
Mountains, weak layers of surface hoar and of 
faceted crystals are common and classified as 
persistent. SAWLEM uses different equations to 
estimate the shear strength – one is for surface 
hoar layers and one for layers of faceted crystals.  
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In western Canada, it is not common that 
avalanche safety operations perform shear frame 
tests as a part of their regular snowpack 
observations, likely because the test is time 
consuming. Therefore the shear strength and a 
subsequently calculated skier stability index such 
as Sk38, which is one of the most significant 
variables correlating with avalanche activity 
(Zeidler, 2004, p. 154), are not used. SAWLEM 
estimates the shear strength from easy-to-
measure snowpack properties and further the daily 
change in shear strength for about a week. The 
correlation of measured (with a shear frame) and 
calculated (using snowpack observations) shear 
strength is encouraging. Consequently SAWLEM 
can be used in forecasting operations that observe 
weekly snow profiles in a representative study plot 
but do not conduct shear frame tests.  

Further the daily calculation of stability 
indices, such as the skier stability index Sk38, is 
possible based on the results of SAWLEM. Sk38 
has shown to correlate with skier-triggered 
avalanche activity in two different forecast areas in 
the Columbia Mountains (Zeidler, p. 154, 178). 

This paper is a summary of the work done 
over the past several years and introduces the 
most recent model (SAWLEM) to calculate the 
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shear strength of surface hoar and faceted layers 
on a daily basis. A more detailed version, including 
the development of the equations can be reviewed 
in Zeidler and Jamieson (2006a, b) and Zeidler 
(2004). Compared to versions published prior to 
2004, there are two main improvements: 1. the 
shear strength is adjusted for the normal load 
(overburden pressure normal to the slope) 
because it became apparent that the snow, which 
was removed during shear frame testing, had an 
effect on the shear strength; 2. the shear strength 
change since the last manual snow profile is now 
calculated from the change in vertical load above 
a weak layer. However not all forecasting 
operations have 24 hr precipitation values 
available and therefore the model was also tested 
using average loading rates from the Columbia 
Mountains in addition to daily precipitation values. 
The latter one is the preferred though, because 
current weather patterns are better reflected.  
 
2. PREVIOUS WORK 
 
2.1 Shear Strength 
 

In the previous analysis we used the same 
Interval Model for forecasting the shear strength of 
surface hoar layers and layers of faceted crystals 
as introduced by Chalmers in 2001. The model 
requires that two formulas be developed, one to 
estimate the shear strength on a day with manual 
snowpack observations and one to determine the 
rate of change of shear strength between 
snowpack observations.  

 
Σj* = Σi* + Δtij  (ΔΣ/Δt)ij*       (1) 

 
where Σi* and (ΔΣ/Δt)ij* are functions of snowpack 
observations on day i; Σi* is the estimated shear 
strength on day i (kPa), Δtij = tj – ti is the number of 
days between day i and day j, (ΔΣ/Δt)ij* is the 
estimated rate of change in shear strength   (kPa 
d-1) between day i and day j, and Σj* is the forecast 
shear strength on day j (kPa).  

Simple, multiple and logarithmic 
regression analyses were performed in order to 
find the best models (Zeidler, 2004, p. 73-145). 
The possible predictor variables to determine the 
shear strength on a day with snowpack 
observations and the rate of change between 
snowpack observations included e.g. the height of 
the snowpack, the load and the thickness of the 
slab above the weak layers, the temperature of the 
weak layer as well as 5 cm above and below, the 
maximum and minimum grain size of the weak 

layer and the slab density. In Sections 2.2 and 2.3, 
the shear strength evolution models for layers of 
faceted crystals and layers of surface hoar crystals 
are introduced. 

 
2.2 Layers of faceted crystals 
 

For the formulation of SAWLEM for layers 
of faceted crystals a dataset of 19 time series with 
a total of 102 shear strength measurements and 
83 shear strength changes were available from the 
Rocky and the Columbia Mountains. Because of 
the limited dataset and because the shear strength 
behavior did not differ significantly in the two snow 
climates we used the entire dataset because of 
the advantages of a bigger dataset (Zeidler, 2004, 
p. 83).  

