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AeSTRACT. The forma tion of superimposed ice in the accumula tion a rea of sub-polar glac iers plays an 
important role in the hea t and m ass balance of the glaciers. In order to study the process of superimposed 
ice forma tion in d etail , field observa tions were conducted on M cCall G lacier, a sub-polar glacier in Arcti c 
Alaska. It was found tha t the a pproximate thickness of superimposed ice formed in a whole summer was 
20 cm in the upper region and 30- 40 cm in the lower r egion of the accumulation area of the glacier . This 
difference in thickness may be a ttributed to the difference in the tempera ture of the underlying ice and the 
ra te of supply of melt water. T h e ratio of the amount of superimposed ice formed in the accumula tion area 
from M ay to July in 1972 to the to ta l amount of melt was determined. Approximately 50 % of the tota l 
melt wa ter was discharged from the glacier as run-off water, a nd the rema inder contributed to the formation 
of superimposed ice. 

An experimental study on the a rtifi cia l formation of superimposed ice was conducted in the cold labora­
tory to obtain the ratio of superimposed ice, tha t of run-o ff water, and that of free water suspended between 
snow grains, to the total amount of melt water produced in the snow. The ra tios obtained in the la bora tory 
experiment agree fairl y well with those deri ved from the observational d a ta o n M cCall Glacier. 

Numerical calculations were conducted to examine the relationship b e tween the growth rate of super­
imposed ice, the ra te of snow melting, the rate of discha rge of excess melt-wa ter , a nd the temper a ture of the 
underl ying ice. C alcula tions were m a d e in reference to both the labora to r y exp eriment and the field obser­
vations on M cC a ll Glacier. It was found tha t the predominant fac tors controlling the growth ra te or the 
tota l amount of superimposed ice in a sub-polar glacier are the ra te of supply of melt water to the snow- ice 
interface a nd the initial tempera ture distribution in the underlying ice. By u sing the present calculation, 
it may be possible to estimate the growth rate, the total amount of superimposed ice, and the ra tio of super­
imposed ice to the to tal amount of m elting in the accumula tion area of a ny sub-polar glacier, if o bservational 
da ta on the initia l temperature distribution in ice a nd the ra te of snow m elting at the snow surface are 
ava ilable. 

R ESUME. Observations de terra ills, i tlldes experimentales et thioriques de la glace de sllrimpositioll dll M cCall Glacier, 
Alaska . La form a tion de glace d e surimposition da ns la zone d 'accumula tion d es glaciers sub-pola ires joue 
un role importa nt dans les bilans d e m asse et de cha lcur d es glaciers. Pour e tudier en deta il le processus de 
formation de la glace de surimposition , des observa tions d e terra in ont e te conduites sur le M cC a ll G lacier, 
un glacier sub-pola ire dans I' Arctique Alaskaien. On a trouve que I'ep a isseur approxima tive d e la glace 
de surimposition formee au cours d 'un e te e ta it de 2 0 cm d a ns la partie ha ute, e t d e 30 a 40 cm d a ns la partie 
basse de la zone d 'accumulation du g lacier. Ce tte difference da ns les ep a isseurs peut etre a ttribuee a la 
difference d a ns les temperatures d e la glace sous-jacente e t dans la vitesse d e I'apport d 'eau d e fusion. On a 
determine le rapport entre la qua ntite de glace de surimposition formee dans la zone d 'accumula tion, de 
mai a juillet 1972, avec le tota l d e la fusion. A peu pn':s 50% de I'eau d e fusion tota le fut e vacuee dans le 
reseau hydrologique, le res te contribuant a la forma tion d e glace de surimposition. 

U ne etude experimentale fut conduite en laboratoire sur la formation d e la glace de surimposition en 
vue d 'obtenir les proportions d e glace de sUl'imposition d'eau d' ecoulem ent e t d 'eau libre d ' imbibition 
retenue entre les gra ins de neige en fonction de la production tota le d 'eau d e fusion dans la n eige. Ces 
proportions obtenues en labora toire concordent tres la rgement avec cell es d eduites des observa tions sur le 
M cCall Glacier . 

