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Abstract

Understanding the processes that govern the flow of the large outlet glaciers drain-
ing the Greenland Ice Sheet is critical for assessing the impact of climate change on
sea-level rise. These processes include calving of icebergs and subsurface melt in
the fjords, but drainage of surface runoff to the glacier bed also plays a role. How
melt water affects the flow of fast outlet glaciers is poorly understood and is the
main aim of the three interdisciplinary studies comprising this thesis. First, the ex-
tent of melt-water-induced flow speed variability is investigated. An energy balance
model is developed for the surface of Helheim Glacier, East Greenland, in order to
estimate runoff from surface melt. Melt variations during the summer seasons are
compared to GPS observations of surface velocity. Significant correlations are found,
with a 12–36 hours delay of velocity relative to melt. Next, the glacier’s sensitivity
to variations in melt-water input is quantified and found to decrease approximately
exponentially with distance from the calving front. Sensitivity to melt generally in-
creases over the melt season. The time-varying sensitivity is interpreted to result
from changes in subglacial hydraulic routing caused by the changing volume of
melt-water input. Finally, seismic signals associated with calving and ice rupture
are considered. Large seismic events are found at Helheim Glacier to be preceded
by long-duration rumblings with a characteristic frequency content. A detection
algorithm is developed to automatically detect rumblings recorded at a seismic sta-
tion located close to the glacier. The analysis shows a seasonal variation in the oc-
currence of rumblings with a peak in mid-September coinciding with the end of
the melt season. Further research into understanding the flow dynamics of the fast
outlet glaciers of Greenland is crucial in order to accurately predict the increasing
contribution of iceberg-calving to sea-level rise.



Summary

Understanding the behavior of large outlet glaciers draining the Greenland Ice Sheet
is critical for assessing the impact of climate change on sea-level rise. The flow of
marine-terminating outlet glaciers is partly governed by calving-related processes
taking place at the terminus, but is also influenced by the drainage of surface runoff
to the glacier bed through moulins, cracks, and other pathways. On alpine glaciers,
this has been shown to influence glacier flow speed when the volume of water is
sufficient to increase basal fluid pressure and hence basal lubrication. However, the
relative importance of these factors is poorly understood and little is known about
the influence of surface melting on the large, marine-terminating outlet glaciers that
drain the Greenland ice sheet. This thesis is based on three interdisciplinary studies
carried out at Helheim Glacier, East Greenland during 2007 and 2008. Techniques
employed include geodesy, glaciology, seismology, oceanography, and meteorology.
In the first study, the extent of melt-water-induced flow speed variability is investi-
gated. A distributed surface energy balance model (SEB) is developed for Helheim
Glacier, East Greenland, to calculate surface melt and thereby estimate runoff. The
model is driven by data from an automatic weather station (AWS) operated on the
glacier surface during two summer seasons, and calibrated with independent mea-
surements of ablation. Estimated melt variations during the summer seasons are
compared to estimates of surface velocity derived from GPS surveys. Near the ter-
minus, significant correlations (>95% levels) are found, with a 12–36 hours delay of
velocity relative to melt. Relative changes in glacier speed due to melt-water input
are small, but of similar absolute magnitude to those observed at smaller glaciers
and on the ice-sheet margin. The findings suggest that the flow speed of Helheim
Glacier is sensitive to changes in runoff. In the second study, the sensitivity of
glacier flow speed to changes in surface melt is quantified. The glacier’s sensitiv-
ity to variations in melt-water input decreases approximately exponentially with
distance from the calving front. Sensitivity to melt generally increases as the melt
season progresses. The time-varying sensitivity is interpreted to result from changes
in subglacial hydraulic routing caused by the changing volume of melt-water input.
Finally, in the third study, seismic signals associated with calving and ice rupture
are considered. Teleseismically detected glacial earthquakes are found at Helheim
Glacier to be preceded by long duration rumblings with a characteristic frequency
content distinctively different from both tectonic earthquakes and the background
noise. These rumblings have an average duration of 28–29 minutes and contain both
high-frequency and low-frequency signals. A frequency-domain-based detection al-
gorithm is developed to automatically detect rumblings recorded at a broad-band
station ISO, located ∼100 km from the glacier. The seismic detector is calibrated
with observations of calving from a time-lapse camera near the glacier front. The
analysis shows a seasonal variation in the occurrence of rumblings with a peak in
mid-September coinciding with the end of the melt season. While these studies
represent a new contribution to the understanding of Greenland outlet-glacier flow,
further research is crucial in order to accurately predict the increasing contribution
of iceberg-calving to sea-level rise.
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Sammenfatning

For at kunne belyse klimaforandringers effekt på havniveaustigninger, er det nød-
vendigt at forstå mekanismerne der kontrollerer flydehastigheden af de store udløbs-
gletschere, der dræner den grønlandske indlandsis. Flydningen af udløbsgletsch-
erne er til dels påvirket af kælvnings-relaterede processer ved glestcherfronten, men
også af smeltevand fra overfladen der dræner til bunden af gletscheren. På alpine
gletschere er der demonstreret en stærk påvirkning af flydehastigheden, når det til-
førte smeltevandsvolumen er stort nok til forøge vandtrykket ved bunden af gletsche-
ren. Hvordan disse faktorer influerer på flydningen af de store grønlandske udløb-
sgletschere er ikke velbeskrevet i litteraturen. Denne ph.d.-afhandling er bygget
på tre multi-disciplinære studier udført på og omkring Helheim Gletscher i Øst-
grønland i 2007 og 2008. Der benyttes teknikker fra felterne geodæsi, glaciologi,
seismologi, oceanografi og meteorologi. I det første studie undersøges i hvor vid
udstrækning flydehastighed varierer som følge af smeltevandspåvirkning. En dis-
tribueret energibalancemodel for Helheim Gletscher konstrueres med henblik på
at estimere afstrømning som følge af overfladesmeltning. Input-data til modellen
er klima-data fra en automatisk vejrstation (AWS) opstillet på gletscheren i de to
smeltesæsoner. Modellen kalibreres med en uafhængig måling af overfladesænkn-
ing. Estimerede variationer i afsmeltning bliver sammenlignet med GPS-baserede
observationer af hastighed foretaget på gletscheren. Ved gletscherfronten ses sig-
nifikante korrelationer (>95%) mellem afsmeltning og flydehastighed, med en forsin-
kelse af hastighedssignalet på 12–36 timer. Relativt er de smeltevandsbetingede ac-
celerationer små, men i absolutte værdier sammenlignelige med observationer fra
mindre gletschere og isranden. Resultaterne indikerer, at flydehastigheden er sensi-
tiv overfor variationer i afstrømning. I andet studie undersøges sensitiviteten. Det
ses, at denne aftager eksponentielt med afstanden fra gletscherfronten og øges hen-
over sæsonen. Dette tolkes som et tegn på forandringer i det subglaciale dræne-
ringssystem. I det sidste studie undersøges seismiske signaler forbundet med kælv-
ning og sprækkedannelse. Seismisk aktivitet af 28–29 minutters varighed (rumlen),
vises i dette studie at være forløbere for teleseismiske detektioner af glaciale jord-
skælv. Rumle-aktiviteten indeholder både høj- og lavfrekvente signaler, og har spek-
tra der er tydeligt forskellige fra tektoniske jordskælv og baggrundsstøj. En frekvens-
domæne-baseret detektionsalgoritme bliver derfor konstrueret og benyttet sammen
med data fra den opsatte station ISO, ca. 100 km fra Helheim gletscheren. Detek-
toren kalibreres med tids-serie fotos af kælvninger fra fronten og det ses at forekom-
sten af rumlen er tydeligt sæsonbetinget, med det maksimale antal detektioner i det
tidlige efterår, begge år. Disse tre studier ræpresenterer et bidrag til forståelsen af
de store udløbsgletscheres flydedynamik. Yderligere forskning er afgørende for at
kunne danne realistiske modeller for massetabets betydning for stigninger i havni-
veauet.
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Chapter 1

Objectives

The Greenland Ice Sheet is gaining and losing mass at the same time but in different
places and at different rates. Mass-gain happens via precipitation while the mass loss
occurs through surface melt, basal melt, dynamic thinning, and solid ice-loss at the ter-
mini of outlet glaciers (calving). The sum of these components comprise the total mass-
balance of the Greenland Ice Sheet which has become increasingly negative during the
last decade, reaching a loss of 267±38 Gt/yr in 2007 (Rignot et al., 2008). An average of
the years 2003–2008 is, according to Van den Broeke et al. (2009), 237±20 Gt/yr, which
is consistent with other studies. Drainage of the Greenland ice sheet occurs through a
number of outlet glaciers flowing from the ice sheet into the ocean. While these are nu-
merous, about 44% of the total ice discharge occurs through just 10 large glaciers around
the coast (Rignot and Kanagaratnam, 2006). Measured by mass-flux, the largest of these
outlet glaciers are found in West Greenland (Jakobshavn Isbræ) and South East Green-
land (Helheim and Kangerdlugssuaq Glaciers). Since 2003, especially the South East
Greenland outlet glaciers have accelerated, thinned and retreated significantly (Rignot
and Kanagaratnam, 2006; Stearns and Hamilton, 2007; Howat et al., 2008a; Thomas et al.,
2009). The ice loss in the form of solid mass comprises approximately half of the neg-
ative total mass balance; a fraction that has increased dramatically in the recent decade
(Van den Broeke et al., 2009). As a consequence, the contribution to sea level rise from the
Greenland Ice Sheet has doubled in the past 7-8 years (e.g., Chen et al., 2006; Velicogna
and Wahr, 2006).

The root cause of the observed strong thinning and retreat is likely to be found in changes
of the conditions at the terminus of the large outlet glaciers, changing the longitudinal
stress field, a change brought about by a feedback effect of increased calving and the
bed topography beneath the retreating glacier front (Stearns and Hamilton, 2007; Howat
et al., 2008a; Nick et al., 2009). However, the controlling physics of these multiple cou-
pled systems remain poorly understood (Alley et al., 2008).



Chapter 1. Objectives

Mass loss, and gain, from surface melt and precipitation is monitored by remote sensing
methods (e.g., Shepherd and Wingham, 2007; Quincey and Luckman, 2009), validated
with in-situ measurements by climate stations across the ice sheet (Steffen and Abdalati,
1996; Ahlstrøm et al., 2008), and thus reasonably well constrained. However, current
modeling capabilities for predicting changes in flux through the outlet glaciers is much
poorer than for the melt component, due to lack of knowledge of the mechanisms un-
derlying the changes observed. In the most recent IPCC report, model estimates of the
mass balance of the Greenland Ice Sheet do not take the fact that the dynamic component
can change rapidly into consideration, due to too large uncertainties associated with this
(Intergovernmental Panel on Climate Change, 2007). IPCC suggests that addressing this
issue must have priority, in order to accurately predict future sea level rise.

In a warming climate, it is expected that the volume of ice lost through calving and
thinning at the margins will continue to increase. An understanding of the mechanisms
governing these processes is therefore crucial in order to construct realistic models of
future scenarios. Progress in several major areas of glaciology is required to further
understand the flow behavior of the large Greenland outlet glaciers.

The primary aims of the investigations carried out in this thesis are to:

• Quantify the amount of runoff generated by surface melt at a fast-flowing outlet glacier
during the melt season.

To achieve this, an algorithm for estimating the energy budget of the surface (a Sur-
face Energy Balance Model) is developed. The model is driven by meteorological
data collected on the glacier surface over the course of two melt seasons.

• Analyze the influence of variations in melt on glacier dynamics

The estimated melt pattern and variability is analyzed together with position records
from a broad Global Positioning System (GPS) network deployed on the glacier
surface during the two study years (2007 and 2008).

• Analyze the seasonal calving pattern

Using seismic data recorded at a settlement close to the study area, a detection al-
gorithm is developed to automatically pick seismic signals associated with calving
events.

The investigations are undertaken using Helheim Glacier, East Greenland, as field loca-
tion. Although the work is done at Helheim Glacier, the results presented in this thesis
are expected to apply to fast outlet glaciers in Greenland in general.
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Chapter 2

Background and theory

This chapter will provide an introduction to the theoretical foundation of the thesis.
First, terminology and assumptions will be presented. Then, the fundamentals of glacier
flow and glacial hydrology will be introduced. After this, a review of the literature re-
garding the current state of investigations of melt-driven flow acceleration in Greenland
will follow. Theory supporting the surface energy balance model developed will then
be reviewed. Finally, the subject of glacial seismology will be discussed in the context of
the contributions to this field in the thesis.

2.1 Terminology

Various classification systems of glaciers have been suggested in the past and are in use
today. In the following text, alpine/mountain/valley glacier (term used interchangeably)
is taken to mean a glacier not connected to an ice sheet. The term marine-terminating/tide-
water glacier (term used interchangeably) is used when a glacier terminates in the ocean,
regardless of type. The term outlet glacier is used when describing the large, tidewater
glaciers in Greenland, draining the ice sheet. When describing the temperature dis-
tribution through glaciers, the terms polar (or cold, meaning sub-freezing temperatures
throughout the ice column), subpolar (or polythermal, meaning temperatures at the pres-
sure melting point in some, but not all of the ice column), or temperate (ice is at the
pressure melting point throughout) are used. In the literature, the designation ice stream
is sometimes used in the meaning of an outlet glacier, and sometimes as describing an
area of an ice sheet flowing significantly faster than the surrounding ice. Due to this
ambiguity, ice stream will not be used in this text.
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2.2 Introduction

Approximately 50% of Greenland’s negative mass budget arises from ice loss in the form
of solid mass drained to the oceans through the outlet glaciers (Van den Broeke et al.,
2009). While there are numerous large outlet glaciers draining the Greenland Ice Sheet
(e.g., Rignot and Kanagaratnam, 2006; Joughin et al., 2010), a large part of the mass
loss occurs at a few, very fast-flowing (up to 12 km/year, Joughin et al., 2008a), marine-
terminating glaciers, the largest of which are Jakobshavn Isbræ in West Greenland, and
Helheim and Kangerdlugssuaq Glaciers on the east coast (Figure 2.1). The combined dis-
charge from these three glaciers comprise ∼22% of the total discharge of the Greenland
Ice Sheet (Rignot and Kanagaratnam, 2006).

Literature examining the large Greenland outlet glaciers is limited, making it necessary
to, to a large extent, make use of the large body of existing literature on alpine glaciers,
which are well studied. The summary of glacial hydrology in this chapter is primarily
based on this material, of which Fountain and Walder (1998) presented a thorough re-
view. While alpine glaciers can be large and marine-terminating (e.g., Columbia Glacier,
Alaska) the thermal regime may be different from the fast Greenland outlet glaciers men-
tioned above, in that these are expected to be polythermal (Meier and Post, 1987). This
was confirmed in the case of Jakobshavn Isbræ in a large, multi-purpose study by Iken
et al. (1993). There, ice temperatures down to −22.1 ◦C were measured, but it was con-
cluded that near the bed, the ice was temperate. With regard to morphology, the outlet
glaciers share many properties with alpine glaciers, although typically larger. Thus, ana-
logues to alpine and temperate tidewater glaciers can reasonably be invoked. In cases of
relevant differences, these will be discussed specifically.

2.3 Glacier flow by deformation

Glacier flow is a combination of three velocity components contributing to the speed
measurable on the surface: plastic deformation of the ice body, sliding at the bed, and
deformation of the bed in cases where the glacier rests on a deformable bed (e.g., a soft
layer of sediment). Since the main objective of this thesis is how surface melt affects
sliding velocities, flow by internal and bed deformation will only be briefly discussed
with a presentation of the fundamental equations. This section primarily follows the
analyses presented in Paterson (1994).

At the bed of a parallel-sided block of ice of thickness h, resting on an inclined bed with
slope α, the basal shear stress τb is given by:

τb = ρigh sin α (2.1)
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Figure 2.1: Map of Greenland with Jakobshavn (black), Helheim (red), and Kangerd-
lugssuaq (blue) glaciers marked.
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where ρi is the density of ice and g is the gravitational acceleration. The basal shear
stress, τb, is equal to the driving stress in a balanced system. The implication for small
surface slopes is a direct proportionality between surface slope α and driving stress, in
that sin α u α for small values of α, i.e., τb = ρighα. Similarly, the stress at height (z− h)
in the block can be described as:

τxz = ρig(h− z) sin α (2.2)

when the coordinate system is oriented so that the x-axis is along-flow, parallel to the
bed, the y-axis is transverse to the flow, parallel to the bed, and z-axis is perpendicular
to the bed.

Ice deforms under its own weight (i.e., it flows) and in the context of flow, it is considered
to have the rheological properties of a mixture of a Newtonian and a perfectly plastic
material. That is, when stress is applied, it first deforms elastically and then, if the stress
is continuously applied, creep (permanent strain) occurs (Paterson, 1994). The rate of
deformation, strain rate ε̇, is an important quantity when evaluating flow of ice. Of
special interest is typically the along-flow (or longitudinal) strain rate ε̇xz which, at the
surface, readily is observed using surveying techniques. Commonly referred to as Glen’s
flow law, the fundamental relationship between applied stress and the corresponding
shear strain rate of the ice is:

ε̇xz = Aτn
xz (2.3)

where ε̇xz is the strain rate in the xz-plane (along-flow), τxz is the shear stress in the xz-
plane (Eq. 2.2), A is the flow law parameter which has different values depending on ice
temperature, crystal orientation, impurity content, etc. (Table 5.1, Paterson, 1994), and n
is the flow law exponent, typically set to ∼3.

The shear strain rate can also be approximated as ε̇xz = 1/2(du/dz + dw/dx) where u
is the flow speed in direction x and w is the flow speed in direction z. Assuming simple
shear, parallel to the bed (laminar flow), dw/dx is zero and thus ε̇xz = 1/2(du/dz). By
integration of 1/2(du/dz) = Aτn

xz (Eq. 2.3) with τxz inserted from Eq. 2.2, the along-flow
velocity, u, as a function of height, z, in a parallel-sided slab of ice can be described as
(Paterson, 1994)

u(z) = − 2A
n + 1

(ρig sin α)n[(h− z)n+1 + hn+1] (2.4)

A schematic of the profile is shown in Figure 2.2 (Basal sliding is ignored in this context,
but will be discussed in section 2.4.4).

The longitudinal strain rate ε̇xx is in the common notation positive for extensive defor-
mation while negative strain rates signify compressional deformation. The down stream
trunk of a valley glacier is typically exposed to positive longitudinal strain rates, indicat-
ing extension towards the terminus. This can be realized by considering the continuity

6
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Figure 2.2: Schematic of along-flow section showing the velocity profile of internal de-
formation by laminar flow.

equation, describing the change of density of a control volume per unit time:

−∂ρ

∂t
=

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)
∂z

=
∂qx

∂x
+

∂qy

∂y
+

∂qz

∂z
(2.5)

where ρ is density, t is the time, u, v, w are the flow velocities, and qx, qy, qz are the mass
fluxes through the sides of the control volume in directions x, y and z. In this context ice
is considered incompressible, why the density change over time is zero. The equation
therefore simplifies to:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (2.6)

The continuity equation can be applied to a vertical column of ice of thickness h. Mass
change of the column per unit time must then be equal to the changes in mass by accu-
mulation/ablation (b), changes in mass at the bed (b′) and differences in mass flowing
in and out through the sides of the column (qx and qy):

∂h
∂t

= b + b′ − ∂qx

∂x
− ∂qy

∂y
(2.7)

Thus, the rate of change in thickness equals the sum of the surface and bed mass fluxes
and the changes in fluxes flowing in/out from the column in along-flow direction x and
transverse direction y. The density is still assumed constant, which is why the fluxes qx

and qy reduce to
∫ S

B udz and
∫ S

B vdz, respectively, where S is the surface height and B is
the bed height.

Introducing ū and v̄ as values for flow velocity averaged over the ice thickness in direc-
tions x and y, the fluxes qx and qy are:

qx = hū (2.8)

qy = hv̄ (2.9)
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which by differentiation leads to:

∂qx

∂x
=

∂(hū)
∂x

= ū
∂h
∂x

+ h
∂ū
∂x

(2.10)

∂qy

∂y
=

∂(hv̄)
∂y

= v̄
∂h
∂y

+ h
∂v̄
∂y

(2.11)

By inserting these differentiated fluxes in Eq. 2.7, and assuming steady state (∂h/∂t = 0)
and no transverse flow (v̄ = 0), it can be realized that the longitudinal strain rate, ∂ū/∂x,
is dependent on accumulation/ablation, ice thinning, and the constriction/extension of
the flow path, e.g., the ice flowing into a valley or trough (Paterson, 1994):

h
(

∂ū
∂x

)
= b + b′ − ū

(
∂h
∂x

)
− h

(
∂v̄
∂y

)
(2.12)

In the ablation zone (b<0) of a fast flowing glacier (ū high) experiencing, e.g., dynamic
thinning (∂h/∂x < 0), and flowing into a narrowing channel (∂v̄/∂y < 0) these terms all
contribute to a positive strain rate. b′ is typically negligible compared to the other terms.
This analytical conclusion is relevant since it supports what is measured in the field (see
discussion of observed strain rates in Paper II in Appendix B).

2.4 Glacier hydrology

The various elements of glacial hydrology have been studied extensively through the
last four to five decades. In this context, the term covers three systems: surface, englacial
and basal hydrology. A review of all three elements is given by Fountain and Walder
(1998) and this will be the foundation for the following presentation.

Much of the theory of englacial and subglacial drainage (see below) is developed for
steady state conditions (e.g., dv/dt = 0 where v is the flow speed of water). These may
not be fulfilled during times of high melt output in the melt season which can lead to
the subglacial system undergoing changes in configuration. However, a full treatment
of subglacial hydrology in non-steady conditions will be outside the scope of this text.

2.4.1 Surface hydrology

The surface represents the top of the system and supplies water to the englacial hy-
draulic system. Surface water is primarily produced by surface melt or precipitation in
the form of rain water.

The main across-glacier difference in supraglacial hydrology is the presence of a firn
layer in the accumulation zone. This layer modulates the flow off the surface and thus
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influences the temporal pattern of the water supply to the ice body below. In a tem-
perate glacier, the bottom part of the firn layer above the ice-firn interface in the accu-
mulation zone can be water saturated. From here, the water flows down stream until
it reaches entrances into the englacial system, e.g., crevasses. The saturated firn layer
has a hydraulic conductivity, and thus acts as a reservoir, not unlike a groundwater
aquifer, delaying the delivery of water to the englacial system. The hydraulic conductiv-
ity of firn has been shown to be approximately 1–5·10−5 m/s (e.g., Fountain, 1989). With
its ability to change storage capacity it also smoothes out diurnal variations (Fountain
and Walder, 1998). Considerable amounts of water can be stored in the firn layer. For
some alpine glaciers studied, up to 44% of the total seasonal water storage was deter-
mined to be held in the firn layer in the accumulation zone (Schneider, 2000). Water flow
through this layer is slow compared to the drainage seen in the ablation zone; Fountain
and Walder (1998) reported transit times of ∼10–160 hrs for surface water to percolate
to the saturated zone and from there reach an open drainage channel by flow through
this zone. Complications arise when considering polar glaciers and ice sheets. Refreez-
ing/retention of melt water in these environments can be significant, and presents major
challenges in the understanding and modeling of these processes (Bøggild et al., 2005;
Bøggild, 2007).

In the ablation zone, a seasonal snowpack may exist which can cause a delay in the
water delivery, similar to that of the firn layer in the accumulation zone. However, this
effect vanishes in the spring when the snow melts, exposing the bare ice surface. On the
bare ice, water flows freely in melt water streams gaining rapid access to moulins and
crevasses, i.e., pathways to the englacial hydraulic system.

Transient storage of water can occur on the surface in form of supra-glacial melt water
lakes. These can drain rapidly when an ice dam breaks near the bottom and a connec-
tion to the englacial drainage system is established (e.g., Boon and Sharp, 2003). In case
there are no established conduits beneath the lake, the water can expand cracks by pres-
sure (“hydrofracturing”, e.g., Van der Veen, 2007; Krawczynski et al., 2009), and thereby
drain englacially (e.g., Das et al., 2008). Melt water lakes tend to form in the same loca-
tions in consecutive melt seasons (Echelmeyer et al., 1991; Luthje et al., 2006; Sneed and
Hamilton, 2007; Georgiou et al., 2009), likely influenced by topography.

