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For many of the slab avalanches that cause accidents, the failure planes consist of surface hoar
(Jamieson and Johnston, 1992). In this paper we summarize our field observations and cite some
of the limited research on strength changes of buried layers of surface hoar. Measured changes in
strength and stability are related to natural and skier triggered avalanche activity in Jamieson
(1995).

Before discussing how strength of surface hoar layers change, it is useful to distinguish between
the strength of a weak layer and the stability of the overlying slab. Stability depends on the
strength of the weak layer and the stress due to the weight of the slab acting down the slope. For
skier stability, the stress due to the skier must also be considered. Instability is due to the stress
due to the slab (and perhaps a skier) approaching the strength of the weak layer (McClung and
Schaerer, p. 80). If precipitation or wind-loading causes the stress due to the weight of slab to
increase faster than the weak layer is gaining strength, then it is possible for the stability of the
slab can decrease while the weak layer is gaining strength. 

In this report, we focus on the mechanisms by
which dry weak layers of buried surface hoar
gain strength. Although we have occasionally
measured decreases in strength of surface
hoar layers during periods of cold weather
and strong temperature gradient within the
snowpack, increases in strength are more
common.

Crystal Size
The size of snow crystals is defined as the
average of the greatest extensions while
ignoring the smaller particles (Colbeck and
others, 1990; CAA, 1995). To "measure"
crystal size, field workers have traditionally
removed surface hoar crystals from the
snowpack and observed them on a 1, 2 or 3 mm
grid under low magnification (approximately
8x). While a decrease in size over a period of
weeks has sometimes been reported by field
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Fig. 1. Shear strength, grain sizes and a shear
frame stability index known as the calculated
rutschblock score for a surface hoar layer
buried 7 January 1995 in a cut block on Mt.
St. Anne in the Cariboos.



workers, we have observed little decrease in
size over periods exceeding two months
during which the strength of the layers more
than doubled (Figs. 1 and 2). The change in
strength does not appear to be associated with
a change in crystal size. A month or two after
burial, we have often observed relatively
strong surface hoar layers (> 2 kPa) which
contained relatively large crystals (> 6 mm).

However, the initial  size of surface hoar
(usually observed within a week of burial) is
more interesting. In late December 1993,
2 mm surface hoar was buried at one site in
the Monashees and 6-9 mm crystals were
buried at a site in the Cariboos. Both sites tend
to accumulate similar amounts of snow (load),
yet the layer of smaller surface hoar gained
strength faster and remained  stronger
throughout the two month monitoring period
than the site with larger crystals (Fig. 3). This
suggests that large surface hoar tends to
have lower initial strength and be slower
to stabilize that smaller crystals.

Bonds at the Base of Surface
Hoar Crystals
When a surface hoar layer is fractured
by a shear frame test, a shovel shear
test, or a compression test, some surface
hoar crystals often remain bonded to the
overlying slab but rarely to the layer
below (Schweizer and others, in
preparation). This observation combined
with microphotographs showing that
bonds at the base of crystals are usually small
compared to bonds at the top of the surface
hoar layer (Schweizer and others, in
preparation; Geldsetzer and others, 1997)
indicates that surface hoar layers typically fail
at the base of the crystals. Consequently, the
bonds at the base of surface hoar crystals (which are destroyed when crystals are removed from
the snowpack to observe them on a crystal screen) are critical to the strength of surface hoar
layers.
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Fig. 2. Shear strength, grain sizes and
calculated rutschblock scores for a surface hoar
layer buried 28 December 1995 in a cut block
on Mt. St. Anne in the Cariboos.

Fig. 3  At Sam's Plot 2 mm surface hoar
gained strength more strength than 6-9 mm
surface hoar at Mt. St. Anne even though
Sam's Plot received only 19% more load than
Mt. St. Anne.



Rounding
Low temperature gradients (roughly less than
1oC/10 cm) and warm temperatures (e.g. between
-10oC and 0oC) favour rounding and the growth of
bonds between grains. The progressive growth of  
bonds, particularly at the base of grains, will
contribute to strength gain. 

