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Summary

The melt-water produced at the surface of snow in the accumulation area of a
glacier percolates down into deeper snow layers to be arrested by an underlying imper-
meable ice layer. Since the temperature of the underlying ice in a sub-polar glacier
is maintained well below the melting point of ice, some amount of the melt-water
staying at the snow-ice interfuce begins to freeze there, forming a new layer of super-
imposed ice.

The amount of superimposed ice thus formed at the accumulation area of a sub-
polar glacier may be an important factor in the mass budget of the glacier, because
the total amount of ablation is not dicharged form the glacier as “run-off” water, but
a fairly large amount of melt-water is restored in the accumulation area as super-
imposed ice.

In order to obtain the ratios of superimposed ice against the total amount of
ablation, experimental studies were conducted in a cold laboratory, which also allows
us to observe detailed processes of the formation of superimposed ice. The apparatus
used is schematically shown in Fig. 1. A large block of snow of 80 cm in height was
placed on the slightly inclined surface of an ice block. The sides of the snow-ice
system were thermally insulated by thick foam-styrene plates, while the bottom surface
of the ice block was always exposed to the room temperature of —10°C. The melt-
water produced by the heated snow surface percolated down through the snow and
soon arrived at the snow-ice interface. Some amount of the melt-water that reached
the interface was refrozen there, forming a layer of superimposed ice on the underlying
ice block; thus the snow-ice interface rose with time. The reminder of the melt-water
was discharged from the snow-ice system as “run-off” water, which was collected by a
bucket and was automatically weighed through a load cell. The temperature was
measured both in the snow and ice by the thermocouples previously embedded in them
at X-mark of locations in Fig. 1,.and the vertical distribution of temperature in the
whole system was obtained at any time during the experiment as illustrated in Fig. 2.
After the heating of the snow surface was stopped and the whole wet snow was
refrozen, the snow and ice were cut so that the amount of superimposed ice and the
total weight of the snow were measured.

The total amount of the melted snow Q,, that of the superimposed ice Qi, that of

the run-off water Q, and that of the free-water Qr suspending in the snow layers were
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thus obtained. The ratios of Qi, Q. and Q¢ against Qs are listed in Table 1, which
agree fairly well with the values estimated from the field observations at McCall Glacier..

The growth rate of superimposed ice may depend on both the rate of snow melting,
hence, the rate of water supply to the snow-ice interface, and the temperature of the
underlying ice. To clarify the degree of this dependence, numerical calculations were
conducted of the growth rate of superimposed ice as well as the rate of discharge of
melt-water from a glacier as a function of both the rate of snow melting and the ice
temperature. The calculations were made in reference to both the laboratory experi-
ment and the field observations at McCall Glacier. The results obtained by the cal-
culations are summarized as follows:

(1) The bottom figure of Fig. 6 shows the changes with time in the thickness H
and in the growth rate dH/dt of superimposed ice, in which calculations were made at
the same initial and boundary conditions as those given in the experiment. The growth
rate is large but rapidly decreases with time at the first stage in the formation of
superimposed ice, and then decreases slowly in the later stages. The final thickness of
superimposed ice is 5.5 cm, which agrees fairly well with the experimental results.

(2) The computed results of temperature profiles in the ice as well as the front
of growing superimposed ice at given times are illustrated in Fig. 7. The temperature
gradient near the snow-ice interface rapidly decreases with time for 2-3 hours after
the beginning of snow melting, which corresponds to a rapid decrease in the growth
rate of superimposed ice at the first stage of ice formation. The gradient then becomes
gentle and linear with depth, which causes the slow and steady growth of ice in the
later stages.

(8) As described before, the growth rate of superimposed ice may be affected by
the rate of snow melting or the rate of water supply to the snow-ice interface. In
Fig. 8, the thickness of superimposed ice formed in one day is shown against the rate
of water supply. As seen in this figure, the growth rate of ice is very sensitive to the
rate of water supply when it is less than the critical value of 0.14 g/cm?-hr, while it is
insensitive to the rate of water supply when it is larger than the critical value. This
suggests that the rate 7w of water supply is the dominant factor for the growth rate
of superimposed ice when 7y is less than 0.14 g/cm®-hr, while the ice temperature
becomes to be a controlling factor for the larger 7.

(4) Calculations were also made with reference to the field observations at the
Lower Cirque of McCall Glacier. Figure 5 shows a model for the numerical calcula-
tions. The ice temperatures at the interface (7)) as well as at the depth of 10m (7's)
are those observed by C. Benson and D. Trabant? immediately before the melting of
snow started in 1972, and the rates Qm’s of snow melting used in the present calcula-
tions are those observed by G. Wendler®. The changes in the thickness H and in the
growth rate dH/d¢ of superimposed ice at the site-LC are illustrated in Fig. 9. The
thickness of superimposed ice on the 36th day after the melting began is 18 cm, which
agrees very well with the value observed at the site-LC on 6th July, 1972.

(5) In Fig. 11, the thickness of superimposed ice is shown as a function of altitde.
It should be noted that the comparatively high temperature of ice and the low rate of

supply of melt-water reduce the augmentation of superimposed ice at a higher altitude.
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This is in accordance with the observed fact: the newly developed superimposed ice is
thicker in a lower altitude in the accumulation area of McCall Glacier.

(6) The changes in the temperature distribution in the ice beneath the snow are
illustrated in Fig. 10. The temperature gradient on the 36th day agrees fairly well
with that observed in the ice at the Lower Cirque on 6th July, 1972.

(7) The total amount of superimposed ice formed for a period of 30 days was
“calculated as a function of the rate Q. of water supply, the temperature 77, of the
snow-ice interface and the temperature 7T of ice at the depth of 10 m. The results
are shown in Figs. 12-14 and in Table 2. In Fig. 12, the thickness H of superimposed
ice versus 7T, is shown for the various rates Qn’s of water supply. The topmost heavy
curve indicates the upper-limit of the formation of superimposed ice; even if the rate
Qm is large enough, superimposed ice cannot be formed any more. When the rate Qn
is less than 0.015 g/cm?-hr, the thickness of ice remains practically constant at any ice
temperature lower than —3°C.

(8) Table 2 lists the ratios of total amount of superimposed ice to the total
amount of ablation for different temperature regimes in ice. When the underlying ice
is cold enough and the amount of water supply is small, the melt-water is entirely
refrozen to form superimposed ice.

(9) These calculations described above may be taken into consideration for applica-

tion to a study of the mass budget of a glacier existing in sub-polar regions.