2.4.2 Englacial hydraulic system

The englacial hydraulic system is the system of pathways transporting water from the
surface to the bed of the glacier. While still not completely understood, and likely to
have significant variation between glaciers, theories have been developed which have
been supported by field studies.
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Water enters the ice-body through moulins (an opening in the ice developed from a
crevasse now connected to the englacial drainage system) and crevasses that may or
may not be hydraulically connected to each other. Classical theories of the drainage sys-
tem developed by Shreve (1972) prescribe that it is constructed from a three-dimensional
network of channels, plunging steeply into the ice body from the surface, joining in pro-
gressively fewer and larger channels with depth, i.e., an “arborescent” network (Figure
2.3). The conduits are formed following the steepest water pressure potential gradient.
An analytical expression for the water pressure potential, φ, the gradient of which de-
termines the direction of the flow within the glacier body is (Paterson, 1994):

φ = φ0 + pw + ρwgz (2.13)

where φ0 is a constant, pw is the water pressure, ρw is the density of water, z is the ele-
vation in the ice, and g is the gravitational acceleration. Assuming equilibrium between
water and ice pressure, the water pressure is then given by:

pw = ρig(zs − z) (2.14)

where ρi is the density of ice, and zs is the elevation of the surface. Substituting Eq. 2.14
in Eq. 2.13 leads to the expression for the water pressure potential:

φ = φ0 + ρigzs + g(ρw − ρi)z (2.15)

The direction of the englacial conduit will be perpendicular to the zero-gradient surfaces
of φ, which by differentiation are seen to have the shape (in 2-D):

dz
dx

=
( −ρi

ρw − ρi

)
dzs

dx
(2.16)

that is, a slope of ∼11 times the surface slope and of opposite direction as illustrated
in Figure 2.3. The size of these conduits is determined primarily by the flow of water
through them averaged over a weekly timescale. It is only smaller channels that fol-
low the steepest gradient – moulins tend to retain their orientation largely based on the
orientation of the crevasse from which it develops (Paterson, 1994)

In addition to these steeply plunging channels, the englacial drainage system is be-
lieved to consist of smaller, near-horizontal channels connecting the larger ones (Foun-
tain and Walder, 1998). Field studies by Harper and Humphrey (1995) using borehole
cameras confirmed the existence of these. Moreover, in a similar, recent study by Foun-
tain et al. (2005) at Storglaciären, Sweden, it was shown that cracks were prevalent as
internal drainage features, rather than tubular channels. As for these smaller-diameter,
near-horizontal englacial conduits, Fountain and Walder (1998) suggested that they are
formed as water flows along the bottom of a crevasse, cutting deeper into the bottom of
the crevasse. At a point in time, ice deformation (creep closing) will then close off the
roof of the channel, isolating it from the crevasse.
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Figure 2.3: Schematic illustration of the englacial drainage system as described by Shreve
(1972) with a subglacial channel at the bed. Dashed lines indicate the zero-gradient
surfaces in the ice body. Modified from Paterson (1994).

2.4.3 Basal hydraulic system

When the water has passed through the englacial system it reaches the subglacial drainage
system. Two key types of subglacial drainage can now be introduced: “channelized”
(fast drainage) or “distributed” (slow drainage). Which type of drainage is active at
which time, depends on several factors, the most important of which are the supply of
water to the bed and the flow velocity of the ice. Fundamentally, the difference between
the two is how the channels draining water from the base are arranged. In the channel-
ized system the water is transported quickly through few, large tunnels at low pressure.
In the distributed drainage system, many smaller channels drain the water slowly over
a larger area of the bed, typically through cavities formed when the ice separates from
the bed when sliding over bumps (Figure 2.4). Which configuration that is effective in a
given case can have a profound effect on the glacier’s sliding behavior (Section 2.4.4).

In general, the water pressure potential gradient determining the direction of flow in
the subglacial drainage system is primarily dependent on the surface slope, as can be
realized from the following equation (Paterson, 1994):

∇φ = ρig(∇zs + 0.09∇zb) (2.17)

where ∇zs is the gradient of the surface and ∇zb is the gradient of the bed. The impli-
cation of this is, that the direction of water flow at the bed will be dominated by surface
slope, rather than bed slope. This, in turn, means that in an overdeepening in the bed,
basal water can be forced uphill if the surface slope is sufficiently steep.

2.4.3.1 Channelized flow

The channelized flow was described by Röthlisberger (1972). In his analysis he derived
the fundamental differential equations that govern steady flow of water in an ice tunnel.
Central in the analysis is the assumption of equilibrium between the closing rate of a
channel due to creep and the expansion of the channel caused by the heat transported by
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Cavity

Channel

Channel

Channel

Ice flow

Water flow

Channel

Figure 2.4: Schematic of a subglacial cavity with water flowing to and from the cavity
via narrow channels. Black areas illustrate areas with contact between ice and bed. After
Paterson (1994).

the flowing water. The channels are termed “Röthlisberger-channels” (or “R-channels”)
and, using the notation in Fountain and Walder (1998), the central differential equation
describing the pressure gradient in such a channel is:(

dφ

ds

)p+1

− α

(
dφ

ds

)p dpw

ds
= βQ−q pn

e (2.18)

where dφ/ds is the change in pressure potential φ over distance ds; α, β, p, q, and n are
constants. ρw is the density of water, Q is the discharge through the channel, and pe is the
effective pressure (which equals the difference between water pressure and overburden
pressure).

In the simple case of a horizontal channel, there is no gravitational component to the
pressure potential and Eq. 2.13 simplifies to:

φ = pw (2.19)
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Eq. 2.18 thus becomes (Fountain and Walder, 1998):

dpw

dx
=
(

β

1− α

)1/(p+1)

Q−q/(1+p)pn/(1+p)
e (2.20)

What can be realized from this expression is that there is an inverse proportionality be-
tween discharge in the channel, Q, and pressure gradient. That is, the water pressure
in a channel carrying high discharge will be low. Thus, channels with high discharge
will grow on the expense of smaller channels due to the lower pressure in the high-
discharge channel (Röthlisberger, 1972). Fast flow in what was inferred to be a chan-
nelized drainage system on Variegated Glacier, Alaska, has been demonstrated with
dye-tracer experiments by Kamb et al. (1985).

2.4.3.2 Distributed flow

The other main form of subglacial drainage that will be described here is distributed
drainage. The slow, distributed drainage system consists of cavities forming when the
glacier slides over bumps, separating the sole of the glacier from the bedrock (Walder,
1986; Kamb, 1987). The cavities are connected by narrow passageways that control
the flow of water between the cavities (Figure 2.4). The passageways can be channels
carved into the bed (Nye-channels) or R-channels as described above, or a combination
of the two (Paterson, 1994). The network is distributed over a large area and is non-
arborescent. With this type of drainage, the water has a much longer travel path and
injected tracers are expected to show up later and more dispersed than in an R-channel
configuration. This is also consistent with observations from Variegated Glacier, Alaska,
by Kamb et al. (1985), who observed flow speeds (by proxy of tracer concentrations) of
0.7 m/s and 0.02 m/s, in what was expected to be a channelized and a distributed sys-
tem, respectively. Steady state flow in this type of linked-cavity system was analyzed
theoretically by Walder (1986) and Kamb (1987). It was there demonstrated that sliding
exerts a stronger control over cavity formation and sustainability than melt. The equa-
tion describing the discharge flux, Q, in a linked cavity system is (in the notation from
Fountain and Walder, 1998):

Q ∼ um
b

(
dφ

ds

)(1/2)

p−3
e (2.21)

where ub is the sliding speed of the glacier, and m is a constant with the value 0.5-1. It
is clear from Eq. 2.21 that the inverse relationship between pressure and discharge seen
with the R-channels does not apply to the cavities. Therefore, water in a linked-cavity
system will not tend to collect in few, large streams.

When discussing slow drainage, another element must also be considered, namely the
softness of the bed. In the analyses of cavity formation and evolution by Walder (1986)
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and Kamb (1987) a hard bed is assumed. However, in a layer of sediment, a Darcian
flow can occur which will discharge melt water. Subglacial sediments have been shown
theoretically not to be able to transfer significant amounts of water compared to the
discharge flux of a melt season (e.g., Fountain and Walder, 1998). Thus, beneath a soft-
bedded glacier which is exposed to water fluxes of the magnitude corresponding to
surface melt, water flows primarily between the top of the sediment layer and the ice.
This adds some complexity: in channels in the top of the sediment layer, the water melts
the roof and also erodes the sediment walls of the channel. An opposing effect to this
is the creep closure of the ice and of the sediment. The possible configurations of a
drainage system in a soft bedded setting was analyzed by Walder and Fowler (1994).
They concluded that a soft bedded glacier could be drained with two types of drainage:
a channelized system with R-channels (as described above) or a wide-spread system of
broad, shallow channels (termed “canals”). They describe the flux in the latter case as
(notation from Paterson, 1994):

Q = B(sin α)2h3(P− pc)−n (2.22)

where B is a constant depending on the properties of the ice, P is the overburden pres-
sure, α is the surface slope, h is the depth of the canal, pc is the water pressure in the
canal, and n is a flow parameter (typically ∼3). Again, as in the case of the linked-cavity
system, it is an important point that a high water flux corresponds to a high water pres-
sure, pc. That is, there is no tendency for the high-flux canals to attract discharge from
nearby lower-pressure ones. The pressure gradient in the canal is related to the surface
slope as discussed above (see Eq. 2.17).

Of the three types of drainage described above (channelized or distributed in linked-
cavities or canals) it is reasonable to believe that a glacier is not completely drained by
just one, but rather a combination of the three, possibly with one dominating depending
on the supply of melt water from the surface or the time of year.

2.4.4 Seasonal evolution and the effect on sliding

The subglacial drainage system undergoes a change over the year. During winter, creep
closes off larger R-channels, leaving a linked-cavity system upheld by the ongoing slid-
ing. The sudden occurrence of large volumes of melt water when the snow has melted
in the ablation zone enlarges the constrictions between the cavities (Figure 2.4) and if
the rate of increase is high, unstable cavitation can ensue (Iken et al., 1983; Kamb, 1987;
Bingham et al., 2003), and a channelized drainage system may form. The higher flux and
the channelized configuration causes the mean pressure to drop (Eq. 2.18). This change
from distributed to channelized drainage may not be the case for the entire bed – local
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changes in drainage modes have been observed (e.g., Mair et al., 2002). The efficient
R-channel dominated drainage system can endure for the remains of the melt season.

However, in addition to the seasonally-dependent increase of melt water flux in the
spring, other sudden, large influxes of melt water following a supra- or englacial lake
drainage, a period of intense melt, or strong rain fall can cause the system to switch be-
tween the two types of drainage systems in the same manner (e.g., Kamb et al., 1985;
Iken and Bindschadler, 1986; Björnsson, 1998). Walder (1986) discussed the theoretical
implications of very low effective pressure, i.e., water pressure close to the overburden
pressure, causing unstable cavity growth when the cavity closing rate becomes smaller
than the opening rate. In Walder (1986), a number of scenarios of drainage system devel-
opment in the case of unstable cavity growth were discussed. Indications of the temporal
evolution of the drainage system over the season have been observed and supported by
dye-tracer experiments by several workers, e.g., Bingham et al. (2003) and Mair et al.
(2002).

It has been established by many authors that the configuration and evolution of the sub-
glacial drainage system over the season is intimately connected with sliding speed (e.g.,
Iken et al., 1983; Kamb et al., 1985; Iken and Bindschadler, 1986; Walters and Dunlap,
1987; Anderson et al., 2004; Howat et al., 2008b). When considering the case of no in-
fluence of melt water (i.e., sliding of the parts of the bed not covered by channels or
cavities carrying melt water) it was demonstrated by Weertman (1957) that sliding oc-
curs by regelation. While this has been established, it primarily applies to the case of
channelized drainage, in that large parts of the sole is in contact with the bed in this
configuration. When melt water is present between the ice and the bed, either as a
sheet thicker than in regelation processes, or in cavities, “basal lubrication” becomes rel-
evant. The mechanism is that increasing flow of water in the subglacial drainage system
increases the basal water pressure (thus decreasing the effective pressure) at the bed,
which causes the sole of the glacier to separate from the bed. The reduction in contact
area between the ice and the bed with increasing cavity area, causes less drag, which in
turn increases sliding velocity (Lliboutry, 1968). The speed-up of the surface as a result
of this can occur on short timescales (e.g., Iken and Bindschadler, 1986; Jansson, 1995;
Anderson et al., 2004) and on widely different thicknesses of ice, from an ice sheet (Das
et al., 2008) to smaller, thinner alpine glaciers (Bartholomaus et al., 2008). The concept
of bed separation by low effective pressure (“hydraulic jacking”) has become an estab-
lished explanation when describing uplift and rapid motion of glaciers and ice sheets
as a consequence of a pressurized drainage system (e.g., Iken and Bindschadler, 1986;
Warburton and Fenn, 1994; Bartholomew et al., 2010).

Following Iken (1981), Paterson (1994) presented an analytical examination of a glacier
sliding over an idealized, model bed (the “tilted staircase”). Iken (1981) discussed the
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effects of low effective pressures and introduced the concept of a separation pressure
ps, i.e., the pressure at which cavitation would begin. The analysis provided two main
conclusions; one being that bed separation depends on the effective pressure, not the
water pressure. The other conclusion drawn from Iken (1981) is that sliding velocity
depends on the state of growth of the cavities. When the growth rate is highest, sliding
velocity is also highest.

The considerations regarding low effective pressure are relevant, in that the linked-
cavity configuration inherently have much higher water pressure than the channelized
system (Kamb, 1987) and therefore lower effective pressure in general.

Empirical expressions of the relationship between basal pressure and sliding velocity on
a smooth, undulating bed were reviewed in Paterson (1994). There, the sliding velocity
u as a function of effective pressure N (overburden pressure minus water pressure) is
given as:

u = kτpN−q (2.23)

where p and q are positive integers with values 1-3 and 1, respectively (Budd et al., 1979);
k is a constant and τ is the basal shear stress. Eq. 2.23 yields very high sliding velocities
in case of, e.g., an outlet glacier close to flotation (low effective pressure and high basal
shear stress). For glaciers terminating in water (tidewater or lakes), the effective pressure
N can be calculated as:

N = ρigh′ (2.24)

where ρi is the density of ice, g is the gravitational acceleration, and h′ is the height above
buoyancy.

Experimental studies of the mechanics of the link between water flow at the bed and
surface acceleration have been conducted by several authors, and typically fall into two
groups: studies indicating that subglacial water storage or studies indicating that sub-
glacial water pressure is the controlling parameter. At Columbia Glacier, Alaska, Meier
et al. (1994) and Kamb et al. (1994) found that increased melt water input correlated well
with changes in water storage and less so with measurements of subglacial water pres-
sure. This is consistent with the results of Bartholomaus et al. (2008) (Kennicott Glacier,
Alaska) and Vieli et al. (2004) (Hansbreen, Svalbard). Conversely, Iken et al. (1983) mea-
sured a significant uplift (0.4 m) at Unteraargletscher, Switzerland, and found that the
rate of uplift correlated well with increases in horizontal velocity at the beginning of the
melt season, suggesting that pressure, rather than storage, was the primary parameter
controlling changes in sliding velocity. Iken and Bindschadler (1986) also found a strong
correlation between pressure variations and variations in velocity, suggesting that effec-
tive pressure is the controlling parameter. Support for this was found by Fudge et al.
(2009) on Bench Glacier, Alaska. However, those workers also encountered ambiguities,
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in that variations in sliding and pressure were not always consistently linked, indicating
a more complex relationship between basal pressure and sliding.

2.5 Surface energy balance models

Surface ablation can be estimated using the established correlation between times of
above-zero mean air-temperatures and melt (e.g., Reeh, 1991; Braithwaite, 1995). This
method requires little input data and is therefore useful when modeling ablation from
large areas or at long time scales. In Hanna et al. (2005), this method is applied to esti-
mate the runoff of the Greenland ice sheet at 5×5 km resolution.

Another approach is based on estimates of the energy-fluxes to and from the surface and
the balance of these; the surface energy balance (SEB) model. A review of this method
is given in Hock (2005). SEB-type models require more observational data which poses
difficulties when considering, e.g., large areas. Van De Wal and Oerlemans (1994) used
an energy balance model for the entire Greenland ice sheet driven by data from the
margins and then interpolated to grid-cells where no observations existed. Ettema et al.
(2009) describes model runs over the Greenland Ice Sheet with a regional climate mode,
bounded by an surface energy balance model at the ice/atmosphere interface.

The energy budget at the surface is described by:

QM = QH + QE + QG + LSW + LLW + QR (2.25)

where QM is the energy available for melt and equal to the sum of the sensible heat flux
(QH), the latent heat flux (QE), the subsurface heat flux (QG), and the net long and short
wave radiative components (LSW and LLW), and the energy added to the surface through
rain fall (QR). In cases of QM>0, melt will occur.

Over a melting ice surface, the bulk aerodynamic method is typically used, assuming
surface temperature of zero degrees, and a vapor pressure of 6.11 hPa. Thereby, only one
measurement above the surface is necessary to determine the heat and vapor gradient
in the near-surface layer (Hock, 2005). The bulk aerodynamic method also assumes that
QH is a function of the air temperature gradient, and QE a function of the humidity
gradient. In addition, both fluxes are proportional to wind speed. The turbulent fluxes
(QH and QE) can be approximated assuming Monin-Obukhov similarity:

QH = ρcpu∗θ∗ (2.26)

QE = ρLvu∗q∗ (2.27)

where ρ is the air density, cp is the specific heat capacity of air, and Lv is the latent heat
of sublimation.
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The friction velocity, u∗, in Eqs. 2.26 and 2.27 is given as:

u∗ =
kuzw

ln( zw
z0

)− ψm2 + ψm1
(2.28)

where k is Von Karman’s constant, uzw is measured wind speed at height zw, and z0 is the
roughness length scale for momentum. ψm1 and ψm2 are momentum stability correction
functions.

The virtual potential temperature scale, θ∗, in Eq. 2.26 is:

θ∗ =
k(θv − Ts)

ln( ztmp
zt

)− ψh2 + ψh1
(2.29)

where ztmp is the height at which temperature is measured, zt is the roughness scale for
temperature, θv is the virtual temperature and Ts is the surface temperature. ψh1 and ψh2

are temperature stability correction functions.

The turbulent scale of humidity, q∗, in Eq. 2.27 is given by:

q∗ =
k(q(zhum)− q(0))

ln( zhum
zq

)− ψq2 + ψq1
(2.30)

where zhum is the height at which humidity is measured and zq is the roughness length
scale for humidity. ψq1 and ψq2 are humidity stability correction functions.

The stability-correction functions ψm1, ψm2, ψh1, ψh2, ψq1, and ψq2 in equations 2.28, 2.29,
and 2.30 are adopted from Paulson (1970) and Holtslag and De Bruin (1988) for stable
and unstable conditions, respectively.

The subsurface heat flux, QG, can be computed numerically using a one-dimensional
finite-difference solution of the heat equation. The subsurface is divided into a number
of horizontal layers and the temperature gradient between each layer is determined in
discrete time steps. The energy flux to the surface, QG will then be proportional to the
temperature difference between the top layer and the layer below it, at that time. Bound-
ary conditions can be stipulated so that the bottom layer has the same temperature as the
layer immediately above it and the top layer has the temperature of the surface. The bot-
tom boundary condition implies that heat exchange to and from the ice column through
the bottom layer is not considered.

Some subsurface melting will occur as a consequence of short-wave penetration into the
ice. This is potentially a significant contribution and must be quantified (e.g., Van den
Broeke et al., 2008). The amount of radiation absorbed by the ice can be estimated using
Beer’s law with an extinction coefficient of 1.4 for ice (Greuell and Konzelmann, 1994).

In numerical models of the SEB, an iterative approach is used to determine the surface
temperature, which is the only remaining unknown, assuming that the energy budget
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is balanced. If the surface temperature Ts is required to be >0◦C in order to balance the
budget, energy will be available for melt. In the subsequent iteration, Ts will be set to
zero, and the excess energy flux will then be converted to melt for the time step.

With the quantities in the energy budget determined, the corresponding surface ablation
rate, M, (in m s−1) is:

M =
QM

λρice
(2.31)

where λ is the latent heat of fusion (3.35 · 105 J kg−1) and ρice is the density of ice.

In this thesis, a distributed SEB model was developed using the software package Mat-
Lab v7. The SEB was estimated at ∼11.000 gridpoints across a model grid with gridcells
of size 500m×500m, comprising ∼550 km2. Elevations were described by an ASTER-
derived DEM. Parameterizations were implemented in order to estimate temperature,
wind speed and incoming short wave radiation (shading from the surrounding topog-
raphy was accounted for). For the reflected short wave component, albedo values were
determined using the MODIS MOD10A1 Daily Snow Albedo Product. Further details
can be seen in Andersen et al. (2010) (Paper I in Appendix A).

2.6 Glacier seismology

The seismogenic nature of glaciers has been known for decades. Early studies estab-
lished a link between glacier motion and emission of seismic signals in both terrestrial
and tidewater-type alpine glaciers (e.g., Neave and Savage, 1970; VanWormer and Berg,
1973). Recently, a new class of glacially related seismic events has been discovered,
termed Glacial Earthquakes (Ekström et al., 2003). These events are detectable on the
Global Seismic Network (GSN), and have magnitudes M∼4–5. They exhibit a differ-
ent frequency content than that of normal, tectonic earthquakes of similar magnitude,
in being dominated by low-frequency energy and lacking the high-frequency content
of tectonic earthquakes. They also display a seasonal variability (Ekström et al., 2006)
and analysis of the source locations (Tsai and Ekstrom, 2007) places a large number
of them at or close to the large Greenland outlet glaciers. Various source mechanisms
have been suggested, including stick-slip behavior induced by changes of subglacial
hydraulics, or rapid sliding following the loss of buttressing resistance associated with
calving (Joughin, 2006; Tsai et al., 2008). By comparing teleseismic detections and GPS-
based observations of surface velocity at Helheim Glacier, Nettles et al. (2008) found
that occurrences of glacial earthquakes coincided in time with large ice-loss events at
the terminus, while Joughin et al. (2008b) noted an association between calving activity
observed from satellite images and teleseismic detections. It has thus been established
that the glacial earthquakes as first described by Ekström et al. (2003) are associated



Chapter 2. Background and theory

with calving. Nettles and Ekström (2010) discussed possible source mechanisms, in-
cluding that of a capsizing iceberg pushing against the front of the glacier during rota-
tion, thereby transferring momentum. Calculations have shown this to be a plausible
hypothesis for explaining the observed seismic response.

In Greenland, field-based studies of glacially-related seismicity are few and mainly con-
centrated on the west coast (e.g., Amundson et al., 2008; Rial et al., 2009; Amundson
et al., 2010). At Jakobshavn Isbræ, Amundson et al. (2008) observed glacially-related
seismicity, coincident with visually observed calving activity. Rial et al. (2009) used
a network of high-frequency seismometers on the ice sheet margin north of the fast-
flowing part of Jakobshavn Isbræ to detect glacially-related seismic events. Rial et al.
(2009) identified and described intermittent seismicity occurring between larger events
as “rumblings”; gradually onsetting tremors of ∼10–40 min. duration. The source loca-
tions of the rumblings were 10–20 km upstream from the calving front and those authors
posited upstream fracture propagation initiated by a calving event at the front as a pos-
sible explanation for the locations.

As an analogue to the large Greenland outlet glaciers, O’Neel et al. (2007) and O’Neel
and Pfeffer (2007) conducted studies involving automatic detection of calving-related
seismic events at Columbia Glacier, Alaska, using a temporary network of seismic sta-
tions on the rock walls bordering the glacier. Those workers assembled a large data set
and concluded that the calving-related seismicity to a large degree was monochromatic,
indicating a common source mechanism. In a recent study also from Columbia Glacier,
Walter et al. (2010) monitored calving in the same band as O’Neel et al. (2007) (1–3 Hz),
but also at higher frequencies, 10–20 Hz, where seismicity arising from fracturing and
crevassing can be recorded. The study focused on a comparison of the characteristic type
of seismicity occurring before and after Columbia Glacier became ungrounded in 2007.
Walter et al. (2010) noted a transition in seismically detectable calving style: prior to
flotation, the calving was frequent and in smaller volumes. After flotation, fewer events
occurred, but at a much larger scale.

