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ABSTRACT. The combined heat, ice a nd water ba lance was calcula ted for the M cCall Glacier basin 
(30.6 km') for a 36 day period in summer of 19 71 . T his period represents about half the ablation period in 
this region . The hea t bala nce was measured by d etailed observations over ice, and secondary sta tions were 
es ta blished over snow and moraine surfaces. The hea t ba la nces calcula ted for sta tions located respectively 
on ice a nd snow surfaces were assumed to be representa tive of all such surfaces. The moraine sta tion was 
only used to obtain evapora tion da ta for a reas of the basin not covered by glacier (to talling a bout 70 %) . 
Corrections were made to the radiative Auxes owing to screening of the surrounding mounta ins and the 
exposure of the glacier. The ice ba lance was calcula ted using 80 a bla tion /accumula tion stakes and the 
discha rge was measured with a water-level recorder, which was calibra ted with a current meter. The 
precipita tion was m easured with seven ra in gauges. Compared with the direc t run-ofi' measurements, the 
values ca lcul a ted from the hea t bala nce gave a va lue 5.5% higher, a nd the sta ke measurements a value 
8.9% lower. This agreement is considered sa tisfactory and strengthens confidence in the methods employed 
in each of the three individua l calcula tions. 

R E SU M E . Le bilan combine etl chaleur, etl glace et en eau du M cCall Glacier, Alaska: une contribution a la Decennie 
H ydrologique lntemationale. On a calcuJe le bilan combine de cha leur, de glace e t d 'eau pour le bassin du 
M cCall Glacier (30,6 km') pour une periode de 36jours dura nt I' e te 197 1. Cette period e represente environ 
la moitie d e la period e d 'abla tion d a ns ce tte region . Le bila n thermique a e te mesure par d es observa tions 
fines sur la glace, e t d es stations secondai res ont e te insta llees sur la neige et sur la moraine. Les bilans 
thermiques calcules pour des sta tions situees respec ti vement sur la glace e t sur la neige ont e te consideres 
comme representa tifs de toutes les surfaces de ces categories. La sta tion sur mora ine n'a e te utilisee que pour 
obtenir d es donnees sur l'evaporation pour le surfaces non englacees du bassin versant (au to tal environ 70%) . 
Des corrections aux Aux rayonnes ont e te a pportees en fonction d e l'ecra n des montagnes avoisinantes et d e 
I'exposition du glacier. Le bila n de glace a e te calcule par 80 ba lises d 'accumula tion-a bla tion et le debit a ete 
mesure avec un enregistreur de niveau eta lonne avec un moulinet. Les precipita tions etaient mesurees pa r 7 
pluviometres. Pa r compa raison avec les mesures directes d 'ecoulement, les va leurs ca lculees a pa rtir du 
bila n thermique donnent un excedent de 5,5% et les balises un defi cit de 8,9 % . Cette concordance est 
es timee sa tisfaisante et renforce la con fian ce d a ns les methodes employees dans chacun des trois ca lculs. 

