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Abstract

The glacier Vadret da Morteratsch has been losing mass rapidly in the past century. A
proposed solution to its retreat is the deposition of artificial snow made from meltwater
to the glacier surface. The effects of this solution are analyzed using a mass and energy
balance model of the Morteratsch glacier. The model uses input from nearby weather
stations and is tuned using data from the Automatic Weather station on the glacier.
In the reference run, three mass balance years from 2016-2019 are analyzed. During
this period, the modelled mass balance of Morteratsch glacier is -0,80 m w.e./yr. In
the experimental runs, artificial snow is deposited to the glacier surface for wet bulb
temperatures below -2 oC. The artificial snow supply is constrained to an area of 0,8
km2 on the glacier tongue. When there are no limitations to the amount of water
used, the glacier mass balance can be increased to +0,14 m w.e./yr with artificial snow
deposition in this area. In practice, it is uncertain whether enough meltwater can be
stored throughout the year. If artificial snow supply is constrained by a water reservoir
of 106 m3, the mass balance becomes -0.42 m w.e./yr. Running the model with a
reservoir of 104 m3 results in a mass balance of -0.68 m w.e./yr.

Cover: The Morteratsch glacier (right) and Pers glacier (left) in August 2017. Photo
made from a glider by C. Levy, Academia Engiadina.
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1 INTRODUCTION 1

1 Introduction

Human-induced climate change has many transformative impacts on the earth’s landscape. Among
the most visible impacts of climate change is global glacier retreat. A well known consequence of
melting glaciers is global sea level rise. Together, all valley glaciers lost 220 gigatonnes of mass
per year between 2005 and 2016 [1]. This mass loss caused an increase in sea level of 0.61 mm/yr,
comparable to the separate contributions of the Greenland and Antarctic Ice Sheet [1]. Glacier
retreat also has many local consequences, including decreased stability of mountain slopes and an
increase of avalanche frequency [2].

One of the most well studied glaciers in the Eastern Alps is Vadret da Morteratsch, an alpine
glacier located in the southeast of Switzerland. The glacier is currently 5.8 km long, but it has
lost 2.8 km of its length since recording began in 1887 [3]. The glacier front has retreated to a
higher altitude and is not visible anymore from most of the valley. The retreat of the Morteratsch
glacier is unfortunate for the local community, whose economy largely depends on glacier related
tourism.

Prof. dr. Hans Oerlemans and dr. Felix Keller have been conducting research on Vadret da
Morteratsch for a long time [4][5][6]. Together, they have started the project MortAlive, with
which they aim to slow down the retreat of the Morteratsch glacier. Their proposed solution for
the retreat is covering a part of the Morteratsch glacier with artificial snow made from meltwater.
The technology used to produce the snow is based on snow lances, which are already used in the
ski industry.

An artificial snow cover acts as a sort of shield for the glacier ice. When the glacier is covered
with a snow layer, the incoming energy flux causes some of the snow to melt, protecting the ice
underneath as long as the snow is thick enough. But using snow has another advantage: because
snow reflects more solar radiation than ice, the incoming energy flux gets decreased, slowing the
melt rate of the glacier [5].

In a 2017 study, Oerlemans, Haag and Keller researched how permanently covering a part of the
glacier tongue with artificial snow would change the glacier length [4]. The study included an ice
flow model of the Morteratsch glacier. Mass balance (average mass loss or gain) at the flow line
was used as input. The artificial snow cover was simulated by setting the mass balance to zero at
the selected area. The study found that the retreat of the Morteratsch glacier could be decreased
with 0.5 km after 20 years of artificial snow supply if the Paris Climate Agreement becomes reality
[4].

Since the 2017 study, some questions are left unanswered. The mass balance used as the input was
a simple estimation. In my research, I aim to find the mass balance of the Morteratsch glacier and
how it changes with artificial snow cover. For this, I use a hypsometric model of the glacier that
uses input data from weather stations to simulate the snowfall and energy balance to calculate the
mass balance. In the model, I can add artificial snow at any chosen location and find its impacts
on the glacier mass balance. I will research how the impact of artificial snow on the mass balance
varies with altitude. Then, I will assess where and when the Morteratsch glacier can realistically
be covered with artificial snow, taking into account situational and water availability constraints.
Finally, I will study the sensitivity of the model results to climate and snow supply variability.
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In section 2, I will discuss some background on glaciers. I discuss the Morteratsch glacier and the
MortAlive project in particular. In section 3, I explain the most important aspects of the model
I used. Section 4 expands on section 3 by discussing how the model was tuned to observational
data. Then, I show results of the reference run without artificial snow and discuss the climate
and parameter sensitivities of the model. In section 5, I explain the experiments I conducted with
the artificial snow and show the results. The implications of the research are discussed in section 6.
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2 Background

2.1 Glacier basics

Glaciers are large moving bodies of ice on land. They form in places where more snow falls than
melts away over many years. As snow accumulates on a glacier, the lower layers of snow slowly get
compressed and most of the air escapes. In addition, a part of the snowpack can melt, perlocate
into the snowpack, and refreeze later. These processes happen many times, eventually producing
firn: a substance much denser than fresh snow. Eventually, through more compression and re-
freezing, the firn turns into glacial ice [7].

The process of mass being added to the glacier is referred to as accumulation. Most accumula-
tion consists of snowfall, but glaciers can also gain mass when rain or meltwater (re)freezes inside
the snowpack. Loss of mass through melting and sublimation is called ablation. The conditions
necessary to form a glacier tend to hold in cold places with sufficient precipitation. Of all glacier
mass, the vast majority is located in the Greenland and Antarctic Ice Sheets. Most other glaciers
lie in high mountain areas. Although only a fraction of the glacier mass is stored outside Greenland
and Antarctica, these glaciers currently contribute to about 34% of all glacial sea level rise [1]. The
short term contribution of these glaciers to sea level rise is so significant because they are located
in relatively warm areas, which makes them more vulnerable to small changes in the climate [7].
Glaciers move over the underlying terrain because of the gravitational force acting on them. When
glaciers are thick enough, the pressure on the lowest layers is so high that it starts to behave
like a fluid. In glaciers at relatively higher temperatures, the flow is enhanced by the presence of
meltwater in between the terrain and glacier [7].

Figure 1: Schematic picture of a glacier by Riccardo Pravettoni [8].
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2.1.1 Mass balance

There are different ways to get an indication of the evolution of a glacier over time. Glacier length
is one such indication that is relatively easy to measure. Length measurements give a clear sign on
whether a glacier is gaining or losing mass. However, focusing only on glacier length can give an
incomplete view of the state of the glacier, as it doesn’t measure the change in glacier thickness.
It is also insufficient if one is interested in the contribution to sea level rise. A more complete view
can be obtained by evaluating the change in mass. The mass balance B is the average glacier mass
gain or loss caused by accumulation and ablation over a certain period. As an equation, it reads:

B =

∫
(P +M +R + S)dt. (1)

Here, P is the snow accumulation rate, M the melt rateR the refreezing rate and S the (de)sublimation
rate. P and R cause mass gain, so are always positive. M is always negative. The mass balance
is expressed in mass per unit area over a certain time, usually a year. A unit that is often used is
meter water equivalent (m w.e.), which is equal to to 1000 kg/m2.

The mass balance evaluated over each unit area of the glacier is called the specific mass balance.
The specific mass balance usually varies significantly over the glacier. On the highest parts of the
glacier, the specific mass balance is positive because there is more accumulation than ablation.
This area is called the accumulation zone. Although accumulation needs to exceed ablation for
a glacier to be formed, glaciers also have an ablation zone, where the specific mass balance is
negative. Ablation zones exist because of the flow of ice from higher altitudes. The accumulation
and ablation zone are separated by the equilibrium line, where accumulation equals ablation [7].
The average height of the equilibrium line is called the Equilibrium Line Altitude (ELA). The
accumulation zone, ablation zone and Equilibrium Line are illustrated in Fig. 1.

