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ABSTRACT. Ten-meter temperature m easurements show that Atha basca Glacier is temperate in the 
accumula tion a rea but not in the a bla tion area. An important factor in d etermining whether a ll the ice wi ll 
reach a temperature of 0 ° C by the end of ummer is how much of the layer of ice, cooled during the previous 
winter, is removed by ablation. H owever, ca lculations show that, even when a llowance is made for abla tion, 
not enough h ea t is conducted in to the ice to bring it a ll to the melting point. As recent work suggests that 
ice a t 0 ° C is p ermeable to water, latent heat rel eased by refreez ing of percola ting melt water is considered ; 
it appears likely that this process is a n insignificant heat source in the a blation area. Availa ble data show that 
the penetration of sola r rad iation can probably a lso be neglec ted . The question of how widespread temperate 
g laciers a re is discussed ; it is predicted tha t in most, ifnot a ll , glaciers there is a region below the equilibr ium 
line where, because a bla tion is low, the glacier is not strictl y tempera te. 

RESUME. Distribution de temperatllre dans les niveallx sllperiellrs des aires d' ablation dll glacier de I' Athabasca, Alberta., 
Canada. Des mesures d e temperatures sur 10 m d e profondeur montrent que le glacier de l'Atha basca est 
tempere dans la zone d 'accumula tion mais non cla ns celle d 'ablation. Pour savoir si toute la glace a tteindra 
une temperature de 0 ° C en fin d 'ete, un facteur important est cle connaitre quelle partie du niveau de glace 
refroid ie penda nt l' hiver preced ent est enlevee par l'ablation. Cependant, les ca lculs monn'ent q ue, meme 
en tenant compte d e I'ablation, la conduction de cha leur clans la g lace n'es t pas suffisante pour I'amencr 
dans sa tota lite a u point de fusion. Parce qu'un recent trava il suggere q ue la glace a 0 ° C est permeable a 
I'eau, on a considere la cha leur la tente mise en j eu pa r le regel de I'eau d e percolation ; il apparait vra i
semblable que ce processus es t une source d e cha leur insigni fiante dans la zone d 'ablation. Les don nees 
clisponibles montrent q ue la penetration de la racl iation solaire peu t probablement aussi ;,t re negligee. On 
di cute la question d e I 'extension cles g laciers temperes ; on conjecture que da ns la plupart, sinon dans tous 
les g laciers, il ex iste une region en clessous de la ligne d'equilibre Oll, pa rce que I'ablation est fa ible, le g lacier 
n'est pas strictement tempere. 

ZUSAMMENFASSUNG. D ie T emperatllrverteilung in den oberen Schichlen des AbLatiollsgebietes am Athabasca GLacier, 
ALberta, Kanada. Messungen der T empera tur in 10 m Tiefe zeigen, class d er Athabasca G lacier zwar im 
Akkumulationsgebiet temperiert ist, nicht a ber im Ablationsgebie t. Ein wichtiger Punkt bei der Analyse, 
ob clas gesamte Eis am Ende del' Sommers eine Temperatur von 0 ° C erreicht, ist di e Frage, wieviel von cler 
wahrend d es vora ngegangenen ' Vinters a bgekLlhlten Eisschicht d u rch Abla tion a bgeba ut wurde. J edoch 
wird - wie Berechnungen zeigen - sel bst mit einem gewissen Spielraum fur clie Ablation nicht genugend 
'''' arme in das Eis gelei tet, um es in seineI' Gesamtheit bis zum Schmelzpunkt zu erwa rmen. Da neuere 
Arbeiten vermuten lassen, class Eis bei 0 ° C wasserdurchlassig ist, wird la tente "" a rme, d ie beim Gefrieren 
durchsickernden Schmelzwassers frei wird, in Bet rach t gezogen; diesel' Vorgang schein t j edoch nur e ine 
unbedeutende W a rmequelle im Ablationsgebiet zu sein. Verfugbare D a ten zeigen, dass das Eindringen der 
Sonnenstrahlung wahrscheinlich ebenfall s vernachlassigt werclen kann. Die Frage, wie weit temperier te 
Gletscher verbreitet sind, wird di skutiert ; es wird vorausgesagt, dass es in den meisten, wenn nicht a llen 
G letschern ein Gebiet unterha lb der Gleichgewich tslinie gibt, in dem infolge geringer Abla tion der G letscher 
nich t streng temperiert ist. 