Z USAMMENFASSUNG . D er kombinierte Wiirme-, M assetl-, und J;j!asserhaushalt des M cCall Glacier, A laska: eiTl 
Beilrag zur iTltema/ionalen Hy drologischen D ekade. Der kombinierte Warme-, Massen-, und W asserhausha lt des 
Einzugsgebietes d es M cCall G lacier (30,6 km' ) wurde fur eine 36 tagige Period e im Sommer 197 1 berechnet. 
Diesel' Zeitraum stellt e twa die ha lbe Abla tionsperiode fur diese G egend da r. Detaillierte Wa rmebila nz­
messungen wurden uber Eis ausgetragen, und sekunda re Sta tionen wurden uber Schnee und uber einer 
Mora ne a ufgebaut. Die W armebilanz, die uber Eis bzw. Schnee gemessen wurde, wurde fur a lle Eis- bzw. 
SchneeAachen a ls korrekt angenommen. Die Sta tion a uf d el' M ora ne wurde nul' zur Berechnung des Verdun­
stungswertes fur den nichtvergletscherten T eil (e twa 70 %) d es Einzugsgebietes verwendet. Die Strahlung, 
die del' Gletscher erha lt, wurde in Bezug a uf Horizonta bschirmung und Exposition korrigiert. Der M assen­
ha usha lt wurde mit 80 Abla tions-/Akkumula tionspegeln bcrechnet, und d el' AbAuss wurde mit einem 
registrierenden Pegel gemessen, d el' mit einem S tromungsgeschwindigkeitmesser geeicht wurde. D el' 
N ied erschlag wurde mit 7 Niederschlagssammlern bes timmt. Ein Verg leich der direkten AbAussmessungen 
mit den berechneten W erten ga b einen 5,5 prozentigen hohen;n Wert fur die Wa rmebila nz, und einen 8,9 
prozentigen niedrigeren W ert fur die Massenbila nz . Die U bereinstim mung kann a ls zufriedenstellend 
gelten, und sta rkt das Vertrauen in d en M ethod en, die fur die drei voneinander una bha ngigen Berechnungen 
a ngewa ndt wurden . 

J . INTRODUCTION 

The M cCall Glacier lies in the eastern and highest part of the Brooks Range (Iat. 69 0 18' ., 
long. 1430 48 ' W .) and the locality has been fully described elsewhere (e.g. W endler and 
others, in press) . 

The present study estimates the combined heat, ice, and water balance of the M cCall 
Glacier, which is one of the official goals of the International H ydrological Decade (I.H.D. 
1966). T o the authors' knowledge, this is the first time, that such a compa rison has been 
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attempted for a whole glacier. Previously, some investigations of the combined ice and water 
balance have been carried out (e.g. M eier and others, 1971 ; W endler and others, in press) , 
and heat balance studies at one point have been compared with the run-off and ablation of 
small controlled area on glaciers (Lang, 1968 ; Derikx, in press ; Wendler and Ishikawa, 
1973[a). 

2 . I NSTR UMENTATION AND P E RIOD OF OBSER VATION 

The instrumenta tion has been described previously (W endler and Weller , 1974) and hence 
this description is very brief. A first-class micro meteorological station was established at 
I 740 m on the glacier tongue (see Fig. I). At this site, profile measurements were made a t 
four heights of temperatu re, humidity, and wind, and short- and long-wave incoming and 
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Fig. I . Locality map of the M cGall Glacier basin. 
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outgoing radiation fluxes were measured . The ice temperatures were recorded down to a 
depth of 10 m. A second-class station was established in the lowest of the three firn basins 
(Fig. 1) at an altitude of 2 100 m. For part of the time, temperature and humidity were 
recorded at two levels, but for the remainder at only one. Wind velocity was also recorded, 
and spot measurements of the snow temperature, snow density and albedo were carried out. 
The run-off was measured with a water- level recorder at the McCall Creek, about 2 km down 
from the terminus of the glacier, and was calibrated with a current meter. Ice ablation was 
measured with ablation stakes, and for daily mean values, 20 micro-stakes were installed at 
the main observational site. The observations were commenced in the spring of '969, and 
were carried out for the four summers until 1972. However, owing to difficulties with the 
micrometeorological equipment as well as with the water-level recorder (the stream changed 
its course several times) periods with good data from all instrumentation are rare. One of 
these is the period of 17 June to 22 July 197 I, a 36 day period, for which the combined heat, 
ice and water balance is calculated. The calculation was limited to this short period- it 
represents nearly half of the ablation period- as good run-off measurements were then 
available. Before 17 June, aufeis in the McCall Creek (Trabant and others, in press) prevented 
run-off measurements and on 23 July 1973 the McCall Creek changed its course. 

