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Presently Baedeker [the guidebook] was found again, and I hunted eagerly for
the time-table. There was none. The book simply said the glacier was moving all
the time. This was satisfactory, so I shut up the book and chose a good position to
view the scenery as we passed along. I stood there some time enjoying the trip, but
at last it occurred to me that we did not seem to be gaining any on the scenery. I
said to myself, “This confounded old thing’s aground again, sure,”—and opened
Baedeker to see if I could run across any remedy for these annoying interruptions.
I soon found a sentence which threw a dazzling light upon the matter. It said, “The
Gorner Glacier travels at an average rate of a little less than an inch a day.” I have
seldom felt so outraged. I have seldom had my confidence so wantonly betrayed. I
made a small calculation: 1 inch a day, say 30 feet a year; estimated distance to
Zermatt, 3 1-18 miles. Time required to go by glacier, a little over five hundred
years! 1 said to myself, “I can walk it quicker—and before I will patronize such a
fraud as this, I will do it.”

When I revealed to Harris the fact that the passenger-part of this glacier,—the
central part,—the lightning-express part, so to speak,—was not due in Zermatt till
the summer of 2378, and that the baggage, coming along the slow edge, would not
arrive until some generations later, he burst out with,—

“That is European management, all over! An inch a day—think of that! Five
hundred years to go a trifle over three miles! But I am not a bit surprised. It’s a
Catholic glacier. You can tell by the look of it. And the management.”

Mark Twain, A Tramp Abroad, 1880






Preface

Jokulhlaups, an islandic term for the sudden drainage of glacier dammed lakes, pose one of the
greatest and far reaching glacier related hazards. These lakes have the tendency to drain rapidly
once an initial drainage pathway has been established. Gornersee is a typical example of such
a lake. It is located at the confluence area between Gorner- and Grenzgletscher above Zermatt,
Valais. In this thesis, the author presents an experimental study of the glacier drainage system of
Gornergletscher. The measurements are interpreted using existing and newly developed models
of jokulhlaups, with the ultimative goal to predict the timing and magnitude of jokulhlaups.

The author first presents results from dye-tracing experiments using at least six moulins over
three field seasons and related hydrological measurements. Interestingly, the outburst flood
drainage conditions for each of the three years differed considerably: subglacial in the first
year, followed by a supraglacial event in the second year and a mixed one in the third year.
During the outburst in 2006, the author was able to directly inject dye tracer into the drainage
channel of Gornersee during the onset of its outburst and measure the flow speed of the lake
water on its passage through the glacier. This made it possible to test a jokulhlaup model not
only against discharge measurements, but for the first time also against measured water flow
speeds. The author shows that the the ability of the jokulhlaup model to match discharge hydro-
graphs provides only a weak test of whether that model produces a satisfactory representation of
reality. The present work shows that there is a mismatch between the simulated water velocity
and those inferred by dye tracing. Furthermore, the author points out that the onset part of the
flood hydrograph is not well represented by the jokulhlaup model. These are important new re-
sults which should help to motivate the glaciological community to improve existing jokulhlaup
models.

The newly formed supraglacial lake on Unterer Grindelwaldgletscher shows that new glacier
lakes can develop rapidly due to glacier change. Model calculations performed by the author
have shown that the destructive potential of the expected floods in the next years is considerable.
The performed predictions of maximal discharge for 2008 were successful and lay within the
uncertainty range. These uncertainties are due to poorly known external factors, such as lake
water temperature and roughness of the water channel within the glacier.

The present work illustrates that the onset time of a jokulhlaup can not be predicted yet. This
is because small scale processes, like the development of small cracks, may either be sufficient
or not to initiate a drainage before the lake fills to or above flotation level. It seems unlikely
that such small scale processes can be detected by some measurement techniques anytime soon.
However, the results of this study have shown that jokulhlaups can be used as natural exper-
iments which probes the non-equilibrium behaviour of subglacial processes due to the large
perturbation caused by the heightened discharge. Thus, new insights can be gained of pro-
cesses governing the interaction of the glacier drainage system with the glacier dynamics and
vice-versa.

Zirich, December 2009 Martin Funk
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Abstract

This thesis is part of a large project conducted by our group on Gornergletscher, Switzerland,
to investigate the yearly jokulhlaups (glacier lake outburst floods) occurring there. The culprit
of these outburst floods is Gornersee, an ice marginal lake. The focus of this thesis lies in the
hydrological and hydraulic aspects of the drainage of this lake. Naturally, other aspects of the
hydrology of Gornergletscher were also studied, as well as a hazard assessment study of the
newly formed supraglacial lake on Unterer Grindelwaldgletscher, Switzerland.

The evolution of Gornergletscher’s drainage system was studied with dye tracer experiments
and complementary hydrological measurements. A clear seasonal evolution of the drainage
system could be seen which, in 2005, coincided with the lake drainage, suggesting a causal
relationship. During the jokulhlaups, tracer transit speeds double and there is evidence that
subglacial water storage processes during the flood are due to lateral spreading of water at the
glacier bed. Water transit speed in the main subglacial drainage channel can be estimated from
these tracer experiments and the results show that, even during the jokulhlaup, they are lower
than predicted by models. The puzzling observational fact, that transit speeds are highest after
the peak of the flood, is caused by tracer retardation in the injection moulin.

During the supraglacial lake drainage in 2006, I conducted a series of high frequency tracer
injections during 55 hours to investigate the diurnal variability of the drainage system. The
discharge conditions of the moulin were exceptionally stable because Gornersee was steadily
draining into it, contrasting to existing measurements from Unteraargletscher where such a
series was performed using an ordinary moulin, fed by a meltwater stream with large diurnal
fluctuations. On Gornergletscher, I found two daily transit speed maxima and minima whereas
on Unteraargletscher only one maximum and minimum was observed. I devised a simple two
component model of the en- and subglacial drainage system which can simulate the qualitatively
different results from the Gorner- and Unteraargletscher experiments.

In 2006, due to special circumstances, I was able to directly inject dye tracer into the drainage
channel of Gornersee during the onset of its outburst and measure the transit speed of the lake
water on its passage through the glacier. This made it possible to test an established jokulhlaup
model, not only against discharge measurements, but for the first time also against water flow
speeds inferred from measurements. In order to fit the model, the sinuosity or heat transfer
needed to be increased. However, the inferred flow speeds during the first 12 hours cannot
be fitted by the model leading to the conclusion that initially the drainage path is not a usual
subglacial channel (R channel).

The newly formed lake on Unterer Grindelwaldgletscher is threatening the communities down-
stream with severe floods. A hazard assessment study was conducted which estimates the in-
crease in lake volume, predicts maximal future flood discharges and advanced warning times
over the next five years. An early warning system was set up and this study was used to decide
on preventative measures to be taken.

Xi






Zusammenfassung

Diese Doktorarbeit ist ein Teil eines grossen Projekts unserer Forschungsgruppe, welches die
alljahrlichen Gletscherseeausbriiche am Gornergletscher untersucht. Verursacher dieser soge-
nannten Gletscherldufe ist der eismarginale Gornersee. Der Schwerpunkt dieser Arbeit liegt
in den hydrologischen und hydraulischen Aspekten solcher Flutwellen, aber natiirlich werden
auch andere Themen beleuchtet, unter anderem eine Gefahrenbeurteilung des neu entstandenen
Sees auf dem Unteren Grindelwaldgletscher.