I. I NTRODUCTION 

In a " temperate" glacier, as usually defined , all the ice is at the pressure melting point 
excep t for a near-surface layer, som e 10 m thick, whose temperature is below 0 ° C in winter 
(Ahlma nn, 1935). The name arises because such glaciers are found mainly in temperate 
regions; but not a ll glaciers in these regions are of this type. For example, sub-freezing 
temperatures have been measured , at depths below the limit of seasonal variations, in the 
ice cap at the Jungfraujoch a nd on Mont Blanc, Breithorn and Monte R osa in the Alp 
(Vallot, 19 ' 3; Hughes and Seligman, 1939; Fisher, ' 955, 1963), in Vesl-Skautbreen in 
Norway (McCall, ' 952 ), in Lednik T sentral'nyy Tuyuksu in the Tien Shan, U .S.S.R. 
(Vilesov, 196 1), in Taku Glacier in southern Alaska (Miller, [1956] ), and at the base of 
South Leduc Glacier in wes tern Canada (Mathews, ' 964). Again , Schytt ( '968) measured 
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temperatures below 0 ° C in Stor Glaciaren in Swedish Lappland which, though north of 
the Arctic circle, had previously been considered temperate. How widespread temperate 
glaciers are thus remains uncertain. 

For a glacier to be temperate, the whole of the layer that is cooled in winter must be 
brought to 0 ° C during the following summer. In the accumulation area, heat transfer 
from the surface to the underlying firn has been studied in detail by Sverdrup (1935), 
Hughes and Seligman (1939), Sharp (1951 ), and others. They found that, once surface 
melting begins, the dominant factor in warming the firn is latent heat released when per
colating melt water refreezes on contact with a sub-freezing layer. In the a blation area, 
however, latent heat is much le s important because ice is, at best, only slightly permeable 
to water. As a result, ice may be warmer in the accumulation area than in the ablation 
area. Paterson (1969, p . 175) has quoted some examples of this . In particular, some 
glaciers may be temperate only in the accumulation area (Loewe, J 966 ; Schytt, 1968, 
1969). 

In compa rison with the d etailed studi es made in the accumulation area, heat transfer 
from the surface to the underlying layers in the ablation area seems to have received less 
attention. A discussion of this question, based on data from Athabasca Glacier, forms the 
subj ect of this pa per. 

2. ATHABASCA GLACIER 

Athabasca Glacier (lat. 52.2 ° N., long. 117.2 ° W. ) is one of the main outlet glaciers 
from the Columbia Icefield in the Canadian Rocky Mountains. The I cefield lies on the 
continental divide some 700 km from the Pacific O cean . Table I contains da ta for the two 
nearest weather stations. Figure [ shows the glacier; Paterson and Savage (1963) have 
d escribed it in d etail. The eq uilibrium line usually lies at an elevation of about 2 600 m 
in the highest of three ice falls by which the glacier descends from the Icefield . Snow pits, 

TABLE 1. CLIMATIC DATA FOR T H E TWO STATIONS NEAREST TO 

ATHABASCA GLAC IER 

Name Jasper Lake Louise 

Distance from glacier (km) go 11 0 
Direction from glacier N.W. S.E. 
E levation (m ) 1 06 1 1 534 
Annual precipitation (m) OA I 0.8 1 
M ean annual temperature (OC) + 3 - I 

Mean J anuary temperature (OC) - 11 - 15 
Mean July tempera ture (0C) + 15 + 12 

dug in the a blation area in late April, reveal no sign of melting during the winter and 
indicate that the winter precipitation is equivalent to roughly [ m of water. In most years, 
the entire snow cover in the region, 3.8 km long, between the foo t of the lowest ice fall and 
the tel'minus reaches a temperature of 0 ° C in late June; the ice becom es free of snow in the first 
half of July and the ablation eason ends in the first half of September. About 3.8 m of 
ice is lost annually from this section ; the amount varies littl e from place to place except 
near the terminus and in moraine-covered areas near the valley walls. 

