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THE UPLIFT OF UNTERAARGLETSCHER AT THE BEGINNING OF 
THE MELT SEASON-A CONSEQUENCE OF WATER STORAGE AT 

THE BED? 

By A. IKEN, H. R OTHLISBERGER, A. FLOTRON, and W. HAEBERLI 

(Versuchsanstalt fur Wasserbau , Hydrologie und Glaziologie, Eidg. Technische Hochschule 
Zi.irich , ETH -Zentrum, CH -S092 Zi.irich, Switzerland) 

ABSTRACT. Resu lts of systematic movement studies carried out by means of an automati c camera on 
Unteraargletscher si nce 1969 are discussed together with supplementary theodolite measurements made at shorter 
intervals and over a longer section of the glacier. In addition to the typical spring/ early summer max imum of 
velocity known fro m other glaciers, an upward movement of up to 0.6 m has been recorded at the beginning of the 
mel t season. It was followed , after a few fluctuations of the verti cal velocity, by an eq ual but slower downwaru 
movement which continued at an almost constant rate for about three month s. Poss ible ex pl anation s of the uplift 
a re discussed, the most satisfactory explanation being water storage at the bed. The observations then suggest that 
this storage system is efficiently connected with the mai n subglacial drainage channels on ly during times of very 
high water pressure in the channels. Detailed measurements showed that the times of maxi mum horizontal 
velocity coincided with the times of maximum upward velocity rather than wi th the times when the eleva tion of the 
surveyed poles had reached a maximum. On the basis of the hypothesis of water storage at the bed thi s findi ng 
means that the sliding velocity is influenced mainly by the subglaci al water pressure and the act ual. tran sicnt stage 
of cavity development, while the amount of stored water is of lesser influence. 

R ESUME. Le mouvement vertical de /'Unteraargletscher enregistre au debut de la fame des neiges est-il la 
consequence d'une accumulation d'eau au niveau du lit glaciaire? Les mouvements de l'Unteraargletscher sont 
enregistn:s systematiquement depuis 1969 a l'aide d'une camera automatique. Les valeurs de ces mouvements, 
completees par des mesures au theodolite qui sont faites sur des intervalles de temps plus courts et sur de plus 
grandes surfaces, sont analysees. En plus du maximum de vitesse, typique a la fin du printemps et connu sur 
d'autres glaciers, un mouvement ascendant pouvant atteindre 0,6 m a ete enregistre au debut de la fonte. /1 a ete 
sui vi, apres quelques fluctuations de la vitesse verticale, par un mouvement descendant egal, beaucoup plus lent , 
avec un gradient constant pendant environ trois mois. Les explications plausibles de ce mouvement sont di scutees, 
la plus satisfaisante etant une accumulation d'eau sur le lit glaciaire. Les observations laissent supposer que le 
systeme d'accumulation possede seulement lors de hautes pressions d'eau une bonne li aison avec les canaux 
importants du reseau subglacial d'ecoulement. Des mesures detaillees montrent que le moment de la vitesse 
horizontale maximum du glacier cOincide avec celui de la vitesse verticale maximum et non avec l'elevation 
maximum du glacier. Ces resultats signifient, sous l'hypothese de l'accumulation d'eau sur le lit glaciaire, que le 
glissement est principalement influence par la pression d'eau subglaciale et par I'etat momentane de formation de 
cavernes plutot que par la quantite d'eau accumulee. 

Z USAMMENFASSUNG. Die Hebung des Unteraargletschers zu Beginn der Schneeschmelze-eine Folge 
van Wasserspeicherung alii Gletscherbelt ? Am Unteraargletscher werden seit 1969 sys tem atische 
Bewegungsmessungen mit einer automatisc~en Kamera durchgefiihrt. Ergebnisse dieser Messungen werden 
zusammen mit erganzenden Theodoli tmessungen, welche in kiirzeren Zeitabstanden und in einem grosseren 
Gebiet des Gletschers durchgefiihrt wurden, analysiert. Wahrend der Schneeschmelze wurde neben dcm typi schen 
Geschwindigkeitsmaximum, das auch von anderen Gletschern bekannt ist, ei ne Aufwartsbewegung bis zu 0.6 m 
beobachtet. Dieser Aufwartsbewegung folgte-nach einigen Auf- und Abbewegungen--eine gleichgrosse. aber 
langsame kontinuierliche Abwartsbewegung, die etwa drei Monate andauerte. Mogliche Erk liirungen der Hebung 
werden diskutiert ; die befriedigendste ist Wasserspeicherung am Gletscherbett. Die Beobachtungen lassen 
vermuten, dass das Speichersystem nur wahrend Zeiten sehr hohen Wasserdruckes eine gut funktionierende 
Verbindung zu den grosseren Kanalen des subglazialen Abflusssystems besitzt. Detaillierte Messun gen zeigten. 
dass der Zeitpunkt der maxim alen Horizontalgeschwindigkeit des Gletschers mit dem der max imalen 
Vertikalgeschwindigkeit iibereinstimmte und nicht mit dem Zeitpunkt, zu welchem die Messmarken im Gletscher 
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die griisste (Meeres)hiihe erreicht hatten. Unter der Annahme van Wasserspeicherung am Gletsc herbett bedeutet 
dieses Ergebnis, dass die Gleitbewegung des Gletschers durch den subglazialen Wasserdruck und den jeweiligen 
Entwicklungszustand der Hohldiume an der Gletschersahle beeinftusst wird. wiihrend die Menge des 

gespeicherten Wassers van geringerer Bedeutung ist. 

1. INTRODUCTION 

Detailed movement studies of Unteraargletscher have been carried out for many years 
(Flotron, 1973). They have revealed a strong seasonal variation not only of the horizontal. but 
also of the vertical velocity component. The upward movement of the glacier surface, referred to 
in this paper as uplift, has from the beginning been suspected of indicating water storage at the 
bed . This idea was presented at the Symposium on glacier beds held at Ottawa in 1978 (Iken and 
others, 1979). The main point in question was that the notion of a direct dependence of the rate 
of ice movement on the amount of water stored at th e bed is only partly correct. Instead. the 
highest horizontal velocity was observed when the rate of vertical displacement was largest. 
rather than at the time when the uplift reached its maximum. The subject of the present paper is 
the uplift and its various characteristics. Explanations, as presented at the Ottawa symposium. 
are discussed, supplemented by more recent considerations. The results of a numerical model 
study closely related to the views expressed here, which were also discussed at Ottawa. have 
been published as a separate paper (Iken , 1981). 

