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Abstract

The common occurrence of debris-covered glaciers in high-mountain areas makes
their response to climate change relevant. The insulating effect of debris cover
on surface melt causes debris-covered glaciers behave differently from debris-free
glaciers, warranting the use of a specialized model for predictions. In this thesis,
the 2D flowline DEBISO model (Ferguson and Vieli, 2021) is used in assessing the
response of debris-covered glaciers to abstract and realistic climate change. The
model calculates the transport and effect of debris cover, while incorporating the
formation of ice cliffs on stagnant termini as a melt-enhancing process in retreat.
Two new additions to the model are made and analyzed: the curve of insulation
by debris cover thickness is fit to field and literature data, and the formation
of ice cliffs in the entire ablation area through supraglacial streams is added
to the model. Results show that previous estimates might have overestimated
the insulation effect. Response to climate changes shows significant lag consistent
with observations and previous studies, which is heavily dependent on parameters
like size, debris cover, and bed geometry. The lag in response leads to a dichotomy
in retreat between easy re-advance for short-term warming, and more difficult re-
advance following long-term warming like measured and projected climate change
over the 20th and 21st century. As a consequence of this lag, length response
from short-term changes in climate is often minimal, making the establishment of
a relationship of volume as a derivative of climate possible. Both new additions
to the model resulted in a significantly weakened insulating effect, leading to
behavior in retreat and advance more similar to debris-free glaciers.
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CHAPTER 1

Introduction

1.1 Motivation

Glaciers are commonly thought of as massive, slowly creeping structures of ice,
with the blue and white colors of that ice giving them their characteristic look.
But many glaciers present themselves very differently. Under the right circum-
stances, steep headwalls and slopes can deliver debris onto a glacier’s surface
through avalanching (Ferguson and Vieli, 2021). In the accumulation zone of a
glacier, this debris is buried under new firn. It is then englacially transported
downstream, until it resurfaces in the ablation zone. Generally, debris cover in-
creases in thickness towards the terminus (Molg et al., 2019), as melt increases
and debris is transported dynamically with the ice.

Debris cover changes the parameters of the ablation process at the glacier
surface. There are two main processes influencing surface ablation in opposite
ways. One of them is a melt enhancement effect due to the increase in albedo
compared to clean ice. The other is an insulation effect due to absorption of in-
coming shortwave radiation, which is dominant with thick debris layers (Ostrem,
1959; Richardson and Brook, 2010). The subsequent question is how strong these
effects are with varying debris cover thickness and how much they reduce surface
ablation.

Despite the fact that debris should have an overall insulating effect, some
studies have provided evidence that debris-covered glaciers have similar mass
balances to debris-free glaciers (Nuimura et al., 2012; Gardelle et al., 2013; Pellic-
ciotti et al., 2015; Brun et al., 2016). Using energy balance models, this anomaly
has been suggested to be caused by the formation of ice cliffs on stagnating
tongues of debris-covered glaciers (Sakai et al., 2000; Steiner et al., 2015; Miles
et al., 2016). Ice cliffs generally appear when the surface slope is too steep for the
debris to remain on it (Moore, 2018). These circumstances can develop through
a variety of processes (Kneib et al., 2021) resulting in different forms, collectively
referred to as cryokarst features (Ferguson and Vieli, 2021).
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Debris-covered glaciers are most prevalent in high-elevation areas such as the
Karakoram and Himalaya, where around 10 percent of glacier area is covered
by debris (Bolch et al., 2012). In the Everest region, debris covers around 25
percent of glaciated area (Vincent et al., 2016). This means that debris-covered
glaciers represent a substantial part of glaciers in these areas. Generally, glaciers
act as natural buffers of hydrological seasonality, with people downstream al-
ready now heavily depending on meltwater in the dry summer and early autumn

months (Bolch et al., 2012).

And in the face of climate change, predicting changes of glaciers over the
21st century is very important. Related challenges include the socio-economic
consequences of glacier loss (Rowan et al., 2015), the contribution to sea-level
rise (Gardner et al., 2013), and altered risk of glacial lake outburst floods (Bolch
et al., 2012), while providing an opportunity for better general understanding of
glacier response to climate variability (Richardson and Brook, 2010). As long-
term data corresponding to the long response times of debris-covered glaciers
are rare (Ferguson and Vieli, 2021) and present-day trends cannot simply be
extrapolated into the future (Rowan et al., 2015), numerical modelling is required.

For this application, a standard glacier model needs to incorporate a debris
routine, developing englacial and supraglacial debris and reproducing the feed-
back on surface mass-balance (Rowan et al., 2015). Such an approach is taken
by Ferguson and Vieli (2021) in their DEBISO model, which serves as the basis
for the experiments conducted in this thesis. Their model is a simplified version
of the two-dimensional model using shallow ice approximation (SIA) dynamics
by Anderson and Anderson (2016), with the goal of creating a simple, efficient
model to approximate the complex physical processes of debris-covered glaciers.
A more detailed overview is provided in section 2.4 (Modelling).

Ferguson and Vieli (2021) have integrated a cryokarst routine into the DE-
BISO model, tying the formation of cryokarst features to driving stress (Benn
et al., 2012; Ferguson and Vieli, 2021). It essentially assumes that when a part of
a glacier is in a stagnant state, it is harder for a glacier to dynamically compensate
differences in surface topography such as cryokarst features.
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1.2 Objective and Research Questions

1.2.1 strem curve

Research question 1: How well do field measurements agree with literature
and the @strem curve used in the model?

Many studies have provided combined quantitative measurements of ablation
and debris cover thickness (Mattson et al., 1993; Mihalcea et al., 2006; Hagg et al.,
2008; Brook et al., 2013; Groos et al., 2017). For this thesis, additional data were
collected on Zmuttgletscher, Switzerland. The details of the data collection are
provided in section 3.1. One of the aims of this thesis is to combine all the data
from various glaciers to find a realistic @Jstrem curve that fits the data best. This
curve is then used in the debris routine of the DEBISO model, which in its default
version employs a user defined value.

1.2.2 Climate sensibility

Research question 2: How do debris-covered glaciers react to real climate
history and scenarios?

This thesis also aims to thoroughly test the DEBISO model against vari-
ous climate inputs, comparing debris-covered glaciers to debris-free glaciers in a
controlled setting. The experiments build and expand on the simple step-change
and random climate experiments already conducted by Ferguson and Vieli (2021).
The model is tested with various types of climate inputs, where not only the in-
fluence of long-term trends, but also of short-term changes on glacier geometry
is tested. Finally, in an attempt at using real climate history and projections,
a realistic response of debris-covered glaciers to contemporary climate change is
simulated and compared to debris-free glaciers.

1.2.3 Cryokarst

Research question 3: What are the main factors in cryokarst formation? How
can they be integrated into a model?

Cryokarst formation is still rather poorly understood, and a multitude of
processes having some influence in the formation of cryokarst are presented in
various studies (Kneib et al., 2021). Another aim of this thesis is to gain an
overview of the scattered explanations of cryokarst formation. An analysis of
which processes could potentially be integrated into the DEBISO model, and
considerations whether integrations would fit the scope of this simple model are
necessary.



CHAPTER 2

Background

2.1 Debris input

As for a glacier’s ice itself, debris on top of it does not simply emerge from the
ice out of nowhere. There need to be processes causing this material to abandon
its static position and enter transport within and on the glacier. There are three
main processes contributing to supraglacial debris. The two direct sources include
basal erosion and bordering rockwalls. Lateral moraines can serve as an indirect
third source of supraglacial debris (Van Woerkom et al., 2019). Though the
relative contribution of these three processes is dependable on local conditions,
basal erosion is generally thought to be the one of least importance, as erosive
processes on rockwalls and moraines are highly active (Van Woerkom et al., 2019)
in the environments where debris-covered glaciers are most prevalent.

Rockwall erosion is difficult to quantify, as long-term erosion rates are highly
variable spatially and temporally. Events are irregular and often catastrophic,
and the influence of other periglacial processes makes it difficult to estimate
erosion from exposure dating. Overall, rockwall erosion rates are estimated to
be on the order of 1 mm per year. (Heimsath and McGlynn, 2008). Erosion
events such as rockfall, rock avalanches or landslides can be triggered by pro-
cesses like extreme rainfall or seismic events (Van Woerkom et al., 2019). During
glacial retreat rockwalls become increasingly exposed to erosive processes and
lose stability. Some large singular events have been at least partially attributed
to current glacier melting (Hartmeyer et al., 2020), but some argue the role of
rockwall debuttressing has been overemphasized (Reznichenko et al., 2011).

Both low-magnitude rockfalls (Hartmeyer et al., 2020) and catastrophic rock
avalanches (Reznichenko et al., 2011) contribute to the transport of supraglacial
debris onto the accumulation area (Anderson and Anderson, 2018). Remobi-
lization of moraine material is of greater importance below the equilibrium line
altitude (ELA), particularly during glacial retreat. As the glacier surface de-
scends lower than the moraine crest, the moraine slopes become susceptible to
mass transport processes such as debris flows (Van Woerkom et al., 2019).
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2.2 Supraglacial debris

As already mentioned in chapter 1, the presence of debris on a glacier surface
influences its thermal characteristics. Supraglacial debris alters the ablation rate
of the underlying ice compared to clean ice, primarily dictated by the thickness of
the debris cover (@Dstrem, 1959; Mattson et al., 1993; Nicholson and Benn, 2006;
Nicholson et al., 2018). Because the debris originates from local sources and does
not distribute equally across the glacier, it is concentrated in some areas before
being transported further. As these structures are buried in the accumulation
area, they form discrete debris-rich bands called septa (Kirkbride and Deline,
2013). The debris follows the dynamic movement of the glacier before eventually
melting out in the ablation area.

The debris typically still emerges as elongated bands or transverse septa
(Kirkbride and Deline, 2013), as much of the original structure is conserved dur-
ing englacial transport. This leads to a heterogeneous distribution of supraglacial
debris (Molg et al., 2020). After melting out, debris is dispersed over the glacier
surface. This can happen through the migration of emerging septa, which is
caused by changes in geomorphological factors upstream, englacial changes in
the septum structure and glaciological factors such as surface lowering or stag-
nating ice (Kirkbride and Deline, 2013). In a second step, debris can be dispersed
over short distances — in the order of 10 meters — through local slope develop-
ment, which is caused by differential debris distribution in the first place. For
these reasons, debris cover tends towards a layer of uniform thickness (Kirkbride
and Deline, 2013).

Ostrem (1959) was the first to establish an empirical relationship between
debris thickness and ablation rates, which is why it is referred to as the Ustrem
curve. In his and many subsequent studies, it was found that debris had a melt
enhancing effect on the underlying ice for very thin (1-2 c¢cm) or discontinuous
cover, and an insulating effect for thicker debris layers (@strem, 1959; Mattson
et al., 1993; Mihalcea et al., 2006; Nicholson and Benn, 2006; Hagg et al., 2008;
Dobhal et al., 2013). Debris thickness has been found to be the dominant factor
in ablation of debris-covered glaciers (Nicholson et al., 2018), but there is still
quite some variation between individual glaciers and studies. This can at least
partly be attributed to other factors such as local climate and debris properties,
such as albedo, lithology, texture and moisture content (Nicholson and Benn,
2006; Nicholson et al., 2018).
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Figure 2.1: FEzamples of Ostrem curves from empirical measurements of debris
cover thickness and ablation rates of several glaciers (Mattson et al., 1993).

2.3 Cryokarst features

On many debris-covered glaciers, mass loss in the current warming period has
been found to be quite similar to clean-ice glaciers, frequently termed the de-
bris cover anomaly (Gardelle et al., 2013; Pellicciotti et al., 2015; Buri et al.,
2021). There is however a tendency for the tongues of glaciers towards thinning
rather than retreating (Rowan et al., 2015; Molg et al., 2019; Buri et al., 2021).
These two observations have been connected to the formation of ice cliffs and
supraglacial ponds on the glacier surface, which expose bare ice to the surface
and have been shown to substantially increase local melt rates, with melt being
estimated to be 3 to 8 times higher there compared to surrounding debris-covered
areas (Sakai et al., 2002; Reid and Brock, 2014; Buri et al., 2016; Miles et al.,
2016; King et al., 2020; Rounce et al., 2021; Kneib et al., 2021).

The formation of ice cliffs has been attributed to several processes. These in-
clude collapsing englacial conduits, slope oversteepening for example from locally
variable melt rates, crevasse opening, and undercutting or melt enhancement by
supraglacial streams and ponds (Benn et al., 2012; Reid and Brock, 2014; Moore,
2018; Nicholson et al., 2018; Kneib et al., 2021). Locally variable melt rates occur
for example when debris is distributed heterogeneously, as discussed in section
2.2. Crevasse formation is associated with strong longitudinal extension as at
ice falls (Miles et al., 2016), with fracture occurring when a certain strain rate is
reached (Vaughan, 1993). Crevasses themselves expose ice faces to a degree, but
can also interrupt supraglacial streams and drain water into the glacier (Molg
et al., 2020). Supraglacial channels form meandering valleys with walls getting
steeper until debris slides off (Mélg et al., 2020). The resulting surface moves
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sideways both through backwasting by increased atmospheric melt (Kneib et al.,
2021) or continuous undercutting by the stream that can eventually lead to a
collapse. Undercutting from streams primarily occurs in areas of thin (less than
20 cm) debris cover (Anderson et al., 2021b). Supraglacial ponds can form and
expand ice cliffs through thermal undercutting of the cliff face and even calving
for large ponds (Watson et al., 2017). Pond formation and drainage is closely
related to the englacial drainage system, as ponds can both form by collapse of
and drain into englacial conduits (Benn et al., 2017). The formation of ponds
correlates strongly with areas with stagnant dynamics (Anderson et al., 2021b).

