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Skydekket kan brukes direkte som en strålingsparameter. Både globalstråling

en og den langbolgete stråling sbalansen er avhengig av skydekket. Grunnen til 

at skydekket ikke er tatt med i de endelige likningene, er at det er meget van

skelig å varsle, noe som er nodvendig for prognoser på mer enn et dogn for 

alle breene. 

Man har tidligere for sakt å trekke inn virkningen av breens arealfordeling med 

hoyden i analysen. Forsakene forte ikke fram, og dette henger for en del sam

men med drenering småtene i breen. Det ble antatt at smeltingen er propor sjo

nal med en representativarealtemperatur, når snoen på de store, hoyerelig

gende partiene begynner å smelte, vil bidraget til avlapet ake sterkt. Snolaget 

har i virkeligheten en betydelig stbrre avrenningstid enn de snobare partiene i 

lavere nivåer. Virkningen blir altså for sinket og vil fore til at avrenningen vil 

avta i mindre grad når varmebalgen er på retur. 

Etterhvert som smeltingen utvikler seg, vil dreneringsveiene stadig bli mer 

effektive og avrenningstiden avta. Dette bekreftes også av analysen. Man kan 

vente en systematisk overestimering av avlapet tidlig i sesongen og en under

estimering på slutten. Dette er tilfelle for enkelte år på enkelte breer, men 

ikke alltid. I forbindelse med langvarige, kjolige perioder vil likningene alltid 

overe stimere avlapet. 

Analysen viser at regn og smeltevann som skyldes dette,drenerer raskere enn 

smeltevann som skylde s andre pro se s se r. Det ser og så ut til at avrenning stiden 

er noe kortere ved store flommer enn ved moderate vas sforinger. Ved å ta hen

syn til slike forhold kan antagelig noen av de stbr ste feilene unngås ved progno

seringen. 

Sammenlikning mellom middeltallene for det observerte og det beregnete avlo

pet vi ser ofte st avvikelser på mindre enn 5'10. For enkelte år kan avviket gå 

helt opp i 15,/0 for enkelte breer. Dette henger antagelig sammen med breens 

initialtilstand. Skal slike feil kunne reduseres,må man koble en parameter som 

be skriver breens tilstand sammen med regre s sjonslikningen. En slik parameter 

kan være det frie vanninnholdet i breen. Det er påkrevet med flere års målinger 

for man kan komme videre med dette. Slike målinger startes på et par breer i 

1971, 

Konklusjon 

Ved hjelp av regressjonsanalyse er det mulig å utvikle likninger for sammen

hengen mellom breavlapet og meteorologiske parametre målt på stasjqner nær 
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breen. Likningene er bygget opp av de samme parameterkombinasjonene fra 

bre til bre. 

Likningene er brukt til simulering av avlopet for hvert år det foreligger meteo

rologiske data for. Variasjonen i avlopet beskrives meget godt av likningene, 

absoluttverdiene for beregnet og observert avlop avviker i gjennomsnitt noe 

fra år til år avhengig av sesongens forhistorie. 

Avrenning stiden vi ser en VI s s se songavhengighet, og den er kortere for regn

flommer enn for flommer forår saket av varmebolger eller sterk adveksjon av 

varm og fuktig luft. Ved å ta hensyn til dette ved simuleringen av avlopet kan 

de stor ste feilene unngås. 

For Nigardsbreen kan likningen brukes til et dogns prognoser, for de andre 

breene må værmeldingen også benyttes ved prognoseringen. 

SUMMARY 

Ma s s balanc e studie s I meteorological and hydrological inve stigations at selected 

glaeiers 

The Norwegian Water Resources and Electricity Board maintain glaciological 

studies at a number of selected glaeiers for two main reasons. When water po

wer utilization is considered in a particular area reliable information on river 

run-off must be available. River gauging has therefore been carried out during 

rnany year s, In severai ca se s for more than 50 or a 100 year s. Mean annual 

rlver discharge can be calculated from such data. However, most of the gaug

ing stations are situated in valleys far from the glaciers so that their influence 

on the river hydrology is subdued. The modern technology for power plants in 

mountaineous areas is based upon high altitude reservoirs, which in turn means 

that the water intake will be situated close to the glaciers in glacierized areas. 

