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ABSTRACT. All the measurements involved concern the glacier tongue between its end a nd 2 600 m a.s. 1. 
The tota l loss of volume of the Unteraargletscher since its last maximum advance ( 1871 ) is estimated to be 
2-4 km' , which corresponds to a mean surface lowering of 0.67 m / year (referred to a tota l glacieri zed a rea 
of c. 40 km2 on average) . The considera ble slowing down of the glacier Aow velocity over the 125 yea rs is 
primarily attributable to the marked decrease in the sliding component, whereas the shear componen t has 
only changed slightly. This behaviour is connected with the fact that the decrease in ice thickness has been 
accompanied by a n increase in surface slope, so tha t the two effec ts on the shear component parti a lly com
pensa te each o ther. The seasonal variations in surface velocity were measured simulta neously at two profiles 
by Agassiz a nd his team in 1845/ 46. These varia tions are due to the va ri a ble amount of melt water a nd the 
resulting variations in hydrosta tic pressure in the contact zone be tween ice a nd bedrock, in which the plas ti c 
contraction of the water channels plays a decisive role. This leads to the problem of water circula tion in the 
interior of a g lacier and its importa nce in the slid ing process. Finally a simple method for the a pproxima te 
calcula tion of the longitudina l profi le of the surface of a glacier tongue in a steady state a nd with constant 
a blation is indica ted . 

R ESUME. Clzangements dallS le comportement du glacier d' Untera({r durant les demit,es 125 alllll!es. Les mesures se 
rapporten t a la la ngue du g lacier entre son extremite et I'a ltitude d e 2600 m. La perte de masse totale depuis 
la d erniere crue (1871 ) es t estimee a 2,4 km" correspondant a une diminution moyenne d 'epaisseur de 
0.67 m / an nee pour une surface de 40 km2 • Le ra lentissem ent significa tif du mouvement en 125 ans est 
ca racterise par la forte decroissance de la vitesse d e glissement, la composante de cisa illement n 'aya nt que 
peu ch ange. Ce comportem ent est lie a une diminution d'epaisseur accompagnee d'une augmentation de la 
pente superficielle, les inAuences sur la composante d e cisaillement se compensant partiellement. Les 
Auctuations annuel les de la vitesse superficielle ont ete mesurees en 1845/ 46 simulta nement d ans deux 
profil s par Agassiz et son equipe. Ces Auctuations sont a ttribuees a la qua ntite va riable d 'eau de fonte e t a la 
va ri a tion de la pression hydrosta tique dans la zone d e contact entre le glace et le fond, le re trecissem ent 
plastique des voies d'eau jouant un role decisif. Cela mene a u probleme de la circulation de I'eau a u sein du 
glacier et a sa signification pour le glissement. F ina lement une methode simple est indiquee, permettant de 
calculer approximativem ent le profil en long de la surface d 'une langue glaciaire stationna ire avec a bla tion 
constante. 

ZUSAMMENFASSUNG . Anderungen im Verhalten des Un teraargletschers in den letz ten 125 Jahren. Alle vorli egenden 
M essungen beziehen sich a uf die Gletscherzunge zwischen d eren Ende und 2 600 m u.M. Der gesamte 
Massenverlust d es Unteraargle tschers seit seinem letzten H ochstand ( 1871 ) wird a uf 2.4 km3 geschatzt, was 
einem mittleren Hohenverlust von 0,67 mlJahr entspricht (bezogen auf tota le vergle tscherte Flache von 
ca. 40 km2 im Mittel ) . Die bedeutende Verla ngsamung d er G le tscherbewegung in 125 J ahren ist in erster 
Linie durch die starke Abnahme der G leitgeschwindigkeit gekennzeichnet, wahrend die Scherkomponente 
nur wenig anderte. Dieses Verhalten hangt damit zusammen, dass d er Abnahme d er Eismachtigkeit eine 
Zunahme des OberAachengefalles gegenubersteht, wobei sich die beiden E inAusse a uf die Scherkomponente 
teilweise kompensieren . Die jahreszeitlichen Schwankungen der OberAachengeschwindigkeiten wurden 
1845/ 46 von Agassiz und seinem T eam in 2 Profilen synchron.gemessen. Diese Schwa nkungen werden auf 
die variable Schmelzwassermenge und die dadurch bedingten Anderungen des hydrosta tischen Druckes in 
der Kontaktzone zwischen Eis und Untergrund zuriickgefuhrt , wobei die plastische V erengung der Wasser
wege eine massgebende R olle spielt. D ies fuhr t zu den Problemen d er Wasserzirkula tion im Innern d es 
G letschers und d eren Bedeutung fur d en Gleitvorgang. Anschliessend wird a uf eine einfache M ethode zur 
angenaherten Berechnung d es La ngenprofils durch die G letscheroberAache einer stat ionaren Gletscherzunge 
mit konstanter Ablation hingewiesen. 

