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Aestract. The formation of superimposed ice in the accumulation area of sub-polar glaciers plays an
important role in the heat and mass balance of the glaciers. In order to study the process of superimposed
ice formation in detail, field observations were conducted on McCall Glacier, a sub-polar glacier in Arctic
Alaska. It was found that the approximate thickness of superimposed ice formed in a whole summer was
20 cm in the upper region and 30—40 c¢m in the lower region of the accumulation arca of the glacier. This
difference in thickness may be attributed to the difference in the temperature of the underlying ice and the
rate of supply of melt water. The ratio of the amount of superimposed ice formed in the accumulation area
from May to July in 1972 to the total amount of melt was determined. Approximately 50%, of the total
melt water was discharged from the glacier as run-off water, and the remainder contributed to the formation
of superimposed ice.

An experimental study on the artificial formation of superimposed ice was conducted in the cold labora-
tory to obtain the ratio of superimposed ice, that of run-off water, and that of free water suspended between
snow grains, to the total amount of melt water produced in the snow. The ratios obtained in the laboratory
experiment agree fairly well with those derived from the observational data on McCall Glacier.

Numerical calculations were conducted to examine the relationship between the growth rate of super-
imposed ice, the rate of snow melting, the rate of discharge of excess melt-water, and the temperature of the
underlying ice. Calculations were made in reference to both the laboratory experiment and the field obser-
vations on McCall Glacier. It was found that the predominant factors controlling the growth rate or the
total amount of superimposed ice in a sub-polar glacier are the rate of supply of melt water to the snow-ice
interface and the initial temperature distribution in the underlying ice. By using the present calculation,
it may be possible to estimate the growth rate, the total amount of superimposed ice, and the ratio of super-
imposed ice to the total amount of melting in the accumulation area of any sub-polar glacier, if observational
data on the initial temperature distribution in ice and the rate of snow melting at the snow surface are
available.

ResuMme. Qbservations de terrains, études expérimentales et théoriques de la glace de surimposition du McCall Glacier,
Alaska. La formation de glace de surimposition dans la zone d’accumulation des glaciers sub-polaires joue
un réle important dans les bilans de masse et de chaleur des glaciers. Pour étudier en détail le processus de
formation de la glace de surimposition, des observations de terrain ont été conduites sur le McCall Glacier,
un glacier sub-polaire dans ’Arctique Alaskaien. On a trouvé que 'épaisseur approximative de la glace
de surimposition formée au cours d’un été était de 20 cm dans la partie haute, et de 30 4 40 em dans la partie
basse de la zone d’accumulation du glacier. Cette différence dans les épaisseurs peut étre attribuée a la
différence dans les températures de la glace sous-jacente et dans la vitesse de I'apport d’eau de fusion. On a
déterminé le rapport entre la quantité de glace de surimposition formée dans la zone d’accumulation, de
mai a juillet 1972, avec le total de la fusion. A peu prés 50% de I'eau de fusion totale fut évacuée dans le
réseau hydrologique, le reste contribuant a la formation de glace de surimposition.

Une étude expérimentale fut conduite en laboratoire sur la formation de la glace de surimposition en
vue d’obtenir les proportions de glace de surimposition d’cau d'écoulement et d’eau libre d’imbibition
retenue entre les grains de neige en fonction de la production totale d’eau de fusion dans la neige. Ces
proportions obtenues en laboratoire concordent trés largement avec celles déduites des observations sur le
McCall Glacier.

On a conduit des calculs numériques pour examiner les relations entre le taux de croissance de la glace
de surimposition, le taux de fusion de la neige, le rythme de I'écoulement de 'eau de fusion en excés et la
température de la glace sous-jacente. Les calculs ont été fait en se référent a la fois aux expériences de
laboratoire et aux observations sur place au McCall Glacier. On a trouvé que les facteurs principaux
contrélant la vitesse de croissance de la formation de glace de surimposition dans un glacier sub-polaire, sont
le rythme de production d’eau de fusion & 'interface neige-glace et la distribution initiale des températures
dans la glace sous-jacente. En utilisant ces calculs, il peut étre possible d’estimer le taux de croissance,
I'accumulation totale de glace de surimposition, et le rapport glace de surimposition/fusion totale dans la
zone d’accumulation d'un glacier sub-polaire, si I'on dispose d’observations sur la répartition initiale des
températures dans la glace et la vitesse de fusion de la neige a la surface de celle-ci.
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ZUSAMMENFASSUNG. Feldbeobachtungen sowie experimentelle und theoretische Studien uber das Aufeis am MeCall
Glacier, Alaska. Die Bildung von Aufeis im Nihrgebiet subpolarer Gletscher spielt eine wichtige Rolle im
Wiirme- und Massenhaushalt der Gletscher. Zum detailierten Studium des Prozesses der Aufeisbildung
wurden Feldbeobachtungen am McCall Glacier, einem subpolaren Gletscher des arktischen Alaska, angestellt.
Es ergab sich, dass die ungefihre Dicke des Aufeises eines ganzen Sommers 20 cm in der oberen und 30-40 cm
in der unteren Region des Gletschernihrgebietes betrug. Dieser Dickenunterschied diirfte auf die Tempera-
turdifferenz des darunterliegenden Eises und auf die Menge des verfiigebaren Schmelzwassers zuriickzufiihren
sein. Das Verhiltnis zwischen der Aufeismenge des Nihrgebietes, gebildet von Mai bis Juli 1972, und der
Gesamtabschmelzung wurde bestimmt. Etwa 50%, des gesamten Schmelzwassers verliess den Gletscher im
freien Abfluss, wihrend der Rest zur Bildung von Aufeis beitrug.

