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Abstract 

Faceted crystals are observed to grow above crusts within the snow cover. These crusts 
can result from the release of latent heat from a freezing-layer of wet snow. Thus the 
formation of an icy layer could trigger the onset of the growth of a layer of faceted crystals 
above the icy layer. Once started, the growth of faceted crystals might then be enhanced due 
to the low thermal conductivity of the faceted layer in relation to the icy layer. The presence of 
a faceted layer can lead to the release of an avalanche through either failure within the 
faceted layer or between the faceted layer and the crust. 

1. Introduction 
The growth of layers of faceted crystals in dry snow covers has long been recognized for 

their role in the development of weak layers that can release slab avalanches. Yosida was 
among the first to recognize the basic mechanism of grain growth in dry snow (Yosida et al., 
1955). He called it the “hand-to-hand delivery of water vapor” because water vapor migrates 
from grain-to-grain in a series of vapor exchanges among neighboring grains in snow. These 
vapor exchanges are driven by the temperature gradient as water vapor migrates from the 
warm part of the snow cover, usually the bottom, to the colder part of the snow cover, usually 
near the surface.  In the actual mechanism for this migration, a warmer grain gives up water 
vapor to a colder, neighboring grain(s). This process was described by both Colbeck (1983) 
and Gubler (1985) who attempted to quantify the basic idea of Yosida. They provided a 
theoretical framework that explained the laboratory observations of metamorphism done by 
previous workers like de Quervain (1958).  

The growth of faceted crystals below icy crusts in snow has long been observed 
(Seligman, 1936, p. 70; Fierz, 1998) and growth in these locations is easily explained by a 
small addition to the theory mentioned above. Colbeck (1991) suggested that the effect of an 
icy layer of low permeability would be to block, or mostly block, the upward migration of water 
vapor and thus increase the vapor pressure below the icy layer. Thus an increased amount of 
water vapor would deposit below the crust, which would increase the rate of growth of ice 
grains below the layer. This increased growth rate would greatly increase the possibility of the 
growth of faceted, rather than rounded, crystals (Colbeck, 1987). 

However, faceted crystals have also been observed above crusts. Six of thirty slab 
avalanches reported by Stethem and Perla (1980) for the Whistler area of British Columbia, 
Canada and 9% of 181 skier-triggered slab avalanches in the Switzerland and western 
Canada (Schweizer and Jamieson, in press) involved a weak layer of faceted crystals 
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overlying a crust. Also, Jamieson and Johnston (1997) and Jamieson et al. (2001) summarize 
a time series of field observations of a layer of faceted crystals over a crust that released fatal 
avalanches in three different mountain ranges in Western Canada. Referring to dry snow over 
a crust, Seligman (1936, p. 308) notes “This is without a doubt the most fruitful source of 
winter avalanche accidents.” More recently, McClung and Schaerer (1993, p. 59) state, “weak 
bonding of snow above crusts is the most important feature of crusts with respect to 
avalanche formation.” 

Not only does the growth of faceted layers above crusts require explanation, but it seems 
that the vapor pressure above crusts could be reduced and that the growth of faceted crystals 
above crusts would therefore be very unlikely. In fact, laboratory observations above crusts, 
or artificial crusts such as a horizontal layer of plastic placed in snow, show that voids can 
form above crusts due to the reduced vapor pressure in that area. At this time it is not clear if 
the vapor pressure above icy crusts would also be reduced. 

Adams and Brown (1983) addressed this issue with a thermal model of layers. They 
suggested that the presence of an icy layer would increase the temperature and the 
magnitude of the temperature gradient above the icy layer, both conditions that could lead to 
enhance grain growth and possibly the formation of a layer of faceted crystals. This happens 
because the icy layer is more thermally conductive than adjacent snow layers and thus the 
temperature gradient in the icy layer would be lower than in the surrounding snow.  This 
results in a stepped profile of temperature through the snowpack that could result in favorable 
conditions for enhanced grain growth above icy layers. However, there is also the 
requirement of evaporation above the icy layer and this would greatly reduce, perhaps even 
eliminate, the temperature gradient just above the layer. 