This gives rise to various problems such as silting-up of reservoirs, a sub

stantial flm.v of water in a short summer season,and almost no run-off in winter, 

and considerable annual variations in run-off due to variations in glacier melt. 

The first mentioned problem is dealt with in special reports based on sediment 

transport studies, whereas the two latter must be solved by direct observations 

of glacier mass balanee and melt water discharge. Results from these studies 

are reported in this publication. 
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Mass balanee studies, introduetion 

The mass balanee studies were earried out by standard methods previously des

eribed by Ostrem and Karlen (1962), Ostrem and Stanley (1969) and others. The 

mass ehanges in the glaeier during a glaeiologieal year were ealeulated for 10 

glaeiers in South Norway and two glaeiers in North Norway (see Fig. 1 ). Con

eerning the termino1ogy it has been attempted to follow proposa1s given by 

Dne seo 1969. The measurements were made according to the stratigraphieal 

system based upon the existenee of an observab1e summer surface which is as

sumed to be formed at the time of minimum mass at the site. 

The mass balanee at a se1eeted point during a balance year, i. e. within the pe

riod between the formation of two conseeutive summer surfaces, is shown in 

Fig. 2 . The diagram illustrates all the point terms used. All point terms are 

symbolized by small 1etters (b , b , b ) and the values are reported as equi-
n s w 

valent volume s of water per unit area (m). 

The areal mass balanee quantities are found by integrating the point va1ues 

over the area. The balanee year is normally of different lengths in various parts 

of the glaeier , and the integration, therefore , cannot be clearly defined with re

gard to time. The terms are symbolized by capita1 letter s (B , B , B ) and the 
w s n 

quantities are given in vo1umes of water equiva1ent. In most plaees the winter, 

summer and net ba1ances are reported, and the summer accumu1ation (C ) is 
s 

estimated, if this has been observed. Normally the winter ablation is negligible 

on Norwegian glaeier s. 

The field measurements were made as in previous years. The winter balanee 

was found by making numerous snow-depth measurements, normally by sounding, 

and the snow density was measured in pits at only a few points. As it is rare1y 

possible to carry out the field work exactly at the time of the change from the 

winter to the summer season, the deviations from the final values were found by 

making additiona1 measurements or ca1cu1ations from available meteorological 

observations. For each glaeier a map showing the positions of stakes, pits and 

sounding profile s, and another showing the di stri bution of the winter balanee are 

presented in the report. 

The balanee at selected dates, and espeeially the summer balance, is found by 

field measurements of the snow and firn density, in addition to stake observa

tions. 

A table as well as a diagram showing the mean winter, summer and net balanees 

in each SO-m or IOO-m height interval are presented for each glaeier. The area 
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distribution and the areal net balanee are also illustrated. 

On severai of the glaeiers there is a fairly large number of stakes. As the stakes 

have a tendency to disappear during the winter season, replacement stakes must 

be established in the spring. Much work is, therefore, involved in calculating 

and checking the balance at each stake. In 1968 a computer program for such 

calculations and the construetion of stake diagrams was worked out. This pro

gram is now being revised, but it was not operable for the preparation of this 

report. 

The accuracy of mass- balance measurements depends on the number of measur

ing points and the accuracy of each observation. Local conditions during the field 

work may influence the accuracy, and the general glaciological situation is also 

of great importance . 

By using ordinary rules for calculating the accuracy of the results, an accuracy 

of 4-8'10 is found when the winter and summer balances are of the order of mag

nitude of 2 m of water equivalent (Pytte 1963, 1964). Thus the absolute accuracy 

is better than 20 cm of water equivalent. With increasing balanee values the ab

solute accuracy dec rea se s somewhat. 

The experience and thoroughness of the personnei also have an impurtant bear

ing on the quali ty of the re sult s. The final a s se s sment of the degree of accuracy 

then, has to be a subjective evaluation of the various factors involved. 

In our measurements the accuracy of the winter and summer balances lS always 

considered better than 10'10; and, unless special difficulties have been encounter

ed. the absolute accuracy is better than 25 cm in tre net balanee figures. 