In der Kiltekammer wurde eine experimentelle Studie iiber die kiinstliche Bildung von Aufeis durch-
gefithrt, um das Verhiltnis von Aufeis, Abflusswasser und freiem Wasser zwischen den Schneekérnern zur
Gesamtmenge des im Schnee entstehenden Schmelzwassers zu bestimmen. Diese Laborergebnisse stimmten
recht gut mit den aus dem Beobachtungsmaterial vom MecCall Glacier abgeleiteten iiberein.

Zur Untersuchung der Bezichung zwischen der Wachstumsgeschwindigkeit von Aufeis, der Geschwindig-
keit der Schneeschmelze, der Abflussgeschwindigkeit iiberschiissigen Schmelzwassers und der Temperatur
des darunterliegenden Eises wurden numerische Berechnungen angestellt. Die Berechnungen bezogen sich
sowohl auf den Laborversuch wie auf die Feldbeobachtungen am McCall Glacier. Es ergab sich, dass die
entscheidenden Faktoren fiir die Wachstumsgeschwindigkeit oder die Gesamtmenge von Aufeis an einem
subpolaren Gletscher die Zuflussgeschwindigkeit von Schmelzwasser an die Trennfliche zwischen Schnee
und Eis sowie die urspriingliche Temperaturverteilung im darunterliegenden Eis sind, Die Rechenpro-
gramme konnen dazu dienen, die Wachstumsgeschwindigkeit, die Gesamtmenge des Aufeises und das
Verhiltnis zwischen Aufeis und Gesamtabschmelzung im N#hrgebiet eines beliebigen subpolaren Gletschers
abzuschiitzen, wenn Beobachtungen iiber die urspriingliche Temperaturverteilung im Eis und die Abschmelz-
rate des Oberflaichenschnees vorliegen.

I. InTRODUCTION

In sub-polar glaciers, the total amount of melt water in the ablation season is not discharged
from the glacier as run-off water, but a fairly large amount of it is stored as superimposed
ice that forms by refreezing of melt water on to a continuous ice mass that underlies the
winter accumulation. It has been known that superimposed ice thus formed in the accumula-
tion area of a sub-polar glacier plays an important role in the mass balance of the glacier as
has been reported by many workers (Schytt, 1949; Baird and others, 1952; Benson, 1962;
Miiller, 1962 ; Koerner, 1970; Holmgren, 1971). The amount of superimposed ice formed in a
summer must depend on both the rate of snow melting, hence the rate of water supply to the
firn—ice interface, and the temperature of'ice on which superimposed ice forms. Itis, therefore,
important to know the amount of superimposed ice as a function of the rate of snow melting
and the ice temperature.

In order to investigate the formation of the superimposed ice in connection with the mass
balance of McCall Glacier, a sub-polar glacier in Arctic Alaska, glaciological observations
were conducted by glaciologists from the Institute of Low Temperature Science, Hokkaido
University and the Geophysical Institute, University of Alaska, under the Japan-U.S.
Scientific Cooperative Program supported by the Japanese Society for Promotion of Science
(No. 4Ro007, 1971—73) and the U.S. National Science Foundation (N.S.F. Grants GF29g85
and GA28278X) in the summers of 1971 and 1972 (Wakahama and others, 1974). Laboratory
experiments and numerical computations on the formation of superimposed ice were carried
out to examine observational data obtained at the glacier (Wakahama and Hasemi, 1974).