For presentation a typical year (1975) is chosen, during which an additional detailed survey 
by theodolite was also carried out. So far the records of glacier movement have been similar each 
year. 

2. FORMER STUDIES RELEVANT TO THE UPLIFT PHENOMENON 

Unteraargletscher, the common tongue of the two tributaries Finsteraar- and 
Lauteraargletscher (Fig. 1), is a valley glacier about 5 km long and gently sloping at 
approximately 4° except near the terminus, where it is steeper. It is one of the most 
comprehensively studied glaciers in the Alps. Already in 1841 L. Agassiz and his co-workers 
had started a variety of investigations on this glacier which still look quite modern . Of particular 
interest are a precise map and detailed measurements of the glacier movement. carried out even 
during winter (Agassiz, 1847). On two transverse profiles the vertical movement of poles 
("pieux") was also measured over a period including the winter of 1842/ 43. The upward 
movement of several poles in the central part of the glacier tongue was remarkably large and 
clearly overcompensated ablation. Possibly these measurements already revealed an "uplift". 

Since 1928 volume change and movement measurements have been carried out by the 
VermessungsbLiro Flotron, father and son, at the request of the Kraftwerke Oberhasli. The 
results are stated annually (Commission des Glaciers de la Societe Helvetique des Sciences 
Naturelles, [1929ff. D. Seismic investigations have been carried out by Knecht and SLisstrunk 
(unpublished) for the Swiss Gletscherkommission (Mercanton and Renaud, 1948). This long 
profile of the glacier, as obtained from these measurements, has been compared with theory by 
Nye (1952). The maximum depth at the confluence of Finsteraar- and Lauteraargletscher is 
presently about 380 m. At the site where Flotron (1973) has installed an automatic camera (Fig. 
1) the glacier is 310 m thick. Seismic soundings revealed two reflecting boundaries in some areas 
of the snout. Their possible meaning has been discussed by R6thlisberger and V6gtli (I967) in 
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Fig. I . Map of Unteraargletscher. 0 automatic camera, . theodolite station, . surveyed pole. 

relation to electrical resistivity soundings. The lower boundary is considered by us to represent 
the bedrock. 

According to the early bore-hole measurements of Agassiz (1847) and temperature 
measurements in other glaciers of the Alps (Haeberli, [1976]), it can be assumed that the glacier 
is temperate below the thin surface layer of seasonal temperature variations. The changes of 
glacier movement and geometry in the time between 1840 and 1965 have been discussed by 
Haefeli (I 970). Based on estimates of the sliding velocity obtained by calculating the 
contribution of shear deformation within the glacier to the total surface velocity , Haefeli 
concluded that the observed decrease of velocity since the last century is predominantly due to a 
reduction of the sliding velocity. A closer inspection of the problem shows that considerable 
scatter of the calculated values of the contribution due to sliding is introduced by uncertainties 
about the choice of flow-law parameters (cf. the compilation in Hodge, unpublished, p. 270) and 
of adequate techniques for averaging geometrical parameters in the calculation of basal shear 
stresses in alpine glaciers (Raymond, 1980; Haeberli, unpublished). This makes it impossible to 
draw a definite conclusion even about the sign of the change of the relative contribution due to 
sliding. 

3. METHODS FOR MOVEMENT STUDIES 1974-76 

3.1. Survey by automatic camera 

In 1969 a Hasselblad 500 EL camera with motor-driven shutter and film transport was 
placed in a watertight, insulated metal box on the steep slope at the left glacier margin (Fig. 1). 
Five reference points on the opposite rock wall were photographed together with a marker on the 
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glacier. The procedure of photogrammetric evaluation and assessment of accuracy has been 
explained in detail elsewhere (Flotron, 1973). The mean errors of position of the target on the 
glacier are given in that paper as ± 14 mm in the horizontal direction and ± 25 mm in the vertical 
direction. Photographs were usually taken at intervals of 4 d, or daily during certain periods. 
Records are sometimes missing due to fog or technical failure. 

3.2. Theodolite survey 

During three weeks in June 1975 the camera records were supplemented by theodolite 
measurements at four transverse profiles, A- D (Fig. I). Profile C was surveyed two to four times 
a day, profiles A, Band D at intervals of 1 to 3 d. For the short-time measurements a DKM -2A 
theodolite with automatic levelling has been used. This instrument was placed on a cairn, built 
with stones and held together by cement. Further measures taken in order to keep errors of the 
short-time surveying small are described elsewhere (Iken, [1978]). Movements were calculated 
from angular displacement and the horizontal distance from the instrument to the surveyed 
target. Accuracies of horizontal angles were estimated as one half of the difference of the angle 
measured in the direct and in the reversed theodolite position. Vertical angles which were 
measured repeatedly differed usually by less than 5cc , corresponding to 2 mm for pole C3 . One 
would generally expect large errors caused by vertical refraction varying diurnally with 
temperature. However, the results show no corresponding diurnal variations in the vertical 
velocity. This suggests that, in the present case, vertical refraction had no significant effect. 

4. CHARACTERISTIC FEATURES OF THE MOVEMENT PATTERN 

4.1. Presentation 0/ data 

The results of the survey carried out by means of the automatic camera are plotted as 
movements in space, i.e. in a vertical plane. Figure 2 shows in the upper part the displacement of 
a point fixed in the ice at the glacier surface with a fivefold vertical exaggeration, while the 
horizontal velocity is plotted versus horizontal distance x at the bottom of the figure . Time is 
indicated by the dates written above some of the points. The calendar year of 1975 is primarily 
illustrated, but additional data are plotted for the winter months of 1974 and 1976 above and 
below the main curve. 

A different method of presentation is chosen for the detailed study by theodolite of one of the 
uplift events (E, Fig. 2) in Figure 3. The horizontal velocity component of three stakes C I to C3 
at distances of 85 m, 135 m, and 255 m from the margin (Fig. 1) is given. Air temperature is 
plotted at the top to give a clue to the melt-water influx. 

4.2. Mainfeatures 

As far as concerns the uplift phenomenon, two major periods can be discerned, an active 
summer period of seven months duration and a quiet winter period some five months long. Both 
periods show a characteristic movement pattern. Referring to Figures 2 and 3, we can list the 
main features as follows; 

(a) There is a remarkably stable downward movement at almost constant velocity through 
winter (Ao- A- B; G-H-I). 

