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Abstract

Debris covered glaciers are commonly found in alpine environments. As a result of a
protective debris layer, debris covered glaciers respond differently to changes in climate.
Current numerical ablation models simulating debris covered glaciers, however, do not account
for enhanced melt for thin debris layers as is proven by empirical data. Debris layers thinner
than a specific critical debris thickness as well as partially covered surfaces are often found to
have increased melt rates compared to clean ice. As current numerical models attribute
insulation to debris layers of any thickness, it is of great importance to include enhanced melt
for thin layers to analyse how surface mass balance is affected when enhanced melt is
incorporated. In a first part, this study focuses on reproducing the Ostrem curve with data
collected during a field campaign on Zmuttgletscher. Partially covered surfaces were found to
enhance melt by up to 20 % the clean ice melt rate, whereas insulating of thicker debris layers
reduced surface melt by as much as 61 %, depicting an accurate Ostrem curve. Melt rates were
shown to be reduced on fully covered surfaces of any thickness, with melt rates decreasing as
debris thickness increased.

In a second part, simulations of glaciers with and without enhanced melt for thin debris layers
were compared and analysed. Step change experiments as well as sinus simulations revealed
that, for a glacier building up with a simplified bed geometry, inclusion of enhanced melt for
thin debris layers has no significant impact on surface mass balance. Differences increase with
a higher selected enhancement factor but do not affect surface mass balance significantly. With
an enhancement 1.6 times the clean ice melt rate for debris layers ranging from <0 to 0.03 m
thickness, differences stay insignificantly minimal and do not necessitate the need to implement

enhanced melt in numeric melt models.
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1 Introduction

A glacier is a long-term accumulation of dense ice that moves under its own weight. It
forms when snow accumulation exceeds its ablation over many years or millennia. This process
can only happen if certain climatic and geographic conditions are met. Glaciers can either be
found far North or South where we have low average temperatures due to the interplay between
earths’ curvature and the suns’ incoming radiation, or in regions of high elevation.

Under the strains imposed by its own weight, glaciers slowly deform and flow, forming
crevasses, seracs, and other features such as glacier ponds. Additionally, they also build
landforms like moraines and fjords by abrading rock and debris from their surrounding
landmasses. Glaciers can be identified based on their location (cirque glaciers, expanded-foot
glaciers, valley glaciers, niche glaciers, piedmont glaciers), by their basal temperature, which
tells us whether or not the glacier has basal movement (warm glaciers) or no basal movement
(cold glaciers), or by their function (diffluent glaciers, outlet glaciers) (Mayhew, 2015). A
glacier can be divided into two sections: the accumulation area, which adds mass to the glacier,
and the ablation area, which subtracts mass from the glacier (Figure 1). The boundary line
between these two areas, where no mass change happens, is known as the elevation line altitude

(ELA) (Inoue, 1977).
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Figure 1. Schematic ice-flow diagram for an alpine glacier. (Earle, 2019)

Debris covered glaciers, a special type of valley glaciers, are a kind of glacier where parts of
the ablation area are covered by a continuous cover of debris (Figure 2). On a global scale,
excluding the two polar ice sheets, about 4.4 % of all glacier areas are covered by debris, most

of which can be found in the Asian Himalaya (Scherler, 2018). Additionally, debris-covered



glaciers can also be found in Peru's Andes, New Zealand's Southern Alps as well as in the
Swiss Alps (Nicholson and Benn, 2006). Such glaciers are flanked by steep mountainous
headwalls, from which debris breaks off regularly, primarily onto the glacier's accumulation
area. From here, debris are incorporated into the ice and transported downstream due to internal
movements, resurfacing and accumulating in the ablation area as a result of melt out (Mdlg,

2019).

Debris

Direction of debris movement
o SO el o Englacial flowlines
--------- Equilibrium line

Figure 2. Schematic presentation of a debris covered glacier. (Evatt et al. 2015)

Supraglacial debris has a significant impact on glacier surface mass balance (SMB) because of
its insulating effect when debris covers are continuous and thicker than a few centimetres.
(Molg, 2019; Westoby et al., 2020; Ferguson and Vieli, 2021). This effect has also been
observed to be a significant factor explaining delayed adjustments of glacier length and volume
in response to climate change (Molg et al., 2019).

In contrast to clean ice melt rates, however, surface melt rates are increased when debris
distributions are discontinuous or when layers are thinner than a few centimetres thick. The

borderline thickness can differ for each glacier according to local climatic conditions.

In 1959, Ostrem established the first empirical relationship between surface melt-rates and
supraglacial debris thickness, showing a model with enhanced melt-rates for thin debris layers
and an insulating effect for thicker debris layers. (Nicholson and Benn, 2006). The Ostrem
curve implies that ablation rates increase in comparison to clean-ice for thin layers and decrease
for debris cover layer thicker than a certain critical debris thickness, further decreasing with

increasing layer thickness. Although these findings have been widely accepted and supported



by other independent studies (Loomis, 1970; Mattson et al., 1993; Kayastha et al., 2000), the
modelling of debris covered glaciers has yet to incorporate the enhanced melt-rates for thin
debris-layers. Most modeling efforts, such as models by Anderson and Anderson (2016), as
well as the most recent modeling approach by Ferguson and Vieli (2021), employ a model that
does not account for high melt-rates for thin debris layers and instead assumes an insulating

effect for all debris layer thicknesses.

Given this information gap for thin debris layers in the modelling of debris covered glaciers,
this thesis aims to assess the enhancement effect of thin debris on modeled mass balance and
hence glacier evolution. This will be done on the example of Zmuttgletscher (VS) through the
following more specific research questions:

e How much does thin debris enhance surface ablation compared to the clean-ice case?
e How can thin debris thickness be quantified and represented in melt models?

e What is the effect of including thin debris in a flow model on the modelled evolution
and dynamics of a simplified Zmuttgletscher?
Further research questions that might be covered in the process:
e How long does it take for a thin debris layer with enhanced surface ablation to
increase in debris thickness to the point where it has an insulating effect?
e Is the length of the debris zone with increased melt-rate equally long for glaciers with

different length?



2 State of Research

Over the last decades, a vast body of literature on debris-covered glaciers has been
published and has increased our understanding of the circumstances required for debris-
covered glaciers to exist, as well as the effect debris has on glacial mass balance and melt rates
and how climate affects debris covered glaciers differently than clean ice glaciers. A major
reason for this increased interest is the global climate change with its far-reaching
consequences for the environment and more specifically its effect on glacier retreat rates.
Since the end of the Little Ice Age (LIA) in the 1860’s an increase in average temperature can
be observed on the whole globe (IPCC, 2021). The effects of climate change are, however,
most prominent in alpine regions, where temperature increase is as much as two times as strong

as the global trend, as shown in Figure 3 (Haeberli and Beniston, 1998).
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Figure 3. Yearly mean surface temperature anomalies, Swiss Alpine region in comparison to the global trend. (Haeberli and
Beniston, 1998)

As glaciers serve as a barometer of climate change, constantly growing or decreasing in
response to variations in temperature, the general decline of glacial ice in recent decades has
generated worries about water availability, increasing dangers from outburst floods and
avalanches, and sea-level change (Benn and Evans, 2010).

In response to this climate influenced glacial recession, a greater attention is also again directed
towards debris covered glaciers, as the increasing global temperatures result in an increasing
areal coverage of supraglacial debris. For example, Mdlg et al. (2019) discovered that since the
end of the Little Ice Age (LIA) in 1859, the debris extent on Zmuttletscher, the glacier under

research in this thesis, has increased from 13 % to 32 % debris coverage. Similarly, Popovin



and Rozova (2002) calculated a debris cover increase of 8 % from 1968 to 1996 on the Djankuat

Glacier in the Caucasus.

The first significant study on debris covered glaciers was established by a publication from
Ostrem in 1959 where the effects of debris on surface melt rates was first shown and plotted in
a curve, henceforward known as the Ostrem curve (Figure 4). In his study, Ostrem concluded
that different ways of energy distribution (outgoing radiation, energy loss to the air by
convection and conduction, energy loss through evaporation of meltwater and melting of
glacier ice) vary with grain size and thickness of the debris layer. Glacier areas covered by
thick debris layers (above 0.5 cm) showed a reduced melt rate in comparison to clean ice, as
well as a shorter ablation period. Enhanced melt rate for thin or partially covered surfaces was
not measured through ablation measurements but computed using known incoming radiation
values. (Dstrem, 1959). Despite this, it generated the same results, namely a higher ablation

rate in comparison to clean ice (see figure 4, a).
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Figure 4. Ostrem curves for different glaciers representing daily rates of ablation with increasing debris thickness. a
representing the maximum melt hey and b representing the debris thickness where melt equals clean ice melt he,i; (Nicholson
and Benn, 2006)

Loomis (1970), as well as Small and Clark (1974), were able to reproduce the “rising limb” of
the Ostrem curve in their respective studies with an enhanced melt rate of 129 % (Loomis,
1970) and 117.3 % respectively (Small and Clark, 1974). Similarly, a lower melt rate of 78.3
% was found for debris levels of roughly 6 cm, further decreasing with an increasing debris

layer thickness (Small and Clark, 1974).



To gain a deeper understanding as to why thin debris layers or partially covered layers display
higher melt rates, Azzoni et al. (2016) analysed in their study the correlations between ice
albedo, debris coverage ratio, and thus, the effects of albedo on surface melt. Albedo represents
the fraction of incoming light, which is reflected from a surface, with bright surfaces having a
higher reflectance than darker surfaces (Brittanica, 2020). When the critical debris thickness is
exceeded, the increased melting rate, due to the lower albedo, is offset by the increased
insulation, resulting in an overall decrease in ablation rates. (Kayastha et al. 2000; Nicholson
and Benn, 2006). The critical debris thickness refers to the debris thickness where the ablation
rates for debris covered glaciers and clean-ice glaciers are the same.

