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Abstract

Nearly all major glaciers in Greenland have reduced in size over the last two decades. An increase in
the amount of ice transported from the Greenland ice sheet to the oceans is predicted following an
increase in Arctic air and ocean temperatures. One of the last glaciers with a floating ice shelf and
draining a substantial area of the Greenland ice sheet is the Petermann glacier in North West
Greenland. With two major calving events in 2010 and 2012 the extent of its floating ice shelf was
reduced to only half of that prior to 2010 and since 2016 new fractures indicate a new calving event
is predicted to reduce the length of the glacier by ~14 km.

Multiple studies have indicated that after the major calving event of 2012 the glacier
accelerated and a new increase in the velocity, possibly linked to the next calving event, has already
been observed. With every part of the glacier’s ice shelf that is lost the resistive force that holds the
glacier back is reduced and the amount of ice drained to the ocean increases. Losing its entire ice shelf
could lead to a significant increase in the contribution of the Petermann glacier to global sea level rise
as the Petermann fjord extends inlands below sea level for nearly a hundred kilometers.

This study uses ice thickness and surface elevation data combined with velocity data from
different sources to analyze the current and future stability of the Petermann glacier. Ice thickness
and the velocity data is used as input in a fracture model in order to investigate the different
contributions of stress, thinning and an increase in the availability of surface water to the depth
crevasses can reach. The areas on the glacier that show locations where crevasses penetrate deep into
the ice indicate that the glacier is vulnerable to fracturing in those spots. Connected weak spots might
indicate further potential for future calving events.

The results derived from the thickness data and the subsequent melt rates show that near the
grounding line the glacier is experiencing significantly larger melt rates than near the calving front.
The high melt rates are concentrated in space and caused three large basal channels to form, which
run downstream parallel to the flow direction. The location of the western channel corresponds to
the location of fractures that initiated during the same time the channel deepened, indicating a
relationship between an increase in melt rate and fracturing. This relation is also observed in the
results from the fracture model, where there is enough water and the ice shelf thinness fractures are
capable of penetrating deep in the glacier ice. The results also show that when the average melt rate
between 2011 and 2017 continues to prevail the floating ice shelf of the Petermann might be gone
within the next decade.
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1. Introduction

1.1Arctic climate change

For the past 50 years the average temperature in the Arctic has been increasing twice as fast compared
to the rest of the world and, with a medium or high greenhouse gas scenario, the Arctic autumn and
winter temperatures are projected to rise an additional 4-5 °C (AMAP 2017). The Arctic has played a
dominant role in global sea level rise since 1974 with approximately 70% of the contribution of the
Arctic to sea level rise coming from Greenland (AMAP 2017). The increase in mass loss from the
Greenland ice sheet (Grls) is both attributed to a decreasing surface mass balance (SMB) and an
increase in ice discharge through marine-terminating glaciers (Rignot et al. 2010) . Rignot et al. (2008a)
found that variations in ice discharge of marine-terminating glaciers are strongly linked to the SMB
and can dominate the total mass balance of the Greenland ice sheet (GrlIS). There is still a considerable
amount of uncertainty when it comes to the drivers of mass loss of marine-terminating glaciers on
Greenland (Carr et al. 2013). Many glaciers respond differently to the same kind of forcing due to
differences in: basal topography, ice flow velocity or fjord geometry (Carr et al. 2013). This makes it
hard to generalize and assume that different glaciers will respond equally to the changing climate.
Uncertainties about how the Greenland ice sheet and its surrounding glaciers will respond to the
projected warming make it hard to estimate the magnitude of future sea level rise (Carr et al. 2013),
yet global sea level rise is expected to accelerate (SWIPA, 2017). Increasing the understanding about
the interaction between processes that drive climate change in the Arctic and its effect on the
Greenland glaciers is imperative for policy-makers all over the world (SWIPA, 2017). To increase the
understanding on how marine terminating glaciers react to climate change the Petermann glacier, the
fourth largest glacier in Greenland (Rignot and Kanagaratnam 2006), is discussed in this thesis.

1.2 Petermann glacier

1.2.1History of exploration

The Petermann glacier has been the subject of many scientific papers and expeditions. First
documented and discovered by C.F. Hall in 1871 during the American Polaris expedition (Kollmeyer
1980) and mapped by Koch in 1928 after two expeditions from 1917 and 1921 respectively. Higgins
(1991) already observed the large water filled crevasses that lead to calving and noted that the largest
tabular bergs lost from the Petermann glacier were approximately 10 by 12 km in size (Higgins 1991).
With availability of remote sensing data growing so grew the understanding of the Petermann glacier.
Contrarily to what was previously assumed Rignot (1996) found that, by using remote sensing data,
the majority of mass loss from the Petermann glacier was due to basal melt instead of surface melt,
with peak values near the grounding line. This was later confirmed by Rignot and Steffen (2008a) who
calculated the steady state melt rate and showed that approximately 80% of the total mass loss
occurred through basal melt. After the major calving event of 2010, where the glacier lost 270 km? of
ice (Babiker and Miles 2013), the interest in the Petermann glacier intensified, yet Nick et al. (2012)
found that losing ~25% of its ice shelf did not cause the Petermann glacier to accelerate. The next
large calving event in 2012 where the glacier lost another ~130 km? did trigger an increase in the flow
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velocity (Miinchow et al. 2016),(Rickamp et al. 2019) and marked the furthest retreat in the observed
history of the Petermann glacier (Babiker and Miles 2013). Johanessen et al. (2011) found that the
calving event of 2010 was an extreme event within the 50 year period of observed calving on the
Petermann glacier due to the size of the calved ice island as well as the calving front retreat associated
with it. Johanessen et al. (2013) noted that the size of the calving event of 2012 was not extraordinary
(~130 km? versus ~153 km? and ~168 km? in 1959 and 1991 respectively), but the short period of two
years between two large calving events was not observed before on the Petermann glacier. Rignot
and Steffen (2008) suggested that the Petermann glacier was vulnerable to calving due to channelized
bottom melt and increased fracturing, but Johanessen et al. (2013) stated that there was not enough
data available to determine whether the calving events of 2010 and 2012 are part of a natural cycle
or that the retreat marked a permanent change in the calving front location.

1.2.2 Current stability of the Petermann glacier
According to Shroyer et al. (2017) it is possible that the Petermann glacier has reached a new quasi-
equilibrium length of 40-45 km. The hypothesis of Shroyer et al. (2017) is based on outcome from a
coupled sea-ice and ocean model. The model shows that the basal melt process that is associated with
the calving events of 2010 and 2012 will not cause the glacier to retreat further than the calving front
position of 2012 (Shroyer et al. 2017). Miinchow et al. (2016) supports this hypothesis and states that
the main rift currently visible near the calving front (Figure 1) indicates that the glacier will calve and
retreat to approximately the same position as it did after the 2012 calving event.

According to Miinchow et al. (2016) changes in the basal melt rate will determine whether
the new-equilibrium position is stable or that the calving front position is only temporary and further
retreat will follow. Wilson et al. (2017) showed high average

basal melt rates near the grounding line of ~50 m a using O
surface elevation derived ice thickness maps between 2011 and \
Petermann

2015. The values reported by Wilson et al. (2017) are higher
than the basal melt rate of ~25 m a? between 2002/2003
observed by Rignot and steffen (2008), but the only
observations on whether the melt rate is increasing are from
Minchow et al. (2014). Miinchow et al. (2014) showed that
between 2007 and 2010 the average thickness decreased along
the glacier by ~5 m a.

Besides the main rift that Minchow et al. (2016)
identified as the new calving front new fractures are forming in
the south west of the floating ice shelf (Figure 1). The
combination of newly observed fractures and high basal melt

glacier

rates raises the question whether the Petermann glacier has
indeed reached a new equilibrium length or that additional
calving will lead to a positive feedback mechanism and

eventually the collapse of the floating ice shelf of the Petermann
glacier.

Figure 1 Sentinel-2 image of 18-08-2018 showing the
floating ice shelf of the Petermann glacier with newly
observed fractures and main rift outlined. Location of
the Petermann glacier in Greenland shown in top
image. Image by: Uwe Dedering, Creative Commons
license.
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1.2.3 Response to instability

The response of the Petermann glacier to forcing’s such as an increase in basal melt and an increase
in runoff has been discussed by Nick et al. (2010, 2012). Nick et al. (2012) showed that increasing the
basal melt documented by Johnson et al (2011) by a factor three would remove the floating ice shelf
completely and cause significant grounding line retreat. The responds of the Petermann to calving
glacier is modelled by Riickamp et al. (2019) and Hill et al. (2018). Riickamp et al. (2019) was able to
reconstruct the speed up after the 2012 calving event using the Ice Sheet System Model confirming
the increase in velocity was due to a reduction in the buttressing stress that restrained the glacier
flow. Riickamp et al. (2019) also showed that the ice berg associated with the next calving event is
already dynamically detached from the ice shelf, which means it no longer provides resistance to
glacier flow and that the Petermann glacier has experienced a velocity increase as a consequence. Hill
et al. (2018) modelled the consecutive response of the flow velocity of the Petermann glacier to losing
sections of its floating ice shelf. The thickness of the section that calves off determines the increase in
velocity as thick sections provide more resistance to the glacier’s flow compared to thin sections (Hill
et al. 2018). A significant increase in the flow velocity at the grounding line is found after ice calves
with an average thickness larger than 200 m, which is found within 12 km of the grounding line (Hill
et al. 2018). Losing the entire ice shelf could eventually lead to a velocity increase at the grounding
line of 96% (Hill et al. 2018). The increase in ice discharge following the loss of the entire ice shelf leads
to an increase in the mass loss from the GrIS of ~14 Gt a* (currently ~11 Gt a?) and can increase even
further if the grounding line would retreat further inland (Hill et al. 2018), since the Petermann fjord
extents inland for ~100 kilometer as a canyon below sea level (Bamber et al. 2013) the potential for
additional mass loss is significant.

1.2.4 Calving and fracture modelling

In order the model the response of the Petermann glacier to different forcing’s Nick et al. (2012) used
the method of Nye (1957) to calculate the calving front resulting from crevasses penetrating to a
certain depth as described in Nick et al. (2010). The method of Nye (1955, 1957) is a simpler approach
to crevasse modelling than the, more frequently used, linear elastic fracture mechanics (LEFM) model.
The LEFM model is based on the principle that the stresses in the ice cause factures to propagate and
is used in a broad spectrum of papers such as: Krug et al. (2014) who calculated the calving front of
the Helheim glacier as part of a numeric ice flow model, Mottram and Benn (2009) attempting to
recreate vertical crevasse fields on the Breidamerkurjokull glacier using the approach of Van der Veen
(1998) or Larour et al. (2004) who modelled the propagation of horizontal rifts on the Ronne ice shelf
in Antarctica. Enderlin and Bartholomaus (2019) showed that the observed pattern of crevasses poorly
matched the modelled crevasses over 19 Greenland glaciers using the Nye method. Mottram and
Benn (2009) showed that the LEFM approach of Van der Veen resulted in a better match between
observed and modelled crevasses than the Nye method, provided the necessary parameters were
known. For this reason the LEFM approach of Van der Veen is used in this thesis to investigate crevasse
propagation.

1.2 Thesis aim and outline

1.2.1Aim
The aim of this thesis is to analyze the stability of the Petermann glacier in its current form and to
make a prediction on the stability of the near future ice shelf in order to answer the main question:

How long will it approximately take before the floating ice shelf of the Petermann glacier collapses?
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The main question stems directly from the observations by Miinchow et al. (2016) and Shroyer et al.
(2017) who speculate that the Petermann glacier has, possibly temporarily, reached a new quasi-
equilibrium position with the main rift of Figure 1 marking the new calving front. However they also
state that the glacier is most likely not in a steady state in its current form. Adding to the observations
by Miinchow et al. (2016) and Shroyer et al. (2017) newly observed fractures in the south west of the
glacier possibly indicate a decrease in ice thickness (Bassis and Ma 2015). In order to analyze the
stability of the Petermann glacier in its current form and to make a prediction on its future stability
five objectives have been identified:

1. Extend the analysis of Miinchow et al. (2014, 2016) and Riickamp et al. (2019) in order to get
more recent melt rates and velocity fields and identify any changes or lack of changes that
indicate whether the glacier has reached a quasi-equilibrium.

2. Identify whether the additional thinning documented by Miinchow et al (2014) is due to a
decrease in the SMB or an increase in the basal melt rate. By identifying the source of the
thinning and the underlying mechanism for its increase a projection is made for its future effect
on the stability of the Petermann glacier.

3. Calculate the stresses from the velocity field in order to identify whether the increase in velocity
following the speedup related to the calving event of 2012 and the detachment of the ice berg
related to the main rift has led to an increase in the tensile stress on the glacier.

4. Identify any recently formed fractures on the Petermann glacier, track the propagation of
these fractures over time and find a possible correlation between the location of these
fractures and the updated melt rate maps.

5. Use the 2017 thickness map and stress field as input in the LEFM model to calculate the
theoretical crevasse depth over the entire glacier for the current situation and compare the
locations where crevasses are present based on objective 4 with the locations of the modelled
crevasses. Then visualize the effect of continued melt rates, increased levels of stress and
ample surface water availability on the propagation of crevasses to find whether additional
crevassing is to be expected.

1.2.2 Outline

With the availability of updated data sets of the velocity field up to July 2018 and thickness data up to
July 2017 the analysis of the temporal and spatial variation of the melt rate and velocity field as
performed by Miinchow et al. (2014, 2016) and Riickamp et al. (2019) was extended. This analysis was
supplemented by quantifying the increase in runoff by using output from the regional climate model
HIRHAMS5 combined with a MODIS albedo product described in (Peter L. Langen et al. 2017) and
showing the velocity field derived stresses.

New fractures have been identified and their propagation was tracked over time. The location
and time of formation was linked to basal melt rates and velocity gradients in order to assess what
allowed these fractures to initiate. In order to estimate whether the conditions for further fracturing
will become more favorable between 2017 and 2020 the effect of: thinning, an increase in stress and
the availability of additional runoff on crevasse propagation using the LEFM approach of Van der Veen
(1998) was assessed.
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2.Background

In the background section first general information on the Petermann glacier and Petermann fjord is
given. Second to further understand the process of basal melt and the influence of the fjord geometry
and bathymetry on this process the interaction between ocean and the base of the Petermann glacier
is explained. Third the process of calculating the basal melt and thickness change is discussed. Last
after the ice-ocean interaction and thickness change is discussed background information is provided
on the LEFM theory. Since the LEFM theory is generally not well known to people without an
engineering background a more extensive introduction is provided including a sensitivity analysis
showing the relative importance of different factors such as ice thickness and water availability on the
propagation of crevasses.

2.1General background

2.1.10verview of the Petermann glacier

The Petermann glacier drains approximately 6% of the Greenland ice sheet area, which makes it the
fourth largest glacier in Greenland (Rignot and Kanagaratnam 2006) and is one of only seven glaciers
with a floating ice shelf in Greenland (Moon et al. 2012). The glacier has an average velocity of ~1.2
km a! with summer velocities being 10-20% higher than winter velocities (Nick et al. 2012) and drains
~12 Gtof ice per year (Rignot and Steffen, 2008). At the point where the glacier becomes floating, also
known as the grounding zone, the ice thickness is approximately 600 m and reduces to 200 m at the
calving front (Mlnchow et al. 2016). The main cause of the thinning along the ~45 km long ice shelf
is basal melt which accounts for approximately 80% of the mass loss (Rignot and Steffen, 2008). Prior
to 2010 the floating ice shelf was approximately 70 km long, but lost a combined length of ~40 km
during two calving events in 2010 and 2012 respectively (Johanessen et al. 2013). Snow accumulation
is low as the north west of the Greenland ice sheet is one of its driest regions with the Petermann
having a snow accumulation of just 10 cm in 2003, 2004 and 2005 (Rignot and Steffen, 2008, Steffen
and Box, 2001). The glacier is located in the north west of Greenland and drains into the Petermann
fjord (Figure 2). The Petermann fjord is connected with the Lincoln Sea and the Arctic Ocean in the
north and the Atlantic Ocean in the south by the Nares Strait.
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Figure 2 Envisat Meris image from 2008-07-01. North West Greenland with the location of the Petermann, Steensby, Ryder
and H.C. Ostenfeld glacier.