I . INTRODUCTION 

The following studies have supplied information on the changes in the Unteraargletscher 
since 1842 as regards ice thi ckness, ice thinning and characteristics of movement: 

I . The works of Hugi, which first drew the attention of glaciologists to the Unteraar
gletscher about 1827 (Hugi , 1830 ; Rutimeyer, 1881 ). 

2. The pioneering investigations, measurements and cartographic surveys of L. Agassiz 
and his collaborators in 1841 - 46 (Wild 's I : la 000 survey in 1842 and that ofStengel 
in 1846) (Agassiz, 1847; Portmann, 1962 ). 

• Paper presented at the general assembly of the I nternationa l Union of Geodesy a nd Geophysics, Berne, 
Switzerl a nd , 1967. 
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3. T he systematic glacier m easurem ents that have been carried ou t year by year since 
1924 for the K raftwerke O berhasli , mainly by the F lotrons (father and son, both 
engineers), at the initial instigation of D r A. K aech (Flotron, unpu blished ; J ost, 1953) 
published regula rly in D ie A lpen from 1930 by the Gletscherkommission der Schweiz. 
N a turforschenden Gesellschaft . 

4 . T he seismic explora tion of the U nteraargletscher by the Gletscherkom m ission der 
Schweiz. Naturforschenden Gesellscha ft (1936-50) and by A. Silsstrunk (for the 
K raftwerke Oberhasli ) (R enaud and Mercan ton , [1 950]; K reis and others, 1952) . 

5. T he various cartographic surveys of the Eidgenossische Vermessungsdirektion (185 [, 
1879-80, 19 [5 a nd 1932) and the photogrammetri c a ir survey of the whole Unteraar
gletscher (including the firn region ) to a scale of I : 10000 for Eidgenossische V ermess
ungsdirektion in ' 96 1, by A. Schlund . 

6. G laciological stud ies on the variations in the U nteraargletscher between 1840 and 1965, 
by R . H aefeli (report to K raftwerke Oberhasli in 1967, 1969). 

Fig. l. Oberaarglelscher (l~ft) and Unleraarglelscher (righ t). Aerial view 1934 by Miltelholzer. 0 H olel des Neuchdtelois 
Oil the lap oJ Ihe lIIoraine belween Lauteraarg!els~her (righl ) and Fi:zsleraargielscher (lifl ) . Finsleraarhorn ill Ihe middle oJ 
Ihe sky lille. 

Most of the cha nges observed in the Unteraargletscher in the course of the las t 125 years 
may no doubt be regarded as representa tive of the behaviour of fla t Alpine glacier tongue 
during the recession period that has now lasted for abo ut 100 years (wi th a shor t inter ruption 
around ' 920) . An attempt will therefore be made here to investigate the possible causes of a 
few very typical features of the behaviour of the U n teraargletscher (a bla tion a rea) . T hese 
investiga tions are closely bound up with the p roblem of thin ning a nd of g lacier movem en t as 
such . 
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A general view of the site is given in Figure I , an aerial photograph of the Unteraargletscher 
with the Finsteraarhorn in the background. The circl e marks the former position of the 
Hotel des Neuchi'ltelois. In Figure 2 the confluence of the Unteraargletscher (right ) and the 
Finsteraargletscher (left ) at the so-called " Abschwung" is visible in the middle of the fore
ground. 

Fig. 2 . Junctiol! (AbschwUllg ) betweell Unteraargletscher alld Fillsteraargletscher. JllIlgJrau at highest point oJ the sky line. 

2 . ICE THINNING AND GLACIER R ETREAT 

Between 1842 and 187 I (29 years) the glacier advanced [50 m , or at an average of 5.2 m / 
year. In the next ninety years (187[ - 196[ ) the glacier tongue withdrew a total of [ 370 m , 
at a mean rate of retreat of approximately [5.0 m /year (Fig. 3). After averaging only 10 m 
per year from 187 I to 1931 , the rate of retreat was greatly accelerated for a time by the dam
ming of the glacier tongue area, which took place in 1931. From 1933 to 1937 the ice front 
withdrew by a mean figure of 353 m , or about 88 m per year (Fig. 3) . In the decade [955- 65, 
however, the average retreat was again about 10 m per year. The minimum value of only 
I m was recorded in [955/56, or 3.7 m /year during the 4 year period [955- [959. In the last 3 
years (1965- 68) the average value of retreat increased to 17.5 m /year. 

It we work out the loss of volume due to thinning below the Grunerhorn and \l\Tildl iiger 
profiles, at a height of about 2 600 metres, we find that a reduction of the ice volume of about 
0.5 km3 occurred in the 34 year period 1929- 63, corresponding to a mean thinning of 1.22 
m /year. Figure 4 shows the mean annual thinning versus altitude above sea-level, for various 
periods ; the figures are m easured up to 2600 m by Flotron (unpubli shed ) . For the 35 
year period from [928- 63 the following relationship was established: 

6.H = 6.HF+(HF - H )/800 ( I ) 
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Fig. 3. Advance (1842- 71) and retreat of the Urlteraargletsc/zer (terminal) . 
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where 6.H is the thinning per year at a lti tude H, 6.HF is the thinning per year at the altitude 
of the firn line (= 0.6 m ) and H F is the height of the firn line (= 2 900 ± J 00 m a .s. l. ) . 

