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Preface 

Tlus publication summarizes the presentations made during the International Glaciologi
cal Symposium held on 14°' February 2003 at ETH Zurich. It contains 17 contributions 
from the lecturers and other scientists to the the Symposium with the title "Milestones in 
Physical Glaciology- From the Pioneers to a Modem Science" held in honor of Prof. Dr. 
H. Rothlisberger on the occasion of his eightieth birthday. 

I would like to thank the authors for their effort to prepare their paper and the lecturer for 
presenting it during the Symposium. I also owe thanks to Dr. M. Funk who organized the 
event and to Dr. T. Schuler and Dr. M. Liithi for preparing this publication. 

The Symposium was co-sponsered by: 

• Stiftung fiir Alpine Forschung (Zurich), 

• Bundesamt ftir Wald und Landschaft (BUWAL), 

• Schweizerischer Nationalfonds zur Fordenmg der Wissenschaftlichen Forschung 

• ETH Zurich 

Their support is g reatl y acknowledged. 

I wish an interesting and stimulating symposium to all patticipants. 

Zurich, January 2003 Prof. Dr.-Ing. H.-E. Minor 
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On the 80th birthday of Hans Rothlisberger 

Hru1s Rothlisberger was born on Febmary I", 192 3 in Langnau, Canton Bern, Switzer
land. Afte r completing a formal education as a teacher's training in Bern, the young Hans 
began studies in the eru1h sciences at ETH Zurich in 1943, where he earned his diploma 
in 194 7. Hru1s then embarked on a true academic career when he chose to do his PhD 
on the topic of seismic investigations of molasse rocks, under the guidance of Professor 
Dr. F. Gassmann at the Geophysical Institute of ETH Zurich. His passionate interest in 
glaciers was no doubt foste red by his mountaineering activities, and while working on 
his PhD, Hans pru1ic ipated in scientific expeditions in eastern Greenland ( 195 1) and on 
Baf"fin Island (1950 and 1953), where he performed seismic experiments on glaciers . 

This pro fessional interest in glaciers led him to be awarded a tenured position in 1954 in 
the Hydrology Section (Section head Prof. P. Kasser) of the "Versuchsanstalt fiir Wasser
bauund Erdbau", or the L1boratory of Hydraulics and Emhworks (VAWE, ETH Zurich). 
From 195 1 to 1957, Hans worked as a Contract Scientist at the US Anny Snow, lee and 
PennafTost Research Establishment (S LPRE, now known as the CRREL) in Wilmette, 
Dlinois. During that time, he pmicipated in scientific expeditions to Thule, in western 
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Greenland. Then, from 196 1 until his retirement in 1988, "Tschoon" (Jo-ohn), as he came 
to be known, continued his career at the VAWE, or the VAW, as it was called after 1970. 
After some important seismic investigations of glaciers, Hans focused on scientific activ
ity in the area of subglacial hydrology, a research fie ld where he made a name for himself 
with his theory of subglacial channel hydraulics, first described in o ne o f the most fre
quently cited papers of the Joumal of Glaciology ( 1972, more than 300 c itations up to 
now; refer to the comple te list of publications by Dr. Hans Rothlisberger) now known 
as R (for Rothlisberger)-channels. This work also served as his habilitation thesis for his 
quali fication as a lecturer (Dozent) at ETH Zurich, a degree awarded to him in 1972. In 
addition to this, Hans perfom1ed pioneering work on risk management problems related 
to glac ier hazards and lake ice (e.g., Mattmark/AIIalin g lacier 1965, Bisgletscher/ Randa 
1972, and the frozen Lake Zurich, or "Seegfromi" in 1963). 

In recognition of his laudable scientific work, Hans was awarded the title of Professor by 
the Swiss Federal Govemment in 1984, and the Seligman Crystal from the International 
Glaciological Society (IGS) in 1992. Since his retirement in 1988, Hans has attended 
most of the IGS conferences, and he participates regularly at the weekly seminars held by 
the Glaciology Section of the VAW every winter. 

It will soon be 15 years since Tschoon became Professor Emeritus, and his lively interest 
in glaciologica1 questions has not diminished in the slightest. Tschoon 's contributions to 
the scientific discussions at conferences and seminars are as highly regarded as ever. In 
fact, the demands made on him can be so great, that Tschoon occasionally finds himself 
in such a time squeeze, that he is required to explain this dilemma to his dialogue partner, 
patiently, gently and in such detail, that no regard whatever is g iven to the passage of time. 

You surely join me in hoping that we will long be inspired and encouraged by Tschoon's 
ideas and insights; in pal1icular by his superb ability to objectively and rigourously ana
lyze glaciologica1 issues, in his own exemplary scientific style. 

Above and beyond his competence and abilities as a natural scientist, Hans's friendly 
and generous character make h.im a colleague and friend of inestimable value for the 
glaciological community. Thank you, Tschoon! 

Susan Braun-Ciarke and Mru1in Funk 
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Milestones in Physical Glaciology- From the Pioneers to a Modern Science 

Automatic surveying for hazard prevention on 
Glacier de Gietro 

Andreas Bauder 

Laborat01y of Hydraulics, Hydrology and Glaciology, 
ETH-Ziirich, Switzerland 

The steep tongue of Glacier de Gietro (4.5 km long, covering an area of about 6 km 2) 

flows over cascades and ends today 500 m above the bottom of the main valley. During 
the general glacier maxima of the Little Ice Age at the end of the 16'h and beginning of 
the 19'h cent my, the glacier advanced over steep valley sides. The river in the main valley 
was occasionally dammed by accumulated ice blocks after break-offs. In 1595 and 1818 
large water outbursts struted catastrophic s lash floods causing lru·ge damage down to the 
Rhone valley (Rothlisberger and Aellen, 1970). Since the constmction of the Mauvoisin 
reservoir in 1957 break-offs of large ice masses may cause an oversplash over the dam at 
times when the reservoir is nearly filled. The safety of the installation is of main interest 
and requires a continuous supervision. 

Little knowledge about the mechanism and processes ofbreak-offs has been gained so far. 
ln a detailed investigation of the hazard potential, similarities in the geometrical setting 
(range in altitude, steep and stepped glacier tongue) to the situation at Allalingletscher 
were recognized (VAW, 1967 and 1972). On Allalingletscher several break-offs occurred 
as a consequence of speed-up events (Rothlisberger, 198 1). Speed-ups ru·e a possible 
but not a mandatory condition for break-offs. Such speed-up events are detectable by 
observing sudden increases of surface movement. Observed events have taken weeks to 
months. Enough time is nonnally left to arrange safety precautions. 

Under the direction of Hans Riithlisberger a mechanical system for a continuous mon
itoring of the motion of the tongue of Glacier de Gietro was developed (Rothlisberger 
and Aellen, 1970). The system had two distinct limitations: (i) Motion can be observed 
only at one point on the entire tongue. (ii) The ablation, weather conditions, and the own 
weight of the mechanical transmission influence the measurement considerably. Con·ec
tions were difficult . The technological progress of surveying instmments allows an alter
native solution: A motorized theodolite with integrated distance meter is able to detect 
and follow a target automatically. 

Profound experience with the application of a motorized theodolite for displacement mea
surements has been gained recently (Bauder, 1998, Gudmundsson et al, 2000). A mon
itoring system has been developed, which is controlled at the valley bottom by radio 
transmission. All outdoor components at the field site ru·e operated by solar energy. The 
6 targets distributed on the glacier tongue are complemented by another 4 fixed reference 
targets in the sun·oundings. Optical measurements depend on atmospheric conditions. 
The reference measurements are used to correct for those influences. In addition, the 
mechanical stability of the theodolite can be checked. A measurement cycle of all 10 
targets is started every hour and is completed within a couple of minutes. The high rate 
guarantees enough successful measurements per target and day. 

The displacement between two consecutive individual measurements is often smaller than 
the measurement accuracy itself. In order to use the full available dataset a filtering of the 
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Figure I: Evaluated seasonal flow velocities at six positions along a central flow line on 
the glacier tongue of Glacier de Gietro (numbers indicate distance to the margin of the 
glacier). 

high frequent noise is necessary. This goal is achieved by interpolating the relative motion 
with smoothed splines. The determination of the velocity is obtained at the same step 
using the spline derivatives. Figure I shows the evaluated flow velocity of the 6 targets 
on the g lacier during summer and fall 2001. The outliers on Aug. 23 are due to stake
net maintenance with change of target position. The different appearance of the fi ltering 
procedure on the evaluated velocity is obvious in the presented curves. Smoother results 
have only been reached by optimized fine tuning. 

The obtained data were analyzed in terms of precision and pe1fom1ance of the applied 
method (Bauder et al , 2002). A high temporal resolution was gained. The comparison 
with traditional observations shows clearly the potential of modern instruments with tar
get tracking and recognition ability to improve monitoring schemes. The measurement 
system showed a high all weather performance. Hardly any interruptions occmTed. Less 
on-site control and maintenance is needed and proper operation can be checked any time· 
in the office. No indication of any speed-up event was detected over the last 3 summers. 
A norn1al maximum of the surface flow velocity is reached during mid summer. Even 
though the glacier tongue is currently undergoing a proceeding retreat, safe conditions 
will not be reached until the total recession back in the accumulation basin above the 
steep lower cascade area. The automatic and continuous observation of the g lacier tongue 
proved to be successful and a potential tool for hazard monitoring is now available. 
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Rothlisberger's famous 1972 paper on water flow in englacial and subglacial channels 
was one of the most significant glaciological publications to appear in the past SO years 
and continues to influence the course of research. The original theory of R (as in 
Rothlisberger) channels was developed for steady flow conditions but other workers, in
cluding Nye, recognized its relevance to glacier outburst floods and adapted the theory 
accordingly. Publications by Spring and Hutter were the first to state the full equations for 
time-varying R channels and attempt to solve them numerically. Computational models 
that draw on the Spring-Hutter fomlUlation are especially useful for examining the pale
ohydrology of megafloods that accompanied the tennination of the most recent Ice Age 
because for these floods there are no contemporary equivalents. One of the largest floods 
occurred around 8200 BP and is linked to an abrupt but short-lived climate cooling event. 
Models of the flood suggest that the maximum discharge was roughly 5 x 106 m3 s-1

, 

two orders of magnitude greater than the spectacular 1996 outburst from the Grfmsvotn 
reservoir in Iceland. 
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The summer of 1975, most of it spent in the Swiss mountains, with all expenses paid, 
as one of Hans (Tschoon) Rothlisberger's glacier slaves, certainly remains one of the 
highlights of my student years at ETH. Jt was indeed a unique opportunity to discover 
mountains and glaciers off the beaten track and to gain first-hand experience in scientific 
field-work, spiced with thrilling helicopter flights, exhilarating ski nms in the middle of 
sununer and fun snow mobile rides across high-mountain passes. It was also marked by a 
close association with Tschoon and by the oppot1tmity to profit from his vast knowledge, 
his good humor and his generosity. We spent most of July on Gmbengletscher, probing 
the glacier bed with the famed VAW hot-water drill and measuring fim temperatures in the 
west flank of Fletschhom. This campaign was intem tpted for a few days by a field trip to 
the Wallis, organized by Fritz Muller for the geography students at ETH. Among the sites 
we visited were the subglacial water drains at the foot of the Weisshom, which are part 
of the Grande Dixence hydroelectric plant. The photograph here shows Tschoon perched 
on a rock g iving us an account of his dramatic effot1S to monitor the hanging glacier in 
the Weisshom east flank that for some time threatened to break off and to devastate the 
village of Randa below. Later that afternoon, after a lunch of raclette and lots of Fendant, 
John, with a glass of whine in his hand, stood again on that rock as a choir conductor 
... more than one guardian angel worked overtime that evening to get everyone down the 
steep path back to Randa in one piece. The second half of August saw us then at the 
research station on Jungfrauj och, from where we made firn accumulation measurements 
on Ewigschneefeld. At one point the weather turned really bad on us: we spent most 
of one day groping our way across Obermonchsj och and back on skis in dense fog and 
driving snow, just to secure the tents and equipment that we had left on Ewigschneefeld. 
When upon our return we finally reached the sheltered entrance to the Sphinx Tunnel , 
Tschoon's comment was: 

iis isclz gang 110 besser gsii aus ii Tag im Biiro, u weniger hiit o nid 
usseglueget. 1 

The next few days Tschoon had to leave us alone on Jungfraujoch because he had to 
attend an important meeting in the Wall is. The weather remained foul, but we spent a very 
pleasant time mostly up in the Sphinx Observatory in company of a Belgian astronomer 
and his fabulous Revox taperecorder, listening among other things to Haendel 's Messias. 
Once the weather had improved, Tschoon came back up, bringing with him a huge bag 
of meringues and whipping crean1 to top off a grand supper. When, after finishing our 
measurements as planned, it came to dividing up the cost of our food, I remarked to 
Tschoon that he had forgotten to add in his expenses for the meringues, he answered: 

You had to wait up here in the fog while I could go home - I pay for the 
meringues. 

1 still, it was bcucr than a day in U1c office, and it wasn ' I less productive eiU1er. 
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Ice is a crystalline material with exceptional mechanical properties. The ice crystal 
presents a very large viscoplastic arusotropy; slip occurs almost exclusively in the basal 
plane (Higashi, 1967). The creep rate by basal glide is roughly 103 times faster, at a given 
stress, than that of isotropic polycrystalline ice. In polycrystals, strain rate decreases by 
more than 2 orders of magnitude during the primary creep. On first loading, the su·ess state 
within the polycrystal is almost uniform. Owing to the large plastic anisotropy of the ice 

· crystal, the resolved shear stress on basal planes relaxes and the load is transferred to the 
harder slip systems. A nonunifom1 state of internal stress develops with peaks near grain 
boundaries (Duval et al., 1983). Gradients of strain induced by the mismatch of slip at 
the grain boundaries result in the storage of geometrically necessary dislocations (Ashby, 
1970). At relatively high stresses, the strain rate is controlled by recovery processes in the 
polarized dislocation substructure which leads to kinematic hardening. Dislocation climb 
or slip on non basal planes seems to be at the origin of the n=3 for the stress exponent. 
Thanks to in situ measurements in polar ice sheets (Dahl-Jensen and Gundestrup, 1987; 
Lipenkov et al., 1997), there is now a large agreement on a flow law with a stress exponent 
n lower than 2 at deviatoric stresses lower than 0. 1 MPa. This region of low value of n 
is associated with intracrystalline basal slip as the dominant deformation process (Alley, 
1992). Goldsby and Kohlstedt (1 997) have questioned this assumption by asserting that 
superplastic flow with grain boundary sliding as the dominant defonnation mode was the 
flow regime in ice sheets. The fabric development and the observed microstructures in 
ice sheets are not in accordance with this superplastic flow mechanism (Duval and Mon
tagnat, 2002). Grain boundary migration and grain boundary sliding are suggested as 
accommodation processes of basal slip. An increasing interest in the simulation of fabric 
development and the fommlation of constitutive laws for anisotropic ice is recently ap
peared for ice sheet flow modeling (cf G&lert and Huller, J 998). Fabrics in ice sheets are 
mainly induced by the rotation of the lattice by intracrystalline slip (Azuma and Higashi, 
1995). But, slow grain boundary migration associated with continuous recrystallization 
induced by the progressive misorientat ion of sub-boundaries is observed in the major part 
of ice sheets. Interaction between this recrystallization mode and fab ric development is 
cun-ently analyzed. In temperate glaciers, water influences the mechanical behavior of ice 
(LlibouU')', 1976; Rothlisbergher, 1987). Water acts as a softening process and promotes 
dynamic recrystallization by making easier grain boundary migration. The role of water 
in the deformation of ice was recently discussed by de La Chapelle et al. ( 1999). The 
liquid phase would attenuate the intemal stress field which develops during the primary 
creep. The possibility that grain boundary sliding locally occurs in temperate ice cannot 
be mled out. There is however a large evidence that di slocation creep is the dominant 
deformation mode in temperate glaciers. An interesting situation concems the behavior 
of ice containing both water and sediments ( Echelmeyer and Zhongxiang, 1987; Cohen, 
2000). This ice has an effective viscosity of more than one order of magnitude less than 
that measured in clean ice. "Unbound water at the sediment/ice interface would act as a 
lubricant, thereby signi ficantly lowering the ice viscosity" (Cohen, 2000). 
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Seismic exploration in glaciology: 
the contributions of Hans Rothlisberger 

Keith Echelmeyer 
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Seismic research on glaciers involves being on the ice, getting to watch explosions, and, 
often, the satisfaction of seeing waves returning from the depths. Perhaps these are some 
of the reasons why Hans Rothlisberger became so involved in such studies. He also 
realized that in many cases these geophysical techniques had unique applications to the 
cold regions. Because of this, his contributions to the seismic exploration of glaciers, 
ice sheets and even pernmfrost were many including both theory and field observations. 
Seismology is still an active tool in glaciology. It is useful for detemtining ice thickness 
and bed topography, as well subglacial prope11ies and their spatial and temporal changes. 
Passive seismic methods can be used to monitor glacier motion and cal ving. In this talk 
I will highlight some of the contributions of Dr. Rothl isberger to glacio-seismology, as 
well as describing some new and exciting results using these tools. 
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Introduction 

Since geophysical investigations on Whillans Ice Stream (formerly Ice Stream B), West 
Antarctica, revealed that the ice stream overlies a layer of unlithified sedimentary mate
rial (Blankenship and others, 1986), fast flow of glaciers, high subglacial sediment fluxes 
and genesis of glacial landfonns have commonly been attributed to shear defonnation 
of subglacial sediment (e.g . Alley, 1989, 1991; Alley and others, 1986; Boulton, 1996; 
Boulton and Hindmarsh, 1987; Clark and Walder, 1994; Hooke and Elverh~i. 1996; Men
zies, 1989). Although models of this process abound, data gathered subglacially on the 
kinematics and mechanics of bed defonnation are often contradictory and difficult to in
terpret. Major difficulties stem from the necessity of either measuring deformation near 
glacier margins, where conditions may be abnom1al, or at the bottoms of deep, narrow 
boreholes, where the scope of insu-umentation is limited, sediment may be disturbed by 
drilling, and local boundary conditions are poorly known. 