(b) The straight line representing the winter motion of 1974/ 75 is interrupted during the 
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Fig. 2. Camera record of glacier movell1enl. Top: Trace of flail' line in a vertical plane. (Vertical scale jivefo ld 
exaggeration). BOltoll1: Plot of horizolllal componel1l of velocity versus horizolltal displacement. 

acti ve summer period. It continues at the same slope in the following winter of 1975/ 76, but is 
offsel to the right (upward) as compared to the extension of line A- B. 

(c) The active summer period is characterized by an extended uplift also referred to as a 
" bulge". 

(d) Superimposed on the bulge are three short-term major uplift events, referred to as the 
peak s C, D and E. Also present are one lesser peak F and a number of minor fluctuations ; the 
latter may be real or may represent scatter of the measurements . 

(e) The velocity is generally higher during the extended uplift than in winter, in particular 
from 31 March (B) till about 12 October. 

(f) The velocity fluctuates , showing high peaks which are related to the uplift events. Note 
that the velocity maxima occur during the upward motion only (events D- F). For peak E this 
is illustrated in detail in Figure 3. (Event C is an exception discussed later). 

(g) A ty pical asymmetry appears in the variation of vertical di splacement with time (centre of 
Fig. 3): the upward movement is fast , the downward movement slow. This holds both for the 
short-term uplift events and for the bulge as a whole. 

Apart from the features listed above, it is important to notice the fact that the uplift events 
are related to periods of strong melt, and that the uplift events do not appear to be a local 
phenomenon. Events D and E, the only ones measured at different cross-sections, occurred 
almost sim ultaneously at all four cross-sections A- O (Fig. I). However, there was a sli ght time 
delay- less than one day, just detectable in the survey- between the uplift peak s at differcnt 
profiles. This time delay increased down-glacier . 
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Fig. 3. Defailed fheodolife lIleaSUremellfS of glacier movemellf i lldicat illg all " uplif!" " 'hieh follOlred a br ief period of 
sfrollg melf. Top: Air felllperafl/re. Mid: Verfical displacelllellf of 3 poles, C l fO C3: Cl is lIear fhe glacier 
margil1, C3 Oil fhe medial moraille. 8 0110111: Horizollfal velocity of fhe same poles. 

5. INTE RPR ETATION 

5. 1. Concept o/water storage at the bed, sliding motioil and uplift 

The ex planation we are suggesting for the uplift in the foll owin g paragraphs is based on the 
assumption, confirmed on various occasions by observati on, that the vertical di splacement of the 
glac ier surface is not a local phenomenon, but is representati ve for an appreciable sec tion of the 
glacier. The ri se then is eq ui va lent to an increase in vo lume. Since the volume expansion takes 
place in the melt season. it is a reasonable assumption that it is primaril y caused by melt water. 
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i.e. ~..,.aler storage. Glacial water storage has also been proposed by Stenborg (1970) and by 
Tangborn and others ([ 1975]) in order to explain a deficit in run-ofT apparent in water-balance 
studies. As the primary discontinuity below the glacier surface is the glacier bed, this is also the 
most likely place where water storage can occur, either in an extended sheet or layer, or else in 
discrete cavities. The first possibility can , under most conditions, be ruled out because of the 
implied thickness of the layer necessary to account for the considerable amount of water storage, 
and hence the water is expected to occur in cavities. Large openings between ice and rock are 
often observed at the edge of sliding glaciers, and, given sufficient water pressure, there is no 
reason to doubt that they may extend in a similar fashion all the way down to the largest depths. 

One of the authors (I ken, 1981) has studied in a simplified numerical model the mechanism 
of sliding on a uniform wavy bed with and without water-filled cavities, and during the transient 
stages when cavities grow or shrink. The most important finding was that the influence of the 
water on velocity is much greater during the transient stages than under steady-state conditions. 
In particular the sliding velocity is largest at the early stage of cavity growth and is smallest, or 
even negative, when cavities shrink. In the same paper, a critical pressure where sliding becomes 
unstable is derived and discussed . It is a water pressure well below the ice overburden pressure: 

r 
Peril =Po - b ' 

tan max 

where Po is the ice overburden pressure, r the basal shear stress, and bmax the angle between the 
steepest tangent on the stoss faces of bed obstacles and the mean bed slope. This holds for an 
idealized glacier bed, where no tangential stresses occur at the ice- rock interface and where the 
water has access to the lee faces of all bed undulations. The equation has been derived for two
dimensionally rough beds (X - 2 plane), but also holds for three-dimensionally rough beds under 
certain conditions. If the subglacial water pressure exceeds the critical value, the glacier is pushed 
upward as a rigid body along the stoss faces of the bed undulations. This type of sliding is 
illustrated in Figure 4. 

5.2. Steady winter flow 

The first feature (a) listed in section 4 is the steady downward movement in winter. From the 
time of the year and the lack of any significant fluctuations we conclude that the glacier is not 
influenced by changes of the water regime during this period. The surface movement then 
represents primarily the flow of the glacier by internal deformation. (We neglect the sliding at the 
bed under steady-state winter conditions, which is probably small). The average horizontal and 
vertical displacements and velocities are given in Table I together with the inclination of the flow 
vector. The two winter periods show consistent results, and so they are averaged for further 
consideration. In addition, the table includes summer data. 