2.1.2 Petermann fjord
The Petermann ice shelf is contained between the fjord walls of the Petermann fjord, reaching depths
of over 1100 m at its deepest point see Figure 3. The Petermann fjord bathymetry can be divided in
several sections. Near the grounding line the bed deepens and forms an inner basin. This inner basin
is separated from the outer basin by an inner sill, which might have served as a stable grounding line
position during a former retreat of the Petermann glacier (Tinto et al. 2015). The depth of the outer
basin is around 300-600 m deeper on the east side of the fjord compared to the west side (Tinto et al.
2015). The outer sill that serves as a partial barrier between the Petermann fjord and the Nares strait
is approximately 410-350 m deep and is located 85 km from the grounding line (Johnson et al. 2011).
The Nares Strait connects the Lincoln Sea with Baffin Bay with a prevailing southward current
it transports sea ice from the Arctic to the Atlantic Ocean (Shroyer et al. 2015). The sea-ice is mobile
in summer time, but can be halted and changed to a stationary state in winter time through the
formation of an ice arch (Shroyer et al. 2015). An ice arch forms when particular large pieces of ice get
wedged between Ellesmere Island and Greenland and block the flow of sea-ice. These ice arches play
an important role in the amount of warm water that is provided to the Petermann fjord, as recent
publication from Shroyer et al. (2017) shows the importance of incorporating the relation between
sea ice in the Nares Strait and the amount of relative warm water that enters the Petermann fjord.
When the sea ice in the Nares Strait is in a mobile state the wind stress that acts on the ocean surface
causes an Ekman transport of westward, relative cool, surface water (Shroyer et al. 2015). This surface
water is then replaced by upwelling deep relative warm salty water on the east side of the Nares Strait
(Shroyer et al. 2015). Combined with an increase in exchange between water from the Petermann
fjord and the Nares Strait due to eddy-induced circulation at the mouth of the Petermann glacier the
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Figure 3 Top: Petermann fjord bathymetry along the east with the connection to the Nares strait on the right side. Bottom:
Petermann fjord bathymetry along the east with the connection to the Nares strait on the right side. Image altered from
Tinto et al. (2015)

mobile sea-ice state provides more warm water to the Petermann fjord compared to the stationary
sea-ice state ( Shroyer et al. 2017).

The effect of an increase in warm water in the Petermann fjord is expected to only affect the outer
part of Petermann ice tongue where the ice draft is less than 200m (Shroyer et al. 2017).

The relative warm salty water that is responsible for the basal melt near the grounding line
originates from the North Atlantic current (Minchow et al. 2016). The North Atlantic water mixes with
cooler water from the Skagerrak and flows along the Norwegian coast to split up in several directions
(Straneo et al. 2013). One part of the current passes Spitsbergen as the Western Spitsbergen current
and flows poleward into the Arctic Ocean (Straneo et al. 2013). When the Atlantic water reaches the
Lincoln Sea its temperature has decreased, but the temperature of around 0.3 °C at a depth of 300 m,
which coincides with the sill depth between the Nares Strait and the Lincoln Sea, is still higher than
the -2.2 °C pressure-dependent freezing point at the base of the Petermann ice tongue (de Steur et
al. 2013; Minchow et al. 2016). It is this relative warm water that flows over the ~380m deep sill
between the Petermann fjord and the Nares Strait (Johnson et al. 2011). The warm Atlantic water
remains at depth until it reaches the Petermann glacier at the grounding line where it partly melts the
glacier and mixes with the fresh water originating from surface melt (Johnson et al. 2011). The mixture
of Atlantic water with glacier ice melt water has a distinct potential temperature — salinity slope of
2.5°C/psu, also known as the Gade line (Johnson et al. 2011; Gade 1979). Water with this distinct
mixing slope can be found under the ice tongue at depths of 300 m (Figure 4). (Miinchow et al. 2016)
speculates that the mixed water rises vertically due to its increased buoyancy and flows towards the
mouth of the Petermann fjord. This implies that the majority of basal melt takes place close to the
grounding line and diminishes close to the calving front.

The future stability in relation to basal melt will be mostly determined by the ocean circulation
within the Petermann fjord and the supply of warm salty Atlantic water to the base of the Petermann
ice tongue in combination with turbulent mixing of warm ocean water with fresh runoff from the
glacier (Miinchow et al. 2016).
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Figure 4 Schematic overview of the Petermann fjord showing the path of the different water layers under the floating ice
shelf. Warm deep water flows over the sill and reaches the ice shelf near the grounding line. The melt water flows out of the
fjord at intermediate depths (grey zone). Image from Johnson et al. 2011

2.2 Melt rate from ice thickness change

Thickness change of the Petermann glacier is due to three components: the basal mass balance, the
SMB and dynamic thinning (Wilson et al. 2017). Dynamic thinning represent the thickness change due
to stretching or compression caused by velocity gradients. The basal mass balance represents the
thickness change due to basal melt and refreezing. The SMB represents the thickness change due to
runoff and snowfall. The principle of conservation of mass is used, as shown in Miinchow et al. (2014),
to describe the relation between thickness change and melt rates:

aI — —. . .
a+1Vu+uVI=a+m (1)

al L - . .
Where 5; represents the non-steady state thinning, uVI the thickness change due to the advection

of the gradient, IVu the non-linear dynamic thickness change, a is the thickness change due to the
surface mass balance and m the thickness change due to basal melt. According to Miinchow et al.
(2014) the non-linear dynamic thickness change Vi is small compared to the other terms and is
therefore ignored. A schematic overview of the different terms in equation ( 1) is given in Figure 5
where a floating ice shelf is depicted at time t=0 in blue and the same ice shelf after a certain amount

of time At in orange. From Figure 5 it shows that ice thickness I, has reduced to I; due to three

. . . al
different processes namely: the thickness change over time due to the SMB 3
sm

. . o1 — . . a1
change over time due to basal melt an refreezing Fpasal and uVI where VI is depicted as e When
asa

) the thickness

both the orange and blue thickness is know the thickness change can be calculated in two different
ways. The firstis in a Eularian framework where the blue and orange thicknesses are compared at the

. . ar ..
same location. This gives the non-steady state melt rateawhlch shows how the melt rate has changed

over the considered time period. The downside of this approach is that the ice sheet is not as smooth
as depicted in Figure 5 and any surface or bottom terrain features would introduce errors in the
calculated melt rate. This effect is also known as temporal aliasing and described in, among other
papers, Wilson et al (2017). The second approach is to use a Lagrangian framework, where the orange
ice shelf is shifted back by the velocity (i) times the time difference At in order to compare ice
thickness I; with Iy. The Lagrangian reference frame thickness comparison will results in the total
thickness change and is not influenced by shifting terrain features as the same column of ice is
compared.
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Figure 5 Schematic overview of the three different terms in the mass balance of a floating section of a glacier at time t in

blue and t+At in orange. At both time steps the glacier is cut-off at point A and B. Change in ice thickness between blue and
orange glacier is due to the three terms in the mass balance.

2.3 Introduction to linear elastic fracture mechanics (LEFM)

Crevasses can be seen as large fractures that under the influence of stress propagate to a certain
depth, length and width. Nye (1955) was one of the first people to use stress to estimate the depth a
vertical crevasse would reach and found that a crevasse in a field of crevasses the maximum depth
lies at the point where the tensile stress equals the closing overburden pressure. Weertman (1973)
showed that the final depth a crevasse can reach is increased significantly and can even penetrate the
entire ice thickness when the crevasse is filled with water. Smith (1976) was the first to use the LEFM
theory to calculate the crevasse depth splitting the contribution of stress, overburden pressure and
water pressure. Rist et al. (1996), Van der Veen (1998a,b) and Van der Veen (2008) all improved on
the method of Smith (1976) by including a depth varying stress, the effect of a finite thickness and an
additional mode of fracturing.

2.3.1Modes of fracturing

The three different modes of fracturing as shown in Figure 6 represent the basics of LEFM on glaciers
as any general stress configuration can be expressed using these three modes. Mode 1 represents
fracturing due to a tensile normal stress acting perpendicular to the failure plane. Mode 1 is also
known as the opening mode as it causes the crack faces to move away from each other. Mode 2, or
the sliding mode, causes fracturing when shear stress acts parallel to the failure plane. Mode 3 is the
tearing mode and causes fracturing when the shear stress acts perpendicular to the failure plane.

In this thesis only mode 1 fracturing is considered following the approach of Van der Veen (1998b). To
compensate for excluding the modes related to shear stress the first principle stress is used, which is
the stress configuration where the shear stress equals zero.
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Figure 6 Opening mode (mode 1), Sliding mode (mode 2) and Tearing mode (mode). Image from Van der Veen (1998b)

2.3.2 From velocity to strain to stress
The linear elastic fracture mechanics theory uses stresses to calculate the propagation of crevasses.
To obtain the stresses that act on and in a glacier there are two options: the first option is to model
the stresses using an ice flow model like ELMER/ICE or Ua (Hill et al. 2018) and the second option is to
use flow velocity observations either from satellite or from the field (Mottram (2008), Mottram and
Benn (2009) to calculate the strain rates and stresses respectively. Here the way stresses are
calculated from the strain rates derived from flow velocity measurements is described.

The strain rate is calculated using the method described in Nye (1959) who states that the
strain rate is equal to the velocity gradient and that the strain rate tensor is given by:

[ Ju 1 (av 4 au)]
[éxx é:xy] _ | 0x 2 \0x ay | ( 2 )
Ex &yl |1 (617 N au) ov |

2\dx OJy dy

When the strain rates are known they can be used to calculate the principle strain rates. The principle
strain rates are needed to calculate the principle stresses and are defined as the strain along the axis
where the normal strain rates are maximum and the shear strain is zero. The principle strain rates are
calculated using equation (3 ), (4 ) and ( 5 ) from Nye (1959).

1 1
b=t én) t [Z(Eaté,) +iy (3)
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&y = —(Exx + &) (5)
. 1 .2 .2 .2 (6)
Eeff = E(sl + &7+ &3 )
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According to Van der Veen (1998b) it is not the strain rate but the stress that causes a crevasse to
open and in order to calculate the stress from the strain rate the method from Nye (1959) and Glen
(1955) is used. Ice behaves as a visco-elastic material, which means that although the ice flows under
an applied stress it still shows some internal resistance. To describe the relation between the applied

stress and the observed strain Glen (1955) formulated Glen’s flow law as follows:
1
S'eff)ﬁ (7)
T =
eI ( A

The equation describes the relation between the effective strain rate (s'eff) as calculated in equation

( 6) and effective shear stress (Teff). In the equation (A) is a measure for the viscosity of the ice and
is temperature dependent and (n) is called the flow parameter. (A) is sometimes replaced by (B), also
known as the rigidity parameter. The relation between (A) and (B) is:

A=B"1n (8)

To get from the effective shear stress to the maximum tensile stress Nye (1959) used the following

equation:
Teff\ . Teff \ .
0-1=2<. >€1+<. 83 (9)
Eeff Eeff

The equation shows that the maximum tensile stress is not only dependent on the maximum tensile
strain but also on the minimum tensile strain (or maximum compressive strain). This means that even
though the maximum tensile strain is positive the maximum tensile stress can still be negative. This
underlines the importance of using stresses instead of strain rates to calculate crevasse depths. The
first principle stress (g;) is the maximum tensile stress and will be used in the LEFM approach to
calculate the theoretical crevasse depth in mode 1 fracturing.

2.3.3 Fracture mechanics

Fracture mechanics is the study of how fractures initiate and propagate. The theory on how fractures
initiate is not discussed here as the assumption is made that glaciers contain enough initial flaws (van
der Veen 1999). The theory of LEFM was developed by A. A. Griffith, a British engineer in the First
World War. Griffith noticed that the tensile stress needed to break the atomic bonds of glass is
approximately 100 times higher than the tensile stress required to fracture a glass plate (Griffith 1921).
Griffith (1921) hypothesized that microscopic flaws in the glass were the reason for the significant
difference in tensile strength. Testing this hypothesis he found that the fracture stress of glass is equal
to a constant (C) divided by the square root of the fracture length (a), where (afr) is the fracture

stress as show in equation ( 10 ).
C
Ofr = ﬁ (10)
The constant, Griffith found, can be described in terms of surface energy and strain energy. The
amount of energy (R) that is required to create new surface is equal to the energy required to break
anatomic bonds (y) times the length and width of the fracture (a * B) times two as a fracture has two
faces:

Rsurfacezz*y*a*B (11)

The strain energy can be derived from the principles of work and energy. Work (W) is a measure of
mechanical energy that describes the relation of force (F) times the distance over which the force is
applied:
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W=dex (12)

Since the formulation of linear elastic fracture mechanics uses stress instead of force it is convenient
to express the work in terms of stress, where stress (o) is force (F) divided by area (A) and strain (&) is
the change in length (dx) over length (L), the expression becomes:

w J‘Fde f de xV (13)
= B — = k
AL o ae

The work, or strain energy, now can be expressed in stress only by using Hook’s law in equation ( 14
), where (E) stands for the modulus of elasticity and (¢) is strain for uniaxial tension:

o=Ex¢ (14)
Combining equation (13 ) and ( 14 ) gives:
1
Wy = fEsds*V=§EszV (15)
2
o
Weer = EV (16)

Figure 7 illustrates the reduction of strain energy following the propagation of a fracture. As the
fracture increases in length the stress free zone increases as well. The energy release corresponding
to this stress free zone is equal to the strain energy per unit volume times the volume the zone:

2

o
w, =ﬁBna2 (17)

Combining the fracture free strain energy and the strain energy release rate the expression for the
total strain energy as function of fracture length becomes:

W, = —=V — —Bma? (18)
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Figure 7 Schematic overview of the increase in stress intensity related to crack growth. Blue area signifies the stress free zone
after fracture propagation over distance a. Red lines signifies the “path” of the stress through the object. The densification of
the lines near the fracture tip represents the increase in stress intensity. Image from: fracturemechanics.org

With an expression for both the surface energy ( 11 ) and the strain energy ( 18 ) the total energy of
the glass plate becomes:
R, =R+ W, (19)
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Rt=2*y*a*B+E*V—ﬁ*B*n*a2 (20)

In Figure 8 the relation between total energy, surface energy and the strain energy is shown and
demonstrates that for small cracks energy has to be put in the system in order for the fracture to grow,
however after a certain point energy is reduced with a growing fracture length. The reduction of total
energy with an increasing fracture length means that the fracture can grow spontaneously. The stress
at which the fracture transitions from a stable state to an unstable state is called the failure stress and
can be calculated by setting the derivative of the total stress to zero.

2
Rt_ o _ (21)

Rewriting equation ( 21 ) gives the expression for the failure stress (af):
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Figure 8 Different energy terms related to crack growth. The atomic bond energy in blue shows that the energy required for
the breaking of atomic bonds increases with fracture length. Green shows the release of energy with increasing fracture
length. Sum of the two, in red, shows that until a certain point energy is required for further fracture growth and after that
energy is released with increasing fracture length. Image from fracturemechanics.org

In the above expression the assumption is made that stress act in only one direction and perpendicular
to the fracture orientation. The expression from Griffith (1920) takes the form:

2yE
= |[— (23)
f mad
For plane stress and:
Yi
=2 |— 24
O'f Tad ( )

For plane strain, with () as the Poisson’s ratio and () as the modulus of rigidity and differs from the
equation ( 22 ) as it includes equibiaxial tension. The formulation of Griffith describes the stability of
fracture propagation and is only applicable to very brittle materials such as glass or ceramics. For
metals the theory vastly underestimated the critical stress due to the presence of plastic deformation
at the fracture tip, a process that increases the energy required to increase the crack length.