II. FIELD OBSERVATIONS OF SUPERIMPOSED ICE ON McCALL GLACIER

McCall Glacier is a small valley glacier located in the Romanzof Mountains of the north-
eastern Brooks Range, Alaska. Figure 1 is a sketch map of the glacier showing contour lines
and the usual position of the firn line (Wendler and others, 1972). The accumulation area
of the glacier appears to consist of a wet-snow facies* and a superimposed-ice zone. The

* The term “wetted facies” (Benson, 1967, p. 1044) is replaced by “wet-snow facies”.
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wet-snow facies seems to be much larger in area than the superimposed-ice zone, but the
detailed argument of the zonal classification of the glacier will be described elsewhere by one
of the present authors (C.5.B.).

Pit studies were made in the summers of 1971 and 1972 at eight sites in the wet-snow facies;
LG, LC, LT in the “Lower Cirque”, MG in the “Middle Cirque” and UG, UG’, UC, UT
in the “Upper Cirque” as indicated in Figure 1. The stratification of snow and ice was
revealed by spraying blue ink onto the wall of the pit as shown in Figure 2(a) and (b). Ice-
core drillings were made at the bottom of each pit to investigate further the stratigraphy of
snow and ice down to a depth of 4 to 5 m. Vertical distributions of density, hardness, grain
size and shape, free water content, and the temperature of snow and ice were measured from
the pit walls, ice cores and bore holes. Figure g illustrates, as an example, the results of pit
and ice-core studies made at LG and LC.

In the greater part of the accumulation area, the continuous ice mass was found at a depth
of only 1-2 m directly beneath the firn as shown in Figures 2 and 4, and it was observed that
the new superimposed ice was forming on to this continuous ice mass. The discontinuous
structure found at the level labelled F-F in Figure 2 is the interface between firn and super-
imposed ice. Figure 2(c) shows a close-up of the structure of firn and ice near the interface.
In order to obtain the thickness of superimposed ice formed in a year, the stratigraphy was
recorded at one and the same place at site LC in the summers of 1971 and 1972. The two
stratigraphies were compared as shown in Figure g(b), which indicates that the superimposed
ice increased in thickness by 18 cm during this period.

McCall Glacier
69°20°N Lt
143 50 W A

Fig. 1. Schematic map of McCall Glacier, showing the contour lines and the usual position of the firn line. Pit studies and ice-
core drillings were made at the sites labelled LG, LC, L'T, MG, UG’, UG, UC and UT in three accumulation areas;
the upper, middle and lower cirques.
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Fig. 2. The stratified structure of pit walls excavated at site LC on 24 August 1971 (a) and 6 Fuly 1972 (b), and a close-up
of the structure near the 1971 firn—ice interface, F-F. (a): Layers between S-S and F-I consisted of very hard firn, F—F
is at the fim—ice interface. (b): Layers between C—C and D-D consist of firn, and the layer between D-D and F-F is
the newly developed superimposed ice on the previous interface F-F.

It was found that the superimposed ice generally looked lighter in colour than the pre-
existing ice as seen in Figure 2(b). In this figure, the new superimposed ice is located between
F-F and D-D, and the old ice below D-D. Thus the new superimposed ice could easily be
distinguished from the old ice by the difference in colour at any place in the accumulation
area.

The data concerning the snow and the new superimposed ice observed at eight sites are
listed in Table I. The approximate thickness of new superimposed ice formed in a whole
summer was 20 cm at the higher altitude and 30-40 cm at the lower altitude of the accumula-
tion area of the glacier. Table I also shows that approximately 50%, of the total amount of
ablation contributed to the formation of superimposed ice and the remainder was discharged
from the accumulation area as run-off water.

The fact that the thickness of the new superimposed ice was less at the higher altitudes in
each cirque may be attributed to the difference in the temperature of the underlying ice
and the rate of supply of melt water. In fact, the temperature observed at 1om depth was
—a to —3°C at the higher altitude and —10 to —12°C at the lower altitude of the accumula-
tion area (Trabant and others, 1975). This is mainly due to the presence of thicker snow
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and firn at the higher altitudes; this permeable material allows deeper penctration of percola-
ting water, which releases latent heat as it freezes.

The rate of water supply to the snow-ice interface (including that due to rain in summer)
may be larger in the lower region than in the higher region of the accumulation area, first
because the air temperature is higher in the lower altitude and secondly because the amount of
run-off’ water running along the snow—ice interface from the higher region increases with
lowering altitude. These two factors, comparatively high temperature of underlying ice and
the low rate of water supply, may reduce the formation of superimposed ice at the higher
altitude of the accumulation area.
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Fig. 3. lllustrations of stratigraphic seclions of snow and ice. (a): Vertical distributions of density (G), hardness (R), grain
size (D), free water content (W) and temperature (T) quuw and ice observed at site LG. (b) : Comparison of the strati-
grapn‘uas observed at one and the same place at site LC in 1971 (left) and 1972 (right). Labels FF, D, § and C correspond
to those indicaled in Figure 2(a) and (b). As seen in these two sections, new superimposed ice had Jformed a layer 18 em
in thickness at site LC between the beginning of the ablation season and 6 July 1972.