Field results in the balanee year 1969-70 

The winter 1969-70 proved to be drier than normal. For most of South Norway 

only 70-80J~ of the normal snow precipitation fell at altitudes around 1200 m. In 

North Norway there were also less snow than normal; for the Svartisen glaeiers 

the accuITmlation was of the order of 90'10 of an ave rage year. 

The summer melt started unusually early. The month of June was the warmest 

ever observed in the high ITlOuntains in South Norway this, in conjunction with 

the above-mentioned relatively small amounts of snow caused glacier ice to be 

uncovered unusually early in the summer and the transient snow line ascended to 

higher altitudes than in previous years, see Fig. 7 and 48. The lower albedo 
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greatly influenced melt conditions during the rest of the summer and in spite of 

below average temperatures and some snow falls in the firn basins, the equili

brium line eventually reached an altitude that was 100-200 m higher than in a 

year of steady state conditions. For Vesledalsbreen and Ålfotbreen in Western 

Norway, the equilibrium line climbed so high that there was no positive net ba

lance at all so that the glacier surfaces in these cases were solely snow-free 

glacier ic e or old firn at the end of the summer (cf. Fig s. 51 and 53). In North 

Norway a particularly large ablation was discovered on Trollbergdalsbreen; it 

was significantly higher than that on Engabreen, thus causing a larger mass loss 

for Trollbergdalsbreen. 

The highest negative net balanee was found on Ålfotbreen where l, 23 m of water 

equivalent was lost (evenly distributed throughout the entire glacier surface) . 

The previous year, 1969, also showed a remarkably negative mass balance so 

that for these two years together this glacier lost 3,40 m of water equivalent. 

This glacier is situated in the most maritime glacierized mountain area in Nor

way. The mass exchange of this glacier is normally of the order of 4 m of 

water equivalent. Gråsubreen, on the other hand, is representative of glaeiers 

in the most continental part of South Norway. The mass loss in that case was 

only 0,66 m of water equivalent,whieh pushed the equilibrium line up to an alti

tude of 2200 m, i. e. almost to the top of the glacier (cf. table on page 53). Gla

eiers situated between these two extremes showed mass balance figures that 

were larger than for Gråsubreen but less than the value quoted for Ålfotbreen. 

Two new glacier maps 

The Svartisen area in North Norway situated just north of the Polar Circle is 

being a s se s sed for future wate r power development. The area is dominated by 

the large Svartisen ice-cap (or more eorrectly, two ice-eaps that taken together, 

form the second largest ice mass in Norway), and for this reason glacier-hydro

logical studies were started in 1970. So far, two glacier areas have been select

ed for these studies: Engabreen, which is a western outlet glacier from the 

Svarti sen ice -cap; and Trollbergdals breen which i s a fairly small independent 

valley glacier to the north-east of the ice-cap proper. A third area of investiga

ti on is planned in an area to the south-west, but investigations were not started 

here before 1971. (See Fig. l). 

Glaeier maps were constructed for the two above-mentioned areas, the one at a 

seale of 1:20000, the other at a seale of 1:10000. In both eases the maps were 

eonstructed from air photographs taken on August 25, 1968. The contour inter

val is 10 m on the glacier surfaces, similar to what was selected for glacier 
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maps previously constructed for areas of mass balance investigations in Southern 

Norway. A UTM grid is printed on the maps, but geographical coordinates are 

also given in the map frarne. To facilitate the navigation on the glaeiers several 

predominant points are particularly marked and spot elevations given. The maps 

are intended for field use and for the plotting of field observations directly on to 

the map. Therefore, the glacier surface is represented by a white area with on

ly contour lines and crevasses shown in a light green colour. Copies of the two 

maps are included in a pocket on the back side cover of this report. The location 

of the two new glacier maps together with the locations of previously published 

map s are shown on a location map (Fig. 41). 

Special studies of the winter balanee on Nigardsbreen 1965-1970 

The development of the winter snow cover has been studied every year from 

1962 on Nigardsbreen and considerable experience has been gained concerning 

the snow distribution on this glacier. As shown at many other glaciers the ge-

neral snow accumu1ation pattern is almost the same from year to year. To stu-

d Y thi s in mo re detail, cornpari sons we re made between snow accumulation 

maps constructed for Nigardsbreen. A coordinate net with a side length of 400m 

was placed on these maps and a mean value of the winter balance in each square 

was calculated (in certain areas smaller square s of 100 m side length were used). 