Currently, almost all glaciers have a negative total mass balance as a consequence of climate
change. The average mass balance of mountain glaciers outside of polar regions was -0.49 m w.e./yr
from 2006-2015 [2]. In the Alps, average mass balance is even more negative [2]. In practice, a
negative mass balance means that the accumulation zone decreases and the ablation zone increases,
resulting in a higher Equilibrium Line and glacier retreat.

2.1.2 Energy balance

The current negative mass balance of many glaciers is the result of increased ablation. Melt
increases when energy fluxes towards the glacier surface increase. All energy fluxes are shown in
Fig. 2. F is the sum of all surface radiation and heat fluxes, defined to be positive when it is
directed towards the glacier. It is given by the following equation:

F = Sin − Sout + Lin − Lout +QL +QH (2)

Here, Sin and Sout are the incoming and reflected shortwave radiation. Incoming shortwave
radiation is all the solar radiation that reaches the glacier surface. Not all of that radiation is
absorbed by the surface. The reflected solar radiation Sout is determined by the albedo α of the
surface, defined as α = Sout/Sin. The net shortwave flux towards the surface is thus equal to
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Figure 2: An illustration of the energy balance. The energy fluxes Sin, Sout, Lin, Lout, QH , QL, G
and QM are represented by arrows. The thick dark blue line represents the glacier surface. The
dashed light blue lines represent the upper glacier layers. Each layer has a depth zi and a thickness
∆zi.

Snet = Sin − Sout = (1− α)Sin and always directed towards the surface.
Just like the Sun, other objects with a nonzero temperature radiate energy. An idealized body that
absorbs all radiation and then emits all of it is called a black body. The wavelength of blackbody
radiation follows a certain curve, depending on the temperature. The Earth can be approximated
as a blackbody in the infrared part of the electromagnetic spectrum, where it radiates most of
its energy. Lout, the outgoing longwave radiation, is the blackbody radiation of the glacier. The
average wavelength of this radiation is much longer than the solar radiation wavelength.
The incoming longwave radiation Lin is the radiation from the atmosphere. The atmosphere, how-
ever, can not be approximated as a blackbody, since it doesn’t absorb and emit all radiation. To
calculate it, the blackbody radiation has to be adjusted with the atmospheric emissitivity. Emissi-
tivity depends on conditions of the atmosphere, most importantly cloud cover. The emissivity of a
cloudy atmosphere is higher than that of a clear atmosphere. Due to the low average emissivity of
the atmosphere, Lin is smaller than Lout most of the time. Hence, the net longwave flux is usually
directed from the glacier surface towards the atmosphere.
QH and QL are the sensible and latent heat flux, also called turbulent fluxes. The sensible heat flux
is the exchange of heat between the air and the surface due to their temperature difference. The
latent heat flux is the energy that is released due to water exchange between the air and glacier
surface. It is directed towards the surface (positive) when water condensates or desublimates on
the glacier, and negative when water from the surface evaporates or sublimates from the glacier
surface. Both turbulent heat fluxes depend on the magnitude of the wind above the surface [7].
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The sum of all surface radiation and heat fluxes F determines what happens in the glacier.
The energy balance can be written as follows:

F = G+QM (3)

Here, G is the glacier heat flux, describing the flow of heat inside the glacier. QM is the flux of
energy available for melting. When the glacier surface is at the melting point and F is positive,
the incoming energy melts the upper glacier layer. When the temperature is below the melting
point, the heat will be transferred into the glacier, which increases the englacial temperature. If
there is water inside the snowpack, it (re)freezes at temperatures below 0 oC, also resulting in a
temperature increase. If F is negative, the glacier surface loses energy to its surroundings and
cools down as a result.

2.2 The Morteratsch glacier

Figure 3: The Morteratsch glacier (’M’) and the Pers glacier (’P’). The approximate location of the
Automatic weather station is denoted with a blue dot next to ’AWS’. To the left of Pers glacier lies
the much smaller Diovolezza glacier (’D’). The arrow points to a bump in the topography. Photo
made in August 2017 by C. Levy, Academia Engiadina.

Vadret da Morteratsch is located in the Alps in the south east of Switzerland, near the town
Sankt Moritz. It lies in between steep mountains, of which the highest peak is Piz Bernina (4049
m). The Morteratsch glacier ranges in altitude from around 2125 m to 4015 m and is currently 5.8
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km long. It has an area of 6.5 km2 [9]. In Fig. 3, the Morteratsch glacier and its surroundings are
shown. Next to the Morteratsch glacier lies a glacier of around equal size, called Vadret da Pers.
For a long time, the Morteratsch and Pers glacier were a coupled system: the tongue of the Pers
glacier merged with the tongue of the Morteratsch glacier at an altitude of 2400 m. However, in
2012 the glaciers decoupled as a result of the retreat of the Pers glacier. Fig. 3 is taken five years
after the decoupling.

To the east of the Pers glacier lies a much smaller glacier, called Diavolezza. Until recently,
this glacier was also quickly retreating. This was especially concerning for the ski industry, as the
Diavolezza glacier prevents the ski run next to it from becoming too steep [10]. The Diavolezza
glacier has been protected against melt in summer by a white fleece for around 15 years. Every
year after the accumulation season ends, the fleece is put on the glacier, as can be seen in Fig.
4(a). At the end of the summer, the fleece is removed again. This method seems to have worked,
because Diavolezza has since become ten meters thicker [10].

(a) (b)

Figure 4: (a) The Diavolezza glacier covered by a fleece. Picture made in September 2016 by
J. Oerlemans. (b) The Automatic Weather Station on Morteratsch glacier. Picture taken by F.
Keller.

2.2.1 Observations at the Morteratsch glacier

In Fig. 5(a), the length change of the Morteratsch glacier since 1878 is shown [3]. The glacier
length has decreased in most years, and the decrease in the last 20 years has been even faster.
The decrease is especially significant in 2015 and 2016. This can be explained by the fact that the
glacier then retreated over a bump in the topography, indicated by the arrow in Fig. 3.

Since 1995, the Institute for Marine and Atmospheric research Utrecht (IMAU) has been keep-
ing track of conditions at the Morteratsch glacier with an Automatic Weather Station [7]. The
Automatic Weather Station (AWS), which can be seen in Fig. 4(b), is an installation standing on
the glacier ice. Every half hour, the AWS measures temperature, relative humidity, pressure, ice
melt, snow depth, incoming shortwave radiation, outgoing shortwave radiation, incoming longwave
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Figure 5: (a) Length change of Morteratsch glacier with respect to 1882. Data from GLAMOS
[3]. (b) Weekly average atmospheric temperature measured at the Automatic Weather Station
located at 2440 m altitude.

radiation and outgoing longwave radiation. The data is stored locally. Due to the movement and
retreat of the glacier, the AWS had to be moved in 2007 and 2016. Currently, it is located at 2440
m altitude. The approximate location of the AWS is indicated in Fig. 3.

In Fig. 5(b), atmospheric temperature as measured by the AWS is shown. The yearly temper-
ature variations are large, ranging from around -10 oC to +10 oC.
The measured wind speed at the AWS is high, on average 2.5 m/s. The direction of the wind
is downglacier almost all of the time. This descending wind is called the glacier wind, and it is
forced by cold air descending over the mountain slope. The wind increases in magnitude when the
temperature difference between the glacier surface and atmosphere is large [7].