In Iceland, Jonsdottir et al. (2009) found increasing seismicity in the 1–4 Hz band over
the period 1991-2007 and located the sources to be at an outlet glacier from the Mýrdal-
sjökull glacier. It was concluded that the seismicity arose from falling seracs, calving
over the edge of a plateau. The study by Jonsdottir et al. (2009) also found a strong sea-
sonal signal, indicating a climatic control. The temporal pattern of seismicity correlated
well with occurrence of intense rainstorms in the autumn. The authors suggested that
rain water affected the basal conditions in a way which caused enhanced sliding and
subsequent increased calving.
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Chapter 3

Greenland – ice sheet and outlet
glaciers

Different techniques have been applied in order to study the flow speeds at the margins
of the Greenland Ice Sheet, including the large outlet glaciers, and how it is affected
by melt water. One group of methods used is remote-sensing type techniques, which
provide good spatial coverage, but typically have monthly to yearly time resolutions.
Another group of studies is the field-based, in-situ types, of which there are few from
the surface of outlet glaciers. In terms of sample rate, these often have much higher
temporal resolution, but lack the spatial coverage of the remote-sensing methods.

This chapter contains a review of the existing knowledge of the physical properties of
the fast-flowing outlet glaciers and the influence of melt water on the flow of these and
the ice sheet.

3.1 The Ice Sheet

The remote-sensing based studies include works that provide overviews of large parts
of the ice sheet and the ice sheet margin (e.g., Rignot and Kanagaratnam, 2006; Joughin
et al., 2008a), and also of specific locations (e.g., Luckman and Murray, 2005; Luckman
et al., 2006; Howat et al., 2007; Stearns and Hamilton, 2007).

Joughin et al. (2008a) presented a study of the West Greenland Ice Sheet and a number of
outlet glaciers in that region, using three years of data. The investigation was combined
of remote sensing (InSAR) and some field measurements (Global Positioning System,
GPS). Joughin et al. (2008a) found that during summer the ice sheet sped up consider-
ably (50–100%), while the outlet glaciers appeared less sensitive (speedups of 9–14%).
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Due to the exceptionally high flow speed of the outlet glaciers, the absolute numbers are
in fact comparable, with the ice sheet speed-up corresponding to 36–71 m/yr and the
outlet glaciers 51–77 m/yr, respectively. Joughin et al. (2008a) reached the conclusion
that the spring onset of melt had a significant effect on the flow speed of the ice sheet,
but not on the outlet glaciers covered in their study. This is consistent with the work
of Echelmeyer and Harrison (1990) who found no effect of melt water on flow speed at
Jakobshavn Isbræ.

Several ground-based studies have provided evidence for the effect of melt water en-
hanced sliding on the ice sheet. One of the first studies to suggest a connection between
melt water production and associated acceleration of flow was Zwally et al. (2002). These
authors observed a ∼30% increase in the flow speed of the ice sheet near Swiss Camp,
West Greenland correlating well with periods of intense melt. Further south, at the K-
transect, Shepherd et al., 2009 found an increase in flow speed of 35% per positive degree
day. In the same area, Van de Wal et al., 2008 noted up to 30% variation in ice sheet flow
speed associated with melt.

That fractures can propagate to the bottom of glaciers and the ice sheet near the margin
has been shown theoretically by Van der Veen (2007) in which the so-called “hydrofrac-
turing” is modeled numerically. It was there demonstrated that, provided there is suffi-
cient water supply from the surface, cracks can propagate all the way to the bed of the ice
sheet. Field studies confirm the results of Van der Veen (2007) in, e.g., Das et al. (2008).
Das et al. (2008) monitored the rapid drainage of a melt water lake and the subsequent
rapid (<2 hours) uplift and speed-up of the ice sheet in the area where the thickness is
∼980 m.

Deductions about the drainage system of the ice sheet have been made from the obser-
vations mentioned above. Joughin et al. (2008a) interpreted the spatial uniformity of the
accelerated sliding of the ice sheet they observed as indications of distributed drainage
(see Chapter 2). Supporting this are the in-situ observations of vertical displacement of
the ice surface during large melt or precipitative water fluxes made in several studies,
both on alpine glaciers (e.g., Iken et al., 1983; Iken and Bindschadler, 1986) and also on
the Greenland Ice Sheet margin (Shepherd et al., 2009; Bartholomew et al., 2010). In
alpine studies, with concomitant alternative observations of the drainage system, the
uplift has been associated with bed separation in a distributed, high pressure drainage
system (e.g., Iken and Bindschadler, 1986; Kamb et al., 1985).
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3.2 Outlet glaciers

3.2.1 Physical characteristics

The fast outlet glaciers in Greenland are characterized by high driving stresses and thus
high flow speeds (up to 12 km/yr, Joughin et al., 2008a), which can be inferred from
surface observations (Iken et al., 1983). Of the fast-flowing Greenland outlet glaciers,
Jakobshavn Isbræ, West Greenland, has been the subject of multi-decadal research cam-
paigns and remains the most studied. This has involved a wide variety of geophysical
methods like drilling and instrumentation of boreholes (e.g., Iken et al., 1993; Funk et al.,
1994; Luthi et al., 2002), geodetic surveying (e.g., Amundson et al., 2010; Dietrich et al.,
2007), and seismic investigations (e.g., Clarke and Echelmeyer, 1996; Amundson et al.,
2008).

The geometry of Jakobshavn Isbræ has successfully been investigated by Clarke and
Echelmeyer (1996) using active-source seismic methods. These workers observed a deep
subglacial trough and found ice thicknesses of ∼2800-1800 m along the center line,
decreasing down stream. The up stream surrounding ice sheet was ∼1000 m thick.
These thicknesses have later been confirmed by recent ice-penetrating radar-studies
(e.g., Braaten et al., 2002; Legarsky and Huang, 2006; Li, 2010).

A combination of works by Iken et al. (1993), Funk et al. (1994), and Luthi et al. (2002)
forms a comprehensive field-based contribution. There, a large drilling campaign was
conducted approximately 50 km up stream from the location of the terminus at that
time. A number of boreholes were made, in some cases reaching the bed near the edges
of the fast flow zone. Temperatures in the boreholes were measured and evidence of the
existence of a temperate layer of ice near the bed was found, caused by the strong defor-
mation occurring when the ice enters the deep, narrow channel (Funk et al., 1994). This
temperate layer was thicker near the middle of the stream and is in general suspected to
have a large influence on the flow dynamics, by way of its lower viscosity. In the study
reported on by Luthi et al. (2002), the amount of basal motion was inferred to be 60%
of the total surface velocity in the area adjacent to the deep channel. However, Luthi
et al. (2002) suggests that within the actual trunk, the amount of deformation will be
significantly larger where the temperate ice layer is up to an order of magnitude thicker.
A main conclusion of the investigations conducted is thus the confirmed observation of
a thick temperate ice layer near the bed witch suggests that the fast flow of Jakobshavn
Isbræ is primarily a result of strong deformation of this basal temperate layer and less so
the result of basal sliding. In a recent observation Luthi et al. (2009) discussed the visual
observation of a layer of ice expected to be the temperate layer, observed in a recently
calved-off iceberg.
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Our knowledge of the subglacial hydraulic system of the fast outlet glaciers is limited
and mainly based on inferences from surface observations. While alpine glaciers have
been investigated using dye-tracers, this has not been feasible at the much larger Green-
land outlet glaciers. In a study of surface velocities of Jakobshavn Isbræ by Echelmeyer
and Harrison (1990), a lack of seasonal variability was observed. This remains some-
what puzzling considering the large amounts of melt water generated in the melt sea-
son. Echelmeyer and Harrison (1990) suggested that the lack of seasonally-based veloc-
ity fluctuations could be explained by the melt water traveling englacially almost to the
grounding line, where it connects to the bed. It is also conceivable that the amount of
sliding that does occur at the bed generates heat that by dissipation maintains a layer
of water at the base. An already existing layer of water will possibly have a dampening
effect on the response to added melt-water.

3.2.2 The effect of melt on flow speed

The factors governing the flow speeds of outlet glaciers are not very well constrained. In
recent years, this has been the subject of several investigations. It has been demonstrated
that ice-loss from the terminus varies over the year (Sohn et al., 1998) and that calving
exerts a modulating effect on outlet glacier flow speed (e.g., Nettles et al., 2008; Joughin
et al., 2008b; Amundson et al., 2008; Howat et al., 2008c, Nick et al., 2009). Additionally,
recent investigations of the oceanographic conditions in the fjords where the tidewa-
ter glaciers terminate suggest that warm ocean water causes subsurface melt, and that
this may play a role in the thinning and accelerations of outlet glacier flow (e.g., Bind-
schadler, 2006; Holland et al., 2008; Straneo et al., 2010).

The effect of surface melt or rain water accelerating sliding speed by way of increas-
ing the basal water pressure is well established on alpine glaciers (e.g., Iken and Bind-
schadler, 1986; Anderson et al., 2004; Bartholomaus et al., 2008) and tidewater glaciers
outside Greenland (Meier et al., 1994; Kamb et al., 1994). However, less is known about
how variations in melt water supply affect the flow speed of large Greenland outlet
glaciers. When considering ocean-terminating glaciers, added complexity must be ex-
pected. Second-order effects may exist, for example in the form of enhanced calving due
to crevasses filling with surface melt water (Benn et al., 2007), then leading to increased
discharge.

As demonstrated in Andersen et al. (2010), variations in melt water production at Hel-
heim Glacier, East Greenland, correlate well with variations in flow speed as observed at
the surface. Although the fractional increase in speed ascribed to melt in Andersen et al.
(2010) is moderate (up to ∼5%), the absolute amount of extra discharge is large (e.g.,
a speedup of ∼4% above the 2007 summer mean of 25 m/d equals an extra discharge
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from Helheim of ∼1.3 Gt/yr). If the conclusions drawn in Andersen et al. (2010) apply
to the outlet glaciers in general as suggested, it is argued that this can be a significant
contribution to ice discharge across Greenland.

Few field-based studies of seasonal variation of outlet glacier drainage exist. Especially
studies elucidating winter time drainage are sparse. This is likely to be caused by the
practical and logistical difficulties associated with instrumenting a fast flowing outlet
glacier throughout a full year. In one study, Echelmeyer and Harrison (1990) measured
year-round surface velocity of Jakobshavn Isbræ and found no change between summer
and winter speeds. They interpreted this to be indicative of englacial drainage accom-
modating the surface melt with no hydraulic connection to the bed. This is consistent
with the low sensitivity of the outlet glaciers found by Joughin et al. (2008a), but con-
trasts with a recent study of the seasonal evolution of the subglacial drainage system of
West Greenland outlet glacier Russell Glacier by Bartholomew et al. (2010). These au-
thors found strong speed-ups (up to 220% increases relative to the 100 m/yr background
flow speed) to coincide with the onset of melt in late May. It should be noted, though,
that Russell glacier – while an outlet from the ice sheet – is land-terminating and much
slower than the fast flowing, marine-terminating outlet glaciers, why it velocity-wise
resembles the ice sheet more than the fast outlet glaciers.

On an Icelandic outlet glacier draining Vatnajökull Ice Cap, Howat et al. (2008b) also
inferred distributed drainage during periods of intense melt and rain, accompanied by
uplift. However, this glacier was significantly slower than the Greenland outlet glaciers
(peak sliding speed reported in Howat et al. (2008b) was ∼750 m/yr).

The fast flow of the Greenland outlet glaciers may play an important role in the behavior
of the subglacial drainage system. As noted by Iken et al. (1993) on Jakobshavn Isbræ,
the thick temperate layer possibly caused by strain heating is a direct consequence of
the high driving stresses not seen in the alpine examples. Directly related to the flow
speed is also the amount of heat generated by friction at the ice-bedrock interface. The
relationship is described by the equation: Qbase = τbaseubase where Qbase is the heat flux,
τbase is the basal shear stress, and ubase is the sliding velocity at the bed (Paterson, 1994).
For a relatively steep, fast-flowing (usur f ace = 7500 m/yr), 1200 m thick glacier with a
surface slope of 1.7 ◦ and assuming ubase = 0.3usur f ace, the heatflux generated by fric-
tional heating, Qbase is ∼23 W/m2. This is significant compared to, e.g., geothermal heat
fluxes, which range from 0.046 to 0.077 W/m2 (Paterson, 1994).

In general, it is expected that the conclusions drawn from the work conducted at Jakob-
shavn Isbræ are applicable in a broad sense to the other large outlets of Greenland
(e.g., Helheim and Kangerdlugssuaq Glaciers), possibly with some modifications. While
there are other outlet glaciers which drain considerable amounts of ice (e.g., Petermann
Glacier in North West Greenland which drains ∼3%, Rignot and Kanagaratnam, 2006),
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these are slower-flowing and located in a colder surrounding climate. It is therefore not
necessarily justified to extrapolate information inferred about the subglacial conditions
Jakobshavn Isbræ to these.
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Chapter 4

Observations

In this thesis, several types of data have been used in conjunction, all collected at or near
Helheim Glacier, East Greenland (Figure 4.1). The data sets include meteorological data,
geodetic data, hydrographic data, photographic data, and seismic data. In this chapter,
the technical specifications of the equipment used, the locations and the periods of op-
eration will be presented. A section on the post-collection data processing techniques
used is also included.

4.1 Automatic Weather Station

An Automatic Weather Station (AWS) was used to collect meteorological data from the
surface of Helheim Glacier during the melt seasons of 2007 and 2008 (Figures 4.2). The
horizontal position of the AWS was approximately 66.42N, 38.44W, 640 m. above sea
level (Figure 4.5). The AWS was deployed in approximately the same position both
years, the horizontal difference in position being ∼650 m.

Data was recorded for 27 full days in 2007 (days of year 208 to 235) and 49 full days in
2008 (days of year 183-231).

4.1.1 Tripod

Sensors were mounted on a collapsible aluminum tripod, the height of which was ap-
proximately 3.10 m. The triangular footprint was approximately 3.7 m2. The tripod was
of a type developed at the Geological Survey of Denmark and Greenland (GEUS), con-
structed from aluminum tubing (Ø48 mm, mast; Ø33 mm, feet). Wires were threaded
between the ends of the legs and as guy-wires to an anchor-point on the mast. One guy-
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Figure 4.1: Greenland and study area, Helheim Glacier, South East Greenland (inset).
The red diamond indicates Helheim Glacier, the red triangle marks the settlement of
Isertoq.
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Figure 4.2: Automatic Weather Station (AWS) deployed in the field at Helheim Glacier.
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wire was spring-loaded, allowing for adjustment of the wire tension in the tripod. The
sensors were mounted at heights 2.8–3.2 m (the wind sensor was mounted at the top end
of the mast, thus exceeding the ∼3.10 m height of the station).

4.1.2 Power supply

Power to the station was provided by four 12 V batteries installed in a water-tight alu-
minum case suspended from the feet of the AWS, thereby lowering the centre of gravity
and providing an anchor for the AWS (Figure 4.2). Charging of the batteries was by way
of a south-facing solar panel attached to the mast, outputting 10W when completely
illuminated.

4.1.3 Data

The AWS recorded standard meteorological parameters: Aspirated near-surface air tem-
perature, relative humidity, incoming and outgoing long- and short-wave radiation,
wind speed and direction, station inclination, and distance to ice surface using a separate
tripod (Figure 4.3 and Section 4.1.4). All values were measured and logged once per hour
except wind speed, which was logged as the average of values measured during the pre-
ceding hour, sampled at each execution of the logging program (∼10 seconds). Due to
technical constraints on the logging device, barometric pressure was not measured at the
AWS. Barometric pressure data was acquired from the Danish Meteorological Institute
station in Tasiilaq (http://www.dmi.dk/dmi/index/gronland/vejrarkiv-gl.htm) and
extrapolated to Helheim Glacier during data processing (Section 4.6.1).

The sensors used for the data collection are listed in Table 4.1 along with their accuracies
as specified by the manufacturers. All data were logged to a Campbell CR10X data
logger.

4.1.4 Ablation measurement

To provide an independent check value for ablation modeling, a separate ablation mea-
surement was conducted close to the AWS. Aluminum stakes were drilled into a depth
of >5 m to avoid further self-drilling and the sonic ranger distance-sensor was mounted
on a crossbar (Figure 4.3).
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Table 4.1: Types of the sensors used on the AWS and their accuracies.

Measurement Instrument type Accuracy

Aspirated temperature
Instrument house w/ fan Rotronics -
Temperature, temp. probe Rotronics PT100 ±0.1 K

Relative humidity Rotronics S3 hygroclip ±1%
Radiation Kipp & Zonen CNR1

Long wave CG3 (in CNR1) ±10% (dail. tot.)
Short wave CM3 (in CNR1) ±10% (dail. tot.)

Ablation Campbell SR50 ±0.01 m
Wind speed/direction Young 05103-5

Wind speed ±0.3 m/s
Wind direction ±3 ◦

Station inclination NS-25/E2 ±0.6% of ang.

Figure 4.3: Separate ablation measurement, Helheim Glacier, located 3–4 m from the
AWS (outside frame of photo). The ablation measurement is logged by the AWS.
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4.2 GPS

Position data were collected using 12–22 continuously recording Differential GPS re-
ceivers of the type Trimble netRS, Trimble 5700, and Trimble R7, deployed across the
surface of Helheim Glacier. The receivers were enclosed in weather proof Pelican boxes
and powered by internal batteries charged by a solar panel mounted on the side of the
box. The networks extended from within a few km of the calving front to 25 km up
stream. Maps of the GPS deployments for 2007 and 2008 are shown in Figure 4.5. The
receivers recorded positions at rates of 1–5 samples per second, operating throughout
the periods marked in Figure 4.6.

4.3 Tide gauge

A tide gauge was installed at an island in Helheim Fjord, ∼25 km from the calving front
during the summer of 2008 (position 66.24N, 37.60W). The sensor was of type Global
Water WL16-U and monitored variations in water level, sampling at one-minute inter-
vals. Calving of icebergs from the glacier terminus causes short-period (P∼10 min.)
disturbances of the water level, which were captured by the tide-gauge, thus providing
a constraint on the calving activity.

The tide-gauge was operating from day 185 to day 201 and again from day 214 to 234,
2008.

4.4 Time-lapse camera

In the summer of 2008, a digital SLR camera was mounted in a weather-proof enclosure
on the northern fjord wall of Helheim Fjord. The camera was directed at the calving
front and configured to record images automatically every four minutes. The time-lapse
record provides visual identification of the times of major calving events.

4.5 Seismic station

An STS-2 broad-band seismometer was installed in the small settlement of Isertoq, ap-
proximately 100 km from Helheim Glacier (Figure 4.1). Data was logged to a RefTek 130
data logger, sampling at a rate of 20 samples/second. The instrument was installed in
the basement of a building, which allowed for mains power supply (Figure 4.7). Instru-
ment orientation was carried out using a handheld GPS and a compass. The maximum
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Figure 4.4: Maps of the 2007 and 2008 GPS and AWS deployment sites. Blue dots indicate
locations of GPS receivers, yellow dot indicates position of AWS, and red dots indicate
reference sites placed on the rock outcrops. Map produced by M. Nettles, Columbia
University, for use in this work.
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Figure 4.5: GPS receiver deployed in the field (black box circled), Helheim Glacier.

expected misalignment during this procedure is ∼5 ◦. Following installation and ori-
entation, the sensor was covered with foam insulation material to reduce long-period
thermal effects.

The station, designated ISO, operated from July 2007 to February 2009, with intermittent
data gaps due to lack of storage capacity.

4.6 Data processing

4.6.1 AWS

In order to use the AWS data for further studies, erroneous measurements, data gaps
and other unnatural irregularities in the raw data record were mitigated.

4.6.1.1 Radiation

Central in such a correction scheme is the incoming short wave radiation. The short
wave radiative flux is a large component in the energy budget (van de Wal et al., 2005).
The sensor used, Kipp & Zonen CM3, is sensitive to tilt (van den Broeke et al., 2004),
thus requiring careful correction.
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Figure 4.6: Days of recorded GPS data in (top) 2007 and (bottom) 2008.
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Figure 4.7: Installation of the seismometer in the settlement of Isertoq.

Global radiation G is defined as G = I + D where I is the direct component and D is
the diffuse component. The direct component I of the global radiation is the fraction
sensitive to the tilt that occurs as the season progresses and the AWS changes position.
To correct only I, it is necessary to know the distribution of the global radiation on the
two components, i.e., the diffuse fraction (DF). DF is assumed to be governed by the
cloud fraction and has the value of 0.2 as cloud-free limit and 1 as fully overcast. Cloud
fraction is determined by the relationship of air temperature (T) to incoming long-wave
radiation LRin, where two polynomials describe the boundaries corresponding to DF =
0.2 and DF = 1. For a set of (T, LRin)-values DF is found by interpolating between the
two bounding polynomials. With DF known, the direct component I = (1− DF)G can
be corrected with a factor k described by (MacWhorter and Weller, 1991):

k =
cos θz

cos β cos θz + sin β sin θz cos(Ψ− γ)
(4.1)

where β is the surface slope, θz is the zenith angle, Ψ is the solar azimuth, and γ is the
surface azimuth. Unrealistically high radiation values caused by instrument glitches,
unnatural reflections from, e.g., the aluminum tripod of the AWS were set to 80% of the
calculated top-of-atmosphere radiation at the specific time of measurement.
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The measured long wave radiative flux is affected by the temperature of the instrument
casing. The casing temperature was measured and the energy contribution from this was
quantified using the Stefan-Boltzman law, assuming black body radiative properties.

4.6.1.2 Barometric pressure

Daily values of barometric pressure measured at sea-level in the nearby town of Tasiilaq
(∼100 km from Helheim Glacier) are available from the Danish Meteorological Institute.
These were interpolated to hourly values and then extrapolated vertically to the station
altitude of 640 m above sea level using the barometric equation. Where the record from
DMI was incomplete, missing values were set to mean values of the past 5 years of the
day in question.

4.6.1.3 Temperature

Due to an instrument malfunction in the AWS when deployed in 2007, measurements
of near-surface air temperature and ablation were not acquired. The temperature was
therefore reconstructed using the casing temperature from the CNR1 net radiometer
which was successfully logged. A simple model equation relating observed aspirated
air temperature, Tasp, to casing temperature TCNR1, shortwave radiation SWin and wind
speed U was constructed:

Tasp = a TCNR1 + b SWin + c U + d (4.2)

Using the 2008 data, a least squares solution to equation 4.2 was found. The solution
yielded coefficients a, b, c, and d which could then be used to synthesize an aspirated
temperature record for 2007. Applying the equation to the 2008 data (when measured
temperature existed providing a validation of the model) yielded a RMS residual of ∼1
K and a correlation coefficient of r = 0.65. This was deemed sufficiently good to use the
2007 data for analysis.

4.6.1.4 Sonic ranger

Distance measurement by way of ultrasonic pulses must be corrected for the difference
in travel times incurred by variations in the air temperature. A simple equation was
used for correction of distance:

Dcorr = Dmeas

√
Tasp

273.15
(4.3)

where Dcorr is the corrected distance, Dmeas is the raw distance value logged, and Tasp is
the aspirated air temperature measured by the AWS.
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4.6.2 GPS

Daily average velocities were made available to the studies in this thesis. The daily ve-
locities were calculated by fitting a linear model to position estimates determined kine-
matically at 15 s intervals, as described in Nettles et al. (2008). The velocity estimates
have uncertainties of approximately 0.1 m/d.

4.6.3 Seismic data

The 15 min. data files logged in the RefTek 130 data logger were merged into coherent
SAC files. Prior to analysis, the instrument response was deconvolved using the GSAC

software package.
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Chapter 5

Conclusions and outlook

The recent acceleration in mass loss from the Greenland Ice Sheet has predominantly
been driven by increases in iceberg-calving and dynamic thinning from the outlet glaciers
draining the ice sheet. In this thesis, investigations into the effect of surface melt on the
flow speed of the fast Greenland outlet glaciers have been carried out. This chapter
will provide a short review of the results from the three studies conducted in the thesis
and compare them to conclusions reached by other authors. In general, the literature
to which the current results can be compared and discussed with is limited due to the
lack of studies conducted on fast-flowing Greenland outlet glaciers. Suggested future
research efforts are then discussed. Discussions of the results in details and in a broader
perspective are provided in the manuscripts.