Figure 5 shows that very substan tial scatter may occur in the 10 year means of the annual 
thinning. 

In Figure 6 the distribution of the m ean loss of ice volume over a ltitude increments of 
200 m is shown for various periods. It is worthy of note that the annual thinning for the 
decade 1953- 63 was only about one third that for the period 1941 - 53. 
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Fig. 5. Thinning oJ the Unteraargietscher durillg different decades ill lIIetres per )'ea r. 

An estimate of the loss of ice volume of the whole Unteraargletscher for the 34 year period 
from 1930 to 1963 yielded a figure of a t least I km 3. This figure is not far from the average 
loss of ice per year of a ll glaciers in the Swiss Alps around the middle of this century (en
glacia ted area :::::: I 500 km 2). A rough estimate of the total loss of mass of the U nteraar
gle tscher from its last maximum in 1871 until 1961 came to about 2.4 km 3 • If we divide this 
figure by the mean englaciated area (about 40 km 2) and the number of years in the period 
considered (go), we obtain a long-term mean for the annual thinning of : 

6.H = 0.67 m /year (187 1- 1961 ) 
The cha nge of the longitudinal profi le of the Unteraargle tscher is visible in Figure 7 (top) . 

Table I shows the thinning which has been observed . 
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3. CHANGE IN CHARACTERISTICS OF MOVEMENT 

In the year 1967, it was exactly 125 years since L. Agassiz and A. Escher von d er Linth 

carried out the first exact velocity measurements on the tongue of the Unteraargletscher 

(Agassiz, 1847). Since in 1845- 46 the monthly velocity variations were measured as well as the 

annual velocities in several transverse profi les it has been possible to include both measure

ments in the following comparison. 

TABLE I. THINNING OF U NTERAARGLETSCHER 

Altitude 0.1 the glacier 
Profile surface (medial moraine) Thinning sillce 1842 

Mieselenegg 
Pavilion Dollfuss 
Obere Brandlamm 
Unterc Brand lamm 

above sea-level ill 196 [ 
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Fig. 6. Loss 0.1 ice 0.1 the Ullteraargletscher ill millioll cubic metres per y ear during differen.t periods. 

( I) }\tIean annual velocities in the thalweg 

An attempt has been made in Figure 8 to fit the profile survey of Agassiz for the centrally 

situated transverse profile at Pavilion Dollfuss into those of the present day. While the glacier 

surface sank by about 120 m from 184 1 to 196 1, i.e. to 72 % of the total ice thickness of 1842, 

or 1.0 m per year, the maximum surface velocity was reduced to 37% of its original value. 
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rf the maximum surface velocity is considered as consisting of two components, a shear 
a nd a slip component, we would like to know what percentage of the total movement is due 
to each of these componen ts in differen t periods. 

At first sight it is as tonishing that the calculation of the percentage due to shear on the basis 
of the flow law for ice (for 12 = 3), the m easured ice thickness, and the gradient of the surface, 
reveals no great veloci ty changes between 1842 and 1961 . This is explained by the fact that the 
influence of the decreasing ice thickness is in part compensated by the gradual steepening of 
the surface gradient. We also have to ta ke into account that in our calculation the fourth 
power of the ice thickness a ppears as against the cube of the gradient (see Equation ( I )) . The 
considerable reduction of the surface velocity observed during the period 1842- 196 1 at the 
Pavilion Dollfuss transverse profile can therefore only be accounted for by the pronounced 
diminution of the slip component Vu (Fig. 7) . 

The m ethod used to separate the shear component from the slip component, was a semi
empirical one based on the equation (Haefeli , 1961 ) : 

V s = kpn tan 1lexh1l+ I ( I - h/b)/(n+ l ) ( I ) 

where Vs is the shear component of m ovement, k is the temperature coefficient of the flow law 
of ice (Glen, 1952), 12 (= 3) is the exponent of the flow law of ice, p is the density of the ice, 
ex is the slope of the glacier surface, h is the thickness of the ice and b is the width of the glacier. 

TADLE [I. ATTEMPT TO SEPARATE T H E SLIP COMPONENT VU FOR T H E PROFILE AT 

PAVILLON DOLLFUSS FOR THREE DIFFERENT P E RIODS 

Period I Period 2 Period 3 

1842- 46 1928- 29 1961 -62 
It m 405 360 300 
tan a 0.0548 0.0625 0,070 
b m I 200 I l OO 1 000 
I - h/ b 0.66 0.67 0.70 
Vo measured m / year 70 50 25 
Vs calculated and estimated m / yea r 26 25 18 
Vu = Vo - Vs m / year 44 25 7 

Vo = to tal velocity on the glacier surface (thalweg), 
Vs = shear component, Vu = slip component. 

The shear component (18 m /year ) of the third period has been controlled by measurement. 
T hen Equation ( I ) was applied in order to calculate the parameter k for this period. The 
calculation of the other two shear components is based on the assumption that k is constant. 