Data from the AWS is valuable in research about the Morteratsch glacier because it provides
long time series of the measured variables. There are several studies published on these data [6][11].
In a study by Oerlemans and Klok (2004) very relevant to the presented research, AWS data was
used to calculate the effect of a heavy summer snowfall in 2000 on the specific mass balance of the
Morteratsch glacier [5]. In Fig. 6(a), the surface height as measured by two sonic rangers is shown.
The height increases when the snowfall starts at day 192. The snowfall prevents ice melt for a
few days. From the gathered data, Oerlemans and Klok calculated that 224 mm water equivalent
(kg m−2) of snow was added to the glacier during the snowfall. In addition, the high snow albedo
reduced the ablation by 160 mm water equivalent. The fraction of the total effect relative to the
direct effect on the mass balance varied greatly over the glacier, with the highest values on the
glacier tongue. It is estimated that this snowfall event could compensate the effect of a +0.5 K
higher mean summer temperature [5].
In another study by Klok and Oerlemans (2002) about a 2D energy and mass balance model of
the Morteratsch and Pers glacier, AWS data was used in a different way. The input data of the
model came from synoptic weather stations near the Morteratsch glacier, and the AWS data was
used to tune the model. [12]. The model used in this research is based on the model by Klok and
Oerlemans.
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(a) (b)

Figure 6: (a) Distance measured from sonic rangers to the glacier surface at 2100 m (site 1) and
2640 m (site 2) in the year 2000. Figure from Oerlemans and Klok 2004 [5]. (b) An impression of
the snow shower cable system. Graphic by Andy Pfenninger [13].

2.3 MortAlive project

MortAlive is the project of dr. Felix Keller and prof. dr. Hans Oerlemans to prevent the retreat of
the Morteratsch glacier. They were inspired by the success story of the Diavolezza glacier, that had
gained mass after it was covered with a fleece during ablation seasons. Because the Morteratsch
glacier is much greater in scale, covering it with a fleece is not feasible [4]. Instead, Oerlemans and
Keller intend to save the glacier with artificial snow made from meltwater.

The artificial snow can be deposited to the glacier surface by a constellation of snow showers
attached to cables that are spanned between the mountain sides. Snow showers are similar to
snow lances, long poles that produce artificial snow that are sometimes used in the ski industry.
This setup with snow showers on cables cables is a new technology, of which an impression can
be seen in Fig. 6(b). The snow shower that will be used is a Nessy Zero-E, which requires no
electrical energy and can produce snow under sufficiently cold conditions [13]. The snow showers
create snow by using pressurized air and water to make ice crystals, over which water droplets are
sprayed to make the snow [14]. The aim is to use melt water from the Pers glacier for the artificial
snow production. It is predicted that a meltwater lake will form next to the Pers glacier in the
future. The water will be transported to the Morteratsch glacier by pipes. The position of the
future lake with respect to the Morteratsch glacier is shown in Fig. 7.

Not every part of the Morteratsch glacier is suitable for artificial snowfall. First of all, snow
cover has a larger effect on the glacier below the snowline, since the amount of ablation there is
high and the albedo is relatively low. Secondly, there are constraints for the placement of snow
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Figure 7: An illustration of the intended setup of the MortAlive project. Picture from MortAlive
[13].

showers. The area has to be enclosed by mountains that are steep enough so that the distance
between them is not too long. Aditionally, it is desirable that the place of supply is not too far
away and less than 200m higher than the water source, otherwise additional energy is needed to
transport the water. The third constraint is the amount of water available for snow production.
Likely, around one quarter of the meltwater of the Pers glacier can be used, especially when a lake
forms in the future. Another possible water source is a meltwater lake next to Morteratsch glacier,
but that lake contains relatively little water.
Currently, the area around the AWS is favoured as the artificial snow area, as it meets these
constraints more or less. As visible in Fig. 7, this area is around the same altitude as the future
meltwater lake.

In 2017, a study was done into the feasibility of the plan. A glacier flow model was used to
study the impact of keeping the area indicated in Fig. 7 permanently covered with snow. The
model predicts that when the goals of the Paris Climate Agreement are met and no artificial snow
is supplied, glacier length would decrease significantly: from 5.5 km in 2019 to 3.9 km in 2100.
When snow supply starts in 2019 and continues for the rest of the century, the retreat is slowed
down, resulting in a glacier length of 4.7 km in 2100 [4].

In my research, I will focus on the impact that artificial snow has on the mass balance of the
Morteratsch glacier. First, I will research the effect on the whole glacier, to discover how the
currently favoured area compares to other places. Then, I will focus on the mass balance effects
in the favoured area. I also aim to find how the mass balance effects are influenced by meltwater
availability constraints. Finally, I will look what the sensitivities are with respect to the climate
and artificial snow supply.
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3 Modelling the Morteratsch glacier

To answer the research questions, I made use of a hypsometric energy balance model of the Morter-
atsch glacier. In the model, the glacier is divided into 39 elevation bands of 50 m with their
respective areas. The hypsometry is shown in Fig. 8. For each height band, the mass and energy
balance are calculated.
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Figure 8: The hypsometry of Morteratsch glacier: the area per height band [9].

Most of the model input data comes from the weather stations Corvatsch and Samedan. The
input data is used to determine the snow accumulation, simulate the upper snow and ice layers
and calculate the different energy fluxes. From the sum of the surface fluxes (Eq. 2) the glacier
heat flux and melt energy are determined. The mass balance at each height band is calculated
from the modelled accumulation and ablation.
The model was made in Python by dr. Carleen Tijm-Reijm er and adjusted by me. It is based on
an earlier model by dr. Lisette Klok and prof. dr. Johannes Oerlemans [12]. The most important
difference between our model and the model by Klok and Oerlemans is that our model is hyp-
sometric instead of 2D. As a consequence, our model is faster, but less precise. In the following
sections, I will describe how the model works. Unless stated otherwise, our model follows the
model by Klok and Oerlemans as described in the article ”Model study of the spatial distribution
of the energy and mass balance of Morteratschgletscher, Switzerland” [12].

3.1 Input & evaluation data

The model uses most of its input data from two nearby weather stations. One of them is located
in Samedan, a town in a valley 13 km to the north of Vadret da Morteratsch. The other is located
at the mountain top Corvatsch 9 km to the west of the Morteratsch glacier. The approximate
locations of the weather stations are shown in Fig. 9. The difference between weather conditions
measured at Corvatsch and Samedan is large. In the valley where Samedan is located, daily tem-
perature fluctuations are much higher than those at Corvatsch. This is visible in Fig. 10, where
the temperatures measured at Samedan and Corvatsch in September 2017 are shown. In winter,
temperatures are relatively low in Samedan, due to the ’cold pool’ effect: cold air is trapped in
the valley [7].
Besides temperature, pressure, incoming shortwave radiation and relative humidity are measured
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every hour in Corvatsch and Samedan. Cloud cover is only measured in Samedan. Precipitation
is measured at two other weather stations, Bernina-Curtinatsch and Pontresina.

Figure 9: A topographic map of Morteratsch glacier and its surroundings. Morteratsch and Pers
glacier are denoted with the blue letters ’M’ and ’P’. The weather stations Samedan, Corvatsch,
Pontresina and Bernina-Curtinatsch are denoted by S, C, P and BC, respectively. Map retrieved
from the Schweizerische Eidgenossenschaft[15].

The model is evaluated with data from the Automatic Weather Station (AWS) at the glacier
itself, earlier shown in Fig. 4(b). The AWS has been at its current position since June 2016, giving
a time series of over 3 years. During the time the model runs, the average position of the AWS
was around 2440 m altitude. The AWS measurements can be used to check the model output at
the same altitude. Some parameters in the model can be tuned, so that the model becomes more
accurate. This involves adjusting the parameter values while evaluating the difference between the
model output and measurements. The model tuning process is described in Section 4.1.