5.1 Overview of results

The first study seeks to understand to which extent variations in melt water affects the
flow of outlet glaciers. The melt-induced flow-speed variations are isolated by remov-
ing calving events known to be associated with changes in velocity (Nettles et al., 2008).
A distributed surface energy balance model is developed and validated against field
observations of ablation. The model is used for quantification of the surface-melt pro-
duction across Helheim Glacier. It is demonstrated that there are significant correlations
between the GPS observed velocity signals and the estimated melt variation from the
model. This is tested spatially by comparing locally estimated melt signals with the GPS
observations from the same point. It is noted that the correlations are stronger near the
front, than upstream. However, all correlations except one were statistically significant
>90% levels. The correlation is peaked at a delay of the velocity signal, relative to the
melt signal, of 12–36 hours. Speed variations of up to ∼4% relative to mean, believed to
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be attributable to melt are observed. While the fractional speed-up is moderate, the ab-
solute amount of additional ice flux due to melt-water input is similar to that observed
by other authors on the land-terminating portions of the ice-sheet margin, due to the
high background flow speed of Helheim Glacier. The conclusions contradict the results
of previous studies of the effect of melt water on fast outlet glacier flow (Echelmeyer
and Harrison, 1990) but is consistent with Joughin et al. (2008a) who found a modest,
seasonally dependant speed-up in relative terms.

The second study builds on the first one, in that the objective is to explore the spatial
and temporal variation – if any – of the association between melt and speed changes
demonstrated in the first study. It is shown that there is spatial and temporal variability
in the glacier’s sensitivity to melt-water input. It is seen that the sensitivity of the glacier
to melt decays exponentially with distance from the calving front, suggesting spatial dif-
ferences in the configuration of the basal hydraulic drainage system. Moreover, early in
the season the glacier is less sensitive to melt than later (the fraction of the speed signal
explained by melt in a statistical sense increases from close to zero to 80% as the melt sea-
son progresses). As the residual variances drop over the season, the sensitivity to melt
also increases, coincident with a week-long speed anomaly of 3–4% above the mean near
the calving front. Many authors have made observations on alpine glaciers suggesting a
change in the basal hydraulic system over the season (e.g., Bingham et al., 2003; Howat
et al., 2008b), caused by increasing melt or precipitation. However, the inferences about
the subglacial conditions in these cases are not necessarily transferable to a fast outlet
glacier where flow velocities can be up to several orders of magnitude higher. Some in-
dications of an effect of strain conditions in the ice modulating the melt-water response
are also found. In areas where calculated strain rates indicate compressional strain, the
velocity data less well explained by the melt signal. The observations suggest a region of
high basal water pressure near the calving front of Helheim Glacier, perhaps associated
with near-flotation conditions and a distributed subglacial drainage system.

The final study is based on automatic detection of ice-loss events occurring at Helheim
Glacier by way of seismic data recorded at a distance of ∼100 km from the glacier. The
link between calving and the emission of seismic energy in certain frequency bands has
been shown by O’Neel et al. (2007), Jonsdottir et al. (2009), Rial et al. (2009) and Net-
tles et al. (2008). A detection algorithm is therefore developed and calibrated against a
number of calving events observed through teleseismic detections or by time-lapse pho-
tography. Time and frequency domain analysis of the signals reveal similarities with
those of Rial et al. (2009) and O’Neel et al. (2007). A seasonal pattern is established, with
a clear peak in calving-related seismicity in the early autumn. This is consistent with the
studies of Ekström et al. (2006), who found a seasonal signal in teleseismically detected
glacial earthquakes. It also agrees with the results of Jonsdottir et al. (2009), who also
noted a peak in calving-related seismicity during the autumn months in Iceland. It is

40



therefore suggested that there is a climatic control on the amount of calving occurring
at the large outlet glaciers, possibly through melt-water-enhanced calving. A drop in
seismicity from 2007 to 2008 with 33% more detections per day in 2007 than in 2008
is noticed, consistent with the drop in teleseismically detected events between the two
years. The teleseismically detected events have been shown to coincide with large scale
calving events (Nettles et al., 2008), why this is therefore interpreted as indicative of a
decrease in ice loss.

In a warming climate, it is likely that the conclusions of all three studies will remain
valid. Moreover, it is likely, that the effect of melt-water input to the glacier will result in
a closer association (stronger correlation, stronger speed-up and higher sensitivity), as
well as a longer period of increased calving activity.

5.2 Outlook

In a broader perspective, it has in recent years been clearly demonstrated that a key
to understanding the increasing ice discharge from the Greenland ice sheet lies in an in-
creased understanding of the flow dynamics of the large outlet glaciers. The understand-
ing of the association between flow and calving as well as the role played by warm ocean
currents reaching into the fjords is still at a rudimentary level. Different approaches can
be taken in future efforts to understand the dynamics of the large tidewater glaciers. One
avenue of investigation that is currently being pursued is instrumentation of multiple
glacial fjords with oceanographic instruments, attempting to link terminus behavior to
hydrographic conditions. The investigations are economically and logistically demand-
ing, but the data sets and information will be invaluable and needed to gain insight into
the heat exchange at the ice/ocean interface.

An alternative is to instrument fewer outlet glaciers more thoroughly. Much of the
knowledge existing today about the mechanisms of outlet glacier flow has been gained
by in-situ investigations of, e.g., Jakobshavn Isbræ. These field-based investigations are
typically one or two decades old, and the technological advances made since then merits
that similar studies be repeated today. Given the difficulties in quantifying the compo-
nents of the hydrological budget of the outlet glaciers, a large unknown is the amount
of basal water and the pressure conditions at the ice-bedrock interface. While remote-
sensing methods can now accurately map the thickness and internal structuring of the
outlet glaciers, near-terminus basal hydrology – and geology – is still left to be inferred
from surface measurements of displacement. Although the instrumentation of the fjords
will provide us with subsurface conditions at the terminus, drilling campaigns on the
actual glacier trunk could yield valuable constraints on the amount of frictional heat
generated, basal water pressure, strain conditions and ice temperature. Given the high
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strain rates observed on these highly dynamic glaciers, drilling will be challenging and
the development of new techniques may be necessary.

The need for several, parallel research strategies underscores the necessity of interdis-
ciplinary collaborations. The coupled processes that together govern the flow of the
Greenland outlet glaciers are complicated and knowledge from multiple fields such as
geodesy, glaciology, oceanography, meteorology, and seismology must be combined to
gain insight into these. This thesis is a product of one such cross-disciplinary effort.

In a warming climate, one concern is that the glaciers enter into a feedback cycle with
mass loss at the front incurring faster flow by loss of buttressing resistance, again in-
creasing mass loss. In order to build models that accurately predict this behavior, it is
crucial to gain insight into the balance and robustness of the large outlet glaciers in a
scenario of increasing calving and/or surface melt-water production.
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Abstract

Understanding the behavior of large outlet glaciers draining the Greenland Ice Sheet

is critical for assessing the impact of climate change on sea-level rise. The flow of

marine-terminating outlet glaciers is partly governed by calving-related processes

taking place at the terminus, but is also influenced by the drainage of surface runoff

to the bed through moulins, cracks, and other pathways. To investigate the extent

of the latter effect, we develop a distributed surface energy balance model (SEB)

for Helheim Glacier, East Greenland, to calculate surface melt and thereby estimate

runoff. The model is driven by data from an automatic weather station (AWS) op-

erated on the glacier during the summers of 2007 and 2008, and calibrated with

independent measurements of ablation. Modeled melt varies over the deployment

period by as much as 68% relative to the mean, with melt rates approximately 77%

higher on the lower reaches of the glacier trunk than on the upper glacier. We com-

pare melt variations during the summer season to estimates of surface velocity de-

rived from Global Positioning System (GPS) surveys. Near the front of the glacier,
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there is a significant correlation (on >95% levels) between variations in runoff (esti-

mated from surface melt) and variations in velocity, with a one-day delay in velocity

relative to melt. Although the velocity changes are small compared to accelerations

previously observed following some calving events, our findings suggest that the

flow speed of Helheim Glacier is sensitive to changes in runoff. The response is

most significant in the heavily crevassed, fast-moving region near the calving front.

The delay in the peak of the cross-correlation function implies a transit time of 12-36

hours for surface runoff to reach the bed.

1 Introduction

In assessing climate change and its impact on sea-level rise, understanding changes in

the flow dynamics of large outlet glaciers and ice streams is crucial. Flow speed varia-

tions occur on a variety of time scales, from minutes (Amundson et al., 2008; Nettles et al.,

2008) to months (e.g., Luckman and Murray, 2005; Joughin et al., 2008b) to years (e.g., Luck-

man et al., 2006; Howat et al., 2007; Joughin et al., 2008c) and longer. It has recently been

established that variations in conditions at the glacier terminus exert an important influ-

ence on glacier flow speed in Greenland (e.g., Amundson et al., 2008; Howat et al., 2008a;

Joughin et al., 2008c; Nettles et al., 2008; Nick et al., 2009), but less is known about how

variations in surface melting influence outlet glacier dynamics. During the annual melt

season, a fraction of the melt water produced at the surface evaporates and a fraction

may run off the glacier via supraglacial channels. Part of the melt water also drains from

the surface into the englacial hydrological system through crevasses and moulins. This

system is likely to supply water to the bed of the glacier. Changes in this supply may

affect the flow of the glacier by increasing the basal water pressure and reducing the ef-

fective pressure, creating a lubricating effect at the ice–bedrock interface. Although this

effect has been established on alpine glaciers (e.g., Iken and Bindschadler, 1986; Bartholo-

maus et al., 2008), and within the ice sheet (e.g., Zwally et al., 2002; van de Wal et al., 2008),

its magnitude on fast flowing outlet glaciers in Greenland has not been studied exten-

sively. In this study, we focus on the effect of runoff on the flow of Helheim Glacier, a

large outlet glacier in East Greenland.

Melt studies conducted on glaciers have used a variety of techniques, depending on

the timescale and available data. A frequently used technique is the positive degree-

day (PDD) model, which employs a correlation between melt and periods with above

zero-mean air temperatures (e.g., Reeh, 1991; Braithwaite, 1995). PDD methods require

minimal input data and are therefore suitable for large areas and long time scales since

few parameterizations need be made. Hanna et al. (2005) applied this technique to calcu-

late runoff for the entire Greenland Ice Sheet at 5×5 km resolution and Huybrechts et al.
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(1991) used the PDD method to project runoff for future warming scenarios. An alter-

native, physically-based, approach is to calculate the surface energy balance (SEB) and

thus quantify the energy available for melt at the surface (Hock, 2005). Due to the greater

requirement for observational input data, energy balance models typically are run for

short time scales and small areas, although van De Wal and Oerlemans (1994) constructed

an energy balance model for the entire Greenland Ice Sheet at 20 km resolution. Re-

cent work (modeling as well as in-situ observations) has increased the performance and

resolution of large scale energy balance models through improvements of regional cli-

mate models. These models can include an energy balance model at the ice-atmosphere

boundary, as in the case of Ettema et al. (2009), which describes model runs over the

Greenland Ice Sheet with an 11 km resolution.

Most of what is known about the general velocity behavior of glaciers in Greenland

comes from space-based remote sensing studies, either for the whole ice sheet perimeter

(e.g., Rignot and Kanagaratnam (2006)) or specific glacier catchment basins (e.g., Stearns

et al., 2005; Luckman et al., 2006; Howat et al., 2007; Howat et al., 2008a; Joughin et al., 2008c).

A limitation of this approach is the low temporal resolution of most remote sensing

products.

Ground-based melt and velocity studies have been conducted in Greenland by several

authors, although almost exclusively on the ice sheet, not on outlet glaciers. Zwally et al.

(2002) found indications of an association between surface generated melt water and the

velocity of the ice sheet near Swiss Camp, north of Jakobshavn Isbræ. Near Kangerlus-

suaq, South West Greenland, van de Wal et al. (2008) observed velocity variations of up

to 30% along the K-transect during the 2005-2006 melt season. In the same area, Shepherd

et al. (2009) found increases of ice-sheet flow speed of up to 35% per positive degree-day

of melting. While ground-based methods typically have very high temporal resolution,

they suffer from the lack of spatial coverage of space- or airborne remote sensing tech-

niques.

Joughin et al. (2008b) combined field observations with remote sensing data and noted a

large and widespread influence of surface melt water on ice-sheet velocity, with smaller

variations in outlet glacier velocity resulting from melt water lubrication. Those authors

observed seasonal velocity increases of 50–100% (36–71 m yr−1) on the ice sheet and

9–14% (51-77 m yr−1) on regions defined as outlet glaciers.

Little is known about short-term velocity variations in outlet-glacier flow. Amundson

et al. (2008) and Nettles et al. (2008) established a correlation between calving events and

glacier acceleration at Jakobshavn and Helheim glaciers. However, no comprehensive

study has investigated the link between changes in melt rates and near-terminus velocity

variations on fast outlet glaciers. As the climate warms, understanding the influence of

melt water becomes increasingly important for estimates of sea-level rise. In addition to
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the direct effect of added freshwater runoff into the oceans, indirect effects such as the

influence of melt water on ice flow speed must be considered.

Here, we develop a surface energy balance model for Helheim Glacier in East Green-

land, utilizing data recorded by an automatic weather station (AWS) deployed on the

glacier. We compare the pattern of melt variability derived from the SEB model with a

velocity record derived from Global Positioning System (GPS) observations to assess the

influence of daily variations in melt volume on glacier flow speed.

2 Data and methods

This study combines an observational and a modeling approach to study the effect of

glacier melt variability on glacier dynamics. The observational component includes data

from an AWS we deployed on the trunk of Helheim Glacier during the summers of 2007

and 2008, a network of 12-22 continuously operating GPS receivers also deployed across

Helheim Glacier during the summers of 2007 and 2008, and standard stake-based abla-

tion point measurements made at the locations of the GPS stations during their deploy-

ment, servicing and retrieval (Figure 1). We use the AWS data to calibrate and drive

a SEB model for the snow-free ablation area of Helheim Glacier, and use this model to

predict melt variations across the glacier during the summer seasons of 2007 and 2008.

We then perform a cross-correlation analysis with the GPS velocity records to assess the

influence of melt variations on glacier speed.

2.1 Surface Energy Balance model

We construct a surface energy balance model for the snow-free ablation area of Helheim

Glacier, first developing the SEB model for a single point, corresponding to the location

of our AWS. We then distribute the model across the glacier as described in section 2.2

below.

We quantify melt by determining the budget of energy fluxes to and from the surface,

following standard methods (e.g., van De Wal and Oerlemans, 1994; Hock, 2005; Hock and

Holmgren, 2005; van As et al., 2005; van den Broeke et al., 2008). In our case, the energy flux

available for melt, QM, is determined by the balance of terms of the energy flux budget

at the surface:

QM = QH + QE + QG + LSW + LLW + QR (1)

which is calculated in hourly time steps.
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Figure 1: Map of AWS and GPS deployments 2007 (top) and 2008 (bottom) overlain
on a 2001 LANDSAT image. Dots mark the position of (blue) GPS ice sites, (yellow) co-
located AWS and GPS sites, and (red) GPS reference sites. GPS sites mentioned in the text
are labelled. Dotted lines are calving front positions on (top) 4 July 2007 (westernmost)
and 24 August 2007, both from MODIS 250-m images, and (bottom) 31 July 2008, from
field observations. 57



The sensible heat flux, QH, is the turbulent transfer of heat resulting from a temperature

difference between the surface and near-surface atmosphere. The latent heat flux, QE, is

a function of the near-surface atmospheric vapor gradient and wind speed, giving the

heat loss/gain caused by sublimation and evaporation.

QG is the subsurface heat flux, i.e., heat conducted to or from the surface through the

ice column below. LSW and LLW are the net short wave and long wave radiative energy

fluxes, respectively. QR is the energy added to the surface by rainfall, which in our case is

set to zero, due to a lack of necessary data (see Section 2.1.2 below). The sign convention

dictates that energy fluxes into the surface are positive, while fluxes directed away from

the surface are negative.

The net short wave flux, LSW, is the difference between the measured incoming short

wave radiation at the AWS and the reflected short wave radiation found by applying an

albedo value at each time step, as described below. The net long wave radiation, LLW , is

the difference between the incoming long wave radiation measured at the AWS and the

outgoing long wave radiation calculated from the modeled surface temperature at each

time step, assuming black-body properties.

The bulk aerodynamic method assumes that QH is a function of the air temperature

gradient, and that QE is a function of the humidity gradient. In addition, both fluxes are

proportional to wind speed. Assuming Monin-Obukhov similarity, the turbulent fluxes,

QH and QE, can be approximated as:

QH = ρcpu∗θ∗ (2)

QE = ρLvu∗q∗ (3)

where ρ is the air density, cp is the specific heat capacity of air, and Lv is the latent heat

of sublimation.

The friction velocity, u∗, in Eqs. 2 and 3 is given as:

u∗ =
kuzw

ln( zw
z0

)− ψm2 + ψm1
(4)

where k is Von Karman’s constant, uzw is measured wind speed at height zw, and z0 is the

roughness length scale for momentum. ψm1 and ψm2 are momentum stability correction

functions.

The virtual potential temperature scale, θ∗, in Eq. 2 is:

θ∗ =
k(θv − Ts)

ln( ztmp

zt
)− ψh2 + ψh1

(5)
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where ztmp is the height at which temperature is measured, zt is the roughness scale for

temperature, θv is the virtual temperature and Ts is the surface temperature. ψh1 and ψh2

are temperature stability correction functions.

The turbulent scale of humidity, q∗, in Eq. 3 is given by:

q∗ =
k(q(zhum)− q(0))

ln( zhum
zq

)− ψq2 + ψq1
(6)

where zhum is the height at which humidity is measured and zq is the roughness length

scale for humidity. ψq1 and ψq2 are humidity stability correction functions.

The stability-correction functions ψm1, ψm2, ψh1, ψh2, ψq1, and ψq2 in equations 4, 5, and 6

are adopted from Paulson (1970) and Holtslag and De Bruin (1988) for stable and unstable

conditions, respectively.

We calculate the subsurface heat flux, QG, using a one-dimensional finite-difference so-

lution of the heat equation, such that the energy flux to the surface from the first layer

below the surface is proportional to the temperature difference between the two layers.

QG-energy fluxes are calculated at 15 minute intervals for 200 layers, each 0.05 m thick,

i.e., for a 10 m deep ice column. The layer thickness is chosen to provide sufficient res-

olution to represent small vertical variations while the number of layers is chosen to

ensure that the base of the column is only weakly affected by diurnal variations, and to

keep calculations stable. The top layer in the ice column is fixed at the modeled surface

temperature at each time step and the bottom layer has the temperature of the layer im-

mediately above it. The bottom boundary condition implies that we only evaluate the

effect of heat storage and release in the upper ice column. The net transfer to and from

the lower glacier is not considered. The model is initialized using an observed summer

temperature profile from the TAS-U station maintained by the Programme for Monitor-

ing of the Greenland Ice Sheet (PROMICE; http://www.promice.dk) at a site ∼100 km

south of Helheim Glacier and at a similar altitude to our AWS. The effective conductivity

is assumed constant in ice and set to 2.2 WK−1m−1. The ice density is set to 917 kg m−3.

Short wave penetration into the ice causing subsurface heating, and possibly melt, can-

not be ignored over a melting ice surface (e.g., van den Broeke et al., 2008). For the short

wave fraction not reflected by the surface we therefore apply an exponential absorption

for the flux in the ice column, according to Beer’s law with an extinction coefficient of 1.4

for ice (Greuell and Konzelmann, 1994). The resulting contribution is added to the temper-

ature profile used in the solution of the heat equation described above. In cases where

the subsurface temperature reaches the melting point, we calculate melt from the excess

energy flux and add this to the melt produced at the surface.

The surface temperature, Ts, is the only remaining unknown parameter. Following, e.g.,

van den Broeke et al. (2008), we determine Ts by an iterative process in each timestep,
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assuming balance in the energy budget. For solutions in which Ts >0◦C, Ts is set to the

melting point, leaving a residual energy flux available for melt (if QM > 0).

With the quantities in the energy budget determined, the corresponding surface ablation

rate, M, (in m s−1) is:

M =
QM

λρice
(7)

where λ is the latent heat of fusion (3.35 · 105 J kg−1) and ρice is the density of ice. The

melt water generated by ablation in the model is assumed to run off the surface instan-

taneously.

2.1.1 AWS observations

We drive the surface energy balance model using meteorological measurements recorded

at Helheim Glacier. We deployed an AWS on a relatively slow-moving section (∼12 m

d−1) of the glacier trunk (Figure 1). The AWS collected continuous data (Figure 2) at a

rate of one sample per hour for a total of 27 days in the summer of 2007, and 49 days

in the summer of 2008. To facilitate inter-annual comparisons, we endeavored to oc-

cupy approximately the same glacier location with the AWS during both deployments.

The station locations (approximately 66.42N, 38.44W, 640 m a.s.l.), were within 650 m

distance and 20 m elevation of each other, with the second year lower than the first.

The AWS recorded standard meteorological parameters including wind speed and di-

rection, aspirated air temperature, snow surface height, short and long wave radiative

fluxes (incoming and reflected), station tilt, and surface ablation. Wind speed and direc-

tion were measured with a Young 05103-5 wind vane, aspirated temperature and relative

humidity were measured using a combined fan ventilated Rotronic PT100 temperature

probe and an S3 hygroclip, accurate to 0.1 K and 1%, respectively. Radiative fluxes were

measured with a Kipp & Zonen CNR1 net radiometer with a specified accuracy of 10%

on daily totals. Sensors were mounted on a tripod at heights of 2.8-3.2 m. The un-

tethered AWS lowered with the ablating surface. The surface ablation measurement is

crucial for evaluating the SEB model performance and was made on a separate rig with

stakes drilled >5 m into the ice, to avoid self-drilling. Snow height and ablation were

measured with two Campbell SR50 sonic rangers, each accurate to 1 cm.

The air density, ρair , a parameter in the turbulent flux calculations, depends in part on the

barometric pressure. Barometric pressure was not measured at the AWS, but daily val-

ues measured in the nearby town of Tasiilaq (∼100 km from Helheim glacier) are avail-

able from the Danish Meteorological Institute (http://www.dmi.dk/dmi/index/gronland/

vejrarkiv-gl.htm). These measurements were interpolated linearly in time to obtain

hourly values and were then spatially extrapolated to the station altitude using the baro-
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metric equation. When the DMI record was incomplete, missing values were set to mean

values of the past 5 years for the day in question.

Measurements of near-surface air temperature and ablation were not acquired in 2007

due to instrument malfunctions. The temperature record for 2007 was therefore re-

constructed using the casing temperature from the CNR1 radiometer, which operated

throughout the season. A simple equation relating observed aspirated air temperature,

Tasp, to casing temperature TCNR1, short wave radiation SWin and windspeed U was

used:

Tasp = a TCNR1 + b SWin + c U + d (8)

and a least squares solution was found using the 2008 data. The solution yielded coef-

ficients a, b, c, and d which were then used to calculate an aspirated temperature record

for 2007 (shown in Figure 2). For the 2008 record the postfit root-mean-square (RMS)

residual was 1 K, approximately one order of magnitude larger than the quoted error

of the PT100 temperature probe (0.1 K). This residual represents 13% of the range of

the values measured (8.3 K). We adopt the value of 1 K as an estimate of the error for

the reconstructed 2007 temperature record, and include this record in our analysis. Inde-

pendent ablation measurements at the AWS also failed during almost all of 2007, leaving

only one automatically measured value at the end of the time-series available for model

validation. Hourly data values were successfully acquired for all other parameters.

Prior to implementation in the SEB model, the data are edited for gaps and outliers. In-

coming short wave radiation measurements are sensitive to the tilt of the instrument and

are therefore corrected based on tilt measurements using a standard algebraic transfor-

mation (e.g., MacWhorter and Weller, 1991). We also perform a number of other standard

corrections, including correction of the sonic ranger ablation measurements for varia-

tions in the speed of sound with air temperature. The measured albedo at the AWS site

is also smoothed with a running ±12 hr average.