Fig. 4. EXlreme case of upward sliding. The dashed line shows a later stage. The gap bounded between the lwo sine 
waves shown by solid and dashed lines, respectively, represents the transient shape of afast growing cavity. 
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TABLE I. VELOCITY COMPONENTS IN DIFF E RENT SEASONS 

Time Horizontal 
inlerval displacemenl 

m 

15 November 1974 to 7.31 
31 March 1975 
21 November 1975 to 6.89 

I April 1976 

Mean over the two winter periods: 

31 March to 
21 November 1975 20.53 

Difference: summer velocity (31 March to 

Vertical 
displacement 

m 

- 0.40 

- 0.35 

- 0. 88 

21 November 1975) minus mea n winter velocity 

5.3 . Total bed-slip in summer 

Horizontal Vertical 
velocity velocity 
mm/ d mm/ d 

53.7 - 2.9 

52.2 - 2. 7 

53.0 - 2.8 

87.4 - 3.7 

34.4 - 0.9 

35 

Inclination of 
movement vector 

deg 

- 3. 1 

- 2. 9 

- 3.0 

- 2.5 

- 1.5 

We make the preliminary assumption that during the melt season the rate of internal 
deformation of the bulk of the glacier is the same as in winter. In that case the movement due to 
ice flow can be extrapolated from winter. Continuation of winter flow, plotted with a dashed line 
in Figure 2, would bring a reference point which is at B on 31 M arch to K on 21 November. but 
the observed position for that date lies at G instead. Under the assumption that the additional 
displacement from K to G is caused by bed-slip alone, a value of 8.08 m is found for the 
horizontal sliding distance. If we visualize bed-slip as the movement of a block of ice moving 
along like a sled on the bed, then the connecting line K- G s hould be parallel to the glacier bed 
(allowing for the vertical exaggeration in the figure). From Table I the mean inclination of the 
bed-slip vector is found to be 1.5°. Note that although water storage is essential for the actual 
sliding process as discussed later, it does not intervene when we compare positions of the glacier 
from before and after the uplift period. According to the seismic survey (Knecht and Slisstrunk. 
unpublished) the bed is essentially horizontal , but as the survey lacks detail in the actual area of 
the movement studies, a direct verification of the 1.5° slope is not yet possible. 

The inclination of the flow vector at the glacier surface amounts to 3°, thus differin g 
significantly from the dip of the bed of about 1.5°. This probably indicates lateral spreading of 
the high medial moraine on which the camera target was placed. The convergence of the surface 
displacement-vector and bed is the reason for the shift to the right of the movement lines in 
Figure 2 from one winter to the next during enhanced sliding in summer. This causes point G to 
be located about 0.2 m above the extension of line A- 8 and explains feature (b). 

In Figure 2 the dashed line B-K- G shows the effects of s teady ice deformation and overall 
bed-slip separately, one after the other. An additional thin solid line 8 1 - E'-G gives the 
simultaneous effects of deformation flow and bed-slip when these are combined for some 
intermediate time increments. This line serves as a base against which the uplift is measured. e.g. 
E'- E. 

5.4 . Water-induced uplift and sliding velocity 

Although the total dislacement by summer sliding is directed parallel to the bed. the actual 
motion goes alternately up and down at variable inclinations; it is this particular behaviour that 
suggests the existence of water storage, variable with time. The extended uplift. feature (c). 
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implies long-term storage. whereas the short-term uplift events, feature (d). suggest a more 
rapidly changing water storage. 

5.4. 1. Effects of cavities and cavity growth on the sliding velocity 

The water storage is closely linked to velocity variations. During the period of water storage. 
small irregularities of the bed (obstacles) become flooded , and the bed becomes effectively 
smoothed; the result is reduced friction (Weertman, 1962; Lliboutry, 1968, 1979; Kamb, 1970). 
This explains why the velocity is generally higher in summer than in winter, feature (e). The 
strong velocity variations, in particular the sharp peaks and their relation to the uplift efTect, 
feature (I). however, cannot satisfactorily be explained by the quoted steady-state theories: the 
velocity maxima indeed occur while the glacier is rising and not when water storage is at a 
maximum. as is clearly shown in the case of peaks D, E, and F. This unexpected finding has been 
confirmed by further observations at other profiles, in other years, and on other glaciers. It 
agrees well with the results of the model study on transient phases summarized in paragraph S.l, 
thus providing one of the strongest arguments in favour of the water-storage concept. 

5.4.2 . Relation bellVeen uplift characteristics and water-drainage conditions 

A characteristic feature of the uplift peaks is the asymmetry in a diagram of vertical 
displacement versus time (Fig. 3), feature (g). The upward movement sets in abruptly, while the 
downward movement is much slower and gradual. From this trend can be inferred a 
characteristic trait of the subglacial water-carrying system. In the latter we include all the 
passageways supplying water to the opening-up cavities. or draining water from the closing ones. 
Unlike the model study. in which an instant unlimited water exchange between the bed and 
(external) reservoirs or sinks has been assumed, under natural conditions the water exchange is 
time dependent and limited. In relation to the uplift asymmetry we now postulate that the 
performance, i.e. capacity of the water carrying system is controlled by the subglacial water 
pressure: During uplift the subglacial water pressure is high and opens up rapidly a network of 
interconnecting passageways along the ice sole by spontaneous ice separation. Once the water 
pressure drops, the majority of these passageways closes off and the stored water essentially is 
trapped . The subsequent slow drainage corresponding to the gradual downward movement of 
the ice is probably controlled either by drainage through a porous substratum, or seepage 
through tiny grooves in the rock. During this stage. variations of water pressure in the main 
drainage channels should have practically no effect on the sliding velocity as long as the pressure 
stays low. Indeed. during many weeks of the melt season the camera record shows no velocity 
variations in spite of variations of melt-water input to the glacier. 

A seasonal variation of the degree of interconnection of subglacial cavit'ies has also been 
proposed by Lliboutry (I978). not in relation to storage of surface melt water, however. 
Lliboutry assumed a gradual slow growth of isolated, water-filled cavities due to melt of ice at the 
base by geothermal heat and due to melt in the interior of the glacier by energy dissipation in the 
deformation process ("autonomous system"). He proposed that the isolated cavities would 
become interconnected in the melt season. when the subglacial water pressure is high, and that 
then the cavities would drain into the main drainage channels (" interconnected system"). 

5.4.3. Special conditions at the beginning of the melt season. 

The concept of limited (and irregular) water supply to the bed also helps to a better 
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understanding of the initial uplift phenomena at the beginning of the melt season. At first sight. 
event C shows a velocity peak from 18 to 26 May concurrent with a downward movement, in 
contrast to the later peaks. Since one measurement is missing (the time interva l being eight days 
in stead of the standard four days), thi s findin g should be treated with reserva tion- a higher uplift 
is conceiva ble which takes pl ace concurrentl y with a high velocity peak in the earl y part of the 
interva l and which is followed by a steep downward movement at very low velocity later 
on- but there is another signifi cant di fference in peak C as compared to later even ts: The in iti al 
ri se from 28 April till 18 May is not onl y exceedingly steep, but it a lso occurs at a relati vely low 
hori zontal velocity. The explanation we would like to put forward is that with the fir st input of 
melt wa ter the water pressure ri ses locally to extremely high levels (Rothli sberger and Iken. 
198 1). In this case no gradu al, tangential cavity growth occurs. but spontaneous ice separation 
where the wa ter reaches overburden pressure. In conseq uence the average uplift becomes 
considerable. The horizontal velocity, however. is not much affected, because the glacier is still 
anchored in those areas not already reached by the water. 