3. METEOROLOGICAL CONDITIONS DURING THE OBSERVATION PERIOD 

The observation period was within the main ablation period, which lasts for 2- 3 months 
on the McCall Glacier. The mean and extreme climatological conditions at the principal 
station can be seen in Table I; the mean temperature (3.2° C) is a typical value for the 
warmest month of the year so far as can be estimated from the limited amount of data (Orvig, 
1961 ; Wendler and Well er, 1974) . An absolute range of more than 20deg was observed, 
with 12.0° C as the highest temperature and a minimum of nearly - 10° C. There is no period 
of the year in which freezing does not occur on McCall Glacier. The water vapor pressure 
is in the mean (6.17 mbar) very near to the saturation vapor pressure of water at 0° C and 
has an absolute range of more than 6 mbar. 

TABLE I. M ETEOROLOG ICAL DATA, M c CALL GLACIER, 17 J UNE-

22 J U LY 1971 

Air tempera ture ( I m) 
(0C) 

Water vapor pressure ( I m ) 
(mbar) 

Wind speed (a t 2 m) 
(m s- ' ) 

Cloudiness 
(tenths) 

Absolute maximum 
Absolute minimum 
Mean 

Absolute maximum 
Absolute minimum 
M ean 
Absolute maximum 
Absolute minimum 
Mean 

Absolute maximum 
Absolute minimum 
Mean 

The ex tremes represent hourly values. 

12.0 

-9·7 
3.2 

9.0 7 
2·57 
6. 17 

7·4 
0·4 
3.0 

[0.0 

0 .0 

6.2 

The wind speed was never very high, as no strong storm occurred during the observation 
period. Calm conditions lasting one hour or more were not observed, as a glacier wind 
blowing down the ice slope is nearly always present. The m ean cloudiness is 6.2 tenths, 
which is lower than values found at Barter Island where the longer term mean for June and 
July is 7.9 tenths (Searby, 1968) . This is to be expected, as the McCall Glacier is frequently 
above the level of the stratus cloud which is so frequently found over the Arctic Ocean and 
the adjacent north slope in summer. 
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Two cold spells occurred during the observation period, one at the end of June, and the 
other around the middle of July. The daily mean and ex treme values of temperature, 
water vapor and wind speed are shown in Figure 2 and the m ean diurnal variation of the 
climatic data are given in Table H. One can see that, on the average, freezing occurs daily, 
even though the sun never sets at this time of the year. 
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Fig . 2 . Daily mean and extreme meteorological elements, NlcCali Glacier, [7 J une-22 July 197 1. 

TABLE 11. M EAN DIURNAL VARIATIONS IN METEOROLOGICAL CONDITIONS, 

Jv.:CCALL GLACIER, 17 J UNE- 22 J ULY 1971 

Mea n maximum 
lVl ean minimum 
Mean range 

Air temperature 
QC 

6.6 
- 0·9 

7·5 

vValer vapor pressure 
mbar 

7·37 
4.92 

2-45 

Wind speed 
m S- I 

5. 1 

1.5 
3.6 
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4. SOME TOPOGRAPHIC CHARACTERISTICS OF M c CALL GLACIER BASIN 

The McCall Glacier basin has a size of 30.6 km2 and stretches from the run-off site at 
1 Igo m to Mt Hubley at 2718 m (Fig. I ) . Some g. 1 km' or 30% of the basin is glacier 
covered, the McCall Glacier (6.22 km') forming the major pa rt. In addition, the Gooseneck 
Glacier (1.48 km' ), g lacier A (0.89 km' ), Bur Cirque Glacier (0.33 km2) a nd glacier B 
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2 

Fig . 3. Altitude dis tributio',s of the total and glacier-covered area in the McCall Glacier basin in 100 m steps. 