2.1.2 Perturbation analysis for SEB error assessment

Errors in the SEB model arise from measurement errors in the input data and inaccura-

cies in assumptions made in the model calculations. Following van As et al. (2005), we

use a simplified sensitivity analysis to characterize the effect of parameter perturbations

on SEB model output. Specifically, we alter all measured values (relative humidity, net

short wave flux, net long wave flux, aspirated temperature, wind speed and direction,

and barometric pressure) with the quoted uncertainties from the instrument documen-

tation, positive and negative, about the measured values. We do this with one param-

eter at a time while fixing all remaining parameters to unperturbed values, for all GPS

station locations and the AWS site, and record the difference with respect to the unper-
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turbed model solution. For each location, we thereby generate a set of 14 perturbed melt

model outputs (i.e., two per each of the seven measurable parameters above), which we

group into those yielding more melt than the unperturbed solution and those yielding

less melt. Upper and lower error bounds on the melt are then calculated by forming,

independently for each (positive and negative) group, the RMS of the residuals of the

perturbed melt outputs relative to the unperturbed model melt solution. The resulting

(positive and negative) errors thus calculated are not exactly symmetric because the SEB

model is not linear on the perturbed parameters, the small-number statistics involved,

or both. (A fully comprehensive error analysis such as in a Monte Carlo-type simulation

is deemed unnecessary.)

In our analysis the net short wave component is perturbed with the ± 10% value pro-

vided by Kipp & Zonen as the uncertainty for daily totals measured with the CNR1 net

radiometer. However, van den Broeke et al. (2004), testing the same sensor, found the ac-

tual error value to be <5%. The application of maximum perturbation values and the

method of accumulating the errors in each time step leads to a conservative (i.e., large)

error estimate for each time step and for the cumulative melt, with the maximum error

always carried over from one time step to the next.

Energy added to the surface by rainfall is not included due to the lack of a precipitation

record from Helheim Glacier. A sensitivity study using the Tasiilaq rain record was per-

formed, and revealed very low energy fluxes (mean contribution to the energy budget

was∼0.25 W m−2). We therefore do not include this effect, nor do we consider the added

runoff caused by rain water. While the added runoff from rainfall has been shown to af-

fect sliding velocity (e.g., Howat et al., 2008b), applying the Tasiilaq precipitation record

at Helheim Glacier is not justified. Anecdotal field observations show strongly changing

weather conditions over the ∼100 km between the locations.

2.2 Distributed Surface Energy Balance calculations

We distribute the SEB spatially by discretizing the glacier surface in 500 m × 500 m

model cells, and calculating the energy flux available for melt (QM) in each cell. The

distributed SEB model is run for the full periods for which data are available for 2007

and 2008 (days of year 208-235 for 2007, days of year 182-232 for 2008). All cells within

the model domain with altitudes above 1000 m a.s.l., or located on rock outcrops, are

masked to isolate the potential melt area. All cells are assumed snow-free, i.e., not con-

tributing to runoff by way of snow melt. Field observations from early July 2008 (at the

beginning of the data collection, which was earlier than in 2007) support this assump-

tion.
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2.2.1 Digital Elevation Model

Several of the input parameters for the SEB model are altitude dependent. We obtain alti-

tudes for the model cells using a digital elevation model (DEM) of Helheim Glacier con-

structed using the method described in Stearns and Hamilton (2007). We use an ASTER

image acquired on 30 August 2006 and smoothed to 500 m grid spacing, using nearest

neighbor interpolation.

Geolocation information is derived from the satellite ephemeris information contained

in the image header file and has an uncertainty of approximately 50 m. The DEM un-

certainties are a combination of systematic errors and random errors due to satellite

positioning, image acquisition geometry, and atmospheric conditions. Elevations from

GPS point measurements on Helheim Glacier made at the time of the 30 August 2006 im-

age acquisition are used to assess the accuracy of the ASTER DEM (Stearns, 2007). The

absolute elevation error (RMS difference) of the 30 August 2006 DEM is 16.9 m, most

of which is due to a systematic bias in the DEM. When this bias is removed, the RMS

difference drops to 6.5 m.

2.2.2 Albedo

A large component of the total energy budget is the net short wave energy flux, LSW,

which is the sum of the incoming and the reflected short wave radiation. The incoming

component was measured at the AWS and is assumed uniform across the model domain.

The reflected component is determined from multiplication of the incoming component

with the reflectivity (albedo). We acquire daily albedo values for all model cells in the

grid using Moderate Resolution Imaging Spectroradiometer (MODIS) observations. For

2007 and 2008, 44 and 58 scenes are selected from the MOD10A1 Daily Snow Albedo

product (Hall et al., 2007; Hall et al., 2008), respectively. To avoid extrapolation near the

beginning and end of the experiment, scenes from outside the deployment periods are

also included. The selected scenes are re-projected onto an equal-area regular grid for

analysis. Daily values are thus acquired on a cell-by-cell basis. In the case of partly

cloud-covered images, which cause occasional data gaps for one or more cells, values

are linearly interpolated in time from the last known albedo value of the relevant cell.

The longest data gaps are 4-5 consecutive days for the majority of the model domain.

Helheim Glacier exhibits large spatial variations in albedo caused by highly crevassed

areas and melt water lakes. By using the position-specific values from the MODIS pixels

we capture this variation in the model to within a 500 m × 500 m resolution.

Stroeve et al. (2006) evaluated the accuracy of the MOD10A1 albedo product. They found

that in the accumulation zone there was a good correlation with field observations, while
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in the ablation zone, the correlation was somewhat lower. In a few particular instances,

we observe daily differences between MODIS and observed albedo of up to ∼20% with

the MODIS pixel having an unrealistically high value. However, an analysis of albedo

for the cell containing the AWS reveals an average difference between measured and

MODIS derived albedo of only ∼3% for 2007 and ∼6% for 2008 (Figure 3). A possible

source of this offset is the difference in spatial averaging between the point measurement

at the AWS and the 500 m × 500 m MODIS tile. It is unclear why the higher MODIS val-

ues are most pronounced early in the season, although the changing solar angle during

the measurement period may play a role, as discussed by Stroeve et al. (2006). The cor-

relation between the MODIS albedo, interpolated to hourly values, and the ±12 hours-

smoothed albedo measured by the AWS is significant at >95% levels, indicating that the

temporal variation in the signal is captured well.

0.3

0.4

0.5

0.6

0.7

A
lb

e
d
o

180 185 190 195 200 205 210 215 220 225 230 235 240
0.3

0.4

0.5

0.6

0.7

Day of year 2007, 2008

A
lb

e
d
o

Figure 3: (bars) MODIS derived and (curve) measured albedos in (top) 2007 and (bot-
tom) 2008 in the model cell where the AWS was deployed.
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2.2.3 Other parameterizations

The DEM derived altitudes are used to parameterize values of aspirated near surface

air temperature Tasp. We use an adiabatic lapse rate of 6.3 K km−1 based on an average

of June, July and August lapse rates from eight transects along the Greenland Ice Sheet

(Mernild et al., 2008). Values for the roughness length for momentum, z0, have large

variability in the literature. Brock et al. (2006) find values for z0 in the range 0.92-5.47 mm

for an alpine glacier while Munro (1989) finds a value of 2.44–2.48 mm for glacier ice.

Meesters et al. (1997) determine a value of 0.3 mm for a melting Greenland ice surface,

while Greuell and Konzelmann (1994) observe z0=3.2 mm for the Swiss Camp location on

the West Greenland ice sheet. We have no direct knowledge of the spatial or temporal

variation of z0 across Helheim Glacier so instead we calibrate z0 to the value of 4 mm,

which is consistent with cited values and matches the measured and modeled ablation

at the AWS site (see Section 3.1.1).

As in Hock and Holmgren (2005), relative humidity, RH, is assumed homogenous across

the glacier and set to the value measured at the AWS. Given the spatial scale of the

glacier (the total modeled area is ∼515 km2), and the common surface characteristics

(melting ice) in all cells, this assumption should be reasonable. In addition, RH over a

melting ice surface is expected to be close to saturation most of the time, counteracting

large vertical gradients.

Incoming long and short wave radiation is also assumed to be uniform across the model

domain. However, in each time step the incoming short wave radiation for all model

cells is corrected for shading from surrounding topography and surface element az-

imuths facing away from the sun, again based on the DEM.

Wind speed in the model cells is affected by local topography, providing sheltered as

well as exposed areas. Given the topographic variability within the model domain, and

that we only have wind speed observations from one point on the glacier, we opt to

apply a simple, slope- and curvature-dependent parameterization of wind speed as de-

scribed in Liston and Elder (2006). The process adjusts the wind speed in each time step

for all model cells, depending on the wind direction relative to the terrain slope, slope

azimuth, and curvature.

2.3 Stake measurements

During the deployment of GPS receivers, we embedded aluminum stakes into the ice at

each site. The stakes were drilled to a depth of 3 to minimize additional self-drilling.

Exposed stake heights were measured during installation, during a mid-season servic-
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ing visit, and during retrieval. These measurements yield average melt rates over the

periods between observation. In most cases each site had two stakes installed for the

main part of the deployment, providing two values, which we average here.

The accuracy of our observations is significantly lower than with usual stake experi-

ments. This error arises from the field conditions, in particular the tendency of the hol-

low, non-capped aluminum stakes to melt into the hole walls and tilt, effectively lower-

ing the observed melt rate. Moreover, the stake measurements are not from randomly

chosen sites, and are not necessarily representative of the model cell in which they were

placed. Field safety considerations dictated site selection, with the mostly flat, exposed

surfaces contributing to the non-random nature of the stake sites. On a smaller scale,

irregular surface conditions around the stakes also introduce a potential measurement

error. In some cases measured heights for two stakes at the same site yielded melt rates

up to 30% different. Therefore, while we make a quantitative comparison between stake

heights and modeled melt rates, we also assign a relatively high uncertainty of 30% to

the stake data.

2.4 Glacier surface velocity

We deployed a network of 12-22 continuously recording GPS receivers on Helheim

Glacier during the summers of 2007 and 2008 for 54 days and 55 days, respectively.

Dual-frequency Trimble 5700 and NetRS receivers collected data at sampling intervals

of 1-5 seconds. Daily velocities were calculated by fitting a linear model to position

estimates determined kinematically, as described in Nettles et al. (2008). Each season’s

network extended over the length of the glacier trunk, including locations within a few

km of the calving front (Figure 1).

For this study, several processing steps are performed on the daily velocity time se-

ries for 2007 and 2008. The largest changes in daily glacier velocity are associated with

glacial earthquakes (Nettles et al., 2008), and appear in the record as step-like increases

in velocity on the days of the earthquakes. In order to assess the influence of melt, we

subtract this increase (i.e., the velocity difference between the day of the earthquake and

the next) from all days following an earthquake in the GPS velocity record. We then

remove the mean, and a single, best-fitting linear trend from the timeseries for each

GPS station; the latter accounts approximately for the effects of advection of the station

through the glacier flow field. While more sophisticated techniques could be employed

for de-trending the data (e.g. Amundson et al., 2008) this simple method is adequate for

our current analysis.

For the dates on which maintenance visits occurred, we substitute the average speed
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from the days before and after to avoid incorporating artificial antenna displacements.

In cases of data gaps, we assign the mean station velocity of the season. Uncertainties

for the velocity estimates are approximately 0.1 m d−1 (Nettles et al., 2008).

To simplify our analysis, we distinguish between stations near the front (downstream)

and those farther upstream. A cross correlation of daily velocity estimates between 2007

front stations IS25, IS35, IS36, IS38, and IS39 (see map in Figure 1a) demonstrates suf-

ficient similarity between records that we can select one station record as representa-

tive of this area. An average correlation coefficient of 0.78 (significant at the 95% level

or higher) is found when correlating IS25 with IS35, IS36, IS38, and IS39 respectively.

Therefore, IS25 is picked as representative for the front stations, since it has the longest

record. A similar spatial pattern is observed for 2008, where we find average correlation

coefficients of 0.97 when correlating the front station IS41 with IS42, IS43, IS44, and IS47.

Hence, IS41 is picked as representative for front velocity behavior for 2008.

Unlike the downstream stations, melt records from upstream stations (2007: IS27, IS28,

IS29, IS30, IS31; 2008: IS51, IS53, IS61, IS62) are somewhat dissimilar (not shown), per-

haps due to their larger altitude difference. Therefore, individual stations of interest are

selected for comparison with the melt signal.

3 Results

3.1 Validation of SEB model

To evaluate the SEB model, in this section we first analyze the atmospheric conditions

and melt at the AWS site, and then compare the SEB melt rates with in situ, stake-based

measurements of ablation.

3.1.1 Meteorological conditions and melt at the AWS site

Values measured at the AWS show many similarities between 2007 and 2008, and some

notable differences (Figure 2). The relative humidity measured in 2007 exhibits a daily

cycle that is not evident in 2008, except in days 193-198 with a somewhat lower am-

plitude. The wind speed is comparable for the two years and aspirated temperatures

are also similar for both years, even though the 2007 temperature record was synthe-

sized, not observed, as described above in section 2.1.1. The net short wave radiation is

slightly higher in 2007 than 2008, indicating more frequent clear skies. Measurements of

net short wave radiation from both years follow the expected daily cycle. Amplitudes
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of 2007 net long wave radiation resemble those observed in 2008.

In 2008 an anomaly occurrs on day 204, lasting for 17 hours (0100-1800 UTC). During

this period, the hourly averaged wind speed reaches ∼15 m s−1. Low relative humidity

values and the lowest aspirated air temperatures of the 2008 experiment were recorded

during this time interval, indicating a katabatic wind event. The mean wind direction

during this period is 315 ◦, which is not an anomaly, but supports this interpretation.

During this event, the large scale atmospheric forcing was most likely aligned with the

common katabatic force, favoring stronger winds than usual within the period. No sim-

ilar events were observed for 2007.

The average daily energy fluxes calculated from the SEB for the AWS site in 2008 are

shown in Figure 4. The katabatic wind event on day 204 is clearly seen in the sensible

and latent heat fluxes. There is a strong increase in sensible heat flux as a consequence

of above average wind speed, and the latent heat flux drops due to the lower humidity

gradient over the surface. In spite of high net short wave and sensible heat fluxes, melt

is generally low during this event, since the positive fluxes are balanced by the strongly

negative latent heat flux.

The net short wave flux is a large component in the flux budget (Figure 4) so it is not

unexpected that the available melt energy flux QM is closely correlated with the net

short wave radiative flux LSW. Maximum melt in 2008 occurs on day 212 after a period

of four days with increasing melt.

A total ablation of 1.59 m is modeled at the AWS site for 2008 over the ∼50 days of

observation. For 2007 the total modeled melt for the 27 day deployment is 0.89 m. Con-

sidering only the days of year where the two records overlap, this yields similar melt

rates for the two years of ∼3.2 cm d−1.

The SEB model’s performance in the grid cell occupied by the AWS in 2008 is shown

in Figure 5. The choice of z0 = 4 mm described in section 2.2.3 minimizes the average

difference between measured and modeled ablation, but does not change the shape of

the melt curve. The shapes of the melt curves match well, indicating satisfactory perfor-

mance in capturing changes in melt rates over the season. Panel (b) in Figure 5 shows

the difference between modeled and measured melt throughout the 2008 deployment.

The largest difference occurs on day 222, when the observed ablation was ∼4 cm higher

than the modeled amount. The average difference throughout the deployment is 0.5 cm.
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Figure 4: Daily average surface energy fluxes in 2008 at the AWS site for (blue) sensi-
ble heat, (purple) latent heat, (black) subsurface heat, (green) net short wave radiation,
(brown) net long wave radiation, and (red, bold) total energy flux available for melt.
(See Eq. 1).

3.1.2 Comparison between modeled melt and stake measurements

In 2007, the modeled melt is 0.89 m at the location of the AWS (Figure 5). To measure

ablation over the same period, we combined two measurements of ice-surface height

relative to the structure of the AWS. The first measurement is an estimate made from

photographs of the AWS taken at the time of its deployment. The second is a distance

measurement from the AWS sonic ranger obtained at the end of the occupation, on day

of year 235 (i.e., 23 August 2007). Unfortunately, the sonic ranger record is missing,

except for that day, due to instrument malfunction. Figure 5 shows that the measured

ablation (0.85±0.15 m) is consistent with the modeled ablation, 0.89 m. The large uncer-

tainty quoted is due to having resorted to using photographs, which are of significantly

lower precision than the sonic ranger. The 2008 sonic ranger record is complete and also

plotted in Figure 5 together with one independent stake measurement, made on a field

visit on day 213. Bias relative to the stake measurements in both years is consistent, i.e.,

positive but within the error bars.
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Figure 5: (a) Ablation at model cell corresponding to AWS location. Cumulative ablation
for (red) 2008, as calculated by the model, (blue) ablation measured, 2008, by the sonic
ranger. Curves are very similar and overlie each other. Black dot with ±10 cm errorbar
is an independent stake measurement of ablation made on a field visit on day 213, 2008.
The jagged nature of the measured data plot around days 217-223, 2008, is suspected to
result from thermal or wind effects on the sensor. Black curve is cumulative ablation
for 2007 as calculated by the model. Blue dot with ±15 cm error bar is the only existing
automatic sonic ranger measurement. The error bar is the error on the initial mounting
height of the sensor at deployment time, 2007, as estimated from photos of the AWS.
Shaded area is propagated uncertainty determined by perturbing all measured param-
eters with uncertainty values provided by instrument manufacturers (see Section 2.1.2).
(b) Difference between cumulative measured and modeled melt as a function of time,
2008. Note the change in scale.
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We now evaluate the ability of the SEB model to capture spatial variation across Hel-

heim Glacier by comparing modeled melt rates to stake measurements made at the sites

occupied by GPS receivers. This comparison focuses on 19 GPS station locations of the

2008 data set, since the AWS record from that year is more complete than that from 2007.

The average measured melt rate at the 19 locations is 3.3±1 cm d−1. The relatively large

uncertainty associated with the measured melt rates is discussed in section 2.3. Figure 6

shows the modeled and observed melt rates at the 19 sites. Of the 19 sites, observed melt

rates at 11 sites are consistent with the modeled melt rates in the same locations within

the assigned error. Interestingly, the remaining eight sites (plotted in red) are clustered

at low elevation where we expect self-drilling to be most prevalent. The horizontal er-

ror bars (i.e., those associated with the modeled melt rates) show the mean of the daily

errors calculated as per the error analysis described in Section 2.1.2. The errors on the

modeled melt rates are within ±13% of the unperturbed model solution.

3.2 Spatial distribution of surface melt

To investigate the model’s ability to capture local variations in melt, separate records

are extracted for the grid cells within which the GPS data were recorded. The average

positions of each GPS receiver during the deployment are used to identify these cells,

which are located both up- and downstream of the AWS.

3.2.1 Integrated melt

Figure 7 shows the 2007 and 2008 results for the distributed grid, plotted as average melt

rates in millimeters per day, water equivalent (mm d−1 w.e.). Helheim Glacier exhibits a

large altitudinal gradient in melt. Mean melt in the front area is ∼63-77% higher than at

the upper sites, with average melt rates of 39 mm d−1 w.e. and 41 mm d−1 w.e. for 2007

and 2008, respectively, over the whole deployment period.

Selected results of the 2007 model run are shown in Figure 8. Figure 8a shows, for the

area in Figure 7a, the temporal variation in total melt over the model region (“07Inte-

grated”) both in absolute daily volumes and relative to a mean of 1.5× 107 m3 d−1 w.e.

Two distinct periods of increasing melt followed by an abrupt termination are evident,

one from day 213 to 217 and one from 220 to 223. Near the end of the deployment pe-

riod, two single days of large negative deviations from the mean occur on days 230 and

232.

Day-to-day variations in melt in 2008 (relative to the mean for the integrated melt over

the model domain, 1.4 × 107m3 d−1 w.e.) are as much as +68% and -64% (melt record
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Figure 6: Comparison between measured and modeled melt rates in the model cells
where stake measurements were made in 2008. Errors of 30% of the individual measure-
ments are assigned to the stake measurements to account for local variability. Horizontal
error bars are errors calculated from the perturbation analysis described in Section 2.1.2.
Black line traces the values where modeled and observed melt rates are equal. Modeled
melt rates that are not statistically consistent with the observed melt rates are plotted
with red diamonds. All stations in this group are located in the front cluster, the area
where we expect self-drilling to be most prevalent.
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Figure 7: (a) Days of year 208-235, 2007. (b) Days of year 182-232, 2008. Black dot indi-
cates position of AWS. Geographic coordinates designate model gridpoint intersections
with ticks for every 10 model cells in each direction. Error in estimated values is typically
±11-13% (see Section 3.2.1).

“08Integrated” shown in Figure 9a). A period with small variations around the mean

lasts from the beginning of the deployment until day 210. A clear build-up and peak in

melting then occurs from day 210 to 219, peaking at day 212. The peak on day 212 (68%

higher than the mean) is the highest daily melt in the deployment. This is followed by a

period of below-average melt, lasting until the end of the time series.

The assigned error bars in Figures 8a and 9a are averages of the daily errors determined

at the 16 specific sites for 2007 and 19 sites for 2008, calculated as a percentage of the

average daily melt at these sites. The means of this percentage (i.e., the error) are ±11%

and ±13%, for 2007 and 2008 respectively.
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Figure 8: Melt in absolute quantities (white bars) with error bars calculated from the
sensitivity analysis (see Section 2.1.2), and melt relative to mean (black bars), 2007. (a)
Integrated melt over entire model domain (record 07Integrated), with mean value 1.5 x
107 m3 d−1 w.e. (b) Melt calculated in upstream model cell containing average position
of GPS station IS30 (record 07upstream), with mean value 24.8 mm d−1 w.e. (c) Melt
calculated in downstream model cell containing average position of GPS station IS35
(record 07downstream), with mean value 39.3 mm d−1 w.e.

3.2.2 Local melt records

For 2007 and 2008, we consider a number of local melt records corresponding to the

grid cells containing the average position of a given GPS receiver throughout the de-

ployment. We select locations both up- and downstream (2007: IS30 and IS35, respec-

tively; 2008: IS53 and IS42, respectively) (Figure 1). The corresponding melt estimates

are “07upstream”, “07downstream”, “08upstream”, and “08downstream”, respectively.

For model calibration purposes, we also calculate a melt record for the model cell con-

taining the AWS, termed “08AWS”.

Figures 8b and 8c show melt records 07upstream and 07downstream, which overall are

quite similar. Melt fluctuations from the mean are slightly larger in the 07downstream

record with a maximum deviation from the mean of 58%, while the upstream maximum

is 55%. Other subtle differences are also evident in the records. For example, melt in-

creases strongly from day 214 to 215 upglacier, while no change (within error bars) is

observed at the front during the same time period.
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Figure 9: Melt in absolute quantities (white bars) with error bars calculated from the
sensitivity analysis (see Section 2.1.2), and melt relative to mean (black bars), 2008. (a)
Integrated melt over entire model domain (record 08Integrated), with mean value 1.4 x
107 m3 d−1 w.e. (b) Melt calculated in upstream model cell containing average position
of GPS station IS53 (record 08upstream), with mean value 23.1 mm d−1 w.e. (c) Melt
calculated in downstream model cell containing average position of GPS station IS42
(record 08downstream), with mean value 41 mm d−1 w.e.

Similar characteristics are also noted in the 2008 upstream and downstream melt records

(Figures 9b and 9c). Here, smaller-scale differences are also apparent. For example, the

peak melting occurs two days earlier (day 212) at the downstream site compared to the

upstream site (day 214).

In general, for both years, the pattern of melt calculated at specific locations resembles

the pattern seen in the total melt across the glacier.

Mean daily errors upstream are −3.1 and +3.3 mm w.e. for 2007 and −3.4 and +3.5 mm

w.e. for 2008 (Figures 8b and 9b), corresponding to approximately ±13% and ±15% of

mean melt in the upstream locations, respectively. Mean daily errors downstream are

−4.3 and +4.4 mm w.e. for 2007 and −5.3 and +5.0 mm w.e. for 2008 (Figures 8c and

9c), corresponding to ±11% and ±13% of mean downstream melt, respectively.

