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Summary

Members of the 1964 Hokkaido University Alaskan Glacier Expedition conducted
glaciological studies of the firn at Divide Camp, 60°45'N, 139°40'W, altitude 2576 m, the
accumulation area of the Kaskawulsh Glacier, St. Elias Mts,, Canada, from July 21st to
26 th, 1964 (Fig. 1-3).

Measurements were made of the density, hardness, and grain size of the snow layers,
and the stratigraphy and snow temperature of the firn, from the surface to 15 m depth
(Fig. 7, Tab. 1). The wall of a 45m snow pit and a 15m snow core (Fig. 4) obtained
with a SIPRE model hand auger, were used for these measurements. Annual accumulation
of snow and the vertical distribution of snow temperature are discussed. The work was
done in cooperation with members of the Ice Range Research Project, AINA.

Annual accumulation of snow was estimated by the aid of following criteria :

In such permanent firn, the annual layer, one year’s accumulation, can be divided
into two seasonal layers, summer and winter, and each layer may have a characteristic
appearance,

i) The summer layer is metamorphosed in the higher temperature range; warm-
metamorphosis affected by melting, percolating and refreezing. This produces
larger grain size and lower density and hardness in the snow layer. It is possible
for a number of ice layers to form in the firn from penetration and refreezing of
melt water.

ii) The winter layer, on the other hand, is formed during the cold season, and is
metamorphosed in a lower temperature range, and is unaffected by melt water.
As a result, the size of the snow grains is unchanged in size so much, and
density and hardness are higher than in the summer layer.

iii) The upper part of the winter layer may still be at a shallow depth at the begin-
ning of the next summer, and undergoes a degree of warm-metamorphosis de-
pending upon its distance from the surface. This produces a graduated transitional
layer between the winter layer and the next summer layer. The boundary between
the summer and the following winter layer, on the other hand, is clearly defined,
since the winter layer, which has undergone cold-metamorphosis,-lies directly above
the summer layer which has undergone warm-metamorphosis (Fig. 10). For this
reason the summer—winter boundary, not the winter—»summer boundary, is used
as the boundary of the annual layers. .

With these criteria, the mean annual accumulation of snow in the Divide Camp area was
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estimated to be 146.7 g-water/cm®-yr (Fig. 7, Tab. 2).

The thickness of the firn above the glacier ice was also estimated from the 15m
vertical profile of the snow density in the firn. For the first approximation, the snow
density distribution was simply extrapolated on a straight line until it reached 0.8 g/cm® at
a depth of 36 m (Fig. 11). However, empirical snow density distribution profile in thick
firn generally give curves which are slightly convex upward at deeper levels, and it was
assumed that the firn may become glacier ice at a level slightly lower than 36 m.

The vertical distribution of the snow temperature was measured at 1m intervals in a
hole drilled to 15m below the surface (Fig. 7). Generally, the snow temperature 10 to
15 m below the surface indicates the annual mean air temperature, if the firn is sufficiently
thick (Fig. 12 (a)). This theory indicated an annual mean air temperature of 0°C at Divide
Camp, which seemed to be too high for this location, where the latitude and elevation
alone indicate a mean air temperature of approximately —13°C. As Divide Camp had
been established in 1962 and was only operated in the summer seasons, there was no
available data, and the authors offer the following tentative explanation for the abnormal
snow temperature distribution profile (Fig. 12 (b}, (c}):

(1) If there is sufficient absorption of external heat through the snow surface, and if
the heat is vertically distributed to a layer 14 m below the surface by the end of
the summer, the snow temperature profile should be 0°C from the surface to that
depth (line A, Fig. 12 (¢)).

(2) In winter, the snow temperature profile changes from the straight line A, to a
curve such as B (Fig. 12 (c)), and in spring and early summer the typical snow
temperature profile should resemble C (Fig. 12 (c)).

(3) By the end of summer, the snow temperature profile should have again resumed
a straight line A by virtue of the processes described in (1), and at that time, the
temperature of snow at 14 m below the surface should not indicate the mean
annual air temperature.

Milankovitsch has reported solar radiation totaling 500 cal/cm®-day during August at
60° North and at sea level. An average albedo of cloud was supposed to be 40%, and that
of snow surface to be 70%. Ishii has reported amount of long-wave radiation emitted
from the snow surface into the atmosphere excessed that from the atmosphere to the earth
by 80 cal/cm®.day in snow-melt season. Applying these values, sufficient heat to justify
the assumption in (1) may be absorbed in the firn by the end of summer.

Three possible means of transfering the heat absorbed at the surface to deeper levels
in the firn were considered :

(a) Heat transfer by thermal conduction of snow: The temperature gradient in the

firn produces a heat flow. However, assuming snow conductivity to be 1.70X
1072 cal/’C-cm-sec (density, 0.5 g/cm®), and boundary conditions of 0°C at the
snow surface and at 14 m below the surface, more than one year would be re-
quired to recover the snow temperature profile.

(b) Heat transfer by water vapor diffusion in the firn: A gradient in the saturation
water vapor pressure produced by a temperature difference between adjacent
layers, causes water vapor diffusion from the warmer to the colder layer. Water
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vapor not only transports the heat of the warmer vapor, but: also releases the
latent heat of condensation (596 cal/g) when it condenses on a colder layer. But,
the apparent amount of heat transfered by water vapor diffusion in firn is
approximately of the same order as the heat transfered by the thermal conduction,
and therefore insufficient to account for the snow temperature profile observed.

(¢) Heat transfer by melt water percolation in firn: If snow did not melt at 0°C,

the snow temperature profile in summer could assume a curve such as D (Fig.
12 (¢)), but under normal condition, it does melt at 0°C. The cross-hatched area
in Fig. 12 (c), illustrates the amount of heat required to melt snow at the surface.
The melt water percolates through the smow to the deeper layers generally in
a combination of vertical and parallel-to-the-stratum directions, which are dependent
upon the structure of the layer. When the melt water reaches a sub-freezing
layer, it is refrozen releasing the latent heat of solidification (79.7 cal/gr) and
forming an ice layer in the firn which raises the temperature of the snow
surrounding it. Subsequent melt water penetrates deeper levels by detouring
around unpermeable layers in a parallel-to-the-stratum direction.

Traces of percolation in the direction of the stratum suggests the possibility of this
mechanism, which produces a snow temperature profile resembling E (Fig. 12 (c)). Heat
quantity corresponding to the area a must be equal to b. Melt water of approximately
8 g/cm*+snow surface would be required to transport 644 cal/cm® of heat into deeper
levels in the firn, and these figures seemed perfectly possible in that area. Previous ex-
periments with melting snow in Hokkaido, Japan, gave an apparent percolation velocity
of melt water in vertical direction in the firh (including vertical- and parallel-to-the-stratum
directions) of a minimum of 1m/hr. Tt seems, therefore, that heat transfer through perco-
lation of melt water is the primary mechanism in the recovery of the snow temperature
distribution to 0°C from the surface to the deeper levels. It is also suggested that the
snpow temperature at 15m or more below the surface does not indicate the annual mean
air temperature in a area such as the Divide Camp region where the snow melts a great

deal during the summer.



