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.

“Ungasissumut pisoreerlutit nikeriaqqinnissannut

nukissaaruttutut misigisimaguit, taava

pisinnaasavit affaannaa aqqutigisimavat.1”

Greenlandic proverb.

1When you have gone so far that you can’t manage one more step, then you’ve gone half the distance that

you’re capable of.





Preface

This publication consists of two parts: (1) a description of the englacial temperature regime

in an alpine glacier and (2) investigations on the ice dynamics at the margin of the Green-

land Ice Sheet (GrIS). An important aspect of this work is the treatment of the dynamics

of so-called polythermal ice. An ice body is called polythermal if zones of temperate ice at

the pressure melting temperature (PMT) coexist with zones of cold ice (below the PMT)

which are separated by the cold-temperate transition surface (CTS). Sound knowledge of

the thermal structure of glaciers and ice sheets is crucial for modeling their future evolution,

as temperature strongly influences ice viscosity, and therefore ice deformation patterns and

mass flux. In addition, zones of cold ice affect glacier hydrology by blocking meltwater fluxes,

which are limited to discrete flow paths in cracks and channels. In the first part of this work

the 3D-polythermal structure of Gorner-/Grenzgletscher (Zermatt, Switzerland) was investi-

gated based on 30 MHz helicopter-borne ice radar soundings and vertical temperature profiles

from 15 boreholes. Cold ice extent was mapped by delineating low-backscatter zones, and a

quantitative analysis of radar signal power was used to infer the liquid water content of the

ice close to the CTS. The inferred thermal structure was validated with temperature mea-

surements in the boreholes, showing excellent agreement. The cold ice which emerged at the

surface in the lower ablation zone was impermeable to water and thus devoid of moulins, and

surface melt water was routed through deeply incised, persistent streams. The thermal and

surface hydrological characteristics of Grenzgletscher were found to be caused by the same

processes as those controlling Arctic glaciers and the marginal zones of the Greenland and

Antarctic ice sheets. A better understanding of polythermal alpine glaciers could therefore

significantly advance the understanding of processes controlling the evolution of the polar ice

sheets, with a much-reduced logistical effort. The second part deals with the marginal zone of

the GrIS. The GrIS is losing mass at a rate of 100–200 Gt/a through increased surface melt,

peripheral thinning and accelerated flow of outlet glaciers, thus contributing 0.3–0.6 mm/a to

global sea level rise. While a consistent explanation of the unprecedented, almost simultane-

ous acceleration of several large outlet glaciers is emerging, the situation is less clear for the

observed mass loss of the slower-moving marginal areas. Ice deformation and basal motion

characterize the dynamical behavior of the GrIS. The ice dynamics of these temperate-based,

slow-moving areas are highly susceptible to the timing and amount of meltwater discharge

to the base of the ice sheet, leading to major and widespread flow acceleration in summer.

Routing of surface melt water to the base of the ice sheet affects the local subglacial water

pressure, leads to short-term variations in ice-bed coupling and ice flow velocity, and thus

affects mass transport and ice sheet geometry in the ablation area. Since the number of melt

days and the area affected by surface melt in summer have increased substantially over the last

decade, concerns have arisen about the feedback of faster mass transport from the ice sheet’s

interior to low elevations, more meltwater production, and therefore increasingly rapid mass

loss from the ice sheet periphery. This study was performed in a joint effort with research

partners from the USA: Ginny Catania (University of Texas, Austin, TX), Robert Hawley
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(Dartmouth College, Hanover, NH), Matthew Hoffman (Los Alamos National Laboratories)

and Thomas Neumann (NASA Goddard SFC, Greenbelt, MD). The main contribution of

this work was designing, collecting and processing in situ measurements in 700–800 m deep

boreholes to the bed at two sites along a flowline in the ablation area downstream of Swiss

Camp (West Greenland). A sustained high amount of basal motion amounting to 70% of

surface velocities in winter, and up to 90% in summer could be inferred from measurements

in the boreholes. Such high values and associated unusual ice deformation profiles were unex-

pected and are explained, using an ice flow model, as the result of stress transfer from areas

with a weak base to areas with a strong base. This effect necessitates the use of high-order

ice flow models, not only in regions of fast-flowing ice streams, but in all temperate-based

areas of the GrIS. Current understanding of ice dynamics predicts that increasing availability

and variability of meltwater will have a major impact on basal motion, and therefore on the

evolution and future behavior of the GrIS. Measurements of ice deformation and subglacial

water pressure show periodic and episodic variations on several time scales. These variations,

observed by sensors at different depths throughout the ice column, are not synchronous but

show a delayed or even anti-phase response. With the help of a Full-Stokes ice flow model

these observations could be explained as ice motion in a caterpillar-like fashion. Horizontal

stress transfer through the stiff central part of the ice body (caused by patches of different

basal slipperiness) leading to spatially varying surface velocities and ice deformation patterns

could be evidenced. Accordingly, variation in this basal slipperiness leading to the character-

istic patterns of ice deformation variability could be evidenced, thus providing an explanation

for the observed behavior. The author concludes that ice flow in the ablation zone of the GrIS

is controlled by activation of basal patches in which slipperiness varies in the course of a melt

season, leading to caterpillar-like ice motion superposed on the classical shear deformation.

This finding opens new perspectives for the description of the ice dynamical behavior of the

GrIS.

Zurich, June 2014 Martin Funk
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Abstract

This thesis consists of two parts. In the first part the polythermal structure of Grenzgletscher,

Switzerland, is studied. In the second part the flow dynamics of the marginal zone of the

Greenland Ice Sheet (GrIS) is investigated.

To determine the polythermal structure of a glacier, i. e. to map the extent of cold ice, ice

radar is a convenient method. As a consequence of its low water content, cold ice coincides

with regions in a radar profile that show highly reduced scatter or even totally lack of scat-

ters. However, to determine englacial temperature within the cold ice in situ measurements

in boreholes are indispensable. For Grenzgletscher, we find that the cold ice occupies 80-90%

of the total ice thickness in a 400 m wide flow band along the central flow line. On the glacier

tongue where the cold ice emerges at the surface, persistent streams and lakes are observed

which are absent in the adjacent temperate ice, originating from other tributaries. The cold ice

has a strong control on the glacier hydrology, but will likely change due to continued warming.

The second study site on the marginal zone of West Greenland consists of the two drill

sites FOXX and GULL, which are located on a flowline in the ablation zone downstream of

Swiss Camp. Ice deformation and basal motion characterize the dynamical behavior in these

temperate-based zones of the GrIS. We evaluate the contribution of basal motion from ice

deformation measurements in boreholes drilled to the bed. During winter, a sustained high

amount of basal motion of 46 to 73% is found. Such high values, and associated unusual ice

deformation profiles, are explained with an ice flow model as a consequence of stress transfer

from slippery to sticky areas.

During summer, flow dynamics changes occur due to the availability and variability of melt

water. Measurements of ice deformation and subglacial water pressure show periodic and

episodic variations on several time scales during the melt season. These variations, observed

with sensors at different depths throughout the ice column, are not synchronous but show a

delayed or even anti-phase response. With the help of a time-dependent ice flow model we can

show that temporal variations of the basal slipperiness in the sticky area induce characteristic

patterns of ice deformation variability, what is observed in our measurements. Ice flow in

the ablation zone of the GrIS is therefore controlled by the activation of basal patches as

slipperiness varies in the course of a melt season, leading to a caterpillar-like ice motion

behavior.
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Zusammenfassung

Diese Arbeit besteht aus zwei Teilen. Im ersten Teil wird die polythermale Struktur des

Grenzgletschers (Schweizer Alpen) untersucht. Die Fliessdynamik der langsam fliessenden

randnahen Zonen des Grönländischen Eisschildes (GrIS) ist das Hauptinteresse des zweiten

Teiles.

Um die polythermale Struktur eines Gletscher zu bestimmen, resp. die Ausdehnung des kalten

Eises, ist Eis Radar eine sehr praktische Methode. Aufgrund seines geringen Wassergehaltes

streut kaltes Eis Radarsignale nur sehr geringfügig zurück wohingegen temperiertes Eis sehr

stark zurück streut. Nur aufgrund der Rückstreuung kann jedoch nicht die absolute Temper-

atur bestimmt werden. Um die Temperaturverteilung im Eis zu bestimmen sind zusätzlich

Temperaturmessungen in Bohrlöchern nötig. Von den Radarmessungen bestimmen wir ein

400 m breites Band an kaltem Eis. Das kalte Eis erreicht bis zu 90% der Eisdicke entlang

der mittleren Fliesslinie. Auf der Gletscherzunge kommt das kalte Eis bis an die Oberfläche.

Dort bilden sich tief eingeschnittene Schmelzwasserbäche und Seen. Solche hydrologischen

Strukturen sind in den angrenzenden temperierten Zuflüssen und den temperierten Randzonen

nicht vorhanden. Dies zeigt, wie stark kaltes Eis die Hydrologie eines Gletschers beeinflusst.

Aufgrund der stetigen Erwärmung wird sich die Ausdehnung des kalten Eisen aber wohl ändern.

Das zweite Untersuchungsgebiet sind die randnahen Zonen des Eisschildes im Westen Grön-

lands. Die beiden Bohrstellen FOXX und GULL liegen auf einer Fliesslinie in der Ablations/-

zone ca. 30 km unterhalb des Swiss Camps. Eisdeformation und basales Gleiten charakter-

isieren das dynamische Verhalten dieser Zonen, welche nahe am Gletscherbett temperiert sind.

Wir berechnen den Beitrag des basalen Gleiten an der totalen Geschwindigkeit aufgrund der

gemessenen Eisdeformation in Bohrlöchern. Während des Winters finden wir durchgehend

sehr hohe Anteile für das basale Gleiten: 46–73% der totalen, an der Oberfläche gemesse-

nen Geschwindigkeit. Solch hohe Werte zusammen mit ungewöhnlichen Deformationsprofilen

sind eine Konsequenz von Spannungsübertragung von stark gleitenden Bereichen am Bett auf

Bereiche des Bettes wo das Eis festsitzt. Dies kann mit einem Fliessmodel erklärt werden.

Im Sommer ändert sich die Fliessdynamik aufgrund der Schmelzwasserverfügbarkeit. Eisdefor-

mations- und Wasserdruckmessungen zeigen periodische und episodische Schwankungen auf

unterschiedlichen Zeitskalen während der Schmelzsaison. Alle Sensoren in unterschiedlicher

Tiefe im Eis zeigen diese Variationen. Die Variationen sind jedoch nicht synchron, sondern

zeigen verzögerte Reaktionen oder sind gar in Gegenphase. Anhand eines zeitabängigen

Fliessmodels können wir zeigen, dass zeitliche Änderungen der basalen Gleitfähigkeit in den

ansonsten stark haftenden Bereichen des Bettes dieses charakteristische Verhalten in der Eis-

deformation erzeugen. Das Eisfliessen in der Ablationszone des GrIS wird also durch das Ak-

tivieren von basalen Bereichen, welche während der Schmelzsaison ihre Gleitfähigkeit ändern,

kontrolliert. Dies führt zu einer raupenartigen Bewegung des Eises welche der klassischen

Scherdeformation überlagert ist.
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Introduction

The two field sites studied in this thesis are rather different: Grenzgletscher, an alpine poly-

thermal glacier and the marginal zone of the Greenland Ice Sheet (GrIS). Not just the size is

different, but flow velocities, the dynamic behavior and the climate. But what they have in

common is their thermal regime: Grenzgletscher and GrIS are polythermal.

Polythermal Glaciers

Glaciers are cold, temperate or polythermal according to their thermal regime (Blatter and

Hutter, 1991). A polythermal glacier consists of cold ice (with englacial temperatures below

the pressure melting temperature) and temperate ice (at the pressure melting temperature).

The cold and temperate ice zones are separated by the cold-temperate transition surface

(CTS). The Greenland and Antarctic ice sheets have a polythermal structure as well as

glaciers in the arctic and the subarctic environment. For alpine glaciers, a polythermal regime

is restricted to glaciers with a high-elevation accumulation area (Haeberli, 1976; Suter et al.,

2001; Eisen et al., 2009). The knowledge of the thermal structure of an ice mass is crucial for

modeling their future evolution, as temperature strongly influences ice viscosity, and therefore

ice deformation patterns and mass flux (Hutter, 1983; Hutter et al., 1988; Blatter and Hutter,

1991). Only slightly cold ice like at the tongue of Grenzgletscher (-2/-3◦C) affects the rate

factor by a factor of two compared to temperate ice (Cuffey and Paterson, 2010). Further,

cold ice affects glacier hydrology by limiting melt water fluxes to discrete flow paths in cracks

and channels (e.g. Jansson, 1996; van der Veen, 1998; Boon and Sharp, 2003). The extent

and the temperature of cold ice in a glacier is therefore of high interest.

Grenzgletscher

Polythermal Grenzgletscher is the main tributary of Gornergletscher. The glacier system of

Gornergletscher is easily accessible and is well investigated. Gornergletscher has long been

famous for its very white tongue with deeply incised melt water streams, which indicate

the presence of cold ice. The earliest work investigating ice temperatures was published by

Haeberli (1976). He disproved the general picture that all alpine glaciers are temperate. He

stated, that the cold ice is advected to the ablation area by ice flow. This was confirmed in

Blatter and Haeberli (1984). The vertical temperature distribution in the accumulation zone

of Grenzgletscher (Colle Gnifetti, 4550m a. s. l.) was studied by Haeberli and Funk (1991) and

Lüthi and Funk (2001). Suter (2002) investigated the spatial distribution of cold firn and ice

in the Monte Rosa area. The distribution of the cold ice at the glacier tongue was analyzed

from temperature measurements in boreholes and radar surveys by Eisen et al. (2009).
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Objectives

This part is a continuation of earlier work on the polythermal structure of Grenzgletscher by

VAW/ETHZ, which is published in Eisen et al. (2009) and my Master thesis (Ryser, 2009).

During drill tests for the ROGUE project (see below) several boreholes on Grenzgletscher were

instrumented with thermistor strings to complement the earlier measurements. The full set

of measurements and data from air-borne radar surveys are used to arrive at new conclusions

on the polythermal structure, the water content of the ice, and hydrological phenomena. The

goals are

• to map the extent of the cold ice

• to determine the temperature distribution of cold ice

• to verify the vertical extent of cold ice (determined from radar profiles) with borehole

temperature measurements

• to determine the water content close to the CTS from radar backscatter

• to illustrate the influence of cold ice on hydrology by comparing hydrological surface

features with the extent of cold ice on the glacier tongue.

Short-term Flow Dynamics of the Greenland Ice Sheet

For the flow dynamics not only the thermal structure is important but also the basal con-

ditions and their seasonal changes due to the melt water input. Changes in the short-term

flow dynamics caused by seasonal and diurnal changes in melt water availability is the main

interest of the second part of this thesis that investigates the marginal zone of the Greenland

Ice Sheet (GrIS). GrIS is losing mass by increased surface melt and dynamic discharge, mainly

through acceleration of outlet glaciers, but also indirectly through sliding of the land termi-

nating marginal zones (Rignot and Kanagaratnam, 2006; van den Broeke et al., 2009; Hanna

et al., 2013; Nick et al., 2013). While a consistent explanation of the unprecedented, almost

simultaneous acceleration of several large outlet glaciers is emerging, the situation is less clear

for the slower moving marginal areas. Ice dynamics of these temperate-based, slow-moving

areas is highly susceptible to timing and amount of melt water discharge to the base of the

ice sheet, leading to big and widespread flow acceleration in summer (Zwally et al., 2002;

Joughin et al., 2008; van de Wal et al., 2008; Bartholomew et al., 2010; Hoffman et al.,

2011; Joughin et al., 2013). The “simple” conception of melt water and flow velocity would

be a run-away process: melt water increases basal water pressure which lubricates the glacier

bed and causes faster flow velocities. This leads to a draw down to lower elevations and even

more melt which would increase the speed-up. However, the relation of flow velocity and

melt water is much more complex. Flow velocity is not a direct reaction to melt water input,

but depends on basal conditions and water pressure. The water pressure is not constantly in-

creasing with more melt water, but changes as the subglacial hydraulic system evolves during

the melt season. The processes and feedbacks are illustrated in Figure 1.
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Figure 1: Feedback of melt water induced changes in basal conditions on ice dynamics.

Objectives

The main goal of the project ROGUE (Real-time Observation of Greenland’s Under-ice En-

vironment) was to examine the nature and cause of short-term ice velocity changes. During

two melt seasons (2011, 2012) a comprehensive set of measurements in deep boreholes and

at the surface was collected. Data analysis is combined with modeling studies of ice flow.

The aim is

• to determine ice rheological properties from ice temperature, deformation and electric

conductivity measurements

• to determine the amount of basal motion from deformation profiles and surface veloc-

ities

• to investigate short-term variations in ice flow (surface velocity and deformation) due

to variations of subglacial water pressure during summer

• to determine the impact of varying basal conditions with time in a modeling study.
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Thesis Outline

Part I: A Polythermal Alpine Glacier: Gornergletscher, Switzerland

Chapter 1

“Cold Ice in the Ablation Zone: Its Relation to Glacier Hydrology and Ice Water Con-

tent”

This chapter is published under the same title in the Journal of Geophysical Research. From

air-borne radar profiles we could trace low-backscatter zones (cold ice) from the accumu-

lation zone down to the glacier tongue and map their vertical and horizontal extent. The

strength of the radar backscatter was further used to infer water content close to the CTS.

Borehole temperature measurements provide the temperature distribution to complete the

picture of the distribution of cold ice. Finally, a comparison of the extent of the cold ice with

hydrological surface features on the glacier tongue reveals the absence of moulins in the cold

part and the coincidence of cold ice with deeply incised melt water streams.

Part II: Short-term Flow Dynamics of the Greenland Ice Sheet

Part II of this thesis is part of the project ROGUE. Chapter 2 introduces the project ROGUE

and its field sites. As for this thesis borehole measurements were crucial, hot water drilling

and borehole closure are discussed in Chapter 3. In Chapter 4, the instrumentation of the

boreholes and on the surface are presented and the used methods are described. Further,

the chapter gives detailed information about the digital borehole sensor system DIBOSS, its

sensor units and calibration. Chapter 5 presents measured englacial temperature profiles.

Chapters 6 and 7 contain the investigations on ice dynamics (see below). In Chapter 8

observed oscillatory phenomena are shown. Finally, Chapter 9 presents conclusions and an

outlook for the thesis.

Chapter 6

“Sustained High Basal Motion of the Greenland Ice Sheet Revealed by Borehole De-

formation”

This chapter is published under the same title in the Journal of Glaciology. From borehole

inclination measurements we determine ice deformation profiles throughout the ice column.

Together with surface velocity measurements, the magnitude of basal motion could be in-

ferred. We found a sustained high amount of basal motion of 46 to 73% in winter, and up

to 90% in summer. With an ice flow model, we could explain these high values as a con-

sequence of stress transfer from areas with a weak base to areas with a strongly resistive base.

Chapter 7

“Caterpillar-like Ice Motion in the Ablation Zone of the Greenland Ice Sheet”

This chapter is published under the same title in the Journal of Geophysical Research. From

the findings during winter conditions described in Chapter 6 we now look how the situation

changes in the course of summer conditions. Compared to “calm” winter conditions, water

pressure and also ice deformation show variations on several time scales. These observed

variations of in tilt measurements at different depths throughout the ice column are not

synchronous, but show a delayed or even anti-phase response. With the help of a time-

dependent full-Stokes ice flow model these observations are explained as ice motion in a

caterpillar-like fashion.
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Part I

The Polythermal Structure of an Alpine
Glacier: Gornergletscher, Switzerland
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Chapter 1

Cold Ice in the Ablation Zone: Its
Relation to Glacier Hydrology and Ice
Water Content

C. Ryser1, M. Lüthi1, N. Blindow2,3, S. Suckro2,4, M. Funk1, A. Bauder1

1Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie (VAW), ETH Zürich, 8092 Zürich, Switzerland.
2Institut für Geophysik der Westfälischen Wilhelms-Universität Münster, 48149 Münster, Germany.

3Bundesanstalt für Geowissenschaften und Rohstoffe (BGR), Hannover, Germany.
4Alfred Wegener Institute, 27568 Bremerhaven, Germany.

Published, Journal of Geophysical Research

Citation Ryser C., M. Lüthi, N. Blindow, S. Suckro, M. Funk, A. Bauder (2013). Cold

ice in the ablation zone: its relation to glacier hydrology and ice water content. Journal of

Geophysical Research: Earth Surface, 118, 693–705, doi:10.1029/2012JF002526

Abstract

Cold ice within a polythermal ice body controls its flow dynamics through the tempera-

ture dependence of viscosity, and affects glacier hydrology by blocking water flow paths.

Lakes on the surface, linked by persistent, deeply incised meltwater streams, are hallmark

features of cold ice in the ablation zone of a glacier or ice sheet. Ice radar is a conve-

nient method to map scattering from internal water bodies present in ice at the pressure

melting temperature (PMT). Consequently, lack of internal scatters is indicative of cold

ice. We use a helicopter-borne 30 MHz ice radar to delineate the extent of cold ice within

Grenzgletscher (Zermatt, Swiss Alps). The inferred thermal structure is validated with

temperature measurements in 15 deep boreholes, showing excellent agreement. The cold

ice occupies 80-90 % of the total ice thickness in a 400 m wide flow band along the central

flow line. Quantitative interpretation of ice radar scattering power indicates a decrease

of ice water content between PMT and 0.5 K below PMT, as predicted by theory, and

observed in the laboratory. The cold ice which emerges at the surface in the lower abla-

tion zone is impermeable to water, and is thus devoid of moulins if not crevassed. The

surface water from melt and rain is routed through deeply incised, persistent streams and

lakes, and cryoconite holes are frequent, in stark contrast to the adjacent temperate ice

from other tributaries. The cold ice thus has a strong control on glacier hydrology, but

is likely to change due to continued warming.
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CHAPTER 1. COLD ICE IN THE ABLATION ZONE

1.1 Introduction

Ice sheets and many glaciers and small ice caps in the Arctic and Antarctic are polythermal,

and therefore their thermal structure will likely change in a warming climate (e.g. Gusmeroli

et al., 2012). An ice body is called polythermal if zones of temperate ice at the pressure

melting temperature (PMT) coexist with zones of cold ice (below the PMT) which are

separated by the cold-temperate transition surface (CTS) (Blatter and Hutter, 1991). The

distribution of the thermal zones is controlled by a complex interplay between heat diffusion,

heat advection by glacier flow, heat production by dissipation, water infiltration-refreezing

processes in firn and ice zones, and warming by active moulins in the ablation zone (Phillips

et al., 2010).

Knowledge of the thermal structure of glaciers and ice sheets is crucial for modeling their

future evolution, as temperature strongly influences ice viscosity, and therefore ice deforma-

tion patterns and mass flux (Hutter, 1983; Hutter et al., 1988; Blatter and Hutter, 1991).

In addition, zones of cold ice affect glacier hydrology by blocking meltwater fluxes, which are

limited to discrete flow paths in cracks and channels (e.g. Jansson, 1996; van der Veen, 1998;

Boon and Sharp, 2003). In contrast, temperate ice contains a network of intra-granular veins

where water flow is possible (Nye and Frank, 1973), if not blocked by air bubbles (Lliboutry,

1996). Even if water fluxes in temperate ice are generally small, feedback effects may en-

large existing water flow paths, which tend to be preserved if water-filled. Water-filled veins,

cracks, or boreholes within cold ice usually refreeze within hours. Thus fracture-free cold ice

is impermeable and facilitates the formation of persistent, deeply incised melt water streams

and lakes at the glacier surface, which are indicators for cold ice (e.g. Hodgkins, 1997; Boon

and Sharp, 2003).

The Greenland ice sheet is cold in its central part, but exhibits temperate conditions at the

base in extended zones along its margins (e.g. Greve, 1997), and even in some central parts

with high geothermal heat flux (Dahl-Jensen et al., 1997a). The temperate ice reaches im-

portant thickness in fast flowing marginal areas (Lüthi et al., 2002) and is partly responsible

for the fast flow of the major outlet glaciers (Iken et al., 1993; Funk et al., 1994b). Poly-

thermal Arctic glaciers and small ice caps often exhibit a more complex thermal structure

(e.g. Blatter, 1987; Blatter and Kappenberger, 1988; Bamber, 1989; Pettersson et al., 2003;

Gusmeroli et al., 2012) which is caused by the distribution of surface facies zones and the ice

flow field (Aschwanden and Blatter, 2009). In the Alps, the occurrence of cold ice is limited

to glaciers with very high elevation accumulation zones (Haeberli, 1976; Suter et al., 2001;

Eisen et al., 2009).

Ice radar has been successfully used to map the extent of cold ice in polythermal ice masses.

Water inclusions in the ice scatter the radar signals due to different dielectrical properties of

ice and water (Hamran et al., 1996; Bamber, 1988; Bjørnsson et al., 1996). Low-backscatter

zones (LBZs) in ice radar signals correspond to cold ice with a negligible content of liquid

water (Pettersson et al., 2003; Navarro et al., 2005), whereas strong scattering of radio

waves has been interpreted as originating from liquid water inclusions in temperate ice (e.g.