It was Irwin (1957) who found a way to account for the non-elastic deformation at the fracture
tip and modified the theory of Griffith. Irwin (1957) described the stress state at the fracture tip and
named it the stress intensity factor (SIF). The stress intensity factor is now used in almost all
applications involving fracture mechanics and is one of its most fundamental parameters. Irwin (1957)
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based his theory on Westergaard’s (1939) solution of the stress state in a plate containing a crack. For
a mode 1 fracture Irwin’s formulation of the stress near the crack tip is:

O VTTa
_ 25
Gxx \/m fxx (9) ( )

ooVma
Oyy = ﬁfw(e) (26)

O VTa
_ 27
Ty = g e (6) (27)

From equation (25), (26 ) and ( 27 ) the stress ( @) at any location in the plate at a radius (r) and angle
(0) can be calculated based on the length of the crack (a) and the far field stress (04,).

Note that all three formulas contain the same o,V/ma term. Irwin (1957) defined this term as the
stress intensity factor (K). To account for different crack geometries the stress intensity factor is often
expressed including a geometry factor as well:

K = fo\ma (28)

Where (f) is only dependent on the geometry of the crack, f =1 for a central crack in an infinite plate.
The stress intensity factor is linked to the energy release rate in the following way:

K =VGE (29)
G =2(p+ VYop) (30)

(G) is known as the energy release rate and includes now the molecular bond energy as well as a term
that represents the energy needed for plastic deformation introduced by Irwin (1947). As for the
critical energy release rate the critical stress intensity factor is the value at which the fracture
propagation becomes unstable. The critical stress intensity factor is also known as the fracture
toughness, which is a material specific property. This relative straightforward way to calculate the
combination of stress and fracture length where the fracture propagation becomes unstable is what
makes the stress intensity factor such an attractive tool.

2.3.4 Linear elastic fracture mechanics applied to glaciers

The theory above describes the situation where the stress is uniform over the entire fracture length.
This means that once a fracture reaches a critical length the propagation becomes unstable and
unstoppable. For glaciers the assumption that the stress is uniform over the entire fracture length is
not valid, this is especially true when looking in the vertical direction. The non-uniformity of the stress
state means that initially the fracture propagation can be unstable and become stable again after
reaching a certain length. Van der Veen (1998) used the stress intensity theory from Irwin (1957) to
describe the stress state at the tip of a crevasse to calculate at which depth a fracture becomes stable.
By doing so he could calculate the depth a crevasse would reach under certain circumstances.
Mottram and Benn (2009) showed that the stress intensity approach performed better than the
models of Nye (1955) and Weertman (1973) provided that the parameters were correctly tuned. Here
a description of the stress intensity method for calculating crevasses depths is given as well as the
relative importance of the different tuning parameters.
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First the vertical propagation of fractures on ice shelfs for mode 1 fracturing is discussed. A
schematic overview is given in Figure 9. There are several different contributors to the stress state at
the tip of a fracture that play a role in its propagation. Firstly there is the tensile stress due to velocity
gradients on the ice shelf. The tensile stress is considered to be uniform over the entire thickness of
the ice. There are some situations in which this assumption is not valid, especially when the top layer
consists of snow and firn as Rist et al. (1996) showed. For the Petermann glacier, especially in the
summer, there is no snow or firn layer present (Dow et al. 2018) which makes the uniform stress over
ice thickness valid.

Secondly there is the overburden pressure of the ice itself, also called the lithostatic pressure,

it provides a resistive pressure to the propagation of a crevasse (Van der Veen 1998). As the depth of
the crevasse becomes larger the lithostatic pressure becomes larger as well and since the tensile stress
is considered uniform at a certain depth the tensile stress and lithostatic pressure will cancel out at a
certain depth below the surface. It is the lithostatic pressure that prohibits unstable fracture
propagation all the way down the bottom of the ice shelf.
The third contribution is the pressure due to the presence of water in the crevasse. When a crevasse
fills up with water the hydrostatic pressure of the water acts to open the fracture and promotes
further propagation. The water pressure can have a big influence on the final depth a crevasse can
reach according to Van der Veen (1998), this will be confirmed again in the next section where the
relative importance of the different stress contributions is discussed.
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Figure 9 Schematic overview of crevasses in an ice shelf. Where d: depth of crevasse, a: water level below surface, w: half
width between crevasses, Rxx: tensile stress. Image edited from Van der Veen (1998).

Van der Veen (1998) used the stress intensity factor theory to describe the stress state at the crevasse
tip. The formula for the stress intensity factor is given by equation ( 28 ). The total SIF at the tip of a
crevasse is the sum of the SIFs due to tensile stress (K{), over burden pressure (KZ) and water
pressure (K3) (Van der Veen 1998) and is shown in equation ( 31 ). Crevasse propagation continues
while the total SIF is lower than the fracture toughness. In the following figures a fracture toughness
of 100 kPa m*? is used, which is the average of typical fracture toughness values for ice (Petrovic
2003).
Kot = Ki + Kf + K} (31)

Here the different geometry factors are discussed for the three different stresses acting on the
crevasse. The SIF as a result of the tensile stress is given by:

K} = F()ovnd (32)

With the fracture geometry parameter is determined by fitting a polynomial through finite element
model output and is defined as:
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F(1) = 1.12 — 0.231 + 10.5542 — 21.7243 + 30.392* (33)

A== (34)

This geometry factor is dependent on the ratio of fracture length (d) to the ice thickness (I). This
relation means that the stress intensity increases with increasing fracture length through the standard
relation of equation ( 32 ) and that this increase becomes stronger when the ratio of crevasse depth
to ice thickness approaches one. This effect is illustrated in Figure 10 where the SIF as function of
crevasse depth is plotted for several different ice thicknesses. The effect of the ratio of crevasse depth
and ice thickness also means that for a thinner ice shelf this effect influences the crevasse propagation
even for relative small crevasse depths.
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Figure 10 Sensitivity of the ice thickness to the SIF. The fracture toughness is plotted as dotted line.

The geometry factor for the tensile stress is only valid for a single crevasse. The spacing between
consecutive crevasses is important because when the spacing between crevasses is relatively small
the stress concentration at the crevasse tip is reduced (Veen 1998; Mottram and Benn 2009).

The new geometry factor that takes the crevasse spacing into account is:

1 1.3, 5., 35 _, 63 . 231 _ ;
PO =FZM 2585 T 165 T 1zs% T2se® Tioza | TET (35

—63.50258 + 58.0455° — 17.577510

w

S = 36
W+d (36)
The expression of the stress intensity factor due to tensile stress becomes:
K{ = D(S)oVrdS (37)

The new geometry factor is dependent on the crevasse spacing half width (W) and the crevasse depth
(d). The drawback of this geometry factor is that it does not account for the ratio of crevasse depth
over ice thickness. For crevasses that are spaced far apart the factor becomes 1.12 which is the same
value the factor (F) has for shallow crevasses from equation ( 33 ). The consequence is that the
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influence of multiple crevasses on the maximum crevasse depth can only be taken into account for
shallow crevasses ( d < 0.21). The sensitivity of the crevasse spacing to the SIF is shown in Figure 11.
The figure shows the difference between a single crevasse (infinite spacing) and crevasses with finite
spacing. The single crevasse has the highest SIF and the lowest SIF corresponds to the smallest spacing.
The SIF is plotted up to a depth of 100 m, with an ice thickness of 500 m this falls within the shallow
crevasse criterion.
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Figure 11 Sensitivity of the crevasse spacing to the SIF. The fracture toughness is plotted as dotted line.

The SIF as a result of the lithostatic pressure is slightly more complex compared to the SIF of the tensile
stress. This is due to the linear increase in lithostatic stress with depth. The SIF of the lithostatic stress
at the crevasse tip is calculated by integrating the SIF along the crevasse depth:

d
K® = f dk® (38)
0
20,(b)db
@ !
dK,” = —/————G(y, 2 (39)
3.52(1—-vy) 5.28y
Gy, A) = R 435 - ———
1-2)2
3 (40)
0.30y2
+]130 - ———=+0.83 - 1.76y|[1 — (1 = )A]
1-y2)2
a,(b) = —pgb (41)

Where b is the depth below the surface and ranges from O to the crevasse depth (d). (4) is again the
ratio of crevasse depth over ice thickness and (y) the ratio of depth below the surface over crevasse
depth. The dependence of the lithostatic pressure SIF on the ratio of crevasse depth over ice thickness
means that as with the SIF due to tensile stress, for a single crevasse, the SIF increases as the ratio
approaches one. By including the contribution of the tensile stress as well as the lithostatic pressure
in the calculation of the SIF, the total SIF eventually falls below the fracture toughness marking the
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end of the unstable propagation as shown in Figure 12. Since the SIF due to the lithostatic pressure is
dependent on the ratio of crevasse depth over ice thickness and the SIF due to tensile stress is not
dependent, when using the formulation including crevasse spacing, on this ratio the thinnest ice sheet
will also give the smallest crevasse.
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Figure 12 Sensitivity of the ice thickness to the SIF as function of the tensile stress and lithostatic pressure. For the SIF due to
tensile stress the formulation including the crevasse spacing is used. The fracture toughness is plotted as dotted line.

The third contribution to the total stress intensity at a fracture tip is due to water pressure. The water
pressure is similar as lithostatic pressure with the only difference is that it acts to open the crevasse
instead of closing it. The SIF due to water in the crevasse is:

d
K = f di, (42)
0
20,,(b)db
dk® = 2 Gy, A
1 rd 20 (43)
O-W(b) = pwg(b - a) (44)

With (b) the depth below the surface, (a,,(b)) the depth dependent hydrostatic pressure, and (a) the
water level defined as the depth below the surface where water is present. The water only starts to
influence the total SIF at a depth greater than (a) (shown in Figure 9). Similar to the other SIF
components the water pressure SIF is dependent on the ratio of crevasse depth over ice thickness.
This means that the water pressure SIF gets higher as the crevasse gets deeper due to the increase in
water pressure and the effect of the depth-thickness ratio. In Figure 13 this effect is demonstrated as
the combined SIF of the tensile stress, lithostatic pressure and water pressure is plotted for a single
crevasse (infinite spacing) as well as for a field of crevasses with different spacing. The water level in
the crevasse is set to be 10 m below the surface in the left two figures and in the two figures on the
right the water level is set to be 20m below the surface. The main difference between the top left and
right figure is that a higher water level can mean the difference between a crevasse that propagates
the entire thickness and a crevasse that remains relative shallow.
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Figure 13 Stress intensity plots as function of crevasse depth on the left. SIF is cut off once the fracture toughness is reached.
Final crevasse depth on the right. Final crevasse depth corresponds to the depth where the fracture toughness is reached.
a: Sensitivity of crevasse spacing to the SIF with ice thickness: 500m and water level 10m below the surface.
b: Sensitivity of crevasse spacing to the SIF with ice thickness: 250m and water level 10m below the surface.
c: Sensitivity of crevasse spacing to the SIF with ice thickness: 500m and water level 20m below the surface.
d: Sensitivity of crevasse spacing to the SIF with ice thickness: 500m and water level 20m below the surface
with 75% of the applied stress.

In Figure 13 four different scenarios are used to plot the SIF as function of depth for different values
of crevasse spacing with the maximum depth the crevasse reaches as function of the crevasse spacing
where the infinite crevasse spacing is set to 1000m on the left. In figure (a) and (c) the water level
varies and shows that a crevasse spacing between infinite and 250m can mean the difference between
a relative shallow crevasse and a crevasse that penetrates the entire ice thickness. The ice thickness
varies between figure (a) and (b) with an ice thickness of 500 m for figure (a) and 250 m for figure (b).
It shows that for a thinner ice shelf the propagation depth is considerably less than for a thicker ice
shelf. It has to be noted that for figure (a) the condition of shallow crevasses is violated and that the
SIF beyond a 100 m below the surface gives an underestimation of the SIF and most likely the crevasses
propagate through the entire ice thickness for all values of the crevasse spacing. To show the influence
of the stress on the maximum crevasse depth in figure (d) the same situation as in figure (c) is depicted
with the only difference that the stress is 75% of the stress applied in the other scenarios. It shows
that for a lower stress amount even the single crevasse does not propagate the entire thickness of the
ice.

From the sensitivity analysis a few important conclusions can be made:

1. The single crevasse overestimates the SIF for shallow crevasses in case of a crevasse field, but
the crevasse field SIF underestimates the SIF for crevasses with a crevasse depth over ice
thickness ratio larger than 0.2.

2. A smaller ice thickness leads to more shallow crevasses compared to a relative large ice
thickness. This is due to the relation between the ratio of crevasse depth to ice thickness and
the lithostatic SIF.

3. The stress mainly plays a role in the initial part of crevasse propagation. If the stress is high
enough to let the crevasse propagate to a depth where there is water present than the
propagation can continue otherwise the propagation stops.

The depth at which water is available for crevasse propagation can mean the difference between a
shallow crevasse and a crevasse that propagates the entire thickness of the ice shelf.
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3. Data

The data sets used in this thesis are divided in four general sections. The first section contains the data
used to describe the temperature evolution and surface melt processes on the Petermann glacier.
Secondly the datasets are discussed that describe the surface elevation and bottom draft from two
different sources: Ice penetrating radar and optical satellite images. This includes the data sources
that provide the necessary corrections and transformations to reference the surface elevation to the
water level in the Petermann fjord. Thirdly the spatial and temporal coverage of two different flow
velocity data sets used are shown. Lastly the satellite images used to identify and track the
propagation of the fractures and rifts are discussed.
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3.1Atmospheric data and regional climate model output

In order to assess the evolution of temperature over the Petermann glacier three sources of data have
been used. The first source is temperature data from Canadian weather station Alert. Alert has the
longest temperature record of the region going back to 1957 and is located 200 km to the North of
the Petermann glacier on the northern coast of Ellesmere Island (Figure 14). The near surface air
temperature data from Alert was downloaded from the National climate data enter archives at
www.ncdc.noaa.gov. The Alert temperature record contains a data gap between August 1971 and
January 1998. The second data set is the temperature product from the regional climate model
HIRHAMS with a resolution of ~5.5 km as described in Langen et al. (2015). The HIRHAMS temperature
product provides an uninterrupted record between January 1980 and January 2017 over the
Petermann glacier and is provided by the Danish Meteorological Institute. The third data set is the
near surface temperature from an automatic weather station (AWS) on the Petermann glacier at the
location shown in Figure 14. Temperature measurements from the AWS are available between June
2002 and June 2006 provided through the measuring campaign of K. Steffen et al. (1996) and have a
precision of 0.10 °C.

To describe the surface melt process the surface runoff and surface mass balance (SMB)
products from the HIRHAM5 model coupled with a MODIS albedo product as described in Langen et

al. (2017) was used. Both the runoff and SMB have a spatial resolution of ~5.5 km.
-70 -68 -65 62 -60 -58 -55

- @ Alert
@ AWS
£ C 2 HIRHAMS AOQI
Envisat Meris from 2008-07-01
— Central east line
' — West line

Figure 14 ENVISAT Meris image of NW-Greenland and Ellesmere Island containing the locations of the Alert weather station,
the automatic weather station and the AOI over the Petermann glacier. Green and purple lines show the flight paths of the
PIB/OIB data set.
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3.2 Surface elevation and hottom draft

3.2.10peration (pre-) IceBridge

To assess the ice thickness and change in ice thickness over time data from the Pre-IceBridge and
Operation Ice Bridge measurement campaigns have been used. Over the Petermann glacier there have
been extensive airborne measuring campaigns between June-1992 and September-2007 under the
project Pre-IceBridge (PIB) (Allen 2011) and between October-2002 and December-2017 under the
name Operation Ice Bridge (OIB) (Allen 2010). The data is available from NASA’s National Snow and
Ice Data Centre (NSIDC) website. Both PIB as well as the OIB used the Multichannel Coherent Radar
Depth Sounder (MCoRDS) which transmits radar signals with different frequencies over a bandwidth
of 10 MHz (Shi et al. 2010). The OIB data has an uncertainty of 4.5 m, along track resolution of ~¥25 m
and sample spacing of 14 m. The PIB range resolution is not specified, but since the same type of
instrument is used similar specifications are assumed.