In table 1, the input and evaluation data are shown. Pressure in the model is obtained by
a linear interpolation with height of the measurements at Samedan and Corvatsch. The mean
precipitation measured at Bernina-Curtinatsch and Pontresina is adjusted for height using a pre-
cipitation gradient γp. Cloud cover is taken directly from the measurements in Samedan.
In the first version of the model, relative humidity was linearly interpolated between Samedan
and Corvatsch, but this was later changed to an interpolation between the AWS and Corvatsch.
Relative humidity represents water vapour concentration relative to the maximum humidity at a
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Figure 10: Temperature in September 2017 measured every hour at the weather stations Corvatsch
(blue line) and Samedan (red line).

certain temperature. The temperature interpolation was changed from linear to a more complex
interpolation using different weights for Samedan and Corvatsch, a constant lapse rate and a con-
stant offset. More details on the relative humidity and temperature interpolations are given in
Section 4.1.

3.2 Simulating the snowpack

To be able to simulate energy fluxes from and towards the glacier, it is important to know the
characteristics of the upper glacier layers.
The the upper layers of the glacier are simulated so that the englacial temperature and heat flux
can be estimated. The upper ten meters are divided into five layers, as illustrated in Fig. 2. The
layers increase in thickness ∆z with depth. The average layer depths z are at 0.05, 0.20, 0.65, 2.5
and 7.0 meters below the surface. Only the first ten meters of depth are modelled, because the
temperature fluctuations below that are small. The modelling of the upper layers is similar as in
Klok and Oerlemans (2002), except that five layers are modelled instead of two.

3.2.1 Snowfall

The model keeps track of the amount of precipitation that falls in each elevation band. When the
atmospheric temperature T is below 1.5 ◦C the precipitation is registered as snow, otherwise it
falls as rain. The model keeps track of the snow depth by adjusting the snowpack thickness d each
time step snow falls or melts away.

In the model, artificial snow deposition can be turned on and off. When the artificial snow
setting is turned on, the model checks whether the conditions for artificial snow supply are met
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Table 1: Data used for model input and evaluation
Data Source

Input Temperature Samedan & Corvatsch
Relative humidity AWS & Corvatsch
Pressure Samedan & Corvatsch
Cloud cover Samedan
Incoming shortwave radiation Corvatsch
Precipitation Pontresina & Bernina-Curtinatsch

Evaluation Temperature AWS
Pressure AWS
Ice melt AWS
Snow depth AWS
Incoming shortwave radiation AWS
Outgoing shortwave radiation AWS
Incoming longwave radiation AWS
Outgoing longwave radiation AWS

at every time step. The relevant quantity for artificial snowfall is the wet bulb temperature Twb:
the temperature an air parcel would be if it was fully saturated with water vapour. When the wet
bulb temperature is below -2 oC, artificial snow can be produced.
The wet bulb temperature is calculated in the model from [16]:

Twb = T − esat(T )(1−RH)
cpp

0.622Lv
+ ∂esat

∂T

(4)

Here, T is the modelled atmospheric temperature in K. From T , the water vapour saturation pres-
sure esat [hPa] and its derivative ∂esat

∂T
[hPa/K] can be calculated. RH (fractional) and p [hPa] are

the modelled relative humidity and pressure. cP is the specific heat at constant pressure (1004 J
kg−1 K−1) and Lv the latent heat of vaporization (2.501·106 J kg−1).

When the wet bulb criterion Twb < −2oC is met, artificial snow is added to the snowpack at
a rate of 1.2 mmwe/h. This rate is estimated from the assumption that one snow shower can
produce 3000 kg of snow per hour, which is used to cover an area of 2500 m2. Additionally, it is
assumed that the snow spreads evenly and all snow ends up on the glacier.

3.2.2 Snow density

The model uses the snow depth to determine which of the upper layers consist of snow and which
consist of ice. The density ρi of each layer i ∈ [0,4] is calculated in the following way:

ρi = fice,iρice + fsnow,iρsnow (5)

ρsnow,i = ρice + (ρfreshsnow − ρice)e−zi/10 (6)

Here, fsnow and fice are the fractions of snow and ice in a layer. All layers consist only of snow
or ice, except the one with the transition from snow to ice. ρice and ρfreshsnow are the constant
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densities of ice and fresh snow with values of 900 and 350 kg/m3, respectively. The density of snow
depends on the average layer depth zi. The density decays exponentially from the ice density to the
fresh snow density with decreasing depth. The density profile is kept constant, so no densification
is included.

3.2.3 Glacier heat flux

The energy balance determines what happens to the glacier. When the surface energy flux F (Eq.
2) is positive and the upper layer of the glacier is at the melting point, the incoming energy flux
results in melt of the upper layer. If the glacier is below the melting point, the absorption of energy
causes the englacial temperature to increase. Similarly, a negative energy surface flux will result
in a temperature decrease. Following Klok and Oerlemans, the temperature change in the upper
glacier layer is calculated as:

∆T0 =
∆t

ρ0cP0∆z0
(k0

dT0
dz

+ F ) (7)

Here, ∆t is the model time step (3600 s), ρ0 [kg/m3] the density and ∆z0 [m] the layer depth, all
for the upper layer. cP0 [J/kgK] the heat capacity of ice, calculated from T0. k0 [W/mK] is the
layer weighted thermal conductivity, calculated from the layer density. The temperature gradient
dT0/dz is estimated from the values at the layer boundaries.
The temperature change for every other layer i ∈ [1,4] is calculated as:

∆Ti =
∆t

ρicPi∆zi
(ki
dTi
dz
− ki−1

dTi−1

dz
) (8)

The temperature at 10 meters depth T10m is fixed. For all height bands below the ELA (2982 m),
T10m is at the melting point. For the height bands above that, T10m decreases with 0.1 K every 50
meters.

3.2.4 Water percolation

Water originating from rain or glacial melt can percolate into the snowpack. In addition to Klok
and Oerlemans, the effect of refreezing water on the mass and energy balance is taken into ac-
count.
The maximum amount of water that can refreeze in a layer is given by Wmax [mm w.e.] =
ρwater∆zi(ρice− ρi)/ρice. As water freezes, latent heat is released. This energy results in a temper-
ature increase in snow temperature equal to:

∆Ti =
Wfr,iLm

ρicPi∆zi
(9)

Here, Wfr,i [mm w.e.] is the amount of water that freezes in a layer and Lm is the latent heat of
melting (3.34 · 105 J/kg). The refreezing continues until all available water is refrozen or until the
temperature reaches 0 oC.
After each time step, all water that is left percolates to the next layer, except the water held by
capillary forces against gravity.
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3.3 Surface energy fluxes

3.3.1 Incoming shortwave radiation

To determine the incoming shortwave radiation at each elevation band, the solar radiation at the
top of the atmosphere is adjusted for the inclination of the sun with respect to the surface and
interference with the atmosphere.
Following Klok and Oerlemans, incoming shortwave radiation at the glacier is calculated as follows:

Sin = TtransTcloud cos(Z)STOA (10)

Here, the shortwave radiation at the top of the atmosphere STOA is all the solar radiation that
reaches a surface oriented to the sun, without atmospheric interference. STOA varies a bit over the
year with the distance to the sun.
The zenith angle Z is the angle between the vertical of the earth surface and the position of the
sun, as illustrated in 11. It depends on the daily and seasonal cycle of incoming solar radiation
and is calculated from the latitude, declination and time of the day.
TTrans represents the fraction of solar radiation that is transmitted through the atmosphere limited
by Rayleigh scattering, gas absorption and scattering by water vapour and aerosols. It is calculated
for every height band of the Morteratsch glacier, since it depends on height trough the thickness
of the atmosphere. The factor Tcloud is the transmission of solar radiation through clouds. Tcloud is
determined as a constant for the whole glacier with Eq. 10 using Ttrans and measurements of Sin

at Corvatsch.