For their analysis, Azzoni et al. (2016) set their focus on analysing “fine- and sparse-debris-
covered ice and not on actual buried ice” to emphasise the albedo effect on debris coverage
ratios (Azzoni et al., pp. 667, 2016). The percentage coverage was calculated using semi-
automated image analysis of glacier surfaces. Results of their study showed a high correlation
between the debris coverage ratio and ice albedo, with a low debris coverage ratio resulting in
a high albedo. With increasing coverage, the albedo decreases. A further finding suggests that
the presence of water has a considerable impact on albedo, with results showing a decrease in
albedo during the central hours of the day and hence, also higher melt rates. Another
observation implies that, during the melt season, albedo decreases over time due to increased

surface coverage of fine particles.

Similar studies, such as by Hansen and Nazarenko (2004), concluded that black carbon
depositions in the arctic reduced snow albedo by 1-3 % for fresh snow and by an additional
factor of 3 as the snow ages, resulting in a significant impact on the climate in recent decades

in the Northern Hemisphere (Hansen and Nazarenko, 2004; Azzoni et al., 2016).

Most studies agreed that the critical debris thickness is at most a few centimetres thick only,
while Popovin and Rozova (2002) calculated their critical debris thickness to be as high as 7
to 8 cm. It has to be highlighted that these results are found to be in connection with
hydrological influenced thawing. The maximum melt rate caused by lower albedo of the debris

cover is found for debris layers of about 2cm.



As studies have shown a significant correlation between albedo and percentage surface
coverage, it is also of importance to quantify how the sub-debris ice ablation is affected by the
thickness of the debris layer (Hansen and Nazarenko, 2004; Azzoni et al., 2016; Fyffe et al.,
2020). In order to answer this problem, Nicholson and Benn (2006) utilized a generalized
numerical model to estimate runoff, calculating sub-debris melt based on daily mean
meteorological variables. Unlike Nakawo and Young (1981), who assumed a linear
temperature gradient between the upper and lower surfaces of the debris layer with steady state
ablation values, Nicholson and Benn used a model that accounted for temperature variability
caused by day-time and night-time ablation. Using this model, melt rate beneath debris layer
of any thickness can be calculated based on daily mean meteorological data and characteristics
of the debris layers (Nicholson and Benn, 2006). Contrary to the results obtained by Ostrem
and many others (Loomis, 1970; Mattson et al., 1993; Kayastha et al., 2000), Nicholson and
Benn’s (2006) model suggests no ablation increase for continuous debris layers, independent
of their thickness. As soon as the surface is covered by a continuous debris layer, the model
predicts decreased ablation. Nicholson and Benn (2006) argue that the ‘rising limb’ of the
@strem curve can be explained by surface areas that are only partially covered by clots of debris
as later confirmed by Fyffe et al., (2020). Predictions for debris layers of several decimetres

thickness showed a good fit to actual measurements on their specific study sites.

Due to the substantial variability of empirical approaches for surface mass balance calculations,
which are site-specific and highly reliant on the conditions present throughout the measurement
periods, generalized numerical models are often preferred. The modelling of valley glaciers is
most commonly done with flowline models. In such models, the glacier is modelled as ice
moving in a channel defined by the velocity profiles and cross-section-averaged ice thickness
(Banerjee and Shankar, 2013). Governed by the laws of physic and based on gathered empirical

data, models are now capable of accurately representing real-world circumstances.

One of such model approaches has been brought forward by Anderson and Anderson (2016).
Their method uses a two-dimensional valley numerical model that includes englacial and
supraglacial debris advection. For the first time, a model that accounts for both boundary
conditions at the glacier terminus and variable sources of debris delivery in the accumulation

area has been established (Ferguson and Vieli, 2021). Despite knowing about the “rising limb”



of the Ostrem curve, for simplicity reasons the enhanced melt rate for thin debris layers has
been neglected.

Among other findings, Anderson and Anderson (2016) found that adding debris to a glacier in
a steady state while maintaining a constant temperature leads to an almost doubled glacier
length. The debris cover has a variety of effects on the glacier, including lowering the mass
balance gradient, which is the main reason for the increase in glacier length. The increase in
length also results in a reduced ratio of accumulation zone to the total glacier area. The debris
cover also affects ice discharge gradients, ice thickness, and surface velocity, all of which are
independent of climate change (Anderson and Anderson, 2016).

The researchers discovered that specific delivery paths of debris onto the glacier in the
accumulation zone is only of secondary importance to glacier evolution with debris. The crucial
factor is the overall debris flux (Anderson and Anderson, 2016).

A more important factor for glacier evolution is where in the accumulation area debris are
incorporated. Debris incorporated into the ice near the headwalls result in a debris melt out
much further down the glacier, resulting in shorter glaciers with lower fractional debris cover,
whereas debris incorporated near the ELA result in an early melt out, resulting in longer
glaciers with greater fractional debris cover. This is due to the internal pathways debris takes

when being incorporated into the ice as shown in figure 5.

Figure1: 90mm width

Net mass

Glacier profile tzal?)nce
without debris

Initial point of

iebrl_s emergence |/ ELA

steepened,
fractured

/
hillslopes -

/
Damping
of ablation
by debris

Figure 5. Schematic of a debris.glacier system. (Anderson and Anderson, 2016)

A similar approach to Anderson and Anderson (2016) was published very recently by Ferguson
and Vieli (2021), where responses of a debris covered glacier on a simplified geometry have
been analysed. For simplicity reasons, similar to Anderson and Anderson (2016), simulations
of the enhanced melt zone between debris free and debris covered ice are neglected and an

immediate melt reduction with debris cover is used for the modelling approaches performed in



this study. The model implies that debris-covered glaciers show an asymmetric response to
climate forcing, with a speedy response during expansion but a noticeable lag during retreat.
Another interesting finding is that debris-covered glaciers do not have a true steady state, but
rather their length is determined by the glacier's history of recurrent cold episodes. A debris-
covered glacier that has been subjected to a varying climate forcing and various cold episodes
has a longer average length than a debris-covered glacier that has been subjected to a consistent
climate forcing, which means that such glaciers are significantly out of sync with the current
climate. (Ferguson and Vieli, 2021). Similar to the findings of others (Quincey et al., 2009;
Scherler et al., 2011) debris covered glaciers are modelled to experience an almost equally high
mass loss as debris free glaciers as the warming has its strongest impact on the upper
accumulation area and beginning of ablation area where debris layers are thin. Glacier
modelling implies that mass loss happens in two stages, with the first being a relatively quick
response in the debris-free zone due to increased melting, followed by a slower response in the
debris-covered zone marked by the collapse of the stagnant terminus. However, length
fluctuations in response to climate forcing are far more pronounced, as “cold times have a
longer-lasting effect on transient length than warm climate periods” (Ferguson and Vieli,
2021). In comparison to a debris free glacier, the model further supports findings of Molg et

al. (2019) that debris thickness and ice flow velocity are linked by an inverse relationship.

A novel approach using a model that involves enhanced melt rates for thin debris layers has
been brought forward very recently by Compagno et al. (2021). On the basis of the empirically
proven Ostrem curve, the model introduces a new formula for calculating melt rates under
debris layer below critical debris thickness (the layer thickness where melt rate for debris
covered and debris free surfaces are equal). The main goal of the study was to model
differences for future scenarios solely based on the differences of including debris cover on
Himalayan glaciers or not. Effects of including the “rising limb” of the Ostrem curve in
comparison to approaches without the “rising limb”, such as made by Anderson and Anderson
(2016) or Ferguson and Vieli (2021) were not investigated.

The findings show some extremely interesting conclusions, such as a nearly identical loss of
volume for both scenarios, although glacier length vary significantly. Modelled glaciers with
debris showed a length reduction of only a few hundred meters (2 % of its length in 2020)
whereas debris free glaciers found their steady state to be 20 % shorter than their length in 2020
(Compagno et al, 2021). Similar to the findings of Molg et al. (2019), an increased debris extent



up-glacier is predicted for the modelled glacier. The increased extent of debris is also reflected
by an increase in debris layer thickness, which is estimated to increase by about 23 cm for the
investigated glacier (Compagno et al. 2021). With a greater area of the glacier being covered
by debris as well as covered by thicker layers, the melt rates are expected to decrease. The
general higher mass loss, however, still awaits a glacier retreat and down wasting, reducing the
debris cover extent. The results, as well as actual data of current state of Himalayan glaciers,
show that for the next couple of decades a glacier thinning but no glacier retreat is expected.
As Banerjee and Shankar (2013) and others (Quincey et al., 2009; Scherler et al., 2011;
Ferguson and Vieli, 2021) already indicated, glaciers identified as stagnant glaciers are still
losing volume and a glacial retreat is expected to occur as soon as a maximum debris cover is
reached and the debris covered tongue disintegrates (Banerjee and Shankar, 2013; Compango
etal. 2021). Depending on which emission scenario used, the interplay between glacier retreat
and increase in debris cover extend vary. Low-emissions scenarios results in an equilibrium
towards the end of the century between debris expansion and glacier retreat, whereas high-

emission scenarios result in a situation dominated by debris expansion (Compagno et al. 2021).

Despite the fact that Compagno et al. (2021) provided a formula that included enhanced melt
rates for thin debris layers, there was no comparison between enhanced melt rates and
simulated melt rates with no enhancement to analyse whether or not the enhancement effect
has a significant impact on surface mass balance and thus, should be involved in future
modelling approaches. Anderson and Anderson (2016) as well as Ferguson and Vieli (2021)
both neglected the enhancement effect altogether. Studies that were able to reproduce the
“rising limb” of the @strem curve in their proposed models didn’t evaluate their models based
on collected field data but rather “by either varying the proportion of debris cover, or by
reducing the evaporative heat flux as the debris thickness” (Fyffe et al., pp. 2273, 2020).

A recent study by Fyffe et al. (2020) put a lot of emphasis on the impacts of thin debris layers.
The publication presents a summary table that emphasizes the ambiguity around thin debris
layers. Critical debris thickness values collected by multiple studies (Ostrem, 1959; Loomis,
1970; Khan, 1989; Mattson et al., 1993; Syverson and Mickelson, 1993; Adhikary et al., 2000;
Kayasta et al., 2000; Takeuchi et al., 2000; Konovalov, 2000; Popovin and Rozova, 2002; Hagg
et al., 2008; Mihalcea et al., 2008; Brook et al., 2013 and Anderson, 2014) show a high

variability, varying for all study sites from only 0.5 cm to as much as 7-8 cm. Furthermore, the
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enhancement effect varies greatly as well, ranging from an increased melt rate of 117.3 %to
135 % when compared to clean ice. (Fyffe et al., 2020).