76



3.3 Comparison of melt rates and ice speed variations

We investigate the potential effect of runoff on flow speed through statistical analyses of

the modeled melt records and the observed surface velocities. For 2007 and 2008 we per-

form local cross-correlation analyses of upstream melt estimates (07upstream/08upstream)

with upstream velocity records, and the downstream melt estimates (07downstream/08downstream)

with downstream velocity records. We also correlate estimates of the total melt, in-

tegrated across the entire model domain (07Integrated/08Integrated) to the front area

velocities. Finally, we perform a similar analysis using the estimated 2008 melt record

from the AWS site (08AWS) since the AWS was co-located with a GPS receiver to within

20 m.

In a qualitative sense, we observe that when the melt is above the mean, the velocity also

tends to be above the mean, as can be seen in the top two panels of Figures 10 and 11.

This pattern is borne out quantitatively by the results of the cross-correlation analysis.

3.3.1 Summer of 2007

Figure 10a shows the temporal variation of the integrated surface melt record (07Inte-

grated, in blue), the upstream record (07upstream, in red), and the downstream record

(07downstream, in green) with respect to mean values of 1.5×107 m3 d−1 w.e., 24.8 mm

d−1 w.e., and 39.3 mm d−1 w.e., respectively (see Figure 7). To facilitate comparison

between signals, melt variations in the figure are normalized relative to the maximum

amplitude in each zero-mean time series. Figure 10b shows the temporal variation of

GPS-derived ice velocity for three representative glacier sites (blue for the downstream

trunk, green for the front, and red for the upstream sites). Speeds are shown as devia-

tions from the mean, which are 15.6, 23.2, and 12.9 m d−1, respectively. Figure 10c shows

correlation coefficients for several values centered around zero lag between matching

pairs, that is, between the 07Integrated melt and the ice speed of the frontal station, the

07downstream melt and the speed of the downstream station, and 07upstream melt and

the upstream station speed.

The largest correlation coefficients r that result from testing these records for the effect

of surface melt on ice speed variations are r=0.68, 0.42, and 0.42, respectively. The cor-

relation coefficients for all three cases peak when the velocity is delayed by one day

relative to surface melt. (There is a secondary, local maximum at negative delays for the

07upstream/upstream correlation. However, correlation values at negative time delays,

which are included for completeness, have no physical meaning.) To evaluate the statis-

tical significance of these correlation values, we first calculate autocorrelation functions

for surface melt variations and speed variations to assess the degree of independence,
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or randomness, of those samples. These tests reveal a decorrelation time of two days;

we define decorrelation time as the lag beyond which the autocorrelation function falls

within the values of a normally-distributed function at the 95% confidence limit. There-

fore, we reduce the degrees of freedom available to calculate significance from 27, the

total number of samples, to 13. The p-values for the three correlation coefficients, using

13 degrees of freedom and a one-tailed test (warranted by the hypothesis that ice veloc-

ity does not affect surface melt), are p=0.0068, 0.0595, and 0.0595, respectively, indicating

significant correlations for all three comparisons at >90% levels (IS25, IS30, and IS35),

and >99% levels for the comparison involving the integrated melt and ice speed of the

downstream trunk area (IS25).

3.3.2 Summer of 2008

Results for the summer of 2008 are consistent with those of 2007. Figure 11 shows sur-

face melt variations (panel a), ice velocity variations (panel b), and the correlation values

(panel c) for the comparison of melt records with their respective velocity records. There

is a maximum positive correlation coefficient of r=0.57 in the 08Integrated/front area

station comparison. As in 2007, the maximum correlation coefficient peak occurs when

the velocity signal lags the melt signal by one day. The local comparisons yield corre-

lation coefficients of r=0.53 for 08downstream/downstream station and r=0.11 for the

08AWS/AWS station, also with a one-day delay producing the highest r-value. While

notably smaller than at the sites on the lower glacier, there is also a distinguishable peak

around this coefficient where the surrounding correlation coefficients (±1 day relative

to the peak) are r=-0.09 and r=-0.05, respectively. In the 08upstream/upstream station

correlation, an r-value of 0.46 occurs with a one-day delay, consistent with the results at

the front of the glacier.

As in the 2007 records, the autocorrelations of surface melt and ice velocity signals yield

a decorrelation time of two days, or a total of ∼24 degrees of freedom for the N=49 data

points (days) in the original records. Since the resulting p-values for the comparisons

discussed above are p = 0.0012, p = 0.0027, p = 0.2963, and p = 0.009, respectively, they

reveal correlation coefficients for a one-day delay that are all statistically significant on

>99% levels for all but the 08AWS/AWS velocity record comparison.

4 Discussion

In general, melt/velocity correlation coefficients are comparable for the two years of

observation. All comparisons in 2007 and 2008 yield the highest correlation coefficients
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Figure 10: Comparisons of melt and velocity, 2007: (a) Melt signals 07Integrated,
07downstream, and 07upstream. All signals are plotted as deviation from mean and
normalized relative to maximum amplitude for comparison. (b) Deviations from mean
measured surface speed at downstream GPS site 1 (IS25), downstream GPS site 2 (IS35),
and upstream GPS site (IS30) in %. (c) Correlation coefficients for comparisons 07In-
tegrated/downstream 1, 07downstream/downstream 2, and 07upstream/upstream.
Dashed line is critical r value (r = 0.51) for significance at the 95% level, dotted line
is critical r value (r = 0.35) for significance at the 90% level. Both with 13 degrees of
freedom, one-tailed distribution.
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Figure 11: Comparisons of melt and velocity, 2008: (a) Melt signals 08Integrated,
08downstream, 08AWS, and 08upstream. All signals are plotted as deviation from mean
and normalized relative to maximum amplitude for comparison. (b) Deviations from
mean measured surface speed at downstream GPS site 1 (IS41), downstream GPS site
2 (IS42), AWS GPS site (IS51), and upstream GPS site (IS53) in %. (c) Correlation co-
efficients for comparisons 08Integrated/downstream 1, 08downstream/downstream 2,
08AWS/AWS, and 08upstream/upstream. Dashed line is critical r value (r = 0.33) for
significance at the 95% level, dotted line is critical r value (r = 0.26) for significance at
the 90% level. Both with 24 degrees of freedom, one-tailed distribution.
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when the velocity is delayed one day relative to the melt signal. Adjacent correlation

values are significantly smaller, indicative of a well-peaked correlation function. We note

that the 2007 melt data are calculated using a synthetic temperature record which is only

half the length of the 2008 record, potentially influencing the correlation values. That

the one day optimal delay is seen everywhere may be related to the overall coherence of

the ice body. However, the stronger correlations observed lower on the glacier suggest

some spatial dependence in the glacier response to runoff. For all comparisons, except

the 08AWS/AWS velocity record, we see a statistically significant correlation at the 90%

level or above (for 2008, 99% levels). We therefore reject the null hypothesis that melt

does not have any effect on ice velocity, keeping in mind that even significant correlation

does not imply causation.

For both 2007 and 2008, the highest r-values result from correlating the integrated daily

melt signal with the velocity records representative of the glacier front area. The strong

correlation near the front, especially for 2008, suggests that melt affects velocity behavior

in a direct way in this area. If the correlation coefficient can be interpreted as a measure

of the strength of the effect of melt on velocity, our results indicate that this effect is

stronger near the front of the glacier than farther upstream. There are several reasons

this may be the case. The front of Helheim Glacier is heavily crevassed because of high

strain rates (∼0.5 yr−1). We suggest that the strain rate field creates conditions favorable

for the rapid transit of runoff from the surface to the bed. This region of the glacier is near

flotation (de Juan et al., 2010) and is probably sensitive to additional surface meltwater

perturbing the already high basal water pressure. Conversely, we see lower correlation

values in the areas where the surface velocities are slower, for example by stations IS51

and IS53, 2008 (Figure 1b). The station farthest upstream, IS53, has a higher average ve-

locity than the station downstream of it, IS51, indicating the existence of a compression

zone between the two sites. The correlation of the melt and the velocity signals is lower

at IS51 (AWS site) than at any other site considered in 2008. We note, however, that the

up-glacier sites are at higher altitudes where less melt is generated, possibly limiting the

effect of basal lubrication.

With our daily time resolution of the velocity record, our results point to a transit time

of 12-36 hours from generation of melt at the surface to an effect is observed in the

displacement record. In this interval we expect the time lag to be closer to 12 hours than

36 hours, which is still longer than the response times found on the ice-sheet flank by,

e.g., Shepherd et al. (2009).

The full range of velocity variations for the timeseries shown in Figures 10 and 11, after

the effects of glacial earthquakes and advection have been removed, is about +3% to

−5.5%, with typical variations of about ±2%. For the 2% case, the corresponding abso-

lute velocity variations range from about 0.2–0.5 m d−1, or∼70–180 m yr−1. Joughin et al.
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(2008b) find melt water-induced velocity variations on West Greenland outlet glaciers

(Jakobshavn Isbræ and a number of smaller, marine terminating glaciers in this region),

determined in 24-day averages, to be about half this large. For the purposes of compari-

son, we produce 29, 24-day running averages for our daily 2008 time series centered on

days July 10 - August 7 (days of year 192-220). We use station IS41, close to the glacier

front, for the comparison: this station has a mean daily velocity of 18.4 m d−1 after cor-

rections for glacial earthquakes and advection have been applied. The 24-day averaging

naturally smoothes day-to-day variations and yields a peak difference between the sea-

sonal mean speed and the highest 24-day average speed of ∼1%, corresponding to a

variability of ∼55 m yr−1, i.e., within the 51-77 m yr−1 reported by Joughin et al. (2008b)

in West Greenland. We therefore believe our results to be generally in good agreement

with those of Joughin et al. (2008b), and note that daily variations in speed due to runoff

do not differ dramatically in amplitude from the seasonal.

Our knowledge of Helheim Glacier’s water budget is incomplete because no record of

discharge exists. We also lack information on basal water pressures and storage times,

data usually acquired by drilling to the bed or through dye-tracing experiments (e.g.,

Kamb et al., 1985). It is therefore not possible at this point to determine if Helheim’s

subglacial hydrology is dominated by a low-pressure tunnel system, a system of dis-

tributed linked cavities and small channels, or both (see, e.g., Kamb et al., 1985; Kamb,

1987; Bjornsson, 1998; Bartholomaus et al., 2008).

Above-normal runoff due to surface melt near the front of the glacier can have an ef-

fect in filling crevasses and accelerating calving processes, causing accelerations of the

glacier trunk, as described by Sohn et al. (1998). Enhanced calving by hydro-fracturing

has been modeled by Benn et al. (2007). As demonstrated by Nettles et al. (2008), the

glacier dynamics observed in the GPS signals are modulated partly by calving at the

front, coeval with glacial earthquakes. We observe that, of the seismic events occurring

within the period of melt calculation in 2007, two occur on day 225, two days after the

maximum melt observed. The same pattern is seen in 2008, when on day 214 two glacial

earthquakes were detected, again two days after a period of strong melt water produc-

tion. This suggests a relationship between melt output and calving. However, in 2008,

a glacial earthquake also occurred on day 232 following several days of below mean

melt. The relatively short time series used and the small sample size in this study is thus

insufficient to test this intriguing hypothesis.
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5 Conclusions

We have developed a distributed surface energy balance model for Helheim Glacier and

validated it against field observations for 2008. The model was run over a period of 27

full days for 2007 and 49 full days for 2008 to estimate daily runoff from surface melt

over the snow-free part of the glacier (i.e., below 1000 m a.s.l). The calibrated model

performed well and produced results in agreement with ablation observations made at

an AWS on the glacier.

Estimated melt rates are similar for both years. Average modeled melt rates for the

grid cell containing the AWS were 3.2 cm d−1 (∼29.0 mm d−1 w.e.) for 2007 and 2008.

Average melt rates for the frontal area of the glacier are 4.44 cm d−1 (40.7 mm d−1 w.e.)

and 4.36 cm d−1 (40.0 mm d−1 w.e.) for 2007 and 2008, respectively. Up-glacier of the

AWS, modeled melt rates are 2.42 cm d−1 (22.2 mm d−1 w.e.) in 2007 and 2.24 cm d−1

(20.5 mm d−1 w.e.) in 2008 for the entire deployment periods. The slightly lower melt

rates in 2008 are mainly due to the time series starting earlier in the melt season when

melt rates were lower.

The melt signal at Helheim has a large altitudinal gradient, which can partly be ascribed

to the elevation difference of ∼900 m between the glacier front and the upglacier part

of the catchment. Variations in albedo also contribute to the spatial differences in melt,

with the lower, heavily crevassed reaches of the glacier having lower albedo.

Total melt output and model results from selected cells are correlated with observations

of speed from GPS network deployments on Helheim Glacier in 2007 and 2008. The

highest correlations occur for locations near the front of the glacier in both years. For all

comparisons but one, we find that the correlations are significant at >90% levels. For

both years, 12-36 hour delays between melt water generation at the surface and glacier

speed increases are found. We suggest that the lower bound of this interval represents

the transition time for runoff to travel from the surface to the bed of the glacier, while

acknowledging that our 1-day temporal resolution may influence this interpretation.

Our results indicate a dependence of ice velocity on runoff variations at a fast flowing

outlet glacier. The effect is larger near the front of the glacier where melt rates are higher.

We argue that part of the spatial dependence of this effect is caused by the difference in

the magnitude of the melt water flux. However, we also speculate that the enhanced

response near the front results from this region having a better hydraulic connection to

the bed, thereby supplying additional water at a faster rate. Moreover, a large fraction of

the generated runoff from the entire catchment is expected to be routed under the frontal

area of the glacier, possibly causing a cumulative dynamic effect.

While large accelerations, primarily at the front of the glacier, are governed by calving
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dynamics (e.g., Nettles et al., 2008), it is clear from this study that variations in runoff

volume contribute to the velocity behavior of Helheim Glacier. Temporally coincident

large melt fluxes and calving events suggest that basal water lubrication might bring the

glacier into a calving-prone state, but further research is required to test this hypothesis.
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Abstract

The flow speed of Greenland outlet glaciers is governed by several factors, the rel-

ative importance of which is poorly understood. The delivery of surface-generated

melt water to the bed of alpine glaciers has been shown to influence glacier flow

speed when the volume of water is sufficient to increase basal fluid pressure and

hence basal lubrication. While this effect has also been demonstrated on the Green-

land ice-sheet margin, little is known about the influence of surface melting on the

large, marine-terminating outlet glaciers that drain the ice sheet. Previously, we

demonstrated a correlation between variations in glacier flow speed and melt-water

input at Helheim Glacier, East Greenland. Here, we use a validated model of melt-

water input and GPS-derived surface velocities to quantify the sensitivity of glacier

flow speed to changes in surface melt at Helheim Glacier during two summer sea-

sons (2007 and 2008). We find relative changes in glacier speed due to melt-water

input to be small, with variations of ∼45% in melt producing changes in velocity

of ∼2-4%. These velocity variations are, however, of similar absolute magnitude

to those observed at smaller glaciers and on the ice-sheet margin. We find that the

glacier’s sensitivity to variations in melt-water input decreases approximately ex-

ponentially with distance from the calving front. Sensitivity to melt varies with

time, but generally increases as the melt season progresses. By analogy with better-

studied glacial systems, we interpret the time-varying sensitivity of glacier flow to
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melt-water input to result from changes in subglacial hydraulic routing caused by

the changing volume of melt-water input.

Introduction

Multiple observational and modeling studies show that the Greenland Ice Sheet is losing

mass (e.g., Van den Broeke et al., 2008; Rignot et al., 2008; Velicogna and Wahr, 2006; Chen

et al., 2006; Luthcke et al., 2006). In current estimates of the mass budget of the ice sheet,

drainage in the form of iceberg calving from the termini of outlet glaciers accounts for

approximately 50% of the total mass loss (Van den Broeke et al., 2008; Rignot et al., 2008;

Krabill et al., 2004). Modeling and prediction of this calving flux is complex and has

not yet been fully accomplished, though understanding controls on dynamic ice loss is

critical for improved predictions of sea-level rise and ice-sheet drawdown.

The ice volume drained through Greenland’s outlet glaciers is related to their flow speed.

Controls on rapid changes in glacier flow speed are only beginning to be understood.

It is now clear that the flow velocity of Greenland’s large, marine-terminating outlet

glaciers responds to ice loss at the glacier terminus on interannual (e.g., Howat et al.,

2005), seasonal (e.g., Joughin et al., 2008a), and shorter (Amundson et al., 2008; Nettles

et al., 2008) timescales.

A number of studies conducted on the margin of the West Greenland ice sheet sug-

gest that variations in surface melting also play an important role in modulating sliding

speed and controlling observed surface velocities. Near Swiss Camp, north of Jakob-

shavn Isbræ, Zwally et al. (2002) observed acceleration of ice flow associated with sum-

mer melting, and Van de Wal et al. (2008) observed speed variations of up to 30% along

the K-transect near Kangerlussuaq during 2005–2006. Similarly, Shepherd et al. (2009)

found flow-speed increases on the ice sheet of up to 35% per positive degree day in

the same area. On the land-terminating Russell Glacier, Bartholomew et al. (2010) ob-

served summer surface velocities as much as 220% faster than the ∼100 m yr−1 winter

background speed in association with peaks in local temperature. Similarly large effects

have been observed on alpine glaciers (e.g., Iken and Bindschadler, 1986; Anderson et al.,

2004) and tidewater glaciers outside Greenland (e.g., Meier et al., 1994; Kamb et al., 1994).

A suggested mechanism for such increases in flow speed is the drainage of surface melt

water to the ice-rock interface via fracture propagation (Van der Veen, 2007), leading to

enhanced basal sliding (Zwally et al., 2002; Fountain et al., 2005; Das et al., 2008).

Less is known about the response of Greenland’s large, fast-flowing outlet glaciers to

changes in melt-water input. Using both remote sensing and field-based techniques for

analysis of the ice-sheet margin and several outlet glaciers, Joughin et al. (2008b) found
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seasonal accelerations of 50–100% on the ice sheet, with fractionally smaller variations

of 9–14% on the outlet glaciers. However, Joughin et al. (2008b) treated the outlet glaciers

en masse, and did not separate calving-related and melt-related accelerations. Few data

have been available from individual large glaciers, and little is therefore known about

spatial or temporal variability in the influence of melt on flow speed at these glaciers.

Understanding this response, and its relative and absolute contributions to increased ice-

discharge rates, is important for developing a more complete picture of the ice sheet’s

likely response to changes in environmental conditions.

Andersen et al. (2010) used a large, interdisciplinary data set to demonstrate a correlation

between variations in melt-water production and the flow speed of Helheim Glacier, a

large, marine-terminating outlet glacier in East Greenland. Here, we expand on that

analysis to investigate the magnitude and temporal and spatial variability of Helheim

Glacier’s sensitivity to changes in melt-water input.

Data

During the summers of 2007 and 2008 we collected several geophysical data sets at and

around Helheim Glacier, including GPS measurements of glacier surface position and

meteorological observations at an automatic weather station (AWS) on the glacier. We

also recorded time-lapse photographs of the glacier front and water-level variations in

the glacial fjord. This combination of data sets allows us to assess the spatially and

temporally varying influence of melt on flow speed.

Glacier surface velocity

We deployed a network of 12-22 continuously recording GPS receivers on Helheim

Glacier during the summers of 2007 and 2008, for 54 days and 55 days, respectively

(Figure 1). The networks extended from within a few km of the calving front to ∼25 km

upstream along the flow line. Daily velocities were calculated by fitting a linear model

to position estimates determined kinematically at 15 s intervals, as described in Nettles

et al. (2008). The velocity estimates have uncertainties of approximately 0.1 m d−1.

The loss of ice from the glacier terminus during large-scale calving events has been

shown to change the flow speed by as much as 20% at Helheim Glacier (Nettles et al.,

2008) and elsewhere (Amundson et al., 2008). The effect of calving events on glacier speed

must therefore be quantified and removed from the velocity signals in order to study the

effect of melt on speed variations. The largest changes in daily glacier velocity are asso-
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ciated with calving events for which glacial earthquakes are detected (see Nettles et al.,

2008) and these changes appear in the velocity record as step-like offsets. To identify

the times at which calving-related velocity offsets may occur, we use the list of glacial

earthquakes from Nettles et al. (2008) for events in 2007, and a list of events for 2008 iden-

tified in a similar manner, using the algorithm of Ekström (2006). In 2008, we identify

two M∼4.8 seismic events at Helheim Glacier on day 214 and one event of M∼4.7 on

day 232, as well as several smaller events (Figure 2).

Some calving-related velocity increases observed by Amundson et al. (2008) were not as-

sociated with glacial-earthquake detections (Nettles and Ekström, 2010). In 2008, we made

observations of calving events using a time-lapse camera mounted on the northern wall

of the Helheim fjord. The camera was configured to record images automatically every

four minutes. Major calving events were identified by visual inspection (Hamilton et al.,

2008), and we assume an uncertainty of ±30 minutes on the timing of these events due

to their finite duration.

We also deployed a tide gauge to monitor variations in water level, sampling at one-

minute intervals. The instrument was installed at an island in the fjord, approximately

25 km from the calving front. Calving events at the glacier front produce tsunami signals

in the tide-gauge record, which we use to verify our visual and seismic detections of

major calving events.

The combined calving data set for 2008 that we use to correct the velocity signal for

calving-related velocity changes is shown in Figure 2, with the detected glacial earth-

quakes marked with red lines, the calving events observed from the photographs marked

with black lines, and the tide gauge data bandpass filtered from 200-4000 s in blue.

Smaller arrivals in the tide-gauge record not associated with detected calving events

are assumed to be caused by icebergs rolling or breaking into several pieces, thereby

causing disturbances in the water level. For the year 2007 we do not have time-lapse

photography available, and we therefore use only the seismic detections from Nettles

et al. (2008). Considering the simultaneous occurrence of events in all three 2008 data

sets, we do not expect the lack of photographic data to have a significant effect on the

2007 results.

In order to assess the influence of melt, independent of the calving-related velocity

changes, we subtract the offsets caused by the calving events from the GPS velocity

record for all days subsequent to each event. For events occurring later than 18:00 UTC

on a given day, the coincident velocity increase is primarily reflected in the estimated

velocity on the following day. In this case, subsequent days were therefore corrected

with the difference between the current and the next day’s velocities. For events occur-

ring earlier than 18:00 UTC, the correction of all subsequent days is made with the speed

difference between the day of the event and the previous day.
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Following correction for calving-related velocity jumps, we remove the mean and a sin-

gle, best-fitting trend from the time series for each GPS station; the latter accounts ap-

proximately for the effects of advection of the station through the glacier flow field. In

addition, for the dates on which maintenance visits were made to the stations, causing

artificial displacements of the antennas, the average of the previous day’s and the next

day’s speeds is assigned. For data gaps, values are linearly interpolated between the end

points of the gap.

In the following analysis we assume that other external controls on the glacier flow ve-

locity are negligible. For example, the ocean tides have been shown to affect the flow

speed of the glacier on sub-daily time scales (de Juan et al., 2010), but their effect on esti-

mates of daily average velocities is small.

Figure 3 shows the resulting corrections for station IS25 (2007), as an example. In the

remainder of this work, we refer to the velocity time series corrected in this manner as

‘calving-corrected’ velocity records. No large changes in flow azimuth are associated

with the changes in speed we observe, and we therefore use the terms ‘speed’ and ‘ve-

locity’ interchangeably throughout this study.

Melt records

We estimated the melt history at each station location using a distributed surface-energy-

balance model (SEB) of Helheim Glacier (Andersen et al., 2010). The SEB model was

driven by observations from an automatic weather station (AWS) operated on the glacier

trunk for 27 and 49 days in 2007 and 2008, respectively (Figure 1). The AWS recorded

standard meteorological parameters, with which melt-water production at the surface

was estimated. To distribute the model from one point to the entire glacier, we used

a 2006 digital elevation model derived from an Advanced Spaceborne Thermal Emis-

sion and Reflection Radiometer (ASTER) image (Stearns, 2007) and the MOD10A1 Daily

Snow Albedo product derived from Moderate Resolution Imaging Spectroradiometer

(MODIS) observations (Hall et al., 2007; Hall et al., 2008). The model area was ∼515 km2

and comprised model cells on ice with elevations <1000 m above sea level. Further

details are given in Andersen et al. (2010).