(0.25 km2) a re located in the basin, glaciers A and B being glaciers with no officially recognized 
names. The altitude- a rea relationship for glacier-covered and total a reas a re given in Figure 3. 
One can see that for the whole basin the greatest area lies between 2 000 m a nd 2 100 m , 
while for the glacier-covered area this is [00 m higher. The altitude span of the glaciers and 
the relative distribution of area as a function of height are given in Figure 4, the McCall 
Glacier having the greatest altitude span. 
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Fig. 1. Relative altitude distributions of the five glaciers in the M cCall Glacier basin . 
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Fig. 5. D aily mean and extreme values of the discharge, McCall Creek, I7 J une- JIJI July 1971. 
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5. THE RESULTS OF T H E R UN-OFF MEASURE MENTS 

The discharge was measured with a Stevens water-level recorder, and calibration measure­
ments were carried out with an Ott current meter. The calibration curve and the difficultie 
have been described elsewhere (W endler and others, in press). 

Daily mean and extreme values of the discharge are given in Figure 5. The maximum 
was found on 2 1 July 197 I with nearly 4000 I S- I ; the discharge never went below 750 I s-I 
and a mean value of I 390 I S- I was measured for the 36 day period. A comparison of the 
three methods of calculating the run-off cannot be carried out on daily basis owing to the 
basin's storage capacity for liquid water and the time lag in the run-off. H ence, a comparison 
was attempted for five-day periods as well as for the whole observation period. Therefore, 
the mean and extreme values are given for five-day periods in Table Ill. One can see that 
for the time of the two cold spells (Fig. 2) the run-off is reduced. 

TABLE Ill. l\1EAN AND EXTREME VALUES OF RUN-OFF FOR FIVE-DAY PERIODS, Mc CALL GLACIER, 
17 J UNE- 22 J ULY 1971 

Amollnt 
x IQJ rn 3 

17- 2 I June 537 
22- 26 June 705 
27 June- I July 545 
2- 6 July 529 
7- 1 I July 633 
12- 16 July 525 
17- 22 July 848 
Total period 4322 

6. ABLATION FROM STAKE MEASUREMENTS 

Daily mean 
X IQJ rn3 d - I 

107 
141 
109 
106 
127 
105 
141 
120 

Daily maximum Daily minimum 
X 103 rn3 d - I X 103 rn3 d - I 

136 87 
166 116 
120 87 
12 1 92 
168 104 
146 73 
224 74 
224 73 

Eighty ablation/accumulation stakes were sited on the M cCall Glacier, or 13 per kmz. 

It may be noted that 10 per kmz were found sufficient by Hoinkes (1964) to obtain good values 
for the mass balance of a glacier of simple topography. The amount of ablation was calculated 
for each point, and an ablation map constructed (Fig. 6). It can be seen that the maximum 
amount at the snout of the glacier is in excess of 120 cm water equivalent for the 36 day period , 
which is more than half of the annual amount (Trabant and others, in press) . With increasing 
height, the amount of ablation decreases, and in the higher firn basin less than 10 cm water 
equiva lent of surface ablation occurred. Difficulties occur if one wants to compare ice a blation 
with run-off, as part of the surface ablation refreezes in the deeper layers. As the annual m ean 
temperature is far below the freezing point (about _ 12

0 C was found at I 740 m altitude), 
this is of great importance. By using temperature measurements in the firn basins during 
different times of the ablation season, the amount of water which refroze could be es tima ted 
(Trabant and others, in press). We found a value of 80 % for the m ean of the firn basin in 
this 36 day period . Such a high percentage occurs because the observational period was 
relatively early in the season, at a time when the firn has temperatures far below freezing. 
For the smaller glaciers in the M cCall Creek Basin, no or few direct measu rements of the 
a blation were carried out. Using the amount of ablation as a function of height from the 
McCall Glacier (Fig. 7) and knowing the altitude distribution of the other smaller glaciers 
(Fig. 4), the amount of snow and ice melt could be estimated assuming that the ablation is a 
function only of altitude. To obtain values for five-day intervals, the values of 20 microstakes, 
which were located near the main observation site, were utili zed , as a ll ablation stakes were 
not read every five days. The results, which were found , are given in Table IV. 