Bamber, 1988; Hamran et al., 1996). In addition to mapping the spatial extent, quantitative

analysis of radar velocities and radar power have been used to infer ice water content (e.g.

Murray et al., 2000; Pettersson et al., 2004; Gusmeroli et al., 2010).

In this study we investigate the 3D-polythermal structure of Gorner-/Grenzgletscher (Zer-

matt, Switzerland) with helicopter-borne ice radar soundings and vertical temperature profiles

from 15 boreholes. Cold ice extent is mapped by delineating LBZs, and a quantitative analysis

of radar signal power is used to infer the liquid water content of the ice close to the CTS. The
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spatial extent of cold ice is set into relation with surface hydrology. This study is a sequel

of Eisen et al. (2009), in which the cold ice was mapped with a 40 MHz ground-based ice

radar as zone of low backscatter. The LBZ occupied about 50 % of the total ice thickness

in most profiles, considerably less than the cold ice determined with borehole temperature

measurements (80 % - 90 % of ice thickness). This study presents a greatly extended set of

englacial temperature data, and is based on a larger set of helicopter-borne radar data. From

the two different data sets a similar extent of LBZ and cold ice was found.

1.2 Study Site

The Gorner-/Grenzgletscher system of glaciers (Zermatt, Switzerland) covers an area of

60 km2 and spans an elevation range from 2200 m a.s.l. at the terminus to an accumulation

basin above 4000 m a.s.l. (Figures 1.1 and 1.2). Ice temperatures between −14.1◦ C and

−12.5◦ C throughout an ice column were measured on Colle Gnifetti at 4550 m a.s.l. (Hae-

berli and Funk, 1991; Lüthi and Funk, 2001; Suter et al., 2001), which are presently rising

due to atmospheric warming and meltwater infiltration (Hoelzle et al., 2011). The coldest

ice temperature measured in the ablation zone was −2.8◦ C (44 m below surface) in 1975

(Haeberli, 1976), and is −2.65◦ C (70 m below surface) at present (Eisen et al., 2009, and

this study). This cold ice occupies a flow band of 400 m width in the confluence area of

Gornergletscher and Grenzgletscher (Eisen et al., 2009).

In the confluence area, the ice marginal lake Gornersee forms every summer (outlines shown

in Fig. 10) which drains during an outburst flood in mid-summer (Huss et al., 2007; Werder

et al., 2009). The lower Grenzgletscher branch (still named “Gornergletscher” on maps) has

long been famous for its deeply incised, persistent meltwater streams and deep, blue lakes

(Renaud, 1936).

1.3 Methods

1.3.1 Ice Temperature

Ice temperatures were measured in 15 boreholes drilled in the summers 2004 to 2010 in the

confluence area of Gornergletscher and Grenzgletscher (Fig. 1.1). The holes were drilled

with the VAW hot-water drill (Iken et al., 1989) close to bedrock (except holes f3 and ll5

where drilling progress stopped for unknown reasons). Boreholes drilled for sole purpose of

temperature measurements were stopped above bedrock to preclude water circulation. An

overview of the boreholes, including the depth, temperature characteristics and measurement

method is given in Table 1.1.

Twelve boreholes were equipped with strings of thermistors, each consisting of nine NTC-

thermistors (Fenwal 135-103FAG-J01) soldered onto a multi-core cable, and sealed in metal

tubes for stress relief. All thermistors were calibrated in a regulated calibration bath at four

or five reference temperatures (±20 mK absolute accuracy) in the range of −6◦ C to 0◦ C

to determine individual temperature–resistivity relations. The absolute accuracy of measured

temperatures is better than 50 mK. The thermistor resistivities during calibration and after

deployment were measured with the same digital Fluke multimeter in irregular time intervals.

Upon completion of drilling with hot water, the temperature of cold ice in vicinity of the

borehole is higher than its undisturbed value due to heat released during drilling and by
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Figure 1.1: Grenzgletscher is located at the southern border of Switzerland (red square in

overview map). Purple arrows indicate direction of ice flow from Colle Gnifetti and Seserjoch

(4550 m a.s.l., lower right in map) to the terminus (2250 m a.s.l., upper left in map). The

thickness of cold ice determined from the ice radar data is indicated with blue lines (profile

labels A to K; colors refer to thickness scale at bottom). Borehole locations are shown with

red dots, the 1975 (Haeberli (1976)) borehole is indicated with a yellow triangle, and moraines

are drawn in gray. Parts of the accumulation zone in the Grenzgletscher catchment where

cold firn has been inferred are shaded in pink (Suter and Hoelzle, 2002). The approximate

equilibrium line of the last ten years is at 3500 m a.s.l. (thick blue elevation contour line).

The green cross indicates the position where the photograph of Figure 1.2 was taken. The

inset shows the field site with profiles PF (along flow line) and PX5/PX9 (across flow line).
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Figure 1.2: A 180◦ panoramic view of Grenzgletscher from a vantage point below Gornergrat

(indicated with green cross in Fig. 1.1). Red lines indicate the crossing radar profiles A to

J. Boreholes were drilled in the flat confluence area between profiles B and E. Prominent

features in the lower part of the image are perennial meandering meltwater channels which

are deeply incised into the cold ice. Also notice the very bright ice in the foreground as

compared to the darker ice upstream and in the side branch of Gornergletscher (at the left

margin).

refreezing of the borehole. A hyperbolic extrapolation (Humphrey and Echelmeyer, 1990) has

been used to infer the undisturbed temperature (Appendix (a)).

In three boreholes a telemetry system (improved version of the one used in Lüthi et al.,

2002, App. A) was installed to measure sensor inclination, orientation, water pressure and

ice temperature. These temperature data had to be corrected for the heat released by the

sensor electronics while powered during measurements. The temperature correction employed

is described in Appendix (b).

1.3.2 Ice Radar

Airborne radar measurements were performed in February 2008 under dry-snow conditions to

determine ice thickness and internal structures in the Gorner-/Grenzgletscher area. The data

were collected with the University of Münster Airborne Ice Radar (UMAIR; Blindow, 2009).

The system is designed to be used as a sling load from a helicopter which makes it suitable

for smaller glaciers with steep surrounding terrain. The source pulse is a Ricker type wavelet

at about 30 MHz center frequency stimulated by a 5 kV pulser unit. The digital receiver has

a 400 MHz sampling rate. Up to 10 measurements per second with 4096 samples each are

made with 256-fold stacking. The positions of the antenna and the helicopter are recorded

at 10 Hz rate by dual frequency GPS receivers. Antenna altitude above ground is ideally

35 m, and is recorded and displayed with a laser altimeter. At a helicopter flight velocity of

40 km h−1 the distance between individual stacked traces is about 1 m.

Radar data processing comprised static corrections for topographic and flight altitude effects

and band-pass filtering (15-100 MHz passband). The received radar signal power was am-

plified to correct for geometric spreading and damping losses using the radar equation (e.g.

Ulaby et al., 1981),

P =
Ps
R4
e−4αR , (1.1)

where Ps is the signal power entering the ice at the surface, P the received power, R the

range of a reflector below the glacier surface and α the attenuation factor. The scaling of

Ps includes constant factors of antenna geometry and ice dielectricity. An attenuation factor
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Table 1.1: Locations and characteristics of boreholes used to determine the thermal structure

of Grenzgletscher.

Hole Drill date Depth Ice thick- Coordinatesb CTSc Depth Tmin Tmin Methodd

(d/m/y) (m) nessa(m) (m) (m) (m) (◦ C)

ll5 12/06/2008 240 391 628067 90315 temp. temp. temp. TS

ll9 15/06/2004 430 430 627557 90674 temp. temp. temp. TS

ll15 11/06/2005 384 405 627042 91030 temp. temp. temp. TS

l5 28/05/2006 351 351 627883 90579 286-340 140 -1.3 TS, TM

l9a 13/06/2010 303 350 627681 90938 115-245 35 -2.35 TS

l9b 14/06/2010 275 368 627636 90891 238-253 90 -0.75 TS

f1 10/06/2008 300 323 628018 90474 265-298 67 -2.6 TS

f3 11/06/2008 230 341 627807 90509 >230 70 -2.45 TS

f5 09/06/2008 300 342 627970 90676 294- – 70 -2.65 TS

f9 27/05/2007 320 335 627748 90957 245-283 57 -2.3 TS

f12 30/05/2007 290 307 627506 91147 163-207 75 -2.4 TS

f13 15/06/2010 207 292 627434 91175 185-188 46 -2.1 TS

r3 29/05/2006 271 271 628201 90559 189-214 – – TM

r6 27/05/2006 248 248 628073 90867 81-140 – – TM

rr5 10/06/2004 210 210 628257 90844 temp. temp. temp. TS

a If hole did not reach the bed, the ice thickness was read from interpolated radar data.

b Easting/Northing in the cartesian CH-1903 Swiss Coordinate System

c The depth below surface of the CTS is given between the uppermost sensor at the PMT and the lowest cold

sensor (Fig. 1.3 and 1.4). Boreholes that are entirely temperate are marked with “temp.”.

d Measurement method: thermistor string measured with Fluke multimeter (TS); telemetry system (TM).

of α = 0.0053 m−1(4.6 dB/100 m) is used throughout this paper. This value was determined

in laboratory experiments at −2.5◦ C and a radar frequency of 35 MHz (Johari and Charette,

1975), and is consistent with values from Arctic glaciers (Bamber, 1987). To convert two-

way travel time to ice thickness, a radar signal velocity of 0.168 m ns−1 for solid ice was

used, which results in good agreement with borehole depths measured on Colle Gnifetti and

Grenzgletscher (Lüthi and Funk, 2000; Eisen et al., 2009).

1.3.3 Ice Water Content

Ice radar backscatter strength has been used to infer water content within a glacier (Bamber,

1988; Hamran et al., 1996; Pettersson et al., 2004; Macheret and Glazovsky, 2000). The

received radar signal power from scattering depends on size and spacing of liquid water

inclusions within the ice body, as well as on details of coupling between antenna and ground.

This problem can be circumvented by using the backscattered power relative to a reference

of known water content (Hamran et al., 1996), which in our study is an englacial channel

in 120 m depth below the surface. The volume fraction ω of liquid water in ice relative to a

reference water content ωr of a scatterer at range Rr can then be determined with (Hamran

et al., 1996)

ω = ωr
PR2

PrR2
r

e−4α(Rr−R) , (1.2)

where Pr is the reference signal power and P and R are received power and range of the

scatterer. Equation (1.2) is strictly valid only at constant attenuation factor α, which might
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Figure 1.3: Vertical temperature profiles from boreholes located on the 1150 m long central

flow line PF (location shown in Fig. 1.1). The dashed line indicates the PMT.

be altered by the presence of water in temperate ice (Pettersson et al., 2004; Navarro and

Eisen, 2010). In our case this limits the analysis to the layers in vicinity of the CTS as

the upper boundary of temperate ice. Furthermore, α varies with temperature (Johari and

Charette, 1975; MacGregor et al., 2007). To obtain lower and upper bounds on water

content, we performed the analysis with an additional attenuation factor corresponding to

−1.5◦ C (α = 0.0057 m−1, 5 dB/100 m).

1.4 Results

1.4.1 Ice Temperature

Ice temperature was measured in 15 boreholes on Grenzgletscher at the locations indicated

on Figure 1.1. Most holes were drilled along an approximate flow line (PF), and on two

crossing profiles PX5 and PX9. Borehole designations are systematic along the central flow

line (label “f”), with numbers indicating the approximate distance along the flow line in

100 m intervals. Boreholes left of the central flow line (in flow direction) are labeled “l” and

“ll”, those right of the flow line “r” and “rr”. Vertical profiles of ice temperature from six

boreholes along the central flow line PF are shown in Figure 1.3. All profiles are similar in

shape, with a thick layer of cold ice in the upper half, and some tens of meters of temperate

ice at the bottom. Temperatures are increasing along the 1150 m long flow line (f1, f3, f5,

f9, f12, f13). The coldest temperatures between −2.65◦ C (hole f5) and −2.1◦ C (hole f13)

are observed at depths of 75 to 45 m, with vertical position gradually rising along the flow

line. Ice temperatures from four boreholes each located on the two across-flow profiles PX5

and PX9 are shown in Figure 1.4. Temperatures in the holes left or right of the flow line are

markedly higher than on the central flow line (f5 resp. f9).

1.4.2 Temperate Ice

Temperate ice (ice at the PMT) was detected at the bottom of all boreholes reaching the

bed. Under the thickest cold ice the thickness of the temperate layer is about 30 m, or

∼ 10 % of the ice thickness. To calculate the pressure melting temperature (PMT), the
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PX5 and PX9 (location indicated in Fig. 1.1); note the large lateral variation of ice temper-

ature. The dashed line indicates the PMT.

Clausius-Clapeyron equation of melting point depression was used. For pure ice the melting

temperature Tm depends on absolute pressure p by

Tm = Ttp − γ (p − ptp) , (1.3)

where Ttp = 273.16 K and ptp = 611.73 Pa are the triple point temperature and pressure

of water. The Clausius-Clapeyron constant γ has been determined for pure water/ice as

γp = 0.00742 K MPa−1, and for air saturated water as γa = 0.098 K MPa−1 (Harrison, 1975).

Overburden pressure p = ρigh at depth h is calculated with an experimentally determined

ice density of 900 kg m−3 (data from Rüegg, 2007) and g = 9.81 m s−2. The dashed lines

representing the Tm in Figures 1.3 and 1.4 were calculated with γa (pure ice and air saturated

water). Table 1.1 lists the range of the upper band of temperate ice between the lowermost

cold sensor and the uppermost temperate sensor.

1.4.3 Extent of the Cold Ice

The vertical and lateral extent of cold ice within Grenzgletscher can be best visualized in

contour plots of ice temperature relative to the local PMT (Θ = T − Tm). Figures 1.5 and

1.6 show vertical sections along profiles PF and PX5. Clearly visible is a massive cold layer

with coolest temperatures at 60− 80 m depth, and a temperate layer at the bottom. Along

the flow line (Fig. 1.5) the ice temperatures are gradually increasing in downstream direction,

and the CTS is curving upwards, indicating a thinning cold core and a thickening temperate

basal layer. The contour plot of across-flow profile PX5 (Fig. 1.6) shows that the cold ice

is localized in a central flow band of 400 m width, while the surrounding ice is temperate.

Comparison with the map (Fig. 1.1) reveals that the temperate areas are located under medial

moraines, and therefore were in vicinity of valley walls in their upstream branches.

1.4.4 Ice Radar

Roughly 35 km of helicopter-borne radar profiles were used in this study, covering the whole

Gornergletscher/Grenzgletscher system from the terminus to the accumulation zone (profiles

A to K, Figs. 1.1 and 1.2). The signal quality is good, such that the bedrock reflection in

10



1.4. RESULTS

200 400 600 800 1000 1200
Distance (m)

2200

2300

2400

2500

2600

E
le

v
a
ti

o
n
 (

m
 a

.s
.l
.)

f1

 -2.55

 -2.43

 -2.07

 -2.51

 -0.73

 -1.39

 -0.06

 -0.24

 -0.04

f5

 -2.57

 -2.43

 -1.86

 -2.41

 -0.94
 -1.31

 -0.29
 -0.47

 -0.14

f9

 -2.23

 -2.12

 -1.76

 -2.04

 -0.81

 -1.30

 -0.01

 -0.31

 0.02

f12

 -2.07
 -1.95

 -2.31
 -2.16

 -0.81

 -1.47

 0.01

 -0.06

 0.01

f13

 0.16

 -1.88

 -1.44
 -1.71
 -1.90
 -1.97

f3E
D

C

CTS
-0.5

-1.0
-1.5

-2.0

-2.5

Figure 1.5: Contours of Θ = T −Tm in the range −0.25 to −2.5 K along the central flow line

PF. Boreholes are indicated with red vertical lines, red dots mark the locations of temperature

sensors, where also temperatures relative to PMT (Θ) are displayed. The wide orange curve

indicates the approximate depth of the CTS. Locations of borehole f3 (not used for contours

because located off the flow line) and crossing radar profiles C, D, and E are indicated. The

glacier bed determined from radar is shown in black.

300 200 100 0 100 200 300
Distance (m)

2200

2300

2400

2500

E
le

v
a
ti

o
n
 (

m
 a

.s
.l
.)

ll5

 -0.31

 -0.25

 -0.19
 -0.29

 -0.33
 -0.24

 -0.18
 -0.23

 -0.21

l5

 -1.01
 -1.16

 -0.90
 -0.95

 -0.08

 -0.47

 0.01
 -0.04

 0.00

 -0.95
 -0.95

 -1.13
 -1.11
 -1.07
 -1.00

f5

 -2.57

 -2.43

 -1.86

 -2.41

 -0.94
 -1.31

 -0.29
 -0.47

 -0.14

r6

 -0.02

 -0.57

 -0.00
 -0.03

 0.01
 0.01

 0.02CTS

-2
.5

-2.0-1.5
-1.0

-0.5

Figure 1.6: Contours of Θ = T − Tm on cross section PX5. See Figure 1.5 for explanations.

depths of up to 450 m and internal structures are well resolved on all profiles. Common to

all radar profiles are zones of high, uncorrelated scattering within the ice body. On all cross-

sectional radar profiles of the lower glacier, extended zones of low backscatter are apparent.

Radar profiles C and D (Fig. 1.7) summarize these observations.

1.4.5 Low-Backscatter Zones

Radar backscatter is sensitive to liquid water content. The diameter of water inclusions

needed to act as individual scatterers depends on radar frequency, and is about one-tenth of

the radar wavelength (Eisen et al., 2009). To act as individual scatterers at 30 MHz, water

inclusions would have to be larger than 0.5 m. It is more likely that a combined effect of many

smaller scatteres is observed. In general, low-backscatter zones (LBZs) in an ice radar profile

indicate cold ice with a negligible liquid water content (Bjørnsson et al., 1996; Pettersson

et al., 2003, 2004; Gusmeroli et al., 2012), whereas strong scattering of radio waves has
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Figure 1.7: Left: Signal power of radar profile C. Temperature sensors on profile PX9 are

indicated with red dots on vertical lines. Right: Signal power of radar profile D (background

image) and temperature sensors on profile PX5. Contours of temperature relative to PMT

(Θ, white) in the range Θ = −0.25 to −2.5 K are shown. The low-backscatter zone (LBZ)

matches well with the zones of ice colder than Θ = −0.5 K, whereas scattering is high in

temperate ice. The bottom of boreholes does not match the bed reflection since boreholes

are not exactly collocated with radar profiles.

been interpreted as originating from liquid water inclusions in temperate ice (e.g. Bamber,

1988; Hamran et al., 1996). The study by Eisen et al. (2009) conclusively showed that areas

with cold borehole temperatures on Grenzgletscher coincide with LBZs, although there was

a considerable discrepancy in the vertical extent of cold ice. Figure 1.1 shows a map of the

spatial distribution and thickness of the LBZ in our radar profiles.

This thickness was automatically determined with an algorithm described in the Appendix

(c), or manually if near-surface scattering was too strong. The LBZ reaches a maximum

thickness of 320 m in the confluence area of Gorner- and Grenzgletscher (profiles A to F),

and is between 50 to 100 m thick in the upstream profiles (G to K). The side branch of

Zwillingsgletscher also exhibits a central zone of low backscatter, which is separated from the

Grenzgletscher LBZ by a region of high backscatter which coincides with a medial moraine.

In contrast, the lower end of the Gornergletscher branch shows no indication of a LBZ. This

agrees with results from drilling in that area during earlier campaigns where cold conditions

can be ruled out as the boreholes did not refreeze during weeks (Iken et al., 1996).

A quantitative inference of ice temperature from radar backscatter can be achieved by com-

parison of radar profile D to borehole temperatures of profile PX5 (closer than 30 m). The

contours of Θ = T −Tm in Figure 1.7 indicate that zones of high radar scatter coincide with

ice temperature close to the PMT (Θ > −0.25 K), whereas scattering is almost absent in

cold areas with Θ < −0.5 K.

1.4.6 Ice Water Content

Received radar power from within the ice is an indicator of the density of scatteres, which

are assumed to be small bodies of liquid water within the ice (Hamran et al., 1996; Barrett

et al., 2008). Given a point of known water content as reference, the absolute water content

can be determined with help of Equation (1.2) (Pettersson et al., 2004). Such a backscatter

reference is visible in radar profile D (arrow in Fig. 1.8) in form of a water-filled englacial water

channel at 130 m depth. This englacial channel was encountered during drilling of hole r6,
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Figure 1.8: Inferred ice water content of radar profile D calculated with Equation (1.2), and

smoothed on a moving 3x7 pixel window (3 × 1.5 m). Contours of temperature relative to

PMT (Θ, white) in the range Θ = −0.25 to −2.5 K are shown. The yellow arrow indicates

the location of an englacial water channel.

when borehole water level dropped rapidly upon reaching 120 m depth. For further analysis

we interpret this feature as an active englacial channel with 100 % water content.

Figure 1.8 shows the inferred water content ω on radar profile D, as calculated with Equation

(1.2). There is a striking coincidence between low water content and cold ice temperature,

whereas ice of high water content is localized under the medial moraines. Bright spots close

to the glacier bed might indicate water-filled branches of the subglacial drainage system.

The relationship between received radar power and ice temperature can be quantitatively

investigated in several boreholes that are located in close vicinity of radar profiles. Figure

1.9a shows the temperature profiles of boreholes f5 and l5 (within 30 m distance from radar

profile D), and f1 (within 20 m of radar profile E). For each borehole, radar signal power

from the three closest radar traces was averaged, and the water content was calculated

using Equation (1.2). The ice water content calculated for the three boreholes is shown in

Figure 1.9c, and for each individual temperature sensor in Figure 1.9b. The water content in

vicinity of boreholes f1 and f5 is below 0.1 % where the temperature is lower than 0.5 K below

PMT. In borehole l5 the amount of scatterers, and therefore the inferred water content,

is higher (0.2 % to 0.8 %) at several depths. One such peak coincides with the kink in the

temperature profile at 160 m (Fig. 1.9a). The origin of these scatterers is unknown, but might

be attributable to englacial water seeping through small vertical cracks which are frequent in

the confluence area.

1.5 Discussion

1.5.1 Cold Ice Body

The shape of all cold temperature profiles (Figs. 1.3 and 1.4) is typical for a regime dominated

by heat advection, and resembles temperature profiles measured in fast flowing polar glaciers

(e.g. Blatter, 1987) and the Greenland ice sheet (e.g. Funk et al., 1994a; Lüthi et al.,

2002). Like in polar glaciers and ice sheets, the thick body of cold ice in the ablation

area of Grenzgletscher is an advected feature. The cold ice originates from the high altitude
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Figure 1.9: a) Vertical profiles of Θ for boreholes f1, f5 and l5 in vicinity of radar profiles

D and E. b) Inferred water content vs. Θ at depths of individual sensors. The dashed lines

shows the theoretical curve C ′ |Θ|−1.1 with C ′ = 0.05 (upper bound) and C ′ = 0.01 (lower

bound). c) Inferred water content vs. depth. There is a strong increase in water content

within the range of depth where we found the CTS (see Tab. 1.1). Notice the changing

horizontal scale.

accumulation zone above 4000 m a.s.l. (shaded in pink in Fig. 1.1, Suter and Hoelzle (2002)),

with coldest temperatures of −14.1◦ C measured on Colle Gnifetti (Lüthi and Funk, 2001).

Conversion of potential energy to heat by dissipation would raise temperature by 9.5 K during

a 2000 m drop. As the ice in the upper half of an ice body barely deforms, most of this energy is

released close to the bed which explains temperate conditions there. Also, it seems reasonable

to assume that a considerable amount of ice is melted at the base, which constitutes a

continuous source of subglacial meltwater.

The core of cold ice in the center of Grenzgletscher occupies 90 % of the ice thickness at

the upstream end of the flow line PF, and diminishes to about 70 % at the downstream

end (Fig. 1.5). The temperature minimum of the cold ice body along the central flow line

PF rises by 0.5 K between boreholes f1 and f13. Figure 1.3 shows that this temperature

increase is almost uniform along a vertical profile. The considerable vertical and lateral heat

fluxes are sufficient to explain this warming. The vertical heat flux towards the coldest zone

is driven by vertical temperature gradients between 12 and 20 mK m−1, corresponding to

24 to 42 mW m−2 heat flux (calculated with a thermal conductivity k = 2.1 W m−1 K−1;

Paterson (1999)). Lateral temperature gradients are of the order of 10 mK m−1 at 100 m

depth, corresponding to a horizontal heat flux of 20 mW m−2. At an average flow velocity of

30 m a−1 the transit time between f1 and f13 is about 40 years. Calculating the conductive

heat flux into a cylinder of 50-100 m radius during 40 years leads to 0.3 to 0.7 K increase of

the temperature within the cylinder. Therefore, it is likely that the temperature increase is

mainly due to heat conduction, as dissipative heat production is small at the low deformation

rates in the upper half of the glacier. Detailed thermo-mechanical modeling is underway to

investigate whether the observed temperature distribution is stationary, or is affected by rising
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surface temperatures and a transient flow field.