0 

Figure I: Location map of Engabreen and the Svartisen lee Cap, Norway. 
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Field site and method 

We have used an altemative approach made possible by the Svartisen Subglacial Labo
ratory, which enables human access to the bed of Engabreen, a temperate outlet glacier 
of the Svart.isen Ice Cap in Norway (Figures I and 2). After melting a tunnel through 
the basal ice of the glacier with a wrum-water drill, a trough (~2 m long, 1.5 m wide, 
0.4 m deep) was blasted in the rock bed, where the glacier is 230 m thick and sliding at 
0.1-0.2 m d- 1

• An instrumented sediment prism was then prepared by adding 2.5 tons 
of sediment (75% sand ru1d gravel, 20 % silt, 5% clay) to the trough in layers (Figure 3). 
Instruments were placed in the sediment at various depths to record shear deformation 
(tiltmeters), volume change (vertical strain meter), total nonnal stress (earth pressure 
cell) and pore-water pressure (pore-pressure sensors). Vertical colunms of beads were 
also inserted in the prism to detennine the ve1tical distribution of sediment displacement 
(Figure 3). 

o.L f 03 

1;; 
0 0 1 

0 4 m to tunnel with 
dataloggers and 
high-pressure pump 

0 0 1 03 

Distance (m) 

Figure 3: Schematic diagram of inslmmented sediment prism. 

Following constmction of the sediment prism, three days elapsed before ice closed on 
the sediment. After all measured variables had reached a steady state, pore pressure was 
manipulated by feeding water to the base of the sediment with a high-pressure pump, 
operated in a rock tunnel that underl ies the glacier (Figure 3). During such pump tests, 
pore-water pressures > 75% of the ice-overburden pressure were achieved. The duration 
of each test was several hours and limited by both water leakage through boreholes hold
ing instnunentation cables and through the ice tunnel used to access the bed, which had 
not closed fully at the time of the pump tests. 



16 Versuchsanstalt fur Wasserbau, Hydrologie und Glaziologie an der ETH Zurich 

About seven days after the ice closure on the sediment , the ice tunnel to the site of the sed
iment trough was re-opened. The sediment prism was dissected to measure the positions 
and orientations of the sensors. 

Results 

During closure of ice on the sediment prism, there was inegular defonnation and signifi
cant vertical extension of the sediment (Figure 4). This is interpreted to reflect "bulldoz
ing" of sediment by ice that closed on the side of the ptism before the total n01mal stress 
reached its steady value at about 2.1 MPa. Three days into the experiment, however, the 
increase in normal stress on the sediment had strengthened it, eliminating inegular defor
mation and volume changes (Figure 4). 
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Figure 4: Timeseries recorded with tiltmeters, vertical strain meter, earth pn~ssure cell 
and pore-pressure senso1: 
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After a steady state had been attained, elevated pore-water pressures during pump tests 
caused transient shear defonnation over the total sediment thickness, as indicated by 
downglacier rotation of tilt meters (Figure 4). Owing to the coarse-grained sediment that 
was used, pore pressure diffused rapidly through the sediment prism, such that spatial 
gradients in pore pressure during pump tests were negligible. This was demonstrated 
by the near simultaneous response of the three pore-pressure sensors at vruious locations 
(Figure 5). 

As effective normal stress, equal to the difference between the measured normal stress 
and mean pore-water pressure, decreased during the pump tests, the sediment strength de
creased, causing shear deformation that increased in magnitude upward toward the glacier 
sole (Figure 6). Furthermore, when effective stress became sufficiently small, sheru· defor
mation stopped, indicating that ice had decoupled from the sediment surface. However, 
the ice quickly established re-coupling with the sediment as the effective normal stress 
increased at the conclusion of pump tests which then lead to futther sheru· deformation 
(Figure 6). 

The vertical profile of horizontal displacement of sediment averaged over the duration of 
pump tests is concave-down and, thus, similar to those measured by Boulton and Dob
bie ( 1998) beneath thin ice near the margin of Breidamerkmjokull, Iceland (Figure 7). 
This is the first time that such a defonnation profile has been measured beneath thick ice. 

Concluding remarks 

The results of our expe1iment illustrate some fundamental aspects of bed defom1ation. 
Permanent shear defonnation of the bed requires periods of low effective nom1al stress 
and hence high pore-water pressure, owing to the frictional nature of the sediment. Shear 
strain generally increases upward in the bed toward the glacier sole, consistent with pre
vious measurements beneath thinner ice neru· glacier mm-gins. At low effective nom1al 
stresses, ice sometimes decouples fro m underlying sediment, presumably resulting in slip 
over the bed. Overall, bed deformation accounted for 10-35% of basal motion. Pump 
tests highlight the need to consider both e lastic and permanent strain in evaluating tilt
meter records of bed kinematics. 
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Drainage under glaciers and ice sheets 
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Hans Rothlisberger's ( 1972) paper on subglac ial hydrology stands as a landmark in the 
subject; in this talk I will focus on the mathematical nature o f this theory, some of its 
exciting consequences, and how it relates to similar problems in other areas of geophysics. 

The concept that a subglacial channel can remain open through a dynamic balance be
tween ice closure and frictional melt back of the boundary is an extraordinary one; no less 
so is the fact that the theory that results from this concept appears to work! In Rothlis
berger's theory, the closure of the ice is solved using Nye's (1953) theo1y for borehole 
closure, and the closure relation is in fact a kinematic boundary condition for the ice flow. 
This relation is coupled to equations o f mass, momentum and energy conservation for 
the channel water, and leads, in Rothlisberger's steady state treatment, to a complicated 
nonlinear second order ordinary di fferential equation, for which he obtained numerical 
solutions. 

The use of tlus theory lies in explaining observed levels of borehole water pressures (and 
thus subglacial drainage pressure), but the the01y also explains why R channels form a 
localised (presumably mtelial), rather than a distlibuted, drainage system. 

There have been many different developments of this theory, with a wide varie ty of ap
plications. Nye (1976) developed the time dependent version of the theory, using it to 
explain some of the characteristics of jokulhlaups, pmt icularly those from the subglacial 
lake Grfmsvotn in Iceland. The theory of these floods has been developed further by 
Clarke, Hutter and others, and it cont inues to creep forward in a slow but exciting way. 

Another major application is in the theory of subglacial sUding. Lliboutry (J 979) empha
sised the importance of subglacial effective pressure N in the sliding law rb = f( ttb, N ), 
thus coupling the motion of ice to that of the drainage system. Subsequently, it has be
come clear that many of the interesting dynamical phenomena which glaciers exhibit are 
due to changes in N, so that understanding the drainage system becomes essential to un
derstanding ice dynmnics. Certainly surges and seasonal velocity fluctuations m·e in this 
category, and it seems likely that basal water also plays an essential role in the mechanism 
of ice sheet surges, thought to be associated with Heinrich events, and tidewater glacier 
retreat. 

Since Rothlisberger's theory was put forward, other nuances have been added. 
Kmnb et al.'s (1985) work on Valiegated Glacier suggested very clem·ly that multiple 
drainage systems (localised and distlibuted) could exist at di fferent times. Theolies for 
such drainage switches form a basic mechanism for explaining surges, the theory of which 
is now in much better shape than it was thilty years ago. The discovery of high basal wa
ter pressures in the ice streams of the Siple coast, Antarctica, has led to new concepts 
of drainage, such as Walder and Fowler's ( 1994) 'canals', whose inspiration still relies 
on the concepts of Rothlisberger's theory, a11d there have been efforts to relate the water 
drainage to defom1ation of underlying sediments (Ng 2000), a problem which embeds us 
in the currently thomy issue of till defonnation and rheology. 
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But R channels have a bearing in other areas of geophysics too. Magma rises to the Earth's 
crust through long fissures which drain partially molten patts of the asthenosphere, at 
depths of several kilometers under mid-ocean rises, to a hundred or more kilometres at 
mid-plate hot spots (such as Hawaii) and subduction zones. The mechanism of transport 
of magma at the pore scale in the asthenosphere involves buoyant upwelling of a light 
fluid (magma) at a lower pressure than the surrounding rock grains. The solid !lies to 
close down the pores, and they are maintained open (in the theory) by meltback of the 
pore walls; in this case not by frictional heat, but by the heat of adiabatic compression. 
As so often, we have the confidence to propose such devious mechanisms because we cm1 
see their effects, in molten ice, underneath glaciers. 
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On the role of water in glacier sliding 

Almut lken 
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The idea that glacier movement is enhanced by water lubrication has already been ex
pressed in the 18th centmy by Ho race Benedict de Saussure ( 1740-1799). His conception 
was summarized by Tyndall (1898) as follows: " ... Water is flowing between glacier sole 
and bed, even in winter ... the ice body is pulled down-slope, decoupled from the bed by 
the water streams and occasionally lifted up by the water ... " Observations, dating back 
to J. D. Forbes ( 1809-1868) showed increases in glacier velocity after heavy rain. Forbes 
also observed seasonal velocity variations on the Mer de Glace, L. Agassiz on Unteraar
gletscher (Agassiz, 1847). 

In the 20th century, several researchers found relationships between glacier velocity and 
run-off, ablation or air temperature, suggesting that melt water influenced the glacier 
movement. Measurements on the White Glacier, Arctic Canada, showed that diurnal vru·i
ations of glacier velocity cotTelated with vruiations of water pressure in moulins (Iken, 
1974). This suggested that the velocity vru·iations were caused by variations of water 
pressure at the glacier base, conununicating with the moulin channels. 

Theories relating basal water pressure and sliding velocity have been put forward by sev
eral scientists: Lliboutry ( 1958) proposed the formation of water-filled cavities at low 
pressure zones on the glacier bed and developed a general the01y of glacier sliding from 
this concept (Lliboutry, 1968). Growth of such cavities, along with an increase of the 
sliding 'velocity, can be simulated with a Finite Element model (Iken, 198 1). Weertman 
(1962) considered the effect of a unifonn water film at the glacier base on the sliding 
velocity. He proposed that a change in thickness of the water film caused a change of 
the sliding velocity. Later he included cavities and zones of high pressure in his analy
sis and explained increases of sliding velocity by increases of bed separation (Weertman, 
1986). Fowler (1986, 1987) established a sliding law which relates sliding velocity, ef
fective pressure and basal shear stress for sliding with cavity formation on various types 
of bedrock. Truffer and Iken (I 998) studied the case of extensive bed separation on a 
gently undulating bedrock of small roughness and derived a sliding law which allows for 
the sliding instability encountered at a basal water pressure well below overburden. 

The seasonal velocity variations of valley glaciers in the Alps are usually not in phase with 
seasonal variations in run-off. Rothlisberger and Aellen (1967, unpublished) explained 
the phase shift as due to a time Jag between the seasonal maxima of water pressure and 
discharge in the subglacial drainage system, caused by the enlargement of drainage chan
nels in the course of the melt season. In a subsequent comprehensive theoretical study, 
Rothlisberger ( 1972) derived water pressure, pressure gradient ru1d chrumel diameter as a 
function of (steady) discharge. This study corToborated the earlier statement by Rothl is
berger and Aellen. The theory also showed that large sub- or en glacial channels tend to 
grow at the cost of small ones if the disturbance by the sliding motion is not substantial. 
Walder (1986) and Kamb (1987) studied the flow through an interconnected basal cavity 
system, created by the sliding motion. Both found that an interconnected cavity system 
is more stable with small discharge than with Jru·ge discharge, in contrast to the stability 
of "Rothlisberger channels". Kamb derived a stability index which depends on sliding 
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velocity, discharge and water pressure and some other parameters. If the index is larger 
than a certain threshold-value, flow through "Rothlisberger channels" is the stable type 
of subglacial drainage, below this value the interconnected cavity system is stable. This 
switch is the basis of a mechanism of surge initiation, proposed by Kamb. 

In 1972 Rothlisberger initiated the development of a hot water drill in Switzerland (Iken 
and others, 1976). Similar drills were also designed by other investigators (Gillet, 1975; 
Napoleoni and Clarke, 1978; Koci, 1984; Taylor, 1984; and others). These very fast 
drilling systems enabled direct and detailed investigations of processes and conditions 
at the glacier bed. Among these are observations of basal sliding with a borehole cam
era (Engelhardt and others, 1978), core sampling of the substrate from a borehole through 
1000 m of cold ice (Engelhardt and others, 1990), investigation of sub glacial drainage sys
tems (Stone and Clarke, 1993), direct measurements of sliding (Biake and others, 1994), 
records of ploughing in subglacial sediment (Fischer and Clarke, 1994), and measure
ments of basal water storage and uplift (lken and others, 1996). 

Simultaneous measurements of water pressure in boreholes and velocity of the glacier 
provided empirical relationships between these variables {lken and Bindschadler, 1986; 
Jansson, 1995). During the rapid advance of the Findelengletscher, however, the func
tional relationship of basal water pressure and (sliding) velocity differed considerably 
from that determined after the advance, in spite of no change in basal shear stress. Iken 
and Truffer (1997) attributed the change in functional relationship to a change of the basal 
drainage system; they proposed the existence of a distributed sub glacial drainage system 
during the advance and channelized water flow after the advance, similar to the change 
in basal conditions during and after a surge (Kamb, 1987). Measurements on Findelen
gletscher had shown no change in longitudinal strain rate gradient at the glacier smface. 
No significant changes in ice thickness occured alo ng the main trunk of the glacier dur
ing and after the advance (lken, 1995). Apparently, the advance of Findelengletscher 
was accomplished by a change in "basal lubrication" alone, once the advance had been 
triggered. 

The dominant role of water in a glacier surge became evident in a detailed study of the 
surging Variegated Glacier (Kamb and others, 1985). At the culmination of surge, water 
could be seen near the surface, between the broken-up ice. Moreover, each peak of glacier 
velocity was followed by an outburst of water into the terminal stream. Water storage by 
the obstruction of sub glacial drainage channels during the surge was demonstrated clearly 
by dye tracing (Brugman, 1986, unpublished; Kamb and others, 1985). 

In the earlier studies, sliding over "clean" bedrock had been considered. More recently the 
focus is on shealing processes in the till beneath the glacier. Boulton ( 1979) measured de
formation within a till layer beneath Breidamerkmjokull. Boulton and Hindmarsh ( 1987) 
interpreted these data in tenns of viscous flow and proposed a flow law which includes 
the dependency on pore pressure. Discovery of a high-porosity till layer beneath a fast 
flowing Antarctic ice stream (Blankenship and others, I 986) suggested that the high ve
locity of this ice stream was due to shearing of weak, water saturated till . Engelhardt 
and others (1990) investigated the conditions beneath the ice stream through boreholes 
and found a basal water pressure close to overburden pressure and a high porosity of the 
substrate. Shearing in the upper 0.3 m of the till and possibly sliding along the-interface 
were responsible for some 70 % of the total ice stream velocity which is 1.2m d- 1 (Engel
hardt and Kamb, 1998). Laboratory tests on core samples showed that the till defotmed 
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as a Coulomb plastic (Kamb, 1991; 1\1laczyk and others, 2000a). The strength of the till 
depended on pore pressure. 

A switch from an active, fast flowing ice stream to a nearly stagnant one involves a change 
in water content of the subglacial till. How this may happen (or be reversed) has been 
hypothesized (Alley and others, 1994; 1\1laczyk and others, 2000b) and requires funher 
research. In any case, basal water storage and water pressure are the key parameters for 
fast "streaming flow" of ice streams and fast sliding of glaciers, be it on "soft" or "hard" 
beds. 