TABLE 1. OBSERVATIONS OF SUPERIMPOSED ICE GROWTH AT VARIOUS SITES IN THE ACCUMULATION AREA OF MaCaALL
GLACIER, JuLy 1972

Thickness

Date of new Qs Qi Qr: Qr:

July Snow Free superimposed  Snow Superimposed Free Run-off
Site  Altitude 1972 depth  Densily* watert ice melting ice Qi/Qs waler QrﬁQs water  Qr/Qs

m a.s.l. cm g/em?’ % cm glem? g/cm? o g/em? g/em? %

LG 2 075 5 8o 0.48 19 23.5 2. 10.35 37.0 7.3 25.0 10.0 37.0
L.C: 2135 6 130 0.45 6 18.0 22.3 7.92 36.0 _5 5 16.0 10.9 48.0
LT 2230 4 108 0.40 4 15.0 16.3 6.6 40.5 1.73  10.5 8.0 49.0
MG 2125 8 55 0.49 12 36.0 25.3 15.8 62.5 3.24 13.0 6.3 24.5
UG’” 2 260 10 52 0.5 7 24.0 18.8 10.55 56.0 .81 100 6.4 34.0
UG 2270 12 214 0.45 — i 19.1 — — - -
ucC 2 335 11 196 0.42 6 — 15.0 - .- —_

* Average density of snow,
t Averaged [ree water content of snow (%),
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In the higher region of the upper cirque, several thick ice layers of 60-80 cm in thickness
separated by layers of snow and firn were found instead of continuous superimposed ice as
shown in the stratigraphies of sites UC and UT in Figure 4. The thickness of each ice layer
at UT has been measured by Benson and Trabant since 1969, and it was found that the
thickness of each layer has been increasing by 5 to 10 cm per year. Since the physics involved
when ice forms on a pre-existing ice layer or lens in snow or firn is the same as in the case of
superimposed ice, the internal accumulation including ice layers, lenses, and ice glands,
should be taken into account in the mass balance of the glacier as mentioned by Bazhev (1973).
The detailed argument concerning internal accumulation will be presented elsewhere in
connection with the facies classification of the glacier by one of the present authors (C.S.B.).

Altitude in meter above sea level
2075 2125 2135 2230 2270 2335 2375

LG MG ugé uc ur

2_

3_.

e

McCall Glacier

. 5+ 6~12 July 1972
B
e 6 [« =] coarse-grained snow
& ol solid type depth hoar
‘;’ [~ A]skeleton type depth hoar

81 23] iced tirn
[Jvery hard iced firn
Bl ice layer
107 X jce gland
A ice lens

ET} superimposed ice

Fig. 4. Comparison of stratigraphies observed at etgh! siles in the accumulation area. In the lower and middle cirques, the snow
and firn was less than 1.3 m in thickness and the continuous ice was found directly beneath the firn. In the higher regions
of the upper cirque, however, a number of ice layers of Go-80 cm in thickness were found above the deeper continuous ice mass.

It may be concluded, therefore, that the main part of the ice body which constitutes
McCall Glacier is composed of superimposed ice formed by refreezing of melt water in the
accumulation area. This argument may be generally applicable when considering the mass
balance of many glaciers existing in sub-polar regions. In fact, Koerner (1970) showed that
superimposed ice formed an important part of the positive balance of the Devon Island ice cap.
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I1I. LABORATORY EXPERIMENT ON SUPERIMPOSED ICE FORMATION

An experimental study on the formation of superimposed ice was conducted in a cold
room, of the Institute of Low Temperature Science, Hokkaido University, to obtain the ratio
of superimposed ice to the total amount of melt water. In order to simulate the process of
formation of superimposed ice in the accumulation area of a glacier, a simple apparatus was
made as illustrated schematically in Figure 5(a). A large block of snow (20 cm 30 cm in
cross-section, 8o cm in height, and average density 0.4 g/cm?) was placed on the slightly
inclined surface of an ice block (20 cm x 30 cm in cross-section, 20 cm in height, and with a
surface slope of 8°). The sides of the snow and ice blocks were thermally insulated with thick
expanded polystyrene plates, while the bottom surface of the ice block was cooled by con-
duction through a copper plate exposed to the cold-room temperature of —10°C. Melt water
was produced by heating the snow surface. Some cosine powder (dye) was spread on the
snow surface at the beginning of the experiment to allow us to examine the percolation of
melt water in the snow. When the melt water reached the snow-ice interface, some of it
began to refreeze, forming superimposed ice on the surface of the ice block. Thus the snow-ice
interface gradually rose with time. When the air spaces in the snow near the interface were

