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Abstract

Abstract

Calving is the mechanical loss of ébergs from tidewater glaciers responsible for 70% of
the annual transfer of mass from the cryosphere to the ocedwan der Veen 1998a2002).
To be able to correctly predict future global sea level changes it is important to understand

calving processes and incorporate them into the models.

The aim of this thesis is tanvestigate surface vdocities, front positions and calving rates of
a fast flowing tidewater glacier in Svalbard using an automatic oblique terrestrial time
lapse camera. The camera took pictures every 30 min from Mayt fo September 16" 2014
resulting in 6600 images.The project forms part of the ConocoPhillipsLundin Northern
Area Program project CRIOS(Calving Rates and Impact on Sea Levegbhrogram whose

overall aim is to develop better calvingprocess models.

Mean velocities of Kronebreen increased from 3 m/day in Magnd reached a peak in mie
July of 5.3 m/day, witha velocity pattern showingincreasing velocities towards the front
and the centreline. Velocity results were filtered, sensitivity tested, averaged both spatially
and temporally and fit well with previous results. Results suggest that velocity has a forcing

from air temperature and rain events due to water inputs in the glacier system.

Mean front positions showed a total retreat of 320 mand calving rates reached a peak in
early August of 11 m/day. Different parts of the front showed different styles of retreat, and
therefore calving styles. hter-meltwater-plume areas were dominated by infrequent large
calving events, and plume areas were dominated by continuous calving. Meaiving rates
may be atmospheri@ally controlled, but internal dynamics, melt-water plumes and fjord

temperatures may also play a role.

The high resolution both spatially and temporally gained using this method makes it
possible to investigate the nature of calving and the evolution of surface velocity patterns in
more detail than satellite derived results These data are required for impoving the

understanding of calving dynamicgo developsea level risemodels.
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Introduction

1 Introduction

Sea level rise is a potentially damaging effect of climate change; it can submerge-lging
populated coastal areas and pollute coastal groundwater@enn and Evans 201D The
Greenland ice sheet has a volume of 2.60 million Kmequivalent to a global sea level rise of
6.5m. An ice loss rate from the period 2002011 of 215 Gt/ year is equivalent to a dobal
sea level rise of 0.59 mmyear (IPCC 2013.

Four huge fasgflowing marine-terminating outlet glaciers named Petermann,Jakobshavn,
Kangerdlugssuag and Helheim Glacier drain 22 percent of the Greenland ice sheet
collectively (Nick et al. 2013. A contribution to sea level rise from theseoutlet glaciers in a
mid-range future warming scenario, is calculated to béetween 19 and 30 mm by year
2200 (Nick et al. 2013.

The late Quaternary SvalbareBarents Sea Ice sheet was largely marifAgased, and it has
been suggested that the collapseas due to sea level risghat in turn led to large scale
calving. Thus in order to both predict the future of present ice sheets, and to understand
past behaviour, it is important to understand the dynamic interactions between ocean

systems and glacial system@ngélfsson and Landvik 2013.

Calving is the mechanical loss of icebergs from tidewater glaciers, an important though not
well understood ablation process, responsible for 70% of the annual transfer of mass from
the cryosphere to the ocean(van der Veen 1998a2002). All calving events occur when
tensile stresses close to glacier margin are large enough to propagate fraatarthrough the
ice (Benn and Evans 201 The size of ice blocks detached range from small bits and pieces
to large tabular ice bergs(van der Veen 2013, the breakup of Larsen B ice shelf from the
Antarctic Peninsula(Rignot et al. 2004 and a huge calwig event at Petermann glacier in

Greenland in 2012 ae two extreme examples.
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The Fifth Assessment report fromthe International Panel on Climate Chang€IPCQ
stresses the fact that mass loss from iceberg calving is not yet comprehensively assessed.
Even though the spatietemporal distribution of flow on fast-flowing Arctic glaciers is
important in determining the reaction of these glaciers to climate changes, the knowledge

about them is still limited, particularly when the glaciers are calvindKaab et al. 200%.

To be able tocorrectly predict future global sea level changes it is important to understand

calving processes and incorporate them into the modelsvan der Veen(2013) finishesthe

chapter about fractures withthecle® | AOOACAd O8OEA 1 AAE 1T £ AOI A/
OEA AAI OET ¢ DPOI AAOO OET Ol A AA 1 A£Sukdal (20A3p7 OI
stresses the importance of high spatial and temporal resolution observations of ice flow and
calving-front positions as a validation of modelling results and to capture rapid dynamic

changes.