Some peculiarities in the ice temperature profiles are discussed next. Borehole f3 is slightly

warmer than the downstream borehole f5 (Fig. 1.3). Since borehole f3 is not strictly located

on the central flow line, but 30 m South, this temperature difference is an expression of the

considerable horizontal temperature gradients, which are visible in Figure 1.6.

The temperature profile of borehole l9b (Fig. 1.4) is 1.5 K warmer than the nearby borehole

l9a. Radar profile C (Fig. 1.7) shows a zone of high backscatter below 100 m depth in the

center of the 400 m wide LBZ around borehole l9b. A possible explanation for this backscatter

anomaly is heat release from a former moulin. After drilling (in 2010) a small moulin formed

in 10 m distance from the borehole. Since the radar profiles were acquired in 2008 under dry-

snow conditions, the reflecting feature cannot be caused by this moulin or by the borehole, but

indicates a hydrologic feature that has persisted within the otherwise cold ice body, and which

was re-activated in 2010. Similar signatures have been observed in the marginal zone of the

Greenland ice sheet. Waveform modeling showed that they are likely produced by water-filled

cavities or channels (Catania et al., 2008). If so, the presence of moving water would heat

the cold ice considerably, as was observed in borehole l9b, and would be an example of the

cryo-hydrological warming proposed for cold ice (Phillips et al., 2010).

1.5.2 Low-Backscatter Zones

Low-backscatter zones (LBZ) are observed in all radar profiles crossing the Grenzgletscher

branch. They are also visible in the Zwillingsgletscher side branch, while they are absent in

Gornergletscher (Fig. 1.1). The LBZs extend from the highest accumulation zone with cold

ice and internal layering (Lüthi, 1999) to the glacier terminus, and are especially pronounced

in the confluence area where they occupy up to 90% of the ice thickness of 300-400 m.

Low-backscatter zones of similar spatial extent have been detected in earlier, ground-based

radar measurements with 40 MHz center frequency (Eisen et al., 2009). The lower boundary

of those LBZs, termed the “radar transition surface” (RTS), was consistently at a shallower

depth than the CTS. The vertical extent and therefore the amount of cold ice was considerably

underestimated. This difference might be partly attributable to a different signal to noise

ratio, which was greatly enhanced in the helicopter-borne measurements with more signal

stacking (256-fold instead of 8-fold) and a much higher capacity regarding the antenna gain.

Furthermore, signal quality of ground-based radar on an undulating surface is degraded by a

varying antenna geometry, a source of noise not present with the constant antenna geometry

of the helicopter-borne UMAIR system.

1.5.3 Ice Water Content

We inferred the ice water content by comparing scattered signal power to a known reference

scatterer of 100% water content (englacial channel in Figure 1.8). Quantitative analysis

in Figure 1.9b shows that the ice water content increases in a systematic manner towards

the PMT (Θ = T − Tm = 0 K) for all three boreholes. According to theory and laboratory

experiments, the relation between the diameter a of water veins in cold ice and temperature

is Θ = C a−1.82 (Mader, 1992b). Interstitial water volume between ice grains will then be

proportional to the square of the vein diameter a. The ice water content therefore is

ω = C ′ |Θ|−1.1
, (1.4)
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where C ′ is a constant that depends on the density of intracrystalline veins, and therefore ice

density (Lliboutry, 1996), and on the soluble impurity concentration in the water. The curves

in Figure 1.9b correspond to Equation (1.4) with C ′ = 0.05 (dash-dotted) as upper bound

and C ′ = 0.01 (dashed) as lower bound. The respective values of C are in the range 15 to 65,

and therefore of the same order as Mader’s value of 25. The agreement corroborates that

the findings of laboratory experiments (Mader, 1992a,b) are transferable to in situ conditions

in a polythermal glacier. This result is significant since it implies that the CTS is a zone of

increasing water content as the PMT is approached, rather than a singular phase transition

surface.

For each of the three boreholes the inferred water content in Figure 1.9c increases strongly

in the depth range where the CTS is located according to the temperature measurements

(Tab. 1.1). In each location, two peaks in water content are found in vicinity of the CTS:

0.8 % and 2.8 % at 266 m and 274 m depth in borehole f1 (red); 0.55 % and 3.2 % at 292 m

and 298 m depth in borehole f5 (blue); 0.95 % and 2.5 % at 292 m and 311 m depth in borehole

l5 (green). These inferred water contents depend strongly on the assumed attenuation factor

α. For example, using a value for −1.5◦ C instead −2.5◦ C (0.0057 instead of 0.0053)

increases the inferred water content by 30%. Therefore, we regard the above values as

lower limits, especially for the relatively warm ice at borehole l5. Comparing our inferred

water contents at the CTS to other studies shows that our lower values (first peaks) are

similar: Pettersson et al. (2004) found values between 0.58 % and 0.79 %, and Gusmeroli

et al. (2010) found 0.6 %. Our higher values (second peaks) are in the range found on

other glaciers (summarized in Table 1 of Pettersson et al. (2004)). Even higher values up to

9 % were inferred in one study (Macheret and Glazovsky, 2000). The rather high values of

inferred water content we find below the CTS (i.e. more than 10 % for borehole f1) might

be the result of macroscopic water volumes like water-filled crevasses or channels.

1.5.4 Consequences for Glacier Dynamics

Glacier dynamics is affected by cold ice through the dependence of ice viscosity on tempera-

ture. Viscosity at a temperature of −2◦ C is about twice that of temperate ice (e.g. Cuffey

and Paterson, 2010). Since cold ice occupies between 70 and 90 % of the ice thickness in the

central part of Grenzgletscher, it is likely to affect the ice flow pattern in the whole conflu-

ence area. Longitudinal stress transfer through the cold ice from the steep zone (in vicinity

of profiles F and G) will tend to push the ice towards North, and partially block ice flow from

Gornergletscher. As a consequence, one would expect that measured flow velocities cannot

be reproduced with an ice flow model employing the flow law of temperate ice. Indeed, even

by varying basal sliding motion in a isothermal 3D full-Stokes ice flow model, an agreement

between modeled and measured flow velocities could not be obtained (Riesen et al., 2010).

1.5.5 Consequences for Glacier Hydrology

Cold ice is impermeable to meltwater, except for water forcing its way by hydrofracturing

(van der Veen, 1998), or for water flowing permanently through cracks or channels (Boon

and Sharp, 2003). Stagnant water within cold ice freezes within days even at the moderately

cold temperature of −2◦ C, as was observed in the cold sections of the boreholes described

above (Fig. 1.11).

The cold ice detected in the boreholes is gradually exposed at the surface downstream of our

drill sites, as melting removes ice from the surface. The impermeability of this cold ice leads
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Figure 1.10: Cold ice extent determined with the ice radar profiles is indicated by the lines of

graded blue dots (scale given in Fig. 1.1), the inferred extent of cold ice on the Grenzgletscher

branch is indicated with a hatched blue area. Surface lakes and meltwater streams are shown

with blue lines, black lines indicate crevasses, and moulins are marked in red (data from

Rüegg, 2007). Glacier-dammed lake Gornersee (stranded icebergs within blue outlines) had

drained before the aerial photograph was acquired (in August 2006).

to surface morphological features which are prominently visible in the foreground of Figure

1.2. Lakes of more than 20 m diameter form on the glacier surface, and meltwater streams

flow through deeply (10-30 m) incised, meandering canyons that persist for many years. This

kind of hydrological features, often observed in Arctic polythermal glaciers, is unique in the

Alps. They were the topic of a detailed monograph (Renaud, 1936), and are even indicated

on topographic maps. It is important to emphasize that such deeply incised streams and big

surficial lakes are absent on the adjacent temperate Gornergletscher branch (left confluence

in Fig. 1.2), and also at the margins of the Grenzgletscher branch where the ice is temperate

(Fig. 1.7).

The locations of persistent, deeply incised hydrological features at the glacier surface (mapped

from 2006 aerial photography and during the 2006/07 field seasons by Rüegg (2007)) are

compared to the extent of the cold ice in Figure 1.10. Lakes and the deeply incised meltwater

channels coincide with areas where cold ice was mapped with radar. There is also a striking

coincidence of almost moulin-free zones within the cold ice, whereas the density of moulins is

high in the adjacent temperate ice. The only cold area of high moulin density is found within

the crevassed zone, which is caused by extensional stresses as the ice flow changes direction.

A few moulins persist in the center of the cold ice downstream of the crevassed zone, which

were likely advected from the crevassed zone where they formed. Such moulins have to carry

important meltwater fluxes to warm the surrounding ice sufficiently, such that refreezing is

not complete when water supply stops during winter. The warmer ice found in borehole l9b,

and the observed radar scatterers in that area, are likely due to this process.

The ice marginal lake Gornersee forms every summer in the confluence of Gorner- and Gren-

zgletscher (outlines are shown in Fig. 1.10), and drains between 4 and 6 ·106 m3 water within
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several days during an outburst flood in mid-summer (Huss et al., 2007). Different modes of

drainage have been observed in the summers of 2004 to 2008: subglacial, englacial through

a big channel, and superficial through a progressively incised gorge with a final depth of 50 m

(Werder et al., 2009). To what extent the thick, cold ice is responsible for damming of the

lake is difficult to assess. It is likely that the cold ice precludes drainage through the main

body of the glacier, such that englacial drainage pathways are restricted to the temperate ice

close to the bed, and along the medial moraine formed by Gorner- and Grenzgletscher (Huss

et al., 2007; Sugiyama et al., 2008).

1.5.6 Consequences for Glacier Mass Balance

The cold ice advected from the accumulation zone above 4000 m a.s.l. moves through a

temperate accumulation zone where it is buried by temperate firn/ice (Suter et al., 2001).

This temperate ice is subsequently removed by ablation, until in the confluence zone the

central core of cold ice is emerging at the surface. There is strong visual indication of this

process, as the morphology of the glacier surface changes along the flow line. In vicinity of

boreholes f1, f3 and f5 (Fig. 1.1) the ice is dusty and exposes different shades of gray, while

cryoconite holes are infrequent or absent. Dust blown from the adjacent exposed moraines is

likely the main source of this color. Around boreholes f12 and f13 and further downstream,

the surface appears in bright white, and water-filled cryoconite holes are abundant. The ice

in that area is exceptionally slippery, even on a hot summer day. These empirical indications

of cold ice outcropping in the lower ablation zone (below borehole f12) are supported by

exceptionally bright appearance of that zone on aerial photography and satellite imagery

(Landsat 7 ETM+, channel 2), which is limited to the cold Grenzgletscher branch.

Cold ice, through its high content in air bubbles and low content in liquid water, reflects

incoming radiation and has a high albedo (Warren and Brandt, 2008). Ablation is therefore

considerably reduced as compared to temperate ice, where liquid water in veins absorbs

radiation. The ubiquitous presence of dust particles further reduces albedo and thus increases

ablation. Preliminary comparison of ablation measurements from stakes with surface albedo

and ice temperatures corroborates the above propositions and will be the topic of a further

study.

A possible mechanism explaining the observation that dusty surface ice is becoming clear

as it moves in the lower ablation area is the formation of cryoconite holes (MacDonell and

Fitzsimons, 2008). In temperate ice, melt water seeps through the surface, which is often

rotten by radiation, leaving the insoluble dust particles at the surface. In contrast, cold ice is

impermeable to water, which runs over the surface, and collects in depressions. Dust particles

are thus moved along with the water to depressions where they assemble. These collections

of particles absorb heat, locally increasing melt, and thus forming cryoconite holes (Bøggild

et al., 2010).

Outcropping of cold ice at the glacier surface in the lower ablation zone has the effect of

concentrating dust particles in cryoconite holes, thus brightening the surface and reducing

albedo. This process might explain the presence of a dark zone in the upper ablation area

of the Greenland ice sheet (Wientjes and Oerlemans, 2010; Wientjes et al., 2011), while the

downstream ablation area is bright and clear.
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1.6 Conclusions

We used a combination of ice temperature measurements in 15 deep boreholes together with

helicopter-borne ice radar to delineate the polythermal structure of Grenzgletscher. These

methods are complementary: Borehole measurements provide absolute temperature with high

accuracy, whereas ice radar provides a glacier-wide picture of the distribution of temperate

and cold ice. Our measurements show that the cold ice is located within a narrow central core

that is advected from a very high accumulation area. The cold ice occupies up to 90 % of the

ice thickness within a 400 m wide flow band in the confluence area with Gornergletscher, and

extends to the glacier terminus where it is gradually exposed at the surface by ablation. The

ice is coldest along the central flow line in 60−80 m depth, and gradually rising downstream.

Surface brightening through the outcropping of cold ice in the lower ablation zone presumably

is an important process affecting glacier mass balance.

Absolute ice water content was inferred from returned radar power by comparison with a

reflector assumed to be a water-filled englacial channel. We inferred that interstitial water

volume within the ice matrix increases from virtually none at a temperature colder than 0.5 K

below PMT to about 0.5 − 1 % at PMT. This increase follows the functional relationship

determined in laboratory experiments. The inferred water content within the temperate ice

varies but is in the order of a few percent. Also higher values of more than 10 % are found,

however these might be due to the presence of a channel. Much higher values in vicinity of the

bedrock are most likely related to subglacial drainage pathways in a localized or distributed

hydrological system (Harper et al., 2010). The polythermal structure of Grenzgletscher has

a strong influence on its flow dynamics and hydrology. Due to the strong dependence of ice

viscosity on temperature, and on ice water content, thermo-mechanically coupled ice flow

models are required to assess their flow dynamics (Aschwanden and Blatter, 2009).

The close agreement of cold ice zones with surface hydrological features such as meltwater

lakes, persistent deeply incised meltwater streams, and the near-absence of moulins shows,

that these features can be used as indicators of the presence of cold ice (Hodgkins, 1997;

Boon and Sharp, 2003). These findings might be used for the remote detection of changes

of the thermal structure of Arctic glaciers and the marginal zones of Greenland and Antarctic

ice sheets: Changes of the distribution of surficial lakes and meltwater streams could be used

to indicate thermal changes within the ice body, which in turn affect ice dynamics.

It is likely that the annual formation of ice-dammed Gornersee, its volume and drainage mode

is controlled by the presence of cold, impermeable ice. Thus, the presence of cold ice might

play an important role understanding and predicting glacier lake outburst floods, especially in

mountain ranges with very high accumulation areas.

The results presented in this study are similar to many findings observed under Arctic and

Antarctic conditions. The thermal and surface hydrological characteristics of Grenzgletscher

are due to the same processes controlling Arctic glaciers and the marginal zones of the

Greenland and Antarctic ice sheets. A better understanding of polythermal Alpine glaciers

therefore could advance the understanding of processes controlling the evolution of Greenland

and Antarctica, but at a much reduced logistical effort.
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Figure 1.11: Evolution of borehole temperature after drilling in cold ice (thermistor in borehole

f5): a phase of slow cooling during freezing (first four days) is followed by rapid cooling

(days 4 to 7). Temperatures can only be extrapolated to the undisturbed value during the

final equilibration phase (after day 7). Dots with error bars (± 50 mK) show temperature

measurements, the red curve the best fit with Equation (1.5). The blue horizontal line

indicates the undisturbed temperature T0 = −2.01◦ C calculated from the fit, which is within

30 mK of the temperature measured three months after drilling.

Appendix (a): Temperature Extrapolation

Upon completion of drilling with hot water, the temperature of cold ice in vicinity of the

borehole is raised with respect to its undisturbed value due to heat released during drilling

and by refreezing of the borehole. Figure 1.11 shows a typical example of the temperature

evolution at an individual temperature sensor. Initial cooling is slow for several days until the

borehole is completely refrozen. After a phase of rapid cooling, the temperature asymptoti-

cally approaches the undisturbed ice temperature T0 within several months. The value of T0

was calculated from the first ten days of measurements with an extrapolation procedure . For

this purpose the borehole was considered as an instantaneous line source of heat. The tem-

perature T (t) in the borehole center then evolves according to (Humphrey and Echelmeyer,

1990, Eq. 24)

T (t)− T0 =
Q

4πk

1

(t − s)
, (1.5)

where T0 is the undisturbed ice temperature, Q the heat released per unit length of the

borehole, k the heat conductivity of ice, and t is time. The delay s until the onset of

asymptotic cooling (equilibration phase in Fig. 1.11) had to be introduced in addition to

Formula (24) in (Humphrey and Echelmeyer, 1990).

The quantities T0, Q and s were determined for each temperature sensor by fitting Equa-

tion (1.5) to the temperatures measured during the equilibration phase. The extrapolated

temperature T0 is within 30 mK of the temperature measured three month after drilling.

Appendix (b): Correction of Telemetry System Data

To reduce power consumption of the telemetry system, the measurement interval of 2 minutes

in summer was reduced to 15 minutes during winter. This interval change allows for correction
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of the heat released by the sensor electronics. Assuming steady temperature and radial heat

flow, the total heating power of the sensor unit is related to ice temperature as (Carslaw and

Jaeger (1959), Chap. 9.1)

P ′ = 4πkrc(Trc − T0), (1.6)

where Trc is the temperature measured at sensor unit, rc the radius of sensor unit, T0 the

undisturbed ice temperature and k the conductivity of ice.

Changing the measurement interval leads to different heat release rates in the sensor: P ′120

(measuring every 120 s in summer) and P ′900 (measuring every 15 minutes in winter), with

corresponding temperatures T120 and T900. Assuming that the change in measurement interval

is proportional to the change in heat release (i.e. constant heat release rate during operation),

leads to the relation

a =
P ′120

P ′900

=
∆T120

∆T900

=
T120 − T0

T900 − T0

=
900

120
= 7.5 , (1.7)

and solving for the undisturbed ice temperature

T0 =
aT900 − T120

(a − 1)
. (1.8)

The largest difference from the measured temperatures during the winter interval to the calcu-

lated undisturbed temperatures was 0.017 K, which is smaller than the accuracy of the single

thermistor. However, the differences of the undisturbed temperatures to the temperatures

measured in the summer interval were as high as 0.13 K.

Appendix (c): Automatic Detection of Extent of

Low-Backscatter Zone (LBZ)

A simple algorithm to automatically detect the extent of the LBZ was implemented. Assuming

that random scatterers are homogeneously distributed within the cold ice and have equal

scattering cross section, the reflected power of the radar signal (corrected with Equation

1.1) should increase with R2 (the scatterers are located on the surface of a sphere Hamran

et al. (1996)). To make the algorithm insensitive to random scatterers, we use the cumulative

signal strength which varies like R3.

At the depth where the cumulative signal strength exceeds the value expected for random

scatterers, additional scatterers, such as more or larger water inclusions, are located. This is

the depth where the transition from cold to temperate ice (i.e. the CTS) is expected.

A somewhat arbitrary threshold of twice the theoretical signal strength was used to determine

the lower boundary of the LBZ in each radar trace (indicated with red bars in Fig. 1.12). This

threshold proved to be useful since signal strength increases considerably at this value in all

traces. Comparison with temperature measurements shows that the lower boundary of the

thus determined LBZ lies in the range where the CTS is located. The location of the CTS is

only known within a few meters (Tab. 1.1) which is also the accuracy of this method. The

described method was applied to all radar traces, and mostly provided satisfactory results.

Radar profiles I, J and K are located within the crevasse-rich lower accumulation zone with

strong reflectors close to the surface which preclude automatic detection. In these profiles

the LBZ was picked manually.
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Figure 1.12: a) A part of radio echo profile D (location shown in Fig. 1.1) displayed to illustrate

the algorithm to detect the limit of the low-backscatter zone. b) Cumulative signal strength

of the four radar traces indicated with colored vertical lines in panel a. The dashed line,

scaled to match signal strength close to the surface, indicates the expected R3 dependence

of signal strength from random scatterers. Horizontal red bars mark the depths where the

signal strength is twice the cumulative signal level of random scatterers and was chosen as

the lower boundary of the low-backscatter zone.
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Chapter 2

ROGUE
Real-time Observations of Greenland’s
Under-ice Environment

2.1 Introduction

The project ROUGE combines a comprehensive set of measurements in deep boreholes and at

the surface with modeling studies to investigate the short term reaction of the marginal zone

of GrIS to subglacial disturbances by melt water input. The aim is a better understanding of

the processes responsible for peripheral thinning and seasonal flow velocity variations. Drill

sites were chosen on a flow line in the ablation zone in a region that is easily accessible

and is not influenced by a fast flowing outlet stream (see Section 2.2). Earlier studies and

instrumentation in this area motivated the site choice (e. g. Catania et al. (2008), Price

et al. (2008)). Boreholes to the bedrock were drilled to obtain information on processes at

the ice-bedrock interface, the thermal structure, internal deformation and layering within the

ice. Also surface motion and meteorological parameters were measured. This SNF-funded

project is a joint effort of ETH Zürich with US research partners: Martin Lüthi, Martin

Funk (VAW ETH Zürich), Cornelius Senn (D-BAUG ETH Zürich), Ginny Catania (University

of Texas, Austin, TX), Robert Hawley (Dartmouth College, Hanover, NH), Matt Hoffman

(NASA / Los Alamos National Laboratories LANL) and Thomas Neumann (NASA Goddard

Space Flight Center, Greenbelt, MD).

In Section 2.3 a summary of the drilling operation and instrumentation is given. The technical

details for successful drilling is given in Chapter 3 and the used instrumentation is described

in detail in Chapter 4. Data analysis and modeling studies are divided into two parts: ice

deformation and rheology during winter conditions (Chapter 6) and short term variations in

flow dynamics due to increased melt during summer (Chapter 7).

2.2 Field Sites

Two drill sites named FOXX and GULL were chosen in the ablation zone of West Greenland.

Sites FOXX (69◦ 26.755’ N / 49◦ 53.107’ W, 700 m a.s.l., 620 m ice thickness) and GULL

(69◦ 27.141’ N / 49◦ 43.093’ W, 880 m a.s.l., 700 m ice thickness) are located on a flow

line 26 km and 20 km downstream of Swiss Camp (69◦ 33.147’ N / 49◦ 19.848’ W, 1093 m

a.s.l.). Measured surface velocities of about 100 m a−1 are modulated by seasonal velocity

variations. The dynamical influence of fast flowing Jakobshavn Isbræ, located 30 km to the
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CHAPTER 2. ROGUE

Figure 2.1: The study site indicated with a red area within the Greenland coastline is illustrated

with a MODIS satellite image (NASA/GSFC, 2010). The drill sites FOXX and GULL are

located on a flowline downstream of Swiss Camp and the 1995 drill site D/DUCK is located

near Jakobshavn Isbræ (Lüthi et al., 2002). The flowline was determined from velocity data

from Joughin et al. (2010) The inset shows bed and surface topography along the flowline at

five-fold vertical exaggeration (data from DTU Space and Remote Sensing (2005), Gogineni

(2012), no data close to the margin). The dashed line indicates sea level.

South, extends about 10 km (Lüthi et al., 2003), and is therefore unlikely to affect the study

sites. Measured ablation rates in 2011 and 2012 were 6 and 4.5 m a−1 at sites FOXX and

GULL.

A total of 13 holes reaching the glacier bed were drilled at sites FOXX and GULL in summer

2011 with the VAW hot water drilling equipment (Chapter 3.2). The drilling speed of a hot

water jet of 80◦C temperature and a flowrate of 60 l min−1 was controlled with an electrical

winch at a pre-determined speed to achieve a constant borehole diameter (Chapter 3.3). At

site FOXX, 7 holes to the bed in 620 m depth were drilled, and 6 holes to the bed in 700 m

depth at site GULL.

2.3 Instrumentation

At each drill site two boreholes were instrumented with the digital borehole sensor system

DIBOSS (Section 4.1) that consists of several multi-sensor units. Each unit has a digital

pressure sensor, a temperature sensor, a 2-axis tilt sensor and a 3-axis magnetometer. The

multi-sensor units were connected by cables that can accommodate 20% of the total strain

before failure. Sensor spacing decreased towards the bed where high deformation rates were

expected (Figure 2.2). Thermistor strings to measure near-surface temperature were de-

ployed in the same holes. Two boreholes at site FOXX were equipped with seismometers

complementing a dense surface seismology network. At the surface, a differential GPS sys-

tem (details in Section 4.5) and an automatic weather station were installed at each drill

site.

Several down-hole measurements were performed immediately after drilling at each site: log-
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Figure 2.2: Borehole instrumentation layout for sites FOXX and GULL. Two DIBOSS systems

and individual thermistor strings were deployed at each drill site. The location of the DIBOSS

sensors are indicated with red symbols, thermistors with black stars.

ging with an optical televiewer, electrical DC conductivity of the ice between boreholes, and

pump tests to probe hydraulic response of the subglacial drainage system.
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Chapter 3

Hot Water Drilling

3.1 Introduction

Hot-water-drilling has become a standard method to access the intra- or subglacial environ-

ment of a glacier. Compared to other drilling methods (e. g. ice-core drilling), hot-water

drilling is fast. Within less than a day a hole to ∼1000 m depth can be drilled. However, it is

crucial not to drill too fast: the drill tip needs to hang freely a few meters above the bottom

of the borehole. If the tip is too close to the bottom of the borehole, the drill tip will deviate

from vertical and a bended borehole would be the result. Further, too fast drilling could cause

too small diameters of the borehole: Within cold ice refreezing could occur just after drilling

so that instrumentation of the borehole will no longer be possible. If the drilling needs to be

halted due to technical problems, the drill tip should be lifted far enough. Due to pressure

drop, the hose gets longer and the tip can hit the bottom of the borehole and freeze in: the

drill tip and the hose would be lost and the field campaign would end earlier than planned...