References 

Agassiz, L. (1847). Systeme glaciaire ou recherches sur les glaciers, leur mecanisme, 
leur ancienne extension et le role qu'ils Onl joue dans l'histoire de la terre. Premiere 
parlie: Nouvelles emdes er experiences surles glaciers acmels, /cur structure, /cur pro
gression et /cur action physique sur le sol pm: V. Masson, Paris. 2 vols. 

Alley, R. B. , Anand::tkrishnan, S., Bentley, C. R., and Lord, N. (1994). A water-piracy 
hypothesis for the stagnation of ice stream C. Annals ofGlaciology, 20: 187-194. 

Blake, E. W., Fischer, U. H., and Clarke, G. K. C. (1994). Direct measurement of sliding 
at the glacier bed. Joumal of Glaciology, 40( 136):595-599. 

Blankenship, D. D., Bentley, C. R. , Rooney, S. T., and Alley, R. B. (1986). Seismic 
measurements reveal a saturated porous layer beneath an active Antarctic ice stream. 
Nature, 322 (6074):54-57. 

Boulton, G. S. (1979). Processes of glacier erosion on different substrata. Joumal of 
Glaciology, 23(89): 15- 37. 

Boulton, G. S. and Hindmarsh, R. C. A. (1987). Sediment defom1ation beneath 
glaciers: Rheology and geological conseq.uences. Journal of Geophysical Research, 
92(B9):9059-9082. 

Brugman, M. M. (1986). \Vater flow at the base of a surging glacier. PhD thesis, 
California Institute of Technology, Pasadena, U. S. A. 

Engelhardt, H. F., HaJTison, W. D. , and Kamb, B. (1978). Basal sliding and condi
tions at the g lacier bed as revealed by bore-hole photography. Journal of Glaciology, 
20(84 ):469-508. 

Engelhardt, H. F., Humphrey, N., Kamb, B., and Fahnestock, M. (1990). Physical con
ditions at the base of a fast moving Antanic ice stream. Science, 248:57-59. 

Engelhardt, H. F. and Kamb, B. (1998). Basal sliding of Ice Stream B, West Antarctica. 
Journal of Glaciology, 44( 147):223- 230. 

Fischer, U. H. and Clarke, G. K. C. (1994). Ploughing of subglacial sediment. Joumal 
of Glaciology, 40( 134):97-1 06. 

Fowler, A. C. (1986). A sliding law for glaciers of constant viscosity in the presence of 
subglacial cavitation. Proceedings of the Royal Society of London, SerA , 407:147-170. 



26 Versuchsanstalt fiir Wasserbau, Hydrologie und Glaziologie an der ETH Ziirich 

Fowler, A. C. (1987). Sliding with cavity f01mat ion. Joumal of Glaciology, 
33(115):225-257. 

Gillet, F. ( 1975). Steam, hot-water and electrical thermal drills for temperate glaciers. 
Journal ofGlaciology, 14(70): 17 1- 179. 

lken, A. (1974). Velocity fluctuations of an Arctic valley glacier, a study of White 
Glacier, Axel Heiberg Island, Canadian Arctic Archipelago. Axel Heiberg Island Re
search Reports Glaciology No 5, McGill University, Montreal. 

Iken, A. ( 1981 ). The effect of the subglacial water pressure on the sliding velocity of a 
glacier in an idealized numerical model. Joumal of Glaciology, 27(97):407-421. 

lken, A. (1995). Einige Aspekte der Mechanik von Gletscherschwankungen. In 
Gletscher im stiindigen Wandel, pages 153- 167, ZUrich. SANW, vdf, Hochschulverlag 
AG. 

lken, A. and Bindschadler, R. A. (1986). Combined measurements of subglacial wa
ter pressure and surface velocity of Findelengletscher, Switzerland: Conclusions about 
drainage system and sliding mechanism. Journal ofGlaciology, 32(1 10): 101- 119. 

[ken, A., Fabri, K. , and Funk, M. (1996). Water storage and subglacial drainage con
ditions inferred from borehole measurements on Gornergletscher, Valais, Switzerland. 
Journal of Glaciology, 42( 141 ):233-248. 

lken, A., Rothlisberger, H. , and Huner, K. (1976). Deep d1illing with a hot water jet. 
Zeitschrift fiir Gletscherkunde 1md Glazialgeologie, Xll(2): 143-156. (published 1977). 

lken, A. and Truffer, M. ( 1997). The relationship between subglacial water pressure and 
velocity of Findelengletscher, Switzerland, during its advance and retreat. Journal of 
Glaciology, 43(144):328-33. 

Jansson, P. ( 1995). Water pressure and basal sliding on Storglaciiiren, no11hern Sweden. 
Journal ofGlaciology, 41(138):232-240. 

Kamb, B. (1987). Glacier surge mechanism based on linked cavity configuration of the 
basal water conduit system. Journal of Geophysical Research, 92(89):9083- 91 00. 

Kamb, B. ( 1991 ). Rheological nonlinearity and flow instability in the defonning bed 
mechanism of ice stream motion. Journal of Geophysical Research, 96(B 10): 16585-
16595. 

Kamb, B., Raymond, C. F., Harrison, W. D. , Engelhardt, H., Echelmeyer, K. A., 
Humphrey, N., Brugman, M. M., and Pfeffer, T. ( 1985). Glacier surge mechanism: 
1982-1983 surge of Variegated Glacier, Alaska. Science, 227:469-479. 

Koci, B. R. (1984). Hot water drilling in Antarctic fim, and freezing rates of water-filled 
boreholes. In Ice Drilling Technology, Special Repo11 84-34, pages 101-103. Cold 
Regions Science and Technology. 

Lliboutry, L. A. ( 1958). Contribution a la theorie du frottement des glaciers sur leur lit. 
C. R. Hebd. Seances Head. Sci. Se1: D, 247:3 18-320. 



Milestones in Physical Glaciology- From the Pioneers to a Modern Science 27 

Lliboutry, L. A. ( 1968). General theory of subglacial cavitat ion and sliding of temperate 
glaciers. Journal ofG/aciology, 7(49):21-58. 

Napoleoni, J.-G. P. and Clarke, G. K. C. (1978). Hot water drilling in a cold g lacier. 
Canadian Joumal of Earth Sciences, 15:316-321. 

Rothlisberger, H. (1972). Water pressure in intra- and subglacial channels. Journal of 
Glaciology, 11 (62): 177-203. 

Rothlisberger, H. and Aellen, M. (1967). Annual and monthly velocity variations on 
Aletschgletscher. Presented at I.U.G.G - l.A.S.H. General Assembly, Bern. 

Stone, D. B. and Clarke, G. K. C. (1993). Estimation of subglacial hydraulic proper
ties from induced changes in basal water pressure: a theoretical framework for borehole 
response tests. Journal of Glaciology, 39( 132):327-340. 

Taylor, P. L. (1984). A hot water drill for temperate ice. In Ice Drilling Technology, 
Special Report 84-34, pages 105-117. Cold Regions Science and Technology. 

Tnaffer, M. and Iken, A. (1998). The sliding over a sinusoidal bed at high water pressure. 
Joumal of G/aciology, 44( 147):379- 382. 

Tulaczyk, S., Kamb, B., and Engelhardt, H. (2000a). Basal mechanics of Ice Stream B, 
West Antarctica I. Till mechanics. Joumal of Geophysical Research, 105(B 1):463-48 1. 

Tulaczyk, S., Kamb, B., and Engelhardt, H. (2000b). Basal mechanics of Ice Strean1 
B, West Antarctica 2. Undrained plastic bed model. Journal of Geophysical Research, 
I 05(B 1):483-494. 

Tyndall, J. (1898). Die G/etscher der A/pen. Verlag Fried rich Viehweg, Braunschweig. 

Walder, J. S. (1986). Hydraulics of subglacial cavities. Journal of Glaciology, 
32( 11 2):439-445. 

Weet1man, J. (1962). Catastrophic glacier advances. In Colloque d' Obergurgl, vol
ume 56, pages 31-39. l.A.S.H. Publ ication. 

Weertman, J. (1986). Basal water and high-pressure basal ice. Joumal of Glaciology, 
32(112):455-463. 



28 Versucllsansta/L fiir Wasserbau, Hydrologic und Glaziologie an der ETH Ziiricll 



Milestones in Physical Glaciology- From the Pioneers to a Modern Science 29 

Instability in glacial systems 
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Introduction 

In his illustrative and insightful 1981 paper "Eislawinen und Ausbriiche von Gletsch
erseen", Hans Rothlisberger reports on the most dramatic changes in glaciers: ice 
avalanches and outburst floods of g lacier lakes. Both phenomena are rare and sudden 
changes in the dynan1ics and geomell"y of the glacier that occur during very sh011 time in
tervals compared with the time scales of their posterior evolution. The long term evolution 
of these glaciers is controlled in large part by the rare catastrophic events. 

The investigation and prediction of glacier hazards has been one of the key act ivities of 
the VAW Glaciology Section for the last 40 years. Ever since the days of Hans Rothlis
berger, hazard mitigation studies for power companies, touristic railway companies and 
govemmental agencies have been prut of the daily business at VAW. Many impottant re
sults of these studies have been published (e.g. Haefeli, 1965; Rothlisberger, 1977; lken, 
1977; Spring and Hutter, 198 1; Rothlisberger, 1987; Rothlisberger, 1993; Liithi and Funk, 
1997; Wegmann and others, 1998; Funk and Margreth, 1999; Margreth and Funk, 1999; 
Pralong and others 2003), an even larger fraction is documented in intemal reports. 

Ice avalanches 

Confronted with the problem to predict the time of release of a pending large ice mass 
from a hanging glacier at Weisshom (Walli~. Switzerland), Flotron (1977) and Rothlis
berger ( 1977) proposed the now frunous empirical re lation for the ice velocity before 
break off 

v(t) = V 0 + a(tf - t)-m, m> 0. ( 1) 

The velocity v(t) increases from its initial value v0 to infinity at the time of failu re t1. 
The velocity measurements from Weisshorn in Figure I clearly illustrate the progressive 
increase of velocity prior to break-off (these were the first detai led velocity measurements 
of an instable hanging glacier). 

Finite-time singularities 

Finite-time singularities arise in systems with strong feedback mechanisms (e.g. Voight, 
1 989). The occunence of a finite-time singulru·ity is the signature of a transition to ru1other 
regime - here the transition from (steady) viscous flow to (unstable) damage or fracture 
processes within the glacier. The simplest system that captures the essence of the finite
time singularity consists of some quantity p with a positive feedback on its growth rate 

dp k 
dl = p , k > 1, with the solution p(l) = p(O) ( \~ t) -~ (2) 
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Figure 1: Velocities measured at a stake on an instable part of the Weisshom hanging 
glacier (data from A . Flotron). The dashed curve is a firted asymptote with m ,...., 0.5 
and the vettical line indicates failure on day 306. The oscillating dotted line is the best 
log-periodic fit to the data. 

We note that Equation (2) is self-similar or "scale invariant" which means that it keeps 
the same forn1under rescaling of the time. Under the transformation (t1 - t)-+ >.(t1 - t) 
the function p(t) is rescaled to >,-(l /(k-I))p(t). 

Conceptual model of a hanging glacier 

We investigate the mechanism leading to the acceleration prior to failu re of a hanging 
glacier with a simplified model. More realistic and sophisticated numelic models have 
been developed, based on progressive fracturing (!ken, 1977) and damage mechanics 
(Pralong and others, 2003). Here we describe the mechanism of damage accumulation 
in a local formulation without considering the geo metry of the instable glacier pruts. 

Despite its simplicity, the model exhibits the most imp01tant feature of the g rowth of a 
crevasse of depth h in a glacier of thickness H , as sketched in Figure 2a. The overhanging 
serac induces a locally unbalanced stress T0 at the glacier front which is the driving force 
of crevasse formation and growth. The relative depth of the crevasse w = h/ H is a 
measure of matelial deterioration, or damage. Further we assume that the ice velocity 
v and crevasse growth ru·e depended on the stress state T in the vicinity of the crevasse 
bottom (the "working zone" where fractuling or damage occur) . Further we assume that 
the geomeuy is unchanged during the failure process, and the initial load To is constant. 



Milestones in Physical Glaciology- From tile Pioneers to a Modern Science 3 1 

Figure 2: a) Sketch of tile crevasse formation due to a pending crevasse. 1-J is total 
ice tllickness, h tile depth of rile crevasse, T0 tile locally unbalanced stress due ro rile 
overhanging serac and T tile stress in tile " working zone" (shaded). b) Sketch of tile tile 
" working zone" (shaded) at tile glacier base where damage accumulates. 

This leads to the following equation system: 

stress in damaged ice 

damage evolution 

ice deformation 

H T0 

T = To 1-J - h = 1 - W ' 

dw = D~ 
dt (1- w)k' 

(3) 

(4) 

(5) 

The equation system (3) - (5) describes local damage evolution with one damage state 
variable w (Kachanov-Rabotnov theory, e.g. Skrzypek and Ganczarski, 1999). The first 
relation states that the stress T0 is supported by the fraction of undamaged ice in the 
"working zone". As the crevasse deepens (the damaging proceeds), the area supporting 
T0 is reduced and therefore T increases. Equation (3) is the definition of the damage w we 
employ. The second relation is a subcritical damage (or crack) evolution law and the third 
relation describes ice velocity due to deformation in the "working zone". The parameter 
F includes the rate factor of ice deformation and a "form factor" describing the geometry 
of the "working zone". 

Equations (3) and (4) contain the feedback that leads to the finite-time singularity 

w(t) = 1 - [(k + 1 )DT~]rh (t1 - t)rh. (6) 

Under the assumption that to = 0, w(t0 ) = 0, and that ultimate fai lure occurs at time t1 
when the damage w( t 1) = 1, the duration of the acceleration phase prior to fai lure is 

t1 = [(le + 1)D T~r ' . (7) 

The fai lure time scale t1 depends only on To and the parameters of damage evolution 
(Eq. 4 ). The evolution of damage and stress can be expressed as 

(t, -t) rh w(t) = 1- - -
t/ 

and (
t,- t) -rlr T(t)=T0 -- , 

t, 
(8) 

and inserted into (5) yield the velocity 

(
t - t)-m 

v(t) = FT; T = a(t1 - t) -m, (9) 
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where m= n/(k + 1) and a= FT;: tf. Equation (9) has the san1e fonn as the empirical 
law ( I ) except for the initial velocity v0 which describes the glacier movement plior to 
initiation of the damage process. 

The simple model provides a physical interpretation of the empirical parameters a and 
m of Equation (1). While m depends on the exponents of the flow and damage laws, a 
depends on both rate factors F and D, the initial stress T0 and the exponents. 

Characteristic scales 

The parameter a in Equation (9) contains characteristic length and time scales of the 
failure process 

a = FT;:t/ = v,.t']', (10) 

where v .. = FT;: is the steady state velocity without damage processes (which should 
be equal to v0 ). Time-integration of Equation (9) gives the position of the accelerating 
instable ice mass (assuming s(O) = 0) 

s(t) = s1 - b(t1 - t)q, (I 1) 

where q = 1 -m, b = a/ q and s 1 is the position when failure occurs 

( )
q FT;: lj V33 l j 

Sj= b l j =--=--. 
q q 

(12) 

Parameter b (and therefore a) can be expressed in terms of the characteristic scales 

(13) 

Equation (13) predicts that b depends on q. Such a dependence has been detected in data 
from instable hanging glaciers. Survey data from 14 break-off events have been fitted with 
Equation (11) (unpublished data from H. Rothlisberger, A. Flotron, M. Funk, A. Pralong). 
Each fit is represented with a dot in the parameter space in Figure 3. All except two points 
are on the a curve (solid line in Fig. 3) which can be approximated with 

(14) 

The data quality of both break-off events E* and J* that are below the approximating 
curve in Figure 3 is unsatisfactory. Only four positions have been measured at the small 
lamella J*, resulting in large uncertainties. The measurements of E* stopped 30 days 
before breakoff. It is possible that the geomet•y changed, or small pmts broke off ptior to 
the main failure. 

Identification of COITesponding terms in Equations ( 13) and (14) yields 

lj = 550d, SJ = 55 m and (15) 

The characteristic time scale t1 seems to be universal and independent of the individual 
glacier geometly. The universality may be an indication that the dan1age process is the 
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Figure 3: Dependence of the parameter b on q. The dots indicate parameter pairs of 
fitted time-to-failure curves of several hanging glaciers. Letters indicate the glaciers (M: 
Monch, E: Eiger, J: Jorasses, W: Weisshom, G: Gutz) and stars denote small lamellas. 
The solid line is the best fit through the data points. The data point at (b,q) = (35,0.09) 
Jays on the curve as well. 

same in all observed cases (which is the essence of Eq. 7). Furthermore we may speculate 
that damaging only occurs above a tlu-eshold stress Tth · lfthe glacier geometry is constant 
dming the fai lure process, r 0 = Tth is maintained in the "working zone" until fai lure. This 
would explain why time to failure is the same in all cases. 