The novel approach introduced by Fyffe et al. (2020) uses a high-resolution, spatially
continuous ablation map generated by a series of unmanned aerial system surveys as well as
on field data collection by means of ablation stakes. Stakes served as ground control points for
georeferencing as well as for the validation of the accuracy of the ablation map. In order to be
able to use the aerial imagery gathered during a span of two months, the digital elevation
models (DEM) had to be repositioned in the XY axis. The percentage coverage of debris was
calculated using orthophotos and a point method, where the surface beneath the points
was classed as ice or debris (Fyffe et al., 2020).

The findings of this study point to the same conclusion as Nicholson and Benn (2006), namely
that the "rising limb" of the @strem curve can only be explained by partially covered surfaces.
Fully covered surfaces of any thickness were found to have a lower ablation. Furthermore,
clean ice is difficult to find and as the study indicates, a so-called clean ice surface needs to
have less than 15 % debris cover in order to have a lower ablation rate as other partially covered
surfaces. In comparison to debris-free ice, ablation was found to be up to 20 % higher on
partially covered surfaces. For the partially debris covered surfaces, Fyffe et al. (2020) found
an inverse relationship between albedo and ablation. With an increase in percentage debris
cover, the albedo decreases, and the ablation rate increases.

Further, ablation rates for partially debris-covered surfaces ranging from 30 to 80 % coverage
were found to be relatively similar. This is thought to be related to the fact that albedo and clast
size have opposing roles. While an increase in percentage debris cover decreases the albedo,
resulting in a higher intake of net shortwave radiation, the same effect also causes a melt out
of larger clast sizes, resulting in less ablation due to their increased thickness. (Fyffe et al.,
2020). The findings of this study also show that obtaining the "raising limb" with field data is

challenging and can only be attributed to partially covered debris layers.

Even though Zmuttgletscher cannot be directly compared to high mountain Himalayan debris
covered glaciers, being of much smaller extent and being influenced by a different
environment, the study of Molg et al. (2019) is of particular interest here, as field measurements
of this thesis are carried out on Zmuttgletscher. And despite being a much smaller glacier,
findings, such as the expansion of the debris up-glacier, as was found by Mélg et al. (2019) is

a common response of glaciers to increased global temperatures and is also observed for
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glaciers in the Himalayas, the Peru's Andes or the New Zealand's Southern Alps. At
Zmuttgletscher, similar to many other studies, ablation measurements for increased debris
thickness also follow the @strem curve. As Zmuttgletscher does not have a homogenous
distribution of debris cover, it is possible to find different debris thickness levels and varying
melt rates on roughly the same elevation, which allows the conclusion that melt is much rather
dependent on debris thickness than elevation (Molg et al. 2019). Additionally, findings from
Zmuttgletscher conclude that the increased extent of debris is a result of two factors: elevated
temperatures as well as a decreased flow velocity of the ice. The reason for this assumption is
the rather small glacier size (and thickness) which results in a shorter response time.
Nevertheless, in comparison to debris-free glaciers, debris covered glaciers, such as
Zmuttgletscher, have been observed to show a delayed reaction to climatic changes. A further
finding in this regard suggests that glacier thinning for debris covered glaciers is independent
of elevation for lower elevation areas. In contrast at the case for debris free glaciers, melt is
generally observed to increase towards the terminus. This non-linearity for debris covered
glaciers results in more extended glacier tongues. Despite these findings, the data show that
climatic forces still dominate the evolution of Zmuttglescher, as the overall debris layer is

relatively thin but still sufficient to prevent glacier thinning and terminus retreat.
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3 Methodology

3.1 Study Area

Zmuttgletscher is a valley glacier located in the southern end of the Matter Valley in the
western Swiss Alps with a ~2239 to 4030 m elevation range. It has a surface area of about 15
km? and a length of 7.9 km, which makes Zmuttgletscher a medium-sized Alpine glacier
(©SwissTopo). Zmuttglacier is surrounded by the Dent d” Herens and the Matterhorn to the
south, by the Tete Blanche to the west and by the Dent Blanche to the north. The high rock
walls around its accumulation basins, with elevation differences of up to 1500 meters, provide
debris into the glacial system, resulting in a heavily debris-covered ablation area. As a result,
around 32.7 percent of Zmuttgletscher is debris covered (Molg et al., 2019). The
Zmuttgletscher accumulation area has its tributary glaciers Schonbielgletscher to the north,
Stockjigletscher to the west, and Tiefmattengletscher to the south (see figure 6). Nowadays,

the main tributary is the Tiefmattengletscher to the south.
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Figure 6. Figure 1. (a) Geographical location. (b) Zmuttgletscher, its topographical setting and different tributaries. (c)
Glacier hypsography in the year 2010 (©SwissTopo), (Molg et al., 2019).
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3.2 Field Measurements

Measurements were taken during a field campaign to Zmuttgletscher in Zermatt (VS),
lasting from the 12" of July until the 23™ of September 2021. A total of four field visits to the
Zmuttgletscher were scheduled during this time period. In order to reduce variability in
temperature at each site, all measurements were conducted in the top part of the ablation area
of the Zmuttgletscher at an elevation of roughly 2600 meters above sea level (see Appendix
A2). To further limit variability, locations of comparable slope gradients were chosen. The
ablation measurements were performed by means of white plastic ablation stakes.

During the first field trip, a total of 14 stakes were drilled into the ice with varying levels of
debris thickness (0 — 19 cm). For reference values, two stakes were drilled into debris-free
areas. All stakes were marked accordingly for later processing of the data. Figure 6 shows the
encountered surface types where ablation stakes were drilled into: clean ice, partially covered
and fully covered. Clean ice surfaces are not 100 % debris free however, as can be seen on the

first image in figure 7.

Figure 7. Different surface types: 1st clean-ice surface, 2nd partially covered surface and 3rd fully covered surface

The orthophotos, along with albedo values, were used to analyse the partially covered glacier
surfaces.
During the second field trip, two more stakes were installed to offer extra data points for thin

debris layers. Figure 8 gives an insight into where the measurements were taken. To get a better
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idea on where on the glacier the measurements were performed, an orthophoto of the entire
ablation area of the glacier can be found in Appendix A2.

At each location, the following information were measured: incoming shortwave radiation and
outgoing shortwave radiation with an albedometer for the calculation of albedo, slope angle
and aspect angle to make sure that all analysed locations have similar angles, debris thickness,
geographic coordinates and heights above sea-level with a simple GPS, images with an aerial
viewpoint, and ablation. For the images, a canon EOS760D with a Tamron 18-200 mm lens
was used to capture the surface by a 1x1 m grid. The dimension 1x1 m was chosen based on a
similar dimension used by Azzoni et al. (2016). A total of five debris thickness measurements
and four ablation measurements were conducted each time.

During the second to fourth field trip, only albedo, images with aerial perspective and ablation

were taken. Additionally, debris thickness was measured again on the third trip to Zmuttglacier.

Legend
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N

Figure 8. Orthophoto of the ablation are of Zmuttgletscher where data was collected during the field campaign, July 2021
(Boris Ouvry)
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3.3 Modelling

For the modelling part the numerical model from Ferguson and Vieli (2021) was used.

In this part, only the most important aspects in regard to the thesis will be mentioned. For a
more in-depth explanation of all facets of the model utilized in this thesis, refer to Ferguson
and Vieli (2021).

The DEBISO model includes an ice flow model and a debris transport model, with the debris
transport model including debris melt-out and its insulating effect on ice ablation (Ferguson
and Vieli, 2021). As a result of the inclusion of the debris transport, the geometry and ice flow
are affected by changes in the surface mass balance. Additionally, the cryokarst effects are also
accounted for in the model, although so far rather crudely. Cryokarst are erosional structures
(pits and depressions) thought to be generated by sublimation-driven subsurface ice loss and
subsequent surface collapse (Kreslavsky et al., 2008). For the investigations conducted in this

thesis however, the effects of cryokarst on SMB are neglected.

For the modelling of the ice flow, the shallow ice approximation (SIA) has been used. The SIA
disregards the additional components and equations for a realistic and qualitative modelling of
glaciers due to its use of the shallow ice ratio (ratio of vertical to horizontal characteristic
dimensions) (le Meur et al., 2004). As a result, the complexity of model equations and

boundaries is greatly reduced.

For the debris distribution, the model assumes that the debris is equally distributed across the
glacier, homogeneous in size, and has a constant concentration within the ice. A debris
concentration of 0.25 percent was utilised for all calculations as a default value based on the
study of Ferguson and Vieli (2021). As a result, ice melt steadily adds debris to the surface
source in the ablation area and creates a debris layer increasing in thickness the further down
we go along the ablation zone. Debris is moved downhill when it has melted out, until it reaches
the terminus. It is important to note that this model is representative of heavily debris-covered
glaciers with debris deposition in the accumulation area close to or even beyond into the
ablation area (Ferguson and Vieli, 2021). As a result of this, the entire ablation area is covered

in debris.
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Surface mass balance is calculated as an elevation-dependent function. In the original model

by Ferguson and Vieli (2021), mass balance for the debris covered glaciers are calculated by

_ Do
(D a =ay* Do+D

where a is the calculated mass balance, ay is the elevation-dependent mass balance for debris
free surface mass balance (SMB), D is the debris thickness and Dy is a free parameter that is
chosen so that it exhibits the best Ostrem curve for the data obtained in the field. The value
used for Do 1s determined by the @strem curve that represents the glacier under consideration.
Enhanced melt rates for D < Dy are neglected in this equation.

To include the enhanced melt rates for debris thicknesses below the threshold debris thickness
(Do), two different relationships between debris thickness and surfaces mass balance are used.
For the first version, the equation (2) postulated by Compagno et al. (2021) was implemented

into the numerical model. Here, SMB is calculated as follows:

Do+herit .
2 a = ay * —<& if D > heri
( ) H Do+D crit
Do+hcri D herr—D .
a=ay* + ot Rerit eff , lfD<hcrit

hefr+tDo  hefy hefs

with herit representing the critical debris thickness, where the melt rate equals the melt rate of
debris free surfaces and hesrrepresenting the debris thickness where melt is maximal. a, ay, D
and Dy are the same as in the equation (1).