To successfully drill to a given depth with a prescribed borehole diameter we need to determine

the drill speed as a function of depth and calculate the closure rate of the water filled hole.

After drilling, the diameter needs to be large enough to instrument the holes within some

hours. The hot-water drilling is a fast method but it needs patience and attention during

the drilling process. Even more patience is needed if things are not working as expected: as

Humphrey and Echelmeyer (1990) say “ glacier gremlins are always hard at work deep in the

ice causing time-delaying problems”. As drilling a hole is import to obtain the necessary data

for my PhD work, the used drill system is described in this chapter. Further, a summary of

the theory presented by Humphrey and Echelmeyer (1990) and Iken et al. (1989) is given and

discussed.

3.2 The VAW Hot Water Drill System

The VAW hot water drill system has been used successfully in Greenland since 1989, and in

many glaciological projects in the Alps. Since then the system was improved continuously1.

Heaters New heaters from OMB Bütschwil, Switzerland, were used. To keep the heaters

running well in cold and/or high altitude environments, pre-heaters for the diesel had to be

installed. These pre-heaters bring the diesel to constant temperature just before the injection

1 A. Iken, P. Gnos, M. Funk and T. Wyder perfected the system.
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CHAPTER 3. HOT WATER DRILLING

nozzle and ensure high combustion efficiency. With that, temperature of the drilling water

can be held constant which is crucial for smooth drilling.

Pumps HD pumps from Moog in Worb, Switzerland; performance: 100 bar and 21 l min−1

Generators Two Honda ECM7000; power: 400 V (three phases), max. 7 kVA for the heaters

and pumps. For the winch a smaller generator, Honda EM25: 230 V, max. 2.5kVA was used.

Hose A new drilling hose was evaluated and ordered from Maagtechnic, Dübendorf, Switzer-

land, type 1000 CKZ . This 3/4” high pressure hose was ordered in 100 m pieces which are

then coupled to the length needed. The couplings were secured with a wire stocking for

strain-relief, i. e. to keep the hose from being lost if the coupling would slide from the hose.

Winch The electric winch was equipped with an array of sensors that allows to closely

monitor the important parameters necessary to determine the optimal rate of drilling. Water

temperature, discharge and drill speed are monitored and logged during the drilling process.

Further, the winch is leveled by four hydraulic jacks. With that, the winch is in a stable

position and keeps the hose hanging straight in the middle of the borehole. The weight of

the winch and the hose lowered into the borehole were recorded continuously to control if

the hose is hanging freely during drilling and finally to determine if the bed was reached.

During drilling, the weight can decrease immediately when the drill tip hits the ice due to too

fast drilling or due to elongation of the hose that can occur if the water pressure decreases

because of a pump failure. The weight decrease caused by hitting the glacier bed was always

awaited impatiently.

Hobo Hobo, type U12-015 from bakrona zürich ag, Switzerland, is a temperature sensor

that was installed in the drill tip to continuously record the water temperature at the tip

during drilling.

3.3 Drill Speed

Ice thicknesses at FOXX and GULL were 600 and 700 meters. For drilling at FOXX, three

pumps and four heaters were used and the nozzle diameter was 3.5 mm. At GULL, four

pumps and 6 heaters and a nozzle with 4 mm diameter were used. The drilling time to reach

the glacier bed varied between 7 and 10 h.

Drill speed depends mainly on the temperature of the drilling fluid (water) and discharge.

Further, the total thermal resistance of hose and the water in the drilled borehole and the

nozzle diameter determine the rate of drilling. Ice temperature does only weakly influence

drill speed. However, it plays an important role in borehole closure and should therefore be

considered when choosing the initial diameter of the borehole that should be achieved. In

Table 3.1 the relevant variables to calculate drill speed are summarized. Equations for drill

speed and time of drilling are given below.
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3.3. DRILL SPEED

Table 3.1: Thermal properties of ice and water and further parameters needed to calculate

drill speed.

Symbol Value Unit Description

ci 2000 (at -10◦C) J kg−1 K−1 specific heat capacity of ice

cw 4182 J kg−1 K−1 specific heat capacity of water

ρi 918 (at -10◦C) kg m−3 density of ice

ρw 1000 kg m−3 density of drilling fluid (water)

Li 334000 J kg−1 latent heat of fusion (ice/water)

Q 60,70,80 l min−1 water discharge at inlet

Qw (Q/60)1̇0−3 m3 s−1

R0 ∼0.1 m initial borehole radius

r m distance from borehole center

Tin 70, 80, 90 ◦C water temperature at surface

Tw
◦C temp. of drill water in depth

Tpm
◦C pressure melting temp.

Twall =Tpm
◦C temp. of borehole wall

T0
◦C undisturbed ice temp.

Zh m K W−1 eff. thermal resistance of hose

Zw m K W−1 eff. thermal resistance of bore hole

water layer surrounding hose

Z 0.1 -0.3 m K W−1 eff. total thermal resistance (Zh + Zw)

A0 7.151̇0−5 m2 kWh−2/3 factor given by Iken et al. (1989)

d 3.5-4.5 mm nozzle diameter

3.3.1 Drilling to Large Depth

The depth range of drilling with hot water is limited. The limit is reached when the hot water

flowing through the hose cools to the freezing point by the time it arrives at the drill tip. The

water temperature Tw decreases exponentially with depth z

Tw(z) = Tin exp

(
−z
λ

)
+ Twall , (3.1)

with λ = ρwcwQwZ, a characteristic decay length. Twall is the ice temperature at the borehole

wall and is equal to the pressure melting temperature Tpm. Z is the total thermal resistance

Zh +Zw , with Zh being the thermal resistance of the hose and Zw the thermal resistance of

the drilling fluid in the borehole.

Higher discharge (Qw) keeps water temperature at depth higher and directly increases the

rate of energy output. The drilling rate vdr i l l is proportional to the rate of energy output

(Iken et al., 1989)

vdr i l l(z) = C∗cwρwQwTw(z). (3.2)

C∗ is the specific drilling rate and depends on nozzle diameter and weakly on ice temperature;

a semi-empirical relation given by Iken et al. (1989, Eq. (3)) is

C∗ =
A0

d2(Liρi + ciρiTice(z))
1
3

. (3.3)

The factor A0 used by Iken et al. (1989) is given in Table 3.1.
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The drill time needed to reach a given depth z is (Iken et al., 1989, Eq. (4))

t(z) =
Z

TinC∗

(
exp

z

QρiciR
− 1

)
. (3.4)

The maximum hole radius R0 which would be obtained if all energy supplied at the drill tip

would dissipate instantaneously at the same location is given by Iken et al. (1989, Eq. (4))

R2
0 =

TwQcwρw
πvdr i l l(Li + ρi |Tice(z)|ciρi)

. (3.5)

With that we get vdr i l l as given by Humphrey and Echelmeyer (1990, Eq. (4))

vdr i l l(z) =
ρwcwQwTw(z)

πR2
0ρi(Li + ci |Tice(z)|) . (3.6)

The time to drill to a depth z is obtained from integrating Equation (3.6)

t(z) =
πR2

0ρiz

ρwcwQwTw

z∫
0

[
1 +

ρici
ρiLi
|Tice(zi)|

]
exp(
−zi
λ

)dzi . (3.7)

Humphrey and Echelmeyer (1990) state that Equation (3.2) derived from Iken (1988) and

Iken et al. (1989) gives a maximum rate of drilling and a minimum time to reach a depth

z in such a way that the radius is just large enough to let the drill pass. This is true for

small nozzle diameters. However, using larger nozzle diameter in Equation (3.2) has the

same effect as using a larger maximum hole radius R0 in Equation (3.6): drill speed is slower

and bore hole radius is enlarged. However, as Humphrey and Echelmeyer (1990) state, in

most cases vdr i l l derived with Equation (3.2) is too fast. To get a large enough borehole

diameter drill speeds between 55 % and 95 % of full speed were used in 1989 for drilling down

to 1400 m depth on Jakobshavn ice stream (Iken et al., 1989). According to logbooks of

the campaign form 1995, full drilling speed was applied with a 4.5 mm nozzle. Compared to

smaller diameters, a nozzle with 4.5 mm diameter slows down drilling speed but enlarges bore

hole radius compared to a smaller nozzle.

In the drilling campaign 2011 for the ROGUE project we did not drill at full speed. A reduction

of drill speed was achieved by assuming lower values for Tin or a larger nozzle diameter than

actually used to follow the curves on the drill speed tables (calculated with Eq. (3.2)). And a

conservative (smaller) Z-value, was assumed. The finally observed Z-value was larger than

the one used to calculate the tables (see section 3.3.2). As shown in section 3.3.2, assuming

a lower Tin was correct. It accounts for the temperature loss between the winch where Tin is

measured and the actual temperature at the borehole entrance. This means, that assuming

a lower Tin did not actually lower theoretical drill speed but just corrected the too high values

measured for Tin. Taking a smaller Z-value to be on the safe side was good in the ROGUE

campaign (see Discussion) but is not generally recommended because it does not lower drill

speed constantly over depth but only in deeper depths, at shallow depths the theoretical drill

speed gets even faster (Eq. (3.2), also see Discussion). The best way to decrease drill speed

and ensure a big enough borehole is to use large nozzle diameters (4 mm, 4.5 mm).

3.3.2 Z-Value

To calculate the total thermal resistance from the thermal resistance of the hose and from

the drilling fluid (water) in the borehole one can assume stagnant water in the borehole. With
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Figure 3.1: a) Logged drillspeed from 1995 in blue and green. Theoretical drill speed cal-

culated by Equation (3.2) with Tin , Qw and nozzle diameters from 1995 drilling logs by

assuming several values for Z. hole 3: 75◦C, 70 l min−1, 4.5 mm; hole 4: 75◦C, 80 l min−1,

5 mm. b) Theoretical drill speed calculated by Equation (3.6) with Tin , Qw and nozzle

diameters from 1995 drilling logs by assuming several values for R0.

this assumption an upper bound for Z can be determined but that is not accurate enough.

Iken et al. (1989) determined Z from “as fast as possible” drill speed tests. However, the

easiest and most accurate way to determine Z is to measure the water temperature in the

drill tip Tw during drilling.

When the discharge Qw , the temperature of the drill water at the surface Tin, the depth z

and the water temperature at the drill tip Tw(z) are known, the local thermal resistance Z

can be determined by

Z(z) =
−z

ln
(
Tw (z)−Twall

Tin

)
cwρwQw

. (3.8)

Determination of Z from 1995 drilling logs Before any tests were done with the improved

drilling equipment, the Z was determined from the drilling logs of the 1995 Greenland cam-

paign. Fitting the logged drill speeds with Equation (3.2) by assuming different values for

Z reveals the best results for a Z value of 0.12 m K W−1 (Fig. 3.1a). Although this value

is somewhat lower than the determined value based on experiments on Gornergletscher (see

below) we used it to determine the drilling rates for the ROGUE campaign. Once the Z

value was determined from the drilling logs, the maximal initial borehole radius R0 can be

determined by fitting the drill speed curves with Equation (3.6) (Fig. 3.1b).
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Figure 3.2: Drill tests on Gornergletscher: Measured water temperature at the surface Tin
and water temperature at the drill tip Tw are shown in the left Figure. The right Figure shows

the Z-value calculated by Equation (3.8).

Z determination with Hobo The field campaign on Gornergletscher in 2010 mainly served

to test all the equipment for Greenland. During drilling, for the first time Hobo was used to

measure the drill water temperature at depth Tw(z) (Fig. 3.2). With these measurements, the

Z-value could be determined with Equation (3.8). The thermal resistance is not constant

while drilling. At the beginning the value shows a strong increase, then it asymptotically

reaches a value of ∼0.14 m K W−1. As the thermal resistance of the hose Zh stays constant

with depth, the value of Z should be much more constant. Only Zw can be depth dependent

but then the value would rather decrease with depth because Zw decreases if the borehole

diameter decreases.

The Z-value from the drilling logs of the ROGUE campaign yields a similar curve for Z

as obtained from the drill tests on Gornergletscher (Fig. 3.3). If we look at the measured

temperature in the drill tip Tw and the measured temperature at the winch Tin, the reason

for the initial strong increase of Z becomes obvious: at the start of the drilling Tin and Tw(0)

should have the same value, however Tin is higher than Tw(0). The reason is, that Tin is not

measured at the borehole entrance but at the winch. From the winch to the borehole entrance

we had 900 m of hose rolled up in “eights” lying on a fleece tarp on the ice to minimize heat

loss, but still we loose more than 11◦C. This heat loss between winch and borehole entrance

will decrease during drilling, as more and more hose enters the borehole and the distance

from the winch to the borehole entrance becomes shorter. However, it is not clear, by how

much the heat loss is reduced. On Gornergletscher the hose was much shorter (400 m) and

we already had a decrease in temperature from the winch to the borehole entrance of 9◦C.

If we correct Tin by the initial temperature difference, the values for Z become much more

constant and slightly decrease with depth as expected.

To further test, which Z-value is correct, the theoretical temperature at the drill tip and the

measured temperature by Hobo were compared. The theoretical temperature at the drill tip

Tw(z) is given by Equation (3.1)

Tw(z) = Tin exp
−z
λ

+ Twall .

When we take Tin measured at the winch and the Z-value of 0.12 m K W−1 we cannot re-

produce the measured temperature at the drill tip Tw(z) (Fig. 3.4a). With a Z-value of
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Figure 3.3: Measured water temperature at the surface Tin (at the winch) and water tem-

perature at the drill tip Tw during drilling of the hole Gull 4 are shown in the left figure. The

difference of the temperatures at the very beginning is due to the temperature loss from the

winch to the borehole entrance. The right figure shows the Z-value calculated by Equation

(3.8). The blue curve is calculate from Tin as measured, the black curve is calculated with

Tin corrected by −11◦C and the gray curve is calculated with a linear decrease of temperature

reduction for Tin, i. e.Tin is Tin − 11◦C at the beginning of drilling and Tin − 4◦C when the

bottom of the hole is reached.

0.3 m K W−1 the calculated theoretical curve is much closer to the measured curve and with

additionally decreasing Tin by 11◦C the theoretical curve matches well (Fig. 3.4b). However,

as the temperature loss from the winch to the borehole entrance decreases during drilling, a

linear decrease with depth of the temperature correction for Tin was applied for the curves in

Figure 3.4c. To get the best fit with this temperature correction also the Z-value has to be

lowered in deeper depths. A decrease of the Z-value makes sense as due to a smaller diameter

of the borehole the thermal resistance of the borehole water Zw decreases with depth. This

decrease was already observed in Figure 3.3. So, the “correct” values found for the drilling

of the hole Gull4 are Tin = Tin − 11...− 4◦C and Z = 0.3...0.27 from the borehole entrance

to the bottom of the borehole.

3.4 Borehole Closure

To calculate borehole closure during and after drilling the problem is simplified by assuming

only radial heat flow. The heat flow into the ice is then (Humphrey and Echelmeyer, 1990,

Eq. (7))
∂T

∂t
= κ

(
∂2T

∂r 2
+

1

r

∂T

∂r

)
. (3.9)

The heat flux from the hose to the borehole wall and the heat flux in the ice determine the

motion of the phase boundary, i. e. the position of the borehole wall. The Equation for this

Stefan boundary condition is given by Humphrey and Echelmeyer (1990, Eq. (8))

Liρi
dR

dt
=

Q

2πR
+ ki

∂T

∂r
. (3.10)

To generalize the solution to boreholes drilled under various conditions, the same non-

dimensional forms of Equations (3.9) and (3.10) were used as given by Humphrey and
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Figure 3.4: Temperature at the drill tip Tw measured from Hobo is shown in blue. In black and

gray, theoretical curves calculated by Equation (3.3.2) with different Z-values and different

corrections for Tin are shown.

Echelmeyer (1990, Eq. (12))

∂T ∗

∂t∗
= κ∗

1

r ∗
∂

∂r ∗

(
r ∗
∂T ∗

∂r ∗

)
, (3.11)

dR∗

dt∗
=
∂T ∗

∂r ∗
+
Q∗

R∗
. (3.12)

The evolution of the temperature distribution with time (Eq. (3.11)) and the motion of the

phase boundary (Eq. (3.12)) were coded in Python by using finite differences with the explicit

Euler approach. By assuming a constant diffusivity an analytical solution exists (Carslaw and

Jaeger, 1959, Chapter 10.4, Eq. (2))

∂T

∂t
=

q

4πκr
erfc

r√
4κt

. (3.13)

Comparison of the analytical with the numerical solution after 9000 time steps shows a

maximal difference close to the borehole wall of 0.02◦C. The difference decreases fast with

further time steps. A total of 350 000 time steps was calculated in the borehole closure model.

So, an initial error in the temperature distribution should diminish quickly and not have an

influence on the calculated borehole closure time span (which was earliest after 150 000 time

steps). The time evolution of borehole diameter during and after drilling was modeled for
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Figure 3.5: Time evolution of borehole diameter during drilling and refreezing (hole Gull1).

the ROGUE boreholes. An example of the dimensionless form is shown in Figure 3.5 for the

borehole Gull4.

To get the borehole radius and time in “real” dimensions we have to undo the scaling. As

the initial borehole radius R0 is not the same with depth, also the time scaling with t0 has to

be performed as a function of depth. And t0 not only depends on R0 but also on T0, which

is the undisturbed ice temperature before drilling.

t(z) = t∗t0(z), with t0 =
R2

0Liρi
ki |T0|

R(z) = R∗R0(z).

We do not know the initial borehole radius R0 as Equation (3.5) only gives a maximal value,

furthermore it is not constant with depth. However, we can deduce the time of borehole clo-

sure at different depths according to englacial temperature and pressure records (Fig. 3.6).

With that we can inversely determine t0. In a next step we then get a value for the ini-

tial borehole radius which is ∼ 2
3
R0, which was in the mean ∼6 cm for the borehole Gull1.

However, R0 is not constant with depth, for the borehole Gull1 a minimum value of 4 cm

and a maximum value of 17 cm was determined. An example of the resulting borehole time

evolution is shown in Figure 3.7.

Observed borehole diameters on the glacier surface were ∼30–40 cm after drilling. The

modeled borehole diameter is slightly too big (Fig. 3.7). When modeling borehole closure,

we encounter again the problem of the Z-value. The Z-value is needed to model the amount

of heat that is released at a given depth. If the Z-value and/or the temperature at the
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Figure 3.6: a) When the borehole (here Foxx6) is refrozen, a kink in temperature evolution

is observed (dashed black line). The temperature can already be well below pressure melting

temperature due to sideways freezing of the sensor into the borehole wall. b) For some

sensors the freezing can also be observed in the pressure measurements: a freeze-in peak can

be seen in the evolution of p (marked with dashed black line).

Figure 3.7: a, b, c) Borehole evolution during drilling and refreezing (hole Gull1). The glacier

bed is reached after 8.2 h (b) and between 400–500 m depth the borehole refreezes first after

31.6 h, less than one day after the drilling ended. d) The prescribed ice temperature profile

is shown in blue, the dashed black line indicates the pressure melting temperature.
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borehole entrance Tin are too inaccurate, the calculated time of borehole closure and/or the

borehole diameter will be affected. To account for this, Tin and Z were corrected according

to the findings in Section 3.3.2 (Fig. 3.4c). Further more, the modeled time evolution of the

borehole diameter is highly susceptible to the prescribed ice temperature. The temperature

profile used in the example shown in Figure 3.7 is not accurately known in the upper 100 m.

The boreholes at the drill site GULL drained to ∼65 m and did not refreeze for a long time

and the last measurements in June 2013 still show sensor that are temperate (see Chapter 8).

The ice temperature profile used for the borehole closure modeling was corrected by taking

measured ice temperatures at the drill site FOXX in the upper 100 m. The relatively warm

temperatures in the upper 100 m cause the increase in borehole diameter at this depth.

As in the model stagnant water in the borehole is assumed, it does not account for the water

flux out of the borehole that decreases the amount of heat available to melt the borehole to

bigger diameters. This error is biggest in the uppermost meters of the borehole where the

hose is warmest. However, measured temperatures of the borehole water at the surface were

1–1.5◦C and the amount of total heat loss is small. The effect of inaccurate values for Tin
and Z and ice temperatures is much more important than the heat loss through the outflow

of water.

3.5 Discussion

From measurements of the water temperature at the drill tip and at the winch we could

determine the initial temperature loss between the winch and the borehole entrance. With

that, the Z-value could be determined for each depth during the drilling procedure. The

initial temperature loss (900 m hose between winch and hole entrance) was ∼11◦C for most

boreholes depending on weather conditions (wind, rain). For the borehole Gull5, which was

drilled on a really rainy day, the biggest loss (18◦C) was observed. The determined Z-value

is about 0.3 m K W−1, much bigger than the Z-value used to calculate the drill speed tables

(0.12 m K W−1). Figure 3.8 shows the influence of different Z-values and different Tin on the

theoretical drill speed curve. With a lower Z-value, the theoretical drill speed is initially faster

than with a higher Z-value and lower Tin (Tin corrected for the temperature loss between

winch and borehole entrance). Only after 150 m the drill speed with the lower Z-value is

slower. Comparing the theoretical drill speed curves with the measured ice temperature

profiles, the assumed Z-value of 0.12 m K W−1 proved to be a suitable value for the ROGUE

campaign. The somewhat faster drilling in the upper part goes together with only slightly

cold ice temperatures (-2◦C). In deeper depths where we have colder temperatures, also the

theoretical drill speed is much slower. However, if the ice is cold up to the surface, the

initially fast drilling may become a problem. A higher Z-value decreases the loss of drill water

temperature with depth. But a higher Z-value also means that the heating in the borehole

during the drilling procedure, after the drill tip passes a given depth, is smaller. Therefore,

it is important to drill the borehole big enough from the beginning. This is better achieved

by using a bigger nozzle diameter than just decreasing drill speed. The nozzle diameter of

3.5 mm used at the drill site FOXX, is definitely at the lower limit. Instrumentation of the

boreholes with instruments of diameters between 7–8 cm was difficult (tethered stake) or

did not succeed at all (fiber optics) (see Appendix A). This means, the minimum borehole

diameter after drilling was ∼7 cm, which is rather small. I therefore recommend a nozzle

diameter of at least 4 mm or more for deep drilling.
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CHAPTER 3. HOT WATER DRILLING

Figure 3.8: Theoretical drill speed curves calculated with Equation (3.2) for a Z-value of

0.12 m K W−1 and Tin of 70◦C (green) and a Z-value of 0.3 m K W−1 and Tin of 60◦C (blue).

For both curves a water discharge of 60 l/min and a nozzle diameter of 4 mm were used.

Appendix: Drilling in the ROGUE Campaign

The drill tables used for drilling the boreholes at FOXX and GULL were made by using

Equation (3.2) and compared to curves calculated with Equation (3.6). Curves for different

values of Tin, Q and different nozzle diameters were calculated with a Z-value of 0.12 m K W−1

(Fig. 3.9). An example of a drilling-log from the drill site GULL is shown in Figure 3.10.
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Figure 3.10: Drilling-log example from borehole Gull4, ROGUE campaign.
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Chapter 4

Instrumentation and Methods

4.1 DIBOSS – DIgital BOrehole Sensor System

The digital borehole sensor system DIBOSS (custom-developed at ETH Zürich1) is an im-

proved version of a system described in Lüthi et al. (2002). The system works in a master-

slave mode with communication over 4-wire cables on a RS-485 serial bus. Each multi-sensor

unit consists of a programmable micropocessor, and digital sensors for pressure, temperature,

2-axis tilt, and magnetic field.

The multi-sensor units are protected against pressure in machined aluminum tubes of 210 mm

length and 50 mm diameter. Tube lids are sealed with double O-rings and contain a mounting

hole for the pressure sensor. Cables are soldered on specially machined cable feed-throughs

in the lids, sealed with potting compound, and mechanically protected from bending forces.

The DIBOSS master unit is controlled by a CR-1000 Campell data logger used for switching

power supply, addressing individual multi-sensor units, and storing instrument readings on

external compact flash memory (CFM100 storage module). For communication and power

supply a special extensible cable (Cortland Co) with six cores and central Kevlar member was

used. The cable can accommodate 20% of the total strain before failure. The system is

protected against short circuits from cable rupture by testing the resistance of each cable

segment between two sensing units before a connection is established.

The sampling interval was set to 10 minutes in summer, and was automatically reduced

depending on battery voltage. All four deployed DIBOSS systems ran continuously for more

than a year on a power supply with three 65 Ah batteries, recharged by a steel solar panel

(20W) mounted on top of the logger box.