If the ice balance is to be compared with the water balance, the precipitation and the 
evaporation in the area have also to be taken into account. Precipitation gauges were located 
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NOR TH 

Fig. 6. Ablation ill cm water equivaletlt of McCall Glacier, 17 J une- 22 J uly 197 J . The poir/ls represent stake locations. 

at seven points in the M cCall Creek Basin. The main sta tion, which had the only recording 
rain gauge, was fairly representative. It was found that on the average a 6.9 % higher value 
would be representative of the whole basin. 

T he evaporation was m easured over a moraine at I 740 m for an eleven day period , 
which was within the 36 day period of this study (W endler and Ishikawa, 1973 [b] ). A mean 
daily value for the evaporation of 1.05 mm water was found. T his value was assumed to be 
representative of a ll a reas not glacier covered and for the whole period . 

A comparison between the water and ice balance is now possible. This is described in 
section 8. 
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Fig. 7. Ablation as/unction 0/ height, McCall Glacier, 17 Jllne- 22 J uly 1971. 

TABLE IV. AMOUNT OF ABLATION OF THE GLACIERS I N THE 

Mc CALL GLACIER BASIN FOR FIVE-DAY PERIODS 

Period Ice melt Snow melt 
X IOJ rn J X JOJ rn J 

17- 21 June 421 190 
22- 26 June 539 245 
27 June- I July 72 33 
2-6 July 2 17 98 
7- 11 July 436 ' 97 
12- 16 July 129 58 
'7- 22 July 275 126 
T otal period 2089 947 

7. H EAT BALANCE ST UDIES OF THE WHOLE BASIN 

2500 m 

The heat balance can be calulated for the surface using profil e m easurements of the 
meteorological data (e.g. Albrecht, 1940 ; Munn, 1966) . The following terms were considered 
In the heat balance equation : 

( I) radiation balance, short-wave Rs, 
(2) radiation balance, long-wave RI , 
(3) sensible heat flux S, 
(4) latent heat flux L, 
(5) heat flux in the ice or snow C, 
(6) snow or ice melt NI. 

The sum of all f1uxes is zero, if no advection takes place : 

Rs+ R1 + S+ L+ C+ M = o. 

Fluxes towards the surface are considered as positive, and those away from the surface as 
negative. 
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Heat-balance studies on glaciers have been carried out for more than 20 years (e.g. 
Hoinkes, 1953). However, these measurements were done only for one specific point. The 
extension from one point over a whole glacier is difficult and has not been attempted, with the 
possible exception of Hoinkes and Wendler (1968). These authors extended the radiation 
terms which gave the greatest contribution to the melting of the snow and ice in Hintereis­
ferner, Austria, in the summer of 1958. 

A. Radiation balance 

As the heat balance of 1970 has been discussed previously in great detai l (Wendler and 
Well er, 1974), this discussion is brief. The mean and extreme radiative values for the micro­
meteorological site are given in Table V for the period 17 June to 22 July 197 I. A mean 
value of 478 Ly d- I (20.0 MJ m - 2 d - I ) wa observed for the global radiation , of which 39% 
was reflected. The albedo had a great variability and a range from 83 to 20 % was observed. 
The a lbedo, of course depends on the surface conditions and new snow fall tends to raise the 
albedo substantially. Therefore, the daily mean values of albedo and the snowfall are given 
in Figure 8. One can see that the highest values are observed with new snow and, further, 
that the albedo drops when the snow has melted on the glacier. The long-wave radiation 
balance (Table V ) is negative, and a mean value of - 165 Ly d - I (- 6.9 MJ m - 2 d - I ) was 
observed, resulting in an all-wave balance of 134 Ly d - I (5.6 MJ m - 2 d - I ) . 