On a conduit des ca lculs numeriques pour examiner les rela tions entre le ta ux de croissance d e la glace 
de surimposition, le taux de fusion d e la neige, le rythme de I'ecoulcment d e I'eau de fusion e n exces et la 
tempera ture d e la glace sous-jacen te. Les calculs on t e te fa it en se referent a la fois aux experiences de 
labora toire e t a ux observa tions sur place au McCall G lacier. O n a t rou ve que les fac teurs principaux 
controlant la vitesse de croissance d e la forma tion de glace de sUl'impositio n d a ns un glacier sub-pola ire, sont 
le rythme de production d 'eau d e fusion a I' interface ncige- glace et la d istribution initiale d es te mpera tures 
dans la glace sous-jacente. E n utilisant ces ca lculs, il p eu t etre possib le d 'es timer le taux d e croissance, 
I'accumula tion totale de glace d e surimposition, e t le rapport glace de surimpositionJfusion totale dans la 
zone d 'accumulation d 'un glacier sub-pola ire, si I'on di spose d 'observa tio ns sur la repar titio n initiale des 
tempera tures dans la glace et la vitesse de fusion de la neige a la surface d e celle-ci. 
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Z USAMMENFASSUNG. Feldbeobachtullgell sowie experimenlelle und llteorelisc"e SIudien uber das AuJ eis alii M cCall 
Glacier, Alaska. Die Bildung von Aufeis im Nahrgebiet subpolarer Gletscher spielt eine wichtige R olle im 
Warme- und Massenhaushalt der Gletscher. Zum de ta ilier ten Studium d es Prozesses der Aufeisbildung 
wurden Feldbeobachtungen am M cCall Glacier, einem subpo la ren Gletscher d es a rktischen Alaska, a nges tellt. 
Es ergab sich, dass die ungefahre Dicke d es Aufeises eines ga nzen Sommers 20 cm in d er oberen und 30-40 cm 
in der unteren R egion des Gletscherna hrgebietes betrug. Dieser Dickenunterschied durfle au!" die T empera­
turdifferenz des darunterlicgenden Eiscs und auf die Menge d es verfugebaren Schmelzwassers zuruckzuflihren 
sein . Das Verhaltnis zwischcn der Aufeism enge des Na hrgebietes, gebildet von M ai bis Juli 1972, und der 
Gesa mtabschmelzung wurde bestimmt. Etwa 50% des gesamlcn Schmelzwassers verliess den Gle tscher im 
freien Abfluss, wahrend der R est zur Bildung von Aufeis beitrug. 

In der Kaltekammer wurde eine experimentelle Studie liber die kunstliche Bildung von Aufeis durch­
geflihrt , um das V erhaltnis von Aufeis, Abflusswasser und freiem Wasser zwischen den Schneekornern zur 
G esamtmenge d es im Schnee entstehenden Schmelzwassers zu bes timmen. Diese L a borergebnisse stimmten 
recht gut mit den aus dem Beobachtungsm a terial vom M cCall Glacier abgeleite ten uberein. 

Zur Untersuchung der Beziehung zwischen der Wachstumsgeschwindigkeit von Aufeis, der Ceschwindig­
keit der Schneeschmelze, der Abflussgeschwindigkeit liberschlissigen Schmelzwassers und der T emperatur 
d es darunterliegenden Eises wurden numerische Berechnungen a nges tellt. Die Berechnungen bezogen sich 
sowohl auf den Laborversuch wie auf die Feldbeobachtungen a m McCall Glacier. Es ergab sich, d ass die 
entscheidenden Fa ktoren fur die Wachstumsgeschwindigkeit oder die Gesamtmenge von Aufeis an einem 
subpolaren Gletscher die Zuflussgeschwindigkeit von Schmelzwasser an die Trennflache zwischen Schnee 
und Eis sowie die ursprungliche T emperaturverteilung im d arunterliegenden Eis sind. Die R echenpro­
gramme konnen d azu dienen, die Wachstumsgeschwindigkeit, die Gesamtmenge des Aufeises und das 
Verhaltnis zwischen Aufeis und Gesamta bschmelzung im N a hrgebiet eines beliebigen subpolaren Gletschers 
abzuschatzen, wenn Beobachtungen liber die ursprungliche Temperaturverteilung im Eis und die Abschmelz­
rate des Oberflachenschnees 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 fairl y 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
lion 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 other s, 1952; Benson, 1962 ; 
Muller, 1962; Koerner, 1970 ; Holmgren, 1971 ). The amount of superimposed ice formed in a 
summer must depend on both the rate of snow mel ting, hence the rate of water supply to the 
firn- ice interface, and the temperature of ice on which superimposed ice forms. It is, therefore, 
important to know the amount of superimposed ice a s 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 McCa ll Glacier, a sub-polar glacier in Arcti c Alaska, glaciological observations 
were conducted by glaciologists from the Institute of Low T emperature 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. 4Ro07, 1971 - 73) and the U.S. National Scien ce Foundation (N.S.F. Grants GF29985 
and GA28278X) in the summers of 197 I and 1972 (Wakahama and others, 1974). Laboratory 
experiments and numerical computations on the formation of superimposed ice wer e carri ed 
out to examine observational data obtained at the glacier (Wakahama and Hasemi , 1974). 