We calculate melt records for days of year 208-234, 2007, and days of year 183-232, 2008.

We express the daily values of melt as residuals, i.e., as deviations from mean melt in

millimeters water equivalent (mm w.e.). We produce local melt records for all GPS sites,

as well as an integrated record of the total melt within the model region, expressed as

the average melt per unit surface area as a function of time.
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Figure 1: 2007 (top) and 2008 (bottom) GPS receiver network geometry and AWS loca-
tion on Helheim Glacier, overlain on a 2001 LANDSAT image. Dots mark the position
of (blue) GPS ice sites, (yellow) co-located AWS and GPS sites, and (red) GPS reference
sites. Dotted lines are calving front positions on (top) 4 July 2007 (easternmost) and 24
August 2007, both from MODIS images, and (bottom) 31 July 2008, from field observa-
tions. Dark area immediately west of IS28 (2007) and IS51 (2008) is a yearly recurring
melt water lake.
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Figure 2: (blue) 2008 tide-gauge record, bandpass filtered from 200–4000 s, (red, bold)
times of globally detected glacial earthquakes, and (black) calving observations from
time lapse camera on the fjord wall. The tide gauge record was missing in days 188–189
and 201–213 due to a sensor malfunction.
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Figure 3: Glacier velocity at GPS station IS25, 2007, corrected for step-wise changes in
velocity caused by glacial earthquakes. Blue bars show the raw time series, green bars
the time series corrected for glacial earthquakes, red bars the time series with advective
term subtracted. Black lines show times of detected glacial earthquakes.

Methods

In order to quantify the response of glacier flow speed to variations in melt-water gen-

eration at the surface, we develop a simple, linear model relating our melt-production

time series to the observed flow-speed record. We evaluate the model results by com-

paring predicted velocities to observed values, using a measure of residual variance to

assess goodness of fit. To allow for a time delay between melt and velocity response, we

perform a temporal grid search.
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Model

Given our limited knowledge of the relationship between changes in melt-water supply

and changes in flow velocity, we choose to assume a linear relationship between melt

input and variations in flow speed. We use a least-squares approach to obtain the model

sensitivity value, or admittance, that best explains the observed velocity data, given an

input melt signal. We solve the linear matrix equation:

y = Ax + ffl (1)

for x, minimizing the size of the error vector ffl. A contains the melt records and y the

observed velocity signals. All of the data are weighted equally. The model vector x

simply contains the scalar sensitivity parameter(s) we seek, with the unit m d−1 /mm

d−1 w.e. (both quantities in the unit are expressed as variations from mean values).

We evaluate the goodness of fit by calculating the variance of the difference between

the predicted and the observed velocities, normalized by the variance of the observed

velocity signal:

Res.var. =

N

∑
i=1

(yi − ŷi)2

N

∑
i=1

(yi − y)2

(2)

in which N is the number of days in the time series, yi is the observed velocity value on

day i; ŷi is the predicted velocity value on day i and y is the mean value of the observed

velocity time series, which in this context is equal to zero, since the observed signal has

already had the mean removed. The residual variance is then a measure of how much

of the surface velocity signal remains unexplained by the melt-input model, such that a

value of 1 indicates total lack of prediction, and a value of 0, perfect prediction.

Temporal grid search

To allow for a possible time lag between the melt and velocity signals, we perform a

temporal grid search in which we shift the velocity signal in one-day steps over the

interval [-5;5] days relative to the melt signal. We perform the linear inversion for a

sensitivity value at each step, which yields 11 sensitivity values with which we compute

11 model velocity records. The lowest residual variance for this suite of models is found

at a lag of one day, consistent with the optimal cross-correlation lag found by Andersen

et al. (2010) using a nearly identical data set. An example of the results from this analysis,

for a station near the calving front (IS41, 2008), is shown in Figure 4. Figure 5 shows the

melt signal for the location of 2008 GPS station IS41 together with the daily IS41 mean
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Figure 4: Residual variance for models of glacier response to integrated melt at 2008 GPS
station IS41, fitted for each lag/lead in a [-5;5] day interval. The best fit is obtained with
velocity lagging melt input by one day.
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Figure 5: Comparison of (blue) calving-corrected velocity signal for 2008 location IS41
and (red) integrated average melt. Records are normalized for comparison. Melt signal
is calculated hourly, but smoothed with a 24-hour running average.

velocity values, after the shift is applied. In the following analysis, we delay the velocity

signal by one day relative to the melt signal to correspond to the best fit found in the

grid search above. We do not allow for any further time delays.
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Analysis and Results

We first test a simple model in which the glacier response to melt-water input is required

to be uniform in space and time; we then assess the need for further complexity.

Spatial variability

Spatially uniform melt sensitivity

We first assume that the velocity of all areas of the glacier is equally sensitive to varia-

tions in melt and thus solve for one sensitivity value for the entire glacier. We perform

the fit separately for 2007 and 2008. Using the integrated glacier-melt record as the input

signal leads to sensitivity values of 0.02 m d−1/mm d−1 w.e. for both 2007 and 2008 with

fairly large residual-variance values of 0.87 for 2007 and 0.89 for 2008. Using the local

melt records we see sensitivity values of 0.006 and 0.007 m d−1/mm d−1 w.e. for 2007

and 2008, respectively. The fit using the local records produces slightly larger misfit val-

ues of 0.92 for 2007 and 0.89 for 2008. The resulting model fits from a single glacier-wide

sensitivity value are illustrated in Figure 6. This result is consistent with the analysis of

Andersen et al. (2010), who found spatial variability in the correlation of melt and velocity

variations, suggesting the possibility of a spatially varying pattern of glacier sensitivity

to melt input.

Spatially varying melt sensitivity

To test for possible spatial variability in velocity sensitivity to melt input, we determine

the model parameters (sensitivities) locally by solving for x in Equation 1 at each GPS

station location, thereby acquiring one sensitivity value per site. We experiment with

using both the integrated and local melt records as input to the model.

Using the integrated melt signal as the input, we find residual-variance values of 0.66–

1.0 for 2007, and values of 0.64–1.0 for 2008. Using the local melt records as input pro-

duces slightly poorer fits with residual-variance values in the range 0.75–1.0 in 2007 and

0.65–1.0 in 2008. Thus, it appears that some stations do not respond to melt variations

at all (residual variances of 1.0) while melt variations explain one third to one half of

the calving-corrected velocity signal at other stations. Given the slightly better fits using

the integrated melt, and its greater simplicity, we use the integrated melt record in the

discussion that follows.
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Figure 6: Results of melt-sensitivity model using a single, spatially invariant sensitivity
parameter, s. (a) Integrated melt and GPS-station velocities, 2007. (b) Local melt and
GPS-station velocities, 2007. (c) Integrated melt and GPS-station velocities, 2008. (d)
Local melt and GPS-station velocities, 2008.

In general, stations located closer to the calving front appear more sensitive to melt input

than those further away. Stations IS41 (2008) and IS25 (2007), located 4 and 6 km behind

the calving front, are representative of near-terminus behavior; fits to the data are shown

in Figure 7. The majority of the melt-producing catchment is located upstream of these

stations, and it is perhaps not surprising that the average, integrated melt signal fits

the velocity data from these stations well. Residual variances for stations IS25 and IS41

are 0.66 for 2007 and 0.64 for 2008, implying that ∼33–36% of the calving-corrected ve-

locity behavior can be explained by melt variations (Figure 7). The sensitivity values

determined in this inversion are 0.04 and 0.06 m d−1/mm d−1 w.e. for 2007 and 2008,

respectively. As an example, the sensitivity calculated for 2008 indicates that an increase

in integrated melt of 5 mm d−1 w.e., above the 11.5 mm d−1 w.e. mean, prompts a 0.3 m

d−1 velocity increase above the mean of 18.4 m d−1 (Figure 7).

The variation in sensitivity to melt input with distance from the calving front is shown

in Figure 8. A clear decrease in sensitivity with increasing distance along the flow line

is apparent. A regression analysis shows that the correlation of sensitivities to distance
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Figure 7: Model fit at stations IS25 and IS41, 2007 and 2008. (a) Scatter plot of deviations
from mean melt, 12 mm d−1 w.e., and deviations from mean velocity, 15.6 m d−1, for
GPS station IS25, 2007. Red line shows best fit in a linear least-squares sense with slope
s=0.037, i.e., ∼4 cm d−1 increased velocity per mm w.e. melt above mean. (b) Predicted
(red) and (blue) observed velocities. Correlation coefficient r=0.59 between modeled and
observed velocities is significant at >99% levels. (c) Scatter plot of deviations from mean
melt, 11.5 mm d−1 w.e., and deviations from mean velocity, 18.4 m d−1, for GPS station
IS41, 2008. Red line shows best fit in a linear least-squares sense with slope s=0.059,
i.e.,∼6 cm d−1 increased velocity per mm w.e. melt above mean. (d) Predicted (red) and
(blue) observed velocities. Correlation coefficient r=0.66 between modeled and observed
velocities is significant at >99% levels.

from the calving front is significant at >99% levels (Figure 8, top panel). When three

stations with high residual-variance values and short time series are identified as outliers

(IS40, IS46, and IS56, marked with red diamonds in the figure), an exponential fit to the

data is preferable. The RMS residual of the linear fit is 0.015 m d−1/mm d−1 w.e. while

the RMS residual of the exponential fit is 0.006 m d−1/mm d−1 w.e.

To test the impact of our calving-correction scheme on the retrieved sensitivity values

and the observed spatial pattern, we repeat the same analysis for 2008 after correcting for

only the three largest earthquake events (two on day 214 and one on day 232). Doing so

leads to slightly lower sensitivity values (within 1σ) and slightly higher misfits overall.

The spatial dependence of the sensitivities changes very little, however, indicating the

robustness of this result to the details of the time-series correction.
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Figure 8: Top: Distance from terminus, plotted with spatially varying sensitivity values
for 2008. RMS residual of the linear fit is 0.015 m d−1/mm d−1 w.e. r-value of the corre-
lation is −0.8 with p=0.00006. Points with short time series (<35 days) are marked with
red diamonds and are omitted in the fit. Bottom: Same as top, but with an exponential
relationship fitted to the points. RMS residual is 0.006 m d−1/mm d−1 w.e.

Temporal variability

We also wish to investigate potential temporal variation in the sensitivity of glacier ve-

locity to melt-water input. The available melt record from 2007 is relatively short (27

days) and we therefore focus this analysis on data from 2008, when the melt record is

longer (49 days). We calculate sensitivities and residual variances for five moving win-

dows of lengths 5, 11, 15, 19, and 21 days, for eight stations selected from across the

glacier trunk in 2008 (IS41, IS42, IS43, IS44, IS51, IS53, IS58, and IS61, Figure 1), begin-

ning at the first day of overlap between the melt record and the velocity time series. We

repeat the fitting procedure with shifts of one day until the end of the moving window

reaches the last day of overlap between the two time series. Thus, for each station, we

generate five time series of sensitivity and residual variance. Figure 9 shows the 11, 15,

and 19 day windows for station IS41.
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Figure 9: Result of sliding-window inversion using integrated melt signal and 2008 GPS
station IS41. Black line shows sensitivity, blue line shows residual variance. Top panel:
11-day window; middle panel: 15-day window; bottom panel: 19-day window.

The curves produced by the five window lengths resemble each other, increasing in

smoothness with window length, as a natural consequence of the longer averaging. A

gradual decrease in residual variance over the considered period is evident, with the

lowest residual variances occurring when the window is centered around days 219±1.

This is the case for all five tested window lengths. Residual variances of the windows

centered around these days are as low as 0.22 (11-day window), 0.21 (15-day window),

and 0.26 (19-day window), suggesting that melt input explains most of the calving-

corrected velocity variability during these periods.

We also observe a change in the modeled sensitivity values. Until the window centered

on day ∼214, the sensitivity increases slowly. Immediately after this, the sensitivity

values rise steeply; in Figure 9 this is especially clear in the 11-day window. The low

values of residual variance and high values of sensitivity are sustained for a period of

∼5 one-day shifts of the window, after which we see an increase in residual variance ac-

companied by a drop in sensitivity. The same behavior is observed across the glacier, at

all eight stations analyzed; the sensitivities calculated for the 15-day window are shown

in Figure 10.
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Figure 10: Development of sensitivity values over the season for eight representative
stations using a 15-day window. IS41 (blue), IS42 (green), IS43 (yellow), IS44 (red), IS51
(cyan), IS53 (blue, dashed), IS58 (purple), IS61 (black).

Discussion

Overall, we find that the total amount of velocity variability explained by melt at Hel-

heim Glacier is small, but significant. The observed additional speedup of ∼3.5% (∼240

m yr−1, using average 2008 summer speed measured close to the front) above the mean

corresponds to an additional yearly solid-mass discharge of ∼0.9 Gt from the trunk of

Helheim Glacier. Using a common melt-sensitivity value across the entire glacier pre-

dicts the observed velocities poorly, whether using integrated or local melt records as

input (Figure 6). Allowing for separate sensitivity values at each station location pro-

duces better fits, with a coherent pattern of spatial variability. The sensitivity of veloc-

ity to melt input decays approximately exponentially with increasing distance from the

calving front (Figure 8). We also observe intra-seasonal variability in the fraction of the

velocity signal explained by varying melt-water input, with the fraction of variance ex-

plained by the model increasing later in the melt season. At the same time, we observe

an increase in sensitivity (Figure 9). The temporal pattern of this increase is similar

among the stations, but the amplitude drops with distance up glacier (Figure 10).

Joughin et al. (2008b) showed that the West Greenland ice-sheet margin speeds up signif-

icantly (50–100%, or 31–76 m yr−1) during the summer melt season. The effect on outlet

glaciers in the same region was found to be smaller in a relative sense, but of similar

absolute magnitude (9–14%, or 51–77 m yr−1). The∼3.5% of Helheim Glacier’s summer

speed variability we attribute to variations in melt input is somewhat lower than the

relative speedup values observed by Joughin et al. (2008b). However, the set of outlet

glaciers studied by Joughin et al. (2008b) have slower mean flow speeds than Helheim

Glacier. We note also that those authors did not remove calving-related accelerations

from their time series, possibly resulting in an overestimate of the fraction of accelera-

tion attributed to melt. In addition, Joughin et al. (2008b) used 24-day speed averages

and a longer time series than is available to us, thereby perhaps capturing a seasonal

signal we are unable to observe. Fractionally, the melt-related speed variability we ob-

serve is also substantially smaller than that observed on the ice sheet by Shepherd et al.
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(2009), on Russell Glacier (Bartholomew et al., 2010), and on alpine glaciers (e.g., Iken and

Bindschadler, 1986; Anderson et al., 2004).

In an absolute sense, the melt-related speedup we observe is comparable to, or larger

than, that seen on the ice-sheet margin and at some alpine glaciers. In the summers of

2007 and 2008, average flow speeds near the terminus of Helheim Glacier were ∼19–25

m d−1, or 7–9 km yr−1. The 2–4% speedups we observe in 2008 correspond to ∼140–

365 m yr−1, about twice the magnitude of the absolute speedup reported by Joughin et al.

(2008b) for the West Greenland outlet glaciers and slightly higher than the peak speedup

reported for Russell Glacier by Bartholomew et al. (2010).

At Columbia Glacier, Alaska, which is similar in size and also marine terminating, Kamb

et al. (1994) and Meier et al. (1994) studied the association between water storage, basal

pressure and surface displacement and observed speed-up and slow-down events be-

lieved to be associated with subglacial pressure variations. At the downstream “km 59”

site at Columbia Glacier, they observed speed variations of ∼0.5–2 m d−1, or ∼180–

730 m yr−1, which is consistent with our results from Helheim. It should be noted that

these authors, like Joughin et al. (2008b), did not remove calving-related accelerations in

their analysis.

It therefore appears that the overall flow speed of Helheim Glacier is less sensitive to

melt input than the land-terminating ice-sheet margin, a land-terminating outlet glacier

(Russel Glacier), and alpine glaciers, in a relative sense, though the absolute amplitude of

the melt response is similar to or larger than that of other glacial systems. We are unable

to observe the subglacial hydrological system at Helheim Glacier directly, and literature

on the subglacial hydrology of the large Greenland outlet glaciers is limited. However, at

those glaciers where observations are available, strong correlations between variations

in basal water pressure and variations in sliding velocity have been documented (e.g.,

Iken and Bindschadler, 1986; Kamb et al., 1994; Kamb et al., 1985). Observations of surface

displacement in combination with other hydrological and meteorological measurements

used as a proxy for basal water pressure suggest a similar correlation (e.g., Anderson

et al., 2004; Bartholomaus et al., 2008; Björnsson, 1998). A common interpretation of these

studies is that an increase in basal water pressure causes or sustains cavitation, which

leads to increased bed separation and consequently increased sliding speed. Similarly,

we interpret the dependence of glacier speed on melt-water input that we observe at

Helheim Glacier to result from increases in subglacial water pressure as surface melt

water drains to the bed.

We expect, then, that melt input will affect Helheim Glacier’s sliding speed only where,

and when, the melt input is sufficient to decrease the effective pressure (overburden

pressure minus basal water pressure) at the bed. The high background flow speeds at

Helheim (∼6–25 m d−1 in the study region) are expected to generate large amounts of
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basal water due to frictional and strain heating, even in the absence of surface-melt-

water input. The additional water provided to the bed by surface melting might, as

a result, be fractionally small, and the glacier probably maintains an efficient drainage

system that easily discharges additional melt input. Both effects might reduce the sensi-

tivity of the glacier to melt water-input.

We observe the highest sensitivity to melt-water input in the region of the glacier just

behind the calving front. We hypothesize that this increased sensitivity results from a

combination of conditions, including easier access of melt water to the bed due to ex-

tensive crevassing, high basal water pressure, and a less efficient drainage system than

elsewhere under the glacier. It is likely that the glacier is close to flotation near the front

(de Juan et al., 2010) leading to high basal water pressure; we have also observed tur-

bid water upwelling into an open relict-moulin structure just behind the calving front,

an additional indication of high basal water pressure. In this area behind the front, the

glacier’s inferred high sliding speed leads to faster closing of open water channels, re-

sisting the formation or maintenance of efficient, channelized drainage. In addition, the

reported shape of the bed (https://www.cresis.ku.edu/ jmeisel/helheim/version4/) is

overdeepened behind the calving front, such that subglacial water would need to flow

upslope to exit the glacier, making it difficult to sustain a low-pressure, well-channelized

drainage system. All of these factors possibly contribute to higher basal pressure under

the region of the glacier nearest the calving front, making the glacier more sensitive to

additional melt input in this area.

Another factor that might contribute to the spatial variability in sensitivity to melt input

and the importance of melt in explaining velocity variability is the strain field across the

glacier. Compressional strain could limit the flow of melt water to the bed by resisting

the establishment — or accelerating the closing — of deep crevasses, moulins, and other

englacial conduits. The area of the glacier immediately above the bend (Figure 1) is

predominantly compressive, as illustrated by multi-year field observations of a melt-

water lake located in close proximity to IS51 in 2008 and IS28 in 2007. Mean strain

rates, calculated from daily along-flow strain rates between stations on the flow line,

are shown in Figure 11. The strain rates are calculated as ε̇ = ∆v/D, where ∆v is the

difference in velocity between two stations, and D is the distance between them. Both

values are acquired from the GPS position data. Areas exposed to compressional strain

yield negative strain rates and areas of extension produce positive rates. The colors

of the markers in Figure 11 indicate the residual-variance values from our model of

velocity response to melt input at the station immediately downstream of the mid-point

plotted. A weak relationship appears to exist between the sign of the strain rate and

the residual variance: Poorer fits are typically obtained in areas of compressional strain.

An exception is IS50, which exhibits high residual variance in spite of being situated

downstream of an extensional strain area. We suggest that less velocity variability is
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explained by melt in areas where it is more difficult for surface melt water to penetrate

to the bed.

The temporal variations in sensitivity and variance reduction we observe suggest addi-

tional complexity in the relationship between melt and velocity variations. Melt-water

input explains a larger fraction of the calving-corrected speed variations later in the sea-

son (∼80%) than in the earlier part. In addition, the glacier responds more strongly to a

given melt-water input later in the season, when mean melt-water input is also higher.

The time windows yielding the lowest residual-variance values and highest sensitivities

in 2008 are centered around days 210–213 (Figure 9), immediately following the peak

of melt water production (Figure 5). The melt-water-driven velocity increase of 3–4%

at the sites closest to the terminus at this time represents the largest calving-corrected

speed anomaly observed in 2008. The greater late-season responsiveness provides an

additional explanation for the low sensitivities of sites IS40, IS46, and IS56, the outliers

in the exponential fit shown in Figure 8: the time series are shorter for those three sta-

tions, and were recorded during the earliest part of the season. We hypothesize that

the intense melt-water production occurring around days 210–213 causes basal pressure

across Helheim Glacier to increase, resulting in a closer association between melt and

velocity. Sensitivity decreases again late in the season, possibly because a new equi-

librium has been attained by the drainage system, or because of a drop in melt-water

production.

The higher sensitivity we observe at times of greater melt indicates some nonlinearity in

the responsiveness of Helheim Glacier to melt-water input, and suggests that an increase

in background melt rates might lead to an increase in outlet-glacier sensitivity to that

melt, in a weak positive feedback cycle. This nonlinear behavior is observed at least

20 km behind the calving front, suggesting that the area of increased sensitivity may

extend with increasing temperatures to comprise a larger part of the glacier trunk. This

interpretation has implications for glacier response to warming air temperatures, and

merits further exploration.

Conclusions

We have investigated the impact of variations in melt-water input on surface velocity

at Helheim Glacier using model-based melt records and GPS-derived surface velocities.

We find that, although melt-driven velocity variations represent only a few percent of

the total glacier speed, the additional ice flux due to melt-water input is similar to that

observed by other workers on the land-terminating portions of the ice-sheet margin.

The sensitivity of glacier-speed variations to changes in melt-water input is spatially
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Figure 11: Mean strain rates between the selected stations. Negative strain rates sig-
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value for the station downstream of the mid point. See map in Figure 1 for station loca-
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variable, and decays approximately exponentially with distance along the flow line from

the calving front. We interpret this variation in melt sensitivity to result from varying

subglacial hydrological conditions. We find some evidence for modulation of the melt-

water response by strain conditions in the ice, with the velocity data less well explained

by the melt signal in areas of compressional strain. Our observations suggest a region of

high basal water pressure near the calving front of Helheim Glacier, perhaps associated

with near-flotation conditions and a distributed subglacial drainage system.

We also find a temporal dependence in the fraction of velocity variance explained by

melt water input. In early July 2008, Helheim Glacier shows little to no dependence

on melt input. In late July to mid-August, as much as 80% of the calving-corrected

velocity variability can be explained by melt-water variations. Sensitivity to melt also

increases, coincident with a week-long speed anomaly of 3–4% above the mean near the

calving front. This temporal evolution in sensitivity to melt input indicates a nonlinear

velocity response to surface melt, and points to the need for a better understanding of
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the response to melting, particularly as atmospheric temperatures warm.

We believe our results to be generally applicable to Greenland’s fast flowing, marine-

terminating outlet glaciers. Though the additional ice flux due to increased surface

melting may represent only a few percent of the total flux through these high-discharge

glaciers, the absolute magnitude of the additional flux may be substantial.
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Abstract

Seismogenic signals associated with calving and ice rupture in the large Greenland

outlet glaciers can provide new and valuable information about the cryospheric

processes involved. Teleseismically detected glacial earthquakes are found at Hel-

heim Glacier to be preceded by long duration rumblings with a characteristic fre-

quency content distinctively different from both tectonic earthquakes and the back-

ground noise. These rumblings have an average duration of 28-29 minutes and have

high-frequency as well as low-frequency content. We have developed a frequency-

domain detection algorithm for the rumblings recorded at a broad-band station ISO,

located ∼100 km from the glacier. The seismic detector has been calibrated with

observations of calving from a time-lapse camera near the glacier front. Our anal-

ysis shows a seasonal variation in the occurrence of rumblings with a peak in mid-

September coinciding with the end of the melt season.