Die Zeitentwicklung des glazialen Abflusssystems des Gornergletschers wurde mit Firbver-
suchen und erginzenden hydrologischen Experimenten untersucht. Eine deutliche saisonale
Entwicklung wurde beobachtet, welche im Jahr 2005 zeitlich mit dem Anfang des Gletscher-
laufes zusammenfiel und dadurch auf einen Kausalzusammenhang schliessen ldsst. Wihrend
des Gletscherlaufs verdoppeln sich die Tracerdurchgangsgeschwindigkeiten, jedoch liegen die
abgeschitzten Fliessgeschwindigkeiten im subglazialen Abflusssystem tiefer als Modelvorher-
sagen. Die Durchgangsgeschwindigkeiten sind nach der Seeentleerung am hochsten, was mit
der Verzogerung des Tracers in der Injektionsmiihle erklidrt werden kann. Die beobachteten
Wasserspeicherungsprozesse wihrend des Ausbruchs werden durch eine sich ausbreitende
Wasserschicht am Gletscherbett verursacht.

Eine Serie von Farbeversuchen iiber 55 Stunden wurde wihrend der supraglazialen Entleerung
des Sees im Jahr 2006 durchgefiihrt um die tageszeitliche Variabilitidt des Abflusssystems zu
untersuchen. Der Abfluss in die Injektionsmiihle war ausserordentlich stabil, weil sich der
See durch diese entleerte. Die Ergebnisse werden mit solchen von zwei vorliegenden Messrei-
hen vom Unteraargletscher verglichen, welche eine normale Miihle mit hohen tageszeitlichen
Abfluss-schwankungen fiir die Injektionen verwendeten. Die Durchgangsgeschwindigkeiten
der Messungen vom Gornergletscher zeigen zwei tidgliche Maxima und Minima, wohingegen
die vom Unteraargletscher nur jeweils ein solches aufweisen. Ich habe ein Zweikomponen-
tenmodell des en- und subglazialen Abflusssystems entwickelt, welches die qualitativ unter-
schiedlichen Resultate vom Unteraar- und Gornergletscher reproduziert.

Im Jahr 2006 war es dank ungwohnlicher Umstidnde moglich, das Wasser des auslaufenden Sees
direkt mit Tracer zu markieren und damit seine Durchgangsgeschwindigkeit zu ermitteln. Dies
ermOglicht erstmals ein Gletscherlaufmodell nicht nur mit gemessenen Abfliissen sondern auch
mit abgeschitzten Fliessgeschwindigkeiten zu testen. Um das Modell anpassen zu konnen,
miissen entweder die Kanalrauigkeit oder die Wirmeleitung zwischen Wasser und Eiskanal-
wand erhoht werden. Jedoch konnen die sehr tiefen abgeschitzten Fliessgeschwindigkeiten der
ersten 12 Stunden des Ausbruchs nicht vom Modell reproduziert werden, was schliessen ldsst,
dass anfinglich der Abfluss nicht durch einen normalen subglazialen Kanal (R channel) fiihrt.

Der neu entstandene See auf der Zunge des Unteren Grindelwaldgletschers bedroht die flussab-
wirts gelegenen Gemeinden. Eine Gefahrenabschétzungsstudie wurde durchgefiihrt, in welcher
der Anstieg des Seevolumens in den néchsten fiinf Jahren abgeschitzt wird und die zukiinfitgen
Spitzenabfliisse und Vorwarnzeiten prognostiziert werden. Ein Vorwarnsystem wurde instal-
liert, und anhand dieser Studie wurden bauliche Massnahmen beschlossen.
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Chapter 1

Introduction

Jokulhlaups, also known as glacier lake outburst floods, pose one of the greatest and far reaching
glacier related hazards. Ice-dammed lakes have the tendency to drain rapidly once an initial
drainage path has been established. This can be attributed to two factors: First, ice has a 10%
lower density than water, thus an ice dam can be lifted up once the lake level reaches 90% of
the dam height. This type of lake drainage initiation leads to jokulhlaups with the most rapidly
rising discharge. Second, once a small drainage path is established, it enlarges due to melting
on its walls because of positive lake water temperature and because of dissipation of potential
energy. This is a runaway process and leads to a progressively increasing lake discharge. Both
of these processes lead to glacier lake outburst floods.

Our group investigated two ice-dammed lakes, both located in Switzerland. Gornersee, an ice
marginal lake, on Gornergletscher is situated upstream of Zermatt, Valais (Fig. [} [[.2)). Before
the installation of a water catchment station in the 1960s by a hydroelectric power company,
the drainage of Gornersee regularly caused damage in Zermatt. The water catchment station
effectively limits the peak discharge flowing through Zermatt. However, the combination of a
heavy rainfall or very warm weather with the lake outburst could potentially still lead to damage.

The newly formed supraglacial lake on Unterer Grindelwaldgletscher, Bernese Oberland
(Fig. [L.3) has much greater hazard potential. This lake first formed in 2005 and its basin has
been increasing in size ever since. This increase is caused by larger ice surface lowering rates
in the lake basin compared to on the debris-covered dam. The outburst of this lake will likely
cause severe floods if no damage prevention measures are taken.

Of course, jokulhlaups are by themselves an interesting phenomenon meriting study and have
for many years captured the attention of glaciologists (e.g. ThQrarissgﬂ, w; IMaLhewé, u%ﬂ;
|N¥d, 1 ;IClarke, m; Ng et a1.|, QO_O_Z'). They are one of the most dynamic large scale glacial
process and illustrate dramatically the interaction of the glacier drainage system with the ice
mass of the glacier and vice versa. The recent discovery of active subglacial lakes in Antarctica

(e.g. Mingham_e_t_alj, 2006) has sparked new interest in the subject.
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1.1. AIM 3

Many of the processes driving jokulhlaups are still poorly understood, especially the triggering
mechanisms and early stages of the outbursts. To predict the onset time of a jokulhlaup both of
these processes need better understanding. The evolution of the flood can be modelled by lake
discharge flowing through en- and subglacial channels, so-called R channels _R%hli%%r%%,
-) as done by e.g. @ (@), possibly coupled to subglacial sheet flow (Flower 1,
). However, models which take the interaction of the jokulhlaup with the rest of the glacier
drainage system into account, e.g. existing R channels or en- or subglacial water storage, are
not well develope dKst]@Lalld_An.dﬂSQd 2004). Hydrofracturing of the ice has been observed
(Roberts et al., 2@ Waller et al, 2001) in the field but no existing theories take this process
into account. The lake drainages observed in Antarctica seem to be more gradual with a constant

discharge over several month to years (Wingham et all, |A)Dﬂ). This cannot be explained with
current theories of subglacial drainage as they all predict a progressively increasing discharge.

1.1 Aim

The project of our group on Gornergletscher has been one of, if not the most, comprehensive
field study of a jokulhlaup to date. The project can be split into three parts, each of which is
the topic of a doctoral thesis: Fabian Walter’s (@) thesis concentrates on ice quakes during
the jokulhlaup, Patrick Riesen’s (in progress) thesis studies the ice flow perturbations due to the
jokulhlaup and my thesis is on the hydrological and hydraulic aspects of the jokulhlaup.

The aim of my part of the project was

1. to experimentally study the glacier drainage system of Gornergletscher,
2. to apply existing and newly developed models to Gornergletscher jokulhlaups,
3. and to predict the timing and magnitude of the jokulhlaups.

1.1.1 Experimental investigation

The Gornersee jokulhlaups were experimentally studied using numerous methods: lake level
measurement; lake bathymetry and surface topography from aerial photography; bed topogra-
phy from radar echo soundings; surface flow speed and ablation measurements at stakes; sub-
glacial water pressure, ice deformation and temperature measurements in boreholes; discharge,
conductivity and turbidity measurements in the proglacial stream Gornera; meteorological mea-
surements; active and passive source seismology; and tracer experiments, which are the focus
of this thesis.

I conducted over 200 dye tracer experiments during three field campaigns on Gornergletscher
(2005-2007). Dye tracer experiments are quite a simple kind of measurement (@i @):
dye is poured into the water of which the flow characteristics should be determined. The dye
content of the water is monitored somewhere downstream, in my case in the proglacial stream,
by an instrument called fluorometer. The breakthrough curve is the result of the experiment:
a time series of the dye concentration at the detection site, which then needs to be interpreted.
The main difficulty in the interpretation is that the breakthrough curve is an integrated measure
of the conditions the tracer encountered on the whole flow path.
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Figure 1.2: Photograph of the filled Gornersee in 2004. The lake is situated in the confluence
area of the Gorner- and Grenzgletscher tributaries. The right part of the lake is covered in
icebergs whereas the left part is mostly open water.