When incoming shortwave radiation is calculated using equation 10, important factors like the
slope, orientation and shading at the glacier are excluded. Klok and Oerlemans took these factors
into account by using a Digital Elevation Model. Since this model is not 2D, topography effects
are modelled differently.
Slope and orientation of the glacier surface were determined from the characteristics of the flowline
used in the glacier flow model of the Morteratsch glacier by Oerlemans in 2017 [4]. That model
started at 3700 m. Slope and orientation for higher altitudes were estimated from the topograph-
ical maps of the Switzerland Confederation [15].
The effect of surrounding topography is taken into account by introducing the angle describing the
topography height Htopo. This angle represents the part of the sky that is obstructed by the topog-
raphy, and is illustrated in Fig. 11. In the model, for each elevation band the average Htopo over all
directions is used as input. The value of Htopo is difficult to obtain. It was estimated by finding the
maximum possible topography angle Htopo,max at each height band using the topographic map [15].
The average topography angle was assumed to be a constant fraction ftopo of this angle, so that
it is given by Htopo = ftopoHtopo,max. The fraction ftopo was estimated from observations at the AWS.

If the shading, orientation and slope of the glacier are taken into account, the direct and diffuse
fraction of solar radiation have to be calculated separately. The direct solar radiation is calculated
as:

Sdir = fdirTtransTcloudcos(Za)STOA (11)

where fdir is the direct fraction of all solar radiation, calculated from fdir = 0.2+0, 65(1− cc) with
cc the fractional cloud cover. Zais the zenith angle adjusted for the slope and orientation of the
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Htopo

Z

Figure 11: Illustration of the zenith angle Z and the topography angle Htopo on a horizontal surface.

glacier surface. There is no direct solar radiation when Z > 90o - Htopo.

The diffuse solar radiation is given by:

Sdif = fdifVfTtransTcloudcos(Z)STOA (12)

Here, fdif = 1− fdir. Now, Z is the zenith angle for a horizontal surface, as the diffuse radiation
comes from the whole sky. Everything has to be multiplied by the view factor Vf because topogra-
phy obstructs light from a part of the sky. Finally, the new incoming solar radiation is calculated
by adding Sdir and Sdif .

3.3.2 Albedo

When modelling the albedo, it is important to take the varying snow albedo into account. Following
Klok and Oerlemans (2002), this is done by tracking the time since the last snowfall, as fresher
snow has a higher albedo. The snow albedo is parameterized as follows:

αsnow(t) = αfirn + (αfreshsnow − αfirn)e−
t
t∗ (13)

Here, t is the time since the last snowfall. The snow albedo is equal to the αfreshsnow (0.9) just
after snowfall and decays exponentially to αfirn (0.53) over time. After a time t∗ the snow albedo
has lowered to a value of 0.67. After tuning, the time scale t∗ was chosen as 13 days. This differs
from the value of Klok and Oerlemans, who had t∗ = 21.9 days [12].

The albedo α is calculated from the snow albedo and the snow depth d with the following
equation:

α(t, d) = αsnow(t) + (αice − αsnow(t))e−
d
d∗ (14)

If there is no snow, the albedo is equal to αice (0.3). When more snow accumulates, α increases to
αsnow. The depth scale d∗ was tuned to 2.2 cm. The value used by Klok and Oerlemans was 3.1
cm [12].
The outgoing shortwave radiation is obtained by multiplying the incoming shortwave radiation
with the albedo.
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3.3.3 Outgoing longwave radiation

The outgoing longwave radiation can be calculated easily because the glacier surface can be treated
as a black body. It is given by:

Lout = σT 4
0 (15)

Here σ = 5.67 · 10−8 J s−1m−2K−4 is the Stefan Boltzmann constant and T0 is the temperature of
the upper layer of the glacier. How T0 changes over time is determined by the heat flux, explained
in Section 3.2.3.

3.3.4 Incoming longwave radiation

The incoming longwave radiation is the radiation from the atmosphere. The atmosphere is a grey
body, so the blackbody radiation formula has to be adjusted for the emissivity ε:

Lin = εσT 4 (16)

The emissivity depends on the conditions of the sky. Following Klok and Oerlemans (2002), the
emissitivity is calculated from the cloud emissitivity εcloud and clear sky emissitivity εclearsky as:

ε = (1− cc2)εclearsky + cc2εcloud (17)

Here, cc is the fractional cloud cover, which can take values between 0 and 1. The emissitivity of
clouds is εcloud= 0.984. The emissitivity of a clear sky εclearsky is calculated from:

εclearsky = 0.23 + b(
e

T
)
1
8 (18)

Here e is the water vapour pressure in Pa and T the atmospheric temperature in K. b is a constant
parameter, chosen as 0.395 (K/Pa)1/8 after tuning. This is different from the value of Klok and
Oerlemans, who found a value of 0.433 (K/Pa)1/8 by tuning [12].

3.3.5 Turbulent fluxes

Following Klok and Oerlemans, the sensible heat flux QH and latent heat flux QL are modelled as:

QH =
1

2
ρcp(Ckat + Cb)(T − T0) (19)

QL =
ρRdLs/v

2pRv

(Ckat + Cb)(e− es(T0)) (20)

Here ρ is the modelled air density. Both formulas depend on Cb and Ckat, the base and katabatic
exchange coefficients. Ckat represents the exchange due to the glacier wind and depends on the
temperature difference between the atmosphere and upper glacier layer T − T0. In the formula for
QL, p [Pa] is the atmospheric pressure, e [Pa] the atmospheric water vapour pressure and es [Pa]
the saturated water vapour pressure just above the glacier surface. Rd (287.05 J kg−1 K−1) and Rv

(461.51 J kg−1 K−1) are the gas constants of dry air and water vapour. Ls/v is the latent heat of
sublimation (2.83 · 106 J/kg) when the temperature is below the melting point and of vaporization
(2.50 · 106 J/kg) when it is above the melting point.
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3.4 Mass balance

For each height band h and time step t, the specific mass balance Bh,t is calculated.

Bh,t = Ph,t +Mh,t +Rh,t + Sh,t (21)

= Ph,t +
EM,h,t

Lm

+Rh,t +
Qs

L,h,t∆t

Ls

(22)

Here Ph,t is the snow precipitation, EM,j,t the melt energy per unit area [J/m2], Rh,t the refreezen
water and Qs

L,h,t the latent heat flux for (de)sublimation (QL when the temperature is below 0
oC).
The total mass balance is obtained by summing the product of the area and specific mass balance
over time and all height bands, and divided by the total area to obtain a value per unit area:

B =
1

A

∑
height

∑
time

AhBh,t (23)
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4 Evaluating the model

In this section, the model outcomes are compared to measurements at the AWS and the tuning
process is described. Then, the outcomes of the reference run are discussed and the results of the
sensitivity analysis are evaluated.

4.1 Model tuning

Evaluation data is important for creating an accurate model. In this research, data from the Auto-
matic Weather Station (AWS) was used to compare the model output at the same altitude as the
AWS. The data were evaluated from 11/09/2016 to 11/09/2019. On the basis of the comparison
between data, some changes were made to the modelling of the temperature, relative humidity,
incoming shortwave radiation, incoming longwave radiation and albedo. The modelling of the
precipitation was changed based on other observations. In some cases only some parameters were
changed, in other cases more explicit changes to the model were made.