All of these processes are strongly connected to the glacier dynamics and
drainage system, allowing approximations of the amount and persistence of ice
cliffs from dynamic properties. However, different glaciers render varying re-
sults. On Zmuttgletscher, a debris-covered alpine glacier, stagnation seems to
have enabled a consistent drainage network, inhibiting dynamic readjustment of
topographical differences (Molg et al., 2020). Contrary to this, up-glacier surg-
ing behavior resulting in a reorganisation of the drainage network is suggested
to have a big influence on the formation of cryokarst features on Urdok Glacier
in the Karakoram (Kneib et al., 2021). This makes it difficult to ascribe a single
property or process to the formation of cryokarst features.

2.4 Modelling

Measurement periods of glaciers generally are really short compared to their
response times and only allow research with conditions that are set and often
unknown. This small window into glacier behavior can be significantly magnified
using models. For predictions of the future state of a glacier and any experiment
outside the preexisting data, modelling is deemed essential (Ferguson and Vieli,
2021). Numerical models for glacier dynamics in particular can act as a simplified
sandbox version of a real glacier, with real processes represented by parameters
and formulas.

Many existing glacier models are designed for clean-ice glaciers, which makes
them unfit for debris-covered glaciers (Rowan et al., 2015). Models specifically de-
signed for debris-covered glaciers have only been emerging in recent years. Early
attempts at modelling debris-covered glaciers struggled with boundary condi-
tions (e.g. Konrad and Humphrey, 2000). A second approach was coupling a nu-
merical glacier model with a debris surface transport model, treating the glacier
as a conveyor belt (e.g. Vacco et al., 2010). Rowan et al. (2015) developed the first
model using coupled debris-ice dynamics for the examination of one particular
glacier. An important realization from this implementation was that diagnosing
the effects of different processes on glacier responses can be difficult, as multiple
processes can lead to similar outcomes (Anderson and Anderson, 2016). The
subsequent approach by Anderson and Anderson (2016) aimed to eliminate as
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many variables as possible to take a look at debris-covered glaciers in a more
sterile setting, where observations can be more easily attributed to individual
parameters. One example of that is looking at the isolated effect of debris cover
on glacier dynamics and length (Anderson and Anderson, 2016).

Including cryokarst features in debris-covered glacier modelling today consti-
tutes another research gap. As the physical processes behind the formation of
cryokarst are not fully understood yet, the simple approach by Ferguson and Vieli
(2021) shown in section 3.2.4 being the first integration of a cryokarst routine into
a numerical debris-covered glacier model.

2.5 Study area

Figure 2.2: Aerial view of Zmuttgletscher and its tributaries (Swisstopo, 2020).
All positions of ablation stakes of the 2021 field work are marked in red (more in
section 3.1.1).

Zmuttgletscher is a debris-covered glacier in the western Swiss Alps, rang-
ing in elevation from around 2240 to 4150 m a.s.l., being surrounded by the
steep headwalls of the surrounding mountains and ridges. Including all its trib-
utaries, the surface area added up to 15.74 km? in 2016, being substantially
debris-covered in its ablation area (Molg et al., 2019). Due to warming since
the mid 19th century, Zmuttgletscher has mostly had a negative mass balance,
causing thinning (Mélg et al., 2019) and retreat of more than 1 km.
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The glacier has some interesting unique characteristics. One of them is the
lower tongue becoming almost stagnant since the end of the LIA. Large debris-
covered glaciers often exhibit low flow velocities due to decreased driving stress in
their flat tongues even in steady-state conditions (Anderson and Anderson, 2016).
Still, Molg et al. (2019) attribute the decrease in dynamic activity to changes in
climate rather than inherent effects of debris cover. Sustained thinning since the
LIA has resulted in a reduction in ice thickness, which in turn reduces driving
stress.

Figure 2.3: Ice cliff formed by a supraglacial stream in the upper ablation area
of Zmuttgletscher (a), large ice cliffs in the lower ablation area (b), and terminal

ice cliff with small lake (c).

In the current warming period, Zmuttgletscher has undergone major changes
regarding debris cover. The area of debris-covered surface has increased by about
19% — from ~13% to ~32% since the end of the LIA — with no evidence of partic-
ularly large rockfalls (Molg et al., 2019). The coinciding occurrence of temporal
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variations in the rate of debris cover extent change and climatic signals suggests
that the increase in debris cover extent is likely connected to the effects of temper-
ature increase and decreasing ice flow velocities (Molg et al., 2019). At around 15
centimeters over much of its ablation area, Zmuttgletscher’s debris cover is also
relatively thin compared to other debris-covered glaciers. This may be enough
to reduce glacier thinning and terminus reatreat, but decoupling from climatic
influences may only be limited. In fact, surface changes and flow velocities show
a direct reaction to climatic change (Molg et al., 2019).

Cryokarst features are found on Zmuttgletscher in areas of compressional flow
such as flat and stagnating parts of the glacier. Correspondingly, most ice cliffs
are found on the lower tongue (Molg et al., 2019). Their formation is most often
associated with the presence of supraglacial streams, but also with ponds and
collapsing englacial conduits and cavities (Molg et al., 2019). Large ice cliffs
at the terminus contribute significantly to the steady retreat contrary to other
debris-covered glaciers, where mostly thinning occurs. The contribution of ice
cliffs on volume loss is also not as large as on other comparable glaciers, as their
area is small and the debris layer is rather thin already (Mélg et al., 2019).



CHAPTER 3

Methods

3.1 Field work on Zmuttgletscher

In the summer of 2021, a campaign of several field work trips was conducted on
Zmuttgletscher. Though explicitly not the main focus of this thesis, the field
work provided both data on the relationship between ablation and debris cover
was collected to complement data from literature (section 3.1.1) and qualitative
insights and observations of the processes involved on the surface of a debris-
covered glacier (section 3.1.2).

3.1.1 Ablation and debris thickness measurements

The main goal of the measurements of ablation and debris cover thickness was
providing data to find a representative @Jstrem curve, coming up in section 3.2.3,
to then be used in the DEBISO model. Using PVC ablation stakes, ablation
was measured over several weeks at 20 locations. Debris thickness was measured
multiple times in the immediate vicinity of the stakes to counterbalance bias
from local variability on the scale of centimeters. To exclude the influence of
air temperature differences as much as possible, these locations were distributed
across the glacier at similar elevations and spanning as much of the debris thick-
ness spectrum found on Zmuttgletscher. For reference, two stakes were placed
at clean-ice locations. To increase the amount of data, stakes in a second cluster
about a kilometer downstream — placed there for other research projects — were
included, as seen in Figure 2.2.

3.1.2 Qualitative observations

Another part of the field work was examining glacier morphology and specifically
cryokarst features on Zmuttgletscher as described by Molg et al. (2019). These are
some of the key observations and additions to their descriptions as summarized
in section 2.5:

11
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e Ice cliffs originating from supraglacial streams develop not only near the
terminus, but also in flat parts of the upper ablation area. Molg et al. (2019)
describe a high occurrence of cryokarst features downstream of topographic
steps, which corresponds to the observations. Additionally, it holds true
that these features disappear in the extensive areas on topographic steps
themselves, as runoff enters the glacier more easily.

e In the lower ablation zone, collapse of large en- and subglacial channels
seems to be the dominant process producing ice cliffs, as the associated
cryo-valleys are much deeper than further upstream.

e Supraglacial streams do not create incisions into the surface on clean-ice
areas, contrary to their counterparts in debris-covered areas at similar el-
evations. In theory this also makes sense, as the discrepancy in ablation
rates is not as large on clean-ice surfaces.

e Supraglacial ponds can be found on Zmuttgletscher, but they are much
more rare than streams, which was also observed by Molg et al. (2020). The
ponds can fill up and drain over short timescales, making their contribution
to increased ablation highly variable.

e Moraine ridges on the glacier, as clearly visible in Figure 2.2, have lower
ablation rates than surrounding areas. This leads to the formation of large
longitudinal depressions between them, where runoff is concentrated in
supraglacial channels and distinct sub-catchments form (Molg et al., 2020).
Ice cliff formation is therefore more pronounced in these valleys compared
to the ridges.

e In the upper ablation area of Zmuttgletscher, supraglacial streams only
accumulate a limited amount of runoff before inevitably entering the glacier
through moulins or crevasses. Still, relatively small streams can form quite
large ice cliffs (e.g. figure 2.3(a)).

3.2 Model components

3.2.1 Model inputs and outputs

In a DEBISO model run, a number of variables are calculated and some of them
stored as an output for visualization. This section provides a short overview of
these variables to facilitate understanding of later plots.

With all the inputs in table 3.1, most of them constants, the model can be
run over a defined duration, with climate variation given by the ELA. A glacier
can be modelled from an initial state of no ice or start off at the end-state of a
previously modelled glacier.
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Table 3.1: Variables and values used as model parameters (Ferquson and Vieli,
2021).
Parameter Name Value Units
ELA Equilibrium line altitude 3000-3100 m
p Density of ice 910 kg m~3
g Gravitational acceleration 9.80 m s~2
c Debris volume concentration 0-0.005 -
A Glen’s flow law rate factor 1x10~% Pa 357!
n Glen’s constant / exponent 3 -
Dy Characteristic debris thickness 0.05-0.1497 m
Amaz Maximum surface mass balance 2 m yr—!
~y Surface mass balance gradient 0.007 yr—!
H* Terminal ice thickness threshold 30 m
Am Maximum cryokarst fraction 0-0.2 -
dt Time step 0.01 yr
dx Horizontal grid size 25 m
Tj Upper driving stress threshold 110 kPa
Tj Lower driving stress threshold 60 kPa
0 Bed slope 0.1 mm~!
0. Headwall slope 1 m m~!

The model’s outputs shown in table 3.2 are only a small selection from all
values the model calculates, but they fully contain the glacier geometry and
dynamic state across the time and space given to the model. From these values,
basic information on the glacier such as total volume or extent can easily be
calculated. The outputs can be stored for later visualization.

Table 3.2: Model output variables.
Parameter Name Units
H Ice thickness m
D Debris lyer thickness m
[ depth-averaged ice velocity m yr-
a Surface mass balance m yr-
Q Accumulated runoff (new) m yr-
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Figure 3.1: Ezemplary visualization of the glacier geometry output of a model
run. The glacier is represented in blue on an exaggerated bed (the slope is only

10%).

3.2.2 Basic DEBISO model

This section serves as a short overview of the mathematical backbone of the
glacier model used for the later experiments. The model developed by Anderson
and Anderson (2016) was also the basis for the DEBISO model by Ferguson and
Vieli (2021) used in this thesis. Both use a 2D flowline version of the shallow
ice approximation (SIA), a simple model for calculating dynamics from glacier
geometry. The DEBISO model computes a depth-averaged ice velocity u(x,t)
based on the glacier’s geometry (3.1) and the change in ice thickness H based
on the velocity field and the mass balance a(z,t) (3.2), given by

__ 24(pg)" 1| OR[" OB

YT H Oox ox’ (3.1)
OH O(uH)
o o (32)

where p is the density of ice, g is gravitational acceleration, A and n are the
rate factor and exponent from Glen’s flow law, respectively, and h(x,t) = H +b
is the glacier surface elevation for a given bed elevation b(z) (Ferguson and Vieli,
2021).

Debris is added to the model in a very simple way. It is assumed that there is
a uniform debris concentration ¢ throughout the glacier. A melt-out source term
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is calculated from ¢ and the local mass balance a. The debris that has melted
out is then transported along the surface. The main input of the model is the
ELA, which determines the elevation-dependent surface mass balance a(z) given
by

a(z) = min(y(H +b— ELA), amaz), (3.3)

with v being the mass balance gradient and ., being a maximum mass
balance to realistically represent the ceiling in accumulation at a certain elevation.
The influence of debris cover thickness D on the mass balance is determined
through a simple calculation from Anderson and Anderson (2016), given by

a=0a—-—, (3.4)

with Dy being a free parameter representing an ¥strem curve. This approach
neglects the melt enhancing effect of very thin debris cover, assuming it is negli-
gible compared to the insulation effect of thicker debris.

At the terminus, debris is transported out of the system via a debris-free
terminal ice cliff. Once ice thickness is below a certain threshold, the critical ice
thickness H*, all debris is assumed to slide off.

3.2.3 @strem curve

The default implementation of the @strem curve in the DEBISO model uses
equation 3.4 with an arbitrary standard value of Dy = 0.05m. Following up
on the first research question, data from the 2021 Zmuttgletscher field work was
combined with debris thickness and ablation measurements from 6 studies (Brook
et al., 2013; Groos et al., 2017; Hagg et al., 2008; Mattson et al., 1993; Mihalcea
et al., 2006; Richardson and Brook, 2010). Literature data originated from 5
individual glaciers in the Karakoram, the Tian Shan and in New Zealand (see
Figure 3.2(a).

Figure 3.2(a) shows all the data collected in one plot. It is clear that most
data points approximately follow a curve of decreasing melt with increasing debris
thickness. There are some outliers and some distinct differences between glaciers.
One can also see that the data density is much better for thin debris layers.
There definitely is an argument that there is no universal Dstrem curve that
approximates all glaciers equally well, but it is a necessary assumption to make
if we want to look at debris-covered glaciers in a more isolated and general way.