Figure 1.3: Photograph of the filled supraglacial lake on Unterer Grindelwaldgletscher in 2008.
The completely debris covered glacier is situated in the valley bottom.
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The dye tracer experiments I conducted, complemented with the lake level, proglacial discharge
and subglacial water pressure measurements, were used to study:

e the seasonal evolution of the drainage system and its interrelationship with the jokulhlaup,

the catchment structure of Gornersee on its Grenzgletscher side,

e the englacial drainage system within the lake dam and its interaction with the filling lake,
e the influence of the jokulhlaups on the glacier drainage system,

o the lake water transit speeds during the onset of the 2006 jokulhlaup,

e and the diurnal variability of the glacier drainage system during the exceptional circum-
stances of the subsequent supraglacial overspill lake drainage in 2006.

The strategy I employed to achieve the first of above points was the following: each year I chose
one or two main moulins which were used for frequent tracer injections, i.e. with an interval
of 1 to 7 days. I injected tracer always at 14:00 CEST at the time of highest surface melt to
make them comparable to each other. These injections were used to study the evolution of the
flow path of the water entering the moulin due to the seasonal changes and the jokulhlaup. In
2005, the main moulin was M1, located about 600 m downglacier of the lake (c.f. Fig.[2.2)). In
2006, the main moulins were M4, located right beside the lake, and M2, 500 m downglacier of
the lake. In 2007, the main moulins were again M2 and also M3, located on the Grenzgletscher
side of the lake dam. Additionally, I also used some other moulins for tracer injections albeit at
a lower frequency, like MO situated above the lake.

To determine the catchment of Gornersee on its Grenzgletscher side, I injected tracer into many
of the moulins situated on the lake dam. I associated them with the lake catchment if no dye
was registered at the fluorometer, i.e. the water flowed into the lake.

The last of above points was assessed by injecting dye at an interval of 3 h into moulin M4, into
which the lake drained supraglacially in 2006. These experiments were inspired by a similar
series of experiments of [Schuler et al. (IAXMI) on Unteraargletscher to which they are compared.

1.1.2 Modelling the jokulhlaup

Quantitative evaluation of tracer experiments was made possible by interpreting them with the
help of simple models of the glacial drainage system, e.g. the diurnal variability of the glacier
drainage system was captured in a two component model of the en- and subglacial water flow
reproducing the measured transit speeds and allowing to infer subglacial transit speeds. The

measurements during the onset of the lake drainage in 2006 were compared one to one to the
established jokulhlaup model of (@).

1.1.3 Flood magnitude prediction

Furthermore, the appearance and fast growth of the new supraglacial lake on Unterer Grindel-
waldgletscher and its outbursts spurred a hazard assessment investigation where my task was
to predict future flood magnitudes. This was achieved by applying Clarke’s model to the
situation on Unterer Grindelwaldgletscher. The comparison of model results to observations
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showed that the outburst of glacier lakes can be more complicated than what current models
describe; as was also the case with the Gornergletscher jokulhlaups. Nevertheless, estimates of
the flood magnitude and duration were possible to make, however, predicting the timing of the
onset remains an unsolved problem.

1.2 Structure

Three of this thesis’ Chapters[3] [l and [7] are derived from publications in peer reviewed journals
(Werder et al!, 2009: 'Werder and Funk, 2009; [Werder et al, M), Chapter @ is in preparation
to be submitted (IMLd_er_e_t_alJ, Ls;m;d). Thus, those four chapters are self contained. To
keep with this structure the two additional chapters (2] and [3) and were also set up to be self
contained.

Part I: Dye tracing jokulhlaups

Chapter

Seasonal evolution of the glacier drainage system

The seasonal evolution of the glacier drainage system of Gornergletscher is investigated using
dye tracer experiments and complementary hydrological measurements. I interpret the evolu-
tion of double peaked dye breakthrough curves with the help a model of two competing R chan-
nels.

Chapter

Catchment of Gornersee and hydraulics of the lake dam

The drainage system within the ice dam of Gornersee on its Grenzgletscher side was probed
with tracer experiments: I determined the catchment structure of Gornersee and observed how
two large calving events disturbed the englacial drainage system within the lake dam.

Chapter 4

Short term variations of tracer transit speed on Alpine glaciers

The supraglacial overspill of Gornersee in 2006 lasting three weeks lead to very stable discharge
conditions in the moulin into which it drained. We conducted a series of tracer injections into
this moulin over a diurnal discharge cycle to investigate the effects of these stable discharge
conditions on tracer transit speeds. The findings are compared to existing measurements using
a ‘normal’ moulin with large diurnal discharge fluctuations. A two component model of the en-
and subglacial drainage system is devised to calculate tracer transit speeds and is fitted to our
and the existing measurements.

Chapter 3

Dye tracing a jokulhlaup:

Subglacial water transit speed and water storage mechanism

We investigated the influence of the Gornersee jokulhlaups in 2005 and 2007 on the glacier
drainage system with dye tracer experiments. For their interpretation, we use a model of tracer
retardation inside the injection moulin due to inflow modulation. We see evidence for water
storage at the glacier bed and we can give bounds on the subglacial flow speed of the lake water
during the 2005 jokulhlaup.
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Part II: Modelling jokulhlaups

Chapter
Testing a jokulhlaup model against flow speeds inferred from measurements

In 2006, the lake drained by overspilling into a moulin on its shore and thus we were able
to inject dye into the lake outlet. During the first 1.5 days of the drainage, fully pressurised
flow conditions prevailed in the lake outlet channel allowing us to simulate this situation with a
jokulhlaup model. For the first time, this made it possible to compare measured and modelled
water flow speeds of a jokulhlaup.

Chapter 7
Hazard assessment investigations in connection with the formation of a lake on the tongue
of Unterer Grindelwaldgletscher, Bernese Alps, Switzerland

The newly formed glacier lake on Unterer Grindelwaldgletscher is threatening the villages
downstream with flooding. We conducted a hazard assessment study to quantify the grow-
ing flood risks. A jokulhlaup model was run assuming different scenarios using estimates of
the future evolution of the lake hypsometry to predict maximal lake discharges and advance
warning times.






Part I

Dye tracing jokulhlaups






Chapter 2

Seasonal evolution of the glacier drainage
system

Abstract During the three field seasons 2005-2007 on Gornergletscher, I was able to study
the winter—summer and, in one instance, the beginning of the reverse transition of the glacier
drainage system. I inferred tracer transit speeds as low as 0.03ms™! in the inefficient winter
regime and up to 0.75ms~! during the summer regime. In 2007, I observed double peaked
tracer return curves from two moulins which evolved synchronously over five days. I inter-
preted this to be due to water flowing through two distinct pathways and modelled this process
successfully with a lumped element model of two competing R channels. In 2005, the onset of
the jokulhlaup coincided with the winter—summer transition of the glacier drainage system near
the lake, suggesting a causal relationship. It has been proposed before that such a transition
could triggering a jokulhlaup for which I show evidence.

2.1 Introduction

The glacier drainage system adjusts its capacity to the prevailing meltwater discharge condi-
tions. In winter, it is inefficient as it carries little discharge. In spring, with increased meltwater
flux, the drainage system adjusts its capacity and becomes more efficient and, in autumn, the
reverse transition takes place. I conducted dye tracer experiments during these transition phases
which are the focus of this chapter. The seasonal evolution of the drainage system has been
studied before by dye tracer experiments (e.g. |Bingham_ej._alJ, 2003), and [Nienow et all (1998)
observed that the transition area from inefficient to efficient migrates upglacier with the receding
snowline.