5. 5. Size and shape oJroches moutonnees 

The base line for the uplift B, - E'-G of Fi gure 2 is acco rding to us at the sa me time the 
" reference line for water storage". It is the line showing the movement at the glacier surface 
which wo uld occur if sliding were to take place without separation from the bed. The difference 
in height of the heavy and light solid lines connecting B, with G , the uplift, represents the mean 
thickness of the wa ter storage. At the uplift peaks C, D and E, the maximum storage reaches 
values of 0.5 5, 0. 53, and 0.48 m, respec ti vely. Between 14 May and I August storage is never 
less than about 0.3 m. 

The large quantity of storage water raises the question of how thi s wa ter can be 
accommodated at the glacier so le without starting a catastrophic advance of the glacier. 
Obviously. large bed undulations are a prerequi ite. Based on th at part of the tota l uplift which 
decayed onl y slowly, we conclude that long-term water storage in 1975 amounted to about 
0.3 m. and under the supposition that all the water is stored in cavities of uniform size and shape 
we can es tim ate their volume, assuming a certain simplified type of bed, for in stance sinusoidal 
undulations. In thi s case the largest poss ible steady cavities extend from the crest of the 
undulations to the inflex ion point on the nex t stoss face down-glacier. Figure 5 shows a 
simplifica tion of such a cavity (the sharp corner at its down-stream edge is not rea li stic). The 
cross-sectio n of that cavity is very closely F = Aa(3 + 4/ n:)/ 8 = 0.5 34Aa, where A is the wave 
length and Cl the amplitude (defined as one half of the difference between the maximum and the 
minimum values of the sine function). The corresponding net uplift is /j,h = F/A = 0.534a. Thus. if 
/j,h ~ 0. 3 m. the amplitude Cl of the undulations has to be equal to or greater than 0.56 m. Such 
an amplitude. of even I to 2 m, would be an accepta ble size; poli shed rock ridges of this size are 
now exposed a t the margin near the glacier tongue. However, it appears highl y improbable that 
such long cavities as shown in Figure 5- they cover 75% of the bed- could be maintained 

Fig. 5. Max imum possible steady cauity (cau ity shape simplified). 
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without sudden drainage long enough to match the observed small rate of downward movement. 
Furthermore. when cavities cover 75% of the bed, one would expect a strong reduction of the 
sliding friction and consequently a large increase of the sliding velocity during the period of 
storage. This has not been observed: during the. melt season the velocity was, apart from the 
major peaks, only approximately 30- 40% higher than in winter. It is therefore sugested that the 
cavities were more compact (short and thick) than that depicted in Figure 5. Thus we are lead to 
assume that either the amplitude of the undulations was substantially larger than 0.56 m, or that 
the bed consisted of asymmetrical humps with very steep lee faces, i.e. roches mOll/onnees. In the 
more compact cavities the water pressure would be well below the critical pressure. Even if a 
large water pressure is acting during a short time at the beginning of cavity growth , and if the 
connections between the cavities and the subglacial drainage system then become shut off before 
a steady state is reached , the pressure in the isolated cavities will decrease as cavities become 
more compact. The final , steady value is determined by the volume of entrapped water. 

Additional information on the shape of undulations at the glacier bed can speculatively be 
drawn from observed angles of upward sliding: the larger the subglacial water pressure, the 
steeper upward is the sliding motion during the process of cavity growth (a result of the 
numerical modelling quoted). In the limit, under ideal conditions, a rigid-body motion parallel to 
the steepest tangent on the stoss faces of bed undulations does take place as illustrated in Figure 
4. InN ature this situation may be approximated during short time intervals of fastest sliding. 
The highest velocity peak of 1975 has been evaluated in this respect: Between 27 June, 15.30 h 
and 28 June, 20.00 h the horizontal component of surface velocity amounted to 451 mm/ d and 
the vertical component to 116.5 mm/ d. Assuming that the sliding velocity is zero during winter 
and that the rate of internal deformation of the ice is constant throughout the year (as assumed 
earlier for the entire summer period), the sliding vector can be inferred. In our particular case it is 
found that sliding occurred at an angle of 16.5° to horizontal, or 18° to the mean bed slope. 
These figures may give an indication of the slope of the steepest stoss faces numerous enough to 
determine the direction of overall sliding. For the special case of a sinusoidal bed, a wavelength 
of 11 m would follow from the values of amplitude and maximum slope of stoss faces derived 
above, and the roughness parameter would amount to 0.05. In the case of asymmetrical roches 
l11olllOnnees, the wave length would be less and the roughness parameter larger. 

6. ALTERNATIVE EXPLANATIONS 

6. 1. Variations of longitudinal strain-rate 

In principle, variations of vertical velocity can also be understood by assuming variations of 
straining of the glacier with time. Clearly, changes of straining can be induced by changes of the 
sliding velocity. 

Consider, for instance, a zone of the glacier just up-stream of a narrow pass in the valley. 
There the flow is compressive. When the horizontal velocity increases, the longitudinal 
compression at this site is likely to increase as well and consequently the ice expands vertically 
which will appear as an " uplift" . However, when the horizontal velocity reassumes the value 
which it had before the " uplift", the strain-rate should also attain its former value (not a lower 
one) and thus the observed downward movement of the glacier, following the actual uplifts, 
cannot be understood in this way. Another possible cause of variations of longitudinal strain
rates is local variations of velocity. For instance, if a zone of increased velocity travels down the 
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glacier, a compressive zone moves in front of it and an extending zone in the rear. J n this case. 
measurements of surface velocity carried out at a certain location would show an upward 
movement during the time of increasing, and a downward movement during the time of 
decreasing, horizontal velocity. 

Surface velocities measured in June 1975 at three transverse lines (8- 0 , Fig. I) have been 
analysed in order to estimate large-scale average strain-rate variations and related variations of 
vertical velocity at line C; this assessment is given in the Appendix . In the analysis the slight 
widening of the valley width down-glacier of the C-profile and the deviation of the mean bed 
slope from the horizontal are also taken into account. The result is that the calculated variations 
of vertical velocity are not nearly in accord with the observed ones. From this we conclude that 
the variations of vertical velocity , observed in June 1975, cannot be explained in their major part 
by temporary straining of the ice. 