(a) " (b)) L
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Fig. 5. (a): Experimental apparatus for making artificial superimposed ice. X : thermo-couples, L.C.: An automatic recording
device for a rain gange. (b): Changes of temperature profiles in ice and snoww during the experiment.
gaug g g
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filled with melt water, additional melt water was discharged from the snow-ice interface as
“run-off”” water, and collected in the automatic recording rain gauge. Temperature profiles
in the snow and ice were measured by thermocouples previously embedded at locations
labelled in Figure 5(a). Figure 5(b) shows observed changes of temperature profiles in snow
and ice as a function of time. The original location of the snow-ice interface was at the origin
of the ordinate, but it rose with time. At a first glance, the temperature profiles of snow seen
in Figure 5(b) seem unusual; the temperature of the overlying snow often showed a lower
value than that of the snow—ice interface. This may be caused by the heterogeneous percola-
tion of melt water in snow, which was revealed by the complex spreading of eosine dye within
the snow. The change of the temperature profiles in the ice will be discussed in the following
section.

After the heating of the snow surface had been stopped and the whole wet snow refrozen,
the snow and ice were cut so that the amount of superimposed ice formed and the total weight
of the snow could be measured. Since newly formed superimposed ice was slightly coloured
by eosine dye, it was readily distinguishable from the original ice block.

The total amount of the melted snow @, of the superimposed ice Q;, of melt water drained
from the snow-ice interface @, and of the free water @ (suspended between snow grains)
were measured, and ratios of @; and @ to @5 were calculated and are listed in Table II. These
values obtained in the laboratory experiment agreed fairly well with those derived from the
observational data at McCall Glacier.

TasLE II. THE TOTAL AMOUNT OF MELTED SNOW ()5, SUPERIMPOSED ICE ()i, FREE WATER Qf, AND
THE RATIOS OF ()i, Q¢ AND Qr TO (Js OBTAINED IN THE LABORATORY EXPERIMENT

Melted snow Superimposed ice Free water Run-off water
Qs Qs/Qs Qi Qi/Qs @ Qr/Qs Qr Qr/Qs
g/cm? %o g/em? Y% glem* % g/cm? %
19.5 100 i 37 3.5 18 8.8 45

IV. NUMERICAL SIMULATIONS

The growth rate of superimposed ice may depend on the rate of water supply to the snow—
ice interface, hence on the rate of melting of snow at the surface, and on the temperature of the
underlying ice. Numerical calculations were conducted to examine the relationship between
the growth rate of superimposed ice, the rate of snow melting, the rate of discharge of excess
melt water from the snow-ice interface, and the temperature of underlying ice. The calcula-
tions were made in reference to both the laboratory experiment and the field observations on
McCall Glacier.

(1) Model

The growth rate of superimposed ice at the interface may be obtained by solving the
equation of one-dimensional heat conduction.

oT ¢ eT
() = (%) ‘s

under the following boundary conditions:

dH oT
{psi—pws(1—w)} L = (ki Tz)& (2)
T = T, at the snow-ice interface, (3)
T = — Tg at a place sufficiently deep that the temperature remains constant, (4)
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where pgi, pws, and p; are the densities of the superimposed ice formed, the overlying wet
snow, and the underlying ice, respectively, and w is the free water content of the wet snow,
¢i, ki and T are the specific heat capacity, thermal conductivity, and temperature of the
superimposed ice, L the latent heat of freezing of water, H the thickness of the superimposed
ice, ¢ the time, and z the vertical coordinate (positive upwards). In order to simplify the
thermal regime at the snow-ice interface, the following assumptions were made in our com-
putation: (1) The temperature of wet snow is kept at 0°C and air spaces in the snow are
assumed to be filled with water near the interface. (2) The initial temperature profile in ice is
uniform and maintained at — 77, that is T, = — Tp. Since the rate of growth of super-
imposed ice is governed by the rate of extraction of the latent heat released by solidification of
melt water at the interface, it is necessary to know the change of temperature gradient in ice
as a function of time and the successive locations of the proceeding interface. In order to do
this, the computation was made using Savliev’s method and a forward differential form.