11. FIELD OBSERVATIO NS OF SUPERIMPOSED ICE ON M c CALL GLACIER 

McCall Glacier is a small valley glacier located in the Romanzof Mountains of the north­
eastern Brooks Range, Alaska. Figure I 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 b y "wet-snow fa cies". 
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wet-snow facies seems to be much larger in area than the superimposed-i ce zone, but the 
d etailed argument of the zonal classification of the glacier will be described elsewhere by one 
of the present authors (C. S.B. ) . 

Pit studies were made in the summers of 197 I and 1972 at eight sites in the wet-snow facies; 
LG, LC, LT in the "Lower C irque", MG in the "Middle C irque" and UG, UG' , UC, UT 
in the "Upp er Cirque" as indicatcd in Figure I. The stratification of snow and ice was 
revealed by spraying blue ink o nto the wall of the pit as shown in Figure 2(a ) and (b) . Ice­
core drillings were made at the bo ttom of each pit to investigate further the stratigraphy of 
snow and ice down to a dep th of 4 to 5 m. V ertical 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 3 illustrates, as an example, the results of pit 
and ice-core studies made at LG a nd LC. 

In the greater part of the accumulation a rea, 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 labell ed 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 a s shown in Figure 3 (b), which indicates that the superimposed 
ice increased in thickness by 18 cm during this period. 

N 

t 

o 

Cccall Glac.ier 
69'20'N 

14 3' 50'W 

McCaIl Glacier 

Fig. I . Schemat ,:c map of McC,,1l Clacier, showing the contour lines and the usual position of the jirn line. Pit studies and ice­
core drillings were made at the sites labelled LC, LC, LT, MC, VC', VC, VC and V T 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 197 1 (a) and 6 July 1972 (b), alld a close-up 
qf the structure near the 197 I jirn- ice interface, 1'- 1'. (a) : Layers betweerl S- S and F- F consisted of very hard fim , 1'- 1' 
is at the jim- ice interface. (b) : Layers between C- C alld D- D consist of jirn, and the layer betweell D- D alld 1'- 1' is 
the newly developed superimposed ice on the previous interface 1'- 1'. 

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 n ew 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 n ew 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 IQ m depth was 
- 2 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 a ltitudes; this p ermeable material a llows deeper penetration 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 highe r in the lower a ltitude and second ly because the amount of 
run-off water running along the snow- ice interface from the higher region increases with 
lowering a ltitude. These two factors, comparatively high temperature of u nderlying 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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i I i i 
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0 H= 2075 m 090 
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0 Ta ir = + 2·0°C / 6 July 0 
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Fig. 3. Illustrations of stratigraphic sections of snow and ice. (a) : Vertical distributions of density (C ), hardness (R ), grain 
size (D ),jree water content ( W ) and temperature ( T ) ojSllow and ice observed at site LG. (b) : Comparison of the strati· 
graphies observed at one and the same place at site LC in [971 (lift ) and [972 (right ) . L abels F, D, Sand C correspond 
10 those indicated in Figure 2(0) and (b) . As seen ill these two sections, new superimposed ice had jormed a layer [Bcrn 
in thickness at site LC between the beginning of the ablalion season and 6 Ju ly [972 . 