The relation q = lO v •• (Eq. 15) is most remarkable. If the above reasoning is correct, it 
is sufficient to calculate the steady ice velocity due to defom1ation in the "working zone" 
at the threshold stress to obtain an estimate of q which in tum allows to calculate b. The 
parameter q is a measure of the "activity" of a hanging glacier. Indeed , Equation ( 12) can 
be rewritten as 

v •• tl 
q=--, 

SI 
(1 6) 

and relates the position that would have been attained without damage processes within 
the time span t1 to the position s 1 attai ned just before break-off with damaging. 

We shortly resume what we have accomplished so far. Through theoretical reasoning and 
empirical data analysis we found that two fitting parameters b and q are correlated. This 
considerably reduces the complexity of p1-edicting the failure time t1. Furtherrnore we 
have found that l 1 = 550 d and s 1 = 55 m are universal constants of the damage process 
in hanging glaciers. The physical meaning of relation (15) is still somewhat mysterious 
and deserves fu11her investigation. 
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Log-periodic corrections 

The velocity data from the Weisshom hang ing glacier (Figure I) show an oscillating be
havior modulated on the s ingular increase prior to break-off. Similar oscillations are 
visible in survey data from instable parts of other hanging glaciers. Log-periodic oscilla
tions that decorate the leading singular evolution have been detected in many natural and 
engineering systems prior to ultimate fai lure (e.g. Somette and Sammis, 1995; Johansen 
and Somette, 1998). The oscillation frequency decreases logruithmically as the time of 
fai lure is reached (thus the name "log-periodic oscillations") 

s(l)=s,-b(t,-W (1 +Ccos (21Tin(~~~t) + D)). ( 17) 

The best log-periodic fit to the data from Weisshom is shown with a dotted line in Figure l . 
The agreement with the measured velocity is reasonable with a time scale parameter >. "' 
1.7. 

Equation ( 17) follows from ( 11) if the critical exponent q is complex (Somette, 1998). To 
see how this is achieved we rescale time (t1 - t) - >.(t1 - t) 

b 
s(l) = SJ- b(tJ- t)q = SJ-- (>.(tJ- tW 

J1. 

),q 

::} -=1 
J.l. 

the complex solution of which is (using 1 = ei2"k , where k is an integer) 

In J.l. . 21rk 
q = In>. + t In >. · 

( 18) 

(19) 

The special case k = 0 gives the usual real power-law solution corresponding to fully 
continuous scale invruiance. The more general complex solution corresponds to a discrete 
scale invariance with preferred time scale >. (Giuzman and Somette, 200 1). The log
periodic solution (17) contains additional parameters C and>. (and probably a phase D). 
Its practical advantage is the possibility to predict more accurately the time of fai lure 
s ince the oscillations provide a " lock-in" of the solution. Several attempts have been 
made to relate log-periodic behavior with systems that contain a relaxation mechanism 
reducing the damage (e.g. Ide and Somette, 2002), or with dynanlical crack interactions 
at different scales (Sahimi and Arbabi, 1996). However, the physical meaning of>. is not 
fu lly revealed by these approaches and further investigations are needed. 

Discussion 

Critical phenomena are often associated with finite-time singularities. The above presen
tation showed how the progressive damaging of ice in a hanging glacier leads to a velocity 
increase with a singularity at the time of fai lure. Similru· finite-time singularities occur in 
the theory of outburst floods from glacier dammed lakes which we outline briefly. 

The theory of water flow in subglacial channels was developed by Rothlisberger (1972) 
and Nye (1976). When the water input to a subglacial channel is maintained at high 
pressure for a long time, the water discharge Q tlu-ough the channel evolves as (eq. 30 in 
Nye, 1976) 

dQ = j ( Q~ 
dt I ' 

(20) 
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where [(1 depends on the channel geometry and roughness. The evolution of discharge 
during a lake drainage event (Jokullhlaup) follows exactly relation (2). Here, the feedback 
arises thfough the unstable growth of the pressurized channel due to melt ing at the channel 
walls. In Equation (20) the channel closure due to ice defon11ation has been neglected. 
When channel closure is included (Clarke, 1982) the emerging equation system contains 
a negative feedback which leads to oscillatory behavior (Ng and Bjomsson, 2002). 

Conclusions 

Instable ice masses on hanging glaciers exhibit a characteristic acceleration before break
off. With help of a simplified model several remarkable prope1ties of the progressive 
damaging prior to failure have been identified. The empirical formula used to predict fail 
ure time was derived, and a physical interpreta tion was given. The solution revealed that 
two parameters of the empirical fonnula are related. Thls considerably reduces the com
plexity of predicting the time of failure. Characteristic length and time scales have been 
found, which seem to be universal quanti ties of the fai lure process in hanging glaciers. 
The numerical values t1 = 550d and s1 = 55 m were obtained by analyzing survey data 
from 14 break-off events. 

Measured ice velocities prior to break-off exhibit oscillations which can be described as 
log-periodic coiTections to the leading velocity s ingulruity. The exact cause for these 
oscillations is still unclear, but dynamical crack interactions or damage reduction due to 
healing ru·e likely explanation. 

The presented simple model of damage evolution results in equations that are similar in 
stmcture to those of the theory of instable evolution of subglacial channels, used to de
scribe lake outburst floods. Both phenomena belong to a much wider class of critical 
processes that are intensely studied. Insight gained in the investigation of one process can 
reveal new perspectives in the study of other processes, thus le.o1di ng to a better under
standing of instabilities in glaciers. 
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Glaciers and sea level: new approaches to an old problem 
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Interest in the variations of glaciers as indicators of climate change devel
oped during the 19th century, but it was not unti l about 1961 that an inter
national program of mass balance observations began that could form the 
glacier component of understanding the cause of present and future sea-level 
rise. These studies show that glaciers are thinning and the thinning rate is ac
celerating. The IPCC 2001 repo11 estimated that 20'11 century glacier wastage 
accounted for 0.2-0.4 nunlyr of sea-level rise. This value combined with the 
estimated contributions from other sources, however, gives a value less than 
that observed at tide gages. Recent satellite observations of sea-level rise 
show a different average sea-level rise in the recent decade which closely 
agrees with the value for ocean thermal expansion based on a model using 
new ocean temperature data. This result heightens the enigma because other 
eustatic sources (addhions to the mass of the ocean) are known to exist. New 
methods to resolve these questions include measurement of glacier areas and 
thickness changes by aircraft or satellite sensors, statistical distribution func
tions for relating glacier parameters to areas. sea-level ' fingerprinting', and 
gravity and earth rotation observations from new satell ites. 

Introduction 

Global warming, in large part due to human actions, is having significant effects on global 
ecosystems including societal and economic activities. Not the least important of these 
effects is rising sea levels. With more than 100 million people living within one meter 
of the cun·ent sea level (Douglas and Peltier, 2002), even slight rises in the sea with 
subsequent shoreli ne retreats have major consequences. Thus it is important to define 
the processes that control this rise, so that future changes can be proj ected and remedial 
actions undertaken. 

In order of relative impo11ance, the principal causes of sea-level change include (I) ther
mal expansion of ocean water, (2) net wastage of glaciers and ice sheets, and (3) changes 
in the storage of liquid water on land; all other causes are believed to be relatively minor 
(Church and Gregory, 200 I ). Thus the scientific problem is at least in part one of glaciol
ogy. In this paper I first discuss what we know about the effects of 'small ' glaciers (all of 
ice masses on land other than the two huge ice sheets) on sea level in the past century, then 
I put this into a broader context including what we know about other processes affecting 
sea level, and point to new methods that may help solve some of the current problems in 
analyzing and synthesizing limited observation data to useful global results. 
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From the pioneers to the end of the 201h century 

Development of modern observations 

Toward the end of the 19th century the relation of glacier variations to climate change- but 
not the connection to sea-level rise- was clearly evident. This interest led to the fonnation 
of the Swiss Glacier Commission, which in tum led to the International Commission 
on Glaciers in 1894, now the Intemational Conunission on Snow and Ice (ICSI), which 
developed interest in the measurement and publication of data on glacier fluctuations 
(Forell, 1895). 

It was probably Thorarinsson (1940) who first published a thorough and prescient synthe
sis of the effect of glacier wastage on global sea level; tllis was all the more remru·kable 
because of the few hard data that were then available. Ahlmann ( I 948) began the first 
regional program of mass balance measurements of obvious application to the sea-level 
question. The next paper of wide distribution on glaciers and sea-level rise did not ap
pear until much later (Meier, 1984). However, great advances in the science of glacier 
fluctuations and their relation to climate change began in the nlid-1960s with the ICSI
directed progrruns of the International Hydrological Decade and subsequent International 
Hydrological Prograrrune, which included projects on glacier fluctuations, glacier inven
tories, and combined heat-, water- and ice-balru1ces at glacier stations. Global progrruns 
on the measurement of glacier vruiations and glacier mass balances according to stan
dru·d (and traditional) methodologies continue to this day, under the coordinating effo11s 
of the World Glacier Monitoring Service (Haeberli et al, 1998) the World Data Center 
A for Glaciology (NSIDC, 1999) and individual investigators (Cogley and Adams, 1998; 
Dyurgerov, 2002). It was the Scientific Assessments of the lntemational Panel on Cli
mate Chru1ge (lPCC) that spmTed the greatest interest in relating glaciers to sea-level rise, 
past and future (Wru1·ick and Oerlemans, 1990; Wru1·ick et al, 1996; Church and Gregory, 
2001). 

Summary of 20111 century results 

A useful time-series of glacier mass changes in many pru1s of the world, exclusive of the 
Greenland and Antru·ctic Ice Sheets, is now available for the period since the mid-1960s. 
Table I presents a number of mass-balance (regime) parruneters for periods 1965-1977, 
1978-1987, and 1988-1998, which illustrates the changes that have apperu-ed in the last 
several decades. Figm-e I shows the recent retreat of a well studied glacier in the United 
States, and Figure 2 presents cumulative mass balance curves for glaciers averaged over 
the major continents. 

These 1-esults (Dyurgerov and Meier, 2000; Meier et al , 2002) show that: 

• Net mass balru1ces ru-e predonlinately negative, but with much temporal and spatial 
variability, ru1d the wastage is accelerating. 

• Very small glaciers and those in marginal environments (especially in low latitudes) 
ru·e disappearing; arctic glaciers are changing slowly but wru·ming. 
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Figure 1: Changes in South Cascade Glacier, Washington, between 1958 (top) to 1995 
(bottom). In 1958 fresh-appearing wood, rooted in bedrock, was uncovered at the retreat
ing terminus. This wood was radiocarbon dared ar about 5,000 years in age, so the glacier 
was IMger than its 1958 length for the previous 5 millennia, and the present recession is 
unprecedented. Recession since 1995 continues unabated. USGS photos by Austin Post 
(top), Robert Krimmel (bottom). 
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Table 1: Variations in observed mass-balance parameters since 1961, in nun/year aver
aged globally. Number of time-series in parenthesis. 

I Parameter 1961-76 1977-87 1988-98 

Net balance1 -93 (33) -208 

Winter balance2 1480 (40) 1430 

Sununer balance2 1650 (40) 1680 

Tumover2 1565 (40) 1555 

Accumulation-area ratio (%) 55 (23) 50 

References: Dyurgerov (2002), Meier et al (2002) 
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Figure 2: Cumulative mass balances of glaciers on different continents. Observed mass 
balances have been area-weighted and averaged for each continent. From Dyurgerov, 
2002. 
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• For those cases where we have data, retreats of the last century exceed any that 
occun-ed in the last several millennia. 

• Climatic 'jumps' show in the balance series in about 1977 and 1988, which re late 
to changes in Northern Hemisphere atmospheric c irculation in winter and to the 
Arctic/North Atlantic Oscillation as well as to ENSO. 

• Winter and summer balances (indices of accumulation and ablation) and mass 
turnover are both increasing, yet accumulation-area ratios are decreasing. This is 
difficult to explain! 

The 2001 IPCC scientific assessment 

The latest IPCC assessment suggests a rate of sea-level rise due to glac ier wastage during 
the past century of 0.2 to 0.4 mm/yr (Church and Gregory, 2001); this range represents 
perceived maximum and minimum values and is not a statistical estimate of eiTOr. This 
assessment, however, may be unrealistically low and a poor basis for projecting fi.1ture 
changes; it was based largely on glacier/climate modeling which relied heavily on precip
itation values that were s ignificantly underestimated in some areas of heavy orographic 
precipitation, such as in the mountains surrounding the Gulf of Alaska. Recent results 
suggest that the glaciers in this area alone are contributing about 0.37 mm/yr to sea-level 
rise (Arendt et al, 2002; Meier and Dyurgerov, 2002). Also, glac ier wastage during the 
second half of the 201/t century showed significant acceleration (Table I), so it is difficult 
to assign a meaningful long-tenn average. Ftuthenn01-e, the total area of small glaciers 
and ice caps used in all of the above studies probably has been underestimated due to lack 
of knowledge of the small glaciers around the periphery of the Greenland and Antarctic 
ice sheets (Weidick and Monis, 1998). 

A fundamental purpose of the IPCC assessments is to project future changes in the earth 
system. The 2001 sea-level assessment projects a sea level rise to the year 2090-2100 
due to 'small ' glacier wastage of 0.05-0.1 1 m assuming that the area of these glaciers will 
diminish as the ir thickness diminishes according to a volume/area scaling relati onship 
(Bahr et a l, 1997; Van de Wal and Wild, 2001). This projection is also likely to be an 
underestimate for the following reasons: 

I . As the climate warms, more glacier ice from high latitudes will join the hydrologic 
cycle , increasing the area of meltwater production. 

2. Large glaciers (those over 1000 km2 in area) are unden-epresented in existing pub
lished inventories; these are relatively thick and will not lose app1-eciable area in the 
next I 00 years. 

3. Very small glaciers (those less than I km2 in area) area are also underrepresented 
in existing inventories so current meltwater production is underestimated. 

4 . Glacier wastage is markedly accelerating; extrapolating this acceleration leads to a 
higher estimate of future melt rates. 
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5. The sensitivity of glacier wastage to air temperature change (change in mass bal
ance rate due to a 1• tise in air temperatme) is not constant but is increasing, prob
ably due to an increase in the hydrologic cycle in the mountains (temperature and 
winter precipitation both increasing). A constant sensitivity to temperature is gen
erally assumed in model projections. 

Sea-level rise in a broader context 

Observed changes in sea level 

The fPCC 200 1 compilation, using tide-gage data cotTected for post-glacial rebound 
(PGR), repotts a 20'11 century rise of 1.0-2.0 mmlyr with no discernable acceleration 
(Church and Gregory, 200 l ). However, recent observations from the Topex!Poseidon 
satellites for the period 1993- 1998 suggest a globally-averaged rise of 3.2 ± 0.2 nun!yr 
(Cabanes et al, 200 1). Their spatial data, when sub-sampled at tide gage locations, sug
gests that averages based on tide gage data overestimate sea-leveltise. 

Steric sources of sea-level change 

Steric refers to changes in the world ocean due to changes in density without change of 
mass, and are due primarily to changes in water temperature. The effects of changes in 
the salinity structure (hyalosteric) are thought to be relatively small. Ocean temperature 
data recently compiled by Levitus et al (2000) have been used by Cabanes et al (2001) to 
calculate ocean thennal expansion for 1993-98; their average value of 3.1 ± 0.4 mm/yr, is 
very much larger than the IPCC consensus value of sea-level rise during the 20°' century. 

Eustatic sources of sea-level change 

Eustatic contributions are additions to or losses from the mass of the world's ocean. The 
largest of these is due to wastage of small glaciers and ice caps, followed by changes in 
the mass of the Greenland and Antarctic ice sheets, changes on natural and attificial reser
voir of liquid water on Eruth, and a number of much smaller water exchange processes· 
(Table 2). The range of values for land hydrology given by IPCC sums extreme estimates 
for each of 8 separate processes and thus the total range seems excessive; I have therefore 
combined the individual processes estimates in a root-mean-squared (rms) sense, which 
may be more in keeping with notion of 'probable' (but not statistical ly-defined) error 
limit. A similar nns compilation is appl ied to the total of eustatic and steti c sources. 

lt is obvious by inspection of Table 2 that we still do not completely understand the causes 
of sea-level rise. Thus the words "puzzle" and "enigma" apperu· in recent literature (Dou
glas and Peltier, 2002; Munk, 2002). Some new estimates of sea-level rise obtained by 
satellite alt imetry seem to match the modeled thermosteric rise, leaving almost no room 
for any eustatic contribution (Cabanes et al, 200 1). Yet there is an1ple evidence of signif
icant mnoff from wastage of small glaciers (Meier and Dyurgerov, 2002) and Greenland 
ice (Krabill, 2000). There is no evidence of sufficient thickening of the Antarctic Ice 
Sheet to offset increasing runoff from N01them Hemisphere ice; the West Antru-ctic Ice 
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Table 2: Estimated contributions to global sea-level rise, in mmly r 

IPCC other 1-ecent [reference] 
( 1910- 1990) 

Steric processes 

Thermal expansion 0.5 

Eustatic processes 

Small glaciers 0 .3 

Greenland ice sheet 0 .05 

Antarctic ice sheet -0.1 

Ice-sheet adjustment• 0 .25 

Land hydrology -0.35 

Other processes 0.05 

Total 0.7 

Observed-tide gages 1.5 

Obse1ved-satellite 

References 

JPCC Church&Gregory (200 I) 

[ I] Cabanes et al (200 1) 

±0.2 

± 0.1 

± 0.05 

± 0. 1 

± 0.25 

± 0.75 

± 0.05 

± 1.5 

± 0.5 

estimates 

3.1 ± 0.4 ( 1 993-2000) 

0.57 ±0.24 ( 1988-2000) 

0.25 ±0.12 ( 196 I -1998) 

0.14 ± ? (::::: 1978- 1998 

0.07 ± 0.07 (::::: 1990s?) 