In a second step (Figure 3.2(b)), the default Ustrem curve is plotted onto the
data points. The curve clearly does not fit the data well, strongly overestimating
the insulating effect of the debris. This validates the need for an improved @strem
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Figure 3.2: Debris thickness and normalized melt rate (relative to clean ice)
from Zmuttgletscher field work and literature (a). Debris thickness and normal-
ized melt rate data, default Dy curve, fit Dy curve and points excluded from the
analysis (b).

curve. To fit this curve to the data, the same equation (3.4) was used with Dy as
the free parameter. A first fit attempt was made, but outliers had a strong effect
on the resulting curve. This lead to the decision to remove points diverging from
this initial curve by more than a threshold of 0.5 normalized melt, as visualized
in Figure 3.2(b).

Two of these points originate from Mattson et al. (1993) looking at very thin
debris (1 — 2em). Another excluded data point was from Richardson and Brook
(2010), whose melt rates generally are higher than the ones from other glaciers.
The authors acknowledge this as well and struggle to explain the differences,
discussing geothermal activity at Mount Ruapehu as a possible explanation. The
last data point was one from our own field work on Zmuttgletscher. It is a very
interesting case, as it was placed right on top of an ice cliff (see figure 3.4 in
the appendix), which melted back over the measurement period. As cryokarst
is taken into account separately (section 3.2.4), it made more sense to leave this
measurement out.
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The final fit @strem curve shown in red in figure 3.2(b) uses a Dg of about
0.15m. This means that the insulation effect from debris cover is about three
times less strong when this curve is used, or rather it takes three times more
debris to get the same amount of insulation. It represents the data well and
shows a much more restricted insulating effect of the debris layer on ablation.

3.2.4 Cryokarst implementations

In the standard version of the DEBISO model written by Ferguson and Vieli
(2021) there is a simple cryokarst implementation. It uses driving stress 74 as an
indicator for cryokarst formation. This is not based on any analysis of individual
ice cliffs forming, but rather on the general observation that cryokarst features
commonly occur near the termini of stagnating debris-covered glaciers (Pellic-
ciotti et al., 2015; Brun et al., 2016; Watson et al., 2017). These parts are areas
of decreased ice velocities and driving stress (Benn et al., 2012), which are both
dependent on ice thickness. Driving stress is defined by

oh

T =pgH 5 (3.5)
and is essentially a combination of ice thickness and surface slope. The effect
of cryokarst on surface ablation is implemented by defining a fraction of the
glacier’s surface that is comprised of cryokarst features, called cryokarst area
fraction A. For this fraction, debris-free ablation a is assumed, whereas the rest
of the area has the reduced ablation a from equation 3.4. The model defines a first
threshold of 74, under which cryokarst features can start forming. From this point,
A increases linearly as 74 decreases until a second threshold is reached. At this
point, no additional cryokarst is formed and A keeps stable at a maximum area
fraction )\, (Ferguson and Vieli, 2021). This calculation is visually represented

in figure 3.3(a).

As described in section 2.3, many processes are involved in cryokarst for-
mation. And in the field work on Zmuttgletscher it became apparent that
supraglacial streams play a big role in the formation of cryokarst, especially in the
upper ablation area. There, undercutting by supraglacial streams initiates and
maintains ice cliffs. The streams meander and migrate over the surface through-
out the melting season, creating areas of higher melt rates on the exposed ice
cliffs compared to debris-covered surfaces.

In a first approximation ice cliff size roughly correlates with stream discharge,
leading to the assumption that more runoff leads to increased formation of ice
cliffs. In the upper ablation area, driving stress might not necessarily be below the
threshold defined by the standard implementation in the model, but low debris
cover thicknesses lead to high enough melt rates to increase stream flow (Anderson
et al., 2021b). Another factor to consider is crevasses interrupting catchments of
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Figure 3.3: Default cryokarst implementation calculating the cryokarst area
fraction X from driving stress (a). New cryokarst implementation using the cu-
mulative surface runoff Q to calculate A (b).

supraglacial streams, resetting the cumulative runoff by diverting streams into
the glacier.

These processes have been integrated in this study into a new, abstractly
process-based cryokarst routine. It is meant to replicate the process of runoff
accumulation on the glacier, not physically accurate but rather as an abstract
value to distinguish high-runoff areas from low-runoff areas, which correspond to
areas of increased and decreased occurrence of ice cliffs, respectively. In a first
step, local summer ablation as in the ablation area is calculated as a factor of
the annual mass balance a. The ratio %= was calculated from measurements of a
and as on 9 alpine glaciers (GLAMOS 1880-2021). The accumulation area was
categorically excluded from the routine, as no debris cover can develop there —
and no cryokarst correspondingly. To approximate the formation of crevasses, a
strain rate ¢ was computed, given by

_om
oz

o (3.6)

The strain rate is then used to identify areas of extension (o > 0) and com-
pression (o < 0). In areas of extension, runoff is lost from the surface as water
enters crevasses. The reduction of runoff is then defined through the factor f,..q
given by

fred =1- d (37)

max (o)’
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Runoff is then accumulated along the surface, where at any point ¢ on x the
local summer balance ag is multiplied by the local reduction factor f,.q. This
value is carried over and added to the next grid point i+1, creating the cumulative
runoff @) 4,44, which has to be multiplied with the grid size dz to account for the

grid size area. After all this, we end up with a cumulative runoff Q in m3yr—1.

Figure 3.4: Ice cliff formation by undercutting in a meander of a small
supraglacial stream in the upper ablation area of Zmuttgletscher. Ablation stake
from the Zmuttgletscher field work that melted out during the measurement period
and was excluded from the Ostrem curve analysis (see section 3.2.3).

As discussed earlier, it is assumed that more runoff corresponds to the for-
mation of more and larger ice cliffs, but a certain saturation point exists. At this
point incision from the stream is large enough for it to become englacial (Reid and
Brock, 2010; Jarosch and Gudmundsson, 2012), therefore no additional cryokarst
is formed beyond that point. This is also corroborated by the observations made
in section 3.1.2. Including a physically-based incision rate (e.g. Fountain and
Walder, 1998) into this calculation was considered, but deemed unfit for the ab-
stract nature of the routine. These assumptions lead to the final implementation
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shown in figure 3.3(b). The cryokarst area fraction increases with runoff, until
the melt parameter p is reached at the maximum cryokarst area fraction A,
which is the level it stays at for larger runoff values. The default value for A, is
10% (Ferguson and Vieli, 2021), which is consistent with fractional area observa-
tions (Molg et al., 2019; Steiner et al., 2019; Anderson et al., 2021a). p is a free
parameter that basically indicates how large a supraglacial stream can get before
entering the glacier, with a default value of 10% (Ferguson and Vieli, 2021).

Runoff accumulation

® 0. 90 °
O

ELA

Figure 3.5: Conceptual representation of the new meltwater cryokarst routine.
Water starts accumulating in the ablation area and can enter the glacier at areas
with a high strain rate, where crevasses form. One blue circle represents meltwater
from one grid point.



CHAPTER 4

Results

Corresponding to the three main research questions, experiments and their results
focus on testing the new Ostrem curve (section 4.1), testing the model against
various climate inputs (section 4.2), and comparing different implementations of
cryokarst (section 4.3). As a non-essential addition, some experiments are also
conducted for a real glacier, Zmuttgletscher (section 4.4). An overview of all
experiments is given in table 4.1.

4.1 Astrem curve

In section 3.2.3, most of the results of the @strem curve analysis were already
presented. The only remaining experiment to make further statements about the
first research question is experiment A1 from table 4.1(a), graphically represented
in figure 4.1. To compare the default and new Ostrem curves, a simple step-
change experiment is conducted, where the ELA is suddenly raised by 100 meters,
which would correspond to a warming of about 1.1°C (Liithi, 2014). After 1000
years, the ELA is restored to its initial value. Three versions of the model are
compared: the default version with a Dy of 0.05m, the new data-oriented version
using a Dy of 0.1497m, and a completely debris-free version. Looking back at
figure 3.2(b), a higher Dy means a weaker debris insulation effect.

As shown in figure 4.1 the largest glacier in equilibrium (before year 500) is
obtained with the default version, also showing the slowest response time of both
volume and length. The shortest glacier is the debris-free glacier, which starts
its retreat instantly after the ELA step-change and quickly reaches equilibrium
after both retreat and advance. The newly implemented @strem curve is right
between the other two versions. The behavior after retreat and advance however
is very close to the default debris-covered glacier. Both show a characteristic
hesitation to retreat as volume already starts decreasing after warming, an effect
that was described by Ferguson and Vieli (2021) and will also be visible in later
experiments. During advance, behavior initially is very similar between all three

21
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Table 4.1:  Summary of modelling experiments performed.

(a) Ostrem curve

No. Description Section Figures
Al  step-change: Default vs. new @Ostrem curve 4.1 4.1

(b) Climate sensitivity

No. Description Section Figures

B1  step-change: Varying debris concentration 4.2.1 4.2

B2  step-change: Varying bed slope 4.2.1 4.3,4.4

B3  Sinus: Varying amplitude & wavelength 4.2.2 4.5, 4.6

B4  Linear temperature increase 4.2.3 4.7, 4.8

B5  Real climate history & projections 4.2.4 4.9, 4.10,
4.11, 4.12

(¢) Cryokarst

No. Description Section Figures

Cl1  step-change: Comparison between cryokarst 4.3.1, 4.13, 4.14,
implementations 4.3.2 4.16, 4.17

C2  real climate history & projections and cryokarst 4.3.1 4.15
implementations

(d) Zmuttgletscher

No. Description Section Figures

D1  Sinus on Zmuttgletscher bed geometry 4.4 4.18

D2  Real climate history on Zmuttgletscher bed 4.4 4.19, 4.20,
geometry 4.21

versions. But as the debris-free glacier already is back to equilibrium, both debris-
covered glaciers keep growing steadily. All these effects are further described in
sections 4.2.1 and 4.2.2.

4.2 Climate sensitivity

4.2.1 Step-change experiments

The first experiment is basically a repetition of the ones already conducted by Fer-
guson and Vieli (2021). It is meant to help assessing the influence of debris cover
on glaciers in the most controlled way possible. The experiments shown in figure
4.2 look at the influence of debris concentration ¢ on the transient response of
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Figure 4.1: Step-change experiment (A1) using the default (red) and new (blue)
Ostrem curves, as well as a debris-free glacier (green). The three plots show ELA
change, and the corresponding volume and length response, respectively.

the glacier geometry and the debris layer on its surface. The default debris con-
centration of 0.25% is compared with half and double the amount of debris with
the same step-change experiment done in section 4.1.

First of all, differing debris concentration results in different sizes of glaciers
in equilibrium. The glacier with the most debris therefore must be the largest.
This would indeed be the case, the ELA for the ¢ = 0.5% glacier had to be
raised by 100 meters to avoid it exceeding the array bounds. After the sudden
warming in year 500, a few observations can be made. Right after the change,
volume starts decreasing, which is nicely seen in the first about 5 kilometers of
the glacier, whereas length stays constant, lagging behind the climate forcing. As
the glacier is thinning and debris is melting out, debris cover thickness increases
at first. It peaks and then drops exactly as the glacier dramatically retreats
multiple kilometers within just a few years. This effect can be seen for all three
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Figure 4.2: Step-change experiment (B1) using three different debris concen-
trations (0.125%,0.25% and 0.5%). The plots in the first row show ELA change,
the second row shows the mean debris thickness across the entire glacier surface,
and the third is a contour plot of the ice thickness for simultaneous visualization
of length and volume.

concentrations — but with differing magnitude and time lag. As shown in table
4.2, it takes over a hundred years longer (262 years) for the ¢ = 0.5% glacier’s
terminus to respond to warming compared to the ¢ = 0.125% glacier (160 years)
and over 70 years longer to respond to cooling. The loss in volume caused by
warming strongly differs as well. The ¢ = 0.125% glacier lost about 50% of its
mass, whereas the ¢ = 0.5% glacier only lost about 35%.

Generally, there is an asymmetry between advance and retreat response,
which was also described by Ferguson and Vieli (2021). This will also be seen in
following experiments. Table 4.2 clearly shows that advance always takes longer
than retreat for debris-covered glaciers, provided the warming is strong and con-
tinuous enough for severe retreat and debris offloading.

It is also interesting that the glacier with the least debris loses most of its
debris layer after warming, as large parts of the ablation area are lost, but the one
with the most debris can retain most of it. For all three concentrations, a dent in

Ice thickness (m)
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debris thickness before and after the adjustment to the new, warmer equilibrium
state is observed, coinciding with an overshoot in volume. Both features are most
pronounced for the ¢ = 0.5% glacier. During advance, regaining the lost debris
cover takes time and is not finished after the remaining 1000 years of modelled
time. This slow increase in debris cover correlates with a steady advance of the
terminus irrespective of the quickly (< 500 years) balanced accumulation area.

Table 4.2:  Response times during advance and retreat after an ELA step-
change of 100 meters, for varying debris concentration and bed slope.

Debris Advance e-folding volume  Retreat e-folding volume

concentration response time (yrs) response time (yrs)

0.125% (half) 383 160

0.25% (default) 398 217

0.5% (double) 455 262

Bed slope Advance e-folding volume  Retreat e-folding volume
response time (yrs) response time (yrs)

10% (default) 308 217

20% 122 93

30% 61 o1

In experiment B2, the influence of bed slope on a debris-covered glacier is
considered. Figure 4.3 shows the results in the same way as figure 4.2 did for
debris concentration. Many of the same effects observed in experiment Bl can
also be seen here, namely the increase, dramatic drop, and overshoot of debris
cover as well as the overshoot in volume.

Bed slope clearly affects glacier size, as elevation drops much faster along the
glacier. It is therefore simultaneously the effect of glacier size that is looked at
in this experiment. The slope and size affects dynamics, leading to much faster
ice velocities and faster response times to climate forcing. This is not exclusive
to debris-covered glaciers, as small glaciers generally respond more quickly to
changes in climate (Bahr et al., 1998).

