


warming, are shown in Figure 9. The 0.1 kPa 
contour line was up to 30 cm wider in the top 
45 cm of the snowpack after the warming 
period. The 0.2 kPa line gained up to 20 cm in 
width in the top 35 cm. The width of the 0.3 
kPa contour line did not change substantially 
with increasing temperature (not shown in Fig. 
9). The intersection of the curves with the x-
axis (depth below surface) give maximum 
depths of the specific contour lines. The depth 
of the 0.2 kPa line did not change substantially, 
and the depth of the 0.1 kPa curve decreased 
by approximately 5 cm.  

 

 
Figure 9: Width of two selected stress contour 
lines (0.1 kPa and 0.2 kPa) before (solid line) and 
after the warming period (dashed line). The dash-
ed and dotted curves are  exponential fits.  
 

After the warming, ski penetration (see 
solid lines in Fig. 8a and 8b) at the middle of 
the ski (2.5 cm to 8 cm) increased more com-
pared to the tip and tail of the ski (1 cm to 6 cm 
at tail, 1 cm to 2.5 cm at tip), causing a strong-
er bending of the ski. Therefore, the skier in-
duced normal stresses spread out more evenly 
along the ski (Fig. 11 illustrates this behaviour).  
 

 
 
Figure 10: Hand hardness (Canadian Avalanche 
Association, 2007) and snow temperature (solid 
curves) before (a.) and after (b.) the warming 
period on April 11-12. The height of the snow pack 
settled from 98 cm to 92 cm. Note the softening in 
the top 10 cm.  
 

 

The increasing ski penetration was 
caused by softening of the near surface layers. 
A spring-like melt-freeze crust in the top 10 cm 
of the snowpack turned into a layer of melting 
snow grains during the warming period. 
According to Fig. 10 the hand hardness of the 
top 10 cm decreased from about 1F – P to 4F 
(Canadian Avalanche Association, 2007). No 
changes in hand hardness were observed 
below 10 cm, even though the warming layer 
reached down to approximately 40 cm. The 
hand hardness test may not be sensitive 
enough to pick up smaller changes in hard-
ness.  

 

  a.                                           b. 
 

Figure 11: Schematic showing the bending of the 
ski and magnitude of normal stresses before (a) 
and after (b) the surface layer warmed up. The 
widening stress bulb after the warming period may 
potentially fracture a weak layer with the necessary 
critical length for fracture propagation.   

 
 
6. DISCUSSION AND SUMMARY 
 

The results of this study indicate that 
depth of the 2D distribution of normal stresses 
below a skier and parallel to the skis did not 
increase after warming and softening of the 
surface layers. For a spring-like snowpack the 
stress bulb widened and the maximum depth 
did not change substantially. Deeper ski pene-
tration in the softening surface layer caused 
stronger bending of the ski, and therefore the 
skier’s weight spread out over the length of the 
ski, decreasing maximum stresses on the 
snow surface. Under these conditions, this 
may  overrule the effect of a deepening stress 
bulb caused by decreasing stiffness of the 
surface layers due to warming as proposed by 
McClung and Schweizer (1999) and Wilson 
and others (1999). However, McClung and 
Schweizer’s conclusions are still valid for a 
load that does not change its distribution along 
the snow surface with warming (e.g. explo-
sives, snowmobile). Even for a realistic skier 
load this concept still may apply, when a hard 
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surface layer  only allows for minor ski penetra-
tion.  

Our results cannot directly be com-
pared to Wilson and others’ (1999) results, 
since we measured normal stresses in flat 
terrain and they modeled shear stresses on a 
slope below a skier that was approximated by 
a constant line load. Potentially, the shear 
deformation below a realistic skier load (when 
our results are transferred on a slope) may 
increase with decreasing stiffness of the 
surface layers. According to McClung and 
Schweizer (1999) shear deformation may in-
crease with decreasing stiffness, even though 
shear stresses do not increase.  

Furthermore, a stress bulb that does 
not deepen with warming surface layers can 
not contribute to easier fracture initiation 
(Schweizer and others, 2003). To release a 
slab avalanche a fracture needs to be initiated 
and has to propagate along a weak layer 
(Schweizer and others, 2003). It is believed 
that a critical length of the initial fracture, which 
is assumed to be approximately 0.1 to 1 m 
(Schweizer, 1999), is necessary for propaga-
tion. Potentially, the widening stress bulb ex-
ceeds this critical length (Fig. 11), which is 
comparable to the order of magnitude of the 
width of the stress bulb. This hypothesis is 
speculative, since no measurements exist to 
confirm the critical crack size.   

Schweizer and others (2004) found in 
lab experiments that the fracture toughness of 
snow is temperature dependent. Therefore, a 
warming related change in fracture toughness 
may be responsible for a change in propaga-
tion propensity even though stresses do not 
change considerably.    

At this point our conclusions cannot be 
generalized for skier loading of any kind of 
snowpack. Only a limited amount of warming 
events, mostly for a spring-like snowpack  
were available and only static skier loading in 
flat terrain was considered. More measure-
ments are planned to include a wider variety of 
temperature ranges and snowpack properties. 
Measuring skier induced shear stresses on a 
slope may be problematic with the method we 
used.   
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