For a similar analysis of the long-term uplift (May to November 1975) insufficient data exist. 
However, it appears unlikely that the upward movement in May and the gradual downward 
movement till November can be explained by straining of the ice. What one usually observes is 
that the melt season starts at the glacier tongue and triggers the first velocity increase there. 
Higher up on the glacier, snow melt and the first seasonal velocity increase, take place later (e.g. 
Iken, 1974). This sequence of events should cause an extra downward movement rather than an 
uplift in spring. 

To sum up, it is very unlikely that the uplift phenomenon can be explained by variable strain
rate. A very complicated alternation of positive and negative strain-rates with time would be 
needed for each uplift peak. This can be justified neither by theoretical considerations nor by 
existing observations. When and to what degree straining may contribute to (or diminish) the 
uplift is nevertheless still an open question. 

6.2. Crevasse formation 

The opening-up of crevasses undoubtedly increases the volume of the glacier, tending to 
cause an upward movement of the glacier surface. Since the glacier was still snow-covered in 
1975 when the uplift occurred, volume changes by crevasse formation could not be assessed. A 
survey of crevasse volume was however carried out in August 1977, i.e. at a time when the uplift 
had already begun to fade, between profiles Band C. Crevasse width at the surface was 
measured together with the depth where the width had decreased to 0.03 m. The total crevasse 
depth was assumed to be 40 m which is in general probably an overestimate. The intensity of 
crevassing varied locally. ]n the marginal zone it was in some places sufficient to account for an 
increase of surface elevation by 0.16 m, in other places only by 0 .00 I m. In the central part of 
the glacier crevassing was negligible. The uplift, on the contrary, was most pronounced at the 

central pole, C 3 . This suggests that crevassing was not a major cause of the uplift. 
The effect of crevassing is probably somewhat larger at the beginning of uplift. when fresh 

cre~asses open up in large numbers, some even extending all the way down to the bed due to 
water pessure (Deichmann and others, 1979; Rothlisberger, 1980). Although crevassing may 
contribute to the uplift, we do not expect that it causes a major part of it. The water-filled 
crevasses seem to open up rapidly and drain subglacially without getting very wide. They are, in 
our opinion, directly responsible for a minor part of the increase in volume only , but are very 
important for supplying at the bed the water that causes the uplift. Different conditions may 
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nevertheless occur close to the bed in zones of strong local extension, where bottom crevasses 
might possibly form. 

6.3. SI,vefling a/veins at grain edges 

Water-filled veins, situated at three-grain intersections in the ice, have been investigated by 
Lliboutry (J 971), Nye and Mae (1972), Nye and Frank (I973), and Raymond and Harrison 
(1975). If a permeable network of such veins were to exist throughout the glacier-and this has 
been questioned by Lliboutry (1971) and Nye and Mae (I 972)- an increase of glacier thickness 
as a consequence of a swelling of the veins is in principle conveivable. If vein cross-sections can 
adjust quickly enough to a transient increase of melt-water supply on the glacier surface, this can 
cause the propagation of a kinematic wave of constant flux downwards. The microscopic 
observations on core samples taken from depths below 7 m from Blue Glacier have, however, 
revealed a vein network which accommodated at most a flux per unit area of 0 .1 m a- I and thus 
could not respond to the availability of surface melt water (Raymond and Harrison, 1975). In 
two of their cores, Raymond and Harrison found large-scale, tubular "conduits" with diameters 
of a few millimetres, which could provide more efficient water access if they were numerous 
enough. This is not known. More, it is doubtful whether these tubular features could adjust their 
size sufficiently fast to account for an uplift. A further hindrance to the functioning of such 
small -scale drainage mechanisms in the present problem is the fact that the ice temperature at the 
top layer was undoubtedly still below the freezing point during the time of uplift over most of the 
glacier surface. 

6.4. Shearing and related volume change of sub glacial sediments 

Without knowledge of the type and thickness of possible subglacial sediments only certain 
general deformation characteristics can be outlined and compared to observations. 

The discussion is restricted to coarse granular sediments since the existence of a large clay 
(or silt) content can be ruled out: it would impede subglacial water flow. The fact that the uplift 
events occurred within a few days after periods of strong melt implies that subglacial sediments 
lying on an impermeable bed would have to be quite permeable. 

Typical values of friction factors, J, defined as the ratio of shear stress and normal stress on 
the failure plane at a failure, range from 0.8 to l.l for densely packed granular sediments and 
from 0.6 to 0.7 for loose packing. Here "dense" packing corresponds to void ratios between 0.3 
and 0.55, "loose" packing to void ratios between 0.6 and 0.85. Once shear deformation is 
initiated the dense sediment will increase in volume (a very loose one would contract) until a 
certain critical void ratio is reached which is typical of the particular soil. There will be no further 
volume change when shearing of the sediment continues. The critical void ratio is nearly 
independent of normal effective stress. (Roscoe and others (1958) report a decrease of the critical 
void ratio by only 3 to 6% when, in shear tests with steel balls or glass beads, the normal stress 
was increased from 0 to 7 bar. The corresponding volume changes are 1 to 2.5%.) Critical void 
ratios of granular substances quoted by Lambe and Whitman (J 979) and by Roscoe and others 
(I 958) are in the range of 0.6 to 0.85. 

On the basis of these facts we will now examine whether the uplift features can be understood 
as being caused by sediment deformation. From the friction factors given above it is obvious that 
sediment deformation can only take place when the subglacial water pressure is quite high; given 
a basal shear stress of 1 bar the effective stress Ge = 7:/ f ought to be less than approximately 
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1/0.8 = 1. 25 bar if the sediment is dense, a nd less than 1/ 0.6 ~ 1.7 bar if the void rat io is a t the 
critica l value. The high water pressures corresponding to such low effective stresses do no t 
co ntinuo usly exi st in the subglacial dra inage system durin g summer and he nce, a t best, the sho rt
term events of very high velocity might be due to sediment shearing. A furth er diffi culty arises 
wh en trying to explain the substantial downward movem ent fo ll owing the uplift peaks : In general 
the compaction of a soil requires a series o f repeated lo adings and unloadings and it is do ubtful 
wheth er thi s can be accomplished by a few vari ations o f s ubglacial water p ressure. Perhaps very 
sma ll density changes are possible. This implies that sig nificant volume c ha nges of the sedimen t 
can occur only-if at all- where the sediment layer is quite thick. In no way, however, ca n the 
typi cal pa ttern of the uplift events be expl ained on the basis o f thi s hypothesis: The observa ti o ns 
ha ve revealed that sliding velocities are highest when the ra te o f uplift is la rgest and not when the 
maximum vertical di spl acement is establi shed. In contrast, for the shearin g of sediments th e 
smallest shear stress is required when the maximum volume has been atta ined . 