As a way of better comprehending glacier and calvingotth ice velocity and front positions
of glaciers have been measured using terrestrial tim@apse photogrammetry in the past
(Ahn and Box 201Q Eiken and Sund 2012 T. D. James et al. 201R.M. Krimmel and
Rasmussen 19860'Neel et al. 2003Sund et al. 201}, but only for short periods oftime (1-
2months) and with a temporal resolution of max 2h interval O'Neel et al.(2003) highlight
that the focus on calving rates has mainly been directed towards annual tirgeales(e.g.
Brown et al. 1982; Meier and Post1987; Van derVeen 1996), with less attention given to
seasonal changed.uckman et al.(in review) found a strong correlation with calving rates
and subsurface sea temperatures, but mention that other factorsnay have an influence
over shorter timescale. This project aims to increase the length of the observation period
and the temporal resolution to gain a better and more detailed insight in the nature of

calving on a diurnal to seasonal scale.

In this study, the behaviour of the calving front ofKronebreen has been investigatedby
using high temporal resolution terrestrial time-lapse techniques. Rictuations in velocity,
front positions and calving rates throughout the melt season from May to September 2014

are analysed, and results compared to processed Terra SAR anDEM-x data to validate

2
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the method. An additional validation will be comparing reslts from two different

terrestrial cameras. The aim of this thesis is to:

1 Develop the most suitable automated timelapse techniques relatedto glacier
observation.
1 Calculate ice velocity at the snout area front position and calving rate of

Kronebreenfrom May-September 2014on a diurnalto biweekly scale

Kronebreen in Kongsfjorden in North WestSvalbard was chosen athe research area for
several reasons(Figure 1.1). The location close to the researchettlement of Ny Alesund
makes it eady-accessiblefor logistical support. The glacier is ontinuously fast flowing
(~700m/ year (Liestal 1988)) which makes it an excellent candidate for timéapse velocity
investigations and a good analogue for Greenland outlet glacierBue to the risk of
travelling on the heavily crevassed glacier front, terrestrial timelapse photogrammetry is

preferred as a saér alternative.

Figure 1.1 Map of the Svalbard archipelago with the location of Kronebreen andMNgsund, shown in detail
in Figure 2.6.
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2 Theoretical Background

2.1 Calving dynamics

Calving is a complex sporadic process and calving glaciers are very diver€alving glaciers
terminate in a proglacial lake or in the sea, with either floating or grounded margins
(Chapuis and Tetzlaff 2013 Calving glaciersterminating in the sea are called tidewater
glaciers. The calving process interacts with glacier dynamics and it is necessary to
understand subglacial hydrology, basal motion, ice fracture and energy exchanges between

the ice and ocean to be able to develop proper general modéBenn and Evans 201]

2.1.1 Calving processes

Despite the chaotic nature of calving, four scenarios that generate calving can be considered
(Benn et al. 2007a:

Longitudinal stretching associated with largescale velocity gradients
Steep stress gradients at ice cliffs or floating ice fronts

Ice cliff undercutting by melting at or below the waterline

= =| =2 =2

Bending forces at buoyant glacier margins

Calving glaciers tend to speed up towards the terminus, as the glacier becomes thinner and
basal drag is reduced when the front approaches flotatio(Benn and Evans 2010Vieli et al.
2004). This phenomenon stetches the ice,and astransverse crevassesievelop and they
may propagate through the iceto trigger calving. Meltwater stored in crevasses carcause

them to penetrate even deeper than dry crevasses.

At the frontal cliff of calving glaciers there is anmbalance between outward and inward
directed forces, which leads to large stress gradient¢Benn et al. 2007&. Cryostatic

pressure increases downwards, and the outward component is not supported by

5
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atmospheric pressure. Thus the net outvard-directed force is largest at the base of the
subaerial ice cliff (Benn and Evans 201p The subaqueous part of the calving front has
some opposing components from the backwardlirected hydrostatic forces, but they will

always be smaller at a grounded ice fronfBenn et al. 2007

Thermo-erosional subaqueous undercutting of ice cliffs can develop a notch that indisca
force imbalance and lead to collapse of the undercut pillars. This process usually follows
seasonal cycles, and ceaseshen sea iceis present. In addition, the undercutting is

dependent on water circuation to transfer the energy(Benn et al. 2007aVieli et al. 2002.