The average winter balance for the whole glacier was defined as "normal" and 

was assigned the value 100~o. Areas on the glacier that had received that amount 

of water equivalent were connected with a 100';10 contour line and similarly, 

areas of higher and lower winter balance were given higher and lower percent

age va1ue s. The map is shown ln Fig. 22. 

In future it may not be necessary to carry out snow accumulation measurements 

ln hundreds of points as has been usual in recent years. Provided that this map 

lS valid a considerably smaller number of measuring points will be required to 

obtain reliable information of the winter balance for Nigardsbreen. 

Meteorologica1 and hydro1ogical investigations 

As distinct from mass balance measurements that can be carried out without 

maintaining permanent crews on the glaciers during the melt season, meteoro

logical and hydrological observations generally need more maintenance mainly 

consisting of frequent servicing of the various instruments, particularly the 

rain gauges. Consequently, meteorological observations have been carried out 

at a selected number of glaciers only. Cloud cover, air temperature, relative 

humidi ty. wind condi tions, precipi tation and discharge in the melt water rive r 
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were carried out on the following glaeiers : Ålfot breen, Vesledalsbreen, Nigards

breen and Austre Memurubre. For two of the glaeier s, Ålfotbreen and Memuru

breen, observations of incoming radiation were started in 1970 by a Robitsch 

Aktinograf. 

All instruments were running throughout the whole ablation period except for 

certain mechanical breakdowns, particularly at Memurubreen. All these data 

were plotted in diagrams and they are shown in illustrations, one for each gla

eier (see Figs. 6, 12, 21, 37). The plotting procedure was made by a computer

operated plotting device so that drafting work was reduced considerably. 

The temperature lapse rate was calculated in cases where observations were 

available on the glaeier proper and on glacier-free ground in the vicinity. In 

some cases the lapse rate was also calculated between points on the glaeier pro

per. The highest lapse rate was found in June with decreasing values throughout 

the summer. Figure s are shown for each glaeier at the appropriate place in the 

text. As usual, one could detect a discontinuity in the temperature gradient at the 

glaeier boundary, for example between the two observation points at Nigards

breen (Steinmannen and the met. screen in the firn area) with an average tempe

rature drop of 1,4 °e. In 1969 thi s temperature drop wa s measured to 2, oOe. 
The difference may be due to the fact that in 1970 there were fewer periods of 

favourable weather at this location. The highest temperature drops are gene

rally found on clear, sunny da ys. As previously mentioned, the month of June 

was unusually warm. At the meteorological station Fanaråki in the western part 

of Jotunheimen (2060 m a. s.l.) the air temperature was 5 0 e higher than nor

mal whereas July and August were slightly colder than normal. 

Daily precipitation was measured at the observation huts and at severai points 

distributed on the glaeier surfaces. By using a large number of observation 

points considerable information can be gained eoneerning the loeal distribution 

of rain during the summer season. A considerably higher precipitation level 

was generally found on the glaeier proper. For example, the glaeier plateau at 

Nigardsbreen reeeived 5010 more rain than the observation hut at Steinmannen 

which, in turn, reeeived 50% more than the standard meteorologieal station 

down in Jostedalen (Bjorkehaug). Similarly, between 1,6-2,6 as much preeipi

tation was measured at Ålfoten glaeier than at the permanent meteorological 

stations that are located close to sea level (cf. page 15). The total observation 

period eornprised the main part of the melt season, i. e. from 24 June to 31 

August. This period was longer in some eases. In Jotunheimen the preeipita

tion is often inereased by loeal eonveetion. At Memurubreen 52 mm of rain was 
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recorded on August 18. which i s more than half of the total In Augu st. 

The air moisture was In general somewhat lower than last year mostly due to 

lower air temperatures. However, it was still higher than 6, l millibars which 

is the critical point above which condensation takes place on surfaces at melting 

temperature. On Ålfotbreen the air moisture fell below this critical level only 

on 3 da ys during the whole summer. On Austre Memurubre it was below 6, l mb 

more than nine days, whereas for Engabreen the air moisture was always above 

the critical level. Consequently, there cannot have been much evaporation from 

the glaciers this summer, but certainly fairly extensive condensation must have 

taken place. Due to freezing eonditions and snow falls in July there are oeea

sional di seontinuitie s in the observation serie s from the highe st stations . 