This chapter is organised as follows: I describe the field site, terminology and location and sizes
of the moulins used for tracer injections presented in this chapter and Chapter Bl To interpret
some of the findings, I introduce a lumped element model describing two competing subglacial
channel, so called R channels Msb_elggﬁ, |l27l). I present results from 31 tracer injections
in 2005-2007 using six moulins. The winter—summer and reverse transition are discussed with
a series of injections conducted in 2005. In 2007, I observed the evolution of double peaked
breakthrough curves from tracer experiments conducted using two different moulins at the same
time and interpret this with the lumped element model. Finally, I discuss the possibly causal
relationship between the lake outburst in 2005 and the winter—-summer transition.

11
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,
N ~ Gornergrat ~

Riffelhorn -

Figure 2.1: Overview map of Gornergletscher and its tributaries. Contour line interval is 200 m,
the catchment is outlined with the dashed line, triangles mark mountain summits and huts are
marked with diamonds.

2.2 Field site

Gornergletscher is a large valley glacier in the Swiss Alps with a surface area of ~60km?
and a length of 14km (Fig. 2.I). Its accumulation area lies on the slopes of several 4000 m
peaks including the highest summit in Switzerland, Monte Rosa/Dufourspitze 4634 m. It has
six major tributaries, Gornergletscher (giving its name to the whole glacier system), Monte
Rosagletscher, Grenzgletscher (the largest one), Zwillingsgletscher, Schwirzegletscher and
Breithorngletscher; the two Theodulgletscher do not connect to Gornergletscher anymore.
Gornergletscher is one of the few polythermal valley glacier in the Alps (m, ) due
to the high altitude of some of its accumulation area. The terminus is currently located at
~2200m a.s.l. where a single proglacial stream, the Gornera, exits the glacier. The tongue
reaches up to ~2550m a.s.l. and its surface is characterised by large canyons and small ponds,
so called entonnoirs m, @). The ice thickness reaches up to 450 m in the overdeep-
ened part of the tongue (Fig. 2.2). Gornersee, an ice marginal lake, is located in the confluence
area of Gorner- and Grenzgletscher at 2530 m a.s.l. Gornersee fills every spring and drains in
summer, normally as a jokulhlaup (glacier lake outburst flood) but supraglacial overspill has
also been observed. In the past years the maximal volume of the lake basin was estimated to be
~4.5x10%m? and peak discharge from the lake is ~20 m®s~!. The jokulhlaup lasts for about
two to seven days, depending on the lake volume and the exact outburst mechanism.
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Figure 2.2: Map of the tongue of Gornergletscher with solid contours of surface elevation
and dotted contours of bed elevation. The moulins used for tracer injections are marked by
triangles and labelled by MO-M7, their transit distance is measured along the dashed lines.
The subglacial water pressure was measured in the boreholes marked BHI and BH6. The
automatic weather station is at the northern glacier margin (AWS). The dashed box bounds the
inset displayed in the result Figures2.3H2. 10 and the solid box the detail in Figure3.1l

2.3 Background and methods

Our group has conducted field studies on Gornergletscher during the years 2004-2008. Apart
from those in the first and last years, the field studies included dye tracer experiments which
can be divided into three types: experiments to study the evolution of the drainage system on a
diurnal time scale (Chapter M), due to the seasonal evolution (the focus of this chapter), due to
the jokulhlaup (Chapter[3and[6) and injections to study the configuration of the lake catchment
(Chapter ). Complementing measurements included: lake level and temperature, proglacial
discharge (provided by Grande Dixence SA, a hydro-electric power company) and water tem-
perature, subglacial water pressure in boreholes (Huss et al), 2007), surface ice flow speed mea-
sured with GPS and theodolite at more than 30 stakes ([Sugi;Lama_e_t_alJ, |ZDDJ|, |201)g), active and
passive seismology (@, ), air temperature, precipitation, weather observations, surface
topography from photogrammetry and bed topography from radar echo soundings.

The fluorescent dyes Rhodamine WT and Uranine were used for tracer injections which were
conducted manually at 14:00 CEST. The dye was registered at the water catchment station of
Grande Dixence SA, 1.25km downstream of the glacier terminus with a Tuner 10-AU and a
BackScat fluorometer, which both allowed continuous dye detection. The proglacial discharge
was measured at the catchment station by Grande Dixence SA. The ventilated off-ice air tem-
perature and precipitation was registered at the automatic weather station (AWS in Fig. 2.2).
Subglacial water pressure was measured in the boreholes BH1 and BH6 (Fig. 2.2). The field
methods are described in more detail in Section 5.4

From the tracer breakthrough curves I extracted the residence time (t), defined as the time in-
terval between the injection time and the time of maximal tracer concentration at the detection
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site. The transit distance (Z) is defined as the shortest possible horizontal travel distance of
the tracer (marked with dashed lines in Fig. 2.2). The transit speed is then defined by the ra-
tiod =1 /t. Note that the transit speed is a lower bound on the mean, channel cross-section
averaged tracer flow speed, as the transit distance is the shortest possible flow path length of
the tracer (for a more in-depth discussion of these terms refer to Sections and [6.2)). Fur-
thermore, the breakthrough curves were fitted by an advection-dispersion model with storage
term (van Genuchten and Wierenga, [1976; |Smedt et al., 2003) giving the additional character-
ising parameters of dispersion D, fraction of mobile water 5 and exchange coefficient between
mobile and immobile water w (not presented). The fraction of returned tracer mass M can
be calculated by integrating the dye concentration multiplied by the proglacial discharge. The
presented breakthrough curves are normalised. The normalised tracer load Cl., is defined
as tracer mass flux divided by the injected mass. This allows the comparison of breakthrough
curves from experiments conducted with different injected tracer masses and during different
proglacial stream discharge conditions. For a more in-depth description of the data processing
and definitions of terms refer to Section[3.4.11

2.3.1 Injection sites

The moulins used for tracer injections are marked on the map in Figure With their de-
scription, I give a qualitative attribute of maximal discharge into the moulin using the follow-
ing classification: “small” with maximum discharge smaller than about 0.1 m? s, “medium”
with maximum discharge in the range 0.1-0.4m?®s™! and “large” with maximum discharge
>0.4m3s~!. M5 (large, transit distance [ = 5km) was used in 2005 and is located 2 km
downglacier of the lake. MO (medium, [ = 7km) was used in all years for injections and is
located about 1 km upglacier of the lake on the Grenzgletscher tributary. M1 (large, [ = 6km)
was used in 2005 and is located about 600 m downglacier of the lake . M4 (small, [=65 km),
used in 2006, is situated beside lake; it was the moulin into which the lake overspilled and
drained in 2006 (see Chapter[@). M3 (small, [=6.5 km), used in 2007, is located about 200 m
from the lake, just at the edge of the ice dam on the Grenzgletscher side. M2 (large, [ = 6km)
used in 2006 and 2007 is located about 500 m downglacier of the lake, probably closer to the
main drainage channel than M1 used in 2005 (see Chapter 6] for a discussion on the location
of the main drainage channel). M6 (large, [ = 6km) is situated on the Gornergletscher tribu-
tary. In the presentation of the results, I use the abbreviations expM0—-expM6 to refer to a tracer
experiment using MO-M®6 as injection site.

2.3.2 Lumped element model

In 2007, tracer injections from two moulins yielded double peaked return curves for the dura-
tion of a week. This phenomenon is commonly attributed to being caused by two alternative
flow paths of the tracer. In a glacier this could be due to two parallel, competing channels in the
ice or at the glacier bed, so called R channels d&lthhshej:gﬂ], 11972). These R channels adjust
their size according to the discharge and effective pressure conditions, they can grow by ice
melt at the R channel wall and shrink by creep closure of the ice. As their hydraulic conduc-
tivity and growth rate increase with size, larger R channels can capture the discharge of smaller
R channels and grow at their expense. I set up a simple lumped element model (Fig.[2.3) to sim-
ulate this type of evolution and will compare it to the evolution of the measured double peaked
breakthrough curves.
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Figure 2.3: Sketch of the lumped element model containing two competing R channels used
for residence time calculation. R; are the R channel elements, (Q; the discharges and h; the
hydraulic heads (1=0...2). The leftmost element represents the injection moulin.