Radar signals partially reflect when they enter a new medium, for instance due to a transition
from air to ice at the surface of the glacier and from ice to water at the bottom of the glacier.
Measuring the two way travel time of these reflected radar signals allows for the calculation of the
distance between the aircraft and the surface and bottom respectively. In order to identify which
reflection corresponds to the locations of the surface and bottom of the glacier the distances are first
converted to heights relative to the WGS-84 reference ellipsoid and then plotted together with the
strength of the reflected signal in an echogram. In the top panel of Figure 15 an example of an
echogram, showing the calculated distances based on the travel time and the strength of the reflected
signal, is shown. From the echograms the surface and bottom profiles are identified based on the
strength of the reflected signal as shown in the bottom panel of Figure 15. When the surface and
bottom profiles are know the thickness of the ice shelf can be calculated by taking the difference
between the surface and bottom height. The quality of the data was assessed by using the quality
measure provided with the data. Due to heavily crevassed areas the radar signal can be reflected
multiple times resulting in a longer travel time and therefore appearing to be further away. Every
measurement point comes with a quality measure, ranging from 1 to 3, where 1 indicates a high
confidence the measurement is accurate and 3 indicates a low confidence. Data with a low quality is
disregarded and only data with a quality measure of 1 or 2 is used. The OIB and PIB data used along
flightpaths of Figure 14 over the Petermann glacier is shown in Table 1.

West Central East

28/05/2002 (PIB) 28/05/2002 (PIB)
07/05/2011 (OIB) 07/05/2011 (OIB)
05/05/2014 (OIB) 20/04/2013 (OIB)
14/04/2017 (OIB) 14/04/2017 (OIB)

Table 1 OIB and PIB Acquisition dates of the surface and bottom elevation profiles over the Petermann glacier per flight line.
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Figure 15 Top panel: OIB radar echogram example of the Thwaites glacier (Antarctica) showing the power of the return
signal relative to the send signal along the depth relative to the WGS-84 ellipsoid. Bottom panel: surface profile in grey and
bottom profile in b
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3.2.2 ArcticDEM

In order to make surface elevation maps of the Petermann glacier several Digital Elevation Model
(DEM) strips are combined provided by the ArcticDem program of the University of Minnesota (Porter
et al. 2018) to create a 2011 and 2017 DEM. The DEM strips contain surface elevation data of the
Petermann’s floating ice shelf on a 2 m x 2 m grid and are referenced to the WGS-84 ellipsoid. The
specific DEM strips used for each DEM are shown in Table 2 with the file name convention:
Sensor_Date_Imagel _Image2__segment_Resolution_Version.

The 2011 and 2017 images are from the WorldView-1 (WV01) and Worldview-2 (WV02) satellites both
of which fly in a sun-synchronised orbit (SSO) meaning they pass over any point on earth at the same
local time. For WVO1 the overpass time is 10:20 AM local time and for WVO2 the overpass time is
10:30 AM local time. The surface elevation data of a single DEM strip is calculated from a pair of high
spatial resolution (~0.50 m) panchromatic (optical) images (Imagel and Image2 in the name
convention) showing the same area from different angles. The surface elevation is then calculated
using a photogrammetry technique. For a more extensive explanation on the (automated) process of
extracting surface elevation from optical images the reader is referred to Noh and Howat (2017). Each
DEM strip is provided with a zxy-offset based on IceSAT altimetry data which is not yet applied by
default.

2011 DEM strip file: zxy-Offset 2017 DEM strip file: zxy-Offset
[m] [m]
WV02_20110611_103001000BBD3F0 | 2.926 WV01_20170716_102001006 | 1.061
0_103001000B71F500 segl 2m_v3.0 | -3.489 2418B00_102001006407A000 | 0.519
-1.110 _segl 2m_v3.0 1.923
WV02_20110611_103001000BD86D0 | 2.993 WV01 20170720 102001006 | 1.130
0_103001000B9F0OB0O0_segl 2m v3.0 | -3.441 06F7E00_1020010064615F00_ | 0.755
2.042 segl 2m v3.0 -0.662
WV02_20110612_103001000B966D0 | 2.891 WV01 20170720 102001006 | 1.398
0_103001000A493A00_segl 2m_v3.0 | -1.392 49CBF00_1020010061A7BD0O0 | 0.080
0.341 _segl 2m_v3.0 -1.612

Table 2 DEM strips used for the 2011 and 2017 DEM's from the ArcticDEM project of the University of Minnesota with file
name convention: Sensor_Date_Imagel_Image2 _segment_Resolution_Version with its respective IceSAT zxy-offsets in
metres.

3.2.3 Earth Gravity Model

In order to calculate ice thickness from surface elevation, using the principle of Archimedes, the
ArcticDEM height above the WGS-84 reference ellipsoid was converted to height above mean sea level
using pre-calculated geoid heights from the Earth Gravity Model 2008 (EGM2008). EGM2008 provides
tide free height differences between the WGS-84 ellipsoid and the geoid. The geoid heights are made
publicly available by the U.S. National Geospatial-Intelligence (NGA) agency. The data is provided with
a spatial resolution of 1x1-minute (1 minute equals 1.86 km at 80° Latitude). The EGM2008 model has
been used in earlier work by both Minchow et al (2014) and Riickamp et al. (2019) to convert
ellipsoidal height to height above mean sea level.

3.2.4Tide Model

In order to correct the ArcticDEM surface elevation for the influence of the tide the Tidal Model Driver
package developed by Earth & Space Research (ERS) from Egbert and Erofeeva (2002) was used. The
Tidal Model Driver uses the Arctic Ocean Tidal Inversion Model 5 (AOTIM-5) from Egbert and Erofeeva
(2002). Both Miinchow et al (2014) and Riickamp et al. (2019) used the AOTIM-5 model to correct for
tide induced variations in the surface elevation of the Petermann floating ice shelf. Mlinchow et al.
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(2014) speculates that the spatial variation of the tide within the fjord is <0.1 m based on Reeh et al.
(2000) who calculated the tidal variation under the 60 km long floating ice shelf of the
Nioghalvfjerdsfrorden glacier in northern Greenland. The computed tide can therefore considered to
be constant along the entire floating ice shelf of the Petermann glacier.

3.3 Velocity data

In order to analyze the flow velocity of the Petermann glacier and calculate the stresses acting on the
glacier two different datasets containing velocity data of the Petermann glacier have been used.
Between August 1991 and May 2010 velocity data is provided through the ESA CCl program. The ESA
CCl velocity maps of the floating ice shelf are derived from ERS-1/2 and ENVISAT SAR intensity tracking
and projected on a 500 by 500 m grid. Each velocity map is derived from two consecutive images with
the difference between images ranging from 1 to 35 days with acquisition date as the average of the
two images. The acquisition dates and the corresponding time difference between the images from
August 1991 until May 2010 are shown in Figure 16. Provided by ENVEO the velocity data between
January 2015 and July 2018 is derived from Sentinel-1 feature tracking and projected on a 250 by 250
m grid. Every measurement point is obtained by dividing the distance certain features have travelled
by the time difference between two consecutive images (image repeat cycle). The image availability
and image pair’s repeat cycle is shown in Figure 16 between January 2015 and July 2018.

ERS-1/ERS-2/Envisat and Sentinel-1 velocity data availability
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Figure 16 Figure 2 Velocity data availability and corresponding time difference between images used for intensity/feature

tracking. Colour of the dots represent the spatial coverage of Petermann’s floating ice shelf. ERS-1/ERS-2/ENVISAT ranges
from Aug-1991 to May-2010, Sentinel-1 ranges from Jan-2015 till July-2018.
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3.4 Fracture tracking data

In order to identify the fractures and large crevasses that are present on the glacier and to track their
horizontal propagation two different types of satellite images have been used. To track the
propagation of fractures over time 21 images from ESA’s Landsat-8 satellite in the visible spectrum
(true colour images) between September-2014 and September-2018 have been selected. Each image
was selected to be spaced approximately one month apart. The images used are shown in Table 3

In order to compare the modelled crevasses with the crevasses present on the glacier a
Sentinel-1 C-band radar image of 21-09-2017 was selected. Similarly to the OIB and PIB Sentinel-1
sends out radar signals and measures the travel time and strength of the reflected radar signal. The
main difference is that the wavelength of the Sentinel-1 radar is significantly lower than the OIB radar
(~5 cm vs ~1.6 m). The smaller wavelength makes it harder for the signal to penetrate the ice and a
larger percentage is reflected. The differences in return strength from the glacier surface then allows
for the identification of crevasses. The Sentinel-1 image of 21 September was selected as opposed to
an image during the summer because the contrast between fractures and surrounding ice is higher
when a snow layer is present on the ice.

Table 3 Image acquisition dates of Landsat-8 images used in fracture tracking

Landsat-8 true colour images:
[yy-mm-dd]
14-09-30
15-05-01
15-06-03
15-07-04
15-08-01
15-09-01
16-04-01
16-04-30
16-06-01
16-06-26
16-08-01
17-03-22
17-05-01
17-06-01
17-07-01
17-08-09
17-09-22
18-03-22
18-05-01
18-06-01
18-07-01
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4. Method

The method chapter starts with the statistical analysis of the temperature and runoff+SMB data over
the Petermann glacier. The temperature over Greenland is showing a long term upward trend (Hanna
et al. 2008), however the magnitude of this trend is varying strongly between different areas on
Greenland (Westergaard-Nielsen et al. 2018). With temperature records and HIRHAMS regional
climate model output going back to the 1950s and 1980s trends in the temperature data and HIRHAMS5
model output were computed. The average temperature on the glacier has a direct effect on the ice
viscosity (Cuffey and Paterson, 2010) which was used in the LEFM crevasse depth model. The SMB and
runoff product from the HIRHAM5/MODIS regional climate model were used in the calculation of the
basal melt rate and to determine a threshold value for the availability of water for hydrofracturing
respectively. The way the trends are calculated and how the threshold value for hydrofracturing was
selected is discussed in the “Climate model and temperature data statistics” section

The surface elevation/bottom draft and thickness change profiles from the PIB/OIB data were
used in order to identify locations where the thickness change is particularly high and possibly basal
crevasses have formed. The section: “Pre-IceBridge and Operation IceBridge,” discusses how the
thickness change in a Lagrangian and Eulerian reference frame from the pre-I1B/OIB surface elevation
and bottom draft was calculated.

The combination of the thickness change based on the ArcticDEM elevation maps and SMB
from HIRHAMS5 was used to determine which percentage of total thickness change is due to basal
melt. The thickness maps used in the calculation of thickness change over the entire floating ice shelf
were later used in the LEFM crevasse depth model as well. The “ArcticDEM thickness change and basal
melt rate” section describes the process of calculating ice thickness from surface elevation and the
calculation of thickness change in a Lagrangian and Eulerian framework.

The stress plays an important role in the LEFM crevasse depth model. The process of going
from velocity to strain rate to stress is discussed in the “Velocity, strain and stress” section

The fracturing that took place between 2014 and 2018 was tracked in order to identify the
regions on the glacier that might lead to a future calving event. The locations of these fractures were
then compared with the locations with high levels of (basal) melt and that showed high crevasse depth
over ice thickness ratios calculated from the LEFM crevasse depth model. The way the fractures were
tracked is discussed in the “Fracture tracking” section.

Lastly the four different experiments that were performed using the LEFM crevasse depth
model are explained. The four LEFM model experiments combine almost all the data and results that
were calculated earlier and were used to make a prediction on the future stability of the floating ice
shelf of the Petemann glacier. The different settings and input used in the LEFM model are discussed
in thee “Linear elastic fracture mechanics crevasse depth model” section.
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4.1Climate model and temperature data statistics

4.1.1Temperature statistics

In order to provide a longer time series of temperature data of on the Petermann glacier, than the
four years of observations from the automatic weather station, the AWS temperature data was
compared to the HIRHAMS5 model output and Alert weather station data. A comparison based on the
normalized RMSE and the correlation coefficient was used to assess whether one or both sources are
representative for the situation on the Petermann glacier. Based on the longer time series of the Alert
data and HIRHAMS5 model output two linear trends were fitted through both data sets. Using the data
gap of the Alert time series between 1971 and 1998 as a divide resulting in a 1957-1971 and a 1998-
2018 trend for Alert and a 1980-1998 and 1998-2017 trend for HIRHAMDS. The statistical validity of the
trends was determined by their p-value. Trends with a p-value below the significance level of 0.05
were accepted. A p-value below 0.05 means that the chance there is no correlation between the linear
trend and the data is low. For both the AWS and Alert weather station the standard deviation of the
AWS is used 0.1 K. For further analysis of the respective summer and winter temperature change the
Alert summer, winter and yearly mean temperature anomalies were calculated. The anomalies of the
summer average, (months: June, July and August), winter average (months: December, January,
February) and annual average for each year were calculated with respect to 1957-1971 respective
summer, winter and yearly mean temperatures.

4.1.2 HIRHAM5/MODIS runoff and surface mass balance

Similar to the temperature time series the HIRHAM5/MODIS model runoff between 1980 and 2017
was split up in two parts. Since the HIRHAM5/MODIS uses satellite data from a satellite that was
launched in 1999 a selection is made based on the availability of satellite data. For both the pre-MODIS
time from 1980-2000 and the post-MODIS time from 2000-2017 a linear trend and mean runoff per
cell was calculated respectively. The same pre-MODIS/post-MODIS divide was applied to the SMB
product of the HIRHAM5/MODIS model. In order to get the thickness change due to the SMB between
January 2011 and January 2018 the HIRHAM5/MODIS SMB was extrapolated to include 2017 based
on the average SMB between 2011 and 2017 and the post-MODIS trend.

4.2 Pre-IceBridge and Operation IceBridge

In order to compare the ice thickness profiles of the PIB and OIB from different years the surface and
bottom profiles were first referenced to the water level in the Petermann fjord. Not every flight line
passes over a stretch of water making simply shifting the profiles based on the water level impossible.
The water level of every profiles was set to zero by correcting for the height difference between the
WGS-84 ellipsoid and mean sea level, a tidal offset, a firn/snow layer and a possible platform offset.
The height above sea level of floating ice is related to the ice thickness and the ratio of the density of
sea water over the density of ice following the principle of Archimedes. Similar to the approach of
Minchow et al. (2014b) this relation between ice thickness and surface elevation above sea level was
used to calculate the sum of the combined offsets and the ratio between the density of ice and the
density water. From Equation ( 45) both the ratio and offset were calculated:

Z = ratio * [ + offset (45)

Z is the surface elevation above the WGS-84 ellipsoid, where only data of the floating ice shelf is
selected and grounded ice is excluded. Ice thickness I was calculated by taking the difference between
the surface elevation and bottom draft and since the offsets are equal for the surface and bottom the
ice thickness is independent of the chosen reference system. ratio is defined as 1-pice/Pwater Where pice
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is the density of ice and pwater is the density of water, with pice = 917 kgm™ and pwater = 1027 kgm= based
on Miinchow et al. (2014b). The offset and ratio were calculated via least-squares and are assumed
to be constant along the flight line.

After referencing the surface elevations and bottom drafts to sea level the change in ice
thickness was calculated both in a Lagrangian and in Eulerian framework. The thickness change in a
Lagrangian framework required the profiles to be shifted by the distance the ice has travelled within
the time difference between the profiles. Profiles before 2010 were shifted using the average flow
velocity from the ERS-1/ERS-2/ENVI ESA CCl data between 2002 and 2010. The profiles between 2010
and 2017 were shifted using the average flow velocity from the Sentinel-1 ENVEO data of 2015. In
order to remove the influence of small mismatches due to thickness undulations and to match the
sample spacing of each profile a moving average filter with a window size of 300 m was applied over
the shifted thickness profiles. The Lagrangian average thickness change per year was then calculated
by taking the thickness difference between consecutive profiles and dividing by the time difference
between the acquisition dates.