- - -
-0.35 ± 0.13 ( 19 10-1 990) 

0.7 ± 0.42 (J 91 0-1990) 

3.9 ±? 

3.2 ±0.2 (J 993-2000) 

[2] Meier and Dyurgerov (2002); includes adjustment based on Arendt et al. (2002) 
and estimated 0.12 mm/yr from iceberg calving by grounded glaciers 

[3] Meier et al (2002), Dyurgerov (2002) 

(4] Krabill (2000), Rignot and Thomas (2002) 

[5] IPCC values combined in an rms sense 

• Ongoing dynamic adjustment since last glacial maximum (from modeling) 

[ l] 

[2] 

[3] 

[4] 

[4] 

[5] 

[5] 

[1 - 4] 

[1] 
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Sheet appears to have a negative balance that more than offsets a positive balance in 
East Antarctica (Rignot and Thomas, 2002), and the Ross Sea is freshening (Jacobs et al , 
2002). A major unknown is the net effect of hydrological reservoirs. This appears to be 
the largest source of a negative contribution to sea-level rise, but it does not appear to be 
sufficient to resolve the steric/eustatic dilemma. The growth o f artificial reservoir storage, 
which includes the filling of countless small water bodies, is stillunce•tain and may help 
resolve this question (J. P. M. Syvitski, personal communication). 

How can these questions be resolved? 

Glacier inventories and mass balance estimates 

Basic to any global synthesis o f the contribution of glaciers to sea level is knowledge 
of glacier numbers, size-distributions, and area-elevation distributions. Many parame
ters can be inferred from size distributions using modem scaling methods (Bahr, 1997). 
Unf01tunately, only about 68,000 mountain and arctic glaciers are measured for size un
der the World Glacier Inventory program (IAHS(ICSI)-UNESCO-UNEP, 1988; NSfDC, 
1999), and most of these are in areas of small glaciers near populated regions. The total 
number of small g laciers is at least 160,000 (Meier and Bahr, 1996) but the uue number 
is probably far greater. Most significant for any global synthesis is the fact that only 3 
glaciers larger than 2,000 km2 in area were invent01ied, out of about 22 rang ing in size 
to over 33,000 km2 (Meier and Bahr, 1996). Even worse, long-tem1 mass-balance mea
surements exist for only one glacier larger than 256 km2 (Haeberli et al, 1998; Dyurgerov, 
2002). Thus, newer, less labor-intensive, methods are needed. 

Satellite imagery provides one solution; this has been very successfully exploited in the 
Alps and elsewhere (e.g., Paul et al, 2002). High-resolution images taken at the end of the 
ablation season are required, but this may be a serious difficulty in some hig hly maritime 
areas with pervasive cloud cover. Cloud-penetrating active and passive sensors do not yet 
have sufficient discrimination and resolution to inventory the numerous glaciers of less 
than I km2 in area. Also, insufficient expe1tise, resources, and a lack of good maps and/or 
digital elevation models in some imp01tant areas may consu·ain the global use of this 
method. Nevertheless, the new Glacier Land Ice Measurements from Space (GUMS) 
program promises to greatly increase our knowledge of glacier distributions and their 
changes on a global basis (Kieffer et al, 2000). 

Glacier thickness changes, which relate to mass balances, can be measured by repeated 
laser altimetry from a small aircraft (e.g., Echelmeyer et al, 1996; Arendt et al, 2002) 
or satellite. This remote sensing method has enormous potential, as it offers a means 
to rapidly monitor the health of medium- to large-sized glaciers in inaccessible areas, 
in order to obtain data that are directly useful for determining contributions to sea-level 
change. The new ICESAT spacecraft, which will fly a laser altimeter (GLAS) optimized 
for measurement of ice and snow, should be a cost-effective method to mea~ure thickness 
changes of large g laciers. Ice flux-divergence measurements from satellite radar interfer
omeuy may also be used to infer mass changes from large glaciers (e.g., Joughin et al, 
1998; Rignot, 1996). Other remote sensing sensors offer the potential to obtain mass bal
ance parameters, such as accumulation rates and accumulation-area ratios, from satellite 
data. 
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A problem still exists with the incorporation of the myriads of small to tiny ice masses, 
and the separate glaciers that abound along the periphery of the Antarctic Ice Sheet, into 
a global. ice-wastage synthesis. One useful tool, yet to be perfected, involves the devel
opment of number/size probability density functions. A tentative theory for the form of 
these functions has been suggested (Bahr and Meier, 2000) using percolation theory, but 
the relation of the coefficients in this exponential times power-law function with climate 
and topographic variables has not been established. Such functions would allow statistical 
estimations of many glacier paran1eters in unmeasured areas. 

Major changes in large glaciers can be detected by repeated measurements of gravity at 
bedrock stations near the glacier. This method has been demonstrated during the surge 
of the large Bering Glacier, Alaska (Sauber et al, 1995). This gravity method is usefu l 
because it integrates mass changes over large areas, but requires careful observations 
made on the ground and thus is limited to accessible locations. Satellite observations of 
gravity may overcome these limitations. 

Sea-level 'fingerprinting' 

Mitrovica et al. (2001) and others show that non-uni form steric changes in sea level can 
be produced by the gravitational effects of changing ice masses on land. These results are 
clear for changes in Greenland and Antarctica, but somewhat more difficult to detect for 
the small glaciers due to their wide distribution. These effects currently are masked in prut 
by other sources of spatial variability in thermosteric sea-level rise and the method may 
be more usefu l in the future as our understanding of these spatial vru·iations improves. 

Earth rotation effects 

Long-term changes in the mass of ice on land cause long-term changes in the moment of 
ine1tia of Eruth (oblateness, J2) and thus its rotation rate (length of day, LOO), as well 
as the location of its rotational axis (polru· wander) (Munk and Revelle, 1952). These 
changes can be measured quite precisely and provide constraints on syntheses of g lobal 
ice mass changes as well as other components of sea-level rise (Table 2). Post-glacial 
rebound (PGR), calculated from geodynamic modeling, and tidal dissipation, detennined 
from lunar laser-ranging, as well as steric and eustatic changes in sea level, are involved in 
the increase in rotation rate which has averaged about 1.7 ms/cy (milliseconds per century) 
for the last several millennia based on ancient ecli pse timing (Stephenson and Morrison, 
1995). Balru1cing this equat ion with the different components affecting rotation rate is, 
however, stilluncenain (Munk, 2002). An impo11ant question continues to be the relative 
imp011ru1ce of eustatic sources of sea-level rise, due mainly to loss of ice mass on land 
(Meier and Walu, 2002). 

I have calculated the effect of several ice mass changes on both rotation rate and polar 
wander (Table 3). These calculations include the effects of elastic rebound, consider ice 
masses as point sources, and assume the ice mass gains/losses are distributed evenly over 
the world ocean. Table 3 shows that changes in the ice have effects on eruth rotation 
that are appreciable, but that are currently but a fraction of the observed changes. This is 
prutly because the spatial distribution of these sources prutially cancels out the effect for 
the Eruth as a whole. 
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Table 3: Effect ofrecelll changes in ice masses on earth rotation 

Glacier LOO [ms/cy] Po lar wander [m/cy] Longitude 

Alaska/Canada -0.12 5.0 - 143' 

Central Asia :::::: 0 2.7 +84' 

Greenland -.08 2.2 -38' 

West Antarctica -.08 1.1 -79' 

East Antarctica +.04 .3 +85' 

Total, this ice only -0.23 1.2 - 126' 

Global observed -0.4 to -0.6 11.0 -80' 

Note: Ice changes from Arendt et al. (2002), Dyurgerov (2002), Rig
not and Thomas (2002). Computations based on methods of Chao and 
O'Connor (1988). 

The earth-rotation studies do not yet solve the dilemma of eustatic versus steric sea-level 
rise. Much work still needs to be done, including: 

1. Eliminating some circularity in that most PGR models are tuned to agree with per
ceived astronomical and sea-level data and that different tunings give differing con
clusions on the sea-level equation, 

2. Many of the pertinent time seties are noisy and contain long- as well as shott-tetm 
fluctuations that are difficult to observe and understand, and 

3. A significant change in J2 in 1998 (Cox and Chao, 2002; Cazenave and Nerem, 
2002) is unexplained; thus our understanding of the processes involved is still in
complete. 

Conclusions and outlook 

The differences between the sums of sea-level components and the observed values re
potted in the recent IPCC repo11s have not been resolved by recent work. Jn fact the 
recent results have to some extent fmther confused the problem: 

• Tide-gage data appear to overestimate global sea-level rise over the past century. 

• Satellite measurements of sea-level change 1993-98 seem to track computed ther
mosteric expansion almost completely, both in tenllS of a near-global average and 
its spatial distribution, leaving little room for a net sea-level rise from eustatic 
sources. 
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• Significant eustatic contributions to sea level have occurred due to small glacier 
wastage since at least 1961, and this contribution has increased in recent years. 

• The contribution to sea level rise from wastage of the Greenland Ice sheet has been 
significantly greater than zero, and the contribution from the Antarctic Ice Sheet 
has probably been positive also. 

• No appreciable sources of eustatic sea-level fall are known except for certain land 
hydrology processes including the filling of artificial reservoirs, but it seems un
likely that these effects could cancel out the significant amount of ice wastage. This 
question needs flirt her study. 

• Analysis of eru1h rotation infom1ation is not yet conclusive, but does not suggest 
lru·ge negative eustatic contributions that could counteract known ice melt contribu
tions. 

In spite of these nagging questions, progress in understanding is rapid. Many more 
glaciers are being smveyed using remote sensing techniques, and when these data are 
combined with existing glacier inventories and new statistical models, it is likely that 
global glacier wastage can be estimated far more precisely. The recent PAR CA (Progrrun 
for Arctic Regional Climate Assessment) sponsored by NASA has used a wide variety 
of new remote sensing as well as ground-based tools to measure the mass balance of the 
Greenland Ice Sheet (Thomas et al. , 200 l). Similar studies are unde1way for the Antarctic 
Ice Sheet. The NASA lCESAT and the European Cryosat satellites will fly laser altimeters 
that can measure thickness changes of these ice sheets as well as on large glaciers and ice 
caps. The new Gravity Recovery and Climate Experiment (GRACE) satellite will define 
spatial variations in the Earth's changing gravity field that will be critical to understanding 
the current changes in ice masses. 

Sea-level 1ise is a won·isome effect of global wam1ing - for society and the health of 
the plru1et - ru1d we need to be able to proj ect its future course. This is necessru·ily an 
interdisciplinary problem ru1d will require a very interdisciplinary solution. The scientific 
understanding necessruy to develop this solution with confidence is cun-ently incomplete. 
New tools, however, are being developed rapidly, so we should expect much progress in 
the next few years. 
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Effect of air temperature on melt of glaciers 
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The close relat ionship between air temperature measured at standard screen level and the 
rate of the melt on snow and ice has been widely used to estimate the rate of melt. The 
parameterisation of the melt rate using air temperature usually takes a simple fom1 as 
a function of either the mean temperature for the relevant period or positive degree-day 
statistics. The computation usually provides the rate of the melt with sufficient accuracy 
for most practical puqJOses. Because of the simplicity of the method, it is often called a 
cmde method and rated inferior to other more sophisticated methods, such as the energy 
balance method. The method is often used with the justification that temperature data are 
easily available or that obtaining energy balance fluxes is difficult. The physical process 
responsible for the temperature effect on the melt rate is often attributed to the sensible 
heat conduction from the atmosphere. The simulation capacity of the temperature/melt
index method, however, is too good to be called cmde and inferior. The author investi
gated physical processes which make the air temperature so effective a parameter con
cerning the rate of melt. The air temperature has indeed a more profound influence on the 
melt than has been acknowledged in the past. The influence of air temperature through 
the turbulent sensible heat flux is limited, however. The infom1ation of the air temperature 
is transfened to the surface mainly through the longwave atmospheric radiation which is 
by far the most imp01iant heat source for the melt. Under the cloudless sky condition as 
much as 60 % of the atmospheric emission is derived from within the first 100 m, and 
90 % from the first J km of the atmosphere. If the sky is overcast with the cloud bottom 
within the first J km more than 90 o/o originates within this layer between the surface and 
the bottom of the cloud. In case the sky is overcast with the cloud bottom higher than I 
km, the first I km of the atmosphere still makes up about 70 % of the long wave in·adiance 
at the stuf ace, for which the air temperature measured at the standard screen level is the 
single most influencial factor. The wind speed is seen only weakly con-elated with the 
melt rate, because the main energy source for the melting is the longwave atmospheric 
radiation, followed by the absorbed global radiation both of which are independent of the 
movement of the atmosphere. 
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We review the efforts taken by scientists to describe how the stress tensor in 
polycrystalline ice depends upon the defonnation history which an ice sam
ple encounters during its motion through an ice sheet. Until very recently, the 
ice was conjectured to respond to defo1mations as an isotropic body, and vari
ations in its fluidity were accounted for by enhancement factors. Anisotropy 
came into focus with the analysis of ice samples from deep ice cores. We give 
an account on the attempts how induced anisotropy is conceptually described 
and how it is related to the rotation of the crystal lites, dislocation glide, grain 
growth and recrystallization. ln particular we try to give reasons why such a 
complex description is required if the flow within ice sheets has a chance to 
be realistically modeled. 

1 The legacy of isotropic ice 

The aim of this work is to expound the main attempts made to describe the flow of ice in 
ice sheets as an isotropic very viscous flu id. This led to the celebrated Glen-Steinemann 
flow law (Glen, 1953; Steinemann, 1958) and its representation as a three-dimensional 
viscous power law flu id (Nye, 195 1 ), e = A (T)( u )"- 1 t , valid for effective stresses in the 
range of 100 to 300 kPa where e is the stretching, t the Cauchy stress deviator, 2u2 = 
tr ( t 2) and A (T) a temperature dependent rate factor. According to Glen ( 1975) (see also 
Weertrnan, 1983; Faria and Hutter, 200 1; Duval et al. , 1983; Steinemann, 1958; Alley, 
1992), 1 < n < 5 with an optimal value n = 3.5, but when tertiary creep is active, then n 
may be as large as 7, while 1 < n < 2 for small effective stresses u < 100 kPa. 

Besides a u-dependence of n, as already expressed by Steinemann ( 1958) almost 50 years 
ago, the mentioned power law suffers from its infinite apparent viscosity at zero stress 
deviator, 17 = dt j de -> oo as t -> 0. This singularity cannot realistically exist for 
the simple reason that, if valid, strains could never be built up from a zero deformation, 
since its time rate of change would be identically zero; furthem1ore, its existence would 
cause subtle difficulties whenever shallow ice asymptotics are considered. It transpires 
that Glen's flow law need be generalized. Lliboutry (1969), Colebeck and Evans (1973), 
Hutter (1997), Hutter ( 1983) and Hutter et al. ( 198 1) have amended the simple Glen flow 
law by writing 

e = A (T)J (u) t , (I) 

with J(u) > 0 for all T -called the creep responsefrmction or fluidity - obeying the finite 
viscosity requirement 0 < /(0) < oo and f(u) otherwise chosen to match experiments in 
the entire stress range of 0 to 1 MPa. Parameterizations for f and A are 

f(u)= 1 
{ 

un- 1 + 17- 1, 

1;;:-j s inhn (au) + 17- 1, 
(2) 
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Figure I: Steady-state creep for the secondary flow of polycrystalline ice in uniaxial 
compression against applied stress. • -2°C, .a. - 8°C, • -l4°C, 1 -22°C, • -34°C, 
o -48°C. The curves are calculated via sinh functions based on all experimental points 
between-2°C and -48°C. (from Bames et al . (1971), with modifications) 

A (T) ~ { 
A0 exp (-k~) , 

(3) 2 

L Ai exp [O'j (T- TM)], 
j = 1 

in which bounded 17 f 0 accounts for Newtonian behavior at zero effective stress; k is 
the Boltzmann constant, T the absolute temperature and TM its melting point value, while 
0', O'j, n, Ai and 1) are temperature independent pru·ameters to be identified by expeli
ments. The power-sinh law, also known as the Gru·ofalo law (Garofalo, 1963), matches 
uniaxial compression tests by Barnes et al. (1971) very well in the entire stress range 
0 < u < 1 MPa (see Figure 1), but the Arrhenius relationship Equation (3)1 represents 
measurements of Melior and Testa (1969) only for T < 263 K whilst Equation (3h, due 
to Morland and Smith (see e.g. Hutter, 1983) is valid also for the highest homologous 
temperatures. 