Table 2.1: Compilation of physical constants used in the lumped element model

Constant Variable Value

Ice flow exponent n 3

Constant 1 4 22x10°m™~!
Constant 2 C, 3.7x107 ¥ m"s!
Latent heat of fusion L 333.5kJ kg !
Pressure melting coefficient ¢y 7.5x10" 8K Pa!
Specific heat capacity of water ¢, 4180Jkg 'K?
Gravitational acceleration g 9.8ms 2

Density of water P 1000kg m—3
Density of ice i 900 kg m~3

Ice flow constant B 53x1072*Pa st

The model follows (Clarke (@) and I will reference equations therein in this paragraph. To
simulate R channels, I use Rothlisberger resistors (Eqn. 27) for circular R channels. Note that in
this chapter the resistance parameter R is equivalent to Clarke’s F'r defined by his Equation 17.
I use his Equation 5 to model the moulin which is fed by an ideal discharge generator (Eqn. 2).

The model (Fig.[2.3) consists of a moulin element and three R channel elements, two of which
are in parallel. The moulin element has a filling height hq and a cross-sectional area A. The
R channel elements have resistance R;, cross-sectional area S; and length /;. The upper bound-
ary condition is the discharge into the moulin () and the lower boundary condition is given by
the hydraulic head hy = 0 (atmospheric pressure), where the water of the two R channel merges
again. This leads to the following system of differential algebraic equations for Ay, hs, (); and
S;i(i=0...2)
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M lf ho S hmin’ Q S QO

=10 > b Q2 Qy @
TO otherwise

ho—hi = RoQj (2.2)

hi—hy = RQ? (2.3)

hi—hy = RyQ3 (2.4)

Qo = Q1+ Q (2.5)

ddsti = ClQifhi — Cy(hF — hy)"S; (2.6)

where C = (1 — pycpcy) % and Cy = 2B (%)n are constants, .y and Ay, are the maxi-
mum and minimum filling height of the moulin, Ag,,.; is the cross-sectional area of the connec-
tion of the moulin to the next element (chosen such that its volume is small compared to the dis-
charge carried), Ah; are the pressure drops in the R channels, A} = picohicei/ pw s the hydraulic
head corresponding to flotation pressure above the R channels and h; is the mean hydraulic head
in the R channels. The values used for physical constants are given in Table 2.1l The resistance
R; is calculated from S; with the Gauckler-Manning-Strickler formulation dChM_alJ, UM)
and assuming a circular cross-section

R, — 94/3.2/3 2

man

1578 (2.7)

where n,., 1S the Manning roughness. If a semi-circular channel was used, R would increase
by about 10% for the same S. In fact, digressing somewhat, the resistance R of a channel with
a cross-sectional geometry of a circular segment with central angel 6 (Fig. 2.4), introduced by
Hooke et all dlM), can also be calculated. For an arbitrary cross section we have

n? 1

R= e (2.8)

where Ry, is the hydraulic radius of the conduit, defined as the ratio of S to the wetted perimeter.
The hydraulic radius of a Hooke-channel is given in terms of S and 6 by

(0 —sin6)S
V2(0 + /2 —2cos0)

and thus R can be calculated as a function of S and 6 by plugging Equation (2.9) into (2.8]).

Ry(S,0) =

(2.9)

The system of differential algebraic equations @.I)—(@2.6) can be solved with MATLAB’s
odel5s solver. Once the hydraulic problem is solved, the modelled residence time in the moulin
element ¢, can be calculated approximately by

I (2.10)
Qo "

assuming constant discharge conditions during the passage of the tracer. Similarly, the modelled
residence time in an R channel element 7 is approximated by

Si

t; = —I1 2.11
Q; 1D
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Figure 2.4: Cross section of a Hooke-channel which has the shape of a circular segment with
central angel 0.

and the sum

t=tw+ Y t (2.12)

is the modelled residence time. For a more complete description of the calculation of residence
time and transit speed see Section4.3.4

2.4 Observations

The results of tracer experiments are presented in figures displaying both the tracer break-
through curves and parameters describing those curves (transit speed o, dispersion D, fraction
of mobile water § and fraction of returned tracer mass M). There is a small inset in each plot
showing the location of the used moulin. The results from the expM4s, expM2s and expM6s
are complemented with additional hydrological and related measurements.

Figure shows the results of expMOs in 2005. Transit speed increases from 0.1 ms™! to
0.8ms~! between 10 and 23 of June. Dispersion decreases from more than 15m?s~! to less
than 2 m? s~! between 10 June and 4 August. The last expMO was conducted in September after
a snowfall when there was very little melt. The transit speed decreased to values lower than
what the first expMO produced, whereas the dispersion stayed below 2 m?s~t. M5 was located
~2km downglacier of MO. expM5s (Fig. 2.6) yielded a transit speed above 0.5ms™! from
the beginning of the experiments, except for the expMS5 on 17 September, after the snow fall,
yielding a transit speed of 0.32ms~!. The fraction of returned tracer mass increased steadily
over the summer season and the dispersion decreased.

M4 started conducting water a few days before I conducted the first expM4 on 10 June 2006.
Transit speeds of the expM4s increase from 0.14 to only 0.4 ms~! (Fig. 2.7), half of the transit
speed of the expMOs in 2005. Between 15 and 20 June the breakthrough curves are double
peaked. Note that this is the moulin into which the lake spilled over in 2006 from 5 July
onwards which is the focus of Chapters 4 and [6l

Figures 2.8 and 2.9] show the results in 2007 of expM2s and of expM6s, respectively. Again a
pronounced overall increase in transit speed is seen from 0.2ms™! t0 0.75ms™! and 0.2 ms™*
to 0.5ms ™!, respectively. The decrease in transit speed of expM2s from 27 to 29 May coincided
with a snowfall and cold weather period. Between 9 and 15 June the breakthrough curves of
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Figure 2.5: Tracer experiments in 2005 using MO (expMOs). (a—f) normalised breakthrough
curves, (g) transit speed v, (h) dispersion D, (i) fraction of mobile water 3 and (j) fraction of
returned tracer mass M. The grey shading marks the time of the jokulhlaup and is identical to
the shading in Figure[5.4l On map inset (g) the location of MO is marked.

both expM?2s and expM6s are double peaked. In Table the most relevant data concerning
the evolution of the double peaks are summarised and they are also plotted in Figure 2.11
(right panel). The time difference between the first and second peak increases slightly for the
expM2s (1.0-1.2h) and a bit more for the expM6s (0.9-1.6h). The ratio of the tracer load
of the first to that of the second peak is 0.8 when the two peaks appear and progressively
increases to >5 before the second peak disappears. To put this into a wider context, Figure 2.10]
presents results of complementary measurements conducted prior and during the appearance of
the double peaks, consisting of proglacial discharge, subglacial water pressure data from BH1,
air temperature and precipitation. The proglacial discharge increases and its diurnal fluctuations
become larger. At first, the subglacial water pressure increases, showing only minimal diurnal
fluctuations. They start to become apparent on 9 June, the same day the double peaks were
first observed and then become larger over the period when the double peaks are observed.
Note the low subglacial water pressure on 14 June coinciding with cloudy weather and the high
subglacial water pressure the day after coinciding with a rainfall event.
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Figure 2.6: Tracer experiments in 2005 using M5 (expM5s). (a—e) normalised breakthrough
curves, (f) transit speed v, (g) dispersion D, (h) fraction of mobile water 3 and (i) fraction of
returned tracer mass M.