If a grounded terminus is subject to surface melting to the degree where it thins to less than
the flotation thickness, it becomes subject to net upward buoyant forces and can fracture
catastrophically. An ice foot can develop if the subaerial part of the ice cliff is calved off, and
which can then shoot up because of the buoyant forces acting on it 8, AAOU
Christoffersen (2013) modelled the effect of undercutting on calving and concluded that

water temperatures near the base of the glacier front are likely to have the greatest effect

on calving, and not the sea surface temperatures.

Calving ratecan be defined as the volume of ice that breaks off per unit time and per tni
vertical area at the glacier terminus, and is equal to the difference between glacier velocity

at the terminus and glacier length over time:

U=UZL/Nt Eq. 2.1

Where W is calving rate, Wis the glacier velocityat the terminus, L is glaciedength and t is
time (Benn and Evans 201} Calving rate is closely linked to ice velocity at the front, and it
is important to have in mind which external factors affect the velocity of calving glacierés
mentioned, submarine melting can amplify calving, and is an important factor that can be
included into the W term. A more correct terminology for calving rate would be frontal

ablation rate (Luckman et alin review).

Al
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Basal drag ceaseif the glacier margin thickness is less than a critical floatation thickness,

Hr, and the glaciercan thenaccelerate:

Hr=— Dw Eq. 2.2

Where | wis density of the water it terminates in,f] '@ the density of the glacier ice and &

is water depth (van der Veen 2013. On Columbia Glacier a correlation between velocity
fluctuations at the front and tidal cycles has been demonstrated to exiswith the highest
velocities occurring at low tide (Robert M. Krimmel and Vaughn 1987Meier and Post
1987). The subglacial drainage system plays an important part in the velocity, and this can
be shown bycomparing velocity records with air temperature, ablation rates, rainfaldata
and water levels in bore holes(Robert M. Krimmel and Vaughn 1987Meier et al. 1994
Vieli et al. 2009.

2.1.2 Surveying calving glaciers

O'Neel etal. (2003) used time-lapse photography to determine the position othe terminus

of LeConte Glacieon a subdaily basis.They measured ice motion and terminus position at

2-8 hour intervals nearly continuously between 2 May and 4 June 1999, and by measuring

the ice thickness at the front they calculated calving flux. Data from external factors that

might affect glacier moton and calving were collected, like tidal data, surface ablation,
precipitation and air temperature. In addition, they recorded the timing and magnitude of

calving events during the day, using a subjective scale from1D. One conclusion \as

O. AE OE Aisdal GbE the photogrammetric calving time series show evidence that

AEAT CAO ET EAA OAI T AEOU AOA OAI AGAA OiF AAIl OEI

~ o~ A N oA 2 oA

betweensemiAE OOT A1l OEAAI &£ OAOOAOETT O AT A AAI OET Co
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As part of the Extreme Ice SurveyAhn and Box(2010) installed digital cameras by some of
the huge outlet glaciers of WesterrGreenland. Images were taken from Mayune 2007.
They had a loss of 1820% of image data due both internal (timer failure) and external
factors (wild animals, poor visibility ). Images takenat midday were used to calculate
velocity. The offset measurement, displacement, was calculated using affe@sed image
matching, but before this the images are enhanced several different ways, resulting in 5

new images in addition to the original.

James et al(2014) investigated calving and ice flow velocity by using time lapse techniques
at Helheim glacier in 2010 and 2011, both stereoscopicallyuntil power failure) and
monoscopically. They developed DEMs from the stereoscopic dataset. The authors
discovered a front advance and lifting prior to three major calving events, based on

terrestrial photo grammetry without converting pixel values to real world coordinates.

Additionally, remote sensingfrom satellites is used to monitor glacier velocities and front
positions (K&&b et al. 200%. Radar satellite imagery from e.g. the TerraSAR is
independent of weather conditions and light (dark season in Svalbard), but will have a
maximum temporal resolution of 11 days anda spatial resolution of 2m. Many tidewater
glaciers in Svalbard are monitored like this, including KronebreerjFigure.2.1) (Luckman

et al.in review).