Volume response times decrease strongly with increasing slope during advance
and retreat. While the typical steep drop in retreat and slow rise in advance are
still found, mean debris thickness barely drops for steep sloped glaciers, as the
glacier response is fast but minimal.

Looking at the geometry (figure 4.4(a)) of the glaciers resulting from this
experiment, it becomes more clear how steep-sloped glaciers are less affected
by changes in ELA. All glaciers retreat to a quite similar extent in terms of
elevation, but the area affected is much larger for flat-sloped glaciers, leading to
further horizontal retreat. Figure 4.4(b) shows how this affects debris cover on
flat-sloped glaciers.
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Figure 4.3: Step-change experiment (B2) using three different bed slopes
(10%,20% and 30%). The plots in the first row show ELA change, the second row
shows the mean debris thickness across the entire glacier surface, and the third
s a contour plot of the ice thickness for simultaneous visualization of length and
volume.

4.2.2 Sinus wave experiments

The next set of experiments (B3) is meant to be a further step from the step-
change experiment towards realistic climate forcing. Climate is always changing
and ELAs are always moving up- and down-glacier. A sinus wave forcing em-
bodies this while still providing a very controlled setting, where observations can
easily and directly be attributed to forcing or other factors. In section 4.2.1,
substantial time lags between forcing and response were observed. The sinus
experiments allow controlling the timescale and magnitude of changes in forcing
through a wavelength A and an amplitude A, offering insight into the effects of
these lags in an ever changing climate.

For this purpose, many ELA wavelengths — between 10 and 1000 years —
and amplitudes — between 10 and 500 meters — were tested in the model. To
show significant differences without using extreme values, only wavelengths of
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Figure 4.4: Steady-state glacier geometry for the three bed slopes (10%, 20%,
30%) used in experiment B2 and ELAs of 3000 and 3100 m a.s.l. (a). Debris
cover thicknesses along these glaciers (b).

100 and 500 years and amplitudes of 50 and 250 meters are shown in the figures.
Three combinations were evaluated: low-A-low-A, high-A-low-A and low-A-high-
A. These ELA curves can be found in figure 4.5(a) or 4.6(a).

Figures 4.5 and 4.6 show volume and length response of debris-free and debris-
covered glaciers, respectively, to the three ELA forcings.A maximum and a min-
imum are marked at years 1625 and 1875, as well as the corresponding minima
and maxima in volume and length. The difference between these peaks and their
response peaks is denominated as the phase lag ¢. It is a similar but not identical
quantity to response time in the step-change experiment, providing information
about time lag. Phase lag values are compiled in tables 4.3 and 4.4. The am-
plitudes of volume and length response seen in the figures are found in table
4.5.
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Figure 4.5: Sinus wave experiment (B3) on a debris-free glacier, using three
combinations of wavelength A and amplitude A. The plots show ELA, volume
and length response, as well as phase shifts during advance and retreat.

Looking at the response of debris-free glaciers to the sinus wave ELA (figure
4.5) and the corresponding phase lags, we see that volume response is very much
sinusoidal as well, with peaks shifting about a quarter of a phase (~25 years)
for the 100 year wavelength, but much faster relative to the wavelength (~75
years) for the 500 year wavelength. Length changes are shifted a bit more and
asymmetric. Advance is actually faster than retreat for the 100 year wavelength,
most clearly visible for the low-A-high-A curve. This effect only seems to show
for short wavelengths, as length response to the 500 year wavelength is even
slightly faster in retreat than advance. This suggests that there is a certain lag
between volume and length response of around 10 to 15 years that is not strongly
influenced by wavelength or amplitude. Length changes in retreat are a notable
exception caused by the asymmetry described above.
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Volume and length responses to the high-amplitude ELA clearly show lower
values than their low-amplitude counterparts. This is likely a remnant of the
initial conditions of the experiment. Each glacier comes out of a constant climate
before the sinus wave experiment. As we start at model time zero, the ELA
starts off by rising. In this initial retreat phase, volume and length drop and
then plateau at a lower value than at the start. For the high-amplitude ELA,
this effect is stronger, as it starts off with an intense warming phase.

Table 4.3:  Volume response phase lags for sinus experiments (B3) with varying
wavelength X and amplitude A for a debris-free and a debris-covered glacier.

Debris-free Advance ¢y (yrs) Retreat oy (yrs)
A =50m, X\ = 100 yrs 25 27

A = 250m, A = 100 yrs 27 25

A =50m, A = 500 yrs 83 72
Debris-covered Advance @y (yrs) Retreat oy (yrs)
A =50m, A = 100 yrs 25 25

A = 250m, A = 100 yrs 27 25

A = 50m, A = 500 yrs 111 132

Table 4.4: Length response phase lags for sinus experiments (B3) with varying
wavelength A\ and amplitude A for a debris-free and a debris-covered glacier.

Debris-free Advance ¢, (yrs) Retreat o, (yrs)
A =50m, X\ = 100 yrs 38 43

A = 250m, A = 100 yrs 36 48

A =50m, A = 500 yrs 88 81
Debris-covered Advance @1, (yrs) Retreat pr, (yrs)
A =50m, X\ = 100 yrs -* ¥

A = 250m, A = 100 yrs ¥ ¥

A = 50m, A = 500 yrs 225 234

For a debris-covered glacier (figure 4.6), the response to the sinus wave forcing
looks quite different. But starting with similarities, volume phase lag values for
the 100 year wavelength are identical to the debris-free glaciers at ~25 years or
a quarter wavelength. And in this case, the quarter-wavelength rule more or
less holds true for the 500 year wavelength as well, with phase lag being slightly
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shorter during advance (111 years) than retreat (132 years). These values are
much higher than for the debris-free glaciers, which can be explained with the
difference in size, as the debris-covered glaciers are much larger.

Length response, and how different it is compared to volume response, nicely
shows one of the main effects of debris cover. For short wavelengths, the sinus
wave climate barely has any influence on the glacier’s length, even for the high
amplitude. The amplitude of the changes is within the grid size dx of 25 meters,
rendering any calculation of phase shift impossible. The 500 year wavelength
curve looks interesting, showing a mix between a sinus wave and the asymmetric
advance and retreat patterns seen in the step change experiment. When at its
longest, the extent plateaus and falls back quickly during retreat. Advance is
then relatively slow in comparison, but phase shift values end up very similar,
just below half-wavelength.

In this experiment, it is the volume and length response to the 500 year
wavelength that is vertically shifted to a lower value than the other two curves.
Once again, this can be attributed to the initial conditions. But as short-term
changes (100 year wavelength) do not have as much of an influence on volume
and length, especially, only the long-term changes can strongly impact the results
through this modelling artifact.

Table 4.5:  Volume and length response amplitudes for sinus experiments (BS3)
with varying A and X for a debris-free and a debris-covered glacier.
*Amplitude is equal to or less than dx (25m), so no peaks can be measured.

Debris-free Ay (m?) Arp (m)
A = 50m, X = 100 yrs 0.51 % 10° 150

A = 250m, A = 100 yrs 2.07 % 10° 500

A = 50m, X = 500 yrs 2.67 % 10° 1250
Debris-covered Ay (m?) Ar (m)
A = 50m, X\ = 100 yrs 0.41 % 10° 0 - 25%
A = 250m, X = 100 yrs 1.30 % 10° 0 - 25%
A = 50m, A = 500 yrs 2.33 % 10° 1075

When we compare amplitudes of length and volume response between the
debris-free and debris-covered glaciers (table 4.5), the debris-covered glaciers’
amplitudes are always smaller, even though they are much larger. The biggest
difference can be seen in low-A-high-A changes, where the volume amplitude is
37% smaller than for the debris-free glacier.

Debris thickness (figures A.1, A.2 and A.3) also shows some interesting pat-
terns. While the low-A-low-A glacier keeps a constant debris cover thickness
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Figure 4.6: Sinus wave experiment (B3) on a debris-covered glacier, using
three combinations of wavelength A and amplitude A. The plots show ELA, vol-
ume and length response, as well as phase shifts during advance and retreat.

throughout the experiment, the low-A-high-A glacier’s debris cover increases
slightly in thickness. The high-A-low-A glacier loses debris cover over time, as the
terminus substantially retreats. Still, all of these changes are minor compared to
the step-change experiment.

4.2.3 Linear temperature increase

The linear increase ELA experiment (B4) is a short stopover on the way to real
climate data. It makes the transition from the abstract experiments done so
far to a — very simple — representation of climate change in the 20th and 21st
centuries. The experiment assumes a constant ELA throughout the LIA, followed
by a period of constantly rising temperatures between 1850 and 2090, which
is then followed by another constant ELA phase, as depicted in figure 4.7(a).
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The temperature values used for the difference in ELA between 1850 and 2090
originate from the intermediate SSP2 scenario in the IPCC’s Sixth Assessment
Report (Masson-Delmotte et al., 2021).
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Figure 4.7:  Linear increase experiment (B4) with SSP2 projected warming
on a debris-covered glacier. The plots show ELA, debris cover thickness, and a
contour representation of ice thickness.

The linear increase experiment is quite similar to the step-change experiment,
and results also look similar correspondingly. A debris-free glacier (figure 4.8(a)
starts melting away instantly after the initiation of the warming phase. Length
remains constant for a few decades before retreating steadily and reaching a new
equilibrium around the year 2200. The debris-covered glacier remains at the same
extent for the entire warming phase, retreating dramatically shortly after, but
not quite as fast as in the step-change experiment. A new equilibrium is reached
only after the year 2300. In figure 4.8(b) we can nicely see how the accumulation
area adapts to the change as fast as on a debris-free glacier, but the thinning
tongue holds out for 150 years.
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In a sub-experiment, different levels of natural climate variability on the scale
of 10 years were added onto the linear increase. Results (figure A.5) indicate the
same response that was already observed in section 4.2.2: The accumulation area
responds to short-term changes, making the total volume somewhat variable. But
the changes are just too short-lived to have any effect on the terminus position,
as length response times are more on the scale of centuries than decades.
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Figure 4.8:  Linear increase experiment (B4) with SSP2 projected warming
on a debris-free (a) and a debris-covered (b) glacier. Both plots show a contour
representation of ice thickness. The start and end date of the temperature increase
are marked in red.

4.2.4 Real climate history and projections

Moving on to the real climate history and projections experiments (B5), the
final step to a climate input as realistic as possible is taken. It is also the main
experiment of the thesis and is analyzed in the most detail accordingly. For
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this purpose, a climate reconstruction from historical alpine glacier extents by
Liithi (2014) is combined with three climate projections from the IPCC’s Sixth
Assessment report (Masson-Delmotte et al., 2021). The corresponding ELA curve
starts of in year 0 A.D. at an ELA of 3000 m a.s.l. for all experiments.
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Figure 4.9: Real climate history and projections experiment (B5) for a debris-
free and a debris-covered glacier, using the IPCC’s SSP1, SSP2 and SSP5 pro-
jections (Masson-Delmotte et al., 2021). The plots show ELA, volume and length
response between years 1250 and 2500.

The three climate projections represent a range of predictions, with SSP1
being the most optimistic and SSP5 the most pessimistic COy emission scenario.
The global climate model ensemble computes projected temperature differences
between 2020 and 2090 of +-0.55°C, 4+1.85°C and +3.55°C, respectively. The three
resulting ELA curves are shown in figure 4.9(a). Similarly to experiment B4,
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projected temperature increase is represented as a linear increase from 2020 until
2090 and under the assumption that temperature stabilizes from 2090 onward.
This decision was made to enable observing a finite retreat that can clearly be
attributed to the warming between 1850 and 2090.

Going in chronological order, we see an increase in volume during the LIA
between 1500 and 1850. As length — especially of the debris-covered glacier —
has an additional lag behind climate, a small retreat around the year 1700, orig-
inating from the last warmer phase between 1400 and 1500, is still visible.As
temperatures increase in the 20th century, volume responds fast, with the debris-
free glacier also responding quickly. After 2020, differences in volume response
between projections appear immediately. The debris-covered glacier keeps ad-
vancing as a late reaction to the coldest LIA phase, and then suddenly retreats
around the year 2130. Until then, the projections do not have any influence on
length. During and after retreat, projections result in very different outcomes.

The debris-free glacier ends up almost completely melted away regardless
of projection. Similar, severely reduced volumes and lengths are found after
the SSP5 warming for the debris-covered glacier, but the other two projections
(SSP1 & SSP2) end up strongly impacted, but still at a length of around 4 to 6
kilometers.

In section 4.2.3 it was already mentioned that natural variability might not
have a significant influence on the glacier. To get a clear answer to whether these
short-term changes have any significant influence, a comparison between the lin-
ear increase projection and the same climate with variability added is shown in
figure 4.10. The amplitude of the natural variability is computed from the nat-
ural variability of the historic climate data from Liithi (2014) by calculating the
standard deviation from long-term (50 year) trends. This deviation (33m/0.37°C)
then acts as the mean value of a normally distributed variability added onto the
ELA curve.

Volume response shown in figure 4.10(b) shows no apparent difference between
the two variants for both a debris-free and a debris-covered glacier. In figure
4.10(c), the difference between volume responses is shown in relation to volume.
This confirms that variability changes the volume by less than one percent over
the whole duration, with length being even less affected (< dzx). It is quite
surprising that even for volume, variability makes barely any difference, which
justifies neglecting short-term variability in subsequent experiments for simplicity.