The second relationship (equation 3) uses a constant enhancement factor fean for melt debris
thickness below the threshold heric and for debris layers greater than heric are calculated based
on equation (1) by Ferguson and Vieli (2021). Two different melt enhancement factors fenn of
1.2 and 1.6 are explored (see table 1).

A first melt enhancement factor feun is derived from the data collected during the
Zmuttgletscher field campaign, where the melt rate was found to be 1.2 times higher than the
clean ice melt rate. The higher value used for the enhancement factor of 1.6 is based on an
averaged effective multiplier of melt rates of multiple debris covered glaciers as used in

Compagno et al. (2021).

— Do : .
(3) Cl _ aH D0+D lfD > hCl‘lt
a = ay * fenn if D < herit
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Table 1. Summary of equations used in the modelling experiments to calculate surface melt.

Number Equation Referenced as Abbreviation
1 D Ferguson and Vieli (2021
() a:aH*DO-ED g ( ) FV*
Q) a=ayx—% ifD>heie  Compagno et al. (2021)
0
_ Dotherig , D | Pesf=D . ) %
a= aH * +m * heff + heff Py lfD < hCl‘lt C
(B.1)  a=ayx-2 if D>heie  Farskyl.2
Do+D Fl %*
a=ay*12, if D < herit
(32) a=ay+ Dfi’n if D> herie  Farskyl.6 .
a= aH * 16 s lfD < hcrit

*Equations will from now on be referred to by their abbreviations.

To compare the behaviour of the glacier in response to the three different debris-effect

equations, glacier evolution was simulated for a range of climate forcing experiments as listed

below, and in which temperature variations are represented by changes in the level of the ELA:

a) A step change simulation, where the ELA is set to a higher elevation for 2000 years to

b)

d)

reach a steady state and later returned to the previous elevation to reach a steady state

once more (3050 = 3100 2 3050 m.a.s.l.)

Sinus simulations around a set ELA of 3050 m with an amplitude of 50 m. Four

different time periods were used (200, 400, 800 & 1600 y period).

A gradual increase of the ELA with a linear increase of the ELA of 120 m per 100

years, which is representable of the ELA increase in the Swiss Alps in the last 100 years

(Casty et al., 2005).

A variable ELA forcing time series, calculated by Liithi et al. (2010) and which depicts

the ELA's history in the Swiss Alps from using a volume change reconstruction based

on length change data from Swiss glaciers.

In general, a complete model run is separated in three to four phases. In the initialization part

a clean ice glacier is built up under a constant ELA until reaching a steady state. The second

phase involves adding debris to the ablation area while keeping the ELA at the same elevation.

This phase lasts until the glacier establishes a steady state once more. For all experiments

conducted, these initialization phases remain unchanged. In the third phase the actual climate

change experiments are conducted, where the ELA is for (a) behaving in a sinusoidal manner
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around the previous elevation of the ELA, for (b) is increased to a higher elevation, for (c) is
gradually increasing and for (d) is following a temperature forcing representing the past climate

in the Swiss Alps. A fourth phase is only implemented in the step change experiment to take

the ELA back to the previous elevation.

To further analyse the variations in the length of the debris layer zone with enhanced melt rates,
which is here defined as the area in the ablation zone where the debris thickness ranges from <
Om to 0.03 m, two further experiments are conducted:

e) Change of the bed geometry, where the slope of the linear bed is increased to 20°

f) Step change experiment with a constant ELA of 3100 m for the build-up phases and

changes to 3150 and back to 3100 m in the third and fourth phase of the model run

All other experiments (a, b, ¢ and d) have a simplified bed geometry consisting of a default
short steep headwall with a slope of 45° followed by a linear bed with a slope of around 10°
(Ferguson and Vieli, 2021).
In a last experiment (g) the free parameter Dy is increased from 0.05 to 0.1 and a simple step

change simulation is performed as illustrated in figure 9.
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Figure 9. lllustration of step change experiment separated into an (1) initialization phase, where the glacier is building up,
(2) a phase where debris is added, (3) a phase where the ELA is increased to a higher elevation and (4) a phase where the
ELA is brough back to its previous elevation. In the right plot, a glacier is plotted in each corresponding steady state.
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Table 2. Important values used for the model parameters standard model (Ferguson and Vieli, 2021).

Parameter Name Value Unit
ELA Elevation Line Altitude 3050 m.a.s.l
P Density of ice 910 kgm™
g Gravitational acceleration 9.80 m s>
c Debris volume concentration 0-0.005 %
A Flow law parameter 1x 102 Pa?s!
n Glen’s constant 3
Do Characteristic debris thickness 0.05/0.1 m
Amax Maximum surface mass balance 2 muyr!
Y Surface mass balance gradient 0.007 yr!
H* Terminal ice thickness threshold 30 m
dt Time step 0.01 yr
dx Spatial discretization 25 m
0 Bed slope 0.1 mm!
0. Headwall slope I mm’!
Sinus Simulation
a Amplitude 50 m
T Period 200/400/800/1600 yr
Step Change
ELA Elevation Line Altitude 3050 > 3100 m.a.s.l
- 3050
Gradual Increase
grad ELA increase 0.8 m/yr

Differences in response to the use of different equations for SMB calculations will be illustrated

by comparisons of volume and length of the glacier, as well as by comparisons of the debris

thickness differences along the ablation zone.

20



4 Results

4.1 Field Measurements

4.1.1 Image analysis

During three of the four visits to Zmuttgletscher, aerial images were taken of all
measurement locations. Three surface types were analysed: clean ice surfaces, partially covered
surfaces and debris covered surfaces. It must be emphasized that the clean ice surfaces are not
completely clean. As shown in figure 6, part of the 1x1 m square clean ice can be classified as
dirt ice. Furthermore, the partially covered surfaces with a low percentage coverage are almost
only dirt ice with an increase in on-surface clasts resulting in an increase in percentage
coverage.

The aerial images reveal surface changes for the partially covered surfaces with higher
percentage coverage as well as for one of the fully covered surfaces (5D). The other fully
covered surfaces only show small changes in debris arrangement (see figure Al).

The upper images of figure 10 show the images taken for stake 5D. The image taken after
installing the ablation stake on the 12.07.2021 (left) still shows areas of clast sizes of <1 cm as
well as sandy-dirt areas, and not too many bigger clasts, whereas the image taken on the
8.08.2021 (right) shows a significant increase in bigger clasts, which is indicative of vigorous
surface movements.

The lower images of figure 10 show the partially covered surfaces of stake 6D. An example of
a surface change can be seen in the upper right-hand side of the image obtained on the
12.07.2021. It displays a nearly debris-free surface, whereas the same area in the image taken
on the 8.05.2021 is now covered by debris. The most salient change, however, is the occurrence
of a big clast in the last obtained image. Similar changes can be observed for the other surface

of higher percentage coverage (figure Al).
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Figure 10. Surface changes between first measurements (12.07.2021) and third measurements (5.08.2021). The upper row of
images shows the surfaces changes for the fully covered surfaces at location 5D, with an overall increase in larger clasts. The
lower three images illustrate the changes that occurred on the partially debris covered surface at location 6D.

4.1.2 Debris coverage and albedo

As results indicate, albedo decreases with an increase in debris coverage in comparison
to clean ice surfaces (see figure 11b). For fully covered surfaces, albedo solely depends on
lithology and not on layer thickness. Albedo measurements were taken three times, each time
under different weather conditions and at different times of the day, resulting in day-to-day
variation (see Appendix A3).

The averaged ice albedo measured by the mobile net radiometer varied from 0.112 to 0.293,
with clean ice albedo ranging between 0.245 and 0.293, fully debris covered albedo between
0.112 and 0.164 and partially debris covered surfaces between 0.116 and 0.204.

The correlation between albedo and debris cover is best shown in figure 11a, where albedo is
plotted against melt rate of percentage debris covered surfaces as well as for the clean ice
surfaces. With an increase in percentage debris cover, the albedo decreases. The average clean
ice melt rate of the two stakes is at 5.3 cm/d with an average albedo of 0.27. With an increase

in debris percentage coverage, the albedo decreases by a factor of -0.1189.
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No specific calculations were performed to precisely calculate the percentage coverage of the
partially covered surfaces but based on visual inspection, the percentage coverage increases the
following: 2D < 3D < 6D < 7D. Figure 11b illustrates the four partially covered surfaces with

highlighted areas responsible for a decrease in albedo.

(a) (b)
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Figure 11. (a) Relationship between albedo and melt rate for partially debris covered surfaces. (b) aerial view of partially debris
covered surfaces with corresponding albedo values with bigger clasts highlighted by red circles, dirt ice with a green area and
yellow highlighting debris free areas in images of stake 6D and 7D.

Debris thickness was measured twice at each location. Changes were observed for all stakes,
although with the exception of stakes 13D and 5D, all differences were within a 2 cm error
range, which is considered a reasonable range for measurement error. (see figure 12). The
minimum measured continuous layer of debris was measured at 0.7 cm at stake 5D. At this
location the debris thickness increased to an average of 3.1 cm during a time period of 25 days.
This increase in debris thickness is to some extend also visible in the images, where an overall
increase in clast size has been observed (figure 10). The thickest layer on which measurements
were taken was 19.2 cm thick. A second measurements 25 days later at stake 13D showed a

reduction in layer thickness to only 11.4 cm.
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Figure 12. Debris thickness change over time. First measurements taken at 12.07.21, second measurements taken at the
5.08.21

4.1.3 Ablation Measurements

Melt rates collected during the field campaign agree with the Ostrem curve as shown
in figure 13. The averaged melt rate per day of the clean ice surfaces is measured at 5,3 cm/day.
All four partially debris covered surfaces have a higher melt rate and the fully covered surfaces
decrease in melt rate with increasing debris thickness as shown in figure 13. The maximum
melt rate herr, measured at stake 7D, the partially covered surface with the highest percentage
coverage, is found at 6.35 cm/day, which is an increase by a factor of 1.2 to clean ice. The
lowest melt rate measured beneath a debris surface is 2.06 cm/day, which is a reduction of 62
% in comparison to the clean ice melt. All fully covered surfaces have a decreased melt rate in

comparison to the melt rate of clean ice, decreasing with an increase in layer thickness.
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Figure 13. (a) Ostrem curve with varying parameter Dy, (b) Ostrem curve calculated with different equations (FV, C & F1),
plotted over collected data during field work on Zmuttgletscher summer 2021
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As sown in figure 13a, the slope of the curve representing an @strem curve without the rising
limb is calculated based on the formula

Dy
Dy+ D

a =ayg*

which has also been used for the numerical modelling by Ferguson and Vieli (2021). The
decrease in melt rate with an increase in debris thickness is based on the adjustable parameter
Do. Do describes how the slope behaves with increased debris thickness. Values of 0.05, 0.075,
0.1, 0.125 and 0.15 m for Dy are plotted in figure 13a overlain to the point measurements
collected from Zmuttgletscher. The best fit for the empirically collected data is a value of Do=
0.1 m. For the modelling approaches the parameter Do has been given the value of 0.05 m
however, as it was used in the study from Ferguson and Vieli (2021).