2.1.3 Changes in front positions of calving glaciers

There are severalcontrols on tidewater glacier terminus position, including ice velocity,
calving rate, bed topography(Vieli et al. 200, water depth and ice thickness. The front
position of calving glaciers appear to go through cycles of very slow and loAgsting
periods of advance, and shorter periods of rapid retreatMeier and Post 1987, without any

obvious climatic control on this (van der Veen 2013Benn et al. 2007aVieli et al. 200]).
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2.1.4 Calving rate and velocity relationship

It has long been discussed whether calving loss is the driver of glacier flow acceleration, or
vice versgaBenn et al. 20073 On one side, calving can trigger dynamic changegsiream in
the glacier which in turn can lead to increased velaties and other dynamic changegMeier
and Post 1987. This makes the calving process the driving force, or th@asterd On the
other side, calving can be regarded as th®laved which acts passively to dynamic changes
like flow acceleration or thinning (Benn et al. 20073 Both ideas have support from the

comprehensive Columbia Glacier dataset.

Glacier velocity variations in both space and time control the depth of surface crevasses and
rates of dynamic thckness changeThis means that longitudinal and transverse velocity
gradients determine the behaviour of calving glacier meaning they act as a fundamental
control on where and when calving occurs, but there is not a straightforward correlation to

calving rates(Benn et al. 2007

Figure 2.1 The heavily crevassed surface of Kronebreen
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2.2 Photogrammetry

Measuring glacier velocity from terrestrial photograph sequences was done already in 1983
by Krimmel and Rasmussen1986) on Columbia glacier, andO'Neel et al.(2003) further

improved the method. Time-lapse movies are also a good way to reach out to thpeiblic,

explaining glacier dynamic and climatic change effects on glaciers in a very visual way
(Figure 2.2).

Figure 2.2 Time lapse camera set up on the nunat&¢eindolpen looking down at Konebreen

2.2.1 Camera structure

Digital single lens reflex cameras (SLR) produce digital images, which consist of an array of
pixels Thetotal image sizels the product ofthe number ofrows and columns in the array,
i.e. the number of pixels in the image-or each pixelthe camerasensor (Charge Coupled
Device or CCDjegisters a separateRGB(red green blue) intensity value.These values build
up an image that humans can observe. Tieensor sizes the product of the horizontal and
vertical length of the £nsor in the camera, often measured in mmlhe raw size of each
pixel on the CCDis calculated by dividingimage size(pixels) by sensor sizg§mm). Focal
length is the distance from the optical centre (where the light rays converge) to the sensor

in the camera, seeFigure 2.4 B.

10
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The principal point is the perpendicular intersection point of the principal axis and the
image plane, defined by pixel coordinates. The principal axis is the horizontal line from the

camera cente, seeFigure 2.3.

A B

" )

Jcam X 3 e X
vl P x L —
Yo pe i o ¥x
) Xcam %
y ‘f’ Z

- P / \
\ c N principal axis
I camera Y
X Xy centre - image plane

Figure 2.3 The image plane Q) with the position of the principal point. The principal point is the

intersection of the principal axis and the image plan®&)

The spatial resolution describes how many metes in real life one pixel in the image
represents, which varies with distance from the object measured to the camera. The focal
length and size of object in the image ratio corresponds to distance to object and size of

object in real world ratio, shown in Figure 2.4 (Svanem 2010.

Distance (d) B

Focal

Length (f)
l f\

Image

o Y Object,
"O¢ WA £0Q0 OQi 0 WweE wQ
I QWA QR QRO Qwai aQ

Figure 2.4 Camera with the sensord) and the how thespatial resolution varies with distance to camet@®).

Internal camera parameters specified by themanufacturers may deviate from actual
parameters in different cameras. To know the exact values, eamera calibration is
necessary. Many computer softwarg@ackagescan perform this operation, for example the
Camera Calbration App in the ComputerVision System toolbox in MATLABas used in this

thesis.

11
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Lens distortion is the phenomenon where straight lines in the real worldippear curved in
the 2D image plae, and this can result in errors in photogrammetry. By calibrating the
camera, the various distortion coefficients can be found and distortion accounted fothus

reducing errors.