TABLE I. OBSERVATIONS OF SUPERIMPOSED ICE G ROWTH AT VARIOUS SITES I N THE ACCUMULATIO N A REA OF M CCALL 

GLACIE R, J U LY 1972 

Thickness 
Dale o/new Q. : QI: Q,: Q, : 
]lIly Snow Free sU/Jcr!m/Jo,w / S'lOiU Super.imposed Free RUIl-oD 

Sile Altitude 1972 depth D ensity · wotut Ice melting Ice Q./Q. w afer Qr/Q, u'aler Q,fQ. 
m a.s.1. cm g/cmJ % cm g/cm' g/cm' % g/cm 2 % g/cm2 0 1 

/ 0 

LG 2075 7 80 0.48 Ig 23·5 27 · 7 10·35 37.0 7·3 25.0 10.0 37 .0 
Le 2 135 6 130 0·45 6 18.0 2 2 ·3 7·g2 36.0 3·5 16.0 10.g 48.0 
LT 2230 4 108 0 ·40 4 15·0 16·3 6.6 40 .5 J. 73 10·5 8.0 49.0 
MG 2 12 5 8 55 0·49 12 36.0 25·3 15.8 62.5 3 ·24 13 ·0 6.3 24·5 
UG' 2260 10 52 0·5 7 24·0 18.8 10 ·55 56.0 1. 81 10.0 6-4 34.0 
UG 2270 12 2 14 0 ·45 I g .1 

UC 2335 11 Ig6 0·4 2 6 15 .0 

• Average density of snow. 
t Averaged free 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 U C and U T in Figure 4. The thickness of each ice layer 
a t UT has been measured by Benson and Trabant since 1969, and it was found tha t the 
thickness of each layer has been increasing by 5 to IQ 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 m entioned by Bazhev (1973)' 
The detailed a rgument concerning internal accumulation will b e presented elsewhere in 
connection with the facies classification of the glacier by one of the present authors (C. S.B.). 
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Fig. 4. Comparison of slraligraphies observed al eight sites in the accumulation area. In the lower and middle cirques, Ihe SIl OW 

and jim was less Ihan 1.3 m in thickness and the continuous ice was found directly beneath the jirn. In the higher regions 
of Ihe upper cirque, however, a number of ice layers of 60- 80 cm in thickness wereJound above the deeper continuous ice mass. 

It may be concluded, therefore, that the ma in part of th e ice body which constitutes 
M cCall Glacier is composed of superimposed ice formed by refreezing of melt wa ter in the 
accumulation area . This argumen t may be generally applicable when considering the mass 
balance of many glaciers existing in sub-polar regions. In fact, Koerner (1970) sh owed that 
superimposed ice formed an important part of the positive balance of the Devon Island ice cap. 
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Ill. LABORATORY EXPERIMENT ON SUPERIMPOSED ICE FORMATION 

An exp erimental study on the formation of superimposed ice was conducted in a cold 
room, of the Institute of L ow Temperature Science, H okkaido 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 simpl e apparatus was 
made as illustrated schematically in Figure 5 (a) . A large block of snow ( 20 cm X 30 cm in 
cross-section , 80 cm in h eigh t, and average density 0.4 g jcm3 ) 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 - IOoe. Melt water 
was produced by heating the snow surface. Some eosine powder (dye) was spread on the 
snow surface at the beginning of the experiment to a llow 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 r efreeze, 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 
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Fig. 5. (a) : Experimental appara tlls for making artificial superim/Josed ice. X : therlno-couples, L.C.: All automatic recording 

device for a rain gouge . (b) : Changes of temperature profiles ill ice and S/lOW during the experiment. 
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filled with melt water, additional mel t water was discharged from the snow- ice interface as 
" run-off" water, and collected in the autom a tic recording rain gauge. Tempera ture profiles 
in the snow and ice were measured by thermocouples previously embedded at locations 
labelled in Figure 5 (a). F igure 5(b) shows observed changes of tempera ture profiles in snow 
and ice as a function of time. The original loca tion of the snow- ice interface was at the origin 
of the ordinate, but it rose with time. At a first glance, the temperature p rofil es 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 Qs, of the superimposed ice Q;, of melt water drained 
from the snow- ice interface Qr, and of the free water Qc (suspended between snow grains) 
were measured, and ratios of Qi and Qr to Qs were calculated and are listed in Table n. These 
values obtained in the laboratory experiment agreed fairly well with those d erived from the 
observational data at McCall Glacier. 

TABLE 11. THE TOTAL AMOUNT OF ME LTE D SNOW Qs, SUP ERIMPOSED ICE Qi, FRE E WAT E R Qr, AND 

THE RATIOS O F Q" Qr AND Qr TO Qs O BT AINED IN T HE L ABORATORY E XPE RIMENT 

M elted snow 
Qs Qs/Qs 

Superimposed ice 
Qi Qi/Q. 