4.1.1 Temperature

The model temperature is determined from measurements at Samedan and Corvatsch. Klok and
Oerlemans determined the atmospheric temperature by a linear interpolation with height between
the measurements at Corvatsch and Samedan. This gives a quite good agreement with the mea-
surements (R = 0.95, bias = -0.63 K, RMSE = 2.66 K), as can be seen in Fig. 12(a).
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(a) Linear interpolation between Corvatsch and
Samedan.
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(b) Adjusted weighted average between Corvatsch
and Samedan.

Figure 12: Scatter plots of the hourly modelled and measured temperature at 2440 m. Points
above the black line are modelled too high, points below the line are modelled too low.

However, linear interpolation might not be the best approach, since the conditions at Samedan
and Corvatsch are very different, as was shown earlier in Fig. 10. Therefore, I explored other ways
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to model the temperature.
I decided to give more weight to the Corvatsch measurements, since they are more similar to the
conditions at the Morteratsch glacier. I did this by taking a weighted average of the temperatures
of Corvatsch and Samedan at their midpoint with a constant offset of +1.8 K to correct for the
higher weight of Corvatsch. That temperature was then extrapolated to other heights using a
constant lapse rate. I choose a lapse rate of -5.5 K based on the average temperature difference
between the AWS and Corvatsch. This interpolation can be seen in Fig. 12(b) and turned out to
be better (R = 0.97, bias = 0.04 K, RMSE = 1.86 K). The variation over the day is smaller and
closer to the measurements. Additionally, the bias in midwinter has declined.

4.1.2 Relative humidity
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Figure 13: Monthly average relative humidity measured at Corvatsch, Samedan and the Automatic
Weather Station at Morteratsch glacier.

Initially, relative humidity (RH) was calculated by linearly interpolating the measurements at
Samedan and Corvatsch with height. However, when I compared the modelled relative humidity at
2425 m to the measurements at the same height by the automatic weather station, I noticed that
they didn’t match well: the correlation was only 0.77, and the measurements were on average 14
% higher. In Fig 13, the monthly average measurements from the AWS, Samedan and Corvatsch
are all plotted. From this figure, it becomes clear that the RH measured at the AWS is always
lower than at Corvatsch and Samedan. This can be explained by the presence glacier wind at
the AWS. Since the air comes from higher colder places, its humidity is low, resulting in a lower
relative humidity lower on the glacier. There is a high mountain climate at Corvatsch, which is
similar to the climate at the highest glacier altitudes. With this knowledge, linearly interpolating
RH measurements from Corvatsch and Samedan doesn’t seem ideal. Instead, I choose to linearly
interpolate the data from Corvatsch and the AWS. This likely matches better with reality, but
unfortunately I cannot check that since the control data for the relative humidity is now used as
input.
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4.1.3 Precipitation

Precipitation at each altitude is calculated by adjusting the measured precipitation at Bernina-
Curtinatsch with a precipitation gradient γp. The initial value used by Klok and Oerlemans of
γp was 0.4 mm w.e./yr/m, based on research in the area of the Morteratsch glacier [17][12]. This
means that the yearly precipitation increases with 0.4 mm per meter with increasing altitude. It
is difficult to check whether the modelled snow precipitation is correct. It is not ideal to compare
the measured and modelled snow depth, since modelled snow depth also depends on the rain-snow
temperature cutoff and the density profile.
However, the snow precipitation can be obtained from ice core measurements, as the snow density
can be determined from those measurements. From an ice core at the top of the accumulation zone
of Pers glacier, a yearly accumulation rate of 2.6 ± 0.8 m w.e./yr was found for 1992-2001 [18][4].
For γp = 0.4 mm w.e./yr/m, the modelled yearly accumulation at the highest elevation band is
1.8 m w.e./yr. Because this is significantly lower than the measured rate, I decided to increase γp
to 0.6 mm w.e./yr/m. This new rate resulted in 2.2 m w.e./yr modelled accumulation, closer to
the measured rate. It should be noted that this decision had to be based on personal judgement
of little available information.

4.1.4 Incoming shortwave radiation
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Figure 14: Seven day average incoming shortwave radiation at 2425 m. Measurements by the
AWS are represented by the red line. Modelled radiation with topography effects (black line) and
without topography effects (blue line) are compared.

First, I evaluated the modelled incoming shortwave radiation when no topography effects were
included. The slope and topography angle Htopo were equal to zero, and the orientation was to-
wards the north. The results at 2400-2450 m altitude are compared to the measurements at AWS
in Fig. 14. As expected, the modelled radiation exceeds the measurements most of the time. The
difference is especially large during winters. The blue line in Fig. 15 shows that the incoming solar
radiation without topography effects increases with altitude, as the atmosphere gets thinner.
When slope and orientation are taken into account, the results change significantly. In Fig. 15,
the green line represents this case. It shows a large variation with altitude. Most of this variation
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Figure 15: Average modelled incoming shortwave radiation as a function of height. The blue line
shows modelled radiation without topography effects. For the green line, slope and azimuth of
the surface are taken into account but Htopo is neglected. The black line shows the final modelled
shortwave radiation with all topography effects.

is due to the slope, as the orientation of the glacier varies little.

To include the effect of shading by the topography as well, the topography angle Htopo had to
be estimated. This was done by varying the fraction ftopo of the measured maximum topography
angle Htopo,max. The results at the AWS height were compared to the AWS measurements. By
evaluating the differences, ftopo was tuned to 0.7. The results including the tuned topography
angle, slope and orientation are shown by the black line in Fig. 14. This modelling matches well
with the measurements, especially during winters. Htopo is of greater importance during winters
because of the on average lower solar elevation. Surprisingly, the measured radiation is much
higher during the last two summers. It is not certain what causes this. It is possible that the AWS
doesn’t stand completely perpendicular to the glacier surface, but a bit more oriented towards
the sun. In Fig. 15, the results of including all topography effects are compared to the results of
including only slope and orientation of the glacier surface. From this figure, it becomes clear that
the effect of shading by topography is generally smaller than that of the glacier slope, but there
is large variation over the glacier. At the altitude band of the AWS (2400-2450 m), the effect of
Htopo is bigger than that of the slope as the slope angle is small.
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4.1.5 Incoming longwave radiation

A scatter plot of the initial model output for Lin is shown in Fig. 16(a). The daily modelled
incoming longwave radiation was on average 8.6 W/m2 higher than the measured value (R = 0.92,
bias = 8.6 W/m2, RMSE = 20 W/m2). I varied with the parameters b and εcloud and found that
adjusting b was most effective at reducing the bias while maintaining a high correlation. This
indicates that the emissitiviy of a clear sky (Eq. 18) was modelled too high. The result can be
seen in Fig. 16(b). By changing b from 0.433 to 0.395, I reduced the bias to 1.5 W/m2.
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Figure 16: Scatter plots of the daily modelled and measured incoming longwave radiation at 2440
m. Points above the black line are modelled too high, points below the line are modelled too low.

4.1.6 Albedo

Initially, I used the same values for t∗ and d∗ in the albedo parameterization as Klok and Oerlemans.
That resulted in a reasonable agreement with the albedo calculated from the measurements (R
= 0.906, bias = 0.024, RMSE = 0.12). The albedo at the end of ablation season was modelled
too high. Therefore, t∗ was lowered too find a better match. In addition, albedo changes at early
snowfall events were often modelled too low. By increasing d∗ this was improved. The agreement
between the model and measurements improved because of these changes (R=0.935, bias = 0.014,
RMSE = 0.096). In Fig. 17, the final result is shown.