In summary. the characteri stics o f sediment defo rm a ti o n do not well match the o bse rved 
uplift fea tures . 

7. CON CL USI ON S 

The vari ation with time of the movement of a surface poi nt has been studied in deta il o n 
Unteraa rgletscher a nd a compli cated pa ttern of di splacem ent ha been fo und when a na lysin g 
both the horizo ntal and vertical compo nents. Vari ous c ha racteri stic trends a nd features o f the 
movement va ri atio ns can sati sfactoril y be expl ained with a conceptu a l model bascd o n the 
tempo ra ry formati o n o f water-fill ed cav iti es on the lee -s ide o f bed undul a ti o ns. apart fro m the 
mere fact that water storage at the bed auto maticall y implies an uplif! of th e glacier surface. The 
ma in as pec ts of the conceptual model a re as fo ll ows : The process o f water storage depe nds 
prim a ril y on surface melt water and ra in . This water is s to red at the glacier bed whc n the 
subglaci a l wa ter pressure is suffi c ientl y hi gh to o pen up a branc hing network o f fl a t. 
interco nnecting passageways along the ice sole. The surface melt wa ter, whic h arri ves a t thc bed 
via mo ulin s and fresh crevasses, is then transferred thro ugh the passageways toward s the 
growing cavities. When the subglacial water pressure drops, the majority o f the interconnec tin g 
passageways become blocked and the water is trapped in the cavities. This concept is compa tibl e 
with a lasting water storage in spring, and corresponds to the o bserved upward movement durin g 
period s of melt-water abundance. It al so explains wh y the influence of wa ter pressure va ri a ti o ns 
in the main drainage channels on the sliding velocity was limited to a few events, presum a bl y 
with very high water pressure. During these events the velocity peak s occ ur simultaneously with 
the upward motion only, i.e. while cavities are opening up . This behavio ur is in good agreement 
with numerical results obtained for idealized cavities which are growin g a nd shrinking, but it 
deviates from the commonly held view of a direct dependence of velocity o n the amo unt o f 
sto red water. Such a dependence al so exists, but it is of muc h less importan ce than the sliding 
events caused by the water-pressure peak s. From the large amount of water storage o f up to 
0. 6 m we conclude that the bed is formed by large-size roches 1110ulollllees (or boulders) and th at 
the bed is probably quite rough. Water storage begins abruptl y at the beginning of the melt 
season whil e the release of water is s low and ends in N o vember. During the intervening time 
span the glacier moves up and down on the bed irregularities, depending on the changing wa ter 
sto rage, but the total displacement by sliding occurs along the mean bed. 
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The strongest argument in favour of the above ideas derives from the fact that a variety of 
observed details of the glacier movement can be explained by bed processes which are likel y to 
occur. This seems far more difficult with alternative concepts. Nevertheless, other processes, 
such as crevassing (including water-filled bottom crevasses?) temporary strain , deformation of 
unconsolidated sediments, etc. , may contribute. Modifications of the model itself are indicated 
because a real bed consists of both bedrock and unconsolidated sediments. The topography is 
rough in three dimensions and the irregularities are not monochromatic. The amount of uplift 
certainly poses a problem since very large irregularities are needed to render possible the total 
amount of observed vertical displacement as a consequence of cavity formation. 
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APPENDIX 

Varialions oJlhe verlical componenf oJvelocify deducedJrom Ihe measured variations oJlhe horizontal componenl 

Changes of vertical ice velocity can be caused by changes of longitudinal strain-rate and changes of the sliding 
velocity ' in a channel of variable width and with a bed slope differing from the horizontal direction . The following 
analysis is based on continuity considerations. We assume incompressibility of the ice, neglecting here volume changes 
due to the formation of crevasses. From the assumption of incompressibi lity it follows that 

ovz ovx ovy 
- -=-+-

OZ ox oy 
(A- I) 

where vx , vy, and V z are velocity components; the x-axis is horizontal and points in the direction of flow, the z-axis 
points vertica ll y upward (see Fig. A- I). Integration of Equation (A- I) between z = Zo (glacier bed) and z = zh(glacier 
surface) gives 

(A-2) 

z 

Fig. A- I . Sketch oJ glacier showing direction oJ coordinate axes. 
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where the bars denote averages over the thickness h. vz(zo), the vertical component of the sliding veloc it y. is re lated to 

the bed s lope /1, by 

V.(zo) =-V.(zo) tan /1; (A- 3) 

/1 is taken positive where the bed slopes downward towards the terminus. Equation (A- 3) holds if the sliding veloci ty is 
parallel to the bed, i.e. if cavity formation is not considered . The term " sliding velocity" stands for the mean value of 
sliding velocities taken over an area of the bed with a diameter of, say. 200 m; /1 is a mean value for the same area. 
Near the ma rgins the variat ion of the sliding velocity along a transverse profile can be very large ( R aymond. 197 1) but 
we restri ct the analysis to an area at the medial morai ne. 

In genera l, the strai n-rates averaged over the thi ck ness are not eq ual to the surface strain -ra tes. however. we o nl y 
need to consider temporal changes of strain-rates due to changes of the sliding velocity. We assume that. near the 
centre-line of the glacier, short-term changes of ho rizontal veloci ty a re essent ia ll y independent of depth and eq ual to 
changes of the horizontal compo nent of the sliding velocity , 

(A- 4) 

(here the symbol ~ refers to a time interval ~I). It is plausible then to ass ume that the cha nges of longitudinal stra in

rate ~(i)vx/i)x) are independent of depth so that 

(A- S) 

During the considered short time intervals. the ice thickness h does no t change , and thus. fro m Equati ons (A- 2) to 
(A- S), it follows that 

(A- 6) 

The fir s t term on the right-ha nd side is the change of vert ical velocity due to a change of the sliding velocity on the 

incl ined bed, the two other terms are the con tribut ions o f the changes o f longitudinal and tr ansverse strai n-rates. 