However, the simple isotropic representation (Equation (I)) fails to cope with induced 
anisotropy observed e.g. in compression, simple and pure sheru·. So, whereas Equa
tion ( I) indeed may match an individual stretching component with an individual stress 
deviator component, its tlu·ee-dimensional exu·apolation is simply false. Nonetheless, 
early attempts to account for the differences of the fluidity in Holocene and Pleistocene 
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Basal Prismatic Pyramidal 

Figure 2: Sketch of a single ice crystal in the form of a right hexagonal prism. T/Jree 
ctystal/ographic planes are indicated 

ice maintained Equation ( I) amending it to incorporate an enhancement factofl E, viz., 

E: = EA (T)J (u) t , (4) 

and allributed to E all those propetties one did not properly understand but was forced 
to account because of obvious observational evidence (Budd and Jacka, 1989; Castel
nau et al., 1998; Fujita et al., 1987; Gow et al. , 1997; Gow and Williamson, 1976; 
Jun et al. , 1996; Jun et al., 2000; Lliboutry and Duval, 1985; Paterson, 1994; Thorsteins
son, 1996; Thorsteinsson et al., 1997). The failure of this kind of fudging procedure was 
quickly realized as with Equation (4) no directional vrui ation of the effective fluidity can 
be modeled. So, Equation (4) is also a false three-dimensional amendment of the classical 
Glen flow law. 

2 Why anisotropy? 

It is common knowledge (see e.g. Hobbs, 1974; Faria and Hutter, 2001; Van der Veen, 
1999; Budd and Jacka, 1989; Paterson, 1994) that monocrystalline ice deforms by slip 
along the crystallographic planes (Figure 2), and that for usual temperatures (210 K< 
T < 273.15 K) the slip resistance is up to 60 times smaller parallel to the basal planes 
than to the other plru1e systems. Thus, as conunented by McConnel ( 1891 ): 

" [ ... ] the crystal behaved as if it consisted of an infinite number of indefi
nitely thin sheets ofpapel; normal to the optic axis, attached to each other by 
some viscous substance which allowed one to slide over the next with great 
difficulty. This comparison proved to be the key to the whole question of the 
plasticity of a c1ystal of ice." (p. 325) 

Following this simple idea, which has since then been repeatedly confirmed by experi
ments (Readings ru1d Brutlell , 1968; Hobbs, 1974; Duval et al., 1983; Glen, 1975; Steine
mruln, 1958; Mansuy et al. , 2000; Whitwotth, 1980; Hondoh, 2000) it is possible to 

2TI1c strai11 rate e11hallc~melll or mha11cmw11 factor is the ratio between the strain rate as considering 
an isotropic bchavior, i.e. Glen now law, and the measured one 
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Inirial configuration Prcscnl contigurmion 

Figure 3: An ice crystal as a "deck of cards": when subjected to vertical compression due 
ro the load W the crystal deforms by basal slip, forcing a rotation of i rs c-axis towards 
the principal compressive axi s (vertical), regardless whal the srarting orienrarion of i ts 
c-axis in rhe ini tial configuration may be. In spire of some differences, the grains of a 
polycrystalline piece of ice are expected to defonn in a somewhat similar manner, building 
so a concentration of c-axes aboul the vertical (called single-max imum/single-pole fabric) 

comprehend the fai lure o f the isotropy assumption through the Gedankenexperiment il
lustrated in Figure 3. 

The " thin sheets of paper" mentioned by McConnel can be envisaged as cards in a pile, 
with their normal vectors, representing the c-axis of the crystal, initially inclined by some 
angle (</>o in case (a), 00 in case (b)) with respect to the ver1ical. Independently of the 
value o f this initia l angle (</>0 or 00 ), the c-axis of the crystal will tend to rotate towards 
the principal axis of compression, whenever a load is applied on the crystal. The viscous 
s lide of the "cards" is driven by the resolved shear stress on the basal planer. 

Micromechanical models and experiments of ice single crystals (Weer1man , 1983; Whit
wonh, 1980; Du vat et al., 1983; Hobbs, I 974; Faria and Hutter, 200 I) lead to creep rate 
equations having power law form and AIThenius type temperature dependence: the shear
ing is propo11ional tor" and the exponent is preferably n = 2 and less convincingly n = 3 
(Glen, 1975; Du vat et al., I 983). For a polycrystalline ice sample, the power creep law has 
also been found to hold true for a range of moderate effective stresses, but the supposition 
that the controll ing mechanism of deformation forT < 263 K should also be basal glide 
via dislocation sliding raised for long time a number of objections (Glen, 1975; Hobbs, 
1974; Duval and Castelnau, 1995; Weer1man, 1983). lndeed, as will be discussed in the 
next section, the mere mismatch of the crystal orientations in a polycrystal seems to sug
gest that besides the planes of easy glide also the prismatic and pyramidal planes of hard 
glide should become active because of geometric compatibility. This could qualitatively 
explain why polycrystalline ice is harder than a single crystal of ice under easy glide, 
whereas softer than it under hard glide conditions. Notwithstanding, experimental and 
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theoretical works (Mansuy et al., 2000; Lliboutry, I 993; Wilson and Zang, 1996; Van der 
Veen and Whillans, 1994) have demonstrated that the plain argumentation given above is 
probably unrealistic, since it is based on the false assumption of homogeneous deforma
tion of the ice grains in the polyctystal (cf. next section). In any case, the above arguments 
also make it obvious that the flow resistance will be orientation dependent, according to 
the actual distribution of the crystalline orientations within a sample. This brings in a new 
concept, namely textures or fabrics3 which characterize the microstructure propet1ies of a 
polycrystalline ice sample based on the sizes and orientations of the individual grains. 

3 Modeling induced anisotropy: microscopic models 

If an incompressible body suffers uniform strain, it is obvious that stretches in five suit
able distinct directions suffice to detemtine the whole defonnation of the specimen simply 
because the stretching tensor of a density preserving body has five independent compo
nents. This led von Mises ( 1928) to conclude that five independent slip systems4 are 
required to impose an arbitrary strain in any crystal which defonm only by glide along 
these slip planes. Just ten years later, Taylor (J 938) used von Mises' inference to develop 
his celebrated theory of plastic strain in polycrystalline metals. Tay/or's hyporhesis can 
be reported as follows: each crystal ofrhe aggregare should suffer exacrly rhe same srrain 
as rhe bulk (avoiding so the occutTence of microcracks and voids in the material due to 
incompatibilities among neighboring grains) and on these grounds he calculated defomla
tion and texture development of a polycrystalline medium in terms of its single crystalline 
rigid-plastic behavior. 

Because of its simplicity, the model proposed by Taylor still continues to be widely used 
(sometimes with slight modifications) to predict the evolving anisotropy of polycrystals 
(Harren and Asaro, I 989; Asaro, 1983; Van Houtte, 1982). ln spite of that, it is now rec
ognized that the assumptions underlying Taylor's model build just a simplified picture of a 
commonly much more complex reality. Patchy defonnations, grain boundary s liding and 
migration, shear and kink bands, diffusional flow, polygonization and dynamic recrystal
lization are just some of the presently known processes which can also occur, allowing 
inhomogeneous Sll·ains (Dillamore et al., 1972; Asaro, 1983; Hansen, 1992; Humphreys 
and Hatherly, I 996; Mansuy et al. , 2000; Goldsby and Kohlstedt, I 997; Duval et al., 
2000; Gow et al ., 1997) and frustrating the requirement of five independent slip systems 
for each crystal (Poirier, 1985; Lliboutry, 1993; Castelanau et al., 1997; Van der Veen, 
1999). 

When applied to ice, Taylor's model presents in fact a very deceptive petformance (Castel
nau et al., l996a; Castelnau et al., 1996b; Castelanau et al., 1997): it demands a contri
bution to the total strain of about 60% arising from non-basal slip and, consequently, it 
predicts strain rates which are too low in comparison with experimental data, as well as 
rather loose fabrics (i.e. , low anisotropy). This outcome, added to the lack of experimen
tal evidence on non-basal slip and the observation that hard glide is at least 60 times more 
difficult to activate than basal easy glide (Duval et al., 1983; Lliboutry and Duval, 1985), 

3Semanlically, these two words have the same meaning. Therefore, they will be used as synonyms 
4 A slip system is defined by the combinalion of a crystallographic plane and a panicular slip direction 

on this plane. 
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altogether led glaciologists to prefer models which do not strictly require strain compat
ibility among neighboring grains, with the hope that addit ional mechanisms (usually not 
considered in the modeling), like grain boundmy migration or polygonization, can fulfill 
the necessity of coherence in the aggregate. 

The simplest alternative was obviously to reckon the defonnation as produced entirely 
by basal glide and assume that the stress, instead strain, is homogeneous in the polycrys
tal (this last hypothesis, which can be traced back to Sachs ( 1928) and Reuss ( 1929), is 
conunonly called Sachs ' hypothesis). In fact, these two assumptions have been consid
erably more successful for the pruticular case of ice than Taylor's hypothesis: many of 
the already proposed models for anisotropic ice are based on such premises, even though 
with some modifications (Lliboutry, 1993; Van der Veen and Whillans, 1994; Castelnau 
and Duval, 1995; Gooert and Hutter, 1998; Thorsteinsson et al., 1999; GOdett, 1999; 
Gaglim·dini and Meysonnier, 1999; Gagliardini, 2000; GOdert and Hutter, 2000). 

A first effort to describe the fabric evolution of ice under prescribed uniaxial compressive 
strain was given by Azuma a11d Higashi (1985). Through direct observation of the crystal
lographic orientations in thin ice specimens compressed at constant rate, they found that 
the compressive strain e<Yl( < 0) in each grain was not the same, but con-elated with the 
orientation of its c-axis, 4>0 given by the angle relative to the direction of compression of 
the smnple (cf. Figure 3(a)). Hence, ctystals more favorably aligned for deformation by 
basal glide should exhibit lm·ger strains. The fitting of their data led them to suggest an 
empirical relation between e(g) and the bulk axial compressive strain e, of the form 

e-<9> = S(g) e 
s ' (5) 

where S(g) = cos <Po sin 4>0 is the Schmid factor (of the grain g, whose c-axis is oriented 
at 1/>o) and S is its average over all grains. To compute the rotation of the c-ax is of a 
crystallite, they used the simple geometric relation (see e.g. Schrnid and Boas, 1935; 
Thorsteinsson, 1996; Vm1 der Veen and Whillans, 1994) valid fo r compression 

(6) 

where <P is the angle between the sample's axis of compt-ession and the c-ax is, after ro
tation. This model was extended to the case of uniaxial tension e-<Y>(> 0) by Fujita et al. 
( 1987) and Lipenkov et al. (1989): they used another simple geometric relation (see e.g. 
Schmid and Boas, 1935; Thorsteinsson, 1996; Van der Veen and Whillans, 1994) valid 
for tension 

cos <P = (1 + e<9>) -t cos 1/Jo, (7) 

whereas Alley ( 1988) generalized the model to pure shear by superimposing uniaxial 
tensile and compressive strains. Fmther, he also combined pure shear with a subsequent 
rigid body rotation to enable the simulation of simple shem·. A weak point o f these models 
is that the empirical law (Equation (5)) is based on laboratory obsetvations whet-e the 
strain rate is almost four orders of magnitude lm·ger than in ice sheets. 

A more elaborated approach was proposed by van der Veen and Whillans ( 1994); as 
done in the previous model, they adopted Sachs' hypothesis and assumed that each ctys
tal should defom1 only by basal slip driven by a viscous power law. In spite of some 
reasonable qualitative agt-eement of the numeric simulations with laboratory and field ob
servations, some strong anomalies - as for example the minimum of the strain rate at 

, 
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about 10% of strain, instead of 1% as observed in practice (Jacka, 1984; Jun et al. , 1996; 
Budd and Jacka, 1989; Jun et al., 2000) - evidenced the distinction between simulation 
and real·mechanisms taking place during def01mation. Additionally, the similarity o f this 
approach with that of Azuma and Higashi ( 1985) was recognized for simple regimes of 
deformation. Actually, the greatest merit of the van der Veen and Whillans model lies 
undoubtedly in their pioneering attempt to simulate dynamic recrystallization in poly
crystalline ice, even though only numerically and through a1tificial criteria. 

1n the meanwhile, Azuma (1994) attempted to improve his early approach, and presented 
together with Goto-Azuma (Azuma and Goto-Azuma, 1996) an anisotropic generalization 
of Glen's flow law (Equation (I )) in the form 

(8) 

with 

- 1 ( - - ) 
S(ij) = 2 S;i + Si; , (9) 

In the equations above, D;i and t;i are respectively the strain rate and the Cauchy stress of 
the polycrystal, while S;i denote the averaged Cartesian components of the Schmid tensor 

s~> = m~9> cJ>, where ci9> and m~9) are, respectively, unit vectors parallel to the c-axis 
and to the resolved shear stress in the basal plane of the g-th grain, viz. 

(10) 

Thorsteinsson et al. {1997) suggested that the implicit idea of the above model should 
be to replace each crystallite of the aggregate by another one, whose c-axis orientation is 
given by the averaged Schrnid tensorS. However, this claim is false because in general 
S cannot be related to the e-mus of a new crystallite. To prove this, it is enough to give 
a simple exan1ple: imagine a polycrystal made of two orthogonal crystallites with slip 
systems (m(ll, c<1>), (m<2>, c<2>) and respective Schmid tensors s (l>, s<2>. For the sake 
of simplicity, consider matrix notation: 

m (I> = (1, 0), c(ll = (0, 1), s<1> = m<1> ® c<1> = ( ~ ~ ) ; 

m<2> = (0, 1), c<2> = (1, 0) , s<2> = m<2> ® c<2> = ( ~ ~ ) ; 

the averaged Schmid tensorS is eas ily evaluated 

1 
2 

( 0 ! ) s = 2 L s<g> = I 2 ; 

g ; l 2 0 
(11 ) 

its detenninant is non zero and so it is not a dyad. This implies that it is impossible to 
exu·act from S the c-ax is of the new cJystallite. The same authors also proposed that the 
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model of Azuma and Goto-Azuma (1996) mentioned above could be derived from the 
usual Sachs' hypothesis expressed in tenns of the flow law: 

where G(g) s(g) ( s(g)t )n 
ij = (ij) (kl ) kl (12) 

where D;i and t;; are the strain rate and Cauchy stress of the polycrystal and G;i denotes 

the average of cljl over all grains. The delivation is accomplished through replacing 
in Equation (12) the average of the ( n + 1 )-power tensorial product of the synunettic 
Schmid tensor sfr}l by the ( n + 1 )-power tensorial product of its averages; that is, for the 
case n = 3 (say): 

S(g) s<g) s<gl s<gl s- s- s- s-
(ij) (kl ) (pq) ("') => (ij) (kl) (pq) (rs ) · (1 3) 

Nevertheless, the validity of Equation ( 13) is ce1tainly questionable. Indeed, Thorsteins
son et al. (1997) applied both models (Sachs' and Azuma's) to account for effects of 
anisotropy in the ice extracted from the Dye 3 borehole, in Greenland and, as expected, 
sensible differences between the two approaches were obse1ved, even though the authors 
could not identify which model had the best performance. They concluded also that no 
model was able to desclibe well the strain rate enhancement at Dye 3, and to justify the 
discrepancies (of~ 25%), they replaced the rate factor A in Equations (8) and (12) by 

AT= A (1 +f)' 
c 

J=
d 

(14) 

where f is a phenomenological impurity factor depending in the most trivial manner on 
the impurity content C and grain size d. 

The weakest point in Azuma- Goto-Azuma's model (Azuma and Goto-Azuma, 1996) (as 
well as in its adaptations) is its inability to describe fabric evolution. A more sophis
ticated mechanical model for ice, capable also of describing fabiic development, was 
proposed by Castelnau and eo-workers (Castelnau et al., 1996a; Castelnau et al., 1996b; 
Castelanau et al. , 1997; Castelnau et al., 1998) through adaptation of the so called visco
plastic self-collsistent approach (VPSC) developed for metals by Lebensohn and Tome 
(1993). In this method, both stress equilibrium and strain compatibility among neigh
holing grains tend to be satisfied in a recursive manner. Each grain is assumed to be an 
inclusion embedded in an homogeneous matiix, which ought to represent an averaging of 
the polyciystalline environment. Hence, neither the stress nor the strain are constrained 
to be the same for all crystallites. 