4.1.1 Data Collection

The data logger was programmed in a way, that the data of all sensors of the string are

collected every 10 minutes if energy supply was sufficient (summer). The interval of data

sampling was programmed such that it was lowered automatically with decreasing battery

voltage. Every sensor is addressed, starting with sensor A, the lower most sensor, ending

with the upper most sensor. The values are returned as strings. This was valuable as in

that way, wrong signals from individual sensors (e. g. pressure) could be deleted afterwards

without loosing any other values (temperature, inclination).

1Developers: C. Senn, E. Imhof
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4.1.2 The Multi-Sensor Unit

  

temperature 
sensor

magnetometer (3 axes)

x/y-inclinometerpressure sensor

20 cm 

5 
cm

Figure 4.1: Left: DIBOSS-unit in casing. Right: interior of a multi-sensor unit of DIBOSS:

a pressure sensor on top, a temperature sensor, two inclinometers and a magnetometer form

one unit.

Pressure sensor

• type: Keller pressure sensor X-series (7LX)

• up to 100 bar

• absolute accuracy given by manufacturer: 2 cm; accuracy observed: 5 m

• calibration: done by manufacturer

Temperature sensor

• manufacturer: IST, Wattwil, Switzerland

• type: TSic-716

• absolute accuracy given by manufacturer: 70 mK2

• resolution 4 mK

• calibration: done by manufacturer; and calibration in ice-water bath

Inclinometer

2The final temperature measurements were corrected for the self-heating of the unit due to measuring as

described in Appendix (b) of Chapter 1, however, corrections were smaller than 5 mK for a measuring interval

of 10 min.
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4.1. DIBOSS – DIGITAL BOREHOLE SENSOR SYSTEM

• manufacturer: VTI Technologies, Finland

• type: SCA103T differential inclinometers

• measuring ranges: lower most sensors ±30◦, upper sensors ±15◦

• 0.001◦ resolution (10 Hz BW, analog output)

• single +5 V supply

• calibration procedure is described below

Magnetometer

• manufacturer: PNI Corporation, Santa Rosa CA, USA; www.pnicorp.com

• type: PNI Micro Mag3

• field measurement range: ±1100µT

• resolution: 0.015µT

4.1.3 Inclinometer Calibration

The inclinometers were calibrated similarly to the method described by Lüthi (2000) after

being installed on the bare multi-sensor unit (Fig. 4.1). Calibration for the full measuring range

was done on a dividing attachment mounted on a sine table, which locked mechanically after

30◦ of revolution, allowed to easily rotate the inclinometer to well defined angles. Readings

of both inclinometer axes were taken at 13 angles of revolution for each fixed inclination

(0◦ and 360◦ were both measured as a check of reproducibility). A total of 4 inclinations

was measured for each tilt sensor, providing 52 reference readings at well defined angles. To

relate measured voltage V to tilt angles by a calibration curve Ṽ , the data was interpreted in

terms of Eulerian angles. The meaning of the three angles φ, θ and ψ is explained in Figure

4.2. The angle θ represents the inclination of the sine table and ψ is the angle of revolution.

Allowance is made for unknown absolute orientation φ0 and the initial rotation about z-axis

ψ0 due to tilted or rotated fixation of the sensor and imprecision in sensor construction. In

addition, after rotation by the Euler-matrix, we account for the inclination of the table, on

which everything is mounted, by an additional inclination angle β0.

In a sensor coordinate system, the vertical unit vector of the fixed (room) coordinate system

has the components

E(φ, θ, ψ)

 0

0

1

 =

 sin θ sinψ

sin θ cosψ

cos θ

 , (4.1)
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Figure 4.2: Euler angles

by virtue of the Euler transformation matrix 3. With the additional rotation to account for

β0 we get

E(φ, θ, ψ)

 1 0 0

0 cosβ0 sinβ0

0 − sinβ0 cosβ0

 0

0

1

 = (4.2)

 sinβ0 cosψ sinφ0 + cosφ0 cos θ sinψ + cosβ0 sinψ sin θ

cosβ0 cosψ sin θ − sinβ0 sinφ00 sinψ − cosφ0 cosψ cos θ

cosβ0 cos(θ)− cosφ0 sinβ0 sin θ

 =:

 a

b

c

 .
For both inclinometers the calibration function was evaluated separately. This allows, for

simplicity, that both instrument axes can be treated equally (with a difference in ψ0 of 90

degrees). So the tilt sensors measure the quantity a = sinβ0 cosψ sinφ0 +cosφ0 cos θ sinψ+

cosβ0 sinψ sin θ. Evaluation of the calibration functions involves the angles θ and ψ for which

sensor readings V were taken. As mentioned above, three unknown offset angles (β0, φ0 ,ψ0)

are taken into account by evaluating the readings V (ai)

ai = sinβ0 cos (ψi + ψ0) sinφ0 + cosφ0 cos (θi + θ0) sin (ψi + ψ0)

+ cosβ0 sin (ψi + ψ0) sin (θi + θ0) . (4.3)

A best fit in the least square sense of measured voltages V (ai) to a polynomial approxima-

tion Ṽ (ai) is then obtained by varying β0, φ0 and ψ0 as independent variables by using the

optimization function fmin() in Python, which uses the Nelder-Mead simplex algorithm. The

choice θ0 = 0 was made because β0 accounts for any deviation in the vertical position.

4.1.4 Magnetometer Calibration

The magnetometers were calibrated in the field. For the calibration measurements, each

sensor was rotated around its z-axis with 12 prescribed angles. The sensors were rotated

on a frame that was first directed to north then to west. In north direction measurements

3 The Euler matrix E(φ, θ, ψ) is defined as

E(φ, θ, ψ) :=

 cosφ cosψ − sinφ cos θ sinψ sinφ cosψ + cosφ cos θ sinψ sin θ sinψ

− cosφ sinψ − sinφ cos θ cosψ − sinφ sinψ + cosφ cos θ cosψ sin θ cosψ

sinφ sin θ − cosφ sin θ cos θ
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Figure 4.3: Determined ellipsoid from magnetometer measurements (colored dots).

were done at two different inclinations, in west direction measurements were done only at

one inclination. Additionally to the prescribed angles and directions, each sensor was turned

randomly into any direction at any angle.

During the prescribed calibration on the frame the sensors were not always rotated in the

same direction. However from the inclinometer measurements it can easily be determined if

the sensor was rotated clockwise or counterclockwise during this calibration process and the

counterclockwise rotated sensors were then marked with a “−1”-index. This is necessary to

correct ψ0.

Every measurement of the magnetic field m = (mx , my , mz) (measured by the sensor) can

be written as (Crassidis et al., 2005, Eq. (1))

m = AQE−1h + b, (4.4)

where the matrix A contains amplifying values, Q and E are rotation matrices, h is the

direction of the earth magnetic field and b is an offset vector.

The measurements m for any orientation of the sensor lies on an ellipsoid which is given by

1 =
(mx − bx)2

sf 2
x

+
(my − by)2

sf 2
y

+
(mz − bz)2

sf 2
z

. (4.5)

An example of the determined ellipsoid from all calibration of one sensor is shown in Figure

4.3. The matrix A contains the values of the semi-principal axis of this ellipsoid, thus contains

the scaling factors sf to correct deviation from a unit sphere

A =

sfx 0 0

0 sfy 0

0 0 sfz

 .
The matrix Q is the rotation matrix to rotate the coordinate system of the inclinometer into

the coordinate system of the magnetometer. The exact mounting of the inclinometers and
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Figure 4.4: Orientation of the inclinometer axis (x,y) and reference direction of the magne-

tometer.

the magnetometer needs the be noted during sensor production (Fig. 4.4).

Q =

1 0 0

0 0 1

0 −1 0


The rotation matrix E is the Euler transformation matrix as defined in section 4.1.3. To

transform the coordinate system of the sensor during calibration into the reference coordinate

system (x=east,y=north,z=-gravitation) we have to use the inverse of the Euler Matrix

E−1. The angles θ, ψ0 can be determined form the inclinometer measurements during the

calibration procedure and φ is known from the calibration setting (φ=0◦ if calibration in North

direction, φ=270◦ if calibration in West direction). The vector b is the zero offset of the

origin of the measured ellipsoid to the origin of the reference coordinate system

b =

bxby
bz

 .
We are left with the vector h, which is the direction of the Earth’s magnetic field. The direc-

tion of the magnetic field is what we want to determine from the calibration measurements

to get the absolute orientation of the sensor with respect to the reference coordinate system.

For each sensor, h was determined from Equation (4.4). Unfortunately, no constant value

was found for h. The reason is still unclear, possibilities are disturbances during calibration

due to magnetic objects (e. g. Swiss Tool in pocket) or due to the generator that was needed

for power supply. The magnetometer measurement were finally not used in the data analysis.

4.2 Thermistor Strings

On each thermistor string, nine thermistors measured the ice temperatures at different depths

in the borehole. Thermistors with a negative temperature coefficient (NTC, type Fenwal
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135-103FAG-J01) were used to determine the borehole temperatures. Each thermistor was

soldered to two cores of an 18-core cable and waterproofed by heat-shrink tubing. The ther-

mistors were calibrated in a regulated calibration bath at six to eight reference temperatures

in the range of −17.5◦ C to 10◦ C, with a digital Fluke multimeter. Reference thermistors,

calibrated to an absolute accuracy of 20 mK by the Swiss Federal Office of Metrology, were

used to determine the bath temperature. Resistivity R depends on temperature with a relation

of the form
1

T
= a + b(logR) + c(logR)2 + d(logR)3, (4.6)

known as the Steinhart-Hart Equation. Equation (4.6) was used to fit the measured values

with the least square method. The maximum difference between reference temperatures and

the calibration curve was 40 mK. With that, the absolute accuracy of measured temperatures

is better than 60 mK.

4.3 Cross-Borehole Conductivity (CBC)

In addition to optically detect different layering throughout the ice column cross-borehole

conductivity was measured with the aim of detecting layers with high conductivity (e. g. the

Holocene-Wisconsin transition (HWT)). The method was the same as used by Lüthi et al.

(2002): A bare wire installed in one hole served as a fixed line electrode. A second electrode

was attached to an insulated wire the was lowered in a second borehole. Depth and velocity

were controlled by using the drill winch and its logging. A DC voltage of 20 to 40 V was

applied between the electrodes and the resulting current through the ice was measured with

a high precision ampere meter and registered with a data logger at a sampling interval of one

second. With the constant velocity of 600 m/h continuous logs of the current in intervals of

∼ 17 cm were obtained. Measured conductivities depend on ice temperature which was taken

into account with an Arrhenius expression and an activation energy of 30 kJ mol−1 (Hobbs,

1974, p. 98; Hammer, 1980).

Several difficulties were encountered. At FOXX, boreholes were drilled and instrumented in

between the fixed line electrode and the borehole where the second electrode was lowered.

So some peaks are attributable to thermistors and sensors (Fig. 4.5). But as we know the

exact depth of these “conductors”, we just neglect the peaks at these depths. At GULL,

the depth of the fixed line electrode was not measured when installing and very likely did not

reach the bed. The values below 610 m look like a decay curve and we assume that the fixed

line electrode only reached 610 m (Fig. 4.5). The measured conductivity values below 610 m

are therefore not considered.

4.4 Ice Thickness Data

Two ice thickness data sets from airborne ice radar (DTU Space and Remote Sensing, 2005;

Gogineni, 2012) were used to generate an interpolated data grid by using the natural neighbor

interpolation based on Delaunay triangulation. The bed elevation and the ice thickness data

are shown in Figure 4.6. The flight lines of DTU Space and Remote Sensing (2005) are mainly

from east to west or vice versa and are spaced 1–1.5 km; on the flight line point-density is ∼
28 m. For both drill sites there is a flight line within 100 m distance, however at a slight angle

to the flow line. Ice thicknesses determined from radar data and drilling agree well at GULL

(< 20 m difference), at FOXX the discrepancy is higher (∼ 50 m difference). A flowline from
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Figure 4.5: Currents measured between boreholes at the sites FOXX and GULL. For FOXX,

the dashed red lines indicate depths of thermistors, dashed black lines depths of DIBOSS

sensors instrumented in the borehole Foxx6. For GULL, the gray area marks the exponential

decay of measured current because the electrode was not installed deep enough.

Figure 4.6: (a) Bed elevation in the area of the drill sites. The red line is a flowline downstream

of Swiss Camp calculated from velocity data from Joughin et al. (2010). (b) Ice thicknesses

in the area of the drill sites. Bed elevation and ice thickness data from DTU Space and

Remote Sensing (2005) and Gogineni (2012).

Swiss Camp through the drill sites was calculated by using satellite-derived gridded velocities

(data from Joughin et al, 2010).The surface and bed topography determined from the radar

data along this flowline are shown in the inset of Figure 2.1.

4.5 Surface Velocity from GPS

Global Positioning System (GPS) antennas were mounted at drill sites FOXX and GULL on

poles drilled into the ice. GPS data were logged every 15 s, and positions were determined

by carrier-phase differential processing using TRACK software (Chen 1998) with the base

station QING (16 km northwest of FOXX and 19 km northwest of GULL) as a reference, and

final International GNSS Service satellite orbits. Each 15 s GPS time series was re-sampled

to a 15 min interval, and a 3-h moving average was then applied to reduce the sidereal noise

(Hoffman et al., 2011).
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Chapter 5

Ice Temperature Profiles

5.1 Ice Temperatures at FOXX and GULL

At both drill sites ice temperatures throughout the whole ice column were measured by

the DIBOSS sensors and thermistor strings. At FOXX, temperature measurements were

performed in several boreholes and reveal big differences in ice temperatures in the upper part

of the ice column (Fig. 5.1 left). The boreholes are only separated by 100 m (Fig. 5.1 right).

A calibration error of the thermistor strings can be excluded as already measured resistances

show this big difference. Further, two thermistor strings are installed in each borehole and

both thermistor strings lie on the same profile. The reason for this big difference within such

small spatial separation is not yet clear. It could be cryo-hydrologic warming as described by

Phillips et al. (2010, 2013), perhaps due to heat input from melt water that collects in the

highly crevassed zone upstream (Colgan et al., 2011) or one borehole was once much closer

to a moulin than the other borehole.

At the drill site GULL the measured temperature profile looks similar to the warmer one of the

site FOXX (Fig. 5.2), only shifted towards lower temperatures. However, the temperature

measurements of the upper ∼100 m are unknown. The error bar of the measurements is
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Figure 5.1: Left: Ice temperature profiles measured in different boreholes by DIBOSS sensors

(lower part of ice column) and thermistor strings (upper part of ice column) at the drill site

FOXX. The colors are the same as used for the borehole location where the corresponding

profiles were measured (right Figure). The dashed black line indicates the pressure melting

temperature.

51



CHAPTER 5. ICE TEMPERATURE

14 12 10 8 6 4 2 0
Temperature ( ◦ C)

700

600

500

400

300

200

100

0
D

e
p
th

 b
e
lo

w
 s

u
rf

a
ce

 (
m

)

6 5 4 3 2 1 0
Temperature ( ◦ C)

200

150

100

50

0

D
e
p
th

 b
e
lo

w
 s

u
rf

a
ce

 (
m

)

20 Sept 2011

23 Sept 2012

  3 July  2013

20 Sept 2011

23 Sept 2012

  3 July  2013

Figure 5.2: Left: Ice temperature profile measured in two different boreholes by DIBOSS

sensors (lower part of ice column) and thermistor strings (upper part of ice column) at the

drill site GULL. The dashed black line indicates the pressure melting temperature. Right: The

figure shows a zoom-in to the measurements in the upper part of the ice column, different

colors indicate different times of measuring. Error bars shown with the magenta points nearly

get lost within the size of the marker.

about the size of the markers (plotted for 3 July 2013). Measured temperatures at depths

of ∼50 m are warmer than the pressure melting temperature, which indicates that we do not

measure ice temperatures. The borehole drained to 65 m. As it was already August, the hole

was not filled with melt water and therefore did not refreeze.

In all figures a Clausius-Clapeyron constant γ for pure ice and air saturated water γa =

0.098 K MPa−1 was used to calculate the pressure melting temperature. For the studies in

Chapters 6 and 7 the warmer temperature profile of FOXX was used. As the two drill sites

lie on a flowline, a similar but warmer profile than observed at GULL was expected for the

further downstream located site FOXX.

5.2 Ice Temperatures from Other Studies

There are not many other studies that present ice temperature profiles in the ablation zone of

GrIS. Ice temperatures in boreholes were measured by Iken et al. (1993); Lüthi et al. (2002)

and Thomsen et al. (1988). The locations of those boreholes are shown in Figure 5.3. Ice

temperatures measured in the ablation zone by Thomsen et al. (1988) (Fig. 5.4) are much

warmer than ice temperatures measured close to the ice stream (Fig. 5.5) or at the sites

FOXX and GULL. The Thomson temperature profile TD5 (Swiss Camp) was colder, and

looks similar to site D.
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Figure 5.3: Locations of temperature measurements in boreholes from Thomsen et al.

(1988)(TD1–TD5), from Iken et al. (1993)(A–C), from Lüthi et al. (2002)(D) and the

locations of FOXX and GULL.
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Figure 5.4: Temperature profiles measured by Thomsen et al. (1988)
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Figure 5.5: Temperature profiles measured by Lüthi et al. (2002)
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Chapter 6

Sustained High Basal Motion of the
Greenland Ice Sheet Revealed by
Borehole Deformation

Abstract

Ice deformation and basal motion characterize the dynamical behavior of the Greenland

Ice Sheet (GrIS). We evaluate the contribution of basal motion from ice deformation

measurements in boreholes drilled to the bed at two sites in the western marginal zone of

the GrIS. We find a sustained high amount of basal motion contribution to surface velocity

of 44 to 73% in winter, and up to 90% in summer. Measured ice deformation rates show

an unexpected variation with depth that can be explained with help of an ice flow model

as a consequence of stress transfer from slippery to sticky areas. This effect necessitates

the use of high-order ice flow models not only in regions of fast flowing ice streams, but

in all temperate-based areas of the GrIS. The agreement between modeled and measured

deformation rates confirms that the recommended values of the temperature-dependent

flow rate factor A is a useful choice for ice sheet models.

6.1 Introduction

The land-terminating marginal zone of GrIS exhibits seasonal and episodic velocity variations

driven by routing water from the surface to the bed (Zwally et al., 2002; Joughin et al., 2008;

van de Wal et al., 2008; Bartholomew et al., 2010; Hoffman et al., 2011). The degree to

which basal motion is altered due to a given melt water input is difficult to determine from

surface measurements alone. Surface velocities are easily measured with Global Positioning

System (GPS, e.g. Hoffman et al., 2011) and from repeat satellite imagery (e.g. Joughin

et al., 2010), but partitioning estimates between ice deformation and basal motion are based

on idealized theory of ice flow, impacting estimates of mass flux. Gravity-driven ice flow is

assumed to be laminar, with highest velocity at the surface, decreasing velocity with depth,

and sliding motion over the base. Internal ice deformation is controlled by the stress state and

ice rheology, and depends strongly on temperature, grain texture, and other factors which

are unknown except for locations where limited observations exist (near the slowly moving ice

divide; Dahl-Jensen et al., 1997b; Thorsteinsson, 2002). Knowledge of the rheology of glacier

ice and the mechanics of basal motion are key to understanding and correctly modeling the

behavior and future evolution of the GrIS.
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Here we present a unique set of ice deformation measurements from FOXX and GULL. The

borehole deformation data allow us to directly quantify the contribution of ice deformation,

and thus the contribution of basal motion, to surface speed. Using a 2D (plain strain) finite

element ice flow model we investigate how basal topography and stress transfer affect ice

deformation.

6.2 Data and Methods

6.2.1 Determination of Velocity Gradients from Tilt Sensor

Measurements

Tilt sensor data were used to infer vertical gradients of horizontal velocity throughout the

ice column in two boreholes at each of the drill sites FOXX and GULL. Sensor tilt angle

variations cannot be directly inverted to determine all nine independent components of the

velocity gradient tensor Li j = ∂ui/∂xj . Tilt angles were analyzed with two approximate

methods which both rely on simplifying assumptions on ice flow. For the fitting procedure

described below, tilt angle data from the winter period (October 2011 to May 2012) was

used when short-term variations of surface velocity and tilt angle are negligible (see Appendix

(b)).

Method A uses an analytic solution for the time evolution of the zenith angle by neglecting

the transversal velocity component (v = 0; Eqs. (15) and (16) in Keller and Blatter (2012)).

Components Lxz (vertical shear) and Lzz (vertical extension) of the velocity gradient tensor

are determined by fitting the analytical expression to measured zenith angles.

Method B makes the assumption of zero vertical extension (Lzz = 0), such that tilt angle

variations are solely due to vertical shearing (Lxz , Lyz 6= 0). The projection of a tilt sensor

with initial angle θ0 onto a plane in vertical distance ∆z is x0 = ∆z tan θ0, and x1 = ∆z tan θ1

at a later time t1 = t0 + ∆t. The velocity gradient therefore is

Lxz =
du

dz
'

∆x

∆t∆z
=
x1 − x0

∆t∆z
=

tan θ1 − tan θ0

∆t
(6.1)

and analogous for the y -direction. The trace of projected sensor locations on the map plane

is rotated into flow direction. Tilt angles along and across the flow line are thus directly

determined.

The analysis with method B shows negligible sideways movement of the tilt sensors during

winter (which would correspond to lateral spreading) whereas a small sideways rotation is

observable in summer. This justifies the assumption of planar flow for method A during winter.

Conversely, the vertical stretching rate Lzz determined with method A shows alternating

signs, and setting vertical stretching to zero only marginally affects the results of the fitting

procedure. Therefore setting Lzz = 0 in method B only introduces a small error. Further

effects of 3D flow cannot be assessed with the fitting procedures such as transverse stress

fields leading out-of-plane deformation. Compared to vertical shearing Lxz these effects are

likely small in the lower half of the ice column where most of the tilt sensors are located, but

might be important close to the base.

Deformation rates Lxz determined with both methods are shown in Figure 6.1 and summarized

in Appendix (c) in Tables 6.3 and 6.4. The difference between the two approaches is less than

10% for sensors in the cold ice (except for values smaller than 0.02 a−1 at FOXX or smaller

than 0.04 a−1 at GULL). For the sensors in the basal temperate ice layer the approaches

differ by 30% since the two lowest sensors of each string could not be satisfactorily fitted
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with method A. This might be a consequence of the temperate ice which precludes freezing

of the sensor to the ice, or an effect of local bed topography.
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Figure 6.1: Vertical gradients of horizontal velocity Lxz = du/dz calculated with methods A

(red) and B (green) at drill sites FOXX and GULL.
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Figure 6.2: Flow rate factors from Cuffey and Paterson (2010) (cyan) and Paterson (1999)

(black) as shown in Table 6.2. The curves show the temperature dependence of A as given

by Smith and Morland (1981) (green) and Cuffey and Paterson (2010) (cyan).

Theoretical velocity gradients Theoretical vertical gradients of horizontal velocity Lth
xz were

calculated for a gravity-driven, parallel sided slab of ice at inclination angle α, using Glen’s

flow law (e.g. Cuffey and Paterson, 2010)

Lth
xz =

du

dz
= 2A (ρgh sinα)n (6.2)

with ice density ρ, gravitational acceleration g, and depth below the surface h. A power-law

exponent n = 3 is conventionally assumed. A is a temperature dependent rate factor and

α the surface slope (details below). Horizontal stress transfer is not accounted for in this

equation.

Published values of recommended ice flow law rate factor A at different temperatures (Figure

6.2) show a considerable spread (Table 6.2, Appendix (a)) (Paterson, 1999; Cuffey and

Paterson, 2010). The older values from Paterson (1999) agree well with the temperature

dependence found by Smith and Morland (1981). Current recommended values from Cuffey

and Paterson (2010) are much lower and exhibit a different temperature dependence, shown

in Figure 6.2. Both series of values were used in this study and are referred to as APaterson

and ACuffey.

Surface slopes α at drill sites FOXX and GULL were determined from surface elevations

sampled during radar flights (DTU Space and Remote Sensing, 2005; Gogineni, 2012). These

data were filtered with a triangular function with an averaging length of 4l , assuming a stress

coupling length l of 4 to 10 times the ice thickness (Kamb and Echelmeyer, 1986). Resulting

surface slopes for site FOXX and GULL are αFOXX = 1.67◦± 0.2◦ and αGULL = 1.30◦± 0.2◦.

Determination of basal motion Displacements measured at the ice surface are the sum of

ice deformation and motion over the glacier bed. Using surface displacements from GPS and

tilt sensor data from the period October 2011 to May 2012, basal motion was determined

by subtracting from surface GPS displacements the vertical integral of Lxz -values measured

at individual sensors. Several approaches for the interpolation of sparse data points were

used: linear interpolation of values, and constant values in depth intervals centered about the

sensors. Both approaches yielded similar results, the difference of the vertical integral was

0.04 m a−1 for FOXX and 0.2 m a−1 for GULL.
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6.2.2 Flow Model Implementation

We use a two-dimensional flow line model (FS-model, Lüthi (2009)) to explore how varia-

tions of basal conditions and geometrical changes in bed topography affect ice deformation.