Table 2.2: Key observations of the evolution of the double peaks in expM2s (Fig. 2.8c—g) and
expM6s (Fig. [2.99—f): The residence times corresponding to the first (t,) and second (1) peak,
the respective transit speeds (01, 0s), the time difference between the peaks (to — t1) and the
ratio of the first to second peak concentration (ry,)

Date tl @1 tQ @2 tg — tl Th
h) @ms™H) () (@msH) (h
expM2s
5June - - 6.6 0.25 - -

9June 4.3 0.39 54 0.31 1.1 0.8
12June 3.1 0.54 41 041 1.0 1.2
15June 245 0.68 3.65 047 1.2 5.9
18 June 2.45 0.68 - - - -
expMo6s

6 June - - 9 0.18 - -
10June 5.7 0.29 6.6 0.25 0.9 0.8
11 June 4.65 0.36 58 0.29 1.15 1.3
14 June 4.3 0.39 59 0.28 1.6 5.1
26 June 3.2 0.52 - - - -
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Figure 2.7: Tracer experiments in 2006 using M4 (expM4s) and subglacial water pressure in
borehole BH6 (located 50 m beside M4). (a—g) normalised breakthrough curves, (h) transit
speed v, (i) dispersion D, (j) fraction of mobile water 3, (k) fraction of returned tracer mass M
and (1) water pressure head h in BH6.
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Figure 2.8: Tracer experiments in 2007 using M2 (expM2s). (a—g) normalised breakthrough
curves displaying double peaks, (h) transit speed v, (i) dispersion D, (j) fraction of mobile
water (3 and (k) fraction of returned tracer mass M.
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Figure 2.9: Tracer experiments in 2007 using M6 (expM6s). (a—f) normalised breakthrough
curves displaying double peaks, (g) transit speed v, (h) dispersion D, (i) fraction of mobile
water (3 and (j) fraction of returned tracer mass M.
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Figure 2.10: Measurements complementing expM2s (Fig.2.8) and expM6s (Fig.2.9). (a) Tran-
sit speeds (01, U) corresponding to the two peaks in expM2s (triangles, Fig. 2.8) and expM6s
(diamonds, Fig.[2.9), (b) proglacial discharge, (c) subglacial water pressure head in borehole
BHI, (d) ventilated air temperature measurements off-ice at weather station AWS and (e) pre-
cipitation at AWS.
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Table 2.3: Parameters used for the lumped element model

Parameter Variable Value
Channel 1 length lo 1000 m
Channel 2 length I 3000 m
Channel 3 length ly 1000 m

Ice thickness Rice 300 m
Moulin cross-sectional area A 5m?

Min. filling height Romin 200 m

Max. filling height Pmax 300 m
Manning roughness factor Nman 0.031m~1/3s
Lower boundary hydraulic head hy Om

2.5 Model results

I interpret the evolution of the double peaks seen in the expM2 and expM6 in 2007 (Fig.
and 2.9) using the lumped element model (Fig. 2.3). The model is run using the parameters
given in Table 2.3l The moulin element is fed by a constant discharge of 0.3 m?s~! for the first
five days and then a discharge varying diurnally with increasing amplitude (Fig. 2.11d). The
constant discharge mimics the effect of meltwater retention in snow cover. The length of the two
parallel R channels R; and Rs had to be chosen differently to achieve the observed discrepancy
in residence time. To calculate the modelled transit speed I use the length of the shorter channel
as the transit distance. The hydraulic head hs below the two competing R channels is set to
zero (air pressure) to simulate the proglacial outlet. The initial conditions for the channel cross-
sections are Sy = 0.2m?, S; = 0.3m? and S, = 0.02m?, i.e. the longer channel has an initially
larger cross section. The other initial conditions are not critical to the model output and were
chosen such that the simulation is numerically stable.

Figure 2.11] shows the results of the simulation compared to the results of expM6s. The model
results have large diurnal fluctuations and for comparison to the tracer experiments we plotted
the modelled transit speed, discharge ratio and residence time at 14:00 (Fig. 2.1Th—c), whereas
discharge and subglacial water pressure head are plotted continuously (Fig. 2.11H, e), like the
measurements. The two dashed vertical lines indicate the boundaries of the time period used for
comparison between measurements and model results: the modelled discharge ratio increases
from 0.8 to 8 corresponding roughly to the increase in the ratio of the peak heights observed in
the expM6 between 10 and 14 June (ry, in Table 2.2)); the modelled transit speed increases from
0.55ms™ ! to 0.9ms™! in the shorter R, and only very slightly from 0.4ms™! to 0.5ms™! in
R; (Fig.2.11h); the modelled time difference increases from 21 to 27 minutes (Fig. 2.11k); and
the modelled pressure has diurnal fluctuations once the input discharge starts to vary diurnally,

becoming larger as the amplitude of the discharge increases (Fig. 2.11k,d).

2.6 Discussion

The highly dynamic subglacial drainage system adjusts itself to water influx. During winter,
when there is little water input into the system, it is inefficient and probably distributed. During
summer, when there is high meltwater input, the system is efficient and probably channelised
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Figure 2.11: One-to-one comparison of the lumped element model (left panel, c.f. Fig.[2.3) and
measurements from M6 (right panel, c.f. Tab. 2.2): (a) modelled transit speed in the shorter
(U1, solid) and the longer (Uy, dashed) channel at 14:00, (f) transit speed of faster (v1, solid)
and slower (s, dashed) peak; (b) ratio of discharges in the shorter to longer channel at 14:00,
(g) ratio of height of first to second peak; (c) residence time in the shorter channel (solid) and
longer channel (dashed) and their difference (diamonds, right scale) at 14:00, (h) residence
time of first (solid) and second (dashed) peak and their difference (diamonds, right scale);
(d) model input discharge into the moulin, (i) measured proglacial discharge; and (e) modelled
subglacial hydraulic head, (j) measured subglacial hydraulic head in BH1. Crosses mark 14:00
in the model (left) and the time of injection (right).
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(Fountain and Waldet, LQ%) The transition between these two regimes happens at the be-
ginning of summer and is reversed in autumn (Hubbard and Nienow, 1997). In all years, a

pronounced transition from a winter to a summer drainage system configuration is observed.
The expMOs (Fig. 2.3) illustrate this particularly nicely: During the winter—summer transition
the transit speed increases from 0.1 ms~! on 10 June to 0.75ms~! on 23 June. At M5, about
2 km downglacier of M0, the drainage system is already quite efficient on 9 June as the cor-
responding expM5 has a transit speed of 0.5 ms™! (Fig. 2.6). If we assume that downglacier
of M5 the tracer of expMO on 10 June travels at the transit speed measured in M3, then its
transit speed in the upper part must be lower than 0.03ms~!. This low transit speed and the
large dispersion (>15m?s~!) indicate that the drainage system between MO and M5 was in
an inefficient, probably distributed configuration, e.g. linked cavities or a very braided system.
These low transit speed compare well to the transit speed measured by Nienow et all dlM)
with tracer experiments and to what Kamb (@) derives for a linked cavities drainage system.
Two weeks later on 23 June, the drainage system has become efficient downglacier of MO and
the transit speed are as high as 0.75ms~!. The last expMO on 18 September shows the first
stages of the reverse transition in autumn. Dye was injected one day after a snow fall which
covered the whole ablation area. The transit speed is again slow (0.1 ms~') but the small dis-
persion (1.3 m?s™!) shows that the system is still channelised. As meltwater input was small,
the tracer presumably travelled the whole distance at around 0.1 ms™?.

The fraction of returned tracer mass M does not increase with the winter—summer transition
for all the experiment series, except the expM3Ss. This is an indication that storage processes
are important throughout the summer season. Dye was injected at 14:00 during peak meltwater
input which in turn led to sufficiently high subglacial water pressures that lateral spreading of
the water at the bed is possible (c.f. Chap.[3). It is plausible that the stored tracer was released
during the low subglacial water pressure at nighttime (Hock et all,[1999). However, due to the
high frequency of injections and low amount of injected tracer, I did not see any signals from
these release events.