(2) Results
(a) Verification of the experimental results on the artificial formation of superimposed ice

A computation was made to verify experimental results on the artificial formation of
superimposed ice using the following data:

Tg = —9.5°C, pi = 0.917 g/cm3, pg; = 0.89 glcm3, pys = 0.47 gfcm3, w = 15%,
L = 79.68 cal/g = 333.6 J/g, and @m (the rate of water supply) = 1.4 g/cm? h.

w
Q e 24 hs
501
(o] \ —_
(L})J % 18 w g
> tront of i _imp.
o Y Lron of growing sup.imp. ice / '<_( 50.‘4
= [/ /| - 0
G 2 4 = =
o 1,58 1177 3 5
8 0 , [0 T
“initial snow-ice interface O —
: ]
= 0 . . L 0
E 0 6 12 18 24
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Os0k 12 4
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g 17 E5- R d
27
(a) @
100 6 . = (c)
" B
o
I
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1 0 L 1
-9.5 -5.0 0 5 1.0 1.4
TEMPERATURE (°C) Qm; RATE OF WATER SUPPLY ( g.'cmz.h)

Fig. 6. Numerical simulations of the laboratory experiment. (a): Changes of computed temperature profiles in ice and growth of
superinposed ice with time. (b): Changes of the thickness H and growth rate dH|dt of superimposed ice against time.
(¢) : The growth rate of superimposed ice against the rate of water supply.
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Figure 6(a) illustrates computed results of temperature profiles in the ice and successive
locations of the surface of growing superimposed ice as a function of time. Figure 6(b) shows
computed values of the change of the thickness H and the growth rate, dH/d¢, of superimposed
ice with time. As seen in this figure, dH/d¢ has a high value at the initial stage of the develop-
ment of superimposed ice but drops rapidly with time. After 24 h the thickness of super-
imposed ice attained 5.5 cm which agrees fairly well with the experimental results.

Figure 6(c) represents the thickness of superimposed ice formed during 24 h against the
rate of water supply. The growth rate of ice changes sensitively with the rate @ of water
supply when it is less than the critical value of 0.14 g/cm? h, while it becomes insensitive
when @Qn exceeds this critical value. This suggests that the rate @ of water supply is the
dominant factor for the growth of superimposed ice when @Qp is less than o.14 g/em? h,
whereas ice temperature becomes the controlling factor for larger Q.

(b) Computation of the growth rale of superimposed ice in the lower cirque of McCall Glacier

We shall calculate the growth rates of superimposed ice at the lower cirque of McCall
Glacier to compare with those obtained in the summer of 1972. In order to compute these
values, it is necessary to know the initial temperature distribution in the underlying ice formed
in previous years and the rate of water supply to the snow—ice interface. Figure 7(a) shows a
schematic diagram of the temperature distributions in ice at five observation sites located
along the line drawn from site LT to LG in the lower cirque of McCall Glacier. Values of
Tg, the temperature of ice at 10m depth, were estimated from the observational data
obtained by Trabant and others (1975) at the end of ablation season of 1972. The value of
Ty at the higher altitude is higher than that at low altitude, as mentioned before. Values of
T,, the temperature at the snow-ice interface, were obtained immediately before the melting
of snow started in 1972. Of these values, the only observed value was —12°C at site LC, the
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Fig. 7. Numerical simulations of the 1972 field observations al the lower cirque of MeCall Glacier. (a) : A schematic diagram
of initial temperature distributions in ice and melt-water flow in snow and along the snow—ice inlerface at five sites in the
lower cirque.  Dark arrow : water supply from the surface ; shaded and open arrows : inflow and outflow along the inlterface.
(b) : Variations of Qm, Qin and Qguy with time at site LC. (c¢): Changes in thickness H and the growth rate dH|dt of
superimpased ice al site LC.
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other values have been calculated assuming an adiabatic lapse rate of 0.6 deg/1o0 m. It is
also assumed that the initial temperature profile in ice at each site is given by a straight line
which connects 7, and Tp, and that the value of 7g does not change with time.