Although the accuracy of the calculation is less than might be desirable, i t is quite clear 
from the comparison of the three velocity profiles in Figure 7 and Table Il , that the conditions 
have in part been reversed since 1842 . Whereas the slip component was then predominant, 
it is the shear component that is most in evidence today. The velocity reduction has thus been 
due chi efly to a diminishing slip component. 

T his reversal of the mechanism of m otion of the glacier tongue comes out particularl y 
clearl y in Figure 9, where the measured velocities along the longi tudinal axis are shown under 
the longitudinal profile of the glacier. 

' I\Thereas in 1842- 46 the velocity m easured just above the snout pointed to a slip component 
of about 25 m /year, the velocity diagram for the period 1959- 63 drops to zero at the terminus 
(Fig. 9) . So Block 2 , which lies about lOO ill above the snout, underwent a horizontal m ove
ment of onl y 0.5 m /year with a vertical displacement of - 0.8 m (1965- 66) according to the 
measurements of Flotron (unpublished ) . The " Hugiblock" , which is at a distance of about 
400 m from the terminus, was displaced horizontally by about 2 m in the same period (1965-
66). 
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As Figure 9 shows, the sw-face velociti es (from 1.4 km to 4. 8 km ) a re today direc tl y 
proportional to the distance from the terminus. It follows that the terminus, which coincides 
with the zero point of the velocity diagram , is at present hardly involved in any sliding move
m en t. In thi s special case the retreat of the g lacier tongue is onl y due to ablation. 
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lOOm 

, 80 

! 60 <::-• ~ 
40 ~ ,-

'-"""'" 
I 20 
I 
I 
I 
I 

Fig. 9. T op : Longitudinal profile of the Unteraargletscher 1842 and 196[. 13ouom: Measured velocities along the longitudinal 
profile. Comparison between velocity distribution in 1842 and 196[ . l IB = Hugiblock. 

TABLE 11 I. COM P A RISON OF SU R FACE VE LOCIT I ES, 1842- 46 A ND 1956- 63 
( T H ALWEG ) 

Distance 
f rom [842- 46 1956- 63 Proportion 

terminus VI ~V I V, ~v, /lzlV I 

km m/ year m/ year m/ year m/ yea r % 
0 25 0 0 

II 8 
1.0 36 8 22 

11 7 
2.0 47 15 32 

12 7 
3.0 59 22 39 

12 6 
4.0 70 28 40 

T able III shows velocities and velocity changes in the longitudina l profil e taken from 
Figure 9 a t equal distances from the terminus. 

It a lso appears from Figw-e 9 that the strain-rate in the pressure zone of the glacier tongue 
(in the direc tion of fl ow) has decreased since 1842 from about I. 14% to about 0.77 % per year. 
With transverse expansion horizontally inhibited , this means that the longitudinal stress has 
diminished from about 1.4 ba r to about 0.8 bar, a fact which may have contributed to the 
o bserved diminution of the sliding process. 
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For the profile at Pavilion Dollfuss, Figure 10 shows ( / ) the thinning process during the 
period '924- 60, (2) the change of yearly velocity of the glacier surface in the same period . 
The much higher scatter around the second curve (2) may be due to changes in the inter
glacial hydraulic sys tem , interconnected with variable sliding conditions. 
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Fig. 10. Comparison between change of ice thickness (curve I = mean altitude of glacier surface ) and mean surface velocil)' 

(curve 2) measured in the cross-sectioll at Pavilion Dollfuss (1924- 60 ). 

(b) Seasonal velocity fluctuations 
D espite the well known fact that access to the Unteraargletscher in winter is seriously 

endangered by avalanches, Agassiz and his co-workers succeeded in m easuring the velocities 
of the glacier in two profiles every month for a whole year (Agassiz, /847 ) . The distance 
between the two profiles, of which the upper one (H otel des Neuchatelois) is situated near the 
confluence already mentioned (Abschwung) and the lower one (Trift) about 300 m below the 
Pavilion Dollfuss, is roughly 2 goo m . The resu lts of the monthly m easuremen ts as published 
by Agassiz are plotted in Figure I I , which shows the very marked and irregular fluctuations. 
The two velocity diagrams I and 3 have a similar shape and should be compared with the 
velocity diagram for the year / 965 /66 measured by A. F1otron (curve 4) . In all three diagrams 
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the maximum velocities occur in the hot season and the minima in the cold season , however, 
the sudden increase of surface velocity in January 1846 cannot be explained . 

I n comparing the seasonal velocity fluctuations of the H otel des Neucha telois and Trift 
profil es (1845- 46), one can differentiate between velocity changes tha t occur simul ta neously 
in both profil es and those to which this does not apply. V elocity peaks that present themselves 
simultaneously in two or more profil es, such as that of September 1845, are to be ascribed to 
genera l climatic influences (e.g. high temperature, with a sudden increase of m elt water or 
hydra ulic pressure) , while velocity fluctua tions that appear in only one profile must be due to 
some local factor , the na ture of which we shall revert to in the discussion. 