The flow model solves the Stokes equations with power-law rheology with the Finite Element

Method (FEM) in 2D (plane strain), and implements free-surface flow with vertical adjust-

ment of surface geometry. The equations for conservation of mass and linear momentum are

(using the summation convention)

∇ · v = vi ,i = 0 , (6.3)

σi j,j + ρgi = 0 , (6.4)

where v = (u, v , w) is the velocity vector, σi j the Cauchy stress tensor, ρ ice density and gi
is gravity. Glen’s flow law (e.g. Cuffey and Paterson, 2010) is used as constitutive equation

for the stress-dependent ice viscosity

ε̇i j = Aτn−1σ
(d)
i j (6.5)

σ
(d)
i j = σi j −

1

3
δi jσkk (6.6)

with σ
(d)
i j the deviatoric stress tensor, τ =

(
1
2
σ

(d)
i j σ

(d)
i j

) 1
2

the effective shear stress, n the

power-law index, and A a temperature dependent rate factor. In the model, A was set per

element according to mean measured ice temperature with the values recommended by Cuffey

and Paterson (2010) or Paterson (1999).

The model domain was discretized with second-order QUAD9 elements with Galerkin weight-

ing. Model variables were (u, w, p) with second order approximation for the velocities and

first order approximation for the pressure (forming a LBB-stable set). The domain of 5000 m

length and 600 or 700 m thickness was uniformly meshed with 150 x 30 elements, and nodes

corresponding to the base were mapped to the bed topography. To implement sliding pro-

cesses, a basal slipperiness C was used as ratio between velocity at the basal boundary of the

ice ub and basal shear stress τb (e.g. Gudmundsson and Raymond, 2008)

ub = Cτb . (6.7)

This boundary condition was implemented as layer of constant viscosity (linear rheology) with

thickness hs = 10 m and discretized with two elements in the vertical, and the same spacing

in the horizontal. Viscosity of this layer was set to spatially varying values, representing areas

with different slipperiness C. Dirichlet boundary conditions on the velocities (ub, wb) = (0, 0)

were applied at the bottom of the constant-viscosity layer, and periodic boundary conditions

on the upstream and downstream (left and right) boundaries on the velocities.

The model surface geometry was evolved with time until a stationary geometry was reached.

For each time step ∆t the surface node coordinates were moved in the vertical by the amount

∆zs =

(
ws − us

∂zs

∂x

)
∆t , (6.8)

where zs are nodal surface coordinates, and (us, ws) the corresponding nodal surface velocity

vector (in 2D).
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Table 6.1: Evaluation of basal motion contribution to measured surface velocity at three drill

sites. Mean winter surface velocities us, velocity due to ice deformation ud, amount of basal

motion ub = us − ud, and percentage of basal motion.

Site us ud ub ub/us

(m a−1) (m a−1) (m a−1) (%)

FOXX 76.4 20.6 55.8 73%

GULL 71.7 40.2 31.5 44%

DUCK 625 250 375 63%

6.3 Results and Discussion

6.3.1 Measured Ice Deformation

Borehole tilt data were used to infer vertical gradients of horizontal velocity which is the

dominant component of gravity-driven ice sheet flow. By restricting our analysis to the

period from October 2011 to May 2012 when surface velocities were stable (Fig. 6.4) we

determine that ice deformation integrated over depth contributes 21 and 40 m a−1 to the

surface velocities of 72 and 76 m a−1 at sites FOXX and GULL (Fig. 6.3, Tab. 6.1).

Accordingly, basal motion contributes 73 and 44% to observed surface velocity during winter.

Earlier measurements at a nearby site at the margin of Jakobshavn Isbræ revealed basal

motion of 63% of total ice velocity (Lüthi et al., 2002) (site DUCK in Fig. 2.1, Tab. 6.1).

The determined values for the ice deformation are barely affected by the choice of interpolation

method (see Methods). Relative uncertainty of Lxz for the highest and lowest sensors reaches

up to ∼ 10% in the cold ice, and up to 30% in the temperate ice layer. We can exclude

intermediate layers of very high deformation rates which would lead to cable rupture, like

observed close to the bed at the site GULL (see paragraph below). Thus we assume that

observed tilt angle variations are representative of the respective depth intervals. These values

for ud should be considered a lower bound since somewhat higher values of Lxz between sensors

are possible. Assuming a soft layer at FOXX similar to the one measured at GULL (below

600 m in Fig. 6.3e) but with a maximum value for for Lxz compliant with an intact cable
1, the velocity due to ice deformation ud rises to 24.6 m a−1 and therefore basal motion ub

would decrease to 51.8 m a−1 or 68%. A bottom layer of very high ice deformation can be

excluded as the cable of string2 reaches the bed and stayed intact throughout two years. The

values in Table 6.1 are therefore an upper bound for the basal motion but without changing

the general pattern of ice deformation profiles.

Basal melt From the determined basal motion ub we can calculate the basal melt rate due

to friction m (Price et al., 2008)

m =
τbub
Liρi

(6.9)

where τb is the basal shear stress, ub is the basal velocity, Li is the latent heat of fusion

of ice (3.341̇05 J kg−1) and ρi is the density of ice (917 kg m−3). From the Shallow Ice

Approximation (SIA) we have

τb = ρigHi sinα (6.10)

1The cables connecting the sensors can sustain a maximum strain of 20%, which gives a strain limit of 0.47.
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where g is the acceleration due to gravity (9.8 m s−2), Hi is the ice thickness and α is the

surface slope.

The total basal melt mtot is the sum of the melt due to friction and melt due to geothermal

engergy, which is mgeo=60 mW m2 for our region (Shapiro and Ritzwoller, 2004; Maule et al.,

2009). For FOXX we get mtot=32.7 mm a−1, for GULL mtot=20.5 mm a−1.

Deformation profiles Panels b and e in Figure 6.3 show important differences between

measured ice deformation rates and theoretical values Lth
xz . Both measured deformation

profiles show a zone of increased deformation rates around 500 m depth and a reduction

at greater depths, more so at Gull than at FOXX. Deformation rates in the lowest part at

site FOXX (Fig. 6.3b) are three times smaller than expected from theory. At site GULL

(Fig. 6.3e) deformation rates close to the base are highly variable, and two sensors between

600 to 650 m depth show high deformation rates. Sensors below this zone failed after 219 and

248 days, presumably due to cable rupture after over-stretching. These enhanced deformation

rates might be due to the “soft” ice from the late Wisconsin observed in several deep ice

cores (Dahl-Jensen and Gundestrup, 1987; Dahl-Jensen et al., 1997b; Paterson, 1991), see

paragraph below.

To investigate seasonal changes of basal motion, the contribution of ice deformation (evalu-

ated with method B) and basal motion to observed surface velocity for the course of one year

is shown in Figure 6.4. Daily mean surface velocities from GPS are nearly constant through-

out winter, with more than two-fold episodic speedup during the summer melt season. Ice

deformation rates remain approximately constant throughout the year, with marked oscilla-

tions coincident with surface speedup, and diurnal variations (detailed analysis in Chapter

7). The relative contribution of basal motion exceeds 90% during periods of intense surface

melting with high flow velocities.

Soft ice-age ice At GULL, the depth range of strongly increased deformation rates between

595.0 m (L13 = 0.086 a−1) and 622.0 m (L13 = 0.291 a−1) coincides with increasing CBC val-

ues between 600 to 610 m depth (Fig. 6.3d). Unfortunately, no conductivity measurements

could be made below. This layer of increasing conductivity is at a depth of ∼85% of the

ice thickness. At drill site DUCK the HWT is located at 82% of the ice thickness (Lüthi

et al., 2002). Tracing the HWT in ice radar data, Karlsson et al. (2013) find relative depths

between 80 to 85% at the ice sheet margins near the study site. Transferring these values to

the drill site FOXX, we would expect the HWT at around 527 m, corresponding to a strong

increase in CBC current at 525 m depth (Fig. 6.3a). No tilt sensors were installed at this

depth, and increased deformation of soft ice age ice, if present at FOXX, was not recorded.

6.3.2 Flow Model Experiments

The theoretical velocity gradients Lth
xz assume no horizontal stress transfer. By contrast,

velocity gradients determined from measurements show near-constant (FOXX) or highly vari-

able (GULL) values in the lower parts of the ice column. The observed deformation profiles

may be explained by several processes: i) inhomogeneous stress transfer to the bed due to

sticky and slippery patches, ii) stress redistribution due to basal topography or iii) vertically

varying rheology (soft and stiff ice layers)

The model geometry was inspired by the observed surface and bed topography. The bed

geometry (inset of Fig. 2.1, based on ice radar (DTU Space and Remote Sensing, 2005;

Gogineni, 2012)) exhibits a length scale of hills and depressions of the order 5-10 km, and
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Figure 6.3: Depth profiles of ice temperature, conductivity, deformation and velocity mea-

sured at sites FOXX and GULL. Dots in panels a and d indicate depths of temperature

sensors, the green and green & purple curves show the CBC measurements (arbitrary units).

Red symbols in panels b and e show vertical gradients of horizontal velocity from tilt sensors

(dots and triangles for independent boreholes). Red lines in panels c and f display horizon-

tal velocity, integrated from the velocity gradients. Subtraction of deformational velocity ud

(red arrow) from measured surface velocity us (blue arrow) leads to inferred basal motion ub

(black arrow). Theoretical ice deformation rates are indicated with colored areas in panels b

and e (for a range of surface slopes), and with two sets of temperature-dependent flow law

parameters (green: Paterson (1999); cyan: Cuffey and Paterson (2010)). The correspond-

ing velocity profiles are shown in panels c and f. The depth of the cold-temperate transition

surface (CTS) and the Holocene-Wisconsin transition (HWT) are indicated. Black horizontal

lines indicate the depths where the glacier bed was encountered while drilling (differs up to

10 m for string1 and string2 at FOXX).

shows that site FOXX is located on a down-sloping flank while site GULL is located over a

basal depression. We therefore chose a model length of 5 km (with periodic boundaries) and

flat bedrock, hills and depressions of the scale of features in the radar data. Although the

exposed bedrock at the ice sheet margin has substantial smaller-scale topography such as

narrow canyons, such features cannot be detected with radar, and it is unlikely that ice would

be sliding through such small-scale obstacles at tens of meters per year.

A wide variety of flow model experiments were performed to understand the main features of

the measured borehole deformation patterns. First, the effect of sticky and slippery patches

on the ice deformation was tested. Then the influence of the bed topography was inves-

tigated. To test the influence of ice rheology, model runs using APaterson or ACuffey were

performed. Unreasonably high deformation rates (compared to measurements) or too slow

surface velocities were found using APaterson, such that all presented results use the rate factors

from Cuffey and Paterson (2010) for the measured temperatures at the respective depths.

Results from a small selection of these model runs are shown in Figure 6.5. In a set of

model runs on inclined, flat bed geometries the spatial extent of a slippery patch and its

slipperiness C was varied to assess its influence on the ice deformation profiles at several
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Figure 6.4: Daily mean values of surface, deformational and basal velocities measured at sites

FOXX (a) and GULL (b). Ice deformation in Panel b ends before March 2012 because of

failure of the lowermost sensors. GPS-derived surface velocity is shown with the blue line,

and contributions from ice deformation and basal motion are represented by the widths of

red and blue areas. Panel c shows relative contribution of basal motion to surface velocity.

positions. Figures 6.5a and b are examples for varying stress transfer due to slippery patches,

with deformation gradients Lxz evaluated at a series of virtual boreholes. On the slippery

patch, ice deformation in the lower part of the ice column is much smaller than on the sticky

patch. This reduction in the lower part agrees well with the general pattern of ice deformation

measurements from site FOXX. The spatial extent of the slippery patch mainly influences

the maximum amount of basal motion and the surface velocity on the entire model domain.

Further, if the slippery patch is small compared the sticky patch, like in Figure 6.5a, ice

deformation is largest somewhat above the glacier bed, whereas ice deformation rates are

small on a longer slippery patch but increase continuously towards the bed.

Another set of model runs was performed to reveal the influence of a depression or a bump

in bed topography on the ice deformation profile. More complicated bedrock shapes were

created with a superposition of Gaussian peaks. With model experiments like the one shown

in Figure 6.5c the influence of slippery and sticky bedrock bumps was investigated. The

shown example has a sticky bump but even if the bump is slippery ice deformation is strongly

increased in vicinity of the bed. The opposite is true for bedrock depressions. Flow model

experiments with large bedrock depressions show a reduction of ice deformation within the

depression. However, an increase in ice deformation rates occurs at depths of the bed outside

the depression. Such an increase explains the “belly” between 500 and 600 m depth in the ice
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deformation profile of site GULL (Fig. 3e). Examples of model runs with bedrock depressions

are shown in Figures 6.5d, e and f. In the runs shown in Figures 6.5e and f a soft layer was

introduced to simulate the effect of Wisconsin ice. The flow law parameter A in this layer

was enhanced by factors of 2.5–4 (Paterson, 1991; Thorsteinsson et al., 1999).

Best-matching model results with simple bedrock shapes (straight, inclined bedrock for FOXX,

Gaussian depression for GULL) are shown in Figure 6.6. We could not reproduce measured

surface velocity and deformation profiles precisely with any simple bedrock topography or

zone-wise variation of basal slipperiness. However, the most important aspects of the defor-

mation profile at FOXX (nearly constant deformation rates with depth) are reproduced with

a model on a flat base with sticky and slippery areas. Figure 6.6a illustrates that in the center

of such a slippery area the shear stress transfer to the bed, and therefore ice deformation

close to the bed, is small. For an overall balance of driving force, the basal shear stress and

consequently ice deformation rates are enhanced on the sticky patch.

The deformation profile at site GULL is qualitatively reproduced if the geometry exhibits a

marked depression with a slippery bed. Such a geometry produces shearing strain rates that

are higher at half the ice thickness than close to the base (Fig. 6.6b). High ice deformation

rates between 600 and 650 m depth can be reproduced by enhancing the flow law parameter

A by a factor of 4. This soft layer likely corresponds to ice from the late Wisconsin observed

in boreholes from the central parts of the ice sheets (Paterson, 1991; Thorsteinsson et al.,

1999) with enhanced deformation rates of 2.5–4.

6.3.3 Surface Velocity Paradox

A noteworthy feature of longitudinal stress transfer due to slippery and sticky bed patches is

illustrated in Figure 6.7. The figure shows the surface geometry and velocity from a model

experiment (Fig. 6.6a) with a slippery and a sticky patch which leads to a flatter surface within

the slippery patch (Fig. 6.7a). The partitioning of surface velocity between ice deformation

and basal motion is indicated with colored areas in Figure 6.7b. Immediately apparent is the

paradoxical fact that surface speeds are lower over the slippery bedrock patch than over the

sticky patch. This paradox is due to mass continuity and the shape of the ice deformation

profiles (e.g. Fig. 6.6a). In slippery areas with little stress transfer to the base, ice deformation

is small and mass flux is mainly due to plug-like flow. On sticky parts of the bed mass flux has

to be provided by ice deformation alone. Since velocity at the base is small, surface velocity

is higher than in the slippery patches. An additional effect is the redistribution of driving

stress from slippery to sticky areas, increasing the amount of stress transferred to the base

there, and consequently increasing ice deformation. This means that fast observed surface

velocities indicate sticky conditions, whereas slower surface velocities are an indication of

slippery conditions. Any local or vertically integrated theory will overestimate ice deformation

on slippery patches, and underestimate ice deformation on sticky parts. In the case where

ice deformation was calculated by using the Shallow Ice Approximation SIA we find a slight

underestimation of the ice flux in the slippery patches (2%), and an overestimation by 9% in

sticky areas for the example shown in Figure 6.7.

6.4 Conclusions

Borehole deformation measurements at three sites in the western ablation area of the GrIS

show a contribution of basal motion to surface velocity between 44 and 73% in winter, and
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Figure 6.5: Results from flow model experiments with basal patches of different slipperiness

and various bed geometries. Insets show vertical sections of the 2D model geometries.

Patches with high/low slipperiness are indicated with green/gray horizontal bars. Modeled

velocities at surface us and base ub are given at different locations. Colored vertical lines

indicate virtual boreholes where ice deformation rates Lxz = du/dz were evaluated which are

shown in the main panel with the same colors. Red symbols (dots/triangles for string1/2)

indicate measured deformation rates at site FOXX (panels a, b, c) or site GULL (panels d,

e, f) for comparison.

episodically up to 90% during speedup events in summer. Such high ratios of basal motion

are probably a local phenomenon, as elucidated by the model experiments. A patchy bed
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Figure 6.6: Depth profiles of measured and modeled ice deformation at sites FOXX (a) and

GULL (b). Red symbols indicate vertical gradients of horizontal velocity (dots and triangles

for independent boreholes), solid lines are corresponding profiles from model results at several

locations of the model domain. The inset shows the locations of these profiles with colored

lines, while black and blue lines indicate bed and surface. Green horizontal bars show slippery

areas of the bed.

with slippery and sticky areas and topographic depressions leads to surface velocities and

vertical ice deformation profiles that are similar to those measured at two sites on the ice

sheet. These profiles exhibit an unusual shape which is likely an expression of horizontal stress

transfer from slippery to sticky patches, and from subglacial depressions to hills.

Overall, the agreement of modeled and measured deformation rates in the upper part of

the ice column shows that the flow law parameters n = 3 and the temperature-dependent

rate factor A from Cuffey and Paterson (2010) are a good choice for ice sheet models. The

remaining discrepancies in the lower part might be due to complex local bed geometry, effects

of 3D flow not considered with the flow line model, or might indicate that the commonly

assumed ice rheology (isotropic viscous) is inadequate. Nevertheless, the modeling exercise

shows that the best-matching model runs implement a geometry that is similar to the one

measured with ice radar.

The fact that both our drill sites are located at the downstream end of a slippery bed patch

or within a basal depression is due to the corresponding surface topography with flat areas

(Fig. 6.7a), where compressive flow and local surface depressions favor a relatively uncrevassed

surface with streams and lakes. Such conditions are ideal drill sites compared to the heavily

crevassed areas located over sticky or hilly bedrock. It is therefore likely that our borehole

data are biased to one specific setting without exploring the full range of possible stress states

and thus ice deformation patterns (Lüthi, 2013).
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Figure 6.7: Upper panel: Surface elevation. Lower panel: Modeled velocities over an inclined

flat bed with slippery and sticky basal conditions (model experiment shown in Fig. 6.6a). The

blue curve shows surface velocity, the red curve indicates the surface velocity due to ice

deformation, and the blue area corresponds to basal motion.

Flow model experiments show some noteworthy properties of longitudinal stress transfer that

impact the interpretation of measured velocities and results from ice sheet models. Horizontal

stress transfer, the corresponding surface geometry and resulting vertical ice deformation

profiles (plug flow vs. shear flow) lead to the counter-intuitive configuration that areas with

a slippery bed are thinner, flatter and have lower surface velocity than sticky areas (Fig. 6.7).

Analyzing such surface velocity variations with simple ice deformation profiles (e.g. the often

assumed Shallow Ice Approximation (Hutter, 1983)) leads to incorrect partitioning of surface

velocity between basal and internal deformation, as illustrated in Figure 6.3 by our measured

depth profiles of ice deformation which differ considerably from the simple assumptions.

Our borehole deformation measurements and model calculations highlight that horizontal

stress transfer from areas slippery to sticky areas, and from subglacial depressions to hills plays

an important role in controlling ice flow in the temperate-based marginal areas of the GrIS.

Similar conclusions have been drawn about stress transfer to the margins in fast flowing ice

streams through deeply eroded bedrock channels (Truffer and Echelmeyer, 2003; Lüthi et al.,

2003). These observations underline the importance of using higher-order numerical flow

models to adequately represent ice flux, not only in the fast flowing outlet glacier catchments,

but in all areas of the ice sheet where the bed is at melting temperature and basal motion is

non-negligible.
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Appendix (a): Rate Factor A

Table 6.2: Flow law rate factor A recommended by Cuffey (Cuffey and Paterson, 2010)

(ACuffey) and the older values from Paterson (APaterson) (Paterson, 1999).

Temperature ACuffey APaterson

(◦C) (s−1 kPa−3) (s−1 kPa−3)

0 2.4 · 10−15 6.8 · 10−15

-2 1.7 · 10−15 3.4 · 10−15

-5 9.3 · 10−16 1.6 · 10−15

-10 3.5 · 10−16 4.9 · 10−16

-15 2.1 · 10−16 2.9 · 10−16

-20 1.2 · 10−16 1.7 · 10−16

-25 9.4 · 10−17

-30 3.7 · 10−17 5.1 · 10−17

-35 2.7 · 10−17

-40 1.0 · 10−17 1.4 · 10−17

-45 7.3 · 10−18

-50 2.6 · 10−18 3.6 · 10−18
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Appendix (b): Tilt Data

Figure 6.8: Tilt evolution of sensors A (lower most) to H (upper most) from DIBOSS string1

at site FOXX. Data are shown in black, depths below surface and ice temperature are indicated

in the upper left corner of each panel. The result of the fitting procedure with method A

(Keller and Blatter, 2012) is shown with colored lines. Data from Sensors with bad fits are

displayed in gray and orange, and were not used in the evaluation.
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Figure 6.9: Tilt evolution of sensors from DIBOSS string2 at site FOXX, See Figure 6.8 for

description.
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Figure 6.10: Tilt evolution of sensors from DIBOSS string1 at site GULL, See Figure 6.8 for

description.
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Figure 6.11: Tilt evolution of sensors from DIBOSS string2 at site GULL, See Figure 6.8 for

description.
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Appendix (c): Determined Velocity Gradients

Table 6.3: Deformation rates and ice temperature for all sensors at drill site FOXX. Values

in parentheses are not used for calculations (data could not be fitted).

Method B Method A

String Sensor Depth Lxz Lxz Temp.

(m) (a−1) (a−1) (◦C)

string2 K 5 (0.005) (4.052) 0.09

string2 J 262 0.014 0.024 -5.44

string2 I 362 0.029 0.032 -9.79

string1 H 441 0.053 0.042 -8.49

string2 H 442 0.054 0.054 -8.48

string2 G 502 0.053 0.047 -5.49

string1 G 511 0.056 0.055 -5.10

HWT?

string2 F 552 0.043 0.040 -2.70

string1 F 566 0.060 0.051 -2.38

string2 E 583 0.071 0.067 -1.29

string1 E 586 0.121 0.108 -1.41

string1 D 596 0.136 0.133 -1.06

string2 D 597 0.084 0.077 -0.69

string1 C 601 0.103 0.089 -0.81

string1 B 604 (0.134) (0.164) -0.76

string1 A 606 (0.119) (0.248) -0.49

string2 C 606 0.114 0.121 -0.74

CTS

string2 B 609 (0.163) (0.124) -0.42

string2 A 612 (0.944) (0.713) -0.37

ice thickness

string1 624

string2 614
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Table 6.4: Deformation rates and ice temperatures for the drill site GULL. Values in paren-

theses are not used (data could not be fitted). The HWT is likely between 600-610 m; all

sensors below were lost in spring 2012, presumably due to cable rupture.

Method B Method A

String Sensor Depth Lxz Lxz Temp.

(m) (a−1) (a−1) (◦C)

string1 M 4 (0.013) (0.011) -0.65

string1 L 255 0.010 0.012 -7.75

string2 L 307 0.013 0.012 -11.27

string1 K 355 0.015 0.024 -11.95

string2 K 407 0.026 0.018 -14.13

string1 J 455 0.051 0.052 -13.57

string2 J 497 - - -12.74

string1 I 515 0.121 0.127 -11.69

string2 I 537 0.108 0.109 -10.11

string1 H 555 0.108 0.133 -8.49

string2 H 577 0.086 0.084 -6.55

string1 G 595 0.095 0.095 -4.74

HWT

string2 G 622 0.320 0.309 -2.73

string1 F 645 0.243 0.213 -1.52

string2 F 667 0.042 0.075 -0.83

CTS

string1 E 676 0.081 0.072 -0.6

string2 E 687 0.093 0.118 -0.56

string1 D 690 0.110 0.148 -0.49

string2 D 697 0.244 0.325 -0.54

string1 C 699 0.148 0.197 -0.42

string1 B 702 (0.056) (0.337) -0.47

string2 C 702 (0.377) 0.086 -0.56

string1 A 705 (0.131) (0.276) -0.39

string2 B 705 (1.079) (34.913) -0.38

string2 A 707 (0.124) (3.632) -0.5

ice thickness

string1 705

string2 707
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Chapter 7

Caterpillar-like Ice Motion in the
Ablation Zone of the Greenland Ice Sheet

Abstract

Current understanding of ice dynamics predicts that increasing availability and variability

of melt water will have an impact on basal motion, and therefore on the evolution and

future behavior of the Greenland Ice Sheet. We present measurements of ice deformation,

subglacial water pressure and surface velocity that show periodic and episodic variations

on several time scales (seasonal, multi-day and diurnal). These variations, observed with

GPS and sensors at different depths throughout the ice column, are not synchronous but

show delayed responses of ice deformation with increasing depth, and basal water pressure

in anti-phase with surface velocity. With the help of a Full-Stokes ice flow model these

observations are explained as ice motion in a caterpillar-like fashion. Caused by patches of

different basal slipperiness, horizontal stress transfer through the stiff central part of the

ice body leads to spatially varying surface velocities and ice deformation patterns. Varia-

tion of this basal slipperiness induces characteristic patterns of ice deformation variability

that explain the observed behavior. Ice flow in the ablation zone of the Greenland Ice

Sheet is therefore controlled by activation of basal patches by varying slipperiness in the

course of a melt season, leading to caterpillar-like ice motion superposed on the classical

shear deformation.