Free water 
Qr Qr/Qs 

Run-off water 
Qr Qr/Qs 

g /cm2 % g/cm2 % g/cm2 % g/cm 2 % 
'9.5 100 7.2 37 3.5 ,8 8.8 45 

IV. N U MERICAL SIM ULATIONS 

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 fi eld observations on 
M cCall Glacier. 

( I ) Model 

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

P.c. (aT) = ~ (k. aT) I' at a,;:: I A,;:: 

under the following boundary conditions: 

dH ( aT) {PSi- Pws( I -W)} L cit = ki az 0' 

T = T o at the snow- ice interface, 

T = - T B at a place sufficiently deep that the temperature remains constant, 
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where psi, pws, and Pi 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, 
ci, 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, t the time, and ;:; the vertical coordinate (positive upwards). In order to simplify the 
thermal regime at the snow- ice interface, the fo llowing assumptions were made in our com­
putation: ( I) The temperature of wet snow is kept at ooe and air spaces in the snow are 
assumed to be fi lled with water near the interface. (2) T h e initial temperature profile in ice is 
uniform and maintained at - TB, that is To = - TB. 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 resul ts on the artificial formation of 
superimposed ice using the following data: 

TB = - 9·5°C, Pi = 0·917 g/cm 3, PSi = 0.89 g/cm3, pws = 0.47 g /cmJ , w = 15%, 
L = 79.68 cal/g = 333.6 Jig, and Qm (the rate of water supply) = 1.4 g /cm2 h. 
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Fig. 6. Numerical simulations of the laboratory experiment. (a) : Changes of computed temperature profiles in ice alld growth of 
superi71posed ice with time. (b ) : Changes of the thickness H and growth rate dHfdt of superimposed ice against time. 
(c ) : 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/dt, of superimposed 
ice with time. As seen in this figure, dH/dt 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 Qm of water 
supply when it is less than the critical value of 0.14 g/cm 2 h, while it becomes insensitive 
when Qm exceeds this critical value. This suggests that the rate Qm of water supply is the 
dominant factor for the growth of superimposed ice when Qm is less than 0.14 g/cm 2 h, 
whereas ice temperature becomes the controlling factor for larger Qm. 

(b) Computation of the growth rate 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 
TB, the temperature of ice at IO m depth, were estimated from the observational data 
obtained by Trabant and others (1975) at the end of ablation season of 1972. The value of 
TB at the higher altitude is higher than that at low altitude, as mentioned before. Values of 
To, 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 I972 field observations at the lower cirque of McCall Glacier. (a) : A schematic diagram 
of initial temperature distributions in ice and melt-water flow in snow and along the snow-ice interface at jive sites in the 
lower cirque. Dark arrow: water supply from the surface; shaded and opm arrows : inflow and outflow along the interface. 
(b) : Variations of Qm, Qin and Qoul with time at site Le. (c) : Changes in thickness H and the growth rate dHfdt of 
superimp3sed ice at site LC. 
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other values have been calculated assuming an adiabatic lapse rate of 0.6 deg/ roo m . It is 
a lso assumed that the initial temperature profile in ice at each site is given by a stmight line 
which connects To and T E , and that the value of T E 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 (Qin) and open arrow (Qout) show 
fluxes of un frozen 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 ( '974) observed the rate and amount of ablation at 
various sites on the glacier as a func tion of altitude through the summer of '972. The rates 
of snow melting at these five sites in the lower cirque were derived from the observational 
resu lts 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 on ly Qm from the surface and no inflow from up-stream at the interface of site LT. 
Some part of Qm 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 Qin at site Le for 36 d from 31 May to 6 J uly '972. In this figure, the heavy solid 
curve indicates the total income of melt water (Qm + 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/dt of superimposed ice 
thus derived are i llustrated in Figure 7(c). The total thickness of superimposed ice d eveloped 
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in 36 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 LT located at a higher altitude is less than that at site LG located at 
lower a ltitude . 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 a l titude than that formed 
at the higher a ltitude 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 o°C 
and that of the underlying ice is uniform and below the melting point. Therefore, at t = 0, 

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 resul t 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. 9. Predictions of the formation of superimposed ice under various thermal conditions in ice. The thickness of superimposed 
ice formed in 30 d as afunction of the rate Qm of water supply, and in terms of the temperature To of the snow-ice interface, 
and the temperature, TB, of ice at a depth of IO m. (a) : The set of solid curves show the thicknesses of superimposed ice 
fo r the case when the initial temperature distribution in ice is uniform, i.e. To = TB. The set of dashed curves are those 
for the case when TB is fixed at - 9°C and To variable. (b) : Thickness of superimposed ice for the case when the initial 
value of To is - 9°C and TB variable. 
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It is, therefore, desirable to predict the formation of superimposed ice under varIOUS thermal 
condit ions on different sub-polar gla c iers. 