TABLE V. MEASURED RADlATIVE FLUXES, MCCALL GLACIER, 17 J UNE- 22 J ULY 1971 

Short-wave incoming 
Short-wave outgoing 
Short-wave balance 
Long-wave balance 
All wave balance 
Albedo 

% 
100 

Albedo 

Lyd- I 

478 
- 179 

299 
- 165 

134 

Average 
MJ m - 2 d- I 

39% 

19·9 
- 7·5 

12·5 
- 6·9 

5.6 

- snow on glacier 

50 

0 

20 
mm H2O 

PreCipitation 

I ra in 

10 
~ snow 

0 
20 30 I 

June 

Maximum 
Ly d- I MJ m - 2 d- I 

784 32 .7 
- 47 - 2.0 

620 25 .9 
o 0 

37 1 15·5 
83% 

10 
July 

Minimum 
Ly d- I MJ m - 2 d- I 

201 8.4 
- 378 - 15.8 

58 2-4 
- 292 - 12.2 

- 112 - 4.7 
20% 

20 

Frg. 8. M ean daily albedos, swjace cOllditiolls alld the amounts qf precipitatioll, McCall Glacier, 17 Jlme- 22 July 197f. 
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It is a difficult problem to extend the radiation balance which is m easured at one point 
over the whole glacier surface. There are four factors, which influence the radiation balance : 

( I) A glacier is normally not horizontal, however, the radiative fluxes are m easured on a 
horizontal surface. Corrections have to be made for the slope angle and direction 
of the glacier. 

(2) T he mountains which surround the glacier have a screening effect on the direct solar 
radiation, by which a glacier receives substantially less radiation than an area with a 
flat horizon. 

(3) T he albedo of the g lacier is not uniform. Great differences are found between snow 
and ice. 

(4) The surface temperature and hence the outgoing long-wave radiation varies over the 
g lacier. 

Further, the incoming hort- and long-wave radiation a re to some extent dependent on 
the a ltitude. However, as this dependence is not importan t within a relatively sm all glacier 
basin, it was disregarded . 

The effects of points I and 2 have been treated in detail elsewhere, (W endler and l shikawa, 
1974) ' At the micrometeorological site, the calculated amount of incoming solar radiation 
lost owing to the screening of the mountains at this specific location was added to the m easure 
of value of the global radiation. To do this one has to know the percentage of the direct solar 
radiation in total global radiation. T his could be obtained from tables g iven by K ondratyev 
(1969) using the observed cloudine s. From these values, the losses owing to the exposure 
and the screening effect of the mountains for the glacier as a whole were deduced (Wendler 
and Ishikawa, 1974) . Again , the direct solar radiation as a percentage of the globa l radiation 
was considered , as the sky radiation was assumed to be constant for a ll surfaces. This assump­
tion is reasonable, as the sky radiation which is lost due to the screening effect of the mountains 
is normally compensated by the refl ected radiation from the surrounding slopes (Turner , 196 1) . 

Several m easurem ents of the a lbedo of the snow resulted in a m ean value of 59 % . This 
value was assumed to be representative of the entire snow surface, while for the whole ice 
surface the value m easured at the micrometeorological site was used . H owever, when the 
a lbedo at the micrometeorological site was higher than 59 % (which occurred after new 
snowfalls) , the m easured value was assumed as representative of the entire glacier surface. 

The average air temperature was found to be the same within o. 1 0 C for the two stations 
( I 740 m and 2 140 m ). Therefore it was assumed that the surface temperatures and hence 
the outgoi ng long-wave radiation, which was measured at the micrometeorological site was 
representative for the whole glacier. T hus, corrected radiative f1uxes for the snow and ice 
surfaces of the M cCall Glacier as a whole could be calculated . The mean and extrem e values 
are given in Table VI. 

TABLE VI . CORRECTED RADIATIVE FLUXES OVER ICE AND SNOW, MCCALL GLACIER, 17 j UNE- 22 J ULY 197 1 

Short -wave balance Long-wave balance All-wave balance 
Ice Snow I ce ( = Snow) l ce Snow 

Lyd- 1 Mjm- 'd- 1 L yd- 1 Mjm- ' d- 1 Lyd- ' Mjm- ' d- 1 Ly d - 1 Mj m- ' d - 1 Lyd- 1 Mjm- ' d - 1 