From 1995-2007, the AWS was located on a lower position at the glacier tongue. Research from
that period indicates that the the albedo was very low at that position due to dust accumulation
[6]. To account for this effect, I added a gradient in the modelled ice albedo. Above 2400 m αice is
always equal to 0.3, below that altitude it decreases linearly with height to 0.2 at the lowest point
of the glacier.
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Figure 17: Measured and modelled rolling daily average albedo.

Table 2: Comparison between model and measurements at 2400-2450m. IM (ice melt) is based on
3-day averages, α is based on 24-hour running averages. The fluxes are daily averages. The rest
are hourly values.

period R bias RMSE
p hourly 0.99 +0.45 hPa 1.17 hPa
T hourly 0.97 -0.0089 K 1.9 K
d hourly 0.96 -0.20 m 0.32 m
Sin daily 0.95 -11 W/m2 35 W/m2

Sout daily 0.95 -1.9 W/m2 56 W/m2

α running 24-hour 0.93 0.014 0.098
Lin daily 0.93 +1.5 W/m2 18 W/m2

Lout daily 0.97 +0.11 W/m2 7.5 W/m2

IM 3-daily 0.95 -0.22 mm 22 mm

4.2 Model evaluation

In table 2, the final evaluation between the model outputs and measurements is shown. Here I
discuss only the quantities that were not tuned: pressure, Sout, Lout, ice melt and snow depth.
Modelled and measured pressure are compared in Fig. 18(a). The correlation between the modelled
and measured pressure is very high (R = 0.99) and the bias and root mean square error are low.

Modelled Lout matches well with the data, as can be seen in Fig. 18(b) . Because the outgoing
longwave radiation is calculated with Lout = σT 4

0 , this indicates that the surface temperature was
modelled well.
In Fig. 18(d), modelled and measured Sout are compared. They correspond well to each other,
indicating that combined modelled Sin and α are reasonable.
Ice melt (IM) is plotted in Fig. 19 and matches well. Over the three years evaluated, the AWS
measures 15.27 m of ice melt. The model is only 8 centimeters off with a modelled 15.19 meter.

The snow depth is plotted in Fig. 20. The modelled values have a high correlation (R = 0.96)
with the measurements. However, the bias is high: the modelled snow is 0.20 meter lower than
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Figure 18: Scatter plots of modelled and measured quantities: (a) hourly pressure; (b) daily
outgoing longwave radiation; (c) daily incoming shortwave radiation; and, (d) daily outgoing
shortwave radiation.

the measured snow depth. Likely, the discrepancy is due to the fact that the densification of snow
is not modelled. This also explains why the snow declines are much steeper in the measured case.
Although the modelled snow density is probably not correct. Despite the fact that the snow height
is not modelled correctly, the modelled snow mass probably matches better, since that does not
depend on the density parameterization. For the albedo modelling, the time when the snowpack
has melted away is the most important to model correctly. That timing is likely modelled well,
since it depends on the snow mass.
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Figure 19: Measured and modelled 3-day average ice melt
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Figure 20: Measured and modelled daily average snow depth.

4.2.1 Comparison with Klok and Oerlemans

Klok and Oerlemans (2002) also evaluated their model with AWS data. They found R=0.96 for
daily averaged Sin[12], comparable to my finding (R=0.95). This suggests that my 1D modelling
of incoming shortwave radiation with tuning of the topography angle is comparable to their 2D
modelling at the AWS altitude. However, for the whole glacier 2D modelling will perform better.
For Sout, Klok and Oerlemans found a R of 0.89[12], lower than my finding of R=0.95. Since Sin

performance was similar, this suggests that my albedo modelling was more accurate.
For Lin and Lout, Klok and Oerlemans find correlations of 0.91 and 0.97, respectively [12], com-
parable to what I found. Surprisingly, Klok and Oerlemans modelled Lin too low (bias = -6.8
W/m2), whereas I had a bias of +8.6 W/m2 when I modelled it using the same value for b.

4.3 Reference run

In the following sections, the results from the model reference run, i.e. without artificial snow, are
discussed. The model results cover the period from the 20th October 2016 to the 20th October
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Figure 21: (a) Yearly specific mass balance for the Reference run over the period 20 October
2016 to 20 October 2019. The ablation is shown by the orange line and the accumulation is shown
by the blue line. The specific mass balance (green line) is obtained by adding the accumulation
and ablation. (b) Yearly modelled specific mass balance (blue line) compared with findings from
literature. The green dashed line shows the best linear fit to the stake measurements from 2001-
2016 in the ablation zone by Zekollari & Huybrechts [19]. The red dotted line shows the input to
the ice flow model by Oerlemans [4].

2019, encompassing three mass balance years.
The yearly average specific mass balance is shown in Fig. 21(a). At the lowest altitudes, the spe-
cific mass balance is equal to -5.5 m w.e. In the ablation zone, the mass balance gradient dB/dz is
approximately 6 m w.e./yr/km. However, the variation from this rate is high, reflecting differing
circumstances across altitude bands. The modelled ELA is approximately at 3060 m altitude. In
the accumulation zone, dB/dz lowers to 2 m w.e./yr/km as the ablation approaches zero. Here,
the mass balance is dominated by accumulation, which gradually increases with altitude due to
the prescribed precipitation gradient and lower temperatures. The total mass balance is -0.80 m
w.e./yr.

In Fig. 21(b), the modelled specific mass balance is compared to stake measurements in the
lower ablation zone of the Morteratsch glacier by Zekolarri & Huybrechts (2018) [19]. In the figure,
the line of best fit through these measurements is shown. Direct comparison is not possible be-
cause of the time difference between the model and measurements, but it can be instructive of the
overall pattern. The measurement line seems to overlap broadly with our modelled specific mass
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Figure 22: Average modelled energy fluxes for the Ref. run over the period 20 October 2016 to
20 October 2019. Positive values represent fluxes directed towards the surface. The net longwave
radiation is obtained by substracting the outgoing shortwave radiation from the incoming short-
wave radiation. Similarly, the net shortwave radiation is the incoming shortwave radiation minus
outgoing shortwave radiation.

balance, but shows more divergence at the lowest part of the glacier. From this, it seems possible
that the modelled topography effects are too high at the lowest points of the glacier. However,
it is important to keep in mind that most measurements by Zekolarri & Huybrechts were in the
2400-2600 m altitude range and that the fit is linear.
The mass balance input of the flow model by Oerlemans et al. [4] is also shown in Fig. 21(b). This
function was based on earlier results of the mass balance model by Klok and Oerlemans [4] and
measurements of snow accumulation by Sodemann (2006) [18]. The ablation curves correspond
well, but there is a large discrepancy in the accumulation zone, where Oerlemans assumes more
accumulation at the highest altitudes.

The modelled surface flux distribution in Fig. 22 provides more insight into the distribution
of specific mass balance. Lnet is negative on average, as Lout is larger than Lin most of the time.
It becomes more negative with greater altitudes due to the lower temperature of the atmosphere
at these altitudes. The decreasing atmospheric temperature with height also causes a decrease in
QH with altitude. QL increases with altitude due to larger relative humidity at high altitudes.
The net shortwave flux varies the most with altitude, reaching values as high as 60 W/m2 on the
glacier tongue and as low as 20 W/m2 in the accumulation zone. Most of this difference can be
explained by the albedo differences. Another part of the variation is caused by the differences in
slope and topography angle. Overall, the total flux decreases with height. The pattern of the abla-
tion and specific mass balance curve in Fig. 21(a) varying with height returns in the energy balance.
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4.4 Model sensitivity

4.4.1 Climate sensitivity

The climate sensitivity of the model to temperature and precipitation was tested by running the
model with adjusted temperatures and precipitation rates. The sensitivity tests were conducted
over the period 20 October 2016 to 20 October 2019. The results of the climate sensitivity analysis
can be seen in Table 3.