External camera parameters are theameraposition in real world coordinates andthe view
direction. The position of the cameras typically found in the field by the use of a GPS, and
was in this study. The view direction is defined by three variables; yaw, pitch and roll. Yaw
is the rotation about thevertical, z axis Pitch is the up/down angle of the camera, and roll is

the horizontal tilt.

A cameraon a tripod will never be 100 % stable, due to external factors like wind gusts
wildlife (Figure 2.5), temperature changes and ground movement due to freezing and
thawing. Thisresultsin minor changes in camera view direction through time and therefa
also the image sequencéEiken and Sund 2012. Camera motioncan either be corrected for
before or after the feature traking process Both methods use the apparent movement of
static features, e.g. mountains, as a basis. If it is performed before the feature tracking, one
reference frame is chosen and all the other frames in the sequence are oriented according

to this using computer software. If it is done after, theapparent movement of static features

in the image is subtracted from the measured feature track.

UL T TR BN
A " ‘f\\“\\
22 35 AN

.

Figure 2.5 Suspicious wildlife in front of time lapse camerathat may result in camera motion

12



Theoretical Background

2.3 Study area

Svalbard is an archipelago located at the NW limit of the European continental shelf in the
High Arctic between 742 81° N 10%35° E, and comprises an area of about @2 km2. The
largest island is Spitsbergen, followed by Nordaustlandet, Edgegya, Barentsgya and Kvitaya
(Moholdt 2010). Kronebreen is situated at the head of Kongsfjorden, 15 km east of Ny
Alesund, seeFigure 2.6. Kongsfjordenis a SENW trending fjord, approximately 27km long
and X5 km wide, with water depths of around 100 m in the inner fjord(Svendsen et al.
2002) to a maximum of 428 m(Glasser and Hambrey 200l Kongsfjorden also has an
unrestricted connection to the warm WestSpitsbergen Current(Luckman et al.in review).
Close to 80% of the fjord drainage basin area is giated, mostly by tidewater glaciers
(Glasser and Hambrey 2001

Ulvlnalunullqpvuyu y \A’\_‘
oy Ste:ﬁmeknausal‘le
Kongsfjorden = A e
Erandalpynten B oo :f | g,
yrningen S0, OssipivSarsfiellet
™ Stortiglmen;~ | /
Ny—Ale sund A oyé ' , 1 Snospory
] : ? L \ Kongsbreen
I_,OYaZeppelinfjellet ; B
N 2 7 ~ Ceffetth ogd
Shef dajifiell et ‘ _ el °9} 3
C_JiSlattefjellet : -
&2 W % S =
/i
» Kronebreen
_Nielsenfjellet
Al et N~ =3
\ 4 ! ; 3.
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Figure 2.6 Location of Konebreenand Ny-Alesund.
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Theoretical Background

2.8.1 Climate

Due to its location, Svalbard is extremely sensitive to climatic changdslumlum et al.
2003). The Svalbard climate is relatively mild for its latitude due to the northward Atlantic
current that brings warm water to the west coast of SpitsbergerfMoholdt 2010, Hagen et
al. 1993). Winter temperature variations are bigger than the more stable summer
temperatures. The mean annual air temperature of western Spitsbergen48°C, with July as
the warmest month with an average of %°C and the coldest period is Jaklarch with an
average of-15°C(Hagen et al. 1993. The Sverdrupmeteorological research station in Ny
Alesund has a continuous weather record from July 1974 to the present dayigure 2.7

shows the mean air temperature for June, July and August the last 20 ye@$1l 2015).
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Figure 2.7 Mean air temperature for June,uly and August from 1994 to 2014NMI 2015).

Precipitation in the Arctic is low because air masses are usually stably stratified and contain
only small amounts ofwater vapour. Local gradients in precipitation occur, for example the
normal annual precipitation at Svalbard airport from 1961 to 1990 was 190mmwhich is
one third of the precipitation in Barentsburg for the same period(Fgrland and Hanssen
Bauer 2003). Sand et al(2003) concluded that the East cast of Spitsbergen receigs 40%
more snow, in water equivalents, than the west coast, and the southern part of the island

receives twice as much winter precipitation than the northern part.
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Theoretical Background

2.3.2 Geology

The mountains surrounding Kronebreenconsist mostly of horizontal Carboniferous and
Permian beds of sandstone, shale and coal. The famous pyramid shaped Tre Kroner peaks
Svea, Nora and Dana, locatexhst of Kronebreen, have a top of Carboniferous and Permian
strata, with gently folded Devonan rock underneath. Steindolpen nunatak consists of

mostly gneiss, from lower to middle Proterozoic timgHjelle 1993).