Despite the natural superiority of the VPSC approach in comparison with simpler methods 
of homogenization of the microstructural behavior, some shortcomings still persist. For 
instance, the method requires the postulation of a constitutive equation for the response 
of the individual grains, and consequently, appropriate values for all the microscopic pa
rameters involved in this equation must be determined, and in such a way as to provide 
physically acceptable results at the microscopic as well as the macroscopic levels. In par
ticular, a critical point is the stipulation of the yield shear stress for each slip system. In 
the case of ice, the best fits of expe1imental data suggest a resistance to glide in non-basal 
planes 70 times greater than in the basal plane (Castelanau et al., 1997; Castelnau et al., 
1998). Although this sounds tolerable for the case of prismatic slip (as co111111ented before, 
the obse1ved resistance of ice single c1ystals to hard glide is more than 60 times higher 
than for easy glide (Duval et al., 1983; Lliboutry and Duval, 1985)), the contribution of 

,. 
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pyramidal slip to the polycrystalline deformation would be inadmissibly high: about 9%. 
This is rather unphysical, since the occuJTence of pyramidal slip in polycrystall ine ice is 
supported neither by theory nor by experiment (De la Chapelle et al., l 998; Hondoh et al. , 
1990). The probable reason for this unwanted result is the limited number of deformation 
mechanisms presently available in the YPSC: it considers only gliding on crystallographic 
planes, being therefore incapable of treating adequately intrac•ystalline inhomogeneous 
defom1ation (kink and defom1ation bands, polygonization, etc.) as well as recrystalliza
tion and intergranular interactions, which are all likely to occur in ice (Wilson and Zang, 
1996; Mansuy et al., 2000; Goldsby and Kohlstedt, 1997). 

In order to account for this fault, even more sophisticated (and complex) descriptions 
of microstmctural processes occmTing in ice have been recently addressed. For instance, 
Meyssonnier and Phi lip (2000) have utilized fin ite elements simulations. Jn this case, each 
c•ystal is treated as a continuum, and complex inhomogeneous grain deformations can be 
simulated without violation of either strain compatibility or stress equilibrium. Due to 
its complexity, however, only a two-dimensional array with a little more than thousand 
grains was considered. 

4 Modeling induced anisotropy: macroscopic models 

Conunon to all approaches discussed above is the fact that they constitute discrete models 
which reckon the polyc•ystal as an aggregate of a fini te number of grains. The advantage 
of such discrete models is, of course, the potential accuracy of description: each grain of 
the polycrystal is individually considered. The consequential disadvantage is that they can 
handle only with small an1ounts of ice, since the required storage capacity and computa
tional time tend to increase strikingly with the dimensions of the aggregate. In resume: 
they are definitively not suited for modeling the dynamics of large glaciers and ice sheets. 
ln such cases the best alternative is to resort to a macroscopic continuum description, able 
to keep somehow the microstructural anisotropy of the medium. 

One model of this so1t has been proposed by Ll iboutry (1993, 1987). He considered that 
the stress acting on every crystallite was the same (Sachs' hypothesis), assumed also that 
each grain defonns only by basal glide and introduced for them the dissipation potential 

( 15) 

where x; and t denote position and time, respectively, n; is a unit vector parallel to the 
c-axis of each c•ystallite and Tn is the respect ive resolved shear stress on the basal plane, 
while k1 and k3 are constants. For a given prescribed fabric, the model is suitable to a 
homogenization procedure tlu-ough averaging of tlus potential over the whole polycrys
talline volume, and so to obtain a three dimensional ani sotropic generalization of Glen's 
flow law of the polynomial type, which contains a linear dependence on stress (and there
fore viscous Newtonian behavior) in addition to the usual cubic dependence of Glen's 
law. The greatest weakness of this theory, as with previous ones, is that it deals only with 
a static, prescribed fabric, being unable to determine its evolution. 

To overcome this problem two other approaches to describe the induced anisotropy of 
ice were proposed seven years ago by Meyssonnier and Phi lip (1996) and Svendsen and 
Hutter ( 1996), through consideration of a cont inuous statistical distribution of c•ystallo
graphic orientations within the polyc•ystal. The microstmctural variable adopted in both 
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works was a typical measure of anisotropy in complex media, namely, an orientation 
distribution function (ODF, see e.g. Kocks et al. ( 1998)) whlch gives the frac tion of 
crystallites whose c-axes are direc ted towards every pruticular orientation in space. 

It should be remarked that using a macroscopic continuum theory based on the concept 
of an orientation distribution function demands to regard each representative point of the 
body in the model as an assemblage of an "infinite" number of crystallites in order to 
ensure continuity to the OD F. This requirement is the so-called comilllmm hypothesis and 
it is trivially satisfied for the lru-ge ice masses in Greenlru1d ru1d Antarctica, since their 
dimensions (> 106 m)5 are by fru· much larger than the typical grain sizes in ice sheets 
(~ w-3 m). 

Meyssonnier and Phi lip ( 1996) employed a simpler version o f the VPSC model already 
discussed, by regarding each ctystallite as a continuous transversely isotropic medium. 
Instead o f treating the polyctystalline body as an aggregate of individual grains, they used 
the ODF to detennine the fabric evolution. However, in order to simpli fy the calculations, 
only Newtoniru1 viscous behavior for the grains was considered. An even more simpli
fied vers ion o f the Meyssonnier-Philip model was recently presented by Gagliardini and 
Meyssonnier ( 1999) and Gagliardini (2000), with the aim at a numerical implementation 
to simulate ice sheet flow. 

On the other hru1d, Svendsen and Hutter (1996) treated ice as a rigid-elastic non-linear in
e lastic material, and utilized the conventional formalism of continuum mechanics (Tmes
dell and Noli , 1965; Tmesdell and Toupin, 1960) to derive the fundrunental equations 
of their model. They used a dissipation potential for the entire polycrystal (whlch was 
regru"ded as a transversely isotropic material) of the fonn 

( 16) 

where T is the absolute temperarure, t;; is the deviatoric stress tensor and A;; is ru1 ad
ditional tensor measuring the degree of transversal isotropy: the second moment of the 
ODF, named by different authors alignment, confomwtion, anisotropy or also structure 
tensor (Larson, 1988; De Gennes and Prost, 1993) 

A;; (x;, t) = J A;; (x;, n;, t) f' (x; , n; , t) rfn, ( 17) 

s> 

where f' is the ODF, n; is a unit vector pru·allel to the c-axis of each crystal lite and the 
integration is perfonned over the whole range of orientations S 2

. 

A common shortcoming of these two theories is that both reckon the polycrystalline ice as 
a traJlsversely isotropic medium, hence restricting the fabric to remain axially symmetric; 
in other words, if one represents the unit vector n ; in spherical coordinates (0, cp), the 
dependence of the orientation distribution function f' is constrained to vruy only with the 
latitude 0 and not with the longitude cp. 

The trMsversal isotropy of ice is in fact typical only of single crystals, and it cannot be 
taken for granted a priori for polycrysta ls. Hence, to overcome this problem, Svendsen 

scomparc with lhc usual dimensions of common conlinuous bodies (> 10- 2 m) and their constiiUcnl 
molecules (> 10- 10 m) 
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and Hutter ( 1996) suggested to introduce into the functional dependence of w in Equa
tion (16) other stmctural tensors thereby being able, following Boehler ( 1987), to take 
into account other kinds of anisotropies. A different and even simpler approach to ac
count for diverse anisotropies was suggested by G&le11 and Hutter ( 1998) by employing 
a homogenization technique similar to that used by Lliboutry (1993). They assigned a 
dissipation potential to each grain in the form of Equation (1 5) and, using the ODF as a 
statistical disuibution (see e.g Huang, 1987), they proposed the dissipation potential for 
the entire polycrystal to be 

w (xi, t) = J w' (xi , ni, l) !' (x;, n;, t) d2n. (18) 

$2 

This ldnd of connection between the microscopic and the macroscopic level is used sys
tematically by the authors, e.g. for the structural tensor as in Equation (17); besides, on 
the polycrystalline level, no compromise is made in this model with the degree of material 
anisotropy, which is g.iven by the eigenvalues of Aii, viz . .\ ~> .\2 and .\3 as follows 

.\1 =f .\2 =f .\3 =f .\1 ==> 011hotropic behavior, 

.\1 =f .\2 = .\3 ==> transversally isotropic behavior, 

)q = .\2 = .\3 ==> isotropic behavior. 

Recently, the same authors (G&Iert, 1999; G&lert and Hutter, 2000) (motivated by the 
ideas of the VPSC approach (Castelnau et al., 1996b)) introduced interactions among 
neighboring grains and implemented their model numerically in a coupled finite element
finite volume scheme. Comparisons of the results of their model with the GRIP ice-core 
data and the predictions of the VPSC were performed. Curiously, in spite of the fact that 
G&lert (1999) and G&lert and Hutter (2000) employed simply a linear (i.e. Newtonian) 
viscous relationship between stress and strain rate for basal slip, they showed that their 
model could fit better the GRIP data than the non-linear VPSC method. 

A purely phenomenological approach to anisotropic ice dynamics, which ignores any mi
cromechanical processes and microscopic interactions at the grain level, was proposed 
in a series of papers by Morland and Staroszczyk (Morland and Staroszczyk, 1998; 
Staroszczyk and Morland, 1999,2000a,2000b,2001). The fundamental idea behind this 
theory lies on the expectation to obtain a sketchy picture of the anisotropy of the polycrys
tal from its installlaneous state of deformation (Figure 4), without any explicit reference 
to fabric or grain sizes. More precisely, the model is based on the flow law 

where t is Cauchy stress deviator, H 1 and H A are respectively the isotropic and the 
anisotropic part of the material response, D is a modified strain rate tensor, B is the 
right Cauchy-Green strain tensor and M (r) are the three structural tensors that take into 
account the anisotropy, and are related to principal directions of B. Hence, whenever 
B = I (i.e., no instantaneous deformation), the material response is isotropic. The as
sumption that the evolving anisotropy does not depend on the deformation histOiy ensures 
the straightforwardness of the model, but it implies also unpleasant consequences, like the 
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Figure 4: Cubic sample subjected to an arbitrary cyclic deformation. The panels show 
material planes arranged diagonally, with their respective normal vectors. At the initial 
configuration, the orientational distribution of planes is assumed isotropic. During de
fomwtion, an anisotropic distribution of normal vectors is induced, bur at the end of the 
cycle this distribution becomes isotropic again, as the final configuration turns identical 
to the initial one 

reversibility of the induced anisotropy (see Figure 4). In fact , accord ing to the Morland
Staroszczyk model, described by Equation ( 19) and Figure 4 , an initia lly isotropic sample 
of ice, def01m ed by any cyclic process (of shear, compression/extension, etc.), such that 
B = I at the fi nal configuration, would manifest again an isotropic mechanical behavior. 
This does agree neither with experience nor with the mechanisms of basal s lip depicted 
in (Figure 3). 

Of course, the supposition of a direct coiTelation between polycrystalline deformation 
and induced anisotropy is not new, it can be traced back at least to the early model of 
Azuma and Higashi ( 1985). The d ifference is that, in this phenomenological approach, 
no compromise with microscopic mechanisms is assumed. Furthem10re, recrystalliza
tion processes have been later included in the Morland-Staroszczyk model (Staroszczyk 
and Mori and, 200 1), but through an a.1ific ial mechanism: a smooth scaling function, de
pendent on temperature and on the second inva.iant of strain rate (not strain!), which is 
unity for low strain rates and falls off above a critical strain rate towa.·ds zero, render
ing the medium isotropic again. T he combination of simplicity and flex ibility found in 
this model is in fact its greatest attractiveness, but also its principal weakness. While 
it presents itself as a suitable approach to model ice sheet flow with comparatively low 
computational costs, it is in fact physically feeble: the microscopic processes occuiTing 
within the ice- includi ng changes in grain size and shape, as well as in the fabric itself 
are all ciyptically subsumed in rheological coefficients, in a way somewhat similar to the 
case of the pre-exponential coefficient A of Glen's law (Equation ( I)) 
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Interpretation of tracer tests through a subglacial channel 
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The morphology of the subglacial drainage system controls the distribution of basal water 
pressure and the residence time of meltwater in a glacier (Rothlisberger and Lang, 1 987). 
The major portion of meltwater from an alpine glacier is drained through englacial or 
subglacial conduits which are formed during the ablation period. The geometry of such a 
conduit is governed by two opposing processes: enlargement by melting due to frictional 
heat and creep-closure by ice defonnation (Rothlisberger, 1972). 

Tracer experiments have made a major contribution to the understanding of water flow 
beneath glaciers (Rothlisberger and Lang, 1987) and have been used to detennine the 
stmcture of subglacial drainage systems. The relationship between discharge Q and ve
locity v has been employed in previous studies (i) to infer whether subglacial drainage 
occurs in pressurized conduits or in open channels and (ii) as a measure of system size 
and resistance (e.g., Hooke et al., 1988; Seaberg et al., 1988; Hock and Hooke, 1993; 
Kohler, 1 995; Fountain, 1993; Nienow et al. , 1996). 
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Figure I: Time series of tracer concenu·ation resulting from succeeding injections of Su/
forhodamine B. The experimellt covers one entire diu mal discharge cycle in August 2000. 

A main characteristic of nmoff from a glacier is its pronounced variability of water dis
charge on seasonal and diurnal timescales. In addition , the drainage system adjusts to 
prevai ling hydraulic conditions. Since the vQ-relationshi p is detennined by the geometry 
of the system, it is therefore evident that interpretations of flow conditions are invalid if 
they were made from tracer tests conducted over a time interval long enough to allow sys
tem evolution. Values obtained from tracer tests through a conduit whose geometry varies 
with time would appear in a vQ-plot as a curve whose exact position and shape would be 
a function of the instantaneous state of the system (Kohler, 1995). Thus, multiple tracer 
injections at the same location have to be conducted in quick succession to provide a 
snapshot of the curve (Collins, 1982; Fountain, 1993; Kohler, 1995; Nienow et al. , 1996). 

Series of tracer tests were undertaken at Unteraargletscher, Switzerland, over a number 
of diumal discharge cycles during the ablation season 2000. Dye injections into a moulin 
were repeated at intervals of a few hours and were accompanied by simultaneous mea
surements of discharge of supraglacial meltwater draining into the moulin and bulk JUnoff 
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in the proglacial stream. The measurements reveal a large diurnal variability in terms 
of transit velocity and tracer dispersion (Figure I). Ftnthermore, the obtained velocity
discharge relationship displays a pronounced hysteresis, thereby inhibiting the inference 
of a simple functional vQ-relationship (Figure 2). 

A numerical model was used to investigate the observed vatiations of transit velocity. 
Basically, the model describes transient discharge of water through a subglacial conduit, 
the size of which is controlled by the two opposing processes of melt-enlargement and 
creep-closure (Ciarke, 1996; Nye, 1976). This model was discretized for a simpli fied 
geometry representing Unteraargletscher. With a prescribed discharge function which 
was based on the observed hydrograph, the system of equations was solved for each time 
step. 
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Figure 2: The pattern of the velocity-discharge relationship derived from series of dye 
injections in August 2000. The points are numbered according to the chronological order. 
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Figure 3: Velocity-discharge relationship derived from mode/ed drainage through a R
channel. 

The modeling results show that the evolution of the conduit geometry responds to the 
discharge cycle with a delay of ,...,6 h, such that the conduit is larger during falling than 
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during rising discharge. In consequence, the flow velocity of the water is higher on the 
ris ing than on the fall ing limb of discharge thereby displaying a hysteretic vQ-relationship 
(Figure 3). 

Hence, the ability of a Rothlisberger channel to adjust its size to the prevailing hydraulic 
conditions contributes to the hysteresis of the observed velocity-discharge relationship 
(Schuler, 2002). 
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Ice coring in polar regions 

Bernhard Stauffer 

Physics lnstitllfe, Climate and Environmental Physics, 
University of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland 

The third dimension of glaciers and ice sheets have always been of great interest for 
glaciologists. First attempts to mechanically bore into glaciers for thickness measure
ments have been perfonned in Switzerland already in 1842, but deep core drillings in 
polar regions began only around 1950. In 1956 a core drilling to 411 m depth with full 
core recovery was accomplished at Site 2 in Greenland. The first ice core to reach bedrock 
in 1387 m depth was drilled 1967 at Camp Century in Greenland. In 1968, an American 
team reached bedrock at a depth of 2037 m at Byrd Station. 