The Euler framework did not require the profiles to be shifted, but had as a downside that
(basal) crevasses and cavities cause strong fluctuations in the thickness change over time. These
fluctuations can be the result of crevasses propagating downstream and are therefore not necessarily
due to changes in melt rate. In order to reduce the influence of the propagation of crevasses the
average thickness change along the profile was calculated by applying a moving average filter with a
window size of 20 km on the thickness profile of the Central Eastern transect and a window size of 10
km on the Western transect. The window size captures the large spatial scale fluctuations and reduces
the influence of small scale undulations, but this also means the calculated thickness change in the
Eulerian framework is only a moving average along each profile.

4.3 ArcticDEM thickness change and basal melt rate

4.3.11ce thickness from surface elevation

Two ice thickness maps were created for the calculation of the thickness change between 2011 and
2017 from ArcticDEM surface elevation data. In order to calculate ice thickness from surface elevation
the data was first referenced to the sea level in the Petermann fjord by applying a series of (offset)
corrections. The DEMs of 2011 and 2017 containing the surface elevation data were each constructed
by combining three different DEM strips. Each DEM strip was first regridded from a 2x2 m resolution
grid to a 30x30 m resolution grid for computational purposes. The DEM strips were then corrected for
the elevation offset provided with the data and a tidal offset based on the acquisition date using the
AOTIM-5 tidal model. Both offsets were considered constant over a DEM strip. On strip
WV01_ 20170716 an additional offset correction of 3.5 m was applied based on the average remaining
offset present between overlapping areas with the neighbouring DEM strip. After the offset and tidal
correction the strips were merged into one single DEM and referenced to sea level by subtracting the
geoid heights from the surface elevation. The geoid heights from the EMG-2000 model are provided
on a 1x1 degree grid and were first regridded to match the 30x30 m DEM grid. After the conversion
from ellipsoidal height to height above sea level the ice thickness was calculated using equation ( 46):

Pw
=i (Pw = Pi) (40)
Where [ is the ice thickness, H is the surface height above sea level, p,, the density of sea water and
p; the density of ice. With p,, = 1027 kgm ™3 and p; = 917 kgm™3 based on Miinchow et al. (2014b).
An estimation of the uncertainty of the ice thickness derived from the ArcticDEM is made by

calculating the RMSE between the DEM and OIB surface elevation.
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4.3.2 Drainage from surface elevation and drainage threshold

The drainage paths of the Petermann glacier were calculated in order to get the locations where water
is available for hydrofracturing. Using the surface elevation from the 2017 ArcticDEM DEM as input in
the watershed function of QGIS the drainage area of each point was calculated. A threshold of
significant drainage was determined based on the observation of Macdonald et al. (2018) that glacial
lakes on the Petermann ice shelf can drain within a day through hydrofracturing and the dimensions
of small crevasse that penetrates the average ice thickness of the Petermann glacier. Macdonald et
al. (2018) showed a daily mean runoff, using the HIRHAMS5/MODIS runoff output of 2014/2015/2016,
over the Petermann glacier of ~35 mm weq day? during the month of July. The 35 mm weq day’!
runoff would allow a cell with a drainage area of 5000 cells to fill up a 300 m deep, 100 m long and 5
m wide crevasse within a day. The threshold for the number of cells that one cell drains is based on
the requirement that a relative small crevasse can be filled within a day and is therefore set to 5000.
During the LEFM crevasse depth experiments the threshold was used to determine which locations on
the floating ice shelf contained enough water for hydrofracturing.

4.3.3 Eulerian and Lagrangian thickness change from ArcticDEM.

From the two thickness maps of 2011 and 2017 both the thickness change in the Lagrangian and
Eulerian frame work have been calculated. The average thickness change between 2011 and 2017 in
an Eulerian framework was calculated by subtracting the ice thickness of 2011 from the ice thickness
of 2017 and dividing the difference by six years.

The thickness change in a Lagrangian framework was calculated by shifting the 2011 thickness
map to match the 2017 thickness map. The shifting was performed along the flow lines of the glacier.
A flow line shows the path the ice follows given a certain start location and was computed using the
stream?2 function of Matlab. Each flow line was calculated from Sentinel-1 ENVEO velocity data of 2015
interpolated on the 2017 DEM grid. Both the 2011 and 2017 ice thickness was interpolated on the
flow lines and the ice thickness data of 2011 was shifted with a distance based on the average Sentinel-
1 ENVEO velocity of 2015 multiplied by six years. Finally the Lagrangian thickness change was
calculated by subtracting the shifted thickness of 2011 from the 2017 thickness and dividing the
difference by six years.

4.3.4 Basal Melt rate

The total thickness change consists of three contributions: basal melt balance, surface mass balance
and dynamic thinning. The importance of dynamic thinning is considered negligible for the Petermann
glacier according to Miinchow et al. (2016). By subtracting the SMB from the Lagrangian thickness
change the basal mass balance was calculated over the floating part of the Petermann glacier. Based
on the total thickness change, basal mass balance and SMB the respective contributions of each source
of melting to the total thickness change was determined.
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4.4 Velocity, strain and stress

4.41Inter-annual velocity variation

To analyse the inter-annual velocity and the spatial variation of the velocity the flow velocity was
selected along three transects across the glacier using the ERS-1/2 and ENVISAT velocity data from
1992 till 2011 and the Sentinel-1 data from 2015 till 2018. The transects were chosen to show the
velocity of the grounded ice, floating ice between the grounding line and the calving front and the ice
near the calving front. In the comparison of the velocity between years the average of the months of
January, February and March was used. The reason only winter velocity was used is due to the larger
spatial data coverage during these months.

4.4.2 Stress and strain calculation

In order to analyse the stresses on the glacier and use the stress as input for the LEFM model the first
principle stress was calculated from the ERS-1/2 and ENVISAT and Sentinel-1 ENVEO velocity data. The
velocity data is provided in east and north direction, so in order to get the velocity and strain rate in
the direction of and perpendicular to the flow the velocity data was first interpolated to a grid where
the y-axis aligns with the average flow direction (Figure 17, left) and then rotated using the average
flow direction 6 (Figure 17, right). The average flow direction was determined by dividing the velocity
field in sections of ~10 km long where each section is considered to have a uniform flow direction.
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Figure 17 Interpolation of the velocity data to rotated grid (left). Rotation of the interpolated velocity with the angle of the
average flow direction

With the ice velocity data relative to the direction of the flow and perpendicular to the flow the data
was used to calculate the principle strain rates using equation 4, 5 and 6 from the background section
based on the theory of Nye (1959). The principle strain rates were then used to calculate the first
principle stress using Glen’s flow law, equation 9 and 10 from the background section, with flow
parameter n = 3 (Cuffey and Paterson 2010) and creep parameter A = 3.0e 72> s~1Pa~3 based on
Rickamp et al (2019).
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4.4.3 Intra-annual velocity and tensile stress variation

To analyse the intra-annual changes in the flow velocity and tensile stress of the glacier between
January 2015 and August 2018 the average flow velocity and tensile stress of the floating ice shelf was
calculated from the Sentinel-1 ENVEO velocity data using only velocity maps with a spatial coverage
larger than 75%. From the first principles stress only the positive values were selected in order to show
the true tensile stress over the glacier.

4.5 Fracture tracking

Three main fracture zones were identified on the Petermann glacier by visually inspecting Landsat-8
images between 2014 and 2018. In order to track the propagation of the fractures in the identified
fracture zones of each separate image a polygon was manually overlaid on the fractures. From each
of these polygons the fracture length was then calculated.

4.6 Linear elastic fracture mechanics crevasse depth model

To model the propagation of fractures on the Petermann glacier the LEFM theory, as described in the
background chapter on LEFM, was applied over the floating part of the glacier. Four different
experiments were performed, where each of the experiments corresponds to one of the different
processes that influence fracture propagation.

Using the principle of Van der Veen (1998) the theoretical crevasse depth at every point on a
60x60 m grid was calculated. The final crevasse depth was taken to be the depth at which the total SIF
falls below the fracture toughness. In order to show the crevasse depth relative to the ice thickness
the final crevasse depth was divided by the ice thickness. To keep computational time within an
acceptable limit the ice thickness data was first rounded to the nearest meter. The parameters that
were kept the same in every experiment are shown in Table 4. The input that changed with every
experiment was the ice thickness, stress map and water availability. Water availability was determined
based on the drainage map and the earlier discussed threshold value. In locations with a drainage area
larger than the threshold values the water level was kept at a fixed level of 5 m below the surface.

Table 4 LEFM model parameters used in every experiment. Fracture toughness based on Petrovic (2003), ice density based on
Cuffey and Paterson 2010. The crevasse spacing is based on observed crevasses on the Petermann glacier on 07/08/2018 at
Lat: 80.825, Lng: -60.52. Initial crevasse depth based on Mottram and Ben (2009).

Parameter: Symbol: Value:
Crevasse spacing w 500 [m]
Fracture toughness Kcl 100000 [Pa]
Density of water Pw 1000 [kg/m?3]
Density of ice Dice 917 [kg/m?3]
Initial crevasse depth dy le™7 [m]
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4.6.1Experiment 1

The crevasse depth over ice thickness ratio of the first scenario with the standard settings of 2017 was
calculated in order to compare the outcome to a sentinel-1 backscatter image showing the fractures
on the Petermann glacier. The data used in the standard scenario is shown in Table 5.

4.6.2 Experiment 2

The second experiment was used to show the influence of an increase in runoff on the propagation of
crevasses. The water availability threshold in order to fill the specified crevasse of the standard
scenario was a drainage area of 5000 cells. The 5000 cells drainage threshold is based on the
approximate average mean daily runoff of 35 mm weq Macdonald et al. (2018) showed. Macdonald
et al. (2018) also showed that the maximum mean daily runoff during 2014/2015/2016 was
approximately 1.5 times higher than the 35 mm weq. To simulate the effect on crevasse propagation
of the maximum value compared to the approximate average July runoff the threshold is lowered to
3333 in the “increase in water” scenario. This corresponds to a 50% increase in runoff with respect to
the standard scenario. The comparison was made by subtracting the calculated crevasse depth over
ice thickness of the “increase in water” scenario from the standard scenario. The data used in the
“increase in water” scenario is shown in Table 5.

4.6 3 Experiment 3

The third experiment was conducted to show the effect of a reduction in ice thickness on the ratio of
crevasse depth over ice thickness. The experiment is split in two parts: the difference between the
2011 and the standard 2017 scenario without water and the difference between the standard 2017
without water and a hypothetical 2020 scenario. In the 2011 scenario the shifted ArcticDEM derived
ice thickness map was used in order to show the effect of the total thickness change. In the 2020
scenario the Lagrangian ice thickness change between 2011 and 2017 was assumed to be constant
over the period 2017-2020. For every year between 2017 and 2020 the ice thickness was calculated
by applying the fixed Lagrangian thickness change and shifting the thickness map along the flowlines
with a distance equal to the average annual speed of 2015 from the Sentinel-1 ENVEO data set. After
three years of additional thickness change the 2020 ice thickness map was shifted back along the
flowlines to match the 2017 position in order to show the effect of the total thickness change on the
crevasse depth over ice thickness ratio. The data used in the standard 2017 scenario without water is
shown in Table 5.

4.6 4 Experiment 4

The fourth experiment was performed to show the effect of a change in tensile stress on the crevasse
depth over ice thickness ratio. In experiment four the difference in crevasse depth over ice thickness
between the standard 2017 scenario without water and the reduced stress scenario was calculated
on the 250x250 m grid of the tensile stress. The data used in the standard 2017 scenario without water
and the reduced stress scenario is shown in Table 5.
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Table 5 Overview of data sets used as input for different scenarios

Scenario: Ice thickness: Stress: Water availability:
Standard July 2017 Average first July 2017 ArcticDEM
ArcticDEM principle stress of | derived drainage map
derived ice July 2017 using a threshold value
thickness map of 5000 cells.
Increased water | July 2017 Average first July 2017 ArcticDEM
ArcticDEM principle stress of | derived drainage map
derived ice July 2017 using a threshold value
thickness map of 3333 cells.
2011 Shifted June Average first no water available
2011 ArcticDEM principle stress of
derived ice July 2017
thickness map.
2020 Shifted July 2020 | Average first no water available
ArcticDEM principle stress of
derived ice July 2017
thickness map
Standard without | July 2017 Average first no water available
water ArcticDEM principle stress of
derived ice July 2017
thickness map
Reduced stress July 2017 Average first no water available
ArcticDEM principle stress of
derived ice January 2017

thickness map
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5. Results

The results are presented in five sections. An atmospheric section showing the temperature evolution
on the Petermann glacier, the change in surface water runoff, what percentage of runoff drains of the
glacier and where the drainage paths are located.

Secondly a thickness change and melt rate section with the thickness change both in a
Lagrangian and Eulerian framework. Along two transects between 2002 and 2017 and over the entire
floating ice shelf between 2011 and 2017 the thickness change is presented in order to track the
thickness change through time and to show its spatial variation. The combination of total thickness
change and surface mass balance is plotted show which percentage of the total thickness change is
due to basal melting.

Thirdly a velocity and stress sections to show the evolution of the velocity between 1992 and
2018 and the intra-annual change of the stress and velocity over the floating ice shelf.

Fourthly an overview of the locations where fractures have formed between 2014 and 2018
and the propagation of a selection of these fractures is shown.

Lastly the results of four experiments, using the LEFM theory, are presented to show how
certain changing conditions affect the propagation of crevasses on the glacier.
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9.1 Atmospheric results

5.1.1Temperature evolution

Temperature from the AWS, Alert weather station and HIRHAM5 model output between June 2002
and May 2006 is shown in the left panel of Figure 18. The correlation between the AWS and Alert and
AWS and HIRHAMDS5 temperature is shown in the right panel of Figure 18. Both Alert and HIRHAMS5
show a high correlation with the AWS temperature which is confirmed by the Pearson correlation
coefficient between AWS and Alert and between AWS and HIRHAMS5 of 0.9887 and 0.9858
respectively. Despite some Alert summer temperatures and HIRHAMS5 winter temperatures being
higher than the AWS reported temperatures it follows that the temperature at Alert and the output
from HIRHAMS is representative of that on the Petermann glacier. The normalised root mean square
error (NRMSE) between Alert and the AWS temperature is 5.3% and the NRMSE between HIRHAMS5
and the AWS is 7.9%.
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Figure 18 Left: Monthly average temperate of: AWS on the Petermann glacier, Alert weather station Canada and HIRHAMS
temperature output average of the Petermann floating ice shelf. Right: scatter plot between Alert and AWS in blue and
HIRHAMS5 and AWS in orange. Dashed black line shows a 1:1 ratio between temperatures.

Monthly averaged temperature HIRHAM model and Alert weather station

290 — T T T T T T T T T T T T T T T T T T T T 1
Alert
——— HIRHAM
280 - -
<
=270 - -
4
2
o
9 260 [
€
(0}
[
250 (-
240 - _
T T L S T T I N N L I A Ay I S FN N A O SO

I
© D & & I N I I I T S S R S R N A R I I IR I
&P S \QG;P‘ RGO SRR QA SR SR RGO R LGRS SR I LI I

I T T T T T T T T T T T T I I T T

T
Alert
290 H HIRHAM —
= = = Trend Alert
~ — ~ Trend HIRHAM
280
<
e
3270
o
g
£ 260
)
[t
250

N
5
o

1 | L

N >

1 | L
N D N \Z $H
) D N O O N N
SR S

I I |
® o & e O O
$ § S S S
R S S S

Figure 19 Top: All available temperature data between January 1957 and July 2018 of Alert weather station and between
January 1980 and January 2017 HIRHAMS5 model output. Bottom: Alert weather station temperature and HIRHAMS5 model
output between January 1998 and January 2017 with a linear trend fitted through the temperature data starting at January
1998.
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To investigate the long term change in temperature over the Petermann glacier the entire
temperature record of the Alert weather station and HIRHAMS5 model output is plotted in the top
panel of Figure 19. During the first 14 years of Alert temperature measurements between January
1957 and January 1971 the mean temperature was 255.26 + 0.0076 K and no statistically significant
trend was present. The HIRHAMS5 mean temperature between January 1980 and January 1998 was
with 257.07 K almost two degrees higher than the pre 1971 Alert temperature and as with the Alert
data no statistically significant trend was present during this period.