7.1 Introduction

Seasonal and episodic flow speed variations in the Western ablation area of the Greenland

Ice Sheet (GrIS) have been observed with in situ measurements (e.g. Zwally et al., 2002;

van de Wal et al., 2008; Podrasky et al., 2012; Ryser et al., 2014) and with remote sensing

methods (e.g. Luckman and Murray, 2005; Joughin et al., 2008; Palmer et al., 2011; Joughin

et al., 2013; Fitzpatrick et al., 2013). Water pressure at the base is commonly assumed to

be the main driving force regulating the coupling strength of the ice to the bed, and therefore

flow speed. The mechanisms suspected to drive velocity changes are partial decoupling of ice

from the bed, cavity formation and sediment failure (Iken et al., 1983; Iken and Bindschadler,

1986; Kamb, 1987; Clarke, 2005, e.g.). Melt and meteoric water from the surface reaches

the base through moulins and efficient, persistent drainage features (Catania et al., 2008;

Catania and Neumann, 2010). The englacial and subglacial drainage system evolves during

the melt season, while episodic over-pressurization drives ice motion (Schoof, 2010).

A coincidence between surface melt and accelerated flow speeds has been established for

the GrIS (Shepherd et al., 2009; Bartholomew et al., 2010; Hoffman et al., 2011; Palmer
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et al., 2011). Large subglacial water pressure variations have been observed at several sites

close to the ice sheet margin (Thomsen and Olesen, 1991) whereas continuously high water

pressure above 90% of overburden has been observed in temperate-based inland areas of the

GrIS (Lüthi et al., 2002; Meierbachtol et al., 2013), demonstrating that efficient drainage of

the base is not ubiquitous, and might be limited by melt energy supply (Meierbachtol et al.,

2013).

How exactly ice deformation and basal motion interact to produce patterns of observed

surface speed has evaded observation until recently, and parametrizations based on untested

assumptions have been used instead (e.g. Shannon et al., 2012). In Chapter 6 we inferred from

borehole measurements that ice deformation is strongly reduced with respect to theoretical

ice deformation profiles at two drill sites 20 and 30 km from the ice sheet margin. At both

sites the basal motion contributes 40-70% to the velocity measured at the surface during

winter, and up to 90% during speedup events in summer. Interpretation of the observed ice

deformation patterns with help of an ice flow model revealed the importance of stress transfer

from slippery to sticky bed patches with a spatial extent of several ice thicknesses.

Transfer of stress from slippery to sticky bed patches invalidates the commonly assumed

hydrostatic stress state and the assumptions on ice deformation profiles following therefrom.

Stress transfer impacts ice dynamics and subglacial hydrology, but was so far neglected in

assessments of the dynamics of the GrIS, whereas its importance is well established for alpine-

type glaciers and polar ice streams. In Alpine glaciers, time-varying stress transfer from a

central slippery area to the margins are caused by local decoupling of the bed, and lead to

flow acceleration and redistribution of basal stress (Willis et al., 2003; Amundson et al.,

2006). Stress transfer is also a crucial feature of the steady flow of ice streams with a very

weak bed, like Whillans Ice Stream (Raymond, 1996), and for deeply entrenched troughs like

Jakobshavn Isbræ (Truffer and Echelmeyer, 2003; Lüthi et al., 2003).

In this study the importance of temporal variability of longitudinal stress transfer on ice sheet

flow is investigated by analyzing observed subglacial water pressure and borehole tilt variations

with unusual amplitude and phase patterns on diurnal and longer time scales. Interpretation

with help of an ice flow model again hints to longitudinal stress transfer from slippery to sticky

patches with variable slipperiness. This study extends the analysis of stationary conditions in

winter presented in Chapter 6.

7.2 Field Observations

Data from the DIBOSS borehole sensors were collected over two years (September 2011 to

June 2013), including the end of the melt season in 2011 and a full melt season in 2012.

The lowest DIBOSS sensors at site GULL were lost in spring 2012, presumably due to cable

over-stretching. Surface velocity data from GPS were collected during the summer seasons

2010-2013. Weather stations were running continuously until September 2012.

7.2.1 Water Pressure

Water pressure was recorded by the lowest DIBOSS borehole sensors located within the

temperate ice close to the glacier bed. Figure 7.1 shows a clear change from a hydraulic

summer regime with diurnal pressure oscillations to winter conditions with episodic variations

for both drill sites FOXX and GULL. In summer, diurnal pressure variations are superimposed
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Figure 7.1: Water pressure in neighboring boreholes at sites FOXX and GULL. Ice overburden

pressure is indicated with dashed horizontal lines. The panels (a)-(c) show a zoom-in for

the melt seasons. Orange vertical bars indicate the beginning and end of the melt season,

identified by regular diurnal water pressure variations. The irregular variations after August

28 were caused by a rain event (panel c).

on irregular long term variations, whereas under winter conditions the diurnal signal is missing.

At both sites, the long term water pressure variations in neighboring boreholes (30 m apart)

seem uncorrelated, while short term variations (hours to several days) occur simultaneously.

Despite these similarities, hydraulic conditions are fundamentally different between sites FOXX

and GULL. Water pressure at FOXX was consistently higher than overburden pressure in one

borehole, and temporarily dropped by 1-3 bars at the end of the melt season in the other.

At site GULL water pressure rapidly dropped below overburden where it remained with minor

variations. These differences were also observed during drilling. Most boreholes at FOXX

remained water-filled after reaching the base, and the three holes which drained did so only

after several hours upon completion of drilling. In contrast, all boreholes at GULL drained

instantaneously when the drill reached depths of a few meters above the bed.

Observed borehole water pressure variations are almost anti-phase with the diurnal surface

velocity variations at both FOXX and GULL, with a slight lag of 3 hrs (Figs. 7.2 and 7.3)

while water pressure in a nearby moulin at FOXX is in phase with surface velocity. A detailed

analysis of the process is presented in Andrews et al. (2014).

7.2.2 Tilt Variations

In Chapter 6, borehole tilt sensor measurements during winter were used to calculate ice

deformation rates, basal motion velocities, and to determine ice rheological parameters. In

the following analysis excursions of tilt sensor readings from their long-term trend during

the melt season are investigated. To obtain the short-term tilt sensor signal, the slowly

varying background tilt evolution was subtracted as a 6-day running mean (Appendix (a) for

methods). Sensor readings were only used after freeze-in when mechanical coupling to the

ice is expected.
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Figures 7.2 and 7.3 show time series of surface velocity, tilt variations, and basal water

pressure at sites FOXX and GULL during the melt season. Tilt variations are due to ice

deformation and show a diurnal and multi-day (10-day) signal that is similar to the measured

subglacial water pressure. An important aspect of these time series are the increasingly

delayed tilt variations towards the base, and the delays between tilt variations and water

pressure (Fig. 7.2b,e and 7.3b,e). It is noteworthy that sensors closer to the surface react

earlier than those in vicinity of the bed. Figure 7.4 displays cross-correlations of detrended

time series at FOXX to a sensor in the center of the ice body. The 10-day tilt variations (panel

7.4b) lag by up to two days, and diurnal variations (7.4c) by up to 10 hours. Corresponding

tilt sensor delays at GULL are less pronounced (Fig. 7.3). Similar results were found in the

2012 melt season, but due to partial GPS and sensor malfunction only data from the 2011

melt season are displayed.

Figure 7.4a shows the frequency spectrum of the detrended tilt sensor data from string s1 at

FOXX, obtained with the Fast-Fourier-Transform (FFT). Peaks at 1 and 0.1 day−1 correspond

to the diurnal and 10-day variations which are also clearly visible in the record (Fig. 7.2). Only

the lowermost sensor, 30 m above the bed, exhibits different frequencies.

The observed phase-shifts in tilt variations and the out-of-phase behavior of subglacial water

pressure and surface velocities hint to a non-local cause. Possible reasons are presented below

and are the motivation for the set-up of ice flow model experiments.

Figure 7.2: Measurements from site FOXX in 2011. Panels (a) and (d) show surface velocity

us , (b) and (e) show detrended borehole tilt Θ from sensors of strings s1 and s2 in two adjacent

boreholes. Depth below surface is indicated in the legend, (c) and (f) show detrended water

pressure pw . Left panels (a)–(c) show the longer term (∼10 days) variations, right panels

(d)–(f) zooms to the diurnal variations. Regular diurnal tilt variations (panel b) cease with

the end of diurnal water pressure variations (August 22, panel c).
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Figure 7.3: Surface velocity us and detrended time series of tilt Θ and subglacial water

pressure from site GULL. See Figure 7.2 for explanations.

Figure 7.4: (a) Power spectrum of the tilt variations from string s1 at FOXX with peaks

at frequencies ∼0.1 and at 1 per day. (b) Cross-correlation of the long term tilt variations

of each sensor compared to the black sensor (362 m depth) which reacts first. (c) Cross-

correlation of the diurnal tilt variations of each sensor in string 1 with the diurnal tilt variations

of the black sensor.
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7.3 Ice Flow Model

7.3.1 Modeling Strategy

It is likely that basal slipperiness changes in the ablation area of the GrIS are due to external

forcing from water during the melt season. The effect of varying water supply rates, water

pressure, and the reaction of the subglacial drainage system and sediments to such forcing

are only partially understood and difficult to predict Clarke (2005). For the purpose of this

study it is useful to restrict ourselves to the phenomenology, i.e. changes in basal slipperiness,

without reference to possible causes.

The picture adopted here discerns between the traits “slipperiness” and “activity” of bed

patches. The trait slipperiness characterizes the stress coupling of ice to the glacier bed and

assumes states between “sticky” and “slippery” with a meaning similar as used for fast ice

flow in Antarctica (e.g. Alley, 1993). Quantitatively the slipperiness C can be described as

ratio between velocity ub at the bottom boundary of the ice and basal shear stress τb (e.g.

Gudmundsson and Raymond, 2008)

ub = Cτb . (7.1)

The trait activity describes whether the slipperiness of a patch is changing in an “active”

manner through local external forcing, or remains “passive”, i.e. constant. An active patch is

therefore described by a time-varying C(t), while C(t) = Cp in a passive patch. Notice that

only C is held constant in a passive patch while stress τb is allowed to vary.

Figure 7.5 illustrates two possible scenarios of the transition from winter to summer condi-

tions, assuming a patchy bed (as found in Chapter 6). Such slipperiness changes in parts

of the bed will be crucial to explain observed ice deformation patterns of the GrIS, and are

the scenarios used in the following modeling study. Under winter conditions both patches are

passive (i.e. constant) with patch A slippery and patch B sticky. Under summer conditions

either of the patches may become active and therefore undergo slipperiness changes driven by

external forcing. In the sticky-active scenario, patch B changes between sticky and slippery

under external forcing, while patch A remains in its slippery state. The converse applies for

the slippery-active scenario: Patch A changes its slipperiness, while patch B remains in its

sticky state.
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Figure 7.5: Conceptual model of spatially variable changes in basal conditions from winter

to summer regime. Left, sticky-active: The passive patch A in this example is slippery

throughout the year. Patch B is sticky in winter and active in summer, when it switches

episodically between sticky and slippery conditions due to melt water forcing. Right, slippery-

active: Patch A switches to active in summer, while patch B remains at a constant slipperiness

throughout the year.
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Figure 7.6: (a) Model domain with periodic boundary conditions (left and right vertical

margins are identical). Flow direction is from left to right. Model results and synthetic tilt

curves are extracted at positions P1 and P4 in the passive patch, and at positions P2 and P3

within the active patch. (b) Temperature profile measured at site FOXX: black dots indicate

thermistor measurements, green/red triangles indicate the depths of DIBOSS sensors on

strings s1 and s2, measuring tilt, temperature and pressure.

7.3.2 Flow Model Implementation

A two-dimensional flow line model, described in Chapter 6, was used to explore how variations

in basal slipperiness affect ice deformation. The flow model solves the Stokes flow equations

with power-law rheology with the Finite Element (FE) method. A free-surface flow with

vertical adjustment of surface nodes, and honoring periodic boundary conditions, was imple-

mented in the Libmesh FE library (Kirk et al., 2006). The temperature dependent rate factor

A was prescribed per element according to the measured ice temperature, using the values

recommended by Cuffey and Paterson (2010), which accurately describe ice deformation at

sites FOXX and GULL (Chapter 6).

The initial model geometry consisted of an inclined block with flat bed topography. While

simple, the model experiments in Chapter 6 showed that such a geometry is sufficient to

reproduce the measured deformation profiles and the high amount of sliding at site FOXX, if

patches of sticky and slippery bed conditions were prescribed. To reproduce ice deformation

at site GULL an over-deepened bed topography was necessary.

The domain of 5000 m length and 615 m thickness was meshed with 150 x 30 QUAD9

elements. Periodic boundary conditions were enforced on the velocity variables at the vertical

boundaries, and Dirichlet boundary conditions with zero velocity at the bottom, and zero

pressure at the top, were imposed. To model basal slipperiness, a two-element layer of

constant viscosity (Newtonian flow) was added at the base with a thickness of hs = 10 m.

Viscosity of this layer was set to spatially varying values, representing slippery or sticky areas.

To simulate variable bed conditions during summer, the viscosity of the basal layer was

varied in the active patch sketched in Figure 7.6a. Corresponding to Equation (7.1) the

layer viscosity is determined by η = hs/C. With numerical experiments, inspired by the

observed diurnal and 10-day oscillations, a forcing function was found that reproduces at

once the measured surface velocities and the amplitudes of ice deformation variations. Good

agreement is obtained if the slipperiness in the active patch is varied according to

C(t) = C0

(
1 + a1 cos

(
2π

T1

t

)
+ a2 cos

(
2π

T2

t

))3

(7.2)

with slipperiness C0 = 145 m a−1 MPa−1, amplitudes a1 = 0.62 and a2 = 0.2, and forcing
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periods T1 = 1 d and T2 = 10 d correspond to observations. The slipperiness of the passive

patch Cp is set to values similar to those used in Chapter 6 to represent winter flow conditions.

7.4 Model Results

We performed two experiments with the ice flow model to investigate the dynamic reaction of

the ice body to variable basal slipperiness. These model experiments are referred to as sticky-

active and slippery-active and are illustrated in Figure 7.5. Both experiments were initialized

with an ice thickness that evolved until the surface geometry reached a steady state which

depends on the initial slipperiness of the basal patches. After this spin-up either the sticky or

the slippery patch was forced with a variable slipperiness given by Equation (7.2). The model

time step, controlling the vertical surface change per time step, was set to one hour (after

spin-up). Velocities and stresses were extracted at four positions P1 - P4 (Fig. 7.6) from the

model results at the depths of the DIBOSS sensors of site FOXX using the FE interpolation

functions (bi-quadratic polynomials). Synthetic tilt curves were calculated from the model

velocity fields (Appendix (b)) at depths corresponding to our sensor depths. These sets of

tilt curves from the same horizontal position are further referred to as virtual boreholes.

Sticky-active experiment Results for the sticky-active model experiment (Fig. 7.5a) are

shown in Figure 7.7. Slipperiness of the passive slippery patch is constant Cp = 666 m a−1 MPa−1

(η = 0.015 MPa a) while slipperiness in the active sticky patch is periodically varied according

to Equation (7.2). Resulting surface velocity variations at positions P1-P4 are 2 to 2.5-fold.

Basal normal stress σn varies at the positions close to the transition between slippery and

sticky, and is correlated with surface speed at P3 and anti-correlated at P1. Tilt variations of

all sensors are synchronous in the virtual boreholes P2 and P4, while the top ones in P3 are

anti-phase to the bottom sensors.

Only tilt variations in virtual borehole P1 (Fig 7.7a) at the downstream end of the slippery

patch show variations of similar oscillation amplitudes and characteristic features as those

observed at site FOXX (Fig. 7.2): P1 shows the earliest response of a tilt sensor in the

center of the ice column (black in Figs. 7.2-7.4, 7.7, 7.8), and delayed or anti-phase response

of the tilt sensors above and below. The lowest sensor (orange in Figs. 7.2-7.4, 7.7, 7.8)

exhibits a doubling of frequency with respect to the forcing and the response of other sensors.

Furthermore, the mean of normal stress at position P1 is always above overburden pressure,

and in anti-phase with respect to surface velocity (Fig. 7.1a).

Slippery-active experiment Results for the slippery-active model experiment (Fig. 7.5b) are

shown in Figure 7.8. Slipperiness of the passive sticky patch is constant Cp = 3.3 m a−1 MPa−1

(η = 3 MPa a) while slipperiness in the active slippery patch is periodically varied according

to Equation (7.2).

Again, position P1 exhibits basal normal stress variations that are in anti-phase with the

forcing and surface velocity. Tilt variations are synchronous at all depths throughout the

model domain, but the characteristic features (surface speed variability and sensor phase

delays) observed at FOXX cannot be reproduced. Moreover, magnitudes of surface velocity

and tilt variations cannot be reproduced simultaneously with any choice of the passive patch

slipperiness, or by changing the amplitudes of active patch slipperiness variations.
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Figure 7.7: Model experiment sticky-active: Examples of modeled short term (diurnal) and

longer term tilt variations in virtual boreholes at positions P1-P4 (Figure 7.6) are shown in

panels (a)-(d). Slipperiness variations are prescribed in the sticky patch while slipperiness is

constant in the passive slippery patch. Surface velocities are shown in the uppermost panels.

In the lowermost panels, variations of basal normal stress σn are shown. The dashed black

line indicates the ice overburden pressure.

Figure 7.8: Model experiment slippery-active: Example of modeled short term (diurnal) and

longer term tilt variations in virtual boreholes at positions P1-P4. Slipperiness variations are

prescribed in the slippery active patch while slipperiness is constant in the passive sticky patch.

Meaning of lines as in Figure 7.7.
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7.5 Discussion

The subglacial environment of the GrIS exhibits a patchy nature. Bed undulations with a

typical length scale of 5 km and 200 m amplitude are encountered in the marginal ice-free

zone in vicinity of our study site, and likely extend under the ice sheet, as can be concluded

from ice radar and surface topography data (Bamber et al., 2013). The sediment cover in

the recently deglaciated terrain is highly variable in thickness and composition, with sediment-

filled troughs and bare rock outcrops on hill crests. Geometry and morphology of the bed

would lead to a patchy pattern of surface velocities which was indeed observed (Joughin

et al., 2013; Fitzpatrick et al., 2013). This patchiness was explained with surface and bed

slopes that determine the pathways of water flow, causing regions of limited drainage and

enhanced water storage. Patches with different basal conditions behave differently depending

on water saturation, pressurization and dynamical state of the sediment cover, the water

drainage system pattern, and the external forcing due to water supply variability (Schoof,

2010).

The manner by which local slipperiness changes at the bed affect ice flow on a larger scale

through horizontal stress transfer is not well understood. Our model experiments investigate

the influence of spatially inhomogeneous slipperiness at the bed with time-dependent forcing

within an active patch while the rest of the bed reacts in a passive manner. By varying the

slipperiness in either the sticky or the slippery patch, characteristic patterns of variability of

surface speed, horizontal stress, ice deformation and basal normal stress emerge. Depending

on the position of the virtual drill site, where data are sampled in a vertical profile, these

reactions show a wide variety of amplitudes and phases.

Figure 7.9 illustrates how velocity, longitudinal strain rate and horizontal deviatoric stress

vary between slow flow conditions and maximum speedup. The variations illustrated here

are induced by slipperiness changes in the active patch when C(t) attains its minimum and

maximum values (Eq. 2), the latter exceeding Cp of the passive patch. The whole model

domain accelerates to double speed while extensional and compressional deviatoric stresses

of the order σdxx = ±0.1 MPa develop over the transition zones between slippery and sticky

bed conditions, especially in the central cold core of the ice body. The transmission of basal

shear stress from the sticky to the slippery patch explains the order-of-magnitude difference

of response at the virtual borehole positions shown in Figure 7.7.

The extensive and compressive motion patterns with strain rates up to ε̇xx ∼ ±0.06 a−1 are

reminiscent of the motion of a caterpillar. These spatially inhomogeneous, and temporally

varying stresses and strains of the caterpillar-like motion cause phase-shifts in modeled tilt

variations and basal pressure. The model results (Fig. 7.7) show that an active sticky patch

controls ice motion of the whole domain, and leads to factor 2 (or higher) speedup by variable

slipperiness. Active slippery patches (Fig. 7.8) exert less influence on the whole domain, and

lead to different characteristic patterns of surface velocity, ice deformation, and basal pressure

variations.

Patterns of tilt variations and basal pressure similar to those observed at site FOXX can

be reproduced with model runs with an active sticky patch, and with a virtual borehole

position at the lower end of the passive slippery patch (position P1 in Fig. 7.6). Increasingly

delayed borehole tilt variability from the center of the ice to the bottom, and anti-phase

basal normal stress (corresponding to water pressure) are the hallmark features of this setup

(Fig. 7.7). Basal normal stress is higher than overburden pressure, and is in anti-phase with

the forcing and with surface velocity. On an undrained bed, subglacial water pressure is

likely equal to normal stress at the base. These characteristic features of the model results
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Figure 7.9: Model experiment sticky-active: examples of modeled surface velocity us , longi-

tudinal strain rate ε̇xx and longitudinal deviatoric stress σdxx at minimum and maximum slip-

periness of the active patch. Left panels C(ta)= 1.75 m a−1 MPa−1 and right panels C(tb)=

875 m a−1 MPa−1. Slipperiness of the passive patch is constant at Cp = 666 m a−1 MPa−1.

Note different scales of color-coding. Flow direction is from left to right and dimensions are

the same as in Figure 7.

agree qualitatively and quantitatively with most of the sensor readings shown in Figure 7.2.

Given this agreement, unique to the position P1 of the virtual borehole, we conclude that the

observed characteristic phase shifts of sensor tilt angles at site FOXX are due to spatially

varying ice deformation patterns. Measurements from site GULL cannot be explained with

this simple model setup. Likely basal topography, such as the overdeepening suggested in

R14, and 3D effects play a significant role there.

While the model results explain the measured variability of velocity, tilt and water pressure at

FOXX as being caused by stress transfer during localized slipperiness variations, no assump-

tions about the causes of the forcing were made. The obvious driver for diurnal and multi-day

slipperiness variability is water pressure within a system of pathways at the glacier base or

within basal sediments. The water pressure varies according to the state and evolution of the

subglacial hydraulic system which is driven by water supply from the surface through moulins

and englacial pathways, and is drained by an evolving system of subglacial drainage channels.

Observed subglacial hydraulic conditions at site FOXX are characterized by the absence of

efficient water pathways and a very low hydraulic transmissivity of the substrate, likely a

sediment layer of considerable thickness. Upon reaching the bed with the hot water jet the

load on the drill hose decreased slowly, and without any water pressure pulses in the drill hose

which would be encountered on bedrock. Lifting and lowering the hose yielded increasing

hole depths, presumably due to suspension of the finest sediment fractions. The existence of

the so inferred sediment layer was confirmed by seismological analysis (Walter et al., 2014).

None of the seven boreholes at FOXX drained immediately, and only two drained about eight

hours after completion of drilling. Pumping tests opened an efficient drainage pathway in one

of the holes which closed after several hours due to freezing. Basal water pressure remained
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above ice overburden pressure throughout the first year but dropped below overburden in one

borehole during the first winter and to the end of the second melt season. The latter borehole

is located further downstream, and thus might have moved into a drained area. Hydraulic

conditions are different at site GULL where the boreholes drained rapidly and water pressure

reached overburden only occasionally (Fig. 7.1).

At both sites FOXX and GULL the water pressure variations differ between boreholes while

showing synchronous short-term variations. Diurnal variations of basal water pressure are out

of phase with surface ablation and flow speed, whereas the moulin water level (only measured

at FOXX) is in phase with surface speed (Figs. 7.2 and 7.3).

The conditions encountered at FOXX are likely not constrained to this one site, but might

be typical for undrained, sediment-filled depressions. Similar observations are reported for

boreholes on Trapridge Glacier (Canada) which were classified as connected, unconnected

and sometimes connected to the subglacial system (Murray and Clarke, 1995). The boreholes

in the unconnected part showed pressures above overburden and anti-correlation to surface

velocities.