Thinning of Surface Hoar Layers
Over time, layers of surface hoar become thinner
(Davis and others, 1997). On slopes, we expect that
creep gradually leans the crystals downslope
eventually creating more contacts and bonds
between crystals. However, this effect may be quite
slow since after 5 weeks we observed little lean on a
26o slope (Geldsetzer and others, 1997). In level
areas, the crystals may be gradually flattened under
the weight of the overlying load. However, from a
side view, the crystals form the triangles of a
truss-like structure which tends to resist deformation
(Fig. 4). An alternative mechanism for layer thinning
on the flats involves the crystals gradually
penetrating the layers above and below as the grains
in these adjacent layers metamorphose and rearrange.
Penetration of surface hoar crystals into the layers above and below would build larger and
stronger bonds. We expect penetration into the layer below would greatly increase the size of the
bonds at the base of the surface hoar layer and increase the strength. If this is true, then surface
hoar on crusts should be slower to stabilize since crusts would resist penetration more than softer
layers. The thinning mechanism will be verified with microphotographs and plane sections.

Also, when surface hoar layers collapse (often associated with a whumpf sound), crystals are
fractured and more contacts between crystals are created. Bonds will tend to form at the new
contacts and the surface hoar layer will gradually gain strength.

Effect of Load on Strengthening
Increased load above a surface hoar layer should contribute to strengthening through the
mechanisms associated with thinning. As well, in a winter snowpack, deeper layers (with greater
load) tend to have warmer temperatures and reduced temperature gradients, which would also
promote strengthening. In general, greater load should contribute to strengthening.

Umbrella Effect
We have noticed for years that one form of surface hoar, known as striated wedges or sector
plates (Breyfogle, 1987) is found more frequently in the failure planes of slab avalanches than on
the surface of the snowpack. But once buried, why should one form of surface hoar release more
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Figure 4. Schematic showing penetration
of surface hoar crystals into adjacent
layers. This is one mechanism by which
surface hoar layers could thin over time.



slab avalanches that other forms such as spikes? Well, based on plane sections, Bert Davis
proposed that larger, broader surface hoar crystals (such as wedges) would form umbrellas that
prevent snow from the subsequent storm from falling between the surface hoar crystals and
forming additional bonds (Davis and others, 1997). We plan on gathering more field data to
assess this promising idea.

Proposed Subclassification
For a couple of years, we have been subclassifying surface hoar into: wedges, feathers, spikes,
cups, and composite forms including "Christmas trees". However, we expect this subclassification
to be refined based on the growth processes (Lang and others, 1985; Breyfogle, 1987; Colbeck,
1988). Once we have sufficient data using our subclassification, we will assess whether certain
forms tend to be stronger than others. However, until we know more, the umbrella effect suggests
that broader forms that create spaces may be particularly slow to stabilize.

Relevant Field Observations & Tests
So how can these ideas about strength changes of surface hoar layers be applied?

Certainly we should consider that large, and/or broad surface hoar crystals may be
particularly slow to strengthen and stabilize. 
Layers with larger spaces between the crystals will tend to be slower to strengthen than
layers with smaller spaces between the crystals, other factors being equal.
Evidence of rounding may provide a better indication of strengthening than any decrease in
crystal size over time.
Surface hoar on crusts may be slower to strengthen than surface hoar that grew on softer
snow.
Areas with greater load on the surface hoar are likely to strengthen faster than areas with
less load. 
Strength tests such as the shovel test and stability tests such as the rutschblock and
compression test provide can provide useful information regarding the changes in strength
and stability over time. However, once a shear fracture starts, for example at a localized
weakness, it can propagate within surface hoar layers, through areas where the surface
hoar was too strong to be triggered by a skier. (Jamieson, 1995, p. 185-194). In other
words, surface hoar may allow fractures to propagate through areas of apparent stability. 
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