A zoom-in of the 1998 -2018 period from the top panel is shown in the bottom panel of Figure
19 where the temperature data and linear trends are plotted. According to the Alert data the average
temperature between January 1998 and January 2018 was 256.48 + 0.0065 K and a statistically
significant linear trend shows an average increase of 0.0980 + 1.5e* Ka'. The average HIRHAMS5
temperature of the period 1998-2017 is 258.0 K and for the HIRHAMS temperature a statistically
significant trend was found of 0.122 Ka™.

The Alert weather station summer, winter and total annual mean anomalies with respect to
the 1957-1971 period average temperatures are plotted in Figure 20. Similar to what the difference
in trend between the 1957-1971 and 1998 -2018 periods shows is that during the latter period the
temperature has increased. Figure 20 shows that the change in average annual temperature is
predominantly due to an increase in the winter month temperatures as opposed to the summer
months.
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Figure 20 Summer (June, July and August), winter (December, January and February) and total annual temperature anomalies
from the Alert weather station between 1957 and 2018 with respect to the respective summer, winter and total averages of
the 1957-1971 period. Dashed black line shows the zero anomaly.
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5.1.2 Evolution of Runoff

In the top two panels of Figure 21 the linear trend in the runoff from the HIRHAMS5/MODIS model over
a part of the Petermann glacier is plotted. The two periods show a significant difference in the trend
with an average trend of 1.13 mma weq between 1980 and 2000 and an average trend of 12.52 mma
2 weq between 2000 and 2017. Over a period of 16 years the average trend of 12.52 mma~ weq caused
an increase of 200.32 mm a! weq over the Petermann glacier. This is an increase of 47% with respect
to the average runoff over the glacier between 2000 and 2017. The trend in the runoff is especially
high over the grounded part of the glacier with values reaching over 30 mma weq whereas the runoff
has increased by a relative small amount over the floating part of the glacier. This difference in trend
is offset by the average runoff which is higher over the floating ice shelf (between 1000 and 1400 mm
al weq) compared to the grounded part (between 0 and 800 mm a* weq) as shown in the bottom
panels of Figure 21.
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Figure 21 Runoff from HIRHAMS5/MODIS model between 1980 and 2017 over a Landsat-8 image from: 2018-07-18. Top left:
Linear trend in runoff per cell between 1980 and 2000. Top right: Linear trend in runoff per cell between 2000 and 2017.
Bottom left: average runoff
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5.1.3 Runoff drainage paths

Based on the drainage paths from Figure 22 81% percent of the runoff from the glacier is transported
into the fjord either at the calving front or at the margins of the glacier. The drainage map shows only
the drainage paths that drain more than 5000 cells. With each cell spanning an area of 900 m? a
drainage area of 5000 cells corresponds to a total area of 4.5 km?
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Figure 22 Drainage paths of the Petermann glacier based on 2017 surface elevation. Only drainage paths that drain more
than 5000 cells are shown.

9.2 Ice thickness, thickness change and melt rates

59.2.11ce thickness

The 2017 ice thickness derived from surface elevation is shown in Figure 23. Based on the comparison
between DEM derived ice thickness and OIB derived ice thickness of the Wester flight line the
uncertainty in ice thickness is approximately 26 m. In Figure 23 three areas have been identified where
the ice shelf has a considerably lower ice thickness compared to the surrounding ice. The western
channel outlines an area where the average ice thickness is ~150 m and ranges between ~250 and ~13
m. The average thickness is approximately 80 m less than the area west of the channel and
approximately 170 m less than the area between the western and central channel. The central and
eastern channel outline regions where the ice thickness is on average ~100 m and ranges between
~200 and ~20m. The ice thickness between the central and the eastern channel decreases from ~300
m in the south to ~200 m at the calving front. The ice thickness east of the eastern channel shows a
similar decrease and decreases from ~300 m in the south to ~100 m at the calving front. From this
point onwards the area west of the central channel is called the Western ice shelf and the area
between the central channel and the eastern channel is called the eastern ice shelf. The three fracture
zones are shown in blue. Both fracture zone A and C are located on the central channel. Fracture zone
B overlaps with the western channel.
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Figure 23 Surface elevation derived ice thickness of 2017. Basal channels from left to right: western channel, central channel
and eastern channel. Ice shelf on either side of the central channel are named ambient ice shelfs. Fracture zones A,B and C
in blue. Fracture zone identified in PIB/OIB flight line West as green dots. 2017 grounding zone as solid black line.

5.2.2 Surface elevation + bottom draft and thickness change profiles
Following the western flight line from pre-OIB/OIB the surface elevation and bottom draft as well as
the thickness change rate between 2002 and 2017 is plotted in Figure 24. The change from grounded
to floating ice is marked by the grounding zone in black and the location where recent fractures have
been observed is marked by the blue fracture zone. Both in the Lagrangian and Eulerian framework
are the thickness changes rates are highest near the grounding line and in the fracture zone. The
Eulerian thickness change in panel b of Figure 24 shows that a cavity started to form in the fracture
zone between 2011 and 2014 and that this cavity kept growing between 2014 and 2017 with an
increased thickness change rate of approximately -15 +4 ma™. The shifted surface elevation and
bottom draft profiles in the third panel of Figure 24 show that between 2002 and 2011 basal crevasses
started to form near the grounding line. These basal crevasses kept growing between 2011 and 2017
with Lagrangian thickness change rates exceeding -80 ma™.

In Figure 25 the ice thickness and thickness change rate between 2002 and 2017 is plotted
along the central eastern flight line from pre-OIB/OIB. The thickness change rate is plotted both in
an Eulerian and Lagrangian reference frame. Similar to Figure 24 the change from grounded to
floating ice is marked by the grounding zone in black. Along the central eastern flight line there is no
sign of a cavity or strong basal crevassing near the grounding line. Instead basal crevasses formed
roughly between a distance of 30 and 50 km from the reference point as shown along the shifted
profiles of Figure 25 C. The majority of the basal crevasses formed between 2002 and 2013 and are
the major contributor to the total thickness change. The Eulerian thickness change does not capture
these changes over small distances and shows a fairly uniform thickness change between 0 and -5
ma. The exception is the thickness change between 2011 and 2013 near the grounding line
between -10 and -15 ma* and a positive thickness change near the calving front of 5 ma™.

54



OIB & PIB surface elevation and bottom draft West line
T I I T I

——2002
— 201
———2014
L ———2017
400 . SNSRI Grounding zone |

Elevation relative to water level [m]

""""" Fracture zone
T

| | | | | | |
] 1 2 3 4 5 6 7 8 9 10
B Distance from reference point [m] x10*

OIB & PIB Eularian average Ice thickness rate of change West line
7 T T T T

v *

——2011-2002

Thickness change [m/y]
o

——2014-2011
———2017-2014
----- Grounding zone
--------- Fracture zone

I

= :
he

-20

3

4

5

6

9

10

Distance from reference point [m] x10*
200 OIB & PIB shifted surface elevation and bottom draft West line
1 T T 1 I
E 100 - -
D T
> e =
v 0 -
=
8
@© -100 — . —
g e
o
© 200 [~ W o
=
®
00 - ——2002 M
c ——2011
2 400 - ——2014 M
g ——2017
ﬁ S500 (= YT b e Grounding zone [
--------- Fracture zone
600 | | | \ | | T
0 1 2 3 4 5 6 7 8 9 10
Distance from reference point [m] x10*
2 OIB & PIB Lagrangian average Ice thickness rate of change West line
T T 1 1 I
0
=
£ 20 — o
[
5 \
[
S 40— -
2]
%]
[0
£ e -
S
= ——2011-2002
80 — ———2014-2011
———2017-2014
-~ Fracture zone
100 | | I | | | | I
0 1 2 3 4 5 6 7 8 9 10
Distance from reference point [m] x10*

Figure 24 A: Surface elevation and bottom draft along the Western flight line of pre-OIB/OIB between 2002 and 2017. B:
The average thickness change per year in a Eulerian framework smoothed with a moving average filter with a window size
of 10 km. C: Surface elevation and bottom draft profiles shifted along the flight line to match the position of the 2017
profile. D: The thickness change rate in a Lagrangian framework smoothed with a moving average filter with a window size
of 300 m where only floating ice is compared. The change from grounded to floating ice in the grounding zone is shown as
two vertical black dotted lines and the location where new fractures have been observed as the fracture zone in blue. All
profiles are referenced to the sea level which is shown as the horizontal zero line.
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Figure 25 A: Surface elevation and bottom draft along the Central Eastern flight line of pre-OIB/0OIB between 2002 and 2017.
B: The average thickness change per year in an Eulerian framework smoothed with a moving average filter with a window
size of 20 km. C: Surface elevation and bottom draft profiles shifted along the flight line to match the position of the 2017
profile. D: Thickness change rate in a Lagrangian framework smoothed with a moving average filter with a window size of
300 m where only floating ice is compared. The change from grounded to floating ice in the grounding zone shown as two
vertical black dotted lines and the location where new fractures have been observed as the fracture zone in blue. All profiles
are referenced to the sea level which is shown as the horizontal zero line.
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5.2.3 Surface elevation derived ice thickness change

The ice thickness change between 2011 and 2017 is shown in Figure 26 where the thickness change is
shown both in a Lagrangian and Eulerian framework. The fracture zone which is depicted in Figure 24
as two blue vertical lines is located between the two green dots. The shifted grounding zone in orange
and the 2017 grounding line in black indicate where the assumption of floating ice becomes invalid.
The left panel of Figure 26 shows the Lagrangian thickness change between two outer flow lines shown
as black dashed lines. The Lagrangian map shows a similar change in thickness per year as in Figure 24
and Figure 25 with a relative high thickness change per year near the grounding line between -25 +6
to -50 +6 m aland values close to zero near the calving front. Along all three basal channels the
thickness change rate is approximately -50 +6 m a™® at the southern end and reduces within several
kilometres to the surrounding thickness change rate. The right panel of Figure 26 shows the thickness
change rate in an Eulerian framework. The ice thickness was not smoothed and shows a large variation
in the thickness change rate with strong negative as well as strong positive thickness change rates.
The areas outside of the two flow lines of the Eulerian thickness change rate show a more random
signal with no clear overall thickening or thinning. In the fracture zone the thickness change rate is
negative both in the Lagrangian and the Eulerian framework with thickness change rate values
between -10 +6 and -20 6 ma™.
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Figure 26 Thickness change rates over the Petermann glacier. Background: Sentinel-2 Aug-2016 image with latitude on the
vertical and longitude on the horizontal axis. Left: Lagrangian ice thickness change between 2011 and 2017 derived from
surface elevation data between the two flow lines shown as black dashed lines. Two grounding zones are shown which
mark the transition from floating to grounded ice of the 2017 thickness in black and of the 2011 thickness in orange. Right:
Thickness change in an Eulerian framework over the entire floating ice shelf with the grounding zone of 2017 and 2011 at
the same location shown in black.

5.2.3 Melt rates

The basal mass balance and SMB are shown in Figure 27. The Basal mass balance is, averaged over the
entire floating ice shelf, -8.85 ma™. The average SMB between 2011 and 2017 is far more uniform over
the glacier compared to the basal melt and is between -1 and -1.5 ma* weq. The Basal mass balance
is very similar to the Lagrangian thickness change as on average ~89% of the total thickness change is
due to basal melt.
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Figure 27 Melt rates over the Petermann glacier. Background: Sentinel-2 Aug-2016 image with latitude on the vertical and
longitude on the horizontal axis. Two grounding zones are shown which mark the transition from floating to grounded ice of
the 2017 thickness in black and of the 2011 thickness in orange. Left: Basal melt rate between 2011 and 2017 derived from
the Lagrangian thickness change and the SMB. Right: SMB over the Petermann glacier from HIRHAMS5/MODIS output

9.3 Velocity and stress

5.3.1Velocity transects

Three different velocity transects are shown in Figure 28 with velocity data between 1991 and 2018.
Of each year only the average velocity of January, February and March is used. All three transects
show higher velocities between 2015 and 2018 compared to the 1991-2010 period. The average
velocity between 2015 and 2018 along the northern transect increased by ~10% with respect the
average velocity between 1991 and 2010. Along the center transect this increase was ~9% and ~4%
along the southern transect.

Besides the increase in velocity of the Petermann glacier the velocity gradient along the
central transect changed as well. Along this transect two distinct velocity peaks separated by a trough
formed. The velocity difference between the trough and the two peak was 73 ma?in 2018 and 86 ma-
1in 2017, with an average standard deviation in this area of ~85 ma. Before 2017 no clear gradient
is observed. The location of the velocity gradient corresponds to the location of the central channel
which is located between the two vertical dashed black lines shown in Figure 28. Further down the
glacier the velocity remaind fairly uniform along the transect and no change in gradient was observed.
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Figure 28 Top and bottom left: Winter velocity (January, February, March) transect of ENVI/ERS-1/ERS-2 data up to 2011
and Sentinel-1 data from 2015 till 2019. Top right: Winter velocity (January, February, March) transect of ENVI/ERS-1/ERS-2
data up to 2011 and Sentinel-1 data from 2015 till 2019 with location of central channel between the two vertical black
dashed lines. Bottom right: Overview of transect locations over Sentinel-2 Aug-2016 image with latitude on the vertical and
longitude on the horizontal axis

5.3.2Intra-annual velocity and stress variation

The stress calculated from the strain rate is proportional to the spatial gradient in the velocity not the
velocity magnitude. To show that the tensile stress is increasing with increasing flow velocities the first
principle stress averaged over the floating part of the glacier is plotted as function of time in Figure
29. The measurement points during the summer months of June, July and August are plotted in red,
the rest of the measurements, from September to May, are plotted in blue. Since only the positive
tensile stress is relevant for fracturing the negative values are not included. From Figure 29 it is clear
that both the tensile stress and the flow velocity increases during the summer months.
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Figure 29 Left: First principle stress average over the floating part of the glacier from 2015 till August 2018. Right: Ice
velocity magnitude from 2015 till August 2018. All panels: Only data with at least 75% of spatial coverage is used. Months:
June, July and August are in red. The rest of the months are in blue.
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5.3 Observed fractures and fracture propagation

On the Petermann glacier three main areas have been identified that show increased fracturing since
2014. In Figure 30 the fractures in these three locations are shown on the left with an overview of the
Petermann glacier on the right. The fracture at location A started to form in July 2016, is located just
south west of the main rift that is associated with the next major calving event by Miinchow et al.
(2016) and has grown by ~1.1 km between July 2016 and July 2018. In location B three fractures
formed closely together over a stretch of ~4 km. The fractures at location B started to form in 2014,
2016 and 2018 respectively and their propagation is plotted in the bottom panel of Figure 30. Note
that fracture 1 and 2 both formed during the month June, when the average tensile stress is high,
while fracture 3 formed in March when the average tensile stress is still relatively low. Fracture 1
seems to have reached a stable length between 4 and 5 km while fracture 2 continued to increase in
length, after a stable period in 2017, during the measurement period. The fracture in location C
formed between 2015 and 2016. The fracture differs from the fractures in location A and B as it
doubled in width, from ~30 m to ~60 m between 2016 and 2017 and only increase in length from 586
m to 676 m during the same period.

-61.6 -61.2 -60.8 -59.6 -59.2

Fracture length
I

5.5 T P
® Fracture 1 [ °
5 ® Fracture 2 e . 7
.
45 Fracture 3 ° ° o ® - 8 . : ot -
° ® . ° o L4 °
41 e ® L] ° _
E
;3‘5 LIy
2 3 e —
Q
-
25— ° =
.
2 ® .
15— . _
° L4 Ld .
1 | ! | I Li | I I LS I
01-14 07-14 01-15 07-15 01-16 07-16 01-17 07-17 01-18 07-18 01-19

Figure 30 Top: Sentinel-2 images from 18-07-2018 of the Petermann glacier. Each zoom-in correspond to a location on the
glacier where in since 2014 new fractures have appeared. Zoom-in B shows three separate fractures with each number

located under the right tip of the respective fractures. The overview image has longitude on the horizontal and latitude on
the vertical axes. Bottom: Fracture propagation of the three fractures shown in zoom-in B since fracture 1 started to form.
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5.4 Linear Elastic Fracture Mechanics results

5.4.1Comparison between observed and modelled crevasses

Figure 31 shows the Sentinel-1 backscatter of 21-09-2017 on the left and the crevasse depth over ice
thickness ratio of the standard July 2017 scenario on the right. The Sentinel-1 backscatter image shows
a high contrast between the large fractures in white and the surrounding glacier ice in blue. The
fractures are predominantly located north east of the eastern channel and in fracture zone B. Relative
high backscatter of ~-5 dB is visible along the central channel with the highest backscatter in fracture
zone Aand C.