In relation to the jokulhlaup, the winter—summer transition in 2005 was important: The initiation
of the lake drainage coincided with the winter—summer transition of the drainage system in the
vicinity of the lake dHuss_e_t_alJ, 2007). Subglacial water pressure data from borehole BH1 shows
diurnal fluctuations from 31 May onwards and the expMOs show that downglacier of MO the
transition occured between 10 and 23 June. Thus, near the lake the transition must have occurred
sometime in between 31 May and 23 June as did the onset of the jokulhlaup on 11 June. This
temporal concurrence suggests a causal relationship: Probably there was an existing leak with
the potential to become an R channel; this happened once the pressure in the drainage system
nearby was low enough to allow water to flow, i.e. after its transition to a summer configuration.
Hence, the trigger for a jokulhlaup can be some small englacial opening. However, in the years
2004, 2006 and 2007 the lake continued to fill long after the drainage system was efficient
near the lake. Thus, in those years such a predecessor to an R channel probably did not exist,
even though I have evidence for a small leak in 2006: during a cold spell lake level dropped by
0.03 m overnight but afterwards the lake continued to fill for another month. These observations
indicate that there is little hope to ever predict the onset time of a jokulhlaup such as the one
on Gornergletscher, as it seems almost impossible to device measurements techniques which
could resolve such a small dam breach. The causal relation between winter—summer transition

and onset of a jokulhlaup was suggested by |[Anderson et al! (2003) and Kessler and Anderson

) modelled this scenario.
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In 2007, double peaked return curves were observed from 9 June until 15 June in both expM2s
and expM6s (Fig. 2.8 and Table 2.2). Double peaks can either arise from two different
flow paths or from storage and release of water. One striking feature is that the time difference
between the arrival of the peaks is quite constant even though the residence time almost halved.
This removes storage-release processes as a possibility: the water in storage is released during
the times of low subglacial water pressure and hence the second peak would appear during the
night or in the morning dHQck_e_t_alJ, 1999, e.g.). Continuous storage-release processes can also
be ruled out as they lead to a single peaked curve with a long tail.

This leaves the possibility of two distinct drainage pathways. One is growing at the expense
of the other: the ratio of first to second peak heights increases from 0.8 to above 5 (7}, in
Table 2.2)), which should be close to the ratio of discharges carried. We conjecture that the
double peaks originate from a part of the drainage system which conducts the water from both
moulins as evolution of the double peaks is very similar for the expM2s and expM6s. The main
discrepancy is that the time difference between arrival of the two peaks of the expM6 on 14
June (1.6 h) is considerably larger than those of the others experiments (0.9-1.2h). This could
be due to the slightly altered hydraulic conditions on 14 June, especially the low subglacial
water pressure (Fig. 2.10c) which was caused by reduced meltwater input in the afternoon due
to cloudy sky.

The two distinct drainage pathways could be two competing R channels. At the same pressure
difference the larger R channel conducts more water which leads to more melt enlargement.
Conversely, the smaller channel conducting less water starts to shrink as the reduced melt rates
can not keep up with ice creep closure. Thus the larger channel captures the discharge of the

smaller channel (RQ"xhlisbcrgeﬂ, 19 ZZ).

In Figure 2.11] the results of the lumped element model (Fig. 2.3) simulating two competing
R channels are compared to the expM6s. Note that these lumped element calculations are not
accurate enough to quantitatively describe the drainage system nor do I have all the necessary
field data to drive the model. Thus, the model was not tuned to the measurements and I only give
a semi-quantitative interpretation. The aim was to reproduce the following characteristics: the
daily subglacial water pressure fluctuations become larger, both drainage paths conduct water
faster and the residence time difference between the two flow paths increases.

The subglacial water pressure measured in BH1 is simulated well by the model (Fig. 2.11k.j).
The lack of diurnal pressure fluctuations in the model is caused by the lack thereof in the melt-
water input during the first five days of the simulation. This is what actually happened, as
before the appearance of the double peaks the glacier was snow covered. This snow cover
stores meltwater and releases it slowly over the course of the whole day. However, once the
diurnal fluctuations commence, the modelled pressure increases above previous values which
is not what was measured. The measured subglacial water pressure was close to ice overburden
pressure, beyond which it can not rise without lateral spreading of the water at the glacier bed
and thus reducing the pressure. This process is not included in the model.

The modelled transit speeds for the faster channel increase from 0.5ms™! to 0.8 ms™! in the
fife day period considered (vertical lines in Fig. 2.11)), compared to the measured transit speeds
which increase from 0.4ms to 0.7ms~! for the expM2s and 0.3ms™! to 0.4ms~! for the
expMo6s between 9 and 15 June (Fig. 2.11h,f). Some of the increase in modelled transit speed,
and possibly also of the measured transit speed, is due to changing inflow modulation in the
moulin because of increasing discharge into it (see Chapter ). The model reproduces the in-
crease of transit speed reasonably well, which suggests that the water flowed indeed through
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R channels when the double peaks occured. However, with this model it was not possible to
simulate the slow transit speed (<0.2 ms~') measured at the end of May. This failure indicates
that then the drainage system was in a distributed configuration.

The residence times of the model and measurements (Fig. 2.11k,h) agree well qualitatively.
The modelled residence time difference between the channels is between 20 and 30 min, still
shorter than the observed one 50—-100 min. Such a large time difference in the model can only
be achieved by two channels of different length. The length difference could be attributed to
different sinuousities: as both channels need to cover the same horizontal distance, the longer
channel has a three times larger sinuosity than the shorter one. The modelled time difference in-
creases during the comparison period by a factor of 1.3 which is close to the factor 1.2 measured
in M2 and 1.8 in M6 (Table 2.2)).

Another plausible interpretation of the evolution of the double peaks is, that part of the water
moves through a distributed drainage system, like linked cavities m, ), and the other
part through a channelised drainage system. This could be simulated by a model similar to the
one used by (@). It would be interesting to see if such a model could reproduce flow
conditions as inferred from the evolution of the double peaks.

2.7 Summary

I observed the transition of the glacier drainage system of Gornergletscher from an inefficient
winter to an efficient summer configuration with tracer experiments and subglacial water pres-
sure data. I show that during this transition, water transit speeds can increase by a factor of
25 from 0.03 to 0.75ms™! and infer from the decreasing dispersion that water flow becomes
channelised. The observed evolution of double peaked breakthrough curves shows that there
can be concurring drainage paths and that the more efficient path grows at the expense of the
less efficient one as predicted by the theory of R channels. In 2005, the lake drained as the sub-
glacial drainage system in its vicinity became efficient, suggesting that the jokulhlaup can be
triggered by the winter—summer transition and thus illustrating that the whole glacier drainage
system needs to be considered when studying jokulhlaups.



Chapter 3

Catchment of Gornersee and hydraulics of
the lake dam

Abstract The drainage system within the ice dam of Gornersee, an ice marginal lake, was
investigated using tracer experiments. These show that (a) the water flows englacially inside
the lake dam, in direction of the crevasses, for up to 500 m before it reaches the lake; (b) the
catchment boundary of the lake is very sharp: moulins only separated by one crevasse spacing
of about 20 m can belong to different catchments. Repeated experiments using one moulin on
the lake dam, conducted before during and after two large calving events, show that the drainage
pathway inside the dam was mechanically disturbed by these events. This is direct evidence that
such an event can trigger the lake outburst by modifying the drainage system in the lake dam,
as was likely the case in the 2004 Gornersee jokulhlaup.

3.1 Introduction

Englacial water flow has not been studied extensively and little is known about it

(Fountain et all, 20053; (Gulley and Benn, 2007). However, it plays an important role in the

routing of water through the glacier, as exemplified by inflow modulation, a process whereby
meltwater is delayed inside a moulin (c.f. Chapters 2] 4 and [3]). [Huss et all (2007) show that
0.1-10% of Gornergletscher’s volume consists of englacial voids, i.e. cavities either filled by
water or air. It is not known how many of these voids are conducting water and how many

contain stagnant water (Fountain et al’, 2003).