To understand the causal links between processes, time series of relevant quantities observed

at site FOXX are displayed in Figure 7.10. Measured ablation as proxy for melt water supply

serves as reference. Vertical surface displacement from GPS and horizontal surface velocity,

borehole tilt, and subglacial pressure are ordered according to their delay in response to

the melt water signal. One possible interpretation of this sequence of curves is as follows:

Increasing ablation creates more melt water that reaches the bed through a downstream

moulin, and induces high basal pressure in the active patch. This leads to increased basal

motion and mass flux in the active patch, causing longitudinal extension (positive strain rates)

in the passive patch around position P1 (Fig. 7.9). Through incompressibility the ice surface is

lowering at the drill site GPS station. Throughout the ice column, borehole tilt is increasing

due to longitudinal extension and vertical compression, starting first in the cold center of

the ice column where the ice is stiff (see also Fig. 7.4b). Once the deformation reaches the

bed, increasing surface velocities and decreasing water pressure are observed. Interestingly,

variability amplitudes of surface velocity and water pressure seem to be related in observations

(Fig. 7.10) and in the model results. This observed and modeled motion with extension and

compression is reminiscent of the motion of a caterpillar.

The sketch in Figure 7.11 illustrates qualitatively how basal dynamic and hydraulic conditions

may be linked in the GrIS ablation zone. ¿From the results discussed above, and the conclu-

sions from R14, site FOXX is likely located in a patch with undrained, slippery, passive bed

conditions, and upstream of an active sticky patch. Drill site GULL is less clearly character-

ized, presumably due to the importance of local bed topography (overdeepening) which was

inferred in R14 to play an important role for the observed ice deformation. The observations

presented above indicate slippery and drained conditions, but delayed reaction to surface melt

input hints to a passive patch. Comparison of measured tilt variations with the model results

would favor position P1, but measured subglacial water pressure (below overburden and out of

phase with surface velocity) does not match modeled normal stress at any position. Pressure

below overburden would agree with P4, but normal stress is in phase with surface velocity

there. Presumably, basal topography or 3D effects play an important role at site GULL.

While our flowline model experiments give a reasonable explanation of the dominant processes,

the situation is considerably more complex in nature. The 3D flow patterns due to basal

topography and the related patchiness of basal conditions, their variability, and their changing

susceptibility over the course of a melt season lead to a very complex spatio-temporal pattern

of ice deformation, stress transfer and basal motion. Such stress transfer during the melt
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Figure 7.10: Site FOXX: Detrended time series of ablation (magenta), vertical surface po-

sition (from GPS, orange), borehole tilt (black), surface velocity (cyan), and basal water

pressure (blue). Note that vertical surface position and basal water pressure are inverted to

ease comparison. The time series are sorted by their lag with respect to ablation, and are

scaled to ease comparison.

  

undrained

active

channelized

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  

passive

distributed

sticky (when not active) slippery
active

channelized

distributed
sticky (when not active)

drained drained

flow direction

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 

.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  

GULL FOXX

Figure 7.11: Sketch of hypothetical bed characteristics (black), activity (red) and hydraulic

basal conditions (blue) for the situation observed at our drill sites.

season has been observed on glaciers with thick sediment beds such as Trapridge Glacier

(Kavanaugh and Clarke, 2001) and Black Rapids Glacier (Truffer et al., 2001; Amundson

et al., 2006). The importance of horizontal stress transfer for the flow on the Swiss Camp

flow line, although on a longer horizontal scale, was pointed out by Price et al. (2008).

Another important aspect is the memory effect of surface topography changes, caused by

the variable mass transport leading to spatially and temporally changing horizontal mass flux

divergence. Surface velocity, ice deformation and basal motion are the result of a transient

process that likely eludes any simplistic description with a local parametrization of basal

motion. Nevertheless, our model experiments show the relative importance of the involved

processes, and highlight the effect of horizontal stress transfer over 5 to 10 ice thicknesses

between patches of different basal coupling strength.
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7.6 Conclusions

The comprehensive set of measurements presented in this study, and their interpretation with

a transient ice flow model, illustrate how slipperiness changes in an active patch control ice

flow of the whole domain, and influence flow and stress conditions of a passive patch in a

distance of five ice thicknesses. Figure 7.9 illustrates that no local treatment of ice flow

can account for the relevant processes, and that horizontal stress transfer between sticky and

slippery patches, and the integrated response to variable conditions under external forcing, are

mandatory to understand ice flow in the GrIS ablation area. These conclusions support the

model results of Price et al. (2008) who demonstrated the possible importance of horizontal

stress transfer to explain surface velocity variations in largely unconnected areas, albeit over

larger length and time scales.

Horizontal stress transfer is enhanced through the polythermal structure of the ice with a

cold, central core acting as a stiff beam. Ice velocity variations in areas distant by several

ice thicknesses can therefore induce important velocity variations in areas of slippery bed

conditions. Such conditions might be widespread in sediment-filled depressions of the ice

sheet bed, such as our drill sites, and which are frequent in the recently deglaciated terrain

at the ice sheet margins.

Phase-shifts of ice deformation through stress transfer, and consequent surface elevation

changes due to variable ice flux, lead to a flow pattern that resembles the contracting and

extending motion of a caterpillar. Such small scale variability of bed conditions, and their

differential activation patterns, are important aspects of ice motion of the GrIS that have

been largely ignored until present. Ice flow models based on a simplified set of equations which

are often used for efficiency purposes, are only partly capable of simulating these important

aspects of ice flow.

Internal and basal dynamical processes are considerably more complex than would be inferred

from measurements of surface displacement and basal water pressure alone. The presented

data from two drill sites on the GrIS show similar patterns of surface velocity and water

pressure variability while internal ice deformation is considerably different. These observations,

together with their model interpretation, elucidate the importance of in situ measurements

of as many components of deformation and stress as possible.
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Appendix (a): Determination of Tilt and Tilt Variations in

Flow Direction

Tilt sensor data were analyzed with the method B (Section 7.6) which relies on the simplifying

assumption of planar flow in a vertical plane (plane strain) to obtain tilt changes along and

across flow direction. The time evolution of the zenith angle is determined by neglecting the

transverse velocity component and with the assumption of zero vertical extension (Lzz = 0, L

being the velocity gradient), such that tilt angle variations are solely due to vertical shearing

Lxz . The lower end of the tilt sensor is considered to be attached at horizontal coordinate

(0,0,z), the upper end defines a line intersecting a map plane F(x,y,z)=z+1. The trace of

this line on the map plane is rotated into flow direction which was determined from surface

velocity measurements by GPS. Tilt change rates (arctan(Lxz)) along and across the flow line

are thus directly determined. A 6-day moving average was then applied on the time evolution

of tilt and subtracted from that tilt evolution to emphasize the short-term variations.

Appendix (b): Synthetic Tilt Curves

The modeled velocity field of each time step was used to calculate synthetic tilt curves at

depths corresponding to sensor depths. Assuming an initial vertical position of the sensor,

unit vectors from the sensor center are vertical ez, in flow direction ex and normal to flow

direction ey. For each time step with a given velocity field the new position of the vector

tips is calculated. After each deformation step the vectors e′x, e′y, e′z are again normalized to

unit vectors. Then e′x is projected on the plane of which e′z is the face normal and any extra

angle between e′x and e′y was split equally between the two vectors. So after each time step

we restart with a tilted but not deformed coordinate system with unit normal vectors ez, ey,

ex that have the origin in the sensor center. The synthetic tilt curves were then detrended

like the measured tilt curves to compare modeled tilt variations with measurements.
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Chapter 8

Unexplained Oscillatory Phenomena

From summer 2011 until July 2013 a wealth of data could be collected at the drillsites

FOXX and GULL. However, not everything could be considered in detail in the main studies

presented in Chapter 6 and Chapter 7. In this chapter I would like to give a short overview

of measurements and interesting observations that were not further considered in this thesis

but may be of interest for upcoming projects.
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CHAPTER 8. OSCILLATORY PHENOMENA

Figure 8.1: Wind direction (cyan) and detrended air temperature (red, in arbitrary units) are

shown.

8.1 10-Day Variations in Summer

In Chapter 7 10-day variations observed during summer (in ablation, ice deformation, flow ve-

locity and water pressure) were discussed. The question arises, where these 10-day variations

in air temperature come from. Is it the Icelandic low or any other stationary cyclone in west

Greenland? In Figure 8.1 the wind direction is shown together with detrended air temperature

is shown. No obvious relation could be found. I further looked at the meteorological condi-

tions around Greenland at the 850 hPa level for each peak of positive and negative variation

in air temperature (Fig. 8.2 and 8.3). However, no general conclusion could be drawn about

conditions needed on a synoptic scale to get this regular behavior of positive and negative

air temperature variations. The pressure distribution seems to be flatter during the negative

than during the positive phases. However, no general conclusion can be drawn about con-

ditions needed on a synoptic scale to get this regular behavior of positive and negative air

temperature variations.
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8.1. 10-DAY VARIATIONS IN SUMMER

Figure 8.2: Temperature contours at the 850 hPa with isobars (in black) for days at which

detrended 10-day air temperature variations (Fig. 8.1) reach a maximum (Data from IAC-

ETH Zurich).
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Figure 8.3: Temperature contours at the 850 hPa with isobars (in black) for days at which

detrended 10-day air temperature variations (Fig. 8.1) reach a minimum (Data from IAC-ETH

Zurich).
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8.2. 12-DAY VARIATIONS IN WATER PRESSURE DURING WINTER

8.2 12-Day Variations in Water Pressure During Winter

In one borehole at the drill site FOXX, the water pressure shows 12-day variations during

both winter periods 2011/2012 and 2012/2013 (Fig. 8.4). The reason for these variations is

unclear. I can exclude tides because they have a 14-day cycle. Further, it is interesting and

confusing that it is only observed in one borehole, the one where the lowermost sensor is some

meters above the glacier bed (string foxx2, see Chapter 4, Fig.2.2). At the drill site GULL the

variations are less clear, however the Fast-Fourier-Transform (FFT) also shows a frequency

peak at 0.085 d−1 (Fig. 8.5). The amplitudes of these pressure variations are five times smaller

than the 10-day summer variations and are not observed in the tilt measurements.

Figure 8.4: FOXX: Detrended water pressure is shown in the upper panels. The lower panels

show the result of the FFT.
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Figure 8.5: GULL: Detrended water pressure is shown in the upper panel. The lower panel

shows the result of the FFT.
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Chapter 9

Conclusions and Outlook

Part I

Synthesis

In the first part of the thesis, the polythermal structure of Grenzgletscher was investigated.

The aim was a thorough mapping of the cold ice and the englacial temperature distribution.

This could be achieved by combining air-borne radar (ABR) profiles with ice temperature

measurements in 15 boreholes. Based on the results from the ABR measurements the cold

ice could be traced from the glacier tongue up to the accumulation area. Together with the

in situ temperature records in boreholes a comprehensive picture of the englacial tempera-

ture distribution of this polythermal glacier was obtained. The vertical extent of the cold

ice determined from the high quality ABR measurements was in good agreement with the

temperature measurements. Earlier ground-penetrating radar (GPR) surveys by Eisen et al.

(2009) revealed too shallow depths for the cold ice compared to temperature measurements.

Further, we could determine the water content close to the CTS from the received radar

power and a backscatter reference of known water content (englacial water channel). Finally,

the horizontal extent of the cold ice at the glacier surface was compared to surface hydrolog-

ical features. This comparison illustrates the importance of cold ice on the glacier hydrology.

Deeply incised melt water streams and lakes are only found on the cold ice. The opposite is

true for moulins. They only form in the temperate parts close to the margins of the glacier

or in regions where the glacier is highly crevassed.

Outlook

The thermal structure of any polythermal glacier will likely change in a warming climate

(e.g. Gusmeroli et al., 2012). To detect changes in the polythermal structure of Grenz-

gletscher repeated temperature and/or radar measurements are needed. Further, a 3D

thermo-dynamically coupled modeling study would provide more information about the in-

fluence of the cold ice core on the flow dynamics. Such a modeling study could also reveal if

the now observed temperature distribution in the glacier tongue is in a steady state condition

or if it is a relict from colder conditions during the Little Ice Age. With this knowledge one

could then simulate changes in a warming climate.

A preliminary study of comparing albedo and mass balance measurements shows important

differences in mass loss on temperate parts (darker) and cold parts (white). For mass balance

modeling the albedo is an important quantity and should therefore be studied in more detail.
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An important question here is the cryoconite cover that is different in regions where the glacier

surface is temperate (regularly distributed) compared to regions where it is cold (collected in

deep small cryoconite holes).

Part II

Synthesis of Instrumentation and Methods

All field trips of the ROGUE project were a success. During the main fieldwork in summer

2011 we could drill all the boreholes that were planned. Instrumentation of the boreholes went

smoothly. A first impressive data set could be collected already during this field campaign.

In each following spring and autumn field trip, further data were obtained.

DIBOSS Except for the first string, which stopped working for unknown reasons as soon

as it was installed in the borehole, the DIBOSS system worked reliably and satisfactorily.

The logger boxes equipped with enough batteries and solar panels kept the system running

continuously. The cable feed-through to the box was well sealed and could sustain the strain

when the heavy boxes were drifting away. A big fleece tarp underneath the boxes made life

easier in spring: the boxes were sitting on a pedestal after the melt season and were only

barely covered with snow in spring. Not much snow digging and the solar panels already

restarted to charge the batteries. Further, the pedestal kept the boxes out of the slush in

spring time, and prevented them from water infiltration. At the drill site FOXX the system

was running for two years until we cut the cables. At the site GULL the lower sensors were

ripped off, but the system kept running and collecting the data from the uppermost sensors.

The individual sensors in the sensor units functioned all. Only the data of the magnetometer

was not used because calibration measurements could not be evaluated.

Thermistor Strings For accurate temperature measurements in only slightly cold ice (where

the borehole only slowly refreezes) continuous temperature measurements are needed for

extrapolation to determine the final temperature. The logger boxes of the thermistor strings

were not equipped with solar panels and stopped working after a few months. An other

problem was observed at the site GULL: the boreholes drained and did not refreeze in the

upper 65 m. Temperature measurements at those depths showed temperatures above the

pressure melting point still after two years (Chapter 5), meaning that the hole was still not

refrozen after that time. Percolating melt water may cause the “warm” temperatures between

20 – 50 m depth. So for future temperature measurements:

– solar panels should be attached to the top of the logger box to ensure power for continuous

measurements

– boreholes that drain should be filled with water after the hole is sealed due to refreezing in

deeper depths to ensure borehole closure in the uppermost meters.

Synthesis of Flow Dynamics

In a first study, borehole deformation measurements and surface velocities from FOXX and

GULL were analyzed under winter conditions. At both sites a high amount of basal motion

was found. Both measured deformation profiles show a zone of increased deformation rates

around 500 m depth and a reduction at greater depths. Model experiments showed that the
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observed deformation profiles can be explained with sticky and slippery patches at the glacier

base (for FOXX) and additionally due to the bed topography (overdeepening at GULL). Both

sites are located on a slippery patch which explains the reduction of deformation in greater

depths and the high amount of basal motion. Model calculations highlight that horizontal

stress transfer from areas with a weak base to areas with a strong base, and from subglacial

depressions to hills plays an important role in controlling ice flow in the temperate-based

marginal areas of the GrIS.

During the melt season, short-term variations in tilt measurements, superimposed on the

general trend, were observed. These variations were not synchronous but varied with depths.

Based on the finding that sticky and slippery patches are needed to explain observed ice

deformation profiles under winter conditions, the impact of changes in basal conditions due

to melt water availability was analyzed. To simulate changes at the glacier bed due to melt

water input, the slipperiness in the sediment layer was changed in either patch, i. e. this patch

was activated. Interpretations of the tilt variations with the ice flow model illustrate how

slipperiness variability in an active (sticky) patch influences the ice flow in a distant passive

(slippery) patch. Phase-shifts of ice motion through stress transfer, and consequent surface

elevation changes due to variable ice flux, lead to a flow pattern that resembles the contract-

ing and extending motion of a caterpillar. Such small scale variability of bed conditions, and

their differential activation patterns, are important aspects of the ice motion in the ablation

zone of the GrIS.

Both studies show that englacial and subglacial processes are considerably more complex

than would be inferred from measurements of surface displacement and basal water pressure

alone. These complex patterns are not reproduced with most ice sheet models based on a

simplified set of equations (e. g. SIA). Higher order models are already used in the regions

of the fast flowing ice streams. However, our results show that for a better understanding of

the observed patterns in the slow moving marginal zones the use of higher order models is

also mandatory in these regions.

The presented data, together with their interpretation, elucidate the importance of in situ

measurements. Drilling and instrumenting boreholes is time consuming and expensive and are

only point measurements but are essential to test and constrain modeling studies. Our findings

show that with a well balanced data set of in situ measurements combined with modeling

studies, a comprehensive picture of the locally observed complex dynamical patterns in the

marginal areas of the GrIS can be drawn. However, to cover large areas, remote sensing

becomes more and more important for several purposes. Velocity maps of the whole ice

sheet can be obtained from satellite images. With such velocity maps, one could test if our

findings are representative for large areas of the margins.

Outlook In situ measurements on a sticky patch could complete and verify the picture

drawn from the modeling studies. So far only slippery patches could be monitored. This is

not surprising. Hot water drilling requires a flat non-crevassed area with melt water availability

from streams or lakes. Such regions are not found close to regions where the bed upraises to

sticky ridges. Those areas are highly crevassed and the availability of melt water for drilling

purposes is limited so that no borehole experiments could be achieved so far in sticky regions.

As mentioned above, measurements from remote sensing could help filling this gap. From

velocity maps Joughin et al. (2013) present a patchiness in velocity variations on a large area
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at the margin and Habermann et al. (2013) could show that variations in basal slipperiness

are needed to improve model results for Jakobshavn Isbræ.

The observed temperature profiles were used to prescribe the flow rate factor in the used

model but the model was not thermo-dynamically coupled. To be able to model a bigger area

of the ablation zone, the temperature distribution needs to be modeled with a (3D)-thermo-

dynamically coupled ice flow model. Such a modeling study would complete the picture of

the ice dynamics in the marginal zones of the GrIS. Further, the different temperature profiles

at FOXX showed how variable the temperature distribution can be over very short distances.

Such modeling studies additionally including cryo-hydrologic warming from crevassed areas or

moulins could reveal the cause of such large locally varying englacial temperature.
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Appendix A

Overview of Drill Sites

Drill site FOXX (30. June – 18. July 2011)

Field Team ROGUE

Bob Hawley PI Dartmouth College

Martin Lüthi PI VAW / ETH Zürich

Cornelius Senn Tech D-BAUG / ETH Zürich

Christian Birchler Tech VAW / ETH Zürich

Lauren Andrews PhD UTexas

Blaine Moriss PhD Dartmouth College

Claudia Ryser PhD VAW / ETH Zürich
Field Team Seismology

Fabian Walter PI SED / ETH Zürich

Michael Meier Tech SED / ETH Zürich

Stephan Husen PI SED / ETH Zürich

Kathrin Plenkers PhD SED / ETH Zürich

Stefan Hiemer PhD SED / ETH Zürich

Figure A.1: The drill site FOXX with drilled boreholes (Foxx1–Foxx7) and surface instrumen-

tation.
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Drill site GULL (19. July – 8. Aug. 2011)

Field Team ROGUE

Andreas Bauder Staff VAW / ETH Zürich

Martin Funk PI Dartmouth College

Matt Hoffman PI NASA Goddard

Thomas Wyder Tech VAW / ETH Zürich

Lauren Andrews PhD UTexas

Blaine Moriss PhD Dartmouth College

Claudia Ryser PhD VAW / ETH Zürich

Figure A.2: The drill site GULL with drilled boreholes (Gull1–Gull6) and surface instrumen-

tation.
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Boreholes at FOXX

Name Date Depth Water Experiments Comment

Foxx1 1. 7. 2011 110 m full Thermistor-FOXX1 50 m test hole

Foxx2 2. 7. 2011 619 m full Thermistor-FOXX2 286 m

Inclinometer-FOXX1 not working

Foxx3 5. 7. 2011 626 m full Seismometer 400 m

Seismometer 150 m

Foxx4 6. 7. 2011 624 m drained Inclinometer-FOXX2

7. 7. 2011 pump tests

Foxx5 8. 7. 2011 614 m full Televiewer

Fibre-Optics stack at 60 m

bare wire for CBC

Foxx6 11. 7. 2011 614 m drained Inclinometer-GULL1 lots of air bubbles

Televiewer

Thermistor GULL1 50 m

Thermistor GULL2 342 m

12. 7. 2011 pump tests

Foxx7 13. 7. 2011 622 m full CBC-Test

Tethered Stake not working

Pressure Sensor

Fiber-Optics not working
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Boreholes at GULL

Name Date Depth Water Experiments Comment

Gull1 21. 6. 2011 698 -703m∗ drained Inclinometer-HARE1 drained at 10 m depth

Thermistor-HARE1 50 m

Thermistor-HARE2 300 m

Gull2 23. 7. 2011 701 m drained Pressure Sensor drained after a few hours

Tethered Stake not working

Fiber-Optics

24. 7. 2011 pump tests

Gull3 25. 7. 2011 636 m drained Fiber-Optics drained at ∼ 15 m

Gull4 27. 7. 2011 705 m drained Televiewer drained 12 m above bed

bare wire for CBC

28. 7. 2011 pump tests

Gull5 29. 7. 2011 700 -705 m∗ drained Inclinometer-HARE2 drained 17 m above bed
∗hose slided on winch

CBC Test

30. 7. 2011 pump tests

Gull6 31. 7. 2011 703 m drained Televiewer drained a few hours

CBC Test after drilling

01. 7. 2011 pump tests
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Appendix B

VAW-GPS Data

Only for a short time period (July 5–July 13) during the field campaign in 2011, three

additional GPS were installed at the drill site FOXX. We observe extensional conditions within

these eight days, which is in good agreement with calculated strain rates from the model study

(Chapter 7, Fig. 7.9). At GULL also two additional GPS were installed. In between the two

GPS the main moulin was located (Appendix A, Fig. A.2). Unfortunately, the pressure

transducer in the moulin got swallowed by the moulin after a few hours. Otherwise it would

be interesting to compare moulin water pressure with the extension/compression pattern of

the GPS. Measurements were done every 15 minutes, in Figures and positions are shown two

times a day. For better illustration of the time evolution, the change to the initial position is

scaled by a factor 1000.

Figure B.1: The different markers represent the three additional GPS at FOXX. The initial

position is shown in dark blue and is shown in real dimensions. The time evolution of the

individual GPS is color coded and the change in position is enhanced by a factor 1000.

The lines connecting the individual GPS are in gray if extension is observed, or in blue if

compression is observed.
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Figure B.2: The two markers represent additional GPS at GULL. The initial position is shown

in dark blue and is shown in real dimensions. The time evolution of the individual GPS is

color coded and the change in position is enhanced by a factor 1000. The connecting lines

are in gray if extension is observed, or in blue if compression is observed between the GPS.
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of Geophysical Research, 109(F2):F02009.

Pettersson, R., Jansson, P., and Holmlund, P. (2003). Cold surface layer thinning on Stor-
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Walter, F., Chaput, J., and Lüthi, M. P. (2014). Thick sediments beneath Green-

land’s ablation zone and their potential role in future ice sheet dynamics. Geology.

doi:10.1130/G35492.1.

115



BIBLIOGRAPHY

Warren, S. G. and Brandt, R. E. (2008). Optical constants of ice from the ultraviolet to

the microwave: A revised compilation. Journal of Geophysical Research, 113:D14220.

doi:10.1029/2007JD009744.

Werder, M. A., Loye, A., and Funk, M. (2009). Dye tracing a jökulhlaup: I. Subglacial

water transit speed and water-storage mechanism. Journal of Glaciology, 55:889–898.

doi:10.3189/002214309790152447.

Wientjes, I. and Oerlemans, J. (2010). An explanation for the dark region in the western melt

zone of the greenland ice sheet. The Cryosphere, 4:261–268. doi:10.5194/tc-4-261-2010.

Wientjes, I., van de Wal, R., Reichart, G., Sluijs, A., and Oerlemans, J. (2011). Dust from

the dark region in the western ablation zone of the Greenland ice sheet. The Cryosphere,

5:589–601. doi:10.5194/tc-5-589-2011.

Willis, I., Mair, D., Hubbard, B., Nienow, P., Fischer, U. H., and Hubbard, A. (2003).

Seasonal variations in ice deformation and basal motion across the tongue of Haut Glacier

d’Arolla, Switzerland. Annals of Glaciology, 36:157–167.

Zwally, H. J., Abdalati, W., Herring, T., Larson, K., Saba, J., and Steffen, K. (2002). Surface

melt-induced acceleration of Greenland ice-sheet flow. Science, 297(5579):218–222.

116



Acknowledgements

The success of this thesis was not only my own effort. Many people supported my work by

giving helpful scientific advice or just by lending a shoulder to lie on if more than science was

difficult.

First I would like to thank Martin Funk for giving me the opportunity of this PhD thesis.

During the PhD he not only had his office door always open but also had an open ear for any

problems. In the stressful final times when writing this thesis, his calm character was a big
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