2. Faceted Layer Formation 
Here we take another approach to explaining the growth of facet crystals above crusts. 

We concentrate on describing heat flow and then use Yosida’s idea of grain-to-grain vapor 
flow to calculate grain growth rates. 

 
2.1 The Temperature Profile  

In this approach to describing the growth of faceted crystals above icy layers, the faceted 
and icy layers form simultaneously. It is assumed that faceted layers form when cold, dry 
snow falls on top of a layer of wet snow (Armstrong, 1985; Fukuzawa and Akitaya, 1993; 
Birkeland, 1998; Jamieson et al., 2001), when radiation warms the snow a few centimeters 
below the surface to the melting point (LaChapelle, 1970; Armstrong, 1977, 1980), or when 
melt/rain water penetrates unevenly into dry snow and forms a wet layer within dry snow. In 
any case, the buried layer of wet snow would release a substantial amount of latent heat that 
would be conducted upward through the dry snow. As the wet layer freezes and cools, the dry 
snow could be warmed for some time depending on the exact conditions of the wet and dry 
layers. Heat could also be conducted downward into the snow but, in the scenario described 
here, the large temperature gradients needed to drive facet-crystal growth would only occur 
above the crust because only the surface is subject to rapid cooling. 

We assume that the dry layer has an initial temperature TH and that the lower boundary of 
the dry layer, where it contacts the wet layer, shifts instantly to T0, probably the melting 
temperature. Then the solution for temperature varying over space and time can be 
constructed using a procedure given in Carslaw and Jaeger (1959, p. 103) and is 
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where κ is the thermal diffusivity of dry snow, H is the height of the layer of dry snow, and z is 
the vertical coordinate which starts at the wet-dry interface. The temperature profile changes 
with time as the wet layer freezes, as shown in dimensionless form in Figure 1, where scaled 
height above the wet-dry interface 
is z/H, scaled time is κπ2t/H2, and 
scaled temperature is T/(T0 – TH). 
Scaled temperature gradient, T’ 
obtained as the derivative of 
Equation (1), is shown in Figure 2 
where temperature gradient is 
scaled as T’H/(T0 – TH). The 
scaled heat flux at the wet-dry 
interface is shown in Figure 3 
where heat flux, q equal to –kT’, 
is scaled as qH/k(T0 - TH), where 
k is the thermal conductivity of the 
dry snow. 
 

As shown in Figure 1, in this 
scenario the top of the snow 
surface stays at a fixed 
temperature, TH, after the wet-dry 
interface shifts instantly to a new 
temperature, T0. As shown in 
Figure 2, there are very high 
temperature gradients at the wet-
dry interface at first, but these 
temperature gradients decay away 
to a constant value over time. The 
result of this temperature profile is 
that the heat flux into the dry snow 
decays with time to a constant 
value as shown in Figure 3. These 
results strongly suggest the 
possibility that faceted crystals 
would grow just above the wet-dry 
layer as the wet layer freezes to 
form an icy layer. However, we 
have to calculate how much growth 
will occur in the time available since 
T0’ decreases rapidly. 

 

 

 

Fig. 1. Temperature versus height above a freezing 
layer is shown for various times in dimensionless form.
 
Fig. 2. Temperature gradient versus height above a
freezing layer is shown for various times in 
dimensionless form. 
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2.2 Available Heat  
As the wet layer freezes, it releases 

heat into the dry layer above it. To 
approximate the thickness and 
wetness required of the wet layer, the 
quantity of heat released due to 
freezing is taken to equal the heat flow 
needed to establish a constant 
temperature profile at large values of 
scaled time shown in Figure 1. 
Therefore, 

( )L h q q dtsθ0 00
= −

∞
∫  (2) 

where L is the latent heat of fusion, θ0 
is the liquid water content of the wet 
layer of thickness h, q0 is the heat flow 
at the wet-dry interface, and qs is the 
heat flow once steady conditions have 
been established. Using Equation (1) to derive q0 and solving the integral in Equation (2), the 
thickness of the dry layer is given by 

Fig. 3. Heat flow versus time is shown at the wet-dry 
interface in dimensionless form. 
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where ρs is the density of the dry snow and cp is its heat capacity. The quantity (hθ0) is the 
equivalent thickness of the liquid water in the wet layer. This shows the great power of this 
mechanism for generating heat flow into the dry layer. Taking (hθ0) as only 0.1 cm, Ts’ as 
0.1K/cm, and ρs as 0.3g/cc, 40 cm of dry snow can be warmed to a steady temperature profile 
from only 0.1 cm of water held in a crust. 