The crevasse depth over ice thickness map of Figure 31 shows that crevasses with a relative
high depth to thickness ratio, between 0.4 and 0.6, are common along the three channels and north
east of the eastern channel. A crevasse depth over ice thickness of 1 means the crevasse penetrates
the entire ice thickness and a crevasse depth over ice thickness of 0 means no propagation. In fracture
zone B the crevasse depth to thickness ratio is not higher than on the surrounding western half of the
ice shelf. With the exception of the locations where water is available the crevasse depth to thickness
ratio lies between 0.1 and 0.3 in this area.

Comparison between the two images shows that not every location where fractures are visible
on the image of the Sentinel-1 backscatter also show high crevasse depth to ice thickness ratios on
the modelled map. The areas that do show a high crevasse depth to ice thickness ratios however are
also locations that show signs of fracturing on the backscatter map. Also important to note is that the
eastern and western ice shelf located on either side of the main channel shows no real signs of
fracturing on the backscatter map while the modelled crevasse map indicates crevasse depth ratios
between 0 and 0.3.
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Figure 31 Left: Sentinel-1 backscatter from 21-09-2017 over Petermann glacier with latitude along vertical and longitude
along horizontal axis. Right: Crevasse depth over ice thickness ratio with tensile stress and ice thickness from July 2017 and
water level at locations where water is available set 5 m below the surface. Data overlies Aug-2016 Sentinel-2 image of the
Petermann glacier with latitude along vertical and longitude along horizontal axis.
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5.4.2 Effect of an increase in water

To show the effect of an increase in water availability on the crevasse depth over ice thickness ratio
of the Petermann glacier the standard scenario of July 2017 with water is compared to the scenario
of July 2017 with an increase in the locations that contain water. The difference map of Figure 32 panel
on the right shows that the situation with additional water generates deeper crevasses compared to
the situation where there is no water available along the central and eastern channels. Near the
calving front the difference in crevasse depth over ice thickness is also showing some lateral channels
between the western margin and the central channel. Noteworthy is that the increase is very
concentrated and in most cases concentrated around locations where water was already available.
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Figure 32 Comparison of LEFM model output for two different water levels. Left: Crevasse depth over ice thickness ratio
with tensile stress and ice thickness from July 2017 and water level at locations where water is available set 5 m below the
surface. Right: Crevasse depth over ice thickness ratio difference between the situation with water versus the situation
without water
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5.4.3 Effect of a reduction inice thickness

In Figure 33 the effect of the reduction in ice thickness that took place between 2011 and 2017 and
the extrapolated reduction between 2017 and 2020 on the relative crevasse depth over ice thickness
is plotted. Figure 33 shows that the ratio of crevasse depth over thickness has increased most
prominantly between 2011 and 2017 over the southern end of the central channel and along the
southern end of the eastern margin by a ratio of approximately 0.25. Over the western channel the
crevasse depth over ice thickness increased 0.05 and 0.12 during the 2011-2017 as well as the 2017-
2020 period. The locations where the difference is green the ice shelf has completely disappeared due
to the extended melt and no fracture propagation is possible. From both the difference maps of Figure
33 it also shows that the ambient parts around the central channel show little signs of additional
fracturing and that the area near the calving front is less prone to an increase in fracturing due to
thickness change compared to the floating ice shelf near the grounding line.
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Figure 33 Left: Difference in crevasse depth over ice thickness between situation with 2017 ice thickness versus situation
with ice thickness of 2011. Right: Difference in crevasse depth over ice thickness between the situation with 2017 ice
thickness versus situation with ice thickness of 2020. Green corresponds to locations where the applied thickness change
caused the ice thickness to fall below zero and no fracture propagation is possible.
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5.4.4 Effect of a change in stress

In Figure 34 the ratio of crevasse depth over ice thickness is shown for the average January 2017 stress
scenario is plotted on the left and the difference between the average July 2017 stress and average
January 2017 stress scenario on the right. The difference between the July stress and January stress
scenario shows an overall increase in the crevasse depth over ice thickness ratio over the entire
glacier. The increase is strongest near the calving front where the crevasse depth over ice thickness
ratio increases between 0.2 and 0.3. The crevasse depth over ice thickness ratio of the January stress
scenario on the left shows almost no fracture propagation in these locations as the threshold for
propagation is not met. Along the north east margin the crevasse depth over ice thickness ratio was
already between 0.4 and 0.7 during the January scenario. At these locations only a small increase or
even a decrease in crevasse depth over ice thickness ratio is observed.
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Figure 34 Left: Crevasse depth over ice thickness from winter situation without water availability. Right: Difference in
crevasse depth over ice thickness between summer and winter situation
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6. Discussion

6.1Temperature and surface hydrology:

An increase in temperature can have an effect on the stability of the glacier as Miinchow et al. (2016)
expects the mass loss over the grounded and floating ice of the Petermann glacier to increase. This
expectation is based on the long term trend in 2-m surface temperatures over the Greenland ice sheet
reported by Hanna et al. (2013). Several papers describe the correlation between air temperature and
glacier melt rate (Braithwaite 1981; Granger and Male 1978), but the level of correlation is location
dependent according to Sicart et al. (2008). An increase in temperature can cause the altitude at which
snow is still present during summer, also known as the snow line, to retreat (Naegeli et al. 2018).
When bare ice is exposed after the snow line retreats less sunlight is reflected back causing an
amplification of the melt rate, this process is also known as a positive albedo feedback (Naegeli et al.
2018). The increase in melt rate can in turn increase the surface water runoff.

An increase in surface water runoff can promote crevasse growth through hydrofracturing
(Scambos, Hulbe, and Fahnestock 2013) and the increase in thinning ice shelf enhances the potential
for calving (Bassis and Ma 2015). Besides thinning and hydrofracturing several papers have shown the
influence of subglacial runoff on basal melt (Slater et al. 2016; Cowton et al. 2015). Subglacial runoff
originates from melt water produced by basal sliding and surface runoff that reaches the base of the
glacier through moulins, cracks and crevasses (Cai et al. 2017). The relative buoyant subglacial runoff
plumes stimulate basal melt by transferring heat to the base of the ice shelf by increasing turbulent
mixing (Slater et al. 2016).

6.1.1Temperature

The average temperature of the HIRHAM5 model output is 1.52 K higher than the Alert average
temperature and the HIRHAMS linear trend is 0.024 K a* higher than the linear trend in the Alert
temperature between January 1998 and January 2017. The correlation between the Alert and the AWS
temperature is higher and the NRMSE is lower than the correlation and RMSE between the HIRHAMS
output and the AWS, 0.9887 versus 0.9858 and 5.4% versus 7.9 % respectively. Based on the
correlation and NRSME the average temperature and linear trend on the Petermann glacier are
assumed to be that of the Alert weather station: 256.48 K and 0.099 K a! respectively. Casey et al.
(2017) reported trends in visible and near infra-red radiation albedo indicating the presence of
increased melt conditions near Humboldt glacier, which is located approximately 140 km to the south
west of the Petermann glacier. The observations on Humboldt glacier are in agreement with the
observations on the Petermann glacier where the increase in temperature since 1998 is accompanied
by an average increase in runoff of 200 mm a since 2000. Thermal dampening, described in Lang and
Braun (1990), could be the reason why the summer temperatures show no clear increase as the
majority of the additional available energy is used by melting snow rather than heating the air
temperature.
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6.1.2 Drainage

The locations where hydrofracturing can occur are visualised by the drainage map. The drainage map
shows the locations on the glacier where the runoff becomes concentrated and at which locations it
flows of the glacier. For the drainage map only the runoff over the 2017 DEM was taken into account.
Based on Macdonald et al. (2018) runoff from further upstream flows down to the floating ice shelf
and increase the amount of surface water available. Including a DEM of the upstream part of the
glacier could therefore increase the accuracy of the drainage map. Macdonald et al. (2018) showed
the presence of glacial lakes over the Petermann glacier and that often these lakes are drained through
hydrofracturing. The current drainage map does not capture the locations of these lakes and should
therefore be considered as lower limit of locations that contain water for hydrofracturing and the area
that these locations drain.

6.2 Thickness change and melt rates

Mapping the ice thickness is important for two reasons. First a reduction in ice thickness can promote
crevasse growth (Dow et al. (2018) and Bassis et al. (2015)). A localised reduction in ice thickness in
the form of (basal) channels promotes fracturing perpendicular to the flow direction (Dow et al. 2018).
Dow et al. (2018) reports evidence that a major calving event on the Nansen ice shelf in Antarctica
was a result of fracturing due to channelized thinning. Second the ice thickness of the Petermann
glacier has an influence on its flow velocity (Hill et al. 2018). A thicker ice shelf has a larger surface
area to generate friction between the fjord wall and the ice shelf compared to a thinner ice shelf. A
reduction in ice thickness through surface or bottom melt can accelerate the flow velocity of the
glacier by reducing the resistive stress along its margins and increase the mass loss from the GrlS (Hill
et al. 2018).

6.2.1 Evolution of the thickness change rate

The results of the Eulerian thickness change rate between 2002 and 2011 along the West and the
Central East flight line shows non-steady state thinning rate between -5 m a* and 0 m a™. The positive
thickness change rate near the calving front between 0 m a* and 5 m ais most likely due to temporal
aliasing of thickness variations to which, the Eulerian reference frame is susceptible (Wilson et al.
2017). The Lagrangian thickness change rate between 2002 and 2011 is -20 m a near the grounding
line and decreases to a range between -5 m a* and 0 m a! near the calving front. The Lagrangian
thickness change between 2002 and 2011 is approximately 20% lower than the steady state basal melt
rate observed in 2002/2003 by Rignot and Steffen (2008). Rignot and Steffen (2008) included the
thickness change due to ice divergence in the calculation of basal melt, which was assumed to be
negligible following Miinchow et al. (2014). The discrepancy could indicate that the ice divergence is
in fact not negligible for the Petermann glacier or that the melt rate during 2002/2003 was higher than
the average between 2002 and 2011.

The thickness change rate in the Eulerian reference frame shows thinning along the fracture
zone along the West flight line after 2014. Results from the Eulerian reference frame should be
interpreted with caution, but the Lagrangian thinning rate shows an increase in thickness change in
this area as well making it very likely that the glacier was thinning between 2014 and 2017 by ~14 m
a’l. The surface elevation derived ice thickness map shows that the West flight line passes over the
downstream part of the western channel and that the boundaries of the fracture zone match the
boundary of the western channel. This means that the cavity in the fracture zone along the West flight
line is actually the downstream tip of the western channel.

Along the Central East flight line the Eulerian thickness change between 2011 and 2013 shows
a thickness change rate of approximately -15 m a™* near the grounding line. The Lagrangian thickness
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change rate however shows a thickness change between 0 and -10 m a near the grounding line.
Based on the Lagrangian thickness change the high Eulerian thickens change between 2011 and 2013
along the Central East flight line is therefore likely due to temporal aliasing.

Along the West and Central East flight lines the Lagrangian thickness change rate shows values
up to -85 and -100 m a* respectively leading to the formation of deep basal crevasses. These extreme
values are not uncommon as Minchow et al. (2014) observed a thickness change along the central
channel of 300 m between 2007 and 2010. Vaughan et al. (2012) showed that on the Pine Island
glacier basal crevasses similar to those on the Petermann glacier could lead to structural weakening
of the floating ice shelf.

6.2.2 Average thickness change and basal melt rate

The thickness change rates over the entire glacier in an Eulerian reference frame are difficult to
interpret and shows signs of strong temporal aliasing. These thickness change rates underline the
necessity of working in a Lagrangian reference frame. The basal melt rates in a Lagrangian reference
frame between 2011-2017 are very similar to the average basal melt rates between 2011 and 2015
Wilson et al. (2017) found. Basal melt rate values between 0 and 10 m a* are present near the calving
front, which are not observed on the basal melt map of Wilson et al. (2017). These positive values are
likely due to temporal aliasing and are not necessarily due to refreezing of ice. Wilson et al. (2017)
used 97 DEMs acquired between 2011 and 2015 to calculate the basal melt. This appears to give better
results due to a reduced influence of temporal aliasing as the time difference between the DEMs is
lower.

Comparable to Wilson et al. (2017) basal melt rates of ~50 m a™* near the grounding line and
lower melt rates between 0 and 5 m a! are found near the calving front. The western, central and
eastern channels that run parallel to the flow direction are therefore most likely formed near the
grounding line and experience strongly reduced melt rates further downstream. An error source that
is common for surface elevation derived ice thickness is that the basal melt rate in a Lagrangian and
Eulerian reference frame can underestimate thinning over small scale basal crevasses as they are not
always in hydrostatic equilibrium (Mlnchow et al. 2014).

6.3 Velocity and stress

Measuring the velocity on the Petermann glacier is important for two reasons. First the velocity
combined with the ice thickness of the glacier determines the ice discharge. An increase in the flow
velocity could therefore cause an increase in mass loss from the GrlS and eventually sea level rise (Hill
et al. 2018). Second the stress on the glacier was calculated from the gradient in the velocity and
according to Van der Veen (1998) the stress on the glacier causes crevasses to propagate. It is
therefore important to establish whether an increase in the velocity on the Petermann glacier also
causes an increase in the tensile stress and lead to an increase in fracturing.

6.3.1Velocity transects

Rickamp et al. (2019) observed a velocity increase on the floating ice shelf of the Petermann glacier
of approximately 10% between January/February 2012 and December 2016. They found that the 10%
increase in velocity of was due to the 2012 calving event and the future calving event associated with
the large fracture near the calving front. These results correspond well with the 9.6% and 9.4%
observed increase in the velocity between the 1992-2011 and 2015-2018 average winter velocity
observed at the northern and centre transect over the glacier. Rlickamp et al. (2019) also showed that
the increase in velocity mainly took place over the floating ice shelf and that the increase over the
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grounded ice was minor, this difference in velocity increase is also visible in the difference between
the South transect and the Centre and North transects.

The velocity gradient along the Centre velocity transect shows that that the Eastern and
Western ice shelfs are moving faster than the central channel with a velocity difference of 80 m a*.
The velocity gradient disappears again over the North transect where the velocity is fairly uniform
over the width of the glacier. The North transect is located over ice that Rlickamp et al. (2019) suggests
is already dynamically detached from the rest of the glacier which might explain why the flow velocity
is more uniform here.

6.3.2 Inter annual velocity and stress variation

The average velocity time series over the glacier between January 2015 and August 2018 shows the
intra-annual velocity variation as well as the tensile stress variation. Both the velocity and the tensile
stress increase during the summer. This seasonal increase in velocity and stress is caused by enhanced
basal sliding due to runoff that reaches the bed of the glacier according to Nick et al. (2012). The
relation between velocity and stress also suggests that the possible future increase in the velocity due
to calving reported by Hill et al. (2018) will increase the tensile stress on the glacier and thereby
increase the chance of a subsequent calving event.

The dependence on the creep parameter A in Glen’s flow law is the biggest source of
uncertainty in the calculation of stress from strain as the creep parameter depends on temperature,
water content, pressure and grain size (Cuffey and Paterson 2010). Riickamp et al. (2019) showed
that the creep parameter varies with three orders of magnitude over the floating ice shelf. This would
result in a factor 10 difference in stress with an equal level of strain. Assuming a constant value leads
to an underestimation of the stress over the stiffer ice along the Western and Eastern ice shelf and an
overestimation over the softer ice along the margins.