The ratio of the maximum measured velocity to the mean annual velocity can be gathered 
from Table IV. 

TABLE IV. M EAN AND E XTRE ME VALUES OF T H E VE L OCIT IES MEASU R ED IN TH REE P ROFILES BY AGASSIZ 

Vo max. 
Vo m ean 
Vo m ax. 

Vo mean 
Vo mIn. 
Vo max. 
Vo min. 

H otel des Nellchiitelois 
Period Velocity 

16.4- 30 .5. 1846 
1845/ 46 

m/ yea r 

137 
83.0 

1845/ 46 1.65 

19. 12. 1845- 11.1.1846 48.5 

1845- 46 2.81 

T rift 
Period 

25,5- 6 .6.1846 
1845/ 46 

1845/ 46 

24· I 0-20. I 1.1845 

1845/ 46 

Velocity 
m / year 

138 
74.0 

1.87 

57 .6 

Pavilion Doli/uss 
Period Velocity 

9- 1 I. 7.1966 
1965/66 

1965/ 66 

9.9. 1965- 19.1 .1966 

1965/ 66 

m/ year 

40 . 1 

25.6 

1.57 

18.6 

2. 16 
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Fig. I I . Seasonal velocity fluctuations measured by Agassi;:; alld his team ill two differen t profiles cif the Ullteraargletscher ill 
m/year alld m/ day. Below : Seasollal velocity measllred by A. Flotroll at Pavilloll D oli/lIss, 1965/ 66. 

4- CHECKING T H E CONTINU ITY OF GL ACIER MO VE MENT BY MEANS OF OGI VES 

So-call ed ogives usually a ppear below steep ice fa lls; a bulge running transversally across 
the glacier is formed each year and is later distorted into a n ogival shape. In the present case 
this process can be very clearly observed , especia lly on aerial photographs, below the ice fall 
of the Finsteraargletscher (see Fig. 12). Since there are heavy accumulations of snow in 
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the depression between two ogives in winter, the wave crests lose their snow covering earlier 
a nd in summer striation of the glacier su rface occurs. As can be seen below the ice fall on the 
aerial photograph, the wave crests a ppear dark against lighter depressions. 

There are various theories about the m echa nism of ogive formation, but we cannot review 
them here. It may only be mentioned that ogive formation is not limited to ice but is charac
teristic a lso for other viscous materials like milk (Streiff- Becker, 195 1) or lavas (Thorarinsson, 
1953) . In our case the impor tant point is that ogive formation produces yearly features on the 
surface of the glacier whose mean distance from each other, at least in stationary glaciers, 
corresponds to the yearly velocity of the point in question (Haefeli, Ig66). If the glacier is not 

Fig. J 2. Air view DIl Fillsteraargletscher and Ullteraargletscher ( J J September J 961). CDpy right Eidg . VermessllllgsdirektiDII , 
alle Rechte vDrbehalten. G = GnlllerilOrn profile, M = Mieselenegg profile, 0 = Cross-sectiDn PavillDn DDlifllss. 

stationary, the wavelength (distance between ogives) at any point below the ogive forma tion 
(ice fall ) is only identical with the mean yearly velocity if the latter varies in the same propor
tion in a ll observed points of the glacier surface. This condition seems to be approxima tely 
satisfied in the present case, so that we can compare the measured velocities (annual means) 
directly with the mean wavelengths of the ogives. 

To this end we consider the velocity conditions of the Finsteraargletscher between the 
Grunerhorn (G) and Mieselenegg (M) profiles marked in Figure 12, the distances between 
which in longitudinal profile is c. 2 goo m. In Figure 12 (an aerial photograph taken on 
11 September 196 1) a zebra-like striation of the glacier surface can be clearly distinguished 
and is remarkable for its great regulari ty. I f we designate the distance between profiles G and 
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~1 as L , whil e n IS the number or ogives, the mean di stance tm between two oglves can be 
calcu lated as 

tm = L/n. 

T he number n of ogives was round in six counts to be an average of 65, so that we can write: 

lm = 2 goo/65 = 44.5 m /year . 

On the o ther hand in Ig6 1- 62 the rollowing velocity values (a nnual m eans, tha lweg) were 
m easured in the two profiles: 

Grunerhorn , Vo = 52.7 m /year, 
Mieselenegg, Vo = 36.4 m /year, 
m ean velocity = 44.5 m /year. 

The agreem ent or this mean velocity with that calculated above shows that in the present 
case the mean wavelength of the ogives is in ract representa ti ve ror the mean annual velocity 
within the stretch or glacier under consideration , which should comprise at leas t five ogives to 
a llow ror annual scatter. 

This relationship enables us to estimate the approximate annual velocity of the glaciel· 
surrace with the aid of the wavelength of the ogives, i. e. on the basis of an aerial photograph , 
even ror points lying outside the range of direc t velocity measurem en ts, e.g. at the root of the 
icc rail. From the first five clearl y visibl e waves below the ice fall we obtain rrom Figure 12 a 
wavelength of 80 m. 