Figure 4.11 looks at how the debris layer is impacted by historical and pro-
jected climate change. One interesting feature before the current warming stands
out during the small retreat described earlier, which is caused by a warm period
before 1500 and manages to impact the terminus only around the year 1700.
In the upper ablation area (around 5 kilometers) an anomaly of unusually high
debris cover thickness appears just after the year 1500. It then slowly propa-
gates downstream, reaching the terminus around the year 1700. Retreat and this
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Figure 4.10: Significance of natural variability for volume response. The plots
show ELA with and without variability (a), volume response of a debris-free and
a debris-covered glacier, both with and without variability (b), and the volume
difference made by adding variability relative to the volume (c).

anomaly are clearly connected, as it is also observed following a previous warm
period between 1400 and 1500. Debris thickness then decreases during the LIA
advance, before increasing — once again — at first in the upper ablation area and
propagating along the glacier. If the warming in the 20th century were followed
by a period of cooling, the same debris cover enhancing effect seen at the start
of the LIA would be possible. But the projections show no such development.
After peak extent is reached at the start of the 21st century, the terminus starts
retreating slowly at first — similarly to before 1700 — and drops dramatically over
the course of the 22nd century. In the process, debris cover is cut off from the
glacier, which is nicely visible in figure 4.11 where debris thickness contour lines
intersect with the terminus instead of running parallel. In the SSP5 projection
the most debris is lost in relative terms, but all scenarios lead to a majority of
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debris cover being offloaded in the rapid retreat phase. After warming, debris
cover starts recovering slowly.
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Figure 4.11: Debris cover thickness of a debris-covered glacier during the real
climate history and projections experiment (B5) for all three projections (SSP1,
SSP2, SSP5). Plots show ELA (top) as well as contour representations of debris
cover thickness (bottom). The glacier extent is marked in red.

To understand the glacier’s reaction to the climate more deeply on a dynamic
level, we need to look at the dynamic properties of the glacier over time. Namely
driving stress and ice velocity can give a better insight into when, where and
how the glacier is impacted by the climate forcing. It also reveals areas of dead
ice, which in this context denominates stagnating areas of the glacier, where ice
cannot be replenished by dynamics. Driving stress and ice velocity patterns will
look similar, as both are mainly dependent on surface slope and ice thickness (see
equations 3.1 and 3.5).

Figure 4.12 compares these properties for a debris-free and a debris-covered
glacier. Similarities between the two glaciers can be found in the general pattern
of high driving stress and ice velocities during advance, and the opposite during
retreat. There is however a difference in the propagation of changes along the
glacier. On the debris-free glacier, changes in dynamics are instantly distributed
along the entire length of the glacier, whereas the debris-covered glacier takes
time for these variations to reach the terminus, which exactly coincides with the
lag on length reaction.

The observation from previous experiments that the debris-free glacier is much
more reactive to changes in climate can also be made here. The effect of cooler
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Figure 4.12: Dynamic evolution of a debris-free and a debris-covered glacier
during the real climate history and projections experiment (B5). Plots show ELA
(top) as well as contour representations of driving stress (middle) and ice velocity
(bottom). The glacier extent is marked in red.

periods having a longer-lasting effect on the debris-covered glacier than warmer
periods (Ferguson and Vieli, 2021) can also be found here. While the debris-free
glacier’s length stays more or less constant over the first 2000 years of model
time, the debris-covered glacier grows by about a kilometer over the same time
frame.

Driving stress and ice velocity values are generally lower for the debris-covered
glacier, as the debris cover enables larger, flatter glaciers with elongated tongues.
The gap between the already close to stagnant dynamics in the lower ablation
area and entirely stagnant dead ice is small, and quickly bridged during retreat.
In every one of the four retreat phases observed over the entire model time, dead
ice appears. For the debris-free glacier, ice velocities only approach zero in the
immediate terminus area during retreat.
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4.3 Cryokarst

4.3.1 Differences between implementations

After testing the model against various climate inputs, we turn our attention
towards the third research question. This section presents an evaluation on the
cryokarst modules established in section 3.2.4. We differentiate between four
versions of cryokarst implementation: the base model without any cryokarst
(denominated as "No-CK"), the default driving stress driven implementation
("Default"), the solo version of the new runoff-based implementation ("Melt-
only"), and an additive combination of the default and melt-only versions ("De-
fault+melt"). These versions are tested in experiment C1, which steps back to
use a simple step-change ELA to isolate the effect of cryokarst on the results.

Table 4.6: Response times during advance and retreat after an ELA step-change
of 100 meters, for the different cryokarst implementations (Experiment C1).

Cryokarst Advance e-folding volume  Retreat e-folding volume
implementation response time (yrs) response time (yrs)
Default 398 217

No Cryokarst 383 245

Melt 217 138

Default + melt 217 132

Debris-free 134 7

In a first step we look at volume response times to the step-change warming
and cooling, shown in table 4.6 and figure 4.13. The melt-only version applied
here uses a g of 1250 m3yr—!, sensibility to this parameter is analyzed later
(figure 4.17). The longest response times are taken by the no-CK and default
versions, showing barely any difference. During retreat, the default version only
seems to have a strong influence on the volume in the late stages. The sudden
collapse of the lower tongue they both share happens 150 years earlier for the
default cryokarst, but only after more than 1 — % of totally lost volume (e-folding
volume response time 7,) is already lost.

Melt and default+melt versions start off with a smaller glacier to begin with,
as this implementation affects ablation not only during retreat but in all states.
Both versions also show a much earlier and less dramatic retreat in length, start-
ing another 150 years earlier than the default version. Length response lags
behind volume response only by about 50 years in these versions. Volume re-
sponse time is also faster, but this might be an effect brought along with the size
of the glacier. Generally, there is barely any difference between the two versions.
Only during retreat does the default+melt version respond slightly faster. The
debris-free glacier displays a simultaneous decrease in both volume and length,
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as we already know from previous experiments. During advance the differences
should mostly be caused by glacier size, as no cryokarst version explicitly affects
advance behavior. The only other factor to consider would be the slow and steady
continuation of advance over centuries as the debris layer rebuilds, as discussed
in section 4.2.1.
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Figure 4.13: Step-change experiment (C1) with glaciers using all versions of
cryokarst implementation (no-CK, default, melt-only & default-+melt) as well as
a debris-free glacier. The plots show ELA, Volume and length response, with 74
marked.

The effect of the four versions on retreat and general behavior is further il-
lustrated with the distribution of mass balance over space and time in figure
4.16. The reversal of the mass balance gradient on the lower tongue from de-
bris cover insulation is apparent for both the no-CK and default versions. The
increased ablation shortly before retreat is clearly visible for the default version
and — in a reduced amount — the default+melt version. Both the melt-only and
default+melt versions do not exhibit a reversal of the mass balance gradient,
as the cryokarst strongly counteracts the debris insulation effect over the whole
duration.
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An interesting feature is also an apparent undershoot of mass balance right
after the step-change warming and an overshoot after cooling, best visible in
the melt-only and default+melt versions. The origins of these features will be
extensively discussed in chapter 5.
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Figure 4.14: Debris cover thickness in step-change experiment C1 for all

cryokarst itmplementations.

As seen before in both the step-change and real climate experiments, the
manner of retreat is quite relevant to the state of the debris layer after retreat.
And because the cryokarst implementation is a critical factor in how fast the
terminus retreats, debris layers react differently depending on which version is
used. Figure 4.14 shows that the no-CK and default versions lose about half
of their debris layer in the sudden retreat as a consequence of the step-change
warming. Because the melt-only and default+melt versions produce much smaller
glaciers, they also build up less of a debris layer. However, this layer is much more
persistent, as only about 20% of debris cover is lost in retreat, and the original
layer thickness is quickly recovered after re-advance. Interestingly, no-CK and
default debris layers show both overshooting features described in the first step-
change experiments. The other two versions however only feature such a dent
during advance, which might be connected to the decreased speed of retreat as
well.

With the general differences between the cryokarst versions sorted out, we
can look at how they affect a glacier with a real climate history and the three
projections. Experiment C2 uses the climate input from experiment B5 (section
4.2.4) and compares three glaciers: a debris-free glacier and two debris-covered
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glaciers with default+melt and default cryokarst versions, respectively. Figure
4.15 shows a tangible representation of the states these three glaciers are modelled
to be in for the years 1850, 2022 and 2090.

In 1850, at the peak — and beginning of the end — of the LIA, glacier sizes
and shapes are already quite different. While the accumulation zones are similar
because of the absence of debris cover there, the debris-covered glaciers can grow
longer, flatter tongues. The increased cryokarst area of the default+melt ver-
sion somewhat inhibits this, finding itself halfway between the other two glaciers.
In 2022, the debris-free glacier has already substantially retreated, whereas the
debris-covered glaciers only show some thinning. And in 2090, we see similar
results between the three projections, with differences in temperature increase
having much more of an impact on the debris-free glacier. Both the debris-free
and default+melt cryokarst glaciers have retreated strongly by this point, but
the latter still holding more of its initial volume and length. Only the default
cryokarst glacier still holds strong, showing no retreat yet, regardless of projec-
tion.

(a) 1850 (b) 2022 (c) 2090
250 250 ‘ 250 -

----- SSP1
- *SSP2

200 200 200 —SSP5

£ oo,

% 150 150 150 RN, S

X

(&)

£ 100 100 100

Q

k]

3
TN

50 - 50 -

o
o

5 10 15 0 5 10 15 0 5 10
Extent (km) Extent (km) Extent (km)
—Debris-free Debris-covered, additive default-melt cryokarst =—Debris covered, default cryokarst

Figure 4.15: Ice thicknesses resulting from the real climate history and pro-
jections experiment (C2) using default and default+melt cryokarst versions and
a debris-free glacier

4.3.2 Sensitivity of the melt parameter

One can imagine that the melt parameter p is quite decisive for the amount
of cryokarst formed through the melt version. Figure 4.17 shows how sensible
volume and length are to changes in . The value used in previous figures and
analyses was 50 dx or 1250 m3yr—!. This is based on the field observation that
even small streams can create large ice cliffs, and that streams usually only reach
a certain size before entering the glacier. Looking at the maximum runoff over
the whole glacier, it is above this threshold at all times. This means that there

15
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Figure 4.16: Step-change experiment (C1) with glaciers using all versions of
cryokarst implementation (no-CK, default, melt-only & default-+melt). The plots
show a contour representation of surface mass balance a over time and space.

is always a part of the glacier where the maximum cryokarst area fraction A is
reached. The high value of 500 dz or 12,500 m>3yr—! is set around the all-time
high of maximum runoff, so A is rarely reached, but most areas exhibit some
cryokarst. Finally, there is an intermediate value of 200 dz or 5000 m3yr—!,
where the areas with a high amount of runoff will almost always reach A, and a
lot of area still ranging between zero and .

The pattern in maximum cumulative runoff (figure 4.17(b)) is also a nice
reflection of the glacier’s adaptation to climate. As local runoff is a factor of mass
balance, it makes sense that cumulative runoff will behave similarly, increasing
after warming and decreasing after cooling. But as the glacier gets shorter,
less runoff can accumulate during the warm phase, so retreat leads to a lower
maximum runoff and vice versa.

Surface mass balance (m yr'1)
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Changing p does have a significant effect on volume and length, especially
changing to the largest value results in a larger glacier. In terms of quantity,
volume and length increase by about 10% when p is multiplied by 10. These
changes are substantial but not in the range of the differences between default
and melt cryokarst versions (~35%) or between debris-free and debris-covered
glaciers (~40-60%). Behavior in retreat is very similar between the three values,
with the lower two taking more time to fully reach a new balance after retreat.
The differences in length are also somewhat larger in the warm phase than in the
cold phases.
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Figure 4.17:  Step-change experiment (C1) with varying values of the melt
parameter p (1250 (50 dx), 5000 (200 dxz) € 12,500 (500 dz) m3yr=!). Plots
show ELA (a), the highest runoff value over the whole glacier (b), as well as
volume (c) and length (d) response. p values are also marked in plot b.



4. RESULTS 45
4.4 Zmuttgletscher

This section applies some of the experiments that were done on an abstract bed
geometry in previous sections to a real example. For this purpose, a simplified
approximated bed geometry of Zmuttgletscher (Molg et al., 2020; Grab et al.,
2021) was used.

4.4.1 Sinus experiment

In a first step, a sinus wave ELA is used by the model — with all values set to
the default — to get a general sense of what the impact of a more complex bed
on the glacier looks like. Figure 4.18 shows the results of this experiment with a
wavelength of 500 years and an amplitude of 50 meters. Interestingly, the thickest
part of the glacier is found in the ablation area, contrary to the abstract geometry,
where ice thickness continuously decreased along the glacier. The flat bed below
the ablation area enables temporary ice thicknesses of up to 200 meters, a value
never reached on the abstract geometry. There is also much more variability
in ice thickness caused by topographic features creating heterogeneous gradients
along the glacier. Steep areas are thinner and more dynamic, whereas flat areas
are thicker and more stagnant. This also causes more areas of compression and
extension to appear throughout the glacier. That might have some impact on
runoff accumulation, which is not of importance here, but will be in the second
experiment (D2).

Changes reach the terminus, but once again cooling periods seem to have
more of an impact than periods of warming, leading to a net increase in length.
The flat terrain in the terminus region also favours advance and the build-up of
a thick tongue. The delayed propagation of changes along the glacier observed
on the abstract geometry can also be found here. For shorter wavelengths (figure
A.6), changes do not reach the terminus. Apart from that, the glacier behaves
similarly in terms of dynamics and reaction to ELA forcing.

4.4.2 Real climate history and projections

The final experiment (D2) considers the impact of real climate history and pro-
jections on a glacier on the Zmuttgletscher bed topography. The objective is to
have somewhat of an application case for the model and to compare results to real
measurements. In this process, we might get an indication of which combination
of parameters and implementations represents actual changes to debris-covered
glaciers the best. It is also important to emphasize that this is not an attempt
at accurately modelling Zmuttgletscher, but rather at using more realistic and
complex circumstances than with the abstract topography.
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Figure 4.18:  Sinus wave experiment (D1) on the Zmuttgletscher geometry,
using A = 500 years and A = 50 meters. Plots show ELA, bed topography, and
a contour representation of ice thickness over time and space.