On the northern margin the glacier erodes red sandstone of Carboniferous age from
Collethggda(Figure2.8), and transports large quantiies of sediments with the melwvater
into Kongsfjorden giving it a red colourand the bay is therefore named RaudvikéNuth et
al. 2015). The discharge of melt water is very dynamic, and changes location through time
Subglacial discharges have developed a huge grounding lifa, and based on thisTrusel et
al. (2010) calculated a sediment yield of 1.4 x FXonnes/ km2/y ear for Kronebreen andthe

tributaries, which represents an effective erosion rate of 0.56 mfy ear.

Figure 2.8 KronebreenentersKongsfjorden andhe mountain ®@llethggda
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Theoretical Background

2.3.8 Glaciology

About 59 % of the Svalbard archipelago is covered by glaciers which represents an area of
approximately 35 528 km2 (Nuth et al. 2019. The size ranges from huge ice caps like
Autsfonna (8357 km2) and Vestfonna (2402 km?2) at Nordaustlandet, to smaller cirque

glaciers in the alpine terrain of wesern Spitsbergen(Nuth et al. 2015).

The Qittle Ice Agedglacier maximumin Svalbardoccurred later than on mainland Norway
ending around 100 years ago, and most of the glaciers have retreated sir{f@aszczyk et al.
2009). The overall net balance of glaciers in Svalbard is calculated to #e5 kmd+ 1kms3
lyear (Hagen et al. 2003h.

The temperature regime of Svalbard glaciers is mostly polythermal, with the base frozen
to the ground in the terminal zones and ice at the pressure meing point in the
accumulation area(Hagen et al. 2003a Land terminating glaciers havetypical surface
velocities of ~10 m/ year, and tidewater glaciersup to an order of magnitude higher(Hagen
et al. 20039. Around 33% of the glaciers in Svalbard are surge ty®laszczyk et al. 2009,
meaning they shift betwea a short and rapid phasesurge phaseand a slower and longer
phase,quiescent phaséBenn and Evans 201))

Calving front
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Figure 2.9 Distribution of land-terminating and tidewater glaciers inSvalbard (Nuth et al. 2015)
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Theoretical Backgro und

Two thirds of the glaciated area idrained by tidewater glaciers Figure 2.9) (Nuth et al.
2015). 60 % of the Svalbard glaciers terminate in tidewater and are tis subject to calving
dynamics (Sund 2011). The total length of calving ice fronts in Svalbard is about 860 km
(Blaszczyk et al. 2009 and all margins are grounded(Dowdeswell 1989 or at least not
currently able to maintain a stable floating termini(Sund 201J). Austfonna is the biggest ice
cap in the Eurasian Arctic, and situated in Nordaustlandein North East Svalbard. This ice
cap loses 2.5 krifiice annually due to calving alonerepresenting 45% of the calving flux
from the whole Svalbard Archipelago(Dowdeswell et al. 2008. The annual total runoff
from Svalbard glaciers is 800 mnt150mm /year, where calving represents 16%{Hagen et
al.2003a).

During the last 40 years, Svalbard glaciers excluding Austfonna, have contributed to global
sea level rise with a rate of 0.026 mrryear (Nuth et al. 2010. An increasein the calving flux
Al O 3 0AI1 AAi®duiedtly gnticipdtdt Avbich will lead to many tidewater glaciers

retreating eventually terminating on land (Blaszczyk et al. 200%.