In addition to these individual velocity figures, conclusions as to the continuity of glacier 
movement in the past can al so be drawn from the ogive rormation. Thus a regular ogive 
pattern indicates that there have been no sudden local changes and distortions in the glacier 
movement within a certain period or time. The perrectly regula r ogive pattern between the 
ice rail and the Miese lenegg profile further shows that there has been a steady change in the 
velocities since the end orthe last century. Irthe ogives could be counted as far as the Pavilion 
Dollruss, we should be able to revi ew a rurther period right back to the days of Agassiz. H ere 
again the ogive pattern shows no irregulariti es which wou ld point to a discontinuous change 
in the surrace velocity orthe glacier. In this way the continuity of glacier movement since 1800 
can be demonstrated. Closer investigation would be needed to decide whether one is justified 
in concluding, on the basis of this continuity, that with in a certa in period no major kinemati c 
waves have occurred. 

5. "VATER CIRC ULATIO N AND SLIDI NG MO VE MENT 

It is well known that the intensity of the sliding process depends to a high degree on the 
hydr;:>s tati c pressure of the water present at the sliding surface (vVeertma n, Ig57; Haefeli , 
Ig57; L1iboutry, Ig68) . This pressure is in its turn determined by the hydrodynam ic, thermo
d ynamic and rheological conditions preva iling in the interior of the glacier. C hanges in 
interglacial waterways are due on the one hand to the pressure, temperature (m elting power) 
a nd quantity of the flowing water a nd on the o ther to their own deformation . Therefore these 
interg lacia l waterways are subject to constant changes of a continuous and discontinuous 
nature (plasti c d eformation and collapse) . 

To obtain some idea of how a water passage of this kind- - for instance a circular sha ft- can 
close up , it is an advantage to introduce the " half-life" T required for the diameter of an 
empty shaft to be reduced to one half. It will be seen from Figure 13 that the " half-life of a 
shaft" in tempera te ice at a d epth of about 100 m is about 75 d , and at 'lOO m on ly about 10 d , 
provided that the unknown critical d epth (> 400 m ) at which closure takes place by co llapse 
is not reached. 
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The following formula for the " half-life" T was deduced from G len's flow law of ice (Glen, 
1952,1955) and the formula ofNye (1953) when the vertical cylindrical shaft (for example a 
pot-hole) is empty: 

where p is the overburden pressure, T, is the 1 bar and k, is the temperature parameter for 
T, = 1 bar. 

For k, = 0.25 /year and n = 3, we can write with good approximation: 

T = 150P- 3 years = 55 (P/ IO)- 3 days 

if P is measured in bars. The ratio ra : r is given by the equation 

" 
6 

8 

In (ra/r) = tk ,(p/nT, )nt = 1.27 (P/ IO)3(t/ IOO). 

Time in days 
r---------------~------,-------,-~----_.------_r------------___, 
ID 

lOOm 

100 I 
I 
I 
I 
I __ __ L __ __ 

/OD 0 1000 D 10000 D 
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Fig . '3. H alf-life curve oJthe closing process oJ a vertical c)"indrical shaJt , as aJunctioll oJthe overburden pressure or the de/)th , 
Jor temperate ice. 

In this way it is easy to represent the deformation of a circular shaft for different moments 
as in Figure 14, which shows that vertical circular shafts become funnel-shaped when they 
close. If the shaft in a temperate glacier is empty during the co ld season , a period of only 
TOO d is sufficient, at a depth of only 150 m, for such a space to close bu t for a small funn el-like 
open ing. This fact is of great importance for the subglacial water circula tion . 

I t may be concluded from this that hollows in the interior or on the bed of a large temperate 
glacier can only survive the cold season if they are partly or completely fill ed with water and 
if the hydrostatic pressure of the water is sufficient to prevent rapid plasti c closing of the 
aperture. Otherwise they close except for a narrow passage or are completely blocked by a 
collapse (if the overburden pressure reaches the compressive strength of the ice). At great 
depths below the surface of the glacier the circulatory system must therefore (if it does not 
remain water-filled) be reconstituted each year. Old water passages are widened by pressure 
and melting processes and new ones are created. This explains why ma rginal glacier lakes 
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such as the Gornersee or the form er Marjelensee reform each year and then, in summer when 
the water level is high , suddenly break out into the interior or bed of the glacier. 

I n Figure 15 an attempt has been made to represent schematicall y som e of the relation
ships involved with the a id of a simple model. Let it be supposed that the circulatory system 
has the form of a tube with a right-angle bend OCB, the verti cal limb oc being a pot-hole and 
the horizontal lim b CB a water passage a long the bed of the glacier or an in terglacial gall ery 
(Streiff-Becker, 195 I ) . 