Speeial radiation studie s 

To inerease the knowledge of the influenee of various meteorologieal parameters 

on glaeier melt, speeial studie s of radiation conditions were started on two gla

eiers in 1970. Two Robitseh Aktinografs were installed at these glaeiers and in 

addition a Moll-Groczynski pyranometer was used at Austre Memurubre. The 

ineoming short-wave radiation was reeorded through the entire melt season and 

the albedo was directly measured 5 times during the summer for periods of 2-4 

days by means of a Star solarimeter. For teehnical reasons it was impossible 

to observe the albedo every day so that in the intervening periods it was deter-

mined from frequent photographs and daily ocular observations of the glacier 

surfaee. The results are shown in the tables on page 74 and 75. From these 

tables it can be seen that the albedo shows an deerease throughout the melt sea

son so that in spite of less ineoming short-wave radiation the energy used for 

snow and ice ablation is fairly constant throughout the summer. This statement 

is valid only before the late summer snow falls which suddenly increased the al

bedo, which is what happened at the end of the observation period. 

To investigate the relation between ablation and radiation, daily readings were 

made on 3 ablation stakes and observations of the free water content were made 

every 3. days during the first two weeks of the observation period. From Fig. 57 

it can be seen that radiation and ablation eorrelate poorly on Å,lfotbreen. A some

what better cor relation might pos si bly be expec ted for Austre Memurubre but the 

data are probably not sufficiently eornprehensive to confirm this. From table III 

on page 76 it can be seen that radiation aceounted for 44% of the glaeier melt on 

Ålfotbreen and 67% on Austre Memurubre. This figure may seem somewhat 

higher than could be expeeted in an average year for Ålfotbreen due to the fact 
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that in 1970 the glacier surface was uncovered unusually early, resulting in a 

higher average albedo than in most surnmers. A review of earlier radiation stu

dies at Norwegian glaciers is compiled in table IV. 

Melt water di scharge as a function of meteorological parameter s 

There is a clear correlation between meteorological factors and glacier melt, 

but the details may not be easily obtained. To study the influence of meteorologi

cal parameters on glacier melt many scientists have used micro-meteorological 

methods, involving fairly sophisticated instruments. A different approach has 

been attempted in Norway for arecent number of years. The daily water dis

charge has been regarded as a dependent variable whereas daily mean tempera

ture , run of wind, precipitation, air moi sture and, to some extent, radiation 

were considered independent variables. It is supposed that a linear correlation 

exi sts between the water di scharge and the meteorologic al parameter s. A step

wise regression analysis was applied to data from 8 various glaciers and a num

ber of combinations between the above-mentioned independent variables were in

cluded in the analysis. The stepwise regression program described by Woien 

(1966) was written in FORTRAN and run on a CDC 3200 computer at the Norwe-

gian Water Resources and E1ectricity Board. 

For each glacier three tables were prepared: 

Table A showing the existing observations from the glacier. 

Table B showing the mean values of the observed meteorological parameters 

for each year, and for the periods that were included in this parti

cu1ar study. 

Table C glvlng a review of interesting and relevant correlation coefficients. 

Apart from the daily water discharge, running means were used in the analysis. 

The number of days during which running means were calculated varies from 

glaeier to glacier; in most cases the running means were calculated for two or 

three da ys. 

For all glaeiers it could be shown that the products of temperature and precipi

tation or temperature and wind speed, were the most important to describe the 

water discharge. As the third term the air temperature appeared in all regression 

equations. By cornparing the various regression equations it was found that 

glaeier di scharge , Q, could be expre s sed by a formula of the following form 
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III which Q = daily di schar ge 

t = daily mean air temperature 

V - daily run of wind 

p = daily precipitation, and 

kl .... k 4 = constants 

The incoming radiation showed very little, if any, correlation to the discharge. 

In the above formula the value s of the constants are different for each single 

glaeier but they remain constant for the same glaeier during severai years. 

When the formula is used for predieting water discharge there will obviously be 

deviations between the observed and the computed values but the correlation be

tween observed and computed discharge is fairly high, cf. the tables marked C 

under each glaeier in the text, and Fig. 60. 
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