In figure 13a stakes 5D and 13D are highlighted and their possible range of debris thickness
marked with an error range. Especially at 5D ablation rates have changed significantly with an
increase from 0.7 cm to 3.1 cm.

Three equations are used for the numerical model, all of which are plotted in figure 13b with
Do = 0.1 m. Significant differences are only visible in the first 3 cm’s with two equations having

the enhancement implemented.

A general overview on the information acquired during the field campaign is summarized in

Table 2. More precise descriptions of the collected data can be found in the Appendix A4.
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Table 3. Overview of data collected during the field campaign to Zmuttgletscher from 12.07 until 14.09.2021

Stake ID  slope angle [°] aspect angle [°] Elevation [masl] Debris thickness [cm] Albedo Total melt [cm]  Average melt per day [cm/d]

1C 3 42 2599 NA 0,245 126 52
2D 5 42 2599 NA 0,191 149,75 6,19
3D -8 42 2600 NA 0,204 139,5 5,76
4C 2 42 2612 NA 0,293 130,625 5.4

5D -8 102 2611 0,7 0,142 122,5 5,07
6D 4 32 2611 NA 0,125 141,25 5,84
7D 9 79 2610 NA 0,116 153,375 6,35
8D 7 28 2618 5,1 0,151 86,25 3,57
9D 4 328 2618 6,1 0,153 67,375 2,79
10D 3 52 2615 9,1 0,164 58,625 2,43
11D -8 42 2614 13,8 0,161 49,75 2,06
12D 6 28 2622 10,7 0,155 55,75 2,31
13D 15 238 2623 19,2 0,163 51,875 2,15
14D 12 335 2612 2.2 0,126 118,75 4,95
15D -13 305 2609 2,25 0,112 76,7 5,09
16D 7 355 2613 3.5 0,131 65,6 436

C = clean ice, D = debris covered
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4.2 Modelling

To understand whether or not the inclusion of enhanced melt for thin debris layers is
important, results of conducted numerical experiments will be shown in this part. A summary

of the modelling experiments that were carried out can be seen in Table 4.

Table 4. Summary of performed modelling experiments.

Experiment Description Section Figures
a Step change with steady states at ELA = 3050,3100,3050 m 4.2.1 14

b Sinus simulation 422 15,16
c Gradual increase of the ELA 4223 17

d ELA forcing 424 18

e Step change with a steeper slope of 20° 4.2.5 -

f Step change with steady states at ELA =310,3150,3100 m 4.2.6 -

g Step change with different Do of D¢=0.1 4.2.7 22

4.2.1 Step Change Simulation

A step change simulation is one approach to compare reaction time and adaption time
of volume and length for the four different equations for surface mass balance (SMB)
calculation used in this study as shown in figure 14. The effect of the enhanced melt rate can
be seen in the plots al and a2 already where all three simulated glaciers with enhanced melt
have a slight reduction in volume and length. A steady state is reached first by a SMB calculated
by equation F2. Taking a closer look at the curves of all four equations, it can be seen that the
differentiation happens at the very beginning when debris is added to the glacier. The curve
rdepicting a glacier without enhanced melt increases as soon as debris is added, whereas the
other three curves all have a short decrease in volume, before the effects of insulation cause an
increase in volume (see figure 14). Afterwards, the increase is similar between all four
approaches (see Appendix AS5).

Exact values for all phases of the simulation are provided in table 5. In the plots bl and b2 the
response of all glaciers to a sudden change of the ELA from 3050 m to 3100 m can be seen.
The volume of all glaciers decreases as soon as the ELA is moved to the higher elevation,
whereas the glacier length needs about 180 years to respond to the change in ELA when SMB
is calculated with equations FV, C or F1. Only F2, where the melt enhancement is greatest, has
a quicker reaction time of 129 years. A steady state is reached for all glaciers within 600 to 630

years. An interesting observation here are the volume changes. The debris covered glaciers
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overshoot their true steady state volume about 550 to 600 years after the step change. After
reaching this state, the volume increases slightly again the following 500 years without
changing the length of the glacier. The third phase of the experiment is shown in plots ¢l and
c2, where an instant increase in volume and length can be observed in response to the lowering
of the ELA to 3050 m. Glaciers where SMB is governed by equations FV and C reach almost
the exact steady state length and volume as they have done at the end of phase 2. Interestingly
however, F1 and F2 reach a steady state with an increase in volume and length and are thus,
greater in length and volume as a FV glacier. Despite these findings, F2 still reaches its steady
state earliest about 300 years earlier than the other three simulations.

The overall behaviour to a step change of the ELA is similar for all four equations with F2

having the quickest reaction and adaption time.

Table 5. Overview of maximal length and volume after different phases.

Ferguson (2021) Compagno (2021) Farsky1.2 Farsky1.6

Adding debris 1=9°700 1=9°675 1=9°675 1=9°575
v=>56’679 v=>56’263 v =156’440 v =155"852
ELA increase to 1=8’325 1=28°300 1=28325 1=28275
3100 m v=44194 v=43"918 v=44’076 v =43’805
ELA decrease 1=9°700 1=9°675 1=9°750 1=9°775
to 3050 m v=156’694 v =156’265 v =157°045 v =157"353

m3)

8200
2000 3000 (] 200 40 €0 80 0 00 1000 1500 2000
Time [yr) Tmely)  Timely ]

Figure 14. Length and volume change after a step change experiment.
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4.2.2 Sinus Simulation

The purpose of the sinus simulation studies is to evaluate the reaction time to changes in
the ELA of debris-covered glaciers throughout various sinus periods. A further comparison to
a clean ice glacier is additionally performed for a 200- and 800-year period.

The starting conditions for all presented experiments in this segment are the same as shown in
figure 14, plots al/a2. An important point to mention is that a lowering of the ELA equals a
decrease in temperature and thus, results in an increase in volume and length of a glacier. An
increase of the ELA to a higher elevation thus, results in a glacier retreat.

Over a 200-year sinus period, volume for all equations, as well as for a clean ice case, show a
sinusoidal behaviour with a shift of around 50 years relative to the sinus behaviour of the ELA
(see figure 15). Reaction times to a minimum of the ELA are slightly shorter than to a maximum
for the debris covered glaciers (~48 yr vs ~51 yr). Differences between maximum and
minimum are significantly smaller for debris covered glaciers, with an average volume
difference of 3°763 m>. The volume difference for the clean ice case is found at 7°979 m?>.
Length variations for debris covered glaciers in response to the sinus fluctuations cannot be
identified under a 200-year period. Taking a closer look at the progression of the curve
however, a constant increase is discernible. The clean ice glacier on the other hand exhibits a
sinusoidal behaviour for its length, although it's less refined than the volume fluctuations.

Maximums and minimum in length are reached 10-15 years later than the corresponding

volume peaks.
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Figure 15. Length and volume fluctuations following a sinus experiment with a 200-year period.
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An increase of the sinus period to 400 years mirrors a very similar pattern for the volume
fluctuations. Maximum and minimum are lagging about 100 years behind the minimum and
maximum of the ELA. It becomes a little more evident that glacier volume variations at the
maximum for all given equations show more in-between variation than at the glacier minimum
volume. In-between variation at a maximum is 1’877 m?, at the minimum only 656 m?.
Another very interesting pattern can be observed with the length fluctuations.

Reaction time to a decrease of the ELA happens much quicker than to an increase of the ELA
with the response to an increasing ELA being more delayed and starting very slow. A minimum
extent is reached 281-288 years after the ELA reached its highest elevation, reaching the
maximum length to an ELA at a minimal elevation takes 217-237 years. Similar as deduced
from the step change experiment, F2 reaches a steady length the quickest after glacier extent.
The corresponding figure can be found in Appendix A6.

The time required for a glacier to go from a minimum extent to a maximum extent is almost
exactly 200 years, which is half the period of the sine curve. This cannot be said for the length,
where the same minimum-maximum change takes only 130 years. In contrast, the time needed

for the glacier to go from its maximum to its minimum is 270 years.

For the 800-year sinusoidal period, the same patterns can be observed. Once more, a
comparison to a clean ice glacier is involved as shown in figure 16. The most interesting
information that can be taken from the plots is the delay difference between the clean ice and
debris covered glaciers. The maximum volume and length for the clean ice glacier is reached
69 and 78 years after the coldest simulated temperature, respectively, whereas the debris
covered glaciers need around 140 years to reach their maximum volume and around 250 years
to reach a maximal length. Once reaching a maximum length, debris covered glaciers do not
change their length for about 80 years before a reaction can be observed to the reduction in
volume. The already mentioned in-between differences at maximum volume increases under
an 800-year period even more to a difference of 2°680 m? between F2 and C. The in-between

differences between these equations at the minimum volume is only 75 m?.
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Figure 16. Length and volume fluctuations following a sinus experiment with an 800-year period.

A 1600-year period yields almost the same results. Given such a long time period, the length
fluctuations start to resemble an almost sinus behaviour, notwithstanding the longer time the
glacier stays in a maximum extent and a quicker increase in glacier length in response to a

decreasing ELA.