Figure 4.19 shows how a debris-covered and a debris-free glacier respond to
real climate history and future projections. Some of the common themes of earlier
experiments show up again here. The plateau and delayed drop-off in length for
the debris-covered glacier reappears. In this case, retreat was even a bit too
fast for the model to handle. In the SSP5 scenario, a large part of the glacier —
basically the entire ablation area —is cut off from the upper part, leading to model
failure (see figure 4.20). Either way, the continued development of the glacier in
this scenario would be quite simple: the glacier length is instantly reduced to
the length of the upper part, and the lower part melts away quickly, as it cannot
sustain itself, and becomes an isolated chunk of dead ice. First signs of such
cutoffs can be observed in areas of thin ice thickness on Zmuttgletscher as well.

Comparing this experiment to its equivalent on the abstract geometry, shown
in figure 4.9, we see that the glacier on the Zmuttgletscher geometry generally
is much less responsive to changes in volume and extent. Features like the small
retreat around the year 1700 do not appear here. Between 1500 and 2100, the
extent of the debris-covered glacier stays almost constant with a slight increase.
There are however some other interesting features, like the irregular speed of
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Ice thickness (
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Figure 4.19: Real climate history and projections experiment (D2) on Zmutt-
gletscher bed geometry. Plots show ELA, as well as volume and length response
between years 1250 and 2500. The SSP5 response is incomplete due to a cutoff
feature shown in figure 4.20.

retreat as the terminus passes topographical features. Also, retreat of the debris-
covered glacier is initiated even later (around year 2200) and impacts the length
of the glacier less than on the abstract geometry. In this sense, the topography
of the Zmuttgletscher bed is perfect for resilience against warming: the thick
tongue on flat ground remains stationary during small short-term changes and
is constantly replenished through dynamic replacement from the steep upper
ablation and accumulation area. And in case the tongue collapses, the steep
terrain protects against further retreat.

In the final sub-experiment we try to match the metaphorical fingerprint of
Zmuttgletscher’s retreat over the last 140 years, which is the measurement period
for length changes by GLAMOS. Figure 4.21 shows three of these attempts. The
default model, the model with all new implementations — including the new
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Figure 4.20: Glacier geometry in model year 2165 of the SSP5 branch of the
real climate history and projections experiment (D2), right before the cutoff event
in the area marked in red.

@strem curve and the default+melt cryokarst version — and the same, but with
an ELA lowered by 100 meters to create a larger glacier.

Surprisingly, the behavior of Zmuttgletscher is most similar to a completely
debris-free glacier. But all models cannot recreate the real retreat of Zmutt-
gletscher perfectly, with the one including the new implementations being the
best guess for a debris-covered glacier. The big difference between models is
the timing of retreat initiation. The default model is even still in advance when
real measurements already show retreat. The lowered-ELA version shows that
this timing highly depends on the size of the glacier. Zmuttgletscher is cer-
tainly much longer than 5 kilometers, which makes its fast retreat relative to
the models quite mysterious. Attempts at changing debris concentration, the
maximum cryokarst area fraction, and ELA were all unsuccessful in reproducing
the retreat pattern of Zmuttgletscher. As mentioned before, it is not the goal to
replicate Zmuttgletscher, and the model configuration certainly is inadequate for
that, making this failed experiment an expected overestimation of the model’s
capabilities.
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CHAPTER 5

Discussion

In the previous chapter, a multitude of experiments were conducted, looking at
various aspects of the DEBISO model. The data and figures that were showcased
focused mostly on the transient response to changes in climate and testing newly
adapted model routines. In this chapter, the goal is to consolidate insights on
the model and debris-covered glaciers from the modelling results, and set them
into the context of previous studies, field observations, and model limitations.

5.1 Influence of model parameter choices

Some of the key parameters that were considered in the experiments — excluding
climate — were debris concentration, the @¥strem curve, bed topography, and the
cryokarst implementations. Additional parameters analyzed already by Ferguson
and Vieli (2021) include maximum cryokarst area fraction and the driving stress
thresholds for cryokarst. As cryokarst will be discussed separately in section 5.3,
focus in this section will lie on the first three parameters.

It was established that changes in debris concentration lead to vast differences
in glacier size in equilibrium, an observation shared by Ferguson and Vieli (2021).
The general limitations of the use of a debris concentration will be discussed
later in section 5.5. Response times, as well as mass loss as a consequence of
warming, are also strongly affected by debris concentration. Volume response
to warming is delayed more by increased debris concentration than response to
cooling, which indicates an asymmetric response. As a consequence, cooling
periods are remembered more than warming periods (Ferguson and Vieli, 2021),
an effect that gets stronger the more debris is present. Debris cover thickness
is dependent on debris concentration accordingly, roughly complying with the
intercept theorem, where the shape of a glacier’s debris cover thickness along the
glacier is equal and scalable.

As shown in Figure 5.1, debris cover thickness is more or less equal at a
fixed point along the grid when varying debris concentration, as excess debris is
transported to the additional area from the increased length. This leads to the

50



5. DISCUSSION 51

conclusion that for a given ELA and bed topography, debris cover thickness at a
point along the glacier is predefined, and that debris concentration only dictates
glacier length. The relationship between extent and debris cover thickness is
convex-concave-up because of decreasing ice velocities towards the terminus (An-
derson and Anderson, 2018; Ferguson and Vieli, 2021). This effect is counteracted
by differential melt due to debris cover, meaning that less melt from thicker de-
bris cover towards the terminus leads to less melting-out of debris, which would
then favor a concave-convex-up shape. This is nicely summarized by Nicholson
et al. (2021) as the net effect between melt-out and the dynamic processes of
advection and compression/extension. In the upper ablation zone, where debris
cover is thin, melt-out dominates, whereas the dynamic effect dominates in the
lower ablation zone (Anderson and Anderson, 2016).
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=c=0.5%
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Figure 5.1: Debris cover thickness along the glacier at a constant ELA of 3100
m a.s.l., using three debris concentrations (0.125%, 0.25% € 0.5%).

Consequently, debris cover thickness is also partly dictated by the @strem
curve. Figure 4.1 also shows that the choice in Dy is critical for glacier size,
with the new data-driven approach essentially halving the effect of debris cover
on volume and extent compared to the default Dstrem curve. Anderson and
Anderson (2016) compared Dy values between 0.035m and 0.165m, noting a 110%
length enhancement from the highest to the lowest Dy, which is consistent with
the results here. They also found glacier length to be increasingly sensitive to
Dy variation the closer to zero it gets (Anderson and Anderson, 2016). This
makes a more thorough analysis on the relationship between debris cover and
sub-debris ablation necessary for future modelling, especially as this one value
forms the basis for all other experiments. The variability between individual
glaciers in this relationship shown in figure 3.2(b) suggests that calculating an
@strem curve for real glaciers might require an analysis based on local data, or
some sort of classification dependent on other environmental conditions.
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Circling back to the research question regarding the Jstrem curve, some
clear answers can be given: the default curve using a Dg of 0.05m fits neither
the field measurements nor most literature data. It does however fit perfectly
for a single glacier, Franz Josef Glacier (Brook et al., 2013), which showcases
once again the large variability between individual glaciers. Field measurements
on Zmuttgletscher agree well with literature data, with most data points found
within one standard deviation. Only the single data point located at an ice cliff
steps out of line as a symbol for the melting power of cryokarst features.

Topography affects debris-covered glaciers in a similar way to debris-free
glaciers. The consequences in size and dynamics — with steep slopes leading
to smaller and more dynamic glaciers — in turn influence the ability of the glacier
to form a sizeable debris cover. Steep, small glaciers have less volume for debris
to be contained in, less available surface for it to melt out, and faster ice velocities
offloading the debris, leading to lower debris thicknesses seen in figure 4.3.

In figure 4.4(b) we once again observe the linearly scalable nature of debris
cover thicknesses for different glacier sizes, as described for the debris concentra-
tion above. The change in slope does seem to somewhat distort the shape, but
the peak debris cover thickness at the terminus is still determined by an approx-
imately linear relationship between length and debris cover thickness. The effect
of a complex topography on glacier response will be discussed in section 5.4.

5.2 Climate sensitivity of the DEBISO model

The second research question was intentionally worded rather broadly and am-
biguously to encompass as many experiments as possible. In this section, climate
experiments are again discussed in order of complexity from step-change to real
climate experiments.

5.2.1 Retreat and advance dynamics

The first climate variations introduced were the step-change experiments, which
mainly served the purpose of isolating the effect of the parameters described in the
previous section. In terms of climate, the most important assessments concern
response times and the asymmetric shape of length response to warming and
cooling. The latter observation of a long-lasting length plateau after warming as
a contrast to the more consistent advance after cooling is described as an effective
hysteresis by Ferguson and Vieli (2021), leading to the selective memory effect
shown earlier. The tendency to stagnate or advance during periods of repeated
warming and cooling is also observed in the sinus wave and real climate history
experiments.
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Apart from the shape, e-folding volume response times contrarily are hun-
dreds of years longer for advance than for retreat. This indicates an interesting
dichotomy: For warming periods that fail to impact glacier length significantly —
which here encompasses warm periods of over a hundred years — the glacier can
recover easily in following cooler periods and even show net growth as a result of
increased debris cover thickness during re-advance. If however a critical point in
terms of warm period duration is crossed, the glacier can retreat dramatically. In
the process, much of its debris cover is lost (e.g. figure 4.11), making re-advance
a much slower process. In figure 4.1 we can very well see that advance (after
year 1500) is similar between debris-free and debris-covered glaciers in shape
at first, indicating a climate-controlled advance phase. The debris-free glacier
is back to steady state after a few hundred years, whereas the debris-covered
glacier keeps advancing steadily as debris cover is replenished, thus constituting
a debris-controlled second advance phase.

During both retreat and advance following a step-change climate change, local
overreactions in volume associated with similar features in debris cover thickness
are observed. These curiosities can be explained by the need for adaptation to the
suddenly different climate. After warming, the lowest part of the accumulation
area now exhibits a negative mass balance. Ablation rates in this debris-free area
and adjacent slightly debris-covered areas are suddenly much higher initially. In
this period, these areas lose a lot of volume, accompanied by an increase in debris
thickness, shown in figure 4.2. After a locally constant debris cover has been es-
tablished, ice thickness in these areas slightly increases again. The opposite effect
can be observed after cooling — but only for high debris concentration or steep
bed slopes. Figure 4.16 might show some evidence for this interpretation of the
anomaly. After cooling, ablation decreases in the ablation area, as temperatures
are lower and debris cover is still thick as insulation. But another consequence
of the cooling is decreased melt-out upstream, and the decrease in surface debris
delivery to the lower ablation area eventually makes the debris layer thinner,
increasing ablation in the process. These overreaction features are only observed
on debris-covered glaciers and only in the step-change experiments, because it is
only there that changes are fast enough to bring along these effects.

The change of dynamic properties such as driving stress and ice velocity is
closely related to the lag of both volume and length and response times that
were just discussed. Figures 4.12 and 5.2 nicely show the instantaneous effect
of warming and cooling over the whole glacier in the debris-free case, leading
to almost lag-less retreat. In the debris-covered case we observe that changes in
climate manifest in the accumulation and upper ablation area, where debris cover
is non-existent or thin. As the lower ablation zone is not impacted instantly, it
takes time for thinner or thicker ice to dynamically flow downstream. The gradual
flow of a thinning anomaly caused by warming can be observed in figure 4.11.
As warming causes the melt-out of debris in an area that newly finds itself below
the ELA, this anomaly of surfaced debris is transported with surface ice velocity,
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until it reaches the terminus right as it retreats, therefore constituting somewhat
of a proxy for the effect of warming travelling downstream.

As this anomaly travels downstream, it brings along lower driving stress —
and therefore ice velocities too — as a direct consequence of the decreasing ice
thickness. Near the terminus melt is also somewhat increased from the start
of the warming, thinning out the tongue and lowering the ice thickness. When
these two processes meet at the terminus, ice velocity drops close to zero, forming
dead ice. After this point, ice can only melt away, leading to the initiation of
actual retreat within a few decades. The climate might already be cooling again,
but it is too late to prevent retreat entirely. As explained earlier, advance takes
longer than retreat which is well visible in the triangular shape of dead ice features
highlighted in figure 5.2. The vertical gradients in shown the figure after warming
indicate that the dynamic effect of thinning in the accumulation area does have
an instant impact on downstream dynamics that grows stronger the further down
the thinning anomaly travels.
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Figure 5.2: Close-up excerpt from figure 4.12, showing the propagation of ice
velocity decrease (warming) and increase (cooling) along the glacier, using the
example of the 1400-1500 warm period and subsequent cooling.
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It was also shown that random climatic changes in the very short-term (10
years) virtually do not have any influence on both length and volume on debris-
covered and even debris-free glaciers. This is however only tested for truly random
variability and does not necessarily justify the conclusion that variability should
not be considered at all. But a more detailed analysis of variability would go
beyond the scope of this thesis.

5.2.2 Correlations of ELA, volume and length

The sinus wave experiment introduced two new properties of the forcing: a cli-
mate that is always changing but also repetitive. The ever-changing nature is
a key step into the direction of real climate, moving along from the unrealistic
concept of constant climate over hundreds of years. The cyclic nature of the
experiment allows us to still estimate correlations and relationships between pa-
rameters and responses, providing meaningful information about the processes
involved in glacier response to climate.