During the filling of Gonersee in 2006, I conducted dye tracer experiments using some of the
numerous moulins found in the dam of Gornersee on its Grenzgletscher side (Fig.[2.2). The aim
was to determine the catchment of the lake. I was expecting that the moulins very close to the
lake would drain into it whereas the ones lying further afield would not.

The lake dam on the Grenzgletscher side is heavily crevassed and my experlments show that
englacial conduits abound within it. Once a glacial-lake dam has a leak, Nye’s theory pre-
dicts that the leak quickly enlarges due to dissipation of potential energy. It is thus remarkable
that Gornersee often is so resilient to draining. In the second part of this chapter, I present four
dye tracer experiments using a moulin in the lake dam, one conducted before, two in between
and one after two large calving events in 2007. These experiments show that this calving event
influenced the drainage system within the lake dam.

29
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3.2 Methods

I used the fluorescent dyes Rhodamine WT and Uranine for tracer injections which I injected
manually in a short pulse. The detection was done with two fluorometers (Turner 10-AU and
BackScat) installed in the proglacial stream at the gauging station of Grande Dixence SA, where
proglacial discharge was also measured. The tracer experiments conducted to determine the
lake catchment were evaluated according to the binary scheme: If the dye was detected in the
proglacial stream, the moulin must be connected to the subglacial drainage system. If no dye
was detected, it was assumed that the moulin drained into the lake. I conducted these injections
at any time of the day as their results are not compared to one another. No additional evaluation
of those experiments was done. The dye concentration in the lake due to these experiments
remained low enough to not interfere with the experiments during the lake drainage, presented
in Chapter @ and[@l After having determined which moulins drained into the lake, I mapped the
surface watershed of the streams feeding these moulins using a hand-held GPS.

The tracer experiments conducted before, in-between and after the two calving events were all
done at 14:00 CEST using the moulin M3. In this chapter I present the normalised breakthrough
curves, the tracer transit speed and M, the fraction of returned tracer mass. M is defined as the
ratio of injected to detected tracer mass. For a more detailed description of the measurement
procedure refer to Chapters 2land 3

The structure of the subglacial drainage system can be modelled using the “upstream area”

approach (FI rs and Clark ,HQQQ; Fischer et al.|, QOQS). Water is assumed to flow in the

direction of steepest descent of the hydraulic potential. This potential is defined as

6= 20+ fro’ (20 = 20), (3.1)
where 2y, and z, are the bed and surface elevation (Fig. 2.2)), respectively, p; and p,, the den-
sities of ice and water and fg,,; is the fraction of the subglacial-water to ice-overburden pres-
sure (see Fig. for a plot of the hydraulic potential). The glacier bed was divided into a
grid of 25 m spacing. For each grid cell, the upstream area model calculates the sum of grid
cells which lie upstream. For this calculation I used a program provided by Gwenn Flowers

(Flowers and Clarke, 1999).

3.3 Results

3.3.1 Lake catchment

The map in Figure[3.1]shows the lake catchment and its surroundings. The moulins used for the
dye tracer experiments conducted to map the catchment are marked according to whether they
belong to the lake catchment nor not. Moulins situated up to 300 m away from the lake belong
to its catchment which shows that water does not only enter the lake via surface streams but that
also water flows en- or subglacially to reach the lake. The boundary between moulins draining
into the lake and those draining to the proglacial stream is sharp as they lie in neighbouring
crevasses which are separated by about 20 m. M8 was used for four injections in the time span
between 5 June and 22 July 2007; all four injections showed that M8 belonged to the lake
catchment. The southernmost moulin, M7 (marked in Fig. 2.2)), situated higher than the others
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on the eastern glacier margin drains to the proglacial stream. The region of the lake catchment
south of the marked moulins is devoid of moulins and water flow occurs in large surface streams
(discernible in Fig. 3.1).

The map in Figure[3.2]shows the same area as the map in Figure B.T]but underlain with the result
from the upstream area calculation. Red grid-cells receive water from many other grid-cells and
blue ones do not. The calculation was done assuming a subglacial water pressure equal to 90%
of ice overburden pressure, the bed and surface topography used to calculate the hydraulic
potential (Eqn. B.T)) are plotted in Figure The results show that there is a hydraulic barrier
near the lake shore (blue area). Downglacier of that barrier, water drains towards the centre-line
of the glacier (increasingly red towards centre-line). The surface water shed (blue dashed line)
and most of the moulins draining into the lake (green diamonds) lie several hundred meters
downglacier of this barrier.

3.3.2 Hydraulics of the lake dam

In 2007, two large calving events preceded the jokulhlaup by a week. The first event happened
on 30 June which resulted in a lake level drop of 0.1 m corresponding to about 1.5x10%m? of
ice floating up. The larger, second event occurred the day after, during which about 10° m?
of ice floated up, thereby lowering the lake level by 0.6 m (Fig. 3.4l a). On the photograph in
Figure[3.3] the ice mass which was involved in the second event can be seen: the ice to the right
of the large, circa 500 m long, crevasse calved off and lifted by as much as 10 m.

Figure 3.4b—e shows the breakthrough curves from tracer experiments conducted using moulin
M3 (marked in Fig. 3.I)). The experiment three days before the first calving event, on 27 June,
produced a sharply peaked breakthrough curve and resulted in a fraction of returned tracer mass
M of 0.75. The experiment performed on the day of the first calving event, on 30 June, returned
a breakthrough curve with three peaks, much wider than the one obtained on 27 June with
M = 0.89. The day after, when the bigger event happened (1 July), the injection returned a
breakthrough curve similar to the one of 27 June apart from small secondary peaks and had
M = 0.58. On 2 July, the residence time was shorter than for the previous experiments and
there were no more secondary peaks, the fraction of returned tracer mass M was 0.72. (Other
tracer experiments using M3 during the lake drainage are discussed in Chapter [3).

3.4 Discussion

The determination of the lake catchment shows that water transits sub- or englacially for long
distances before reaching the lake. The location and orientation of the watershed near the lake
suggests that water flow is in the direction of the crevasses as theorised by [Fountain and Walde

). This implies that sub- or englacial flow distance reaches up to 500 m. The ice thickness
in the area between the lake and the moulins draining into the lake is between 100 and 250 m
(c.f. Fig.2.2). If the water reached the bed, it seems improbable that it could reascend to the
lake because this would necessitate water pressures at the bed which are higher than the ice
overburden pressure. This argument is supported by the upstream area model (Fig.[3.2)), which
shows that all but the easternmost moulin would drain to the proglacial stream, provided their
water would reach the glacier bed directly below the moulin. Thus I conclude that water flow
must be englacial.
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Figure 3.1: Map of the surroundings of the lake Gornersee (outlined blue) with surface contours
and an orthophoto as background. The black-white dashed line marks the outline of the glacier.
Moulins marked by red squares drain to the proglacial stream; marked by green diamonds drain
into the lake; marked by empty triangles were not traced. Moulins used for multiple injections
are labelled MO-M4 and M8 (c.f. Chap. 2 [3). The dashed blue line indicates the surface
watershed between proglacial stream and lake.
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Figure 3.2: Map of the calculated upstream area near the lake with surface elevation contours,
the extent is identical to Figure[3.1l The outline of the glacier (black-white dashed) and the lake
(white) are marked. The moulins and the surface water shed are marked as in Figure 31l The

calculated upstream area of a cell is colour coded: blue corresponds to a small and red to a
large upstream area.
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Figure 3.3:Photograph of the empty Gornersee in 2007. Grenzgletsshan the left, Gorner-
gletscher at the back. The moulins M3 and M4 are marked. Tiherbvasse, caused by the big
calving event on 1 July, runs from the ice cliff towards M4.



























































































































































































































































































