4.2.3 QGradual Increase of the ELA

Under a linear increase of the ELA, which is equal to a constant increase of temperature,
the glaciers volume decreases in an inversed constant decline. The ELA increases based on the
function y=0.8t+c, with t=1 yr. The glaciers volume loss can be described by a function of y=-
0.8t+c. At about 350 years, the volume has a sudden increased volume loss, which can be
explained by the ELA reaching the steep head wall area (see figure 17).

Much more interesting is the length behaviour where a very sudden decrease in length can be
observed after 330 years, which is the moment when the glacier collapses. The glacier retreats
by 4000 meters in 70 years, which can be nicely seen in figure 18. Significant differences
between the equations cannot be detected.

At the start of the linear decrease the glacier length significantly reduces as it hasn’t adapted to
the previous temperatures. The volume reacts much quicker to the decreased temperatures and

starts increasing again.
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The time span used for both experiments is 500 years. While the glacier loses almost 6000 m
in length in this period, it gains only about 1000 m with a decreasing ELA.

Length and Volume adjustment to a gradual increaseing ELA Length and Volume adjustment to a gradual decreaseing ELA
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Figure 17. Length and volume adjustments to a constantly increasing ELA.
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4.2.4 ELA Forcing

The ELA forcing used in this example is provided by Liithi et al. (2010). Based on
glacier reconstructions, the ELA forcing should represent the temperature fluctuations since
year 0 until 2030.

Based on the different magnitudes of enhanced melt, the four maximum volumes of the four
glaciers differ slightly at the start of the experiment but the behaviour displayed throughout the
experiment is equal for each glacier (see figure 19). It once more becomes evident that volume
adjustments to the climate forcing are equally delayed for debris covered glaciers as well as for
clean ice glaciers, with clean ice glaciers having stronger fluctuations. Glacier length on the
other hand is much more reactive for a clean ice glacier, while debris covered glaciers do not
show any assignable reaction to the ELA forcing. During the LIA, the period from 1600 to
1860, the volume increases in response to the cold phase. Since the end of the LIA, all glaciers
show a similar reduction in mass. An interesting side note can be observed with the comparison
to a clean ice glacier experiencing the same climate. While the length of a clean ice glacier
shows a reaction to the warmer temperatures since the LIA, debris covered glaciers keep

growing only to stagnate in the last couple of years.
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Figure 19. Length and volume adjustments to an ELA forcing representing Swiss Alpine historic climate variations.
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4.2.5 Debris Layer Transport

Of general interest when comparing the different equations is how the debris layer
increases in thickness as we move downwards along the ablation area. The general behaviour
of all four simulations, as shown in figure 20a, is very similar with an almost exponential
increase in debris thickness, starting at the beginning at the ablation zone increasing to a
maximum of about 1.4 m right before the terminus of the glacier (Jmax p = 1.45 m; Ciax D =
1.44 m; Flmax p = 1.45 m; F2max p = 1.36 m). As the maximum possible debris thickness
depends on total glacier length, a F2 simulation has the thinnest maximum debris thickness due
to its higher melt enhancement. The most interesting information can be found when looking
more closely at the beginning of the ablation area (see figure 20b), where first debris start to
melt out. While the FV simulation has a constant increase until reaching the terminus,
simulations C, F1 and F2 exhibit a quicker increase in debris thickness until reaching herit (herit
= 0.03 m), due to the inclusion of the enhancement factor. The zone of enhanced melt is the
smallest for F2 with a length of 500 m, which equals 5.2 % of the total glacier length and 6.9

% of the complete debris layer. Values for the other simulations can be taken from table 6.
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Figure 20. (a) Debris thickness evolution, (b) debris thickness increase at the beginning of the melt out zone.

Table 6. Properties of the debris zone with enhanced melt rate after a step change simulation

Fv C Fi F2
Glacier length after step change 3050 =2 3100 m [m] 8325 8325 8325 8275
Length of complete debris area [m] 6475 6475 6475 6450
Length of zone with enhanced melt after step change 3050 2 625 500 500 425
3100 m [m]
relative length to total glacier [%] 7.5 6 6 5.1
relative length to total debris area [%] 9.6 7.7 7.7 6.6
Glacier length after step change 3100 =2 3050 m [m] 9700 9675 9675 9575
Length of complete debris area [m] 7325 7325 7325 7225
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Length of zone with enhanced melt after step change 3100 2 725 550 575 500
3050 m[m]

relative length to total glacier [%] 7.5 5.7 5.9 5.2
relative length to total debris area [%] 9.9 7.5 7.9 6.9

Given that we know the exact length of the zone with enhanced melt rate (0-0.03 m), it is of
interest to test how this zone reacts to changes of the ELA. In figure 21 we can see (1) how
quickly the area of enhanced melt adjusts to a step change (ELA from 3050 - 3100 m and
back from 3100 = 3050 m) as well as (2) the actual length of this zone. To have a point of
comparison, the FV simulated debris layer of 0-0.03 m is also included. Figure 21 confirms the
findings of figure 20b, indicating that the debris thickness zone ranging 0-0.03 m is the largest
for FV, equally long for C and F1, and the smallest for F2, due to its higher enhancement.

All models display a similar adjustment time of roughly 50 years to reach again to a constant
length of this zone. Whilst during a step increase of the ELA the zone temporarily increases to
about 1000 m in length, it decreases to a temporary length of only 375 m for a F2 simulated
glacier under a step decrease of the ELA (see figure 22). The zone of enhanced melt keeps
growing for about 120 years, which agrees with earlier findings that a glacier adjusts quicker

to an increase in temperature than to decreasing temperatures.
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Figure 21. Zone of enhanced melt rate adjustment to an ELA step change from 3050 m to 3100 m.
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Figure 22. Zone of enhanced melt rate adjustment to an ELA step change from 3100 m to 3050 m.

4.2.5.1 Step change simulation under an increased slope of 20°

The purpose of this experiment is to see how the enhanced melt rate zone changes for
a glacier with a 20° bed geometry instead of a 10° bed geometry. The ELA is kept at the same
elevation of 3050 m. Given the steeper slope, the glaciers maximum extent is with 4900 m 38
% shorter than a glacier under a bed geometry of 10°. Performing a step change experiment,
we can again analyse how the zone of enhanced melt changes as summarised in table 7. Similar
to a step change experiment with a 10° bed geometry, the zone keeps proportionally the same
length relative to the entire glacier extent. The relative length of the zone of enhanced melt,
however, does increase in comparison to a 10° slope by about 4 %, indicating that the relative
size of this zone increases for glaciers with a steeper slope. Despite the increased proportion of
the enhanced melt zone of the entire glacier, this has little effect on the length and volume of
the glacier with differences mostly within the grid differences of 25m. However, it might be
significant for shorter glaciers. With the glaciers being much shorter, adjustment times are also
reduced and the zone of enhanced melt reaches its final length faster than a larger glacier would

(see Appendix AS).
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Table 7. Properties of the debris zone with enhanced melt rate after a step change simulation with a slope geometry of 20°

FV C Fl F2
Glacier length after step change 3050 =2 3100 m [m] 4575 4575 4550 4500
Length of complete debris area [m] 3500 3500 3475 3425
Length of zone with enhanced melt after step change 3050 2 525 400 400 350
3100 m [m]
relative length to total glacier [%] 11.5 8.7 8.8 7.8
relative length to total debris area [%] 15 11.4 11.5 10.2
Glacier length after step change 3100 =2 3050 m [m] 4900 4875 4785 4800
Length of complete debris area [m] 3575 3550 3550 3475
Length of zone with enhanced melt after step change 3100 2 550 425 425 350
3050 m[m]
relative length to total glacier [%] 11.2 8.7 8.7 7.1
relative length to total debris area [%] 15.4 12 12 10.1

4.2.5.2 Step change simulation under a warmer climate (ELA: 3150 2 3200 = 3150 m)

This experiment's purpose is another approach to see if the area of enhanced melt rate

stays equally large in comparison to the total glacier length, independent of the glacier length.

To test this, a simple step change experiment was conducted with a glacier building up under

a constant ELA of 3150 m.a.s.l. For the step change, the ELA is changed to an elevation of

3200 m and in a last phase back to 3150 m.

After reaching a steady state under a constant ELA of 3150 m, the zone of enhanced melt takes

up between 6.5 to 9.6 % of the entire glacier, which is an average increase of 1.8% in

comparison to a glacier under a constant ELA of 3050m. This variance can most likely be

neglected, as variance due to the spatial discretization can be seen as the origin. Other than that,

the glacier behaves similar as a glacier under a steady ELA of 3050 m.
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Table 8. Properties of the debris zone with enhanced melt rate after a step change simulation with ELA changes of 3150 m
2>3200m 23150 m

FV C Fl F2
Glacier length after step change 3150 =2 3200 m [m] 5775 5775 5775 5700
Length of complete debris area [m] 4975 4975 4975 4900
Length of zone with enhanced melt after step change 3050 2> 425 300 300 225
3100 m [m]
relative length to total glacier [%] 7.4 5.2 5.2 4.0
relative length to total debris area [%] 8.5 6.0 6.0 4.6
Glacier length after step change 3200 =2 3150 m [m] 6275 6275 6275 6175
Length of complete debris area [m] 5100 5100 5100 5000
Length of zone with enhanced melt after step change 3100 2 600 475 475 400
3050 m[m]
relative length to total glacier [%] 9.6 7.6 7.6 6.5
relative length to total debris area [%] 11.8 9.3 9.3 8.0

4.2.6 Step change with different Do of Do=0.1 m

The purpose of this experiment is to see if the parameter Do can be chosen at random
or if different values have a substantial effect on variability between the different approaches
to calculate SMB. To investigate this, a step change experiment was carried out with a
characteristic debris thickness of 0.1 m instead of 0.05 m as was utilized in all previous
experiments. While a value of 0.1 m correlates best with the data collected during the field
work on Zmuttgletscher in summer of 2021, a value of 0.05 m for the free parameter Do has
been used in previous modelling approaches, among others by Ferguson and Vieli (2021). With
a larger Do, all simulated glaciers become significantly shorter and smaller in volume (see
figure 23). The glacier loses 2000 m in length and about 12°000 m3 in volume. Aside from
that, simulated glaciers with a characteristic debris thickness Do = 0.1 m do not differ
significantly from simulated glaciers with a characteristic debris thickness Do = 0.05 m.
Differences are mostly due to the 25 m grid size resolution. With an overall smaller size, the
glacier reaches its steady states after a step change to 3100 m 200 years earlier as would a larger

glacier with Do = 0.05 m.
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4.2.7

Summary of modelling results

Based on the modelling experiments, a short summary comprised of the most important results
is given.