3. TEMPERATURE MEASU REMENTS 

Temperatures were m easured by thermistors in holes, 10 m deep, made with a ha nd 
dl' ill. Resistance was m easured to the nearest 10 Q which corresponds to 0.04 deg. Figure I 

shows the positions of the holes. Table II lists TO-meter temperatures in all holes except 
hole F which punctured a water-filled cavity at a depth of 9.2 m (Paterson and Savage, 
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Fig . I. M ap of Allwbasca Glacier showing locatiolls of 1 a-meter bore holes. 

T ABLE 11. T EN-ME T ER T EM PE R A T URES I N ATH ABASCA GLACI E R 

(H oles A, B, C are in accumul a tion a rea, o thers in a bla tion a rea) 

H ole Elevatioll Date T emperature 
m QC 

A 3 200 18 August 1967 0 
B 2910 18 August 196 7 0 
C 2730 18 August 1967 0 
D 2275 22 Sep tember 1970 - 0.68 
E 2235 25 April 1968 - 0 ·53 
G 2230 2 1 August 1967 - 0 .4 1 
H 2 230 24 April 1968 - 0 .6 1 
L 2 170 22 September 1970 - 1.50 
M 2 lI S 26 April 1968 - 0.36 
N 2 065 22 September 1970 - 0 .05 

33 

1970). hole J into which water penetrated from the surface, and hole K which was only 
5.2 m d eep. In some holes, temperatures were m easured at various depths down to 10 m . 
Figure 2 shows temperatures in late April 1968, about the time of maximum winter cooling. 
Figure 3 shows temperatures in September 1970 at the end of an exceptionally h eavy 
ablation season (about 5 m compared with an a verage of 3.8 m ) ; ablation had ended by 
then, a ir temperature was below 0 ° C and there was up to 0 .5 m of fresh snow on the glacier. 
\ Ve defer discussion of these observations until we have considered the ways in which ice 
below th e surface m ay receive heat in summer. 

2 
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Fig_ 2 _ Snow alld ice temperatures measured ill three bore holes in late April 1968, and regression lille (Equation (3)) jit/ed to 
the ice temperatures_ The top point in e({ch hole was at the sUlf ace_ 
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Fig_ 3- Ice temjJeratllres measured in three bore holes on 22 September 1970-
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4. CONDUCTION AND ABLATION 

An appropriate mathematical model is that of heat conduction in a moving semi-infinite 
medium. To consider a slab of finite thi ckness would be prefera ble, but for this case the 
equation has no analytical solution . Benfield ( [ 95 [, [953) ha used the same model to 
study how accumulation affec ts temperatures in a snowfield. 

Let T denote temperature, t tim e, y depth below surface and k thermal diffusivity. The 
region y > 0 moves with velocity v, negative for the case of ab lation because ice moves 
upwards relative to the surface. T he initial temperature is T o+ ay. From t = 0 (the start 
er the abla tion season ) the surface y = 0 is maintained at T = o. 

The eq uation of heat transfer is 

aT/ at = k o2T fof- v 2 T fcy . 

The sol ution is a special case of that given by Cars law a nd J aegel- (1959, p. 388) : 

H ere 

T (y , t ) = T o a(y -vt )-tT o[erfcw + exp y'erfcw'] + 
+ ta [(y + vt ) exp y' erfc w' - (y -vt ) erfc w J. 

w = (y - vt )f2(kt )l, 
w' = (y + vt )f2(kt )', 
y ' = uy /k, 

el-fc w = 21T - 1 J exp (_ Z2 ) dz. 

( [ ) 

\ " e use this solu tion to determine temperature as a function of d epth at the end of the 
a blation season. We ta ke the regression line fitted to the April measurements (Fig. 2) 

T = - 4·23 + 0·38 y (3) 

to represent temperature at t = o. C urve (c) in Figure 4 shows the solution of Equation 
(2) with numerical values appropriate to Athabasca Glacier: T = - 4.23° C, a = 0.38 
deg m - I, length of ab lation season t = 0.2 a, total ablation vt = - 3.8 m , k = 36.3 m 2 a - I. 
It appears that, even when a llowance is made for the ice removed by ablation, heat con
duction is inadequate to warm a ll the ice to 0° C by the end of the ablation season . There
a fter, there is a net loss of heat from the surface so a ll the ice will never reach 0° C. 