6.4 Observed fractures

Both the 2010 and 2012 calving events were the result of a large rift reaching the centre of the glacier
(Minchow et al. 2016). Identifying the rifts that are currently forming on the glacier is therefore
necessary to be able to say something about possible future calving events.

6.517o0ne A

The fracture in zone A formed in July 2016 and is associated with the next major calving event
(Rickamp et al. 2019, Miinchow et al. 2016). Fracture zone A is located on the central channel where
the ice thickens is between 30 and 50 m. Dow et al. (2018) states that transverse fractures can be
directly related to the formation of a basal channel and observed transverse fractures over a basal
channel on the Nansen ice shelf. Dow et al. (2018) states that an increase in basal channelling could
further weaken the ice shelf through the formation of these fractures.

6.4.2Zone B

The fractures 1, 2 and 3 of zone B which initiated along the ice margin propagated through relative
thick ice ~250 m to the western channel where the ice thickness has reduced to ~100 m. The
propagation coincides with the reduction in ice thickness shown along the West flight line between
2011 and 2017 and along the western channel in the DEM derived Lagrangian thickness change. Bassis
et al. (2015) modelled the influence of basal melt on surface crevassing and showed that basal
crevasses, formed due to basal melt, can indeed trigger increased surface crevassing on a floating ice
shelf. It is not certain however that the same principle applies here as the fractures in zone B are rifts
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that propagated horizontally as opposed to the standard vertically propagating crevasses considered
in the study of Bassis et al. (2015). The observations of Dow et al. (2018) indicate that transverse
fractures can form due to basal channelling, but their focus lies on fractures that initiate from a basal
channel instead of fractures that propagate towards a channel across relative thick ice. Applying a
finite element model, similar to Plate (2015), to investigate what triggered these rifts to form and
whether they are expected to increase in length even further would be recommended in order to
predict the future of the Petermann glacier more accurately.

6.4.3 Zone C

Fracture zone C is located along the central channel precisely in the area where the ice thickness
reduces significantly from ~250 m to 100 m. The fracture in zone C has a distinctively different shape
compared to the fractures in zone A and B. The fractures in zone A and B are relative long and narrow
whereas the fracture in zone C is relative short and wide. The western end of the fracture advanced
further along the flow direction compared to the eastern end giving it a distinct S-shape. The central
channel corresponds to the location where in the Central velocity transect a velocity gradient is visible
after 2016, with a velocity difference of ¥80 m a’%, between the velocity in the channel and the velocity
east of the channel. The S-shaped fracture started to form between 2015 and 2016 and doubled in
width in 2017. The location of this fracture, its shape and the period in which it increased in size
suggests that the ice shelf is fracturing in the centre due to a velocity gradient along the width of the
glacier combined with a significant reduction in ice thickness at this location.

6.5 LEFM crevasse depth modelling

Ice shelf fractures are directly related to calving (Dow et al. 2018). Modelling whether fracturing will
increase in the near future, based on the extrapolated current conditions, is needed to assess whether
future calving events on the Petermann glacier are likely to take place. Considering the observed trend
in runoff and the warming of deep water in the Nares Strait observed by Johnson et al. (2011) and
Minchow et al. (2011) the atmospheric and oceanic conditions are likely to be favourable for
additional fracturing. The significance of the different processes are investigated using the LEFM
approach of Van der Veen (1998).

6.9.1Sources of uncertainty

The LEFM crevasse depth model combines the stress, thickness and drainage results and shows the
crevasse depth over ice thickness in four different experiments. The error sources related with the
used input are also present in the crevasse depth over ice thickness ratio. The most prominent error
sources are: the assumption of a constant creep parameter, fracture toughness and crevasse spacing,
the ice thickness does not capture deep crevasses that are not in hydrostatic equilibrium and the
drainage locations are likely an underestimate of the area where water is available for hydrofracturing.

The chosen creep parameter leads to an overestimation of the crevasse depth over ice
thickness along the margins and an underestimation over the stiffer ice along the Western and Eastern
ice shelf. With a variation of three orders of magnitude over the floating ice shelf, the creep parameter
is the largest source of uncertainty. Using a variable creep parameter would therefore be
recommended to improve the accuracy of the calculated crevasse depths.

The effect of a constant fracture toughness is more difficult to estimate as typical values range
between 50 and 150 kPa m*? (Petrovic 2003) and is dependent on: grain size, density, temperature,
microstructure, water content and salt content (Cai et al. 2017). The chosen value of 100 kPa m'/?
means that the fracture toughness can deviate ~50 kPa mY/2 on the ice shelf as well as along the depth
of the ice. Nixon and Schulson (1987) show that the fracture toughness increases by 40% when the
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temperature reduces from -2 to -50 °C, however Petrovic (2003) finds a weak relation between
fracture toughness and temperature. Determining the fracture toughness by taking ice samples from
the Petermann glacier is recommended to improve the accuracy of the calculated crevasse depth.

The background section on LEFM shows the influence of crevasse spacing. A difference in
spacing can mean the difference between a minor propagation and fractures propagation the entire
ice thickness. Using high spatial resolution ~0.5 m satellite imagery to identify crevasse spacing and
allowing the crevasse spacing to vary over the ice shelf is recommended to improve the accuracy of
the calculated crevasse depths.

The effect of a deep crevasse which is not in hydrostatic equilibrium leads to an
overestimation of the ice thickness and generally an underestimate of the crevasse depth over ice
thickness ratio. The effect is likely influencing the crevasse depth over ice thickness ratio near the
grounding line where large basal undulations were observed.

6.5.2 Experiments

The crevasse depth over ice thickness ratio of experiment 1 shows crevasses nearly everywhere on
the ambient ice shelf with a crevasse depth over ice thickness ratio of ~0.25. Based on the Landsat-8
images and the Sentinel-1 backscatter these crevasse depths, which are around 50 m with an average
ice thickness of 200 m, are most likely an overestimation due to an overestimation of the stress applied
or underestimation of the fracture toughness in the model. Additionally discrepancies between the
observed fractures in the Sentinel-1 backscatter map are possibly due to the fact that the LEFM
crevasse model only uses mode 1 fracturing while in reality fractures are often formed due to mixed
mode stress configurations where both tensile stress and shear stress combined cause a fracture to
propagate (Colgan et al. 2016). Combined with the assumptions on fracture toughness, creep
parameter and crevasse spacing these discrepancies mean that the modelled crevasse depth over ice
thickness ratio should not be interpreted as an accurate representation of the crevasse field on the
Petermann glacier. The modelled crevasse maps merely indicate in which areas (increased) vertical
crevasse propagation is likely to happen considering the imposed settings and whether the conditions
for fracturing will become more favourable in the future.

Since the runoff shows a positive linear trend it is likely that the average runoff is going to
increase further in the future and higher daily runoff rates will be reached more often. The overall
effect of the increase in runoff is mainly limited to the basal channels parallel to the flow direction. No
major increase in crevasse depth across the glacier is visible. This could indicate that the runoff will
not play a major role in allowing fractures to propagate over the thicker ambient ice shelf, but further
enhance the possibility of fractures forming in the channels such as in fracture zone A and C.

The effect of the decrease in ice thickness between 2017 and 2020 is most noticeable along
the three channels running parallel to the flow direction. If indeed the fractures in fracture zone B are
the results of thinning along the eastern channel the conditions for those fractures to propagate
further and cross the thicker ice between the eastern and central channel will become more
favourable between 2017 and 2020. The eastern channel shows a strong increase in crevasse depth
over ice thickness ratio, while in this region, as the sentinel-1 backscatter shows, extensive fracturing
is currently not observed. The strong increase in crevasse depth over ice thickness due to thinning
along the eastern channel indicates conditions for the formation of similar fractures to the fractures
which have formed along the western channel will increase.

The difference in crevasse depth between the winter and summer stress state shows that an
increase in stress of ~¥25% increases the crevasse depth over ice thickness significantly over the entire
floating ice shelf. A velocity increase of ~25% is predicted to occur after the Petermann glacier loses
approximately 20 km of its ice shelf relative to the current calving front by Hill et al. (2018). This
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indicates that according to the LEFM model when the ice shelf reduces in length beyond 20 km the
conditions for further fracturing are promoted.

1. Conclusions

The Petermann glacier is the fourth largest glacier in Greenland (Rignot and Kanagaratnam 2006) and
drains approximately 12 Gt of ice from the Greenland Ice Sheet per year (Rignot and Steffen, 2008).
During the past decade the glacier has lost ~40% of its floating ice shelf in two large calving events
(Nick et al. 2012) and what is left is threatened as both air and ocean temperatures are increasing
(Hanna et al. 2008, Johnson et al. 2011, Miinchow et al. 2011). A collapse of the entire floating ice
shelf could increase the ice discharge and the contribution of the Petermann glacier to global sea level
rise significantly (Hill et al. 2018). Here the main research question: “how long will it approximately
take before the floating ice shelf of the Petermann glacier collapses?” is answered based on the
extrapolated conditions between 2017 and 2020.

71.1Temperature and surface hydrology

On average the temperature over the Petermann glacier is increasing by 0.099 K a™* since 1998. The
increase in temperature is accompanied by a linear trend in the runoff which is strongest over the
grounded part of the glacier and increased the runoff on average by approximately 200 mm weq a™.
An increase in runoff is expected to enhance basal melting although further research is needed to fully
understand the ocean ice interaction of the Petermann glacier (Miinchow et al. 2016). 81% of the
runoff is drained from the glacier either at the calving front or at the glacier margins. The remaining
19% is either drained through hydrofracturing or refreezes in during the winter (Macdonald et al.
2018).

7.2 Thickness change and melt rates

West of the central channel a new channel has formed due to basal melt rates of ¥14 m a*. Increased
thickness change started between 2001 and 2011 and increased further between 2014 and 2017.
Near the grounding line large basal crevasses formed west of the central channel between 2002 and
2017 due to thickness change rates exceeding 80 m a’. Over the eastern ice shelf several large basal
crevasses formed between 2011 and 2017. In some cases these crevasses reduce the ice thickness
locally from ~360 m to ~120 m. On average 81% of the thickness change is due to basal melt, which is
high near the grounding line ~50 m aand lower near the calving front between 0 and 5 m a. The
high basal melt rates carve out deep basal channels that run parallel to the flow direction. The stability
of the glacier is expected to reduce due to the presence of basal channels and crevasses as they can
enhance the formation of transverse and vertical crevasses (Bassis and Ma 2015; Dow et al. 2018).
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7.3 Velocity and stress

Comparison of the average velocity between 1992-2010 and 2015-2018 showed an increase in the
winter velocity along the Northern and Central transects across the glacier of ~9%. Rickamp et al.
(2019) showed that this increase followed the 2012 calving event and is a precursor to the anticipated
next calving event. Across the centre of the glacier a velocity gradient developed after 2016 as the
thicker ice on either side of the central channel experienced an increase in velocity relative to the
central channel of ~80 m a. The gradient is not present over the ice near the calving front. Riickamp
et al. (2019) suspects this ice to be already dynamically detached from the main floating ice shelf which
possibly explains the uniform flow velocity.

The tensile stress increases during the summer months following the increase in velocity. Nick
et al. (2012) showed that the summer velocity increases due to subglacial runoff enhanced basal
lubrication. Hill et al. (2018) showed that an increase in velocity will follow if the Petermann glacier
retreats approximately 20 km behind the current calving front. The increase in velocity during the
summer followed by an increase in the tensile stress indicates that further retreat of the glacier could
increase the tensile stress on the glacier as well.

1.4 Fracturing due to channelized bottom melt and velocity gradients

The fracture in fracture zone A is associated with the next calving event by Miinchow et al. (2016) and
Rickamp et al. (2019). Calving is likely to happen when the main rift reaches the centre and connects
with the fracture in fracture zone A as the 2010 and 2012 calving events were triggered by a large rift
reaching the centre of the glacier (Miinchow et al. 2016).

In the region where the western basal channel has formed between 2011 and 2017 three new
fractures have formed between 2014 and 2018. Of these three fractures two propagated from the ice
sheet margin through relative thick ice of ~250 m to the western channel where the ice thickness is
~100 m. The propagation of these fractures indicates that at least one fracture shows no sign it
reached its final length and will possibly continue to increase in length even further. Calving is
associated with a fracture propagating from the glacier margin to the centre (Miinchow et al. 2016)
therefore ~2/3 of the glacier could calve if one of these fractures reaches the centre. Although
research by Dow et al. (2018) and Bassis et al. (2015) show that the formation of basal crevasses and
channels can enhance fracturing the mechanism that drives the propagation of the fractures in
fracture zone B is not yet understood well enough to predict future fracture propagation. Fracture
modelling using a finite element model would be recommended in order understand the process that
drives fracture propagation in this region.

A distinct S-shaped fracture in an area where the ice thickness reduces to ~100 m is likely
formed due to a lateral velocity gradient across the glacier. It is difficult to predict what the
implications are of this fracture on the stability of the glacier as most research is performed on calving
due to transverse fractures opposed to longitudinal fractures.

1.5Crevasse depth modelling based on future scenarios

Crevasse depth modelling using the LEFM model based on Van der Veen (1998b) over the Petermann
glacier has considerable short comings. The heavy reliance on parameters such the creep parameter,
fracture toughness and crevasse spacing which can vary over the glacier significantly means that the
result should not be interpreted as an accurate approximation of the crevasse depth on the glacier.
The relative low computational costs and easy implementation however make it a useful tool to
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investigate what the effect is of certain processes are on fracture propagation over the entire floating
ice shelf.

Increasing the runoff from the average of the melt season to the maximum value shows that
the effect of the increase is not strong enough to enable hydrofracturing across the thick western and
eastern ice shelf and is expected to slightly enhance hydrofracturing along several channels running
parallel to the flow direction. This indicates that the runoff will probably not play a key role in
triggering calving by allowing a fracture to reach the centre.

Extrapolating the average thickness change between 2011 and 2017 to 2020 shows that
increased fracture propagation is expected along the three channels running parallel to the flow
direction. Due to the extended thickness change the ice thickness along the central channel and parts
of the eastern channel will have been reduced to zero making fracture propagation impossible. The
strong increase in crevasse depth over ice thickness due to thinning along the eastern channel
indicates favourable conditions for fracture propagation. The change in ice thickness seems to have
no significant effect on the relative thick eastern and western ice shelf between the channels.

The seasonal increase in velocity of ~25% leads to an increase in the crevasse depth over ice
thickness ratio over nearly the entire floating ice shelf. The increase in velocity and therefore stress
causes crevasses to propagate approximately ~0.3 of the glacier in locations where in the low stress
situation no propagation was observed. A velocity increase of ~25% is predicted to occur after the
Petermann glacier loses approximately 20 km of its ice shelf relative to the current calving front by Hill
et al. (2018) indicating that extended retreat of the glacier would enable more crevasses to propagate
over the entire floating ice shelf.

7.6 Future stability of the Petermann glacier

Increasing runoff and thinning along several channels along the glacier combined with extensive
fracturing far behind the calving front indicates that the Petermann glacier has not reached an
equilibrium position. The gradient in the velocity across the glacier likely initiated fracturing in the
central channel, but further research is needed to understand the effect on the long term stability.
How long it will take for the floating ice shelf to collapse will depend on whether the melt rate will
continue to reduce the thickness along the channels and whether the fractures in zone B will reach
the central channel. Based on the extrapolated average thickness change rate between 2011 and 2017
the thickness will continue to decrease along the three channels on the glacier. Conditions are likely
to be more favourable for crevasse propagation due to the reduction in ice thickness and increase in
the water available for hydrofracturing. Stress levels are expected to increase following the speed up
after the calving front retreated more than 20 km behind the current calving front. Based on the
findings in this thesis the floating ice shelf of the Petermann glacier is expected to collapse within the
next decade if the current conditions are an indication for the future. Collapse of the ice sheet will
lead to more than a doubling in ice flux across the grounding line and cause a substantial increase in
the Petermann glacier’s contribution to global sea level rise according to Hill et al. (2018).
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