The situation regarding water supply to the snow—ice interface at each site is schematically
shown in Figure 7(a). At a given point on the interface, the dark arrow (Qm) represents the
flux of melt water from the snow surface and the shaded (@) and open arrow (Qout) show
fluxes of unfrozen water which flow in from up-stream and out to down-stream along the
interface. The melt water is partly refrozen and the excess water is discharged down-stream
from the area. Wendler and Ishikawa (1974) observed the rate and amount of ablation at
various sites on the glacier as a function of altitude through the summer of 1972. The rates
of snow melting at these five sites in the lower cirque were derived from the observational
results obtained by Wendler and Ishikawa, assuming that the rates of snow melting at these
sites were proportional to that observed at site MM shown in Figure 1. It was assumed that
there was only @ from the surface and no inflow from up-stream at the interface of site LT.
Some part of @m refreezes to form superimposed ice and the remainder flows out down-stream.
At the interface located down-stream from LT, (Qm+ Qin) — Qout contributes to the formation
of superimposed ice at the interface. Figure 7(b), shows, as an example, variations of Qm,
Qout and Qip at site LC for 36 d from 31 May to 6 July 1972. In this figure, the heavy solid
curve indicates the total income of melt water (@m-+Qin) and Qout represents the rate of
melt-water discharge. Hence, the shaded area shows the net water frozen to form super-
imposed ice. The changes in the thickness H and the growth rate dH/d¢ of superimposed ice
thus derived are illustrated in Figure 7(c). The total thickness of superimposed ice developed
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Fig. 8. (a): Calculated thickness of superimposed ice against time and altitude in the lower cirque. (b): Changes in the tem-
perature distribution in the ice al site LC.
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in 46 d was 18 cm, which agrees very well with the value observed at the site LC on 7 July
1972, i.e. 36 d after heavy snow melting started in the accumulation area.

In Figure 8(a), the thickness of superimposed ice at five sites in the lower cirque is shown
as a function of the lapse of time and altitude. As seen in this figure, the augmentation of
superimposed ice at site L'T" located at a higher altitude is less than that at site LG located at
lower altitude. This result agreed with the observational fact that the thickness of new super-
imposed ice formed in the summer of 1972 was larger at the lower altitude than that formed
at the higher altitude in the accumulation area of McCall Glacier.

Figure 8(b) shows the predicted change of the temperature profile in the underlying ice
at the site LC. The initial temperature profile was linear, but it changed with time, which was
caused by the release of latent heat at the interface. The temperature gradient near the
interface on the 36th day agrees fairly well with that observed in the ice at the lower cirque
on 7 July 1972, i.e. 36 d after heavy snow melting started in this area (cf. Fig. 3).

(3) Discussion

As mentioned in the preceding section, our computation on the growth of superimposed
ice was made under the assumption that the temperature of the overlying wet snow is 0°C
and that of the underlying ice is uniform and below the melting point. Therefore, at ¢ = o,
there must be a discontinuous rise of temperature at the snow-ice interface. This assumption
seems to be unreasonable, because the cold-wave penetration in the previous winter must be
gradually removed by the percolation of melt water. However, the agreement between
calculated result and observational data on the growth of superimposed ice shows that our
assumption does not create any serious error in the computation.

The computed results described above are applicable only for the lower cirque of McCall
Glacier, because the computation was simulated to the observational data obtained there.
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Fig. g. Predictions of the formation of superimposed ice under various thermal conditions in ice. The thickness of superimposed
ice_formed in 30 d as a_function of the rate Q m of waler supply, and in terms of the temperature T, of the snow—ice interface,
and the temperature, Ty, of ice at a depth of rom. (a): The set of solid curves show the thicknesses of superimposed ice
Jfor the case when the initial temperature distribution in ice is uniform, i.e. Ty = Tgp. The sel of dashed curves are those
Jor the case when Ty is fixed at — g°C and T, variable. (b): Thickness of superimposed ice for the case when the initial
value of Ty is —9°C and Ty variable.

https://doi.org/10.3189/50022143000031488 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000031488

SUPERIMPOSED ICE OF McCALL GLACIER 147

It is, therefore, desirable to predict the formation of superimposed ice under various thermal
conditions on different sub-polar glaciers.

The thickness of superimposed ice formed in 30 d was computed as a function of the rate
@m of water supply, and in terms of the temperature 7, of the snow—ice interface, and the
temperature 7Ty of ice at 10 m depth. The computations were made for the following three
cases of different initial temperature distribution in ice.

Case 1: Uniform initial temperature distribution in ice, i.e. T, = Tg. The thickness of
superimposed ice for this case is given by a set of solid curves in Figure g(a), for various rates
@m of water supply.

Case 2: Ty is fixed at —g°C and 7, variable, assuming the initial temperature profile is
linear. The thickness of ice is indicated by a set of dashed curves in Figure g(a).

Case g: The initial value of T, is —9°C and Ty variable, assuming the initial temperature
profile is linear. The results are shown in Figure g(b).