FigUl-e 4 includes curves for three additional cases to show the effect of val-iat ions in 
ablation rate and in length of ablation season ; the val-iations are larger than those en
countered from year to year on Athabasca Glacier. The curves illustrate the importance 
of the amount of ablation in determining the temperature distribution . T he curves are 
eas il y converted to "cold waves" of different ampli tudes; if T o and a a re each multip lied 
by In, the final temperatures are a lso. 

5. P ERCOLATIO N AND R EFR EEZ [NG OF MELT WATER 

Nye a nd Frank (in press ) believe that, contrary to previous Opll110nS (Steinemann , 
[958 ; Lliboutry, 1964- 5, Tom . [ , p . [[2- 3), pure polycrystalline ice at the melting point 
is permeable to water. Thus latent heat, released by percolating m elt water when it re
freezes on contact with a subfreez ing layer, is a possible mean of warm ing the ice in the 
ablation a rea. "Ve now try to assess its importance. 

On Nye a nd Frank's mod el (c.r. Frank, 1968), the ice is ass umed to be at the press ure 
melting point throughout a nd the water Rows downwards , under a pressure gradient due to 
the density difference between ice and water, thro ugh a network of veins between the ice 
gra ins. T he situation considered here is somewhat different. At the end of summ er, when 
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the suppl y of m elt water is cut off and the ice starts to lose heat, any water in the neal-
surface ice will freeze a nd ice creep will start to close a ny air-filled vein or cavities . Thus, 
by the beginning of the fo llowing summer, the permeability of the nea r-surface ice shou ld 
be almost zero . Thus, at each depth, melt water will have to penetrate from the surface, 
freeze and relea~e latent heat to bring the surrounding ice to th e melling point and open 
up cha nnels, before water can pz-oceed to g reater depths. As the details of this proces') are 
not clear, we propose to treat it as a process of diffusion of water into a semi-infinite medium . 
At each depth, the water must reach a certa in concentration before it can advan ce furt her ; 
the concentration is such that the latent heat relea ed by the water on freez ing is ju t 
suffi cient to warm the ice at that depth to 0° C. 'vVe ass ume tha t the concentration of water 
at the surface remains constant and that its temperature is 0° C. Hill ( 1928) has used the 
sam e mathematical model in ano ther problem . 

T EMPERATURE ( • C ) 

0 -I - 2 - 3 -4 -5 
0 

z 
0 

'" '" w 

'" 
Z 

0 

f-

< 
...J 

CD 

'" 
U. 

0 
G 

f f-
er 

'" f-

'" 
f-

'" 
E -
I 10 
f-
a. 
w 
0 

12J 
Fig. 4. T emperatlll'e profiles calclllated .from hent-conduction theo~y. 

(a ) Observed initial temperatures (see Fig . 2) . 
(b) T emperatures '!iter 0.2 a with no ablatioll. 

-6 

(c) A.fter 3.81/l ablation in 0 . 2 Cl (average conditions i" Athabasca Glacier ) . 
(d ) After 3 .8 1/l ablation in 0 .4 a. 
(e) A.fter 7.5 III ablation in 0 . 2 a. 

Let y denote distance below the surface, t time, J (y, t ) volume of water per unit \'oium e 
of ice, and /.. the volume concentration of water needed to raise the ice a t depth )1 to 0° C. 
Thus /.. = pc6.T/p'L where p and p' are densities of ice and water, c specific heat of ice, 
L its latent heat, and 6. T difference between ice temperature and 0° C. Initiall y, ...l T and 
thus /.. are assumed to be the same at all d epths. Let Y (t ) be the depth to which water has 
penetrated (the position of the 0° C isotherm ) at time t. W e wish to d etermine 1'" (t ) as a 
func tion of /.. and ofJo, the value off at the surface. 