Generally, volume change over the whole glacier is essentially influenced by
two factors: length change and mass balance. If we just neglect length change in
a thought experiment, volume change only depends on mass balance. This means
that when mass balance is at its most positive, volume increases the fastest, and
vice versa. This leads to the conclusion that — if length change is neglectable —
volume must be the first derivative of mass balance, adjusted by some factor and
initial volume.

In the sinus wave experiments, this is exactly what is observed for short-
wavelength (100 years) ELA changes. Length is too slow to react to the changes,
therefore constituting a minimal influence on volume change. As shown in figure
4.6 and table 4.3, the theoretical relationship that was just established holds
true — and is also surprisingly accurate for the long-wavelength (500 years) ELA.
This might relate to the fact that the debris-covered glacier only loses about 10%
of its length in this experiment. Increased amplitude would lead to a stronger
influence of length change. This influence of length change can also nicely be
seen in the debris-free case (figure 4.5), where short-wavelength responses obey
the relationship, but the long-wavelength volume responds faster to the changes,
as length retreats by over 20%.
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These observations can be summarized in a general equation, predicting vol-
ume change — or at least the shape of the volume response curve:

t t
For ELA = ELAg+ Asin ()\) : V& V) + cqcos ()\) , (5.1)

or more generally:

For ELA = f(t) : V = Vo +caf' (1), (5.2)

with FLA( being the initial and average ELA, A the ELA amplitude, A the
ELA wavelength, V4 the initial and average volume, and ¢, an unknown constant
given by mass balance. The equation holds true only if length change can be
neglected for the effect on volume change. Where the threshold of length change
starting to significantly influence volume change lies would be a subject for an
additional analysis — but from the experiments we know it should lie somewhere
between 10% and 20% of length lost. As a small side note, it can be observed
that the initial volume and the average volume during the sinus wave experiment
are not equal. This difference is an effect of the initial conditions described in
section 4.2.2. Initial volume here means it is adjusted for this effect, making it
equal to average volume.

Another interesting observation is the distorted waveform of the length re-
sponse to a long-wavelength ELA change. As described in section 4.2.2, it con-
stitutes a mix between the asymmetric response observed in the step-change
experiments and the sinusoidal response observed in the debris-free sinus wave
experiment. We see again that the time frame of ELA changes is the critical
factor for retreat, indicated by the 100 year plateau visible in figure 4.6(c), as
well as the non-reactive lengths in the short-wavelength experiments. Most of
the retreat occurs as volume is already increasing again, and minimum length is
reached when volume is increasing the fastest. Therefore, it conversely forms a
distorted sinus, meaning maximum length is reached at the highest temperatures
and minimum length at the lowest temperatures.

Of course the lag leading to this is highly dependent on debris cover thickness
and how its effect on mass balance is defined. For a debris-free glacier, length
shows almost no lag to volume, which in turn decreases the lag of volume to the
ELA. In general, it is important to state that all of these observations have been
made with a very specific set of parameters, and only a small subset of parameters
being tested for their influence on the experiments. Especially the observations
on length response are mostly a product of individual parameter values. This
will be further elaborated in section 5.5.
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5.2.3 Implications of the real climate experiments

The first attempt at actually approximating real climate was made in the linear
increase experiment. In this experiment we got a first idea of the timing, shape,
and magnitude of retreat caused by anthropogenic climate change. Results sug-
gest that the timing — meaning the initiation — of retreat is mainly dictated by
debris cover, with only small differences between step-change and linear increase
experiments when using the same debris concentration. The following retreat
phase is less dramatic in the linear increase experiment, with a fast initial re-
treat leading to about 50% of total length loss, and the second half lost in a
slower fashion. This of course also dependent on the projection, with the SSP5
projection leading to a much faster retreat than the SSP1 projection.

The results shown for the real climate history and projections provide valu-
able information about the reaction of debris-covered glaciers to climate change.
Meanwhile the three projections maintain some ambiguity for the future, showing
how debris-covered glaciers react differently to a range of climate scenarios. In a
first step however we take a look at the responses to climate history with a focus
on the LIA. The ELA from climate reconstruction using glacial extents by Liithi
(2014) shows a warm period between 1400 and 1500 (e.g. figure 4.9(a)) and the
subsequent initiation of the LIA cold phase lasting until about 1850. The vol-
ume and length responses to these changes described above indicate that volume
response is quite similar between debris-free and debris-covered glaciers, whereas
debris-covered glacier length response lags behind much more and is generally
more resistant to climate changes. And as mentioned earlier, an increase in de-
bris cover thickness after the retreat following the pre-LIA warm phase might
help the glacier quickly recover in length during the LIA.

The tendency of debris-covered glaciers towards tongue thinning (Gardelle
et al., 2013; Pellicciotti et al., 2015; Brun et al., 2018; Anderson et al., 2021b)
rather than retreat observed in literature is supported by the results from both
abstract and real climate experiments, where glacier thinning occurs during warm
periods, with terminus retreat lagging behind. Looking back at the results in
figure 4.9, we can observe that in the current glacier state in the year 2022,
both debris-free and debris-covered glaciers have already lost substantial mass,
whereas retreat has been relatively limited until now. Regardless of projection,
a steep fall in volume between now and 2200 is computed, showing that length
measurements of debris-covered glaciers might be deceptive about the real state
of the glacier. In the unlikely case that a cool period should suddenly reverse
climate change before ~2050, re-advance and regaining the former volume might
be very much facilitated compared to a re-advance after the dramatic retreat,
corresponding to the generally stagnating or advancing behaviour observed by
Ferguson and Vieli (2021) and in the results about real climate history until now.
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The basic proportions of the debris-covered glacier — using default parameters
— being about twice as long and twice as voluminous as the debris-free glacier are
more or less preserved from before until after retreat, of course with some lag.
Hence debris-covered glaciers are equally impacted by high-magnitude, long-term
climate change as it is projected by the IPCC (Masson-Delmotte et al., 2021).
In the case of relatively low-magnitude, short-term changes like the 1400 to 1500
warm period, debris-covered glaciers react more slowly to the warming and re-
advance more easily than debris-free glaciers.

Results regarding glacier dynamics over climate history and projections sug-
gest that because debris cover causes climatic changes to have a heterogeneous
impact across the glacier, and areas of lower ice thickness from the accumulation
area first needing to flow down the glacier to have a strong impact on the ter-
minus position. Simultaneously, the tongue is thinning, but at a lower rate than
the accumulation area.

In terms of implications on the current and future state of debris-covered
glaciers, the experiments show that debris cover can delay glacial retreat for a
certain duration, which is dependent on local conditions and model parameters
and should be investigated more thoroughly. However, glacier volume is much
more relevant for the role of debris-covered glaciers as a water resource. Volume
response does not show the same delay, with measurements already now showing
substantial mass loss (Bolch et al., 2012; Gardelle et al., 2013; Pellicciotti et al.,
2015; Brun et al., 2016). The experiments showed that regardless of projection,
21st century climate change will lead to the increased formation and collapse
of stagnant tongues, causing immense loss of volume and eventually also debris
cover and length.

5.3 Evaluation of the cryokarst implementations

Looking at figure 5.3, we can see that — with the default cryokarst version —
features of increased ablation due to cryokarst only start to form around the
year 2100 as a precursor to fast retreat. However, on real glaciers cryokarst
features are already present now and contribute to thinning of debris-covered
tongues (Brun et al., 2016; Kneib et al., 2021). This once again supports the
need for a different cryokarst implementation. For this purpose, the melt version
of the cryokarst module was introduced, which will be reviewed and compared
against the default implementation in this section.

Figure 4.16 nicely summarizes the differences between the cryokarst versions.
The default version only activates 200 years after warming, shortly before retreat.
The melt version is always active, reversing the reversal of the mass balance gra-
dient in the lower tongue, and is intensified during retreat, as runoff is increased.
As a consequence of warming, the melt version leads to a faster and less steep
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Figure 5.3: Surface mass balance over time and space between years 1250 and
2500 of the real climate history and projections experiment (B5) using the SSP2
projection. The plots show ELA and a contour representation of surface mass
balance. The red line indicates the year 2022.

retreat, starting just 50 years after warming. Because the glacier is much smaller
and less debris-covered already before warming and retreat is slower, less length
and debris cover is lost in retreat, leading to a faster second advance phase after
cooling.

In figure 4.13 we can see that for an additive default-melt version, the melt
version dominates, as it produces a smaller stagnant lower tongue, which is the
main working area for the default version based on driving stress. It also shows
increased maximum runoff values early after warming, which are found in that
same area, arriving earlier to the scene than the default version and melting away
the ice in the lower tongue before it is completely stagnant. This would demand
some re-balancing to ensure both versions have a significant effect on retreat
behavior.

The conversion from accumulated runoff into cryokarst area fraction A is
heavily dependent on the melt parameter p, which defines how much runoff has
to accumulate to reach the maximum cryokarst area fraction Ay,,. The sensitivity
analysis for p showed that there is some influence on glacier dimensions, but
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retreat and advance behavior remains the same. One possible addition could
have been considering a variation where small amounts of runoff do not cause
any cryokarst formation, and whether that would have a strong effect on the
upper ablation area. This was purposely avoided, as field observations (section
3.1.2) showed that even small amounts of runoff can lead to the formation of ice
cliffs.

Literature also suggests that supraglacial streams are actually larger in areas
of thin debris-cover — which is the case in the upper ablation area — as melt rates
are high there (Fyffe et al., 2019; Anderson et al., 2021b). This would support the
inclusion of other parameters that show correlation with ice cliff formation (e.g.
Anderson et al., 2021b), with their degree of correlation factored in. That way
an entire cryokarst routine based on physical processes and measurements could
be built, which considers more factors than the selective two implementations
presented in this thesis.

5.4 Application of the model on a complex topography

In the final few experiments the model was applied to the Zmuttgletscher bed
geometry, providing a more complex topography with varying slope angles. On
the macroscopic scale, the accumulation area is steeper and the ablation area
flatter than in the abstract geometry used before.

The sinus experiment (figure 4.18) nicely showed how the bed slope affects ice
thickness and how the effects of climate changes have to be transported down-
stream for the debris-covered glacier. It also showed the very different dimensions
of the glacier compared to the abstract geometry. The thickest parts of the glacier
are found in the flat lower ablation area. The importance of this geometric differ-
ence also became apparent in the real climate history and projections experiment.
Between 1250 and 2000, the debris-covered glacier showed much less of a reac-
tion in volume and barely any in length, just showing a slow but steady advance
during the entire period. This emphasizes the relevance of local conditions like
bed topography on the reaction of debris-covered glaciers, in this case making it
more robust to changes.

Another interesting incident was the cut-off event leading to model failure
during the SSP5 run of the experiment (figure 4.20). It highlighted the potential
role of fast warming combined with high-slope steps — and other areas where
ice thickness is already thin per se — in the formation of cut-offs, leading to the
existence of a disconnected mass of dead ice that cannot replenish the ice it
is losing during a warming event. The real Zmuttgletscher also features some
icefalls and already disconnected areas in the upper ablation and accumulation
area, shown in figure 5.4. Hence it is thinkable that new cut-offs can form on
Zmuttgletscher and other debris-covered glaciers.
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Figure 5.4: Southern part of the upper ablation area and accumulation area of
Zmuttgletscher in July 2021, featuring multiple icefalls at high elevations and a
steep step with thin ice, which is the one causing the cut-off event in the model.
Photo taken by Andreas Vieli.

The attempt at replicating the length changes of Zmuttgletscher from 1880
to 2021 (GLAMOS 1880-2021) might have been unsuccessful, but important im-
plications can be extracted from the analysis. The experiment mainly showed
that the default implementation is — at least for the example of Zmuttgletscher
— highly unrealistic in terms of timing of retreat. The lag of retreat is simply too
long, with adaptation to LIA cooling just levelling off in 1950 — 100 years after
the end of the LIA — and no sign of retreat within the 21st century.

A combination of both major newly introduced model components, the new
@strem curve and the default-melt cryokarst version, was somewhat more suc-
cessful, at the very least showing some retreat over the 20th century. However,
this needs to be put into perspective, as a larger glacier with the same parameters
reacted slower, only starting to retreat around 1980. A debris-free glacier being
the best at explaining the retreat of Zmuttgletscher might give us an indication
of one of the underlying reasons. As explained in section 2.5, Zmuttgletscher
has massively increased its debris cover since the LIA, more than doubling the
fraction of surface covered by debris (Mélg et al., 2019). With Zmuttgletscher
only being sparsely covered with debris in the LIA, its behavior might have been
more similar to a debris-free glacier. Debris cover thickness is also rather thin
on Zmuttgletscher currently, with values ranging from 0 to about 70 centimeters,
and the highest values found on elongated ridges, and an average thickness of ~16
centimeters (Molg et al., 2019). Debris cover thicknesses in the model are much
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higher, often reaching over one meter. An additional uncertainty comes from
other local factors not considered by the model, such as geology, local climate,
and variable debris input.

5.5 Limitations

This section summarizes some of the limitations of the model itself, of the newly
added components and of the experimental approach, as well as making some
suggestions for improvement and remaining research gaps.

5.5.1 DEBISO model

First of all, it needs to be emphasized that the DEBISO model is designed to be
a simplified, efficient two-dimensional representation of debris-covered glaciers.
This in itself bears some limitations, as the complexity of a glacier is reduced for
simplicity. This is however an issue for all models of this type and will therefore
not be discussed further.

The second issue lies within the way the models adds debris to the system
and transports it downstream. Debris concentration is constant across the ice,
and correspondingly debris starts melting out right below the ELA. This might
not be accurate for many glaciers where the majority of debris is deposited on
the upper accumulation area (Ferguson and Vieli, 2021), such as Zmuttgletscher.