1 Introduction

Large outlet glaciers drain the Greenland ice sheet. In recent years these have accelerated

with increased ice loss to the ocean as a consequence (Rignot and Kanagaratnam, 2006;
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Stearns and Hamilton, 2007; Thomas et al., 2009). About half of the solid mass loss from the

ice sheet happens through calving processes at the termini of the outlet glaciers along the

coast (Van den Broeke et al., 2009). Calving events are found to be seismogenic (e.g., Nettles

et al., 2008; O’Neel et al., 2007) allowing for investigations of the cryospheric processes

using both teleseismic data as well as regional and local recordings. Monitoring of the

occurrence of glacial earthquakes (Ekström et al., 2003; Ekström, 2006; Ekström et al., 2006)

can provide clues to understanding the development of ice loss from the Greenland Ice

Sheet. Detailed investigations of the pre-calving and calving behavior of large outlet

glaciers give insight into the actual processes that is the cause of mass loss from the

terminus.

Teleseismic data have formed the basis for detailed investigations of seismic events orig-

inating from tidewater glaciers all across Greenland (Tsai et al., 2008; Tsai and Ekstrom,

2007) while campaign-based studies have previously been conducted in West Green-

land (Amundson et al., 2008; Rial et al., 2009), Alaska (O’Neel et al., 2007; O’Neel and Pfeffer,

2007), and East Greenland (Nettles et al., 2008). Rial et al. (2009) discussed glacial rum-

blings at Jakobshavn Isbræ, terminating in ‘culminating events’. They find that these

culminating events do not directly arise from calving processes at the front, rather it is

speculated that they are the result of ruptures propagating in the ice, initiated by calv-

ing. However, it is clear from Nettles et al. (2008) that teleseismically detected seismic

events at Helheim are in fact associated with (large) calving events. While the source

mechanism of the Helheim events is still unclear, the timing of the events suggests a

direct physical connection between the actual loss of ice at the front and the behavior of

the iceberg immediately after calving.

We wish to investigate whether rumbling events similar to the ones found by Rial et al.

(2009) also occur at Helheim Glacier, East Greenland, what their characteristics are, how

they relate to glaciological data, and if they exhibit a seasonal dependence similar to the

one observed for other glacial earthquakes (Ekström et al., 2006; Jonsdottir et al., 2009).

To achieve this goal we develop a frequency-domain detection algorithm. We analyze

time domain seismic records together with a list of confirmed occurrences of calving to

find a characteristic seismic spectrum associated with the calving events for the detector.

The detector is then able to pick seismic activity “events” related to Helheim Glacier

from a local seismic record. A list of events is thus constructed, allowing us to analyze

the temporal pattern of seismic activity over almost two years. We discuss and compare

our findings with seismological observations made at other tidewater glaciers (O’Neel

et al., 2007; Rial et al., 2009), with teleseismically detected glacial earthquakes and with

glaciological data.

Understanding these events, their pattern and further development of the method might

provide a tool for automatic monitoring of the conditions of the outlet glaciers of Green-
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land, complementing the methods already in use (remote sensing, time-lapse imagery,

etc.). A large, international monitoring-effort (GLISN) has been launched with the pur-

pose of collecting data from multiple locations around the coast and interior of Green-

land, one goal of which it is to understand the seismicity emitted from the outlet glaciers

in relation to climate change (http://www.glisn.info).

2 Data and methods

2.1 Data

2.1.1 Recorded seismic data/data preparation

The station used in this study, designated ISO, was installed in the settlement of Iser-

toq, approximately 100 km (∆ = 0.87 degrees) from Helheim Glacier (see Figure 1). The

location was selected due to the year-round accessibility using public helicopter route

flying, and access to mains power for the station at the installation site. These consid-

erations are crucial in a remote area as East Greenland, where logistics are costly. Data

was recorded using a Streckeisen STS-2 broadband seismometer and a RefTek 130 data

logger with a sample rate of 20 samples/second. Using the software package gsac the

instrument response was deconvolved. To avoid end-effects polluting the signals, the

seismograms were cut into 28-hour pieces centered at 12:00 UTC and overlapping two

hours with the previous and next days. We use the vertical component, Z, in the velocity

seismograms for surface wave detection.

In the following we describe the spectral characteristics and occurrence of seismicity

arising from Helheim Glacier as recorded at the ISO station. As such, it is important

to ensure that the events we include in our analysis can be shown to have their source

location at Helheim Glacier. This can be done to a satisfying degree by cross-referencing

a qualitative record of calving observations with the seismic record (see Section 2.1.3).

Additionally, for a few events, teleseismic detections of glacial earthquakes are avail-

able (Nettles et al., 2008; Nettles and Ekström, 2010), fixing the source location to Helheim

Glacier. Finally, in one case we also use data from the GSN station located in Kanger-

lussuaq, West Greenland (station code SFJD) for inclusion of one event for analysis (see

Section 2.1.2).
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Figure 1: Map of the Helheim Glacier region, East Greenland. Red circle marks the
glacier, red triangle marks the site of ISO seismic station in the settlement of Isertoq. Red
diamond marks the location of the PROMICE automatic weather station. The black line
traces the coast/ice-margin digitized by the Geological Survey of Denmark and Green-
land.

115



2.1.2 Teleseismic detections of glacial earthquakes

Analysis of seismograms from the Global Seismographic Network (GSN) by Nettles et al.

(2008) and Nettles and Ekström (2010), using the method of Ekström (2006), yielded a list

of 14 teleseismically detected glacial earthquakes for 2007 and 2008 with source location

at Helheim Glacier. The set of events detected in 2007 included automatic detections (5

events) and detections from interactive inspection of the GSN stack (6 events); in total

11 events (Nettles et al., 2008). The 2008 set only included three automatic detections. We

removed events not covered by the ISO seismic record (occurring outside the period of

operation or during data gaps), leaving four events for 2007 and 2008 (see Table 1). One

event, number 2, is not detected globally, but picked by manual inspection of the ISO

and SFJD records. Figure 2 shows the ISO and SFJD records of the evening of day 225,

2007. A consistent offset is observed between the three events marked with boxes, two

of which are teleseismically detected.

Year Day Time (UTC) Magnitude Event no.

2007 225 18:42.20 N/A 1
2007 225 20:06.26 N/A 2
2007 225 20:37.52 4.8 3
2008 232 21:05.28 4.7 4

Table 1: Teleseismically detected glacial earthquakes at Helheim Glacier. Only events
occurring within the operational period of the Isertoq seismic station (ISO) are listed.
Event 2 is not detected from the GSN stack, but appear in the SFJD record with the
appropriate offset and is thus included. The time of this event is the time of maximum
amplitude at ISO with an estimated travel time of 29 seconds subtracted.

2.1.3 Time-lapse camera

During the summer of 2008 a camera was mounted on the fjord wall, directed at the

glacier front, providing visual observations of calving events. The camera was a digital

SLR-type model mounted in a weather-proof enclosure and images were recorded every

five minutes. The images were inspected manually and a calving record was thereby

developed. The uncertainty in the observation of the time of calving is considerable; not

all events are captured in the record as the image can be obscured by e.g. weather or,

late in the season, darkness, and the time resolution is low. Additionally, logging of the

actual time of calving depends on the judgment of the observer. In this study all photos

were inspected by the same experienced person.
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Figure 2: Top: ISO (black) and SFJD (red) seismograms filtered from 33-66 s with boxes
indicating the segments examined in panels a, b, and c below. Panels a, b, and c show
the envelopes of the indicated events with same color coding as in the top panel. A
consistent offset between peaks of∼125 seconds is observed. (While the event occurring
at ∼19:45 min. is also evident in the SFJD record, the offset is not consistent with that of
events a, b, and c. We assume it has a different source location.) (a) The envelope of the
first event, filtered at 33-66 s periods. The event was teleseismically detected with source
time at day 225 (Aug 13), 18:42:20 UTC. (b) The envelope of the second event filtered at
33-66 s periods. The event has not been automatically teleseismically detected. (c) The
envelope of the third event filtered at 1-1.5 s periods. The event was teleseismically
detected with source time at day 225 (Aug 13), 20:37:52 UTC.
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In total, nine major calving events were extracted from the photographic record. Events

not falling within the operation of the seismic station ISO, teleseismically detected (present

in Table 1), or not obviously recognized, were removed leaving four for further analysis

(see Table 2).

Year Day Approx. time (UTC) Event no.

2008 195 04:54 5
2008 215 02:14 6
2008 226 11:35 7
2008 232 09:07 8

Table 2: Observed calving events, coincident with seismic activity validated by manual
inspection of the seismic record. Times are from the camera clock. The listed times are
approximate as per the observer’s judgment.

The two lists of events (Tables 1 and 2) can now be combined, yielding a list of eight

events in total for analysis.

2.1.4 Tectonic earthquakes

Ordinary, tectonic earthquakes appear in the ISO record. These need to be removed in

order to isolate seismicity likely to be arising from glacial activity.

To identify tectonic signals in the ISO record, we first create a list of events from a catalog

search in the United States Geological Survey database (USGS, http://earthquake.usgs.gov/earthquakes/eqar

The list is combined of two subsets: A search listing all earthquakes occurring within a

radius of 3000 km from Helheim Glacier, and a global search of large earthquakes which

are expected to be present in the ISO data. The circular area search includes earthquakes

of all magnitudes, while the global search is limited to events with magnitudes larger

than 6.0. The combined list comprises 748 unique events in the time span of July 1 2007

to December 31 2008. We then calculate the travel times for each event from the source

location to Helheim Glacier using the iasp91 Earth model (Kennett and Engdahl, 1991).

Signal values are then set to zero in a time window beginning at the theoretical P-arrival

time and 150 minutes forward in time.

Furthermore, we remove a number of local earthquakes found in the catalog maintained

by the Geological Survey of Denmark and Greenland. This list contains 135 events oc-

curring in the area of latitude 64N to 68N and longitude 33.0W to 44.0W from July 1 2007

to December 31 2008.
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2.2 Analysis

Figure 3 shows two examples of glacial events as they typically appear in the seismo-

grams recorded at the ISO station. In the top panel the two teleseismically detected

events from day 225, 2007 (Table 1) are plotted. The duration of these events is ∼20 min-

utes. Also seen is activity during the ∼2 hours between the events. This intermittent

activity is similar in the time domain to the ‘glacial rumblings’ described by Rial et al.

(2009) in the sense that it exhibits a gradual onset of energy and contains high ampli-

tudes of high-frequency arrivals. As seen in Figure 3, these high-amplitude arrivals are

evident in both the rumblings and the detected events and appear to be similar to what

is termed ‘culminating events’ by Rial et al. (2009). The lower panel in Figure 3 shows

glacial activity during a calving event observed in the time lapse camera record on day

195, 2008. Again, a gradual onset is noticed as well as a clear high-amplitude arrival, fol-

lowed by a small ‘aftershock’ as also observed by Rial et al. (2009) at Jakobshavn Isbræ.

These authors also notice that the calving starts the event. In Figure 3 (lower panel),

the red line marks the precise time of calving (04.54), as noted by the observer, which

coincides with the beginning of the event in the seismic record (∼29 seconds have been

added to account for the surface wave travel time from Helheim Glacier to the ISO sta-

tion). A visual comparison between the activity recorded at ISO and the seismograms

recorded at Columbia Glacier by O’Neel et al. (2007) confirms similar time-domain pat-

tern.

To determine the similarity of the events, we analyze power spectra of sections of seismic

activity arising from Helheim Glacier during 2007 and 2008, within the time of operation

of the seismic station (Figure 4) and known to be associated with calving events. The lists

derived from GSN analysis and time lapse photography (sections 2.1.2 and 2.1.3) are

combined into a list of eight events for analysis (traces 1-8 in Figure 4). We also examine

a period of no detectable seismicity in order to discern seismic signals generated by the

glacier from ambient noise (trace 9 in Figure 4). Finally, for comparison, we calculate the

power spectrum density of a local tectonic earthquake (trace 10 in Figure 4).

Spectral analysis

The calculated power spectral densities of the list of events are shown in Figure 5 for

the frequency band .05 Hz to 10 Hz (Nyquist frequency). All glacial traces have a peak

at ∼0.18-0.33 Hz, as does the section of ambient noise (0.32 Hz). Therefore, we believe

the peaks during the glacial events seen at these frequencies to be the background noise.

This is consistent with the predominant frequencies of the microseism band in the sum-

mer in East Greenland (0.1-0.3 Hz) as described by Harben and Hjortenberg (1993). All

glacial events are relatively broad-band and all but one (number 6) exhibit power am-

119



17:40 18:00 18:20 18:40 19:00 19:20 19:40 20:00 20:20 20:40 21:00 21:20 21:40

V
e

lo
c
it
y

Time, day 225, 2007

03:20 03:40 04:00 04:20 04:40 05:00 05:20 05:40 06:00 06:20 06:40 07:00

V
e

lo
c
it
y

Time, day 195, 2008

Figure 3: Two seismograms from the ISO station filtered in the high-frequency band 1.1-
2 Hz. The length of the time window plotted is the same for both top and bottom. Top:
Activity on day 225 of 2007. Red lines mark the teleseismic detection times. Bottom:
Activity on day 195, 2008. The blue line marks the time of a calving event from the
camera observations. The orange area indicates ±10 minutes uncertainty on the camera
observation time.

plitudes within the same order of magnitude in the 1-10 Hz band. They are clearly

distinguishable from the background noise trace and the tectonic event. This indicates

common spectral characteristics of the glacial events and suggests that detection is pos-

sible in the frequency domain. We can not clearly distinguish rumbling events that are

associated with observable calving events (through teleseismic or visual methods) from

those that are not. This is illustrated by the similarity of spectra from event 2 and 3 (Ta-

ble 1, Figure 5). This leads us to conclude that the majority of the detected events are

associated with ice loss occurrences.
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Figure 4: 30 minute segments of the ISO seismic record (filtered at periods 0.5-3 s) cen-
tered at maximum amplitude for events derived from teleseismic detections and the time
lapse photographic record (numbers corresponding to their appearance in Tables 1 and
2). Trace number 9 and 10 are ambient noise and a local, tectonic event (M4.0, ∆=0.95
degrees), respectively. Traces 1-9 are not scaled, i.e., they exhibit true relative amplitude.
The tectonic event (trace 10) is scaled down for clarity.
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Figure 5: Power spectral densities for the segments shown in Figure 4 with numbers
corresponding to numbers in Figure 4. Spectra are smoothed with a running average
of length 0.09 Hz for clarity and are not normalized, i.e., they exhibit true relative am-
plitude. Bold traces are background noise (9, green) and local tectonic event (10, black).
The glacial events (1-8) show similar spectral characteristics. The steep roll-off at 10 Hz is
caused by the filter used, which has a low-pass cutoff of 10 Hz (the Nyquist frequency).

2.2.1 Frequency domain detection

With this, we develop a frequency-domain based detection algorithm: A 20 min. wide

time window is moved over the seismograms in steps of one minute. For each step

the power density spectrum is calculated and the power in specific bands is monitored.

The width of the window allows it to be fully immersed in a glacial event of the typi-

cal length. The sliding-window design of the detector algorithm promotes detection of

long-duration events like glacial earthquakes and rumblings, while teleseismic arrivals

are not likely to yield a strong, persistent detection signal in this frequency band.
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2.2.2 Design of the detector

The glacial events as recorded at the ISO station are shown to contain both low and high

frequency energy. In order to robustly detect the glacial seismic activity it is therefore

necessary to consider the power present in at least two frequency bands for each time

step.

We therefore monitor the calculated spectra as the window passes over several select

glacial events in the time domain, which enables us to pick the appropriate pass band

for detection of glacial seismicity. The left panel in Figure 6 shows the low frequency

band with plots of the power spectrum before and after the event (black), and centered

on the event (red). It is clear that the glacial event excites different frequencies in the

low frequency band than the quiet periods before and after. Especially the band 22-33

seconds (∼0.03-0.05 Hz) is seen to have significant power during the event. Other bands

show even clearer rises in amplitude over the event, e.g. 0.54-0.8 Hz (not shown). How-

ever, experiments show that the frequencies excited by wind/waves overlap completely

with this band, causing the detector to produce many false detections during strong

weather events. This is demonstrated in Figure 7 which shows a vertical component

velocity seismogram from the ISO station from days 299-303, 2007, filtered from 0.54-

0.8 Hz. An automatic weather station (AWS) from the PROMICE monitoring project

(www.promice.dk) was in operation on the ice sheet flank close to the ISO seismic sta-

tion (approximately 11 km from the site, see Figure 1) during this time. The red curve

plotted with the seismogram is hourly average wind speeds measured at this AWS. A

period of strong winds (hourly averages >20 m/s) is seen to coincide with increased

seismicity. Picking a slightly higher frequency pass band minimizes this effect, yet still

produces detections when the window passes over events (Figure 6, right panel). There-

fore the band 2-2.5 Hz is selected for detection in the high frequency range and periods

of 22-66 seconds (0.015-0.045 Hz) are chosen for low frequency detection.

For periods of time when the power in both bands is above a pre-calibrated threshold,

we log a detection. Figure 8 shows one such case for events 1, 2, and 3 on day 225, 2007

(Table 1, seismogram shown in Figure 3, top panel).

Simultaneous peaks of energy in these two bands is a robust criterion for flagging glacial

activity. Other phenomena can cause amplitude in especially the high frequency band,

which necessitates monitoring of coincident energy in the lower frequency band. Im-

portantly, this method also discards events carrying power in both bands, but not aris-

ing from the glacier, since dispersion will cause a time-shift between the phase arrivals

which will therefore not trigger the detector.
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Figure 6: Normalized power spectra of the 20 min. sliding window passing over the
teleseismically detected glacial earthquake of day 225 18:42, 2007. The plot shows all
spectra in the 2–2.5 Hz band calculated during 62 time steps beginning before and end-
ing after the event. The color ranges from black to red and is a linear function of the
distance from the center of the window to the event. Thus, the most red lines indicate
the spectra where the 20 min. window is centered on the event. As the window passes
over the event increasing power is observed in this band.
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Figure 7: Vertical component velocity seismogram from ISO station for days of year
299-303.5, 2007 (0.54-0.8 Hz) (black), plotted along with wind speed measurements
from an automatic weather station (AWS) placed on the ice sheet flank, ∼11 km from
the seismic station (red). AWS data is provided by the PROMICE monitoring project
(www.promice.dk).

3 Results

The detector is run for the periods of 2007 and 2008 for which data exists (August 2007

to January 2008 and May 2008 to December 2008). Seven of the eight calving events from

the combined list can be found in our detection record, validating the method. The last is

categorized as “small calving event” in the observation log and is clear in the detection

trace when manually inspected. However, the threshold value for the high frequency

energy is not exceeded, causing the detector not to trigger.

In total we detect 626 events for 2007 and 803 events for 2008. This is an average of 4

per day and 3 per day for the two years, respectively. The bar-plot in Figure 9 shows the

distribution of events detected per day over the two years. The number of detections

per day ranges from zero to 12. We see a decrease in occurrences over the fall months
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Figure 8: Detector output, day 225, 2007. Red line is low and blue line is high frequency
energy, scaled for clarity. Black vertical lines indicate three detections beginnings and
endings. Blue dashed lines are teleseismically detected glacial earthquakes. See seismo-
gram in Figure 3.

of 2007. An increase is then evident in the early summer of 2008 and peak activity is

reached around mid-September, after which a decrease is again observed, similar to the

pattern seen in 2007. The timing of the peaks of activity is similar in both years and

coincide with the end of the melt season (mid-September).

We also determine the duration of each detected event. A small number of events each

year (<5) last for up to 28 hours, i.e. the full length of the data file. In addition to this,

there is a group of 34 events in 2007 and 12 events in 2008, lasting from 8.33 to 19.5

hours. There is no obvious explanation for this and we suspect that the ISO station data

during these times is influenced by an unknown cultural source of noise. Focusing on

the shorter-duration events, Figure 10 shows the distribution of duration of the detec-

tions from zero to 10.000 seconds. Most events have a duration of 12-17 minutes for both

years. The distribution rolls off steeply after this peak and at 20-21 minutes duration,
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Figure 9: Number of detections per month for the period of detection runs, August 1
2007-January 24 2008 and May 1 to December 31 2008. Orange areas indicate no data.

the number of events is less than one fifth of what is found in the 12-17 minute interval.

The average duration of the events up to 10.000 s (shown in Figure 10) is ∼29 and ∼28

minutes for 2007 and 2008, respectively.

4 Discussion

Joughin et al. (2008) showed a correlation between glacial earthquakes and large-scale

ice-loss events from the terminus of Helheim Glacier for the years 2001–2006. The calv-

ing activity has not been documented in the same way for 2007 and 2008, but in 2007 5

glacial earthquakes were automatically detected using the method of Ekström (2006)(Net-

tles et al., 2008). In 2008 the number of detections was three. Therefore, we interpret the

drop in seismicity to be associated with a drop in calving activity from 2007 to 2008.

Our findings are consistent with this, in that we see 33% more detections per day for

2007 than for 2008 with an average of four and three events per day for 2007 and 2008,
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Figure 10: Histogram showing distribution of detected event duration for 2007 (top) and
2008 (bottom)

respectively.

On Jakobshavn Isbræ (West Greenland), Rial et al. (2009) detected a lower number of

events per day (0.5 events/day) during the summer of 2006. A direct comparison is dif-

ficult since that work is based on short period data only, and different detection criteria.

O’Neel et al. (2007) recorded more than 35 events/hr at Columbia Glacier, Alaska, dur-

ing certain periods of 2004/2005. These data were recorded with a relatively dense array

of instruments located on the walls bordering the glacier which allows for detection of

much smaller events than is the case with this work.

Our detected seismic activity exhibits a clear seasonal signal which indicates that there is

an influence from the surrounding climate, including potentially the influence from melt

water. In this broad sense our findings are consistent with those of Ekström et al. (2006),

in which monthly average number of events detected all over Greenland are shown to

peak in July, August, and September. However, there are more subtle differences: for

both years discussed here, the seismic activity we detect peaks near the end of the melt

season (mid-September, Figure 9) and not at the peak of the melt season which is in
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early August, as described in Andersen et al. (2010). This ∼6 weeks offset is somewhat

surprising and indicates that the relationship between climate and co-seismic ice-loss

events is not trivial. At Myrdalsjökull Glacier, Iceland, Jonsdottir et al. (2009) reported

on seismicity in the 1–4 Hz band arising from calving. A strong seasonal signal was ob-

served there, peaking in October and correlating well with records of rain-fall. Jonsdottir

et al. (2009) suggested the seasonal variability was caused by increased calving flux due

to added runoff from rain, enhancing the sliding. In the work of Rial et al. (2009), the

deployment of instruments covers the summer months only, and a potential variation

over the season is thus not investigated.

We see the majority of the events lasting ∼15 minutes (Figure 10). This is within the

same order of magnitude as events detected at Columbia Glacier (O’Neel et al., 2007) and

falls within the durations found by Rial et al. (2009) at Jakobshavn (10-40 min.). We also

notice a number of days in both years with detected, uninterrupted seismic activity for

up to ∼30 hours, which naturally precludes other events from being detected on those

days. It is unclear whether this activity is glacially related, but it does exhibit the features

that trigger detection of other, confirmed events.

5 Conclusions

We have developed a frequency-domain based detection algorithm for the purpose of

detecting seismic signals caused by calving from data recorded ∼100 km from Helheim

Glacier. The detector has been calibrated against a number of calving events observed

either through teleseismic detections (2007) or by way of time lapse photography (2008).

The detector was run for the months August 2007 through January 2008 and May through

December 2008. We found a clear seasonal signal in the number of detections made with

a peak occurring in mid-September (coincident with the end of the melt season) for both

years considered. Detection numbers during the winter were low.

The majority of the events had a duration of ∼15 min., consistent with the lower range

of durations found by other workers on Jakobshavn Isbræ, West Greenland.

We notice a drop in seismicity from 2007 to 2008 with 33% more detections per day in

2007 than in 2008. This is consistent with the drop in teleseismically detected events

between the two years, which have been shown to coincide with large scale calving

events. This is therefore interpreted as indicative of a decrease in ice loss.

Automatic seismic detections of glacial activity might provide a useful and relatively

low-cost way of monitoring the ice-loss occurring from the ice sheet through solid mass

loss at the marine terminating outlet glaciers.
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