The diffusion equation is 
Cif/ at = k a:J/ ay> 
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where k is the diffusivity of water in ice. By using this equation we assume that th e press ure 
grad ient that makes the water flow downwards is not the dominant factor in determining 
the rate of penetration and therefore can be neglected. In add ition, we assume that k is 
constant above the 0 ° C isotherm and that fo, the water concentration at the surface, is 
constant in time. These are dubious assumptions. 

Boundary conditions are: 
At 

11 = 0 ~ , f = fo for all t. (5) 
For 

t --+ 00, f = fo for all y. (6) 
:\t 

) 1 = 1"(1), f = o. 

At )1 = Y (t ), the rate of diffusion of water must be equal to the rate at which watel' is being 
u ed to warm the ice. Thus 

- k(2ff'i'y ) = '\ (dYfdt ). 

Th e solution of Equation (4) satisfying Conditions (5) and (6) IS 

f = fo - A erf{b(kt )-'}. 
Cond ition (7) then gives 

1" = 2B (kt )' 

where, from Condition (8), B is given by 

B erf B exp B2 = JO'\- ITT - : . 

(8) 

(9) 

( 10) 
The value of B , for given fo and '\, can be determined from a table of B erf B exp B'. 

From Equation (9) one can calculate whether the water has reached the lower boundary 
of the cold layel' by the end of the ablation season, when the surface water supply is cut off. 
The data required are .\, fa, and k, From Equation (3), and appropriate values of the 
density and sp ecifi c and latent heats of ice, 

,\ = 0.024 - 0 .002 y, x = 0. 01 4. 

We take fa = 0.0 I, This is probably an upper limit. Nye and Frank (in press) considel' 
that J is unlikely to exceed 0.00 I. Joubert ( T 963) measured values from 0.00 I 5 to 0.0 I in 
ice in the Vall ee Blanche. Ambach ( 1956) measured values up to 0.03 in Vernagtferne,', 
but that was in ice within 160 mm of the su rface where there is probably more water than at 
depth , Moreover, these measurements would include any water in isolated cavities as well 
as that in the vein system. There appear to exist no data on which to base an estimate of 
k for ice. However, a value for firn can be obtained from the data of Hughes and Seligman 
( 1939) who measured both temperatures and water percolation in the J ungfraufirn a fun c
tions of time. Application of the above theory to their data gives k = 185 m 2 a - I. For ice, 
it seems plausible to reduce this value by at least one order of magnitude and take k = 20 
111 2 a - I. 

With the above values, Equation (9) becomes 

t = 0.045 1"2. 

FOI' 1" = 10 m (minimum thickness of cold layer), t = 4.5 a . For t = 0.2 a (length of 
ablation season), Y = 2.1 m. A slightly more complex analysis in which ,\ is allowed to 
vary linearly with depth gives similar values: for 1" = 10 m , t = 2.6 a and for t = 0.2 a , 
r = 2.1 m . Thus the rate of melt-water penetration is less than the ablation rate. We 
conclude that refreezing of percolating melt water should be a negligible factor in warming 
the ice in the ablation area of Athabasca Glacier. 

The foregoing theory is obviously much more elaborate than is warranted by existing 
data. The p ercolation of water through glacier ice needs detailed study, 
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6. SOLAR RADIATIO N 

L1iboutry (1964- 5, Tom. I , p. 368) gives values of the extinction coefficient for so lar 
radiation in glacier ice: 0.028 mm- I at the surface, decreasing to 0.0018 mm- I at depths 
below 0.2 m . These figures imply that 50 % of solar radiation is absorbed in the uppermost 
30 mm and 99 % in the first 1.85 m. In this case, solar radiation may be neglected as a 
means of warming the ice below the surface, although it is of COurse often the major factor 
in warming and melting the surface ice. However, Well er ( lg68) measured extinction 
coefficients of only 0.00 13 mm- I down to I m and 0 .000 7 mm- I below that depth in 
Antarctic "blue ice" and concluded that radiation was an important m eans of heat transfer 
even at a d epth of 4 m . L1iboutry's data appear to refer to conditions in the Alps in the 
ab lation season and are therefore more appropriate for Athabasca Glacier than Well er's 
data from a region where the surface temperature was always below 0 ° C. "Ve conclude 
that solar radiation can probably be neglected in the case of Athabasca Glacier ; but some 
m easurements would be desirable. 