In the analysis of layers of faceted crystals 
a power law relationship of shear strength and 
load yielded the best performance with an r2 value 
of 0.83. The rate of change of shear strength is 
based on long-term average loading rates for the 
Columbia Mountains and daily loading rates as 
measured either automatically or manually at 
weather stations. The rate of change of shear 
strength did not significantly correlate with most of 
the other predictor variables and load is the most 
important predictor for shear strength (e.g. 
Johnson, 2000). Consequently, using average 
loading rates, Eq. (1) can be adapted for layers of 
faceted crystals in the Columbia Mountains as: 

 
Σj* = 1.53 Loadi

0.64  + 0.062 Δtij  (2) 
   

Using daily loading rates (Pcpij), Eq. (1) may be 
expressed as: 
 

Σj* = 1.53 Loadi
0.64  + Pcpij     (3) 

 
SAWLEM predicted the shear strength of 

layers of faceted crystals with an accuracy of 77% 
and 79% depending on whether the shear strength 
change in between snowprofile observations is 
based on daily or average loading rates 
respectively. But even though the prediction was 
better using average loading rates, analyses of the 
test series suggested that daily loading rates 
reflect better specific precipitation patterns 
(Zeidler, 2004, p. 105-107). In addition, average 
loading rates tended to overestimate the shear 
strength in the test series. An overestimation 
implies a prediction of more stable conditions than 
observed, which might lead to costly decisions in 
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avalanche terrain. Consequently daily loading 
rates are preferred where available.  
 
2.3 Layers of surface hoar crystals 
 

The dataset for the surface hoar analysis 
consisted of 102 time series with 581 shear 
strength measurements and 533 shear strength 
changes from an intermountain and a continental 
snow climate where the surface hoar was not 
deeper buried than 100 cm. Again as for the layers 
of faceted crystals one dataset for both snow 
climates was used, because descriptive statistic 
did not show a significant difference in the shear 
strength (Zeidler, 2004, p. 113). 

In the analysis of layers of surface hoar 
crystals a multiple regression for estimation shear 
strength was selected because it yielded the best 
performance (p. 137-140). Even though the fit of 
shear strength was similar for the simple 
logarithmic and multiple regression, the multiple 
regression is preferred because it involves Load 
and other predictors physically related to shear 
strength. The r2 for the multiple regression yielded 
a value of 0.83. The rate of change of shear 
strength is based on long-term average loading 
rates for the Columbia Mountains and daily 
loading rates, because neither a simple nor a 

multiple regression could be found that was 
significant and did not violate the assumptions for 
the regression analysis. Consequently the 
evolution of shear strength for layers of surface 
hoar crystals (Eq. 1) can be written as: 

 
Σj* = (0.642 – 0.265 Thick + 0.044 T-5 + 0.001 HS 

– 0.009 H + 1.573 Load) + 0.062 Δtij            (4) 
for average loading rates and as 
 

Σj* = (0.642 – 0.265 Thick + 0.044 T-5 + 0.001 HS 
– 0.009 H + 1.573 Load) + Pcpij               (5) 

 for daily loading rates. 
 

For two test series, SAWLEM predicted 
the shear strength of layers of surface hoar 
crystals with an accuracy of 71% and 63% 
depending on whether the shear strength change 
in between snow profile observations is based on 
average or daily loading rates respectively. Again 
the test series showed that daily loading rates 
have greater value because specific weather 
patterns were better reflected in the calculations 
and the use of the daily loading rate will account 
better for periods with below or above average 
snowfall. 

 
 

 
Figure 1: Required snowpack observations and weather data 
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2.4 Summary of required snowpack observations 
for SAWLEM 
 

Figure 1 shows the required snowpack 
observations to calculate SAWLEM. Even though 
the decrease in accuracy of (ΔΣ/Δt)ij* with time has 
not been analyzed, we found weekly observations 

satisfactory to calculate the shear strength based 
on manual observations. Thus, the forecasting 
model is reset once per week. More frequent 
snowpack observations are expected to lead to 
smaller errors of estimation.  
Figure 2 is an example of a spreadsheet used to 
calculate SAWLEM on a daily basis.