)

2)

3)

4)

S)

6)

7)

8)

Discrepancies between the four proposed SMB computation methods are almost non-
existent. Independent of the simulation type, all glaciers react very similar and in-
between volume and length variations are mostly due to the spatial discretization of the
grid.

A glacier reaches its steady state much quicker while retreating than after expanding

After an increase in temperature, the volume shows an instant reaction, whereas a
reduction in length is delayed.

After a decrease in temperature, both volume and length increase directly.

A debris covered glacier prefers to grow instead of reducing its length and thus, reacts
quicker to a temperature drop than to an increase in temperature

Zone of enhanced melt rate is shorter, the higher the enhancement effect

Zone of enhanced melt rate stays proportional to the total glacier length under the same
geometry; on average, it takes up about 7 % of the entire glacier surface

Under a constant temperature, glaciers with enhanced melt tend to be smaller. After

strong temperature fluctuations glaciers with enhanced melt seem to get larger than
glaciers without enhancement
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5 Discussion

5.1 Implications of field measurements

The ablation measurements taken on Zmuttgletscher indicate an @Qstrem-like behaviour
with ablation for partially covered surfaces being enhanced by as much as 20 %, whilst thick
debris layers were found to reduce ablation by as much as 61 %. These values vary throughout
the literature but are well within range of other studies (@strem, 1959; Loomis, 1970; Small
and Clark, 1974; Fyffe et al., 2020). Similar as Fyffe et al. (2020) and Nicholson and Benn
(2006) concluded in their respective studies, enhanced melt can only be attributed to partially
covered surfaces, which makes the possible surface area with enhanced melt quite small.
Additionally, enhancement for partially covered surfaces or even thin fully covered surfaces in
comparison to the clean ice case may only be detectable if the clean ice surface is sufficiently
free of debris or dirt ice (Fyffe et al., 2020). Surfaces classified as clean ice on Zmuttgletscher
still displayed a small amount of dirt ice, resulting in a possible higher ablation due to an
increase in incorporated net shortwave radiation.

An inverse relationship exists between albedo and ablation for partially covered surfaces, with
lower percentage coverage surfaces having a greater albedo while an increase in percentage
coverage results in a decrease of albedo (see figure 11a) (Azzoni et al., 2016). The four partially
covered surfaces analysed in this study have a similar melt enhancement, which is explained
by Fyffe et al. (2020) to be caused by an interaction between an increase in intake of net
shortwave radiation and a simultaneous increase in clast size, responsible for a reduction in
ablation.

The justification behind this is based on data collected by Fyffe et al. (2020), as seen in figure
24's left plot. It clearly shows that the enhancement is very similar for all levels of percentage
coverage, while melt rates for fully covered surfaces can take on a wide range of possible
values. Based on this plot, a similar plot was created with the data collected on Zmuttgletscher.
While only a few measurements were taken on partially covered surfaces, the general pattern

is very similar and thus, supports the findings of Fyffe et al. (2020).
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Figure 24. Ablation against debris cover. Comparison of (a) results from Fyffe et al., 2020. and (b) results from this study.

A possible question this thesis ought to answer is whether changes in layer thickness can be
detectable within a short time frame of a month. Most changes were found to range within a 2
cm error range, possibly caused by inaccuracies while taking measurements. Nonetheless, it
cannot be ruled out that the observed variances in debris thickness are attributable to changes
in clast arrangement, which can be seen in every location from aerial picture comparisons (see
Appendix Al). While measurement error can be used as a good explanation for most of the
changes, changes at 5D and 13D must have a different cause. The location around 13D
experienced a decrease in debris thickness of 7.8 cm. With a slope angle of 15°, 13D has the
steepest and only positive slope angle, which could result in heavier surface rearrangements
following significant rainfall events or single clasts losing integrity due to surface melt,
resulting in the found debris thickness loss.

While these factors may also play a role in the development of 5D, it is more likely that the
area surrounding 5D was subjected to melt out. Visibly, the area changed as one can see in
figure 10 with a general increase in clat size free on the surface. With an aspect angle of 108°,
5D is the only surface facing east, experiencing a more direct angle of incoming solar radiation.
With a higher incoming net radiation, melt out might be accelerated and actually cause a surface
to change its effect on SMB within a short time frame due to melt out. As most areas of
Zmuttgletscher face due north, only fringe areas near the moraines should be affected by this
circumstance. Unfortunately, 5D is the only surface analysed that had a layer thickness of
below a centimetre and that experienced for a short time a higher melt rate than the clean ice
surface. As a result, it's impossible to rule out the possibility that thin debris layers can increase

in a short period of time.
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5.2 Implications of modelling experiments

The field data provided an additional equation to use for the simulation of debris covered
glaciers with enhanced melt rates for thin debris layers. While the data obtained on
Zmuttgletscher can be used to produce an Ustrem curve, it cannot be utilized to determine a
useful value for the critical debris thickness. Due to the model's inability to depict partially
covered surfaces, a value of heit = 0.03 m was selected based on data from previous studies
(Loomis, 1970; Small and Clark, 1974; Compagno et al., 2021). For the range of <0 to 0.03 m
two equations were used to integrate enhanced melt into the DEBISO model. While two
simulations employed a constant enhancement factor (1.2x and 1.6x) for this range, an equation
proposed by Compagno et al. (2021) was implemented that takes on varied enhancement values

for this range, culminating at 0.03 m.

After comparing simulations where SMB 1is calculated with and without enhancement, the
results strongly suggest that the inclusion of increased melt is a negligible factor for future
debris-covered glacier modelling studies. All four approaches react very similarly to applied
experiments with in-between differences in volume and length being very small and mostly
due to the spatial discretization of the grid. Differences between inclusions of enhancement
and no enhancement are highest between simulations FV and F1.6, which can simply be
explained by F1.6 having the highest enhancement factor of 1.6 times the clean ice melt. While
the differences are minimal, it is worth noting that F1.6 has the fastest response to ELA changes
and the fastest time to establish a steady state. Both findings can be attributed to the higher
enhancement factor. During a glacier retreat, the zone of enhanced melt grows slightly,
resulting in a higher SMB and thus, an earlier response. On the other hand, when a glacier
expands, the zone of enhanced melt shrinks, resulting in a larger area being better insulated and
a faster growth, causing the glacier to achieve its steady state sooner.

A possible explanation for why all four approaches yield relatively similar results despite the
inclusion of enhanced melt can be given when taking a closer look at the zone of enhanced
melt (debris layer ranging in thickness from <0 to 0.03 m). The higher the enhancement factor,
the shorter this zone becomes with the F1.6 simulation having a 200 m shorter zone of enhanced

melt as a glacier experiencing direct insulation (figure 20b; 21; 22).
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With a much smaller debris zone ranging from 0 to 0.03 m, a glacier with enhanced melt
experiences stronger insulation sooner along the ablation zone, which offsets the effect of the
zone’s increased melt rate, resulting in almost equally long and voluminous glaciers.

It 1s also worth noting that this zone is only about 400-600 meters long, accounting for
approximately 6-10 percent of the glacier's total debris area. Taking up only such a small
fraction of the entire debris area, minor changes as caused by the inclusion of enhanced melt,
turn out to be negligible. Another reason why the enhanced melt zone does not contribute to
major changes is that the zone shrinks to its final length within 50 years following a step
change, giving the enhancement effect no opportunity to exhibit any meaningful effects on
SMB as shown in figure 25. Figure 25 demonstrates how quickly the enhanced melt zone
responds to the new set ELA after a step change. Within 50 years, the zone has almost reached
its steady state length after an increase of the ELA. After a decrease of the ELA, reaching a

steady state for the zone of enhanced melt takes about 100 years.
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Figure 25. Adjustment of debris layer to step change experiments. Debris layers are plotted in 10-year steps.

To test whether the zone of enhanced melt stays proportionally the same in size independent
of the glacier length, the zone was analysed for glaciers in steady states under different climate
conditions. The changes discovered under different climate conditions for glaciers with the
same bed geometry are very small and they have no substantial effect on general adjustment
time or reaction time for the four approaches calculating SMB. Steady state glacier volume and
length remain similar for all approaches. The existing differences can most likely be explained
by the spatial discretization used in the model.

While the zone of enhanced melt stays proportional for glaciers independent of their length, it
1s important to point out that differences were found for glaciers under different bed geometries.

The results suggest that the enhanced melt zone increases by about 4 - 5 % to roughly 10% -
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15% for glaciers with a steeper bed geometry of 20° instead of 10°. Despite the fact that the
zone takes a larger share for steeper glaciers, the variations between the four approaches are
still minor and do not necessitate the inclusion of accelerated melt in future modelling

approaches.

5.3 Additional Implications

While the primary purpose of this investigation was to determine whether or not the
addition of enhanced melt significantly alters SMB, it also yielded a variety of other findings,
which are going be covered in this section.

Given that this study utilized the same numerical model as Ferguson and Vieli (2021) have,
similar results are expected.

All four approaches of simulating SMB presented a similar response to the step change
experiment with the glaciers reaching their steady state much faster after a temperature increase
as after a temperature decrease. While the glacier needs about 400 years to adjust volume and
length after a step change from 3050 m to 3100 m, it takes 1300 to 1500 years to adjust volume
and length following a step change from 3100 m to 3050 m (see figure 14 & 23). The
asymmetric adjustment time can be explained by the quick adjustment in volume after an
increase in temperature. While the tongue stays stationary for a while due to the strong
insulation of the thick debris layer, the glacier’s volume reduces similarly as a clean ice glacier.
This is because warming has its strongest impact on the upper accumulation area and the
beginning of the ablation area where debris are thin. When reaching a certain critical volume,
the glacier length collapses and reaches an adjusted length to the new ELA within a very short
period. During a glacier advance, the glacier must produce more mass in order to grow, which

takes significantly longer.