7. DISCUSSION OF MEASU R ED TEMPE RATURES 

Table Il indicates that, on the plausible assumption that winter cooling does not penetrate 
below 10 m , the g lacier is temperate in the accumulation area. Figure 3 shows that, in the 
ablation area, the ice had not attained the pressure melting temperature by the end of what 
was an exceptionally heavy ablation season. If the melting point has not been reached by 
the end of summer it never will be, because the ice then stal·ts to lose heat again to the 
atmosphere. The data in Table Il confirm that the ablation area is not temperate; a ll the 
lo-meter temperatures there, measured in three different years and at different times of 
year, are below 0 ° C. Whether, at a given point, there are a ny measurable seasonal varia
tions in IO-meter temperature is not known because thermistors were not left in the ice ; 
fresh holes were drilled, usually at different locations, on each visit to the glacier. However , 
the l o-meter temperatures in holes E and H in April were close to that in hole G, which i 
at about the same elevation, in the previous August. During the ablation season, because 
the surface level is changing, one might expect slight differences be tween temperatures 
measured at a depth of 10 m at different times. 

If hole L is excluded , the data in Table II show a slight trend for Io-meter temperature 
in the ablation area to decrease with increase of elevation (ra te of about 0.3 d eg per 100 m ). 
Hole L was in moraine-covered ice near the valley walls. H ole K was a lso, and measure
ments there confirm that tempera tures in this type of ice are lower than in the relatively 
clean ice in the central part of the glacier. Hole K only penetrated to 5.2 m but the 
temperatures there was - I .gO C, the same as at that depth in hole L. Ablation of the 
moraine-covered ice is only about 60 % of that elsewhere. Figure 4 illustrates how a d ecrease 
in the amount of ablation res ults in lower temperatures at depth. W e suggest that this is 
the explanation of the observations. A contributing factor may be that, because the moraine
covered ice stands relatively high , some snow may be removed by wind. Thus the accumula 
tion there may be relatively low. This would increase the win ter hea t loss. 

The observations thus confirm the conclusion , drawn from the preceding sections , tha t 
insufficient heat is supplied to the ice below the surface to bring it all to the melting point 
by the end of summer. The temperature profiles measured in September (Fig. 3) r esemble 
those calculated from heat conduction theory (Fig. 4) . Close quantitative agreement between 
theory and observation can hard ly be expected , because the initial temperatures (Fig. 2) 
used in the calculations were m easured at different places and in a different year from the 
final ones (Fig. 3) . Moreover, the regression line is only a rough representa tion of the 
initia l temperature. Perhaps the major discrepancy between F igures 3 and 4 is in the 
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depth of minimum tempera ture. However, calculations show that the position of the 
m inimum depends quite sensitively on the choice of initia l temperature. W e believe that 
inaccuracies in this can explain the discrepancy. 

If penetration of m elt water and solar radiation were sign ificant means of heat transfer, 
the temperatures at the end of summer might still be calculated from heat-conduction 
theory, provided that a larger-than-normal value of thermal diffusivity were used. If 
increasing the value of diffusivity improved significantly the fit of the theoretical curves to 
the observations, this wou ld suggest that the additional heat sources are not neglig ibl e. 
H owever , the limitations of the present da ta , m entioned above, preclude such a test. 

8. DISCUSSION: CONDITIO NS fO R T EM PE RATE ABLATION AREA 

Whether the near-surface layers in a glacier attain a temperature of 0° C by the end of 
summer d epends both on the winter heat loss and the summer heat supply. The heat los 
depends on such factors as winter air temperatures, extent of cloud cover, amount of snow
fall and when it occurs. The preceding analyses indicate that ablation is the main factor 
in eliminating the winter "cold wave" in the ablation a rea. In other words, the heat that 
the surface receives from the a tmosphere and from solar radiation is la rgely used to warm 
the surface ice to 0° C and then melt it. The sub-surface ice receives som e heat by conduc
tion. T he longer the ablation season, the more effective conduction wi ll be ; but the amount 
of heat supplied in a typical season of two or three months is not large. (See Fig. 4. ) 

Thus we may specula te that few, if a ny glaciers are temperate throughout. Many 
glaciers appear to be temperate in the accumulation area. However m ost of these proba bl y 
contain a region below the eq uilibrium line where, because ablation is small , some of the 
ice cooled in winter remains below the melti ng point throughout the following summer. 
I n some glaciers this region of cold ice may extend to the terminus ; in others, ablation at 
lower elevations may be sufficient to make the glacier temperate there. The criti cal value 
of ab lation will of course d epend on the extent of winter cooling. 