The main goals of these first core drillings have been to get information about the stratig
raphy of fim and ice, the physical properties and the thickness of annual layers in order 
to understand the flow of ice sheets. The first continues analyses of the polar ice core 
from Site 2 is repo11ed by l..angway (1967). He investigated the stratigraphy including 
the evolution of air bubbles and measured already stable isotope ratios and chemical con
centrations. The stable isotopes were measured to identify annual layers. While Chet 
Langway predicted at this time that polar ice could be used to study the atmospheric 
chemistry of the past, he was waming about using the results for climatology, because an 
ice core would be only a local spot measurement at its best. 

However, with more core drillings in Greenland and Antarctica it became obvious that ice 
cores contain, despite the correct warning, a wealth of infom1ation about the regional and 
global climate and Chet Langway became, together with Willi Dansgaard, Hans Oeschger 
and Claude Lorius, one of the pioneers of ice core research with the focus to understand 
global climatic changes. 

The investigation of the ice structure and of flow parameters remained one main pur
pose of future core drillings, but the information about past climatic changes and their 
mechanisms gave the core drillings and analyses a new perspective and also an additional 
motivation for more drillings. 

The Greenland ice sheet was drilled again to bedrock at Dye 3 in 1981 by an US-Danish
Swiss team. The core provided the first evidence for fast climatic changes during the 
glacial epoch but so close to the bedrock, that a confirmation was urgently needed. The 
European Greenland Ice Core Project (GRIP) reached 3028 m at the Greenland Summit 
in July 1992 and the US GISP-2 project, drilling 28 km west of GRJP, reached bedrock 
in 1993. The most spectacular drilling in Antarctica was started by Russia at Yostok 
and was later continued in a collaboration with France and the US. 1t reached finally a 
depth of 3623 m in 1998. The ice at the bottom of the hole is about 420,000 years old. 
The analyses of all these cores provided a wealth of interesting and partly absolutely 
unexpected results about the mechanisms of global climatic changes. A few of these 
results shall be summarised in the following. 

• Air in the bubbles of ice from very cold locations has the same composition as the 
atmosphere at the time of ice fom1ation. The analyses of air extracted from polar 
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ice cores is, therefore, the most straight forward method to reconstmct the atmo
spheric concentrations of greenhouse gases and their vruiations in the past. Due 
to such measurements the pre industrial concentration of the three most important 
greenhouse gases (aprut from water vapour): C02, CH4 and N20 and their steady 
increase dming the past 300 years are known. Ice core results provided also the 
first evidence of a substantial increase of the concentration of the tlU'ee gases during 
the transition from the last glacial epoch to the Holocene. Additional investigations 
showed that there is a close connection between climatic changes ru1d changes of 
the atmospheric concentration of greenhouse gases in the past. 

• Results from the Dye 3 core suggested that there have been several drastic climatic 
changes during the last glacial epoch. The mild phases interrupting the g lacial 
lasted in the order of thousand yeru·s and are called Dansgaru·d/Oeschger events. 
The cores from GRlP and GISP-2 confumed these vru·iations, and revealed that the 
temperature increase of up to l6°C occun·ed in less than a century. 

• Such d rastic and fast variations are only observed in Greenland, but not in Antarctic 
ice cores. The question was, whether these fast variations would not be an inter
esting but local climatic phenomenon. Detailed methane analyses could answer 
this question. Methane was produced in pre industrial epochs mainly by wetlands. 
Due to the long residence time and the fast mixing time of methane in the atmo
sphere, its atmospheric concentration shows locally only small variations. Dans
garu·d/Oeschger events ru·e accompanied by lru·ge variations of the methane concen
trations, observed in both, Greenlru1d and Antru·ctic ice cores. The main sources of 
methane are the tropics and mid latitudes. Dru1sgaru·d/Oeschger events aJ"e, there
fore, climatic events of a g lobal significance. 

• The methru1e vru·iations observed in Greenland and Antarctic ice cores allowed also 
to synchronise the age scales of ice cores from both hemispheres. This synchro
nisation showed that there is a ce1tain asyirunelly between climatic changes in the 
No1th and in the South. The deep water fom1ation in the N01th Atlantic and the 
them1ohaline circulation of the ocean provide a possible explanation for this be
haviour. However, more information about the detailed evolution of the climate 
during changes in both hemispheres ru-e needed. For this purpose new core drillings, 
especially in AntaJ"ctica aJ'e needed. 

Europe launched in 1995 a lru·ge intemational project, the European Project for Ice Coring 
in Antru"Ctica (EPICA), with the goal to perf01m two deep drillings in Antarctica. The 
first deep drilling was struted at Dome Concordia. After difficulties at the beginning, 
the diilling reached a depth of 2870 m in January 2002. The ice at this depth has an 
estimated age of 500,000 years and is the oldest ice ever recovered by a deep drilling. 
The second diilling started last season at Kohnen Station in Dronning Maud Land and 
reached a depth of 450 m. From both ice cores m-e ah-eady interesting results avai lable. 
Some of these results and the status of drilling at the end of the 2002/03 season will be 
presented at the symposium. 
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What have we learned about glacier surges? 

Martin Truffer 

Geophysical Institute, University of Alaska, 
Fairbanks, AK 99775-7320, USA 

A neurologist who wants to learn something about the brain will often strut by looking 
at effects of brain injuries. Similarly, g laciologists get excited about surging glaciers, be
cause they are not acting "normally", and hopefully the anomaly will teach us something 
about "nonnal" glacier behavior. 

Meier and Post (1969) were the first to properly define the problem of surge-type glaciers, 
and this initiated more detailed scientific study. Systematic glaciological programs were 
maintained on only two glaciers, Medvezhiy Glacier in central Asia (e.g. Dolgushin and 
Osipova, 1975), and Yruiegated Glacier in Southeast Alaska (e.g . Kamb and others, 1985; 
Raymond and Hanison, 1988). Raymond ( 1987) summarized the state of knowledge at 
this time, ru1d his article remains the best review on surging glaciers. HruTison and Post 
(2002) review more recent developments, putting special emphasis on the imp01tance of 
the role of subglacial till , and our ignorance about it. 

Rather than reviewing prior reviews, I will outline a somewhat random, but interrelated, 
series of questions that are important or at least interesting. The order in which they're 
posed is not meant to indicate priority. 

Is a till bed necessary for a surge? 

Post's (1969) observations indicate that surge-type glaciers occur in areas of easily erod
able bedrock, such as along tectonic boundruies. The only direct observations of the 
glacier bed showed several meters of subglacial till. We hypothesize that a till bed is 
a necessary (but not sufficient) condition for surging to occur. The rheology of till is 
a somewhat contentious issue, but there are some good indications that its behavior is 
highly non-linear or ideally plastic. This means that rapid basal motion becomes possible 
once a critical basal shear stress is reached and till fails on a large scale. Large scale till 
fai lure can transfer sufficient stress to the margins to induce fai lure of the ice and create 
shear mru·gins; the glacier surges. 

Why don't all glaciers surge (or at least all till based ones)? 

A glacier surge requires a situation where faster basal motion helps maintain high basal 
water pressure. This is possible if the hig h rates of basal motion destroy existing water 
pathways ru1d prevent subg lacial water from escaping. The commonly observed floods 
at surge tennination occur when the amount and pressure of water is finally capable of 
forcing its way through the fast-moving subglacial environment. This event can be helped 
by high surface water input, caused by high melt rates or rain stom1s. It is not clear, why 
some glaciers are subject to this instability and others are not. Robin and Weertman ( 1973) 
thought that a big enough gradient in basal shear stress could create a dam for water. Such 
a gradient was not obse•ved on Vru·iegated, however (Raymond, J 987). A possible ru1swer 
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to this question is that a glacier must be able to evolve to a geometry that produces high 
enough basal stresses to induce large scale till failure. In general, the non-linearity of ice 
flow prevents such a build-up. High stresses are only created if the glacier geometry is 
such that flow is impeded. This hypothesis is attractive for the surge-type glaciers along 
the Denali Fault, which often have a tributary that is more active in the quiescent phase, 
and acts as a dam of the main branch. The main branch then builds up, and that's where 
the surge initiates. 

How does the plumbing system in a till-bedded glacier work? 

Kamb 's ( 1987) work did an admirable job at describing the subglacial drainage system 
in a bedrock setting. Unf01tunately, it does not discuss subg lacial till, which seems to 
be something that's here to stay and needs to be dealt with. Presumably, similar shifts 
between fast and slow drainage systems can take place in hard and soft bed settings. 
Neve11heless, a consistent theory of water flow through subglacial till is missing. This is 
no easy task: relevant processes include piping, diffusion, and flow at the ice-till and at the 
till-bedrock interface. Walder and Fowler's ( 1994) work on "canals" should be considered 
a first step in that direction. 

How do glacier surges initiate? 

Two observations bear on this question: the quasi-periodicity of glacier surges and the 
common initiation in early winter. Eisen and others (200 1) showed that the surge period 
of Variegated could be hindcasted simply by looking at the mass balance record of a point 
high on the glacier. They found that the glacier surged when it reached a critical cumu
lative balance at that point. This explained why some surge cycles of Variegated Glacier 
were shorter than others. The initiation in winter is a more difficult issue. Presumably a 
glacier will only go into a surge when the sub glacial drainage system cannot effectively 
drain any water. This is the case starting in late summer, after tem1ination of glacier melt, 
and continues until the following spring. It is a common obse•vation that a valley glacier 
will react to water input in spring with a temporary increase in speed, and it might be eas
iest to think of a surge as a spring speed-up that went bad. It is therefore a bit mysterious 
why surges often initiate in early or mid-winter. Another possibility is that a glacier very 
close to the surge state, can exceed a critical stress limit simply because of the additional 
snow load. 

The crevasse patterns 

Shear margins could be used as a defining feature of a surging glacier. Typically a glacier 
has lateral crevasses pointing at a 45° angle upglacier, indicating brittle failure in tension. 
It could be illuminating to study at which point ice will fail under shear. Quite possibly 
tltis is what initiates a tme surge. A surge breaks a glacier into blocks, even though the 
plug-type flow pattern should produce small strain rates over most of the glacier. The 
typical size of these blocks and the crevasse pattems might pose an interesting topic for 
study. 
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The dynamics of calving glaciers 

Andreas Vieli 

School of Geographical Sciences, University of Bristol, 
University Road, Bristol BSBJSS, UK 

Observat ions of present calving glaciers and records of past glacial expansion show that 
grounded calving glaciers can undergo rapid unstable changes (Meier and Post, 1987) 
and therefore their dynamical behaviour, in the context of climate change, is of great 
interest. ln the early 1980s, after a longer stable phase, Columbia Glacier started to retreat 
rapidly. Due to the threat the strongly increased iceberg production posed to oi l tankers 
en route to the ports of the Alaska Pipeline, scientific investigations were undet1aken on 
the dynamical behaviour of Columbia Glacier and grounded calving glaciers in general. 

Based on data from 12 Alaskan glaciers, Brown and others ( 1982) proposed a linear rela
tionship between calving rate and water depth. On the basis of this empirical relationship 
an accelerated retreat was expected, when for some reason the terminus would start to 
retreat into deeper water. This has been observed for several grounded calving glaciers 
and suggests that these glaciers undergo cycles of rapid retreat and slow advance through 
a basal overdeepening (Meier and Post, 1987). Investigating the expected retreat of Un
teraargletscher (Switzerland) ending in a planned new reservoir, Funk and Rothlisberger 
(1989) also found a linear relationship between calving rate and water depth for glaciers 
calving into freshwater. However, for a given water depth the calving rates are an order 
of magnitude lower. 
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Figure I: Mode/led surface evolution of a 'synrhetic' grounded calving g lacier during a 
rerrear rhrough a basal overdeepening. The rime interval between rwo surface profiles 
is 50 years. The dashed line is the starting surface. The rop of the bedrock hill and the 
deepesr point in the basal depression are indicared by A and B , respecrively. 

On the basis of the observations from Columbia Glacier, an alternative treatment of calv
ing is suggested by the flotation model (Van der Veen, 1996). In this model the temlinus 
of the glacier always retreats to the position where the ice thickness exceeds the flotation 
height by a certain amount. This implies that the part of the terminus that comes too close 
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to flotation calves off because the ice can no longer resist the buoyancy force. The final 
detachment is probably due to additional weakening of the ice by bottom crevassing when 
flotation is approached (Van der Yeen, 1998). The high flow velocities and strong tempo
ral variations typically observed on grounded calving glaciers suggest that basal sliding is 
an important control on the front position. 

In order to understand the dynamics of grounded calving g laciers, it is not enough to indi
vidually investigate the processes involved, such as iceberg calving at the terminus, basal 
sliding or glacier flow, because they undergo strong interactions with each other. We 
therefore investigate the dynamics of grounded cal ving glaciers with a time-dependent 
numerical flow model (Yieli and others, 200 I), which allows the coupling of the relevant 
processes. This model solves the full equations for stress and velocity fields along a flow
line and calculates the evolution of the glacier surface for a given mass-balance scenario. 
Basal sliding is implemented through a water-pressure dependent sliding parameteriza
tion and calving through the flotation model, in which the calving front is shifted at each 
time step to the position where the frontal ice-thickness exceeds the flotation height by 
a prescribed value. In contrast to previous modelling approaches, here the calving rate 
is an output of the model. Forcing the model by a change in mass-balance, the advance 
and retreat of a 'synthetic' grounded calving glacier through a basal overdeepening are 
calculated. As an example, in Figure I the evolution of the glacier surface is shown for a 
retreat through a depression in the glacier bed. 

These calculations show that by using a flotation model, we are able to reproduce the 
generally observed rapid retreats and slow advances through basal depressions. In ad
dition, the linear relation between calving rate and water depth proposed on empirical 
grounds (Brown and others, I 982) is qualitatively reproduced for the situation of a slowly 
retreating or advancing tenninus, but not for situations of rapid changes (Fig. 2). The 
model calculations further show that rapid changes preferably occur in places where the 
bed slopes upwards in the direction of ice flow. 
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Figure 2: Mode/led cal ving rates (corresponding to the experiment in Figure I) plotted 
against water depth. Each cross or diamond corresponds to the calculated values for a 
time step of one year. The numbers denote the time evolved in years. The diamonds mark 
periods of rapid front position changes. 

Treating calving using the flotation criterion implies that the calculated rates of advance 
or retreat are primarily controlled by changes in sutface elevation and flow velocity in 
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the tenninus region, and therefore the magnitude of the retreat and calving rate itself is 
a result of glacier dynamics, and not vice versa. The surface evolution in the tem1inus 
region is strongly affected by the underlying basal topography and therefore, as the model 
results clearly show, length changes of calving glaciers, i.e. especially rapid changes, are 
mostly an effect of bed topography rather than a d irect reaction to changes in climate. 
However, long-tenn thinning due to a change in climate, and therefore in mass balance, 
is the triggering process for such rapid changes. 
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Figure 3: Modelled (solid line) and observed (crosses) front positions of Hansbreen along 
tile flowline shown wit!J time. 

Figure 4: Calving front of Hansbreen in Spitsbergen. Tile notch melted out at tile wa
terline extended all along tile calving face and persisted throughout the entire melting 
season. The photograph was taken allow tide in July 1998. 

The same numerical model has now been applied to simulate the retreat of Hansbreen, 
a small, slowly flowing tidewater glacier in Spitsbergen (Vieli and others, 2002). For 
this glacier, detailed front position records exist since 1982, which show a general slow 
retreat of 22 ma- 1 and a 'jump' in retreat of about 250m in 1990/91 through a small 
basal depression (Fig. 3). The model is able to reproduce the observed abmpt retreat 
of Hansbreen, and supp011s the idea that this abrupt retreat is govemed by buoyancy in
duced calving, and therefore is mainly an effect of the overdeepening in basal topography. 
During periods of slow retreat, calving seems to be controlled by a different mechanism 
than buoyancy induced calving, and clear seasonal variations of the front position occur 
(Fig. 3). During summer, the calving process is do1ninated by the break off of small, thin 
ice lamellas from above a notch, which is melted out at the waterline by wave erosion and 
submarine melting (Fig. 4). In contrast, during winter, calving rates are observed to be 
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close to zero. Thus, for Hansbreen during periods of slow reu·eat, melting at the waterline 
seems to be the triggering mechanism for calving. 

The role of subaqueous melting at the calving face is still poorly understood and has to the 
present day mostly been neglected, because the total mass loss by melting was expected to 
be small compared to the mass loss by calving. The example of Hansbreen, and also a new 
study from fast flowing LeConte Glacier in Alaska (Motyka and others, 2002) for which 
submarine melt rates of I 2 m a- 1 are estimated, indicate the importance of subaqueous 
melting in controlling the front position of calving glaciers. 

In summary, the model studies show that using a flotation model for calving leads to a 
reasonable dynamics of grounded calving g laciers, and that rapid retreats are mostly an 
effect of basal topography, and not a direct response to a change in climate. Long-tem1 
thinning due to a change in climate is only the trigger for such rapid changes. However, 
the physical mechanism behind the flotation model and the process of calving in gen
eral are still poorly understood and need to be further investigated, including the role of 
subaqueous melting in the process of calving. 
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