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

Case [ : Uniform initial temperature distribution in ice, i.e. To = TB . The thickness of 
superimposed ice for this case is given by a set of solid curves in Figure g (a), for various rates 
Qm of water supply. 

Case 2: T B is fixed at - gOC and T o variable, assuming the initial temperature profi le is 
linear. The thickness of ice is indicated by a set of dashed curves in Figure g(a ) . 

Case 3 : The initial value of To is - gOe and TB variable, assuming the ini tial temperature 
profi le is linear . The results are shown in Figure g (b ) . 

In both cases I and 2 , the thi ckness of superimposed ice increases markedl y with the 
lowering of the temperature at the interface T o for larger values of water supply Qm but the 
thickness of ice remains practically constant for any ice tempera ture lower than - 3°C when 
Qm is less than 0.0 I I g /cm2 h . It should be noted that the thicknesses of superimposed ice in 
these two cases are almost the sam e except for the case when To is higher than - 3°C . This 
sugges ts that the formation of superimposed ice is more sensitive to T o than T B. The growth 
rate of superimposed ice is rather insensitive to the temperature TB as seen in Figure g (b) . 

It should also be noted that the thickness of superimpo ed ice approaches the limiting 
val ue as the rate of m el t-water supply increases in a ll the cases. Th e topmost heavy c urves in 
Figure g(a) and (b ) indicate the upper-limit of the formation of superimposed ice; even if the 
rate Qm is sufficiently large, furth er superimposed ice cannot be form ed. This situation is 
reasonable, because the growth rate of ice rapidly d ecreases with time a nd excess water must 
be discharged as run-off. Values of the ratio of the total amount of superimposed ice to the 
lotal amount of m elting are listed in Table III as a function of various va lues of initial tem­
perature of the snow- ice interface ( To = TB ) and the total amount of melting. As seen in 
thi s Table, when the underl ying ice is cold enough and the amount of water supply is small, 
the m elt water which comes to the interface is entirely refrozen to form superimposed ice. 

The calculations and arguments d escribed here may be appli cable to the formation of 
superimposed ice in any glacier exist ing in sub-polar regions. 

TABLE Ill. RATIOS OF TOTAL AMOUNT OF SUP E RIMPOSED I CE TO T HE TOTAL A MOUNT OF MELTED 

SNOW FOR DIFFE RENT TEMPERATURE R EC IM ES IN ICE 

~ 518 259 130 64.8 324 g/cm' 30 cl 
To = T B 

cC % 0 1 
10 % % % 

- 3 0.6 1. 2 2·5 4·9 9.8 
- 6 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 

~ 
16.2 8.1 4.05 2.03 1.01 g/cm' 30 cl 

To = T B 
cC % % % % % 

- 3 19. 1 23·7 64. 1 95.8 100.0 
- 6 35·9 63 .8 95.6 100.0 100.0 
- 9 50.5 83.2 100.0 100.0 100.0 

- 12 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 . CONCLUD ING R EMA RKS 

In the present paper, it was shown that the observed data on M cCall Glacier and experi­
mental results on the formation of superimposed ice can be explained by solving the differential 
equation for heat Aow 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 a ccumulation 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 80

, the average surface slope of the 
underlying ice mass in the lower cirque of M cCall 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. LLIBOUTRY : To what extent do your results on artificial superimposed ice depend upon the 
slope of the ice surface below ? 

G. W AKAHAMA : 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 necessary 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 M cCall 
Glacier. 

R. PERLA: How do you define and m easure grain size for low density snow ? I a lso address 
thi s question to Dr Zwally in connection with his paper on radiative scattering as a function 
of grain size. 

WAKAHAMA : W e have consulted the International C lassification of Snow in estimating the 
grain size for any d ensity of snow. In field studies, we m easure the grain size of snow by putting 
the snow grains on a I mm grid section paper which is placed in a transparent p lastic case. 
In laboratory work, however, we usuall y measure the grain size by comparing the grains on a 
microscopic photograph of a thin section of snow with circles. 

H. J. ZWALLY: The results I quoted were those of Dr A. J. Cow who took thin sections, 
estimated the m ean 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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