 

 
 
Figure 2: Example of SAWLEM spreadsheet used to calculate daily values of the shear strength of a 
weak surface hoar layer and the corresponding stability index Sk38 over a one week period. 
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3. STABILITY INDICES 
 
 The development of the slab and weak 
layer evolution model is based on measurements 
in a uniform study plot over several years and 
reflects the shear strength changes over time. The 
study plots were chosen to be uniform and in a 
sheltered area found over time to develop 
persistent weak layers at least as many as on 
nearby starting zones and hence to reflect a worst 
case scenario. Consequently the model does not 
apply to wind affected areas and does not account 
for spatial variability. However the calculation of 
stability indices based on the calculated shear 
strength values, can help the forecaster, along 
with other signs of instability, to assess the 
likelihood of avalanching.  

Slab load, ski penetration and skier stress 
at the base of the slab and subsequently skier 
stability indices based on the ratio of shear 
strength to shear stress such as Sk38 can be 
calculated using the estimated shear strength Σj*. 
For daily calculations of Sk38 the slab settles 
according to the long-term average and the 24 
hour snowfall is added to the slab thickness in 
order to calculate the slab load on days without 
snow profile observations (Zeidler, 2004, p. 149). 
Jamieson (1995, p. 147) and later Zeidler (2004, 
p. 154, 178) showed that the skier stability index 
Sk38 correlated with skier triggered avalanche 
activity. Jamieson (1995, p. 148-158) found that 
an Sk38 value of less than 1.5 indicates instability 
on persistent weak layers; however, more 
avalanches released at values of Sk38 less than 
1. Zeidler (2004, p. 154, 178) correlated a Daily 
Skier Instability Index (DSI) with Sk38 and found a 
negative correlation (Spearman R of –0.32, p < 
0.01). This result was expected since lower values 
of Sk38 indicate lower stability and increased 
probability of skier triggering (Jamieson, 1995: 
148-158, 215-221; Jamieson and Johnston, 1998). 
DSI was introduced as response variable to allow 
the inclusion of days on which skier-triggered 
avalanches were likely but due to limited skiing or 
terrain choices no avalanches were skier-
triggered. The index is based on actual avalanche 
activity and the end-of-the-day stability ratings.  
 
4. CONCLUSIONS 

 
In order to use SAWLEM it is necessary to 

have weekly snowpack observations from a 
regular study plot available. In the Columbia 
Mountains of Canada it is not unusual to have 
more than one persistent weak layer of concern 
within the snowpack. Before the measurements 

are taken the weak layers should be identified. 
The weekly observations should include load and 
the thickness of the slab above the weak layer, the 
temperature 5 cm below the weak layer, the 
thickness of the weak layer and the snowpack 
height. Using these observations it is possible to 
estimate the shear strength of a weak layer 
(different equations for layers of surface hoar and 
layers of faceted crystals) on days with snowpack 
observations. The evolution over time is based on 
the daily loading rates (or average loading rates) 
and consequently the weak layer gains strength 
according to the added load. Load has shown to 
be the most influential predictor for shear strength. 

On days after manual snowpack 
observations, the 24 hr precipitation is used to 
calculate the shear strength for both layers of 
faceted crystals and layers of surface hoar. 
Alternatively it is possible to use the average 
loading rate based on data over several years. 
However it is recommended to use daily 
precipitation values to determine the load, 
because specific weather patterns are better 
reflected and because above and below average 
snowfall years are more precisely modeled.  

SAWLEM can be readily implemented 
with a spreadsheet. 

In limited trials, the stability index 
calculated by SAWLEM correlated with regional 
skier-triggered avalanches in the Columbia 
Mountains of western Canada. 

The limitations of the current version of 
SAWLEM include: 

• The weak layers must consist of dry 
surface hoar or faceted crystals. The 
shear strength and hence skier stability of 
layers of unusually small or large crystals 
or otherwise atypical weak layers in the 
Columbia Mountains are probably not well 
modeled. 

• The slabs must be dry and typical of slabs 
in the Columbia Mountains. 

• The study plot must be uniform and 
sheltered and must develop weak layers 
typical of some nearby start zones. 

• Although the shear strength estimates 
compared well with two independent time 
series (for both layers of surface hoar 
crystals and layers of faceted crystals), 
this is only a limited assessment of the 
accuracy. 

• At best, SAWLEM’s shear strength or 
stability estimates may augment forecasts 
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based on other variables compiled with 
experience. These estimates should not 
replace any existing method for 
forecasting skier-triggered dry slab 
avalanches. 

• Although SAWLEM can estimate stability 
indices for natural avalanches, this has not 
been verified. 
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