2.8.4 Kronebreen

Kronebreen is a grounded polythermaliidewater glacier situated in Kongsfjorden(Figure
2.10). The glacier trunk drains a 390 kn? area comprising the ice masss Holtedalsfonna,
Dovrebreenand the smaller cirque contributory glacier Infantfonna(Nuth et al. 2012. The
whole glacier system is 50 km long with an elevation range from 1400 m.sl. to sea level
(Nuth et al. 2019, and the bed is locateddown to 80m below sea level at some parts
between the front and 7 km upstream(K&aab et al. 2005 Lefauconnier et al. 1994 Sund et

al. 2011). Thecalving front is grounded at a water depth of about70 m (Luckman et al. in

Figure 2.10 Two glaciologists looking down on the heavily crevassKronebreen
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Theoretical Background

Velocities and front positions

Kronebreenis one of the fastest moving glaciers in Svalbard, with annual velocities of up to
300-800 m/year at the front, or 1-2 m/day (Kaab et al. 2005 Nuth et al. 20129. Liestal
(1988) reported velocities up to 4 m day. Kaab et al(2005) calculated maximum speeds of
more than 800m/year (2.2 m/day) just above the calving front around July 2001(Figure
2.11).

Figure 2.11 The surface velody field for the lower part of Konebreen, derivedrom aster imagery
of June 28 and August & 2001. The isolines are speed in mes per year(Kaab et al. 200%.

Rolstad and Norland(2009) used groundbased radar and measured velocities of 2.5 m/day
in August/September. Using feature tracking on TerraSARx imagery, Luckman et al.(in
review) found winter velocities from 1.5-2 m/day and summer peaks of 3z 4 m/day.
Velocities of Kronebreenhave beenmeasured using terrestrial photogrammetry before.
Velocities in Maywere calculated to bearound 2.5 m/day and peak velocities occued in

mid-July and Agust with values around5 m/day (Svanem 2010.

5 km upstream from its calving front, Kramebreen joins the surge type glacier Kongsvegen,

separated by apronounced medial moraine (Figure 2.11). Kongsvegen is now in its

quiescent phase, and flows with velocities of 1.43.6 m/year, reflected by a smooth surface

relative to the heavily crevassed KronebreeriMelvold and Hagen 1998Trusel et al. 201Q.

Kronebreen has never been observed to surge, but according tdestgl (1988) based on

LovAT1 6 0 AGPAAEOEI T h EO OOOCAA ET puyows8 +11 COOAC

shift of the medial moraine observed in photos byKaab et al(2005).
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Theoretical Background

Kronebreen hasa 175 year history of documented front positions(Sund et al. 201].
Receding rates of Kronebreenhave been measured fromzero to 300 m/year, with an
average of 200m/year (Lefauconnier et al. 1994. Since 1998 the joint front of Kronebreen
and Kongsvegen has retreated more than 4«m (Kaab et al. 200%. During winter
Kronebreen advances modestly, and has a net annual retreat during summer of about
350m.

Calving

Kronebreen has a 3 km long calving front, and is among the 10 largest contributors to the
total calving flux of the Svalbardarchipelago.The calving rate and flow velocity of the front
of Kronebreenhave been measuredising ground-based radar basedn August/September
2007. The resultsshow that calving events do not influence the speed further upglacier,
but an increase within 30m from the front happens before the calving event, and it goes

back to normal after the eent (Rolstad and Norland 2009.

The nature of singleevent calving at Kronebreen was investigatedby continuous visual
observations of the front (Chapuis and Tetzlaff 2011 The events were described with
type, location, time and size.No significant correlations with externa factors like
temperature and tide and calving activitywere found. It has been concludedhat the local
geometry and water depth aroundKronebreen are controlling the strain rates, crevasse
patterns and ultimately the calving activity (Chapuis 2011) In addition, Sund et al.(2011)
concluded that that they found no clear relationship between calving activity and their

velocity record of Kronebreen, and thatnajor calving events occurred randomly.
Kohler et al.(2011) identified calving activity at Kronebreen using seismic recordings km

from the front. They found an increase in calving related seismicity, when the glacier

slowed down in autumn (2009 and 2010).
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Theoretical Background

Luckman et al.(in review) referred to the terminal frontal ablation rate instead of calving
rate, because othe significance and importance of submarine undercutting that is going on
at the terminus. They measured frontal ablation rate peaks of ~8m/day(Figure 2.12). The
maximum rates occur in September and October, and the authors concluded a strong
correlation (r2=0.84) between the seasonal pattern of frontal ablation and the mean annual
cycle of subsurface temperature. The frontal ablation rate pattern was similar for several

glaciers in Svalbard, despite different dynamic behaviour.

Figure 2.12 Ice front positions, retreat rates, velocities and frontal ablation rates for Kronebreen
during 2013 and 2014 based on TerraSARImagery, fromLuckman et al. {n review).
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