M ean 332 13.8 200 8 ·3 - 166 - 6·9 166.2 6·9 34 1.4 
Maximum 58 1 24.2 336 14.0 - I - 0.05 330 .7 13.8 149 6.2 
Minimum 60 2·5 60 2·5 - 294 - 12 ·3 - 109.6 - 4.6 - 109.6 - 4.6 

B. The eddy fluxes 

The sensible and latent heat fluxes were calculated for the two stations over ice and snow 
using relationships es tablished by Lettau (1939, 1949) and Prandtl ( , 956) . As these m easure­
ments have been described in detail previously (W endler and Ishikawa, 1973[a]; W endler and 
Weller , '974) , only the results are given (Table V II ) . One can see that the fluxes a re small er 
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over the snow surface, which was caused by less wind. The wind speed wa in the mean 43% 
higher at the micrometeorological site than over the snow station as the katabatic wind was 
much more developed on the glacier tongue where the micrometeorological site was located 
than in the fim basin. 

TABLE VII. SENSIELE Al\D LATENT HEAT FLUXES OVER ICE AND SNOW, MCCALL GLACIER, 17 J UNE- 22 J ULY 1971 

Mean 
Maximum 
Minimum 

L yd- I 

92 

270 

- 19 

Sensible 
fee 
MJ m- Z d - I Lyd - I 

53 
90 

- 18 

3·9 
I J. 2 

- 0 .8 

Snow 
MJ m- z d- I 

2.2 
3.8 

- 0.8 

C. H eat flux in ice and snow, and ablation of ice and snow 

L y d - I 

12 
76 

- 39 

Latent 
Ice 
MJ m- zd - I 

0·5 
3.2 

- 1.6 

Snow 
MJ m- zd- I 

0 .1 
1.9 

- 1.6 

At the micrometeorological site, the ice temperatures were measured continuously down 
to a depth of 10 m. A mean amount of 16 Ly d - I (0.7 MJ m - 2 d - I ) was calculated for 
conduction, which was used to warm the ice. } or the snow site, only spot m easurements of the 
temperature profil e were available. For conduction in the snow a small value of 1. 3 Ly d - I 

(0.05 MJ m - 2 d - ' ) was found ; this value is very small because snow is a good insulator, a nd 
furthermore, at the end of the observation period , the upper layer of the snow was isothermal 
and hence no heat could be transported by conduction. 

The ice ablation was m easured at the ice site with 20 small ablation stakes twice daily. 
A m ean value of 32 mm water equivalent was found per day. For the snow site, where the 
ablation was measured with one ablation stake less frequently, a mean value of 1 1 mm water 
equivalent was observed. D etails of these m easurements have been described previously 
(W endler and Ishikawa, 1973[b] ) . 

D . The heat balance as a whole over ice and snow 

The components of the heat balance are given in Table VIII and Figure 9. One can see 
that for both sites the solar radiation is the most important heat source, even more so over ice 
than snow. This result, which is to be expected, was found previously by many investigators 
(e.g. LaChapelle, 1959 ; Hoinkes, 1955 ; Streten and W endler, 1968) . The second most 
important heat flux is the sensible heat flux, which means that the air warmed the surface. 
Condensation overcompensated the evaporation, and therefore a positive latent heat flux was 
observed. However , this might not be typical , as the opposite result was found in a study of 
longer duration during the previous summer (Wendler and W eller, 1974). The incoming 
energy was balanced by the energy sinks, viz. melting, the long-wave radiation balance and, 
to a much lesser extent, the heating of the ice and snow. 