When water flows through this system (Fig. I 5a), a d efinite pressure line Ao- B is formed for 
each water quantity Q and is given by the piezometer levels ho, h" h2' etc. If the cross-section 
of the tube is constan t and the surface roughness uniform (case a), the piezom eter line A o- B 

is straight. If the water flow gets small , the piezometer line sinks, as in A'- B in Figure Isa, 
wh ich would normally correspond to autumn conditions. vVhen the sys tem is partly empty 
during the winter, intensive closing of the cross-sec tions sets in and causes the piezom eter line 
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Fig. 14. D ijferent stages oJ lhe closing process oJ (l vertical cylindrical shrift ill temperate ice. 

to become curved, as in B- A , (Fig. ISb). The ra te of closure d epends chiefl y on the difference 
between the overl ying pressure of the ice a nd the water pressure. If this difference exceeds the 
c ritical figure a collapse occurs. In spring, when the narrowing of the water cross-sections has 
reached its maximum, a comparatively small water quantity Q2 is sufficient to raise the 
piezometer level (for instance from A , to A 2 ) a nd thus to ac ti vate the sliding movem ent, 
prov ided that the circu latory sys tem is in communication with the sliding surface (on the bed ) . 
vVater quantity, narrowing of cross-section , melting processes a nd piezometer level are 
interconnected by very complex relationsh ips and to some extent mutua ll y affect each o ther. 
As the sliding speed largely depends on the hydrostatic pressure in the contact layer between 
ice a nd bed , the apparen tl y arbitrary velocity fluctuations measured by Agassiz, as shown in 
Fig ure J J , a re basicall y qui te susceptible of explanation. 

Many new fac tors would have to be taken into account in proceeding from a simple 
model to a study of the glacier itself. Several circulatory sys tems may exist without inter
comm uni cation. Therefore different ground-water stori es may be es tablished. If it were 
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possible to take piezometer readings at numerous points on the glacier bed, as was done on the 
Gornergletscher, the totality of the readings would present an extremely complicated picture , 
viz. a surface with an irregular relief containing discontinui ties and in a continuous state of 
change. Slip velocities on the glacier bed and their fluctuations depend to a large extent on 
this surface, which represents a sort of living "ground-water table" of the glacier bed. 
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Fig. 15 . Simplified hydraulic model (schematic) Jar water circulatioll in a glacier JIlOllt (tell/perate ice). 

6. COMPARISON BETWEEN MEASURED AND CALCU LATED LONG PROFILE OF THE GLACIER SNOUT 

After the early work of Koechlin ( 1944) a first comparison between the theoretical and the 
measured long profile has been given by ye ( 1952), based on the assumption that the shear 
stress over the bed and also the inclination of the bed are constant. The same author (Nye, 
1967) improved Orowan's parabolic profile, which is based on a constant yield stress between 
bed and ice (Orowan, 1949) . 

The following calculation, which is based on constant ablation a, contains no assumption 
about the shear stress on the bed , whose inclination is neglected. 

In Figure 16, a given cross-section (x = 0) is taken as starting point for the calculation. 
The amount of ice flowing through this cross-section per metre width and year under steady 
conditions is designated as qo. The following expression is valid , on the basis of the mass 
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balance, for the mean velocity along a vertical line at a distance x from the starting cross
sec tion : 

where y is the thickness of the ice at cl-oss-sec tion x and a is the constant annual ablation_ 
On the other hand, the following relationships based on Glen's fl ow law of ice hold good 

when the breadth of the ice flow is limited (Haefeli , 196 1) : 

Vxm = C3( - dy /dx) '7 11+1
,\ , C3 = kpll /( n+ 2), (5) 

where ,\ is an empirical reduc tion factor resulting from the limited breadth of the g lacier 
tongue_ 

With the a id of Equations (4) and (5) , the equation for the longitudina l profil e is obtained 
by integration. It reads: 

y = Yo(qo - ax)l/ qo! = hu(1 - ox/qo)l, (6) 

j = y /Yo = ( I - ox/qo)} = (ox/qo )l, .\' = L - x. 

We thus obtain for the longitudinal profil e a pa rabola, sim ilar to the solution of Orowan . 
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Fig. 16. Comparison between measured and calculated longitudinal pr~file through the Unteraargletscher for 1842 and 1961. 
(} calcula~ed. 0 measured. 

Starting from the Mieselenegg profil e, the longitudina l profile th rough the tongue of the 
U nteraargletscher was calcula ted on the basis of Equation (6), first for the a lmost steady state 
of 1842 and secondly fOl- the pl-esent (i. e. 196 I ). The resul ts are set for th in Figure 16. The 
longitudina l profile plotted by Wild under the direction of Agassiz (Fig. 16, top ) runs along 
the ridge of the medial moraine. If this profile line is reduced by the estimated height of the 
moraine, very good agreement of measurement and calculation results. A sa tisfa ctory agree
men t also exists between the measured and calculated long profile in 196 1. 

ACKNOWL EDGEMENTS 

I am greatly indebted to the Kraftwerke Oberhasli AG, especially to H err Zingg, D eputy 
Director , for the interest they took in this study and for the permission to publish some results 
from the yearly measurement on the U nteraargletscher . 