Evaluation 0/ Equation (A-6J/or pole C] on the medial moraine 

(aJ Changes a/ longitudinal strain-rate ~(i)vx/i)xJ 

Approximate longitudinal strain -rates at pole C] were calculated from ve loc ity data of three poles on a fl ow line. 
B], Cl, and D 2, by filting a pa rabo la (v x - vxQ)2 = 2p(x - xo) through the po ints (v x;, x;). Vxl is the velocity of pole 
B], Ux2 of pole C] and Vx ] of pole D2• The X; correspond to the positions o f the three poles on a fl ow line. VxO and pare 
suitable constants. (N um bering o f poles along a transverse line sta rts wi th I a t the marg in .) 

The times of movement measurements we re diffe rent at the differen t sites. Interpolation was necessa ry to deri ve 
mean velocities over the same time intervals at the three sites XI . Errors due to thi s procedure were es timated a nd 
added to the errors of surveying. For all combin ations of veloc ity values (v x;, Vxl + tolerance. ux; - tolerance) 
polynomia ls were determined, and from these the lo ngitudinal strain -rates at po le C ] were cal cul a ted. The larges t o f 
the resu lts is given as " upper limit" in column 3 of Table A- I, the smalles t as " lower limit" in column 4. The val ues 
calcul a ted from Vx; ± 0 a re listed in column 2. A comment concern ing the val idi ty of thi s assessment of the strain -rates 
is due : the di stances of the three profiles may be too la rge to permit conclusions on the mea n strain -rate over a 

distance of, say, the order of the ice thickness at the H-profi le. However, two facts in support of the proced ure can be 
quoted: 

I. The mean yearly velocity ( t 973/74) along thi s fl ow line, inferred from ai r photograph s. decreased graduall y 
with increasing X (measurements by A. Flotron 1974 a rchived as Vermessung der Aargletsc her. Aufnahmen 1974. -
Archiv der Kraftwerke Oberhasli AG, Innertkirchen). Thus. fo r the velocity averaged over o ne yea r. the interpolat ion 
procedure is no t unreaso nable. This need not be so fo r the short periods conside red here. 

2. Together with pole Cl , the po le with the camera target at a distance of 72 m in fl ow direction was also surve yed. 
From these measurements the mean strain-rate over the secti on of 72 m can be calc ul ated. For the period of 12 to 26 
June the result ' is well above the error limit and in good ag reement wi th the s tr a in-rate va lue based on interpolation (see 
T able A- I). For the shorter periods considered the accu racy of surveying was in sufficient for thi s pa rti cu la r pu rpose. 
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(b) Changes of transverse strain-rate tl(OVy/oy) 

No measurements have been made regarding the transverse strain-ra te. I I' the va ll ey wa ll s were ve rtical. the glacier 
su rface plane. the channel width constant. and the latera l va ri ation of the longitudinal strain -rate zero. there would be 
no fl ow in y -direction and tl(ovy /oy) would be zero. Actu all y the va lley wa ll s slope at 45° and the channel width is no t 
constant but. at the Camera Pro fil e. slightly increasing in the direction towa rds the glacier ter minu s. While the effec ts 
of the inclin ation of the va lley wa lls and of changes of the convex ity of the glacier surface are neg ligible. the widening 
of the channel cross-section could cause, together with fluctua ti ons of the velocity in x-direc tion. significant variations 
of lateral strain-rate. In order to obta in a rough estimate of this pa rt of tl(Cl L'y/oy) . labe ll ed in the fo llowing by a sta r. 
we simplify th e problem as follows : We replace the channel by one of equ a l c ross-section to th a t in reality. but of 
rectangular shape. Further. we assume that the ice always fill s the total width of the channel and moves everywhere in 
the x-direc tion with a velocity approximately equal to th ree quarters of the surface veloci ty meas ured on the medial 
moraine. (o v v/oy)* is presumabl y larger near the margins than at the ce ntre-line. but we assume it to be independent 
01' .1'. We then obtain 

tl ( OVY ) * 
oy 

3 dW tlvx2 
- -- ---
4 dx Wc 

(A- 7) 

For the gradient of channel width d W/ dx. a mean value, taken over a dista nce of 500 m. was determined from the 
bedrock map by Knecht and Siisstrunk (unpublished). Wc i the chan nel width a t the considered cross-section. 

Numerical values of the term s of Equation (A- 6) are assembled in Table A- I. 

Commellfs on Table A- I 

Column I. Dates of measurements. 
Column s 2- 4, Longitudinal strain-ra te and tolerances : assessment ex plained a bove. 
Column 5. (- htl(ovx/ox» : tl(o v.</ox ) is the difference be twcen two successive va lues in column 2: h = 310 m is the 
thickness of the glacier at pole C). 
Column 6. (V x 2, hori zontal velocity of pole C): Mean velocity during the periods given in co lu mn I. Thc calcul ation 
of the velocity means over exac tl y the considered time interva ls req uired linear interpolation of veloc ities measured 
over shorter periods near the interval ends. 
Column 7. tl vz (zo ): Numerical va lues were calculated from tll'x2. the di fferences of two successive values of column 6 
and the bed slope, {J = 1.5°. Thi s figure was obtained from the analysis in section 5.3. It is probabl y not very accurate. 
but of little influence. 
Column 8. (htl(ovy/oy»: Estimate of a contribution to the change of vertical velocity which res ults from the change of 
transverse strain-rate caused by a change of the sliding velocity in a channel of variable width (Eq ua tion (A- 7)). 
Column 9. tl vz(Zh) : Calculated changes of ve rtical ve locity at the surface according to Eq uation (A- 6) ' nd assuming 
tl(Ovy/oy) = O. If. instead of thi s assumption, the va lues of column 8 arc inc luded. no signi fica ntl y d ifferent results are 
obtained. 
Column 10, measured changes of vertical veloc ity of pole C). 

Resulr: Since various simplifying assumptions and interpolations had to be made. the changes of ve rti cal ve locity 
calculated from continuity considerations can be quite inaccurate. However, the di screpancy between these result s and 
the measured variations of vertical velocity is so large that it appears justified to conclude th at the vertical velocity 
variations cannot be explained by this kind of continuity consideration alone. 
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