2.3 Growth Rate  
At first the temperature increases in the dry snow just above the wet-dry interface where 

the temperature gradients are large. This should lead to increased growth rates in the bottom 
of the dry layer which we will quantify and compare to the growth rates that would arise from 
the steady temperature gradient at large times. The ratio of these growth rates will show the 
effect of the heat released by the wet layer. To do this, we combine the results shown in 
Figures 1 and 2 with the grain growth model of Colbeck (1983), where the product of three 
factors gives the growth rate of grains in snow. The first factor depends on the size, shape 
and spacing of the grains; the second is the gradient of vapor density with temperature; and 
the third is the temperature gradient.  Taking the first factor as a constant for all time, the ratio 
of growth rates for the period of varying temperatures to the steady state is 
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where v indicates varying conditions, s indicates steady conditions, and ρ is the saturation 
density of water vapor which is related to temperature by 
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where R is the gas constant for water vapor and p0 and T0 are the vapor pressure and 
temperature at the melting point. 

The ratio of grow rates is shown in Figure 4 for Tc’ equal to –0.1 K/cm in 40 cm of 0.3 g/cc 
snow of thermal diffusivity 0.004 cm2/s. The accelerated growth is limited to a layer just above 
the wet-dry interface and the effect is large, producing a high ratio of growth rates, but for only 
a short period of time. After only 105 seconds, or about 28 h, the effect of the wet layer has 
passed in this example. This effect is somewhat greater in thicker snow layers or layers of 
0.2g/cc density snow where the accelerated growth just above the wet-dry interface occurs 
over a longer period of time. 

3. Discussion and 
Conclusions 

Arons et al. (1998) showed 
that the increase in grain growth 
due to a rocky outcrop is small, 
generally just over a factor of 
two, but can occur over a long 
period of time. Even this small 
increase leads to the 
accelerated growth of depth 
hoar as seen in field 
observations. The increase in 
growth rates calculated here for 
the decay of the wet layers is 
much larger than a factor of two, 
but occurs over a fairly short 
period of time, generally on the 
order of one day. It is possible that 
this is sufficient to initiate the 
growth of faceted crystals at high 
growth rates, which could be self-perpetuating due to two possible mechanisms. First, once 
the icy layer is established, faceted crystals could grow above it if the temperature and 
temperature gradient are increased as suggested by Adams and Brown (1983). Second, 
there could be a feedback mechanism in the growth of faceted crystals. This might arise due 
to the loss of the interconnections during the rapid growth of faceted crystals. The loss of 
inter-crystalline connections should lead to a reduced thermal conductivity which accounts for 
the low thermal conductivity of depth hoar compared to other forms of snow at the same 
density (Sturm and Johnson, 1992; Arons and Colbeck, 1995). The reduced thermal 
conductivity of a faceted layer would, in turn, increase the temperature gradient according to
  

Fig. 4. Ratio of grain growth rate with and without a 
freezing layer versus height for various times is shown in 
dimensionless form. 

T T k
ko o' '=  (6) 
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where the subscript indicates conditions without faceted crystals and it is assumed that there 
is no increase in vapor flow. The decrease in thermal conductivity is usually more than a 
factor of two which suggests that, as a layer of facet crystals develops, its temperature 
gradient would at least double. This increase in temperature gradient should enhance the 
growth of faceted crystals.  

The formation of a layer of large, faceted grains above a crust may lead to instability 
through two possible mechanisms. First, the faceted grains are weak so failure could occur 
within that layer itself. Second, once large, faceted grains grow, dry snow grains of any type 
may not bond well to them because grains of different sizes do not bond well if the ratio of 
grain sizes is larger than 1.57 (Colbeck, in press). Schweizer and Jamieson (in press) report 
45% interface failures for 186 skier-triggered dry slab avalanches and a median difference in 
grain size of 0.75 mm across the interfaces. Thus a layer of faceted grains may not bond well 
to another layer, especially if the other layer is a dry, icy layer. 
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