TABLE VIII. COMPONENTS OF THE HEAT BALANCE OVER ICE AND SNOW, MCCALL GLACIER, 17 J UNE- 22 J ULY 197 1 

Components Total /)eriod Daily average Percentages 
Ice Snow Ice Snow fee Snow 

Ly MJ m- 2 Ly MJ m- 2 Ly d - I MJ m- 2 d- I Ly d- I MJ m- 2 d - I % % 
Short-wave 11 952 498 .4 7 20 7 300.5 332 13.8 200 8·3 76. 1 78.2 

balance 
Long-wave - 5967 - 248.8 - 59E7 - 248.8 - 166 - 6·9 - 166 - 6·9 - 38.0 - 64.8 

balance 
Sensible heat 3325 138.7 1 90 7 79·5 92 3.8 53 2.2 21.2 20 ·7 

flux 
Latent heat 4~8 '7.8 99 4. 1 12 0·5 3 0. 1 2·7 1.1 

flux 
H eat flux in - 585 - 24-4 - 47 - 2.0 - 16 - 0·7 - I - 0.04 - 3·7 - 0 ·5 

ice a nd snow 
Ablation - 9 153 - 38 1. 7 - 3 199 - 133 ·4 - 254 - 10.6 - 89 - 3·7 - 58 .3 - 34 ·7 
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Fig. 9. Components of the heat balance over ice and snow in percetlt, McCall Glacier, 17 June- 22 July [971. S.R . = short­
wave radiation balance ; L.R. = long-wave radiation balan~e; S = semible heat flu x ; L = latent heat flux; M = energy 
IIsed for melting; C = heat flux by conduction. 
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8. THE COMBINED HEAT, ICE AND WATER BALANCE 

The combined heat, ice and water balance was calculated for five-day periods (Fig. 10). 
It can be seen, tha t ablation and hea t-balance measurements show a good agreement for a five 
day period, but the direct run-off measurements are very different . The explanation for this 
is probably the liquid storage capacity of the McCall Glacier basin (Meier and others, 1971 ). 

In Table IX, the comparison is carried out for the whole period . Assuming the direct 
discharge measurement as correct, the heat balance calculations give a 5.5 % higher, and the 
stake measurement an 8.9 % lower value. Such an agreement can be regarded as totally 
sati sfactory. 

TABLE IX. COMPARISON OF R UN-OFF AMOUNTS IN 10 3 m 3 BY HEAT BALANCE, 

STA KE MEASUREMENTS, AND DIRECT DISCHARGE MEASUREMENTS, MCCALL 

GLACIER, I7 J UNE- 22 J ULY 1971 

H eat balance, ice and snow melt 
precipitation 
evaporatio n 
availa ble for run-off 
total 

Stake measurement, ice and snow melt 
precipitation 
evapora tion 
avai lable for run-off 
total 

Direct run-off measurement 

2825 
- 1170 

1655 

3 0 39* 

1655 

* In the firn areas only 20 % of this amount is available for run-off. 

Analysis of the accuracy of this study is very difficult. Accumulation and ablation were 
estimated to be correct within ± , 5 % (Trabant and Fahl, in press), and a similar value is 
found for the discharge measurements (Wendler and others, in press) . Further, some contribu­
tions to the discharge were due to the melt of the few remaining snow fields, the aufeis, and 
the ice covered moraines. This was not accounted for , as the amount was estimated to be 
relatively small as compared with the other contributions. The heat balance at the measured 
points is within ± 8 % for radiation, and 10% for the eddy fluxes. Further, it relies on two 
assumptions: (a) no advection takes place and (b) the austausch coefficients for movement, 
sensible and laten t heat flux are identical. It is difficult to estimate the error, which is caused 
by integrating the heat Auxes over the whole glacier surface. Thus no overall numerical 
estimate of accuracy is given and the reader may make a personal assessment of the extent to 
which the assumptions are realistic. However, the disagreement found in this study by using 
the three methods is within the accuracy estimated [or different measurements. 

9. CONCLUSION 

It has been shown that the agreement between the combined heat, ice a nd water balances 
for the M cCall Glacier during a 36 day period in the summer of ' 97 1, is reasonably good. 
This result may further be taken as an indication, that the assumptions which had to be 
made, especially those for obtaining the heat balance [or the whole glacier and [or the evapora­
tion over the bare area in the watershed, are reasonable. Furthermore, it shows, that the mass 
balance, at least of a cold glacier, can be calculated in each of the three ways with a similar 
result. 
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