It is clear from the step change experiment, and even more so from the sinus experiment, that
volume and length respond to ELA forcing in different ways (see figure 14 & 15). While the
volume of the glacier responds almost immediately to a step change from 3050 to 3100 m, the
length of the glacier takes 150 to 180 years to respond to such a step change. During a step
change where the ELA is decreased to 3050 m again on the other hand, both length and volume

show an almost immediate response (see figure 26). The delayed response of the glacier’s
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length can be explained by the strong insulation effect of the debris layer. Towards the
terminus, the debris layer is almost 1.5 m thick providing enough protection that moderate
temperature changes have no effect on glacier length. Given enough time after a step change,
the glacier loses that much volume that the glacier almost collapses and drastically decreases

in length as shown in figure 26.
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Figure 26. Glacier adjustment to a step change of (a) the ELA 3050 = 3100 m in a 50-year step and (b) ELA 3100 = 3050
m.

Taking a closer look at the sinus simulations (figure 15), it also becomes noticeable that the
glacier's maximum length and volume grow slightly with each period, which would
be indicative for a hysteresis. According to Ferguson and Vieli (2021), this does not equate a
proper hysteresis however, as the glaciers would reach a unique steady state given several
centuries time to adjust. In reality, this indicates that the length of a debris-covered glacier is
governed by the history of successive cold episodes rather than the glacier having a unique

steady state for a given climate (Ferguson and Vieli (2021).

Results presented using the ELA forcing by Liithi et al. (2010), where debris covered glaciers
are compared with a clean ice glacier, complement empirically observed data from Quincey et
al., (2009), Scherler et al., (2011) and Ragettli et al., (2016). Many debris covered glaciers tend
to have stagnant tongues with no significant adjustments to global warming whereas clean ice
glaciers show unambiguous adjustments. This can be observed when looking at figure 19,
where length and volume responses to the ELA forcing are plotted. While the length and
volume of a clean ice glacier adjust quickly to a warming climate, debris-covered glaciers have
only responded to the LIA with a volume loss thus far. This agrees with observations of high
mass loss for all kind of glaciers independent of debris cover or clean ice (Pellicciotti et al.,

2015). It also agrees with the modelling results from Compagno et al. (2021). Based on the
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assumption that debris-covered glaciers remember prior colder temperatures better than
warmer temperatures, it appears that the impacts of the LIA are still affecting the length of
debris covered glaciers. These findings are consistent with those of Banerjee and Shankar
(2013) and Compango et al. 2021, who found that glaciers classified as stationary are still
losing volume and that a glacial retreat is likely as soon as a maximum debris cover is attained

resulting in a disintegration of the debris covered tongue.

5.4 Limitations

The field data was sufficient to represent a true @Qstrem curve with partially covered
surfaces representing the rising limb. Nevertheless, more data points for partially covered
surfaces as well as for thin debris layers (0.5-1.5 cm) would have been beneficial. The data
points do not allow for the determination of a critical debris thickness but suggest that only
partially covered surfaces display enhanced melt. With measurement point 5D however, a
possible fully covered location was measured that, for a short while, had a higher ablation rate
than clean ice. Given this finding as well as findings of other studies (Loomis, 1970; Small and
Clark, 1974; Konovalov, 2000; Popovin and Rozova, 2002), it cannot be ruled out that fully
covered surfaces can also have a higher ablation than clean ice. Most likely it is not possible to
determine a unique value for the critical debris thickness however, as local climate,
environmental factors as well as lithology of the debris can have an impact on the effects of
debris cover. Difficulties in specifying a unique value for the critical debris thickness in the
field starts already with finding clean ice surfaces to normalize melt rate of covered surfaces.
As Fyffe et al. (2020) mentioned, most clean ice surfaces encountered in the field are not 100%
clean and thus, do alter possible results. A feasible technique to present clean ice surfaces as
well as thin debris covered surfaces would be to artificially change the glaciers surface to one's
liking to better represent the surface types of interest.

Given the findings of this study as well as the study from Fyffe et al. 2020, it becomes more
evident that future research should be directed to partially covered surfaces as these display
enhanced melt rates in comparison to clean ice. Most fully covered surfaces experience
insulation. Since this correlation is empirically supported, the importance of such areas for
surface mass balance calculations seem most important. While in-situ measurements can be
difficult to perform, remote sensing could be applied to analyse the patchiness of glacier
surfaces classifying surfaces based on rock or ice. Under a time-series, this approach could

analyse the dynamic of surface change, how quickly melt out can occur as well as calculate the
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overall share of partially covered surfaces. Given this knowledge, numerical models could be

adjusted by integrating the patchiness of debris covered glaciers.

The DEBISO model employed in this thesis is a well-tested numerical model that can
moderately replicate real-world glaciers while capturing the correct ice physics (Ferguson and
Vieli, 2021). Nevertheless, it uses many simplifications that limit the real-world application.
One of such simplifications is the use of a continuous and homogenous distribution of debris.
As the field work on Zmuttgletscher showed, it is possible to find areas of clean ice and areas
of fully covered surfaces with a debris thickness of 10-15 cm within short distance on roughly
the same elevation. This is due to a non-homogenous debris deposition of the surrounding
headwalls. Similarly, clast sizes can vary from a few millimetres to more than 1 m.
Additionally, the englacial transport of debris is not implemented in this model, resulting in all
debris melting out at the ELA, which is an acceptable approach for debris covered glaciers
where debris are deposited near the ELA but not for debris covered glaciers where debris
deposition happens far above the ELA (Ferguson and Vieli, 2021).

Under current setting of the model, with a simplified bed geometry, it seems that the inclusion
of enhanced melt can be neglected. Given a real-world scenario, a glacier bed is very uneven,
consisting of small valleys, ridges, possible sub-glacier lakes and other surface types that could
results in greater differences between simulations including enhanced melt and simulations
without enhanced melt. Effects of cryokarst, which can have significant impacts on surface
melt, are also neglected.

Finally, the zone of enhanced melt was selected to represent any debris layer ranging from <0
to 0.03 m based on findings of various studies (Loomis, 1970; Small and Clark, 1974;
Compagno et al., 2021). However, the findings of this study as well as findings from Nicholson
and Benn (2006) and Fyffe et al., (2020) discovered that enhanced melt is only found for
partially covered surfaces. Such surfaces are, as of yet, not integrated in any numerical models.
In order to more accurately reflect empirical findings, a new approach to integrate patchiness
of debris layers contributing to accelerated melt would be beneficial for future modelling

studies.
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6 Conclusion

The present study presents a first approach in implementing increased melt in numerical
melt models. Enhanced melt was calculated based on two equations, one postulated by
Compagno et al., (2021) and one using a constant enhancement factor calculated from
fieldwork on Zmuttgletescher for an area where debris layers are thinner than a critical debris
thickness. Variable ELA forcing experiments showed that the differences for modelled glaciers
with and without enhancement do not differ significantly and that enhanced melt only affect
length and volume on a very small scale with response time and adjustment times to be very
similar. While the differences are insignificant, it is worth noting that the higher the
enhancement factor, the shorter and less voluminous the glaciers become. Variable ELA
forcings cause these glaciers to react faster and attain their steady states sooner.

Ablation measurements from Zmuttgletscher indicate that increased melt is with 1.2 times the
clean ice melt only found for partially covered surfaces. Due to the fact that only partially
covered surfaces have enhanced melt rates, a new method for determining the surface area
impacted by enhanced melt must be developed.

The method to integrate enhanced melt described above is a first step toward more
precise simulations of surface mass balance for debris-covered glaciers, and the findings are

likely applicable to any debris-covered glaciers of varying magnitudes.
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9 Appendix

9.1 Aerial photographs of the field work
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9.2 Orthophoto of the glacier
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Appendix 2. Orthophoto of the ablation area of Zmuttgletscher. The red area shows where on the glacier field measurements
were conducted as shown in figure 8.

9.3 Albedo measurements
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Appendix 3. Albedo values at each ablation stake for all three measurements. Differences between the data series are due to
weather conditions.
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9.4 Melt Measurements

Meltrate from 1st measurement to the 4th (12.07.2021 - 05.08.2021)

ID
1C
2D
3D
4C
5D
6D
7D
8D
9D
10D
11D
12D
13D
14D
15D
16D

start measurement [cm]
103,5
-27,25
104,5
-67,625
7
-86,25
-87,375
7,25
7,625
7,375
26,25
-1,25
-13,375
3,25
-3,7*
-1,1%*

4th measurement [cm]
229.5
122,5
244
63
129.,5
55

66
93,5
75

66

76
54,5
38,5
122
73%
64,5*

total melt [cm]
126
149,75
139,5
130,625
122,5
141,25
153,375
86,25
67,375
58,625
49,75
55,75
51,875
118,75
76,7
65,6

melt/day [cm/d]
5,20
6,19
5,76
5,40
5,07
5,84
6,35
3,57
2,79
2,43
2,06
2,31
2,15
4,95
5,09
4,36

debris thickness
NA

NA

NA

NA

0,7/3,1

NA

NA

5,1

6,1

9,1

13,8

10,7

19,2

2,2
2,25
3,5

Appendix 4. Melt calculations for all 16 stakes.

*from 21.07 to 5.08
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9.5 Relative difference between during a step change experiment
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Appendix 5. Relative differences between SMB calculations with enhanced melt vs. no enhancement. Differences in (a) happen

in the first 10 years where effects of enhanced melt cause a short period of decline before the debris layer increases in thickness
to insulate the glacier.

9.6 Sinus simulations
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Appendix 6. Sinus simulation with a 400-year period around an ELA of 3050 m with a 50 m amplitude.
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Appendix 7. Sinus simulation with a 1600-year period around an ELA of 3050 m with a 50 m amplitude.
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9.7 Zone of enhanced melt for a glacier with a 20° glacier bed geometry
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Appendix 8. Adjustment time of the zone of enhanced melt after a step change for a glacier with a 20° sloped bed
geometry.
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