Another consequence of using a debris concentration is that the total amount
of debris is scaled with the size of the glacier (Ferguson and Vieli, 2021), which
means that during cool periods, the amount of debris in the glacier is overesti-
mated, constituting a positive feedback, as it leads to an overestimated debris
cover further decreasing surface ablation. As a consequence, inaccuracies occur
whenever glaciers of different sizes are compared, and the often observed stronger
effect of advance might partly be caused by this modelling artifact.

The concept of a temporally and spatially uniform debris concentration also
leads to a neglect of potential surface topography heterogeneity and the influ-
ence of debris on the shape of a glacier, for example by horizontal differences
in debris cover like a higher concentration of debris towards the margins. The
2D modelling approach also neglects across-glacier surface velocity patterns redis-
tributing debris laterally and longitudinally (Nicholson et al., 2021). Longitudinal
debris structures like medial moraines can also affect the formation of supraglacial
stream catchments and valleys (Molg et al., 2020), influencing cryokarst forma-
tion. And because debris concentration is not exactly a property we can measure
directly, comparing it to real glaciers can only be done indirectly through the
resulting debris cover.



5. DISCUSSION 63

Many of these issues would be at least partially solved by using an actual
debris input and tracking the movement through the glacier, which was done in
previous studies (e.g. Rowan et al., 2015), but it would be much more compu-
tationally expensive (Ferguson and Vieli, 2021). One potential solution, adding
complexity while still remaining efficient by avoiding debris transport, would be
to include a factor or a curve each for across- and along-glacier debris variability,
adding some — predefined or random — variability to the debris cover. This could
then be modified for individual glaciers or categories of glaciers. A solution ad-
dressing the scaling issue would be a simple correction factor that lowers debris
concentration by a certain amount for a given volume. Both of these approaches
would however come with their own problems and limitations, and add more
parameters to the model.

Ferguson and Vieli (2021) also mention limitations of the boundary condition
at the terminus. Large terminal ice cliffs are observed to be rather unusual,
especially for retreating glaciers. Zmuttgletscher for example does have terminal
ice cliffs due to ice erosion and debris evacuation by the stream (Molg et al.,
2020), but not across the whole terminus. They also assess that because of the
boundary condition grid size affects glacier extent substantially, with the default
grid sized used in this thesis showing an error of about 5%, which adds another
imprecision in steady state extent. As all experiments use the same grid size and
extent is mostly used to show relative differences — not absolute extents — this
should not affect the validity of the results in a meaningful way. The boundary
condition still represents a good compromise, solving debris offloading at the
terminus in a simple way, while conserving realistic terminus dynamics.

5.5.2 New model components

The two main additions made to the model also have their own limitations. The
new @strem curve that was fit to literature data certainly is an improvement on
the default curve. However, it is still a variably good representation of individual
glaciers and is based on only six studies. Data density could be better, especially
for rather thick debris cover. A comprehensive review of all available measure-
ments of debris thickness and ablation including an analysis of correlations with
other properties such as region, elevation, lithology, grain size, and albedo would
be a next step towards a better understanding of the debris-ablation relationship.
Not only would that improve the use of a single general @strem curve as done in
this thesis, but it could then also be altered according to local conditions.

The new runoff-based melt implementation brings along a few issues as well.
First of all, local yearly melt is derived from the mass balance with a simple
factor. This underestimates melt in the upper ablation area, as melt at the ELA
must be zero according to this method. This could be avoided by integrating
a degree-day model that calculates melt over the whole glacier. This would
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however add to complexity, while the existing implementation works with values
given by the base model. The implementation also probably overestimates the
amount of supraglacial runoff that stays on the glacier, which is highest near the
terminus. Observations on Zmuttgletscher show that supraglacial streams rather
occur in the upper ablation area and do not form a coherent cumulative network
on the glacier surface (Anderson et al., 2021b) but rather in englacial channel
networks (Fyffe et al., 2019). The distribution of cryokarst features obtained
through this method is still in agreement with observations on Zmuttgletscher,
as the lower ablation area features more ice cliffs from englacial channel collapse
and other processes. Overall, an approach based on data correlation as proposed
in section 5.3 would be advisable for future implementations, but would demand
large amounts of data that are currently not available. Consequently, quantifying
the role of cryokarst features in debris-covered glacier surface ablation requires
new, detailed field studies (Anderson et al., 2021b).

5.5.3 Experimental approach

In terms of the execution of experiments, it once again has to be emphasized that
all experiments were run with a specific set of mostly constant parameters to avoid
an exorbitant amount of experiments. For the sake of simplicity, comparability
and reproducibility most experiments were run with the same set of parameters
except for the one or two variables investigated. For example, most experiments
use the default @strem curve and cryokarst version to enable comparing results
with the previous work by Ferguson and Vieli (2021). Of course, the potential
for a variety of further interesting combinations would have been there, such as
looking at the new Istrem curve with real climate forcing or comparing debris
thicknesses on the Zmuttgletscher bed geometry. Many experiments using such
combinations were also conducted but not deemed significant enough to showcase
in the already full results.

In the individual experiments, parameters such as the wavelength in the sinus
wave experiment are often arbitrary, and were mostly selected because of the
results they showcased, causing somewhat of a bias. The step-change and sinus
wave experiments were however always meant to test the sensibility of the model
in an abstract setting rather than a realistic one.

In the case of the real climate history and projections, results are very much
dependent on the assumptions made for the projections and the quality of the
underlying data from Liithi (2014). The projections are just scenarios bound
to predictions about developments in the future. Possible medium-scale changes
(50-100 years) — natural or anthropogenic — are not considered. The stabilization
of temperatures after 2090 is also a bold assumption, which was made to be able
to analyze a finite retreat and use fixed temperature increase values given by the
IPCC (Masson-Delmotte et al., 2021). Climate reconstruction from alpine glacier
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extents (Liithi, 2014) makes it on the one hand suitable for use on glaciers, but
also unreliable in representing historic variability, as it gets progressively more
uncertain the further back in time we go. Especially warm periods — which play
a key role observed with the example between the years 1400 and 1500 — are
uncertain because they originate from gaps in the data.

And as already mentioned earlier, the use of the Zmuttgletscher geometry
constitutes an enormous oversimplification of the real Zmuttgletscher, and is
accordingly only suitable to represent a general complex topography rather than
being an accurate representation of the actual glacier.



CHAPTER 6

Conclusion

This thesis has worked with the newly developed DEBISO model from Fergu-
son and Vieli (2021) to test and expand it, and answer three specific research
questions in the process.

How well do field measurements agree with literature and the @strem
curve used in the model?

Data from field measurements on Zmuttgletscher on the relationship of debris
cover and ablation were well in the range of literature values. The new strem
curve that was fit to all available data showed that previous estimates might have
overestimated the insulating effect of debris cover, with the default Dstrem curve
used in the model indicating a three times faster insulation effect compared to
the data-based curve. Implementing the new curve produces significantly smaller
glaciers, essentially halving the insulating effect. The geometry of a modeled
debris-covered glacier is therefore very much dependent on the choice in Jstrem
curve.

How do debris-covered glaciers react to real climate history and
scenarios?

In step-change, sinus wave, and real climate approximation experiments the
climate sensitivity and the mechanisms of advance and retreat were analyzed.
The first two of these served as abstract inputs to test out the general behavior
of the model. Previous findings about debris concentration and the asymmetric
response in advance and retreat are supported by the results. In the analysis of
the sinus wave experiment, general relationships between ELA, volume and length
were established, as it was shown that debris cover often leads to configurations
where length change can be neglected. This means volume response can be
approximated as the first derivative of the ELA.

Over all the experiments, the effect leading to significant lag in retreat was
often observed, showing how thinning and associated processes have to be trans-
ported down the glacier, making the lag of retreat dependent on glacier size and
ice velocities. The lag in retreat and the process of debris cover offloading caused
by the collapse of the tongue following strong and persistent warming events lead

66
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to a dichotomy of responses depending on the duration of the warm period. While
short warm periods can be compensated very well in re-advance, debris-covered
glaciers take significantly longer to re-advance after long-lasting warm periods.

Use of the IPCC’s SSP1 to SSP5 projections caused varying amounts of detri-
ment to debris-covered glaciers, with all scenarios leading to significant volume,
length and debris cover losses, making potential re-advance more difficult. Anal-
ysis of glacier dynamics during advance and retreat nicely showed the formation
of stagnant ice in the lower tongue as a precursor to retreat. Applying the real
climate history and projections forcing to a complex bed geometry revealed that
bed topography has a significant impact on the response of a glacier to changes in
climate, with the Zmuttgletscher geometry used proving more robust to warming
than the abstract geometry from previous experiments. The potential for the for-
mation of cut-off features during fast retreat at steep slopes is also connected to
the differential reaction between accumulation and ablation zone during warming,
bearing the possibility of faster retreat than predicted by the model.

What are the main factors in cryokarst formation? How can these
be integrated into a model?

Literature laid out a multitude of processes connected to the formation of
cryokarst, including supraglacial streams and ponds, collapsing englacial chan-
nels, slope oversteepening from heterogeneous debris cover and crevasse opening.
The DEBISO model includes a cryokarst routine using low driving stress as a
driver of cryokarst formation. This only accounts for cryokarst features near the
terminus. Observations on Zmuttgletscher showed the frequent appearance of
supraglacial streams and associated ice cliffs in the upper ablation area. The im-
plementation in this thesis thus focused on supraglacial streams, using runoff as a
condition for cryokarst formation in a semi-physically based runoff accumulation
routine. Results show that using this routine in combination with the default ver-
sion strongly counteracts the insulation effect of debris, leading to smaller glaciers
that show less lag in retreat. In a test to predict real length measurements of
Zmuttgletscher, the new implementation performed well but not exceptional.
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APPENDIX A

Additional Figures
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Figure A.1: ELA, debris cover thickness and ice thickness contour plot of
experiment B3 with a 100 year wavelength and a 50 meter amplitude.
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Figure A.2: ELA, debris cover thickness and ice thickness contour plot of
experiment B3 with a 500 year wavelength and a 50 meter amplitude.
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Figure A.3: ELA, debris cover thickness and ice thickness contour plot of
experiment B3 with a 100 year wavelength and a 250 meter amplitude.
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Figure A.4: Ice thickness contour plots of experiment B3 (A = 100 years,
A = 50 meters) conducted on a small debris-free glacier (a), a large debris-free
glacier (b), and a large debris-covered glacier (c). It is meant to show that the
stable glacier extent found for debris-covered glaciers is not a results of its size

(and therefore slower response) but rather of the insulation effect on the terminus
through debris cover.

150

100

50

Ice thickness (m)



ADDITIONAL FIGURES A-5

15 200
B
= 150 —«—
£10 2
= ()
= 100 £
g F 2
0 50 o
o
0 0

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500

15 200
G
= 150 =
£10 2
= ()
= 100 S
S ol 2
0 50 o
D g}

0 0

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500

15 200
G
= 150 =
E10 2
~— ()]
= 100 S
S 4 S
0 50 o
D) gs;

0 0

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
Time (yrs)

Figure A.5: Linear increase experiment (B4) on a debris-covered glacier. The
plots show a contour representation of ice thickness of the default linear increase
climate (a), linear increase with a mean variability of 20 meters (b) and a linear
increase with a mean variability of 50 meters (c). Variability is calculated in 10
year steps.
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Figure A.6:  Sinus wave experiment (D1) on the Zmuttgletscher geometry,
using A = 100 years and A = 50 meters. Plots show ELA, bed topography, and
a contour representation of ice thickness over time and space.
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Figure A.7: Contour representation of debris cover thickness on a 3D surface
plot of model time, glacier length, and ice thickness in the real climate history and
projections experiment (B5), using the SSP2 projection. The high debris cover
anomalies after small retreat events are well visible, as well as artifacts from the
boundary condition at the terminus.
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Figure A.8: Contour representation of debris cover thickness on a 3D surface
plot of model time, glacier length, and ice thickness in the real climate history
and projections experiment on the Zmulttgletscher bed geometry (D2), using the
SSP2 projection. We can observe the relatively thick tongue and the much more
slow and steady advance without any signs of retreat between years 0 and 2000,
contrary to the more reactive glacier on the abstract geometry (figure A.7).
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APPENDIX B

Matlab code for the new
cryokarst implementation

if c.cryo == 1 % cryokarst effect

% cryokarst formation near terminus, by driving stress
dx = x(2) - x(1);

K = length(H);

s = H+b;

sgrad = O*s;

sgrad(2:K-1) = (s(3:K) - s(2:K-1))/dx(1);

sgrad(1l) = sgrad(2);

taud = -c.rho*c.g*H.*sgrad;

taud(H<=0.0) = 0.0;

fac = c.lambdam*(c.maxth - taud)/(c.maxth-c.minth);
fac(taud > c.maxth) = @;

fac(taud < c.minth) = c.lambdam;

fac(H <=c.Ht) = 0;

% cryokarst formation in the whole ablation area, by discharge

% melt parameter value; only one of three active at once
maxm = 50*dx; % default

maxm = 500*dx;

maxm = 200*dx;

facm = c.lambdam*m*dx/maxm;
facm(abs(m) > maxm) = c.lambdam;
facm(abs(m) < @) = 0;

facm(H <=c.Ht) = ©;

%

effect on mass balance; only one of three active at once

= (1-fac).*a + fac.*aH; % default implementation

(1-facm.').*a + facm.'.*aH; % melt factor solo

= (1-(fac+fam.')).*a + (fac+facm.').*aH; % default and melt ADDITIVE

[T TR 1]
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