In both cases 1 and 2, the thickness of superimposed ice increases markedly with the
lowering of the temperature at the interface 7, for larger values of water supply @m but the
thickness of ice remains practically constant for any ice temperature lower than —g°C when
@Qm is less than o.011 g/cm? h. It should be noted that the thicknesses of superimposed ice in
these two cases are almost the same except for the case when T, is higher than —3°C. This
suggests that the formation of superimposed ice is more sensitive to 7, than Tp. The growth
rate of superimposed ice is rather insensitive to the temperature Ty as seen in Figure g(b).

It should also be noted that the thickness of superimposed ice approaches the limiting
value as the rate of melt-water supply increases in all the cases. The topmost heavy curves in
Figure g(a) and (b) indicate the upper-limit of the formation of superimposed ice; even if the
rate @ is sufficiently large, further superimposed ice cannot be formed. This situation is
reasonable, because the growth rate of ice rapidly decreases with time and excess water must
be discharged as run-off. Values of the ratio of the total amount of superimposed ice to the
total amount of melting are listed in Table III as a function of various values of initial tem-
perature of the snow—ice interface (7, = Tg) and the total amount of melting. As seen in
this Table, when the underlying ice is cold enough and the amount of water supply is small,
the melt water which comes to the interface is entirely refrozen to form superimposed ice.

The calculations and arguments described here may be applicable to the formation of
superimposed ice in any glacier existing in sub-polar regions.

TasrLe 1II. RATIOS OF TOTAL AMOUNT OF SUPERIMPOSED ICE TO THE TOTAL AMOUNT OF MELTED
SNOW FOR DIFFERENT TEMPERATURE REGIMES IN ICE

X Qm 518 259 130 64.8 32.4 glem*30d
To= Ty =
“C % %
-3 0.6 1.2 2.5 4.9 9.8
—b 1.2 2.4 4.9 9.8 18.9
-9 1.8 3.6 7-3 14.4 27.5
12 2.3 4.6 9.2 17.9 34.2
—15 2.8 5.6 11.3 21.6 40.6
T X @nm 16.2 8.1 4.05 2.03 .01 glem?zod
Tn = TB‘ o
°C % % % Yo %
—3 19.1 23.7 64.1 95.8 100.0
—b 35.9 63.8 95.6 100.0 100.0
—9 50.5 83.2 100.0 100.0 100.0
] 62.0 95.1 100.0 100.0 100.0
~15 70.6 99.9 100.0 100.0 100.0
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V. CONCLUDING REMARKS

In the present paper, it was shown that the observed data on McCall Glacier and experi-
mental results on the formation of superimposed ice can be explained by solving the differential
equation for heat flow under the various boundary conditions given by field observations and
laboratory experiments. The predominant factors controlling the growth rate, or the total
amount of superimposed ice in the accumulation area of a sub-polar glacier are the rate of
supply of water to the snow-ice interface and the initial temperature distribution in the
underlying ice. It may be possible to predict the growth rate and the total amount of super-
imposed ice, and the ratio of superimposed ice to the total amount of melting in the firn area,
of any sub-polar glacier, if observational data on the initial temperature distribution in ice
and the rate of water supply or the rate of snow melting at the snow surface are available.

Since level surfaces favour the growth of superimposed ice and steeply sloping ones do not,
the slope of the underlying ice surface may be an important factor in the formation of super-
imposed ice. In our present work, however, it was fixed at 8°, the average surface slope of the
underlying ice mass in the lower cirque of McCall Glacier, because both the laboratory
experiments and the numerical calculations were made mainly for examining the observational
data obtained there.
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DISCUSSION

L. Lumoutry: To what extent do your results on artificial superimposed ice depend upon the
slope of the ice surface below?

G. Wakasuama: I don’t know the effect of the slope of the ice surface on the growth of artificial
superimposed ice, but I agree it is nccessary to examine the slope effect. Our experiment was
made to simulate the superimposed ice formation at the lower cirque, so the angle of the slope
was made the same as that of the snow-ice interface at site LC in the lower cirque of McCall
Glacier.

R. PErLA: How do you define and measure grain size for low density snow? I also address
this question to Dr Zwally in connection with his paper on radiative scattering as a function
of grain size.

WakanaMa: We have consulted the International Classification of Snow in estimating the
grain size for any density of snow. In field studies, we measure the grain size of snow by putting
the snow grains on a 1 mm grid section paper which is placed in a transparent plastic case.
In laboratory work, however, we usually measure the grain size by comparing the grains on a
microscopic photograph of a thin section of snow with circles.

H. J. ZwarLy: The results I quoted were those of Dr A. J. Gow who took thin sections,
estimated the mean diameter of each grain, and counted the number of each. Most of the
grains consist of only one or two crystals.
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