A1S. received [ 6 June 1969 

https://doi.org/10.3189/S0022143000023522 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023522


2 12 JO U RNAL OF GLACIOLOGY 

REFERENCES 
Agassiz, L. 1847. JVouvelles itudes et experiences sur les glaciers actuels. Paris, V. Masson . 
Flotron, A. U npublished. J a hrli che Berichte liber die Ergebnisse der G letschermessungen im Auftrag der 

Kraftwerke Oberhasli . 
G len, J. W. 1952. Experiments on the deformation of ice. J ournal of Glaciology, Vol. 2, No. 12, p. I I 1- 14. 
G len, J . W. 1955. T he creep of polycrysta lline ice. Proceedings of the R oyaL Society, Ser. A, Vol. 228, No. I 175, 

p. 5 19- 38. 
H aefeli , R . 1957. Notes on the formation ofogives as pressure waves. J ournal ofGLaciology, Vol. 3, No. 2 1, 

p. 27- 29. 
H aefeli , R . 1961. Contribution to the movement and the form of ice sheets in the Arctic a nd Anta rctic. J ournal 

ofGlaciology, Vol. 3, No. 30, p . 11 33- 5 1. 
H aefel i, R. 1966. Some notes on glacier mapping a nd ice movemcnt. Canadian Journal of Earth Sciences, Vol. 3, 

No. 6, p . 863- 76. 
H aefel i, R. 1969. Changes in the behaviour of the U nteraa r glacier in the las t 125 years. Bulletin de L' Association 

Internationale d 'Hydrologie Scientijique, 14e An. , No. I , p. 85- 86. [Extended summary]. 
Hugi, F . J . 1830. Naturhistorische AlpCllreise. Solothurn, Amiet Lutiger. 
Jost, W . 1953· Das Grimselgebiet und die G letscherkunde. Die Alpen , 29 Jahrg., Ht. 8, p. 203- 14. 
K asser, P. 1953. Ablation und Schwund a m Grossen Aletschgletscher. Verhandlzmgen der Schwei zerischen JVatllr-

forschenden Gesellschaft , 133 Sitzung, Lugano 1953, p. 73- 75· 
K oechlin , R. 1944. L es glaciers et leur micanisme. La usaune, Libra irie R ouge et Cie. 
Koechlin , R . 1947. The forma tion of fjords . Journal of Glaciology, Vol. I , No. 2, p. 66- 68. 
Kreis, A., arid others. 1952. Die Ergebnisse d er seismischen Sondierungen des U nteraargletschers 1936- 1960, 

von A. Kreis, R . Florin und A. Slisstrunk. Verhandlungen der Schweizerisc/zen N aturjorsc/zenden Gesellsc/zaft , 132 
Sitzung, Bern 1952, p . 125- 26. 

Lliboutry, L. 1968. Genera l theory of sub glacia l cavita tion a nd sliding of tempera te glaciers. J ournal ofGlaciology. 
Vol. 7, TO. 49, p. 21- 58. 

Nye, J. F. 1952. A compa rison between the theoretica l a nd the measured long profile of the Unteraar glacier. 
J ouTllal of Glaciology, Vol. 2, No. 12, p. 103- 07. 

Nye, J . F. 1953 · The fl ow law of ice from measurements in glacier tunnels, la boratory experiments a nd the 
Jungfraufirn borehole experiment. Proceedings of the R oyal Society, Ser. A, Vol. 2 19, No. I 139, p. 477-89. 

Nye, J. F . 1967. Plas ticity solution for a glacier snout. J ournal rifGlaciology, Vol. 6, No. 47 p.695- 715. 
Orowa n, E. 1949. [The fl ow of ice and other solids.] (/n J oint meeting of the Bri tish Glaciological Society, the 

British Rheologists' C lub and the Institute of Metals. J ournal of GLaciology, Vol. I , No. 5, p. 23 1- 40. ) 
Portmann, J .-P. 1962. Louis Agassiz, pionier de la glaciologie. Annales Gebhard, 38e An. , p. I - I I. 

R enaud, A., and M ercanton, P.-L. [1950.] Les sondages sismi'lues de la Commission H elvetique des Glaciers 
S.H.S.N. Union Giod/sique et Giophysique Internationale. Association In ternationale d' Hydrologie Scientijique. Assemblie 
ginirale d 'Oslo 19- 28 aout 1948. Proces-verbaux des siances, Tom. 2, p. 346- 52 . 

Rlitimeyer, L. 1881 . Ein Blick a uf die Geschichte der Gletscherstudien in der Schweiz. J ahrbllch des Schweiz er 
Alpenklub , 16. J ahrg., 1880--81 , p. 377- 418. 

Streiff-Becker, R. 195 1. Pot-holes a nd glacier mills. J ournal of Glaciology, Vol. I , No. 9, p . 488- 90. 
Thorarinsson, S. 1953. Ogives in lava streams. J ournal q[Glaciology, Vol. 2, No. 14, p . 295. [Letter.] 
Weertman, J. 1957· On the sliding of glaciers. Joumal of Glaciology, Vol. 3, No. 2 1, p . 33- 38. 

https://doi.org/10.3189/S0022143000023522 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000023522