Schytt ( 1969) has described this situation in Svalbard : " In many g laciers, previously 
considered as temperate, ... the cooling starts just above the equilibrium line and the ice 
temperature in the upper several tens of meters stays below 0° C all the way to the ice 
edge". Schytt's observation that the cold ice starts "just above" the equilibrium line has 
not been checked on Athabasca Glacier because the equilibrium line li es in an ice fa ll. 
H owever , hole C, where the temperature is 0° C, is a horizontal distance of on ly 600 m 
above the equilibrium line. 

Vilesov ( 196 1) m easured temperatures at differen t times of year in the ablation a rea of 
Lednik T sentra l' nyy Tuyuksu in the Tien Shan. In comparison with Athabasca Glacier, 
the win ter cooling is greater ( I -meter temperature of _ 6° C compared with - 4° C ) and 
ablation is le S (2 m a - I against 3.8 m a- I), although the ablation season i a bout the same 
length on both glaciers; thus the 10 m temperature is lower (- 2.5 ° C against - 0'5° C). 

Let us consider some other regions . In the European Alps, ablation exceeds 10 m a - Ion 
the lower parts of major glaciers such as Grosser Aletschgletscher (K asser, [1956] ) and M er 
de Glace (Lliboutry and others, 1962) . But ice below the melting point might be found in 
the higher part of the a blation areas of these glaciers, or in small glaciers whose termini 
are at relatively high elevations where ablation may be onl y 2 or 3 m a - I. Blue Glacier, in 
north-western U.S.A. , is temperate in the accumulation area; the temperature in the 
ablation area has not been measured (Shreve and Sharp, 1970) . As the max imum ab lation 
i on ly 3.5 m a- I (LaChapelle, 1965), one might expect that the ablation area wou ld not 
be temperate. H owever, LaChapelle ( 196 1) found that, as a result of mild winters and 
heavy snowfalls, the temperature of the firn in the accumulation area hardly ever falls 
below _ 2° C a nd that sub-freezing temperatures never penetrate below 4 m. Cond itions 
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are p robably simila r in the abla tion a rea. M oreover, the abla tion season las ts 4 m onths, 
a relatively long period (LaCha pelle, 1965) . In these circumsta nces, at least the lower 
par t of the a bla tion area should be tempera te. 

T he preceding discussion is oversimp lifi ed. Because accumula tion a nd ablation vary 
over short dista nces as a result of variations in the nature and topography of the surface, 
therma l conditions will a lso va ry. F igure 2, for exa mple, illustrates how snow depth affects 
ice temperature. Again, the ice in the bed of a melt-wa ter stream may be mainta ined a t 
0 ° C thro ughout the summ er, while ice on the crest of a hum mock may be cooled by radi a
tion every nigh t ; crevasses, moulins and m elt streams inAuence the tempera ture of the 
surrounding ice; significant am ounts of solar radia tion may penetrate pa tches of b ubble
free ice. H eat conduction will reduce such tempera ture inhomogeneities, but is unlikely to 
eliminate them . Perhaps, in som e glaciers, conditions resemble those in regions of dis
contin uous perma frost, where patches of ground tha t thaw during summer are interspersed 
with patches that rem a in frozen . M oreover, ice tempera ture m ay vary from year to year 
as a res ul t of clima ti c flu ctua tions . While seasonal variations are neglig ible at depths below 
a bou t 10 m , changes with longer periods are propagated to greater dep ths. 

T his paper, if it has done no thing else, should have poin ted ou t the need for more 
temperature measurements in glaciers in temperate regions a nd a lso for deta iled studies of 
the penetration of water a nd sola r radia tion into glacier ice. 
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