A one degree higher atmospheric temperature results in a mass balance of -1,64 m w.e./yr: a
decrease of -0,62 m w.e./year with respect to the reference run. The Equilibrium Line Altitude
(ELA) changes from 3060 m to 3330 m altitude in this scenario. The decrease in mass balance
and increase in ELA is partly related to a decrease in accumulation. The temperature threshold
for snowfall is met less often if the temperature increases with 1 K, resulting in 0,11 m w.e./yr
less snowfall with respect to the reference run. The decrease in snowfall also causes the albedo to
decrease with 0.02, resulting in 2.4 W/m2 more absorption of solar radiation on average. QH and
QL increase as well, as they are both related to the temperature difference between the glacier and
the atmosphere. Lin is also related to the atmospheric temperature and increases, but is mostly
compensated by an increase in Lout as the temperature of the glacier increases as well. A one
degree lower temperature causes the ELA to lower to 2860 m and the mass balance to increase
with +0,51 m w.e./year. In terms of absolute change, this is lower than the change due to the one
degree increase, meaning that the temperature sensitivity is nonlinear. This non linearity partly
results from the fact that the absolute difference in snow accumulation is smaller for a temperature
decrease, resulting in relatively less mass being added and smaller albedo effects on the shortwave
radiation. In addition, the other fluxes also depend on temperature non linearly, changing more
when temperature increases.

Increasing the precipitation rate with 10% results in a mass balance increase of 0,15 m w.e./year.
Most of the mass balance change is due to the increased snow accumulation. Smaller effects of
more snow cover are increased refreezing of water inside the snowpack and a decrease in ablation
due to albedo increase. Decreasing the precipitation rate with 10% results in an opposite mass
balance change of 0,15 m w.e./year, thus the sensitivity to precipitation is linear. ELA changes
are small, in the order of ten meters. This is partly due to the fact that most of the mass balance
changes happen in the accumulation zone, where both the amount of precipitation and the ratio
of snow to rain are higher than lower on the glacier.

It can be useful to compare these sensitivities to those of Klok’s 2D model of the Morteratsch
and Pers glacier. We cannot directly compare the results of the models, as they are not identical
and Klok models the Morteratsch and Pers glacier together. However, we should expect similar
results due to the many similarities between the models. Klok found -0.7 and +0.65 m w.e./yr
difference for a temperature change of +1 K and -1 K, and +0,17 and -0,16 m w.e./yr for precipi-
tation changes of +10% and -10%, respectively [12]. Comparing this to the sensitivities we found
in Table 3, we find that they are indeed similar.
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Table 3: Climate and parameter sensitivity. The first column shows the adjusted parameter
or climate conditions with respect to the reference run. The second column shows the yearly
mass balance B over the period 20-10-2016 to 20-10-2019 in meters water equivalent per year (m
w.e./year). The third column shows the difference in yearly mass balance ∆B between each run
and the reference run.

B (m w.e./year) ∆B (m w.e./year)
Ref. -0.80
T +1 K -1,42 -0,62
T -1 K -0,29 +0,51
Prec +10% -0,65 +0,15
Prec -10% -0,94 -0,15
t∗ +8.9 days -0,83 -0,17
d∗ +9 mm -0,82 -0,02
αice +0,05 -0,70 +0,09
ftopo +0.1 -0,71 +0,09
ftopo -0.1 -0,88 -0,08
b + 0,038 -0,99 -0,20
γp +0,2 mm m−1 yr−1 -0,55 +0,24
γp -0,2 mm m−1 yr−1 -1,04 -0,24
No-R -0,93 -0,14

4.4.2 Parameter sensitivity

The parameter sensitivity of the model is also shown in Table 3. Here, I assessed the parameters
that were tuned, namely parameters from the albedo parameterization (t∗, d∗ and αice ) , the in-
coming shortwave radiation (ftopo), the incoming longwave radiation (b) and the precipitation (γP ).

Changing t∗ from 13 days to its original value of 21.9 days changes the mass balance signif-
icantly with -0,17 m w.e./yr. This effect is the largest in the ablation zone. Changing d∗ to
31 mm has an effect of only -0,02 m w.e./yr. This effect is so small because d∗ is only relevant
when the snow layer is thin. Increasing αice with 0.05 causes an increase in annual mass balance
of 0,09 m w.e. The specific mass balance is only sensitive to changes in d∗ and αice in the abla-
tion zone, because above the Equilibrium Line the glacier is covered with snow throughout the year.

The sensitivity to the topography height angle Htopo was also assessed, by changing the fraction
ftopo of the maximum measured topography angle Htopo,max. The tuned value of ftopo is 0.7. There
is large uncertainty in this value, as it is tuned only at one altitude despite it is expected to vary
over the glacier. An increase of ftopo to 0.8 causes the mass balance to increase with +0,09 m
w.e./yr. As less radiation reaches the surface when ftopo increases, ablation decreases and the mass
balance increases. A decrease of ftopo with 0.1 causes a decrease of 0,08 m w.e. in the yearly mass
balance with respect to the reference run.

The adjustment in longwave radiation also had a big impact on the model outcomes. If the
parameter b is adjusted to its initial value 0.433, the emissitivity of clear sky increases, resulting
in a mass balance change of -0,20 m w.e./yr compared to the reference run.
A change in the precipitation gradient γp with 0,2 mm/yr/m causes precipitation to increase with
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elevation, increasing the mass balance with 0,24 m w.e./yr. This increase is due to the increased
snow precipitation with elevation, which also increases the amount of water that can be refrozen
inside the snowpack. A decrease of γp with 0,2 mm/yr/m causes the exact opposite: a decrease
with 0.24 m w.e./yr.

Of all the adjusted parameters, γp and Htopo are the most uncertain, because they can only be
verified by measurements on the glacier by a limited extent. In addition, the modelled cloud cover
is also uncertain, since it is based on measurements 9 and 13 km away from the glacier. However,
its sensitivity could not be assessed since it is modelled differently for the incoming shortwave and
incoming longwave radiation.

4.4.3 Other sensitivities

Finally, I do a run No-R, where the refreezing of water inside the upper glacier layers is not taken
into account. Both the addition of refrozen water to the mass balance and the effects of refreezing
on the englacial temperature are turned off. In this case, the yearly mass balance is -0,93 m w.e.,
or 0,14 m w.e. lower than in the reference run.
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5 Experiments and results

5.1 Experiments description

When modelling the impact of artificial snowfall on the glacier, there are several different settings
to consider. The most important ones are where to add snow and the effect of possible water
availability constraints. All experiments are listed in Table 6. All experiments are compared to
the Reference run, where no artificial snow is added.

In the first experiment Exp-TOT, I examine the situation in which there is unlimited water
supply and it snows on the whole glacier. This is done to get an indication of the impact of the
artificial snow on different locations on the glacier.
As the next step, I perform an experiment Exp-basic where the artificial snow is limited to an 0.81
km2 area between 2415-2505 m altitude, called the basic area. This area roughly corresponds to
the area used by Oerlemans in 2017 [4], that is favored due to the topography and position in the
ablation zone. The water supply is still unlimited.
In the third experiment I consider how slight changes to the area chosen above affect the results. I
adjust the upper altitude of the basic area, resulting in a smaller area of 0.50 m2 and a bigger area
of 1.01 m2. The experiments where I let it snow only in these areas with unlimited water supply
are called Exp-big and Exp-small, respectively.
I model extreme water availability constraints for supplying snow to the 0.81 km2 area. I model
water limitation by creating a reservoir in the model. As input for the reservoir, a fraction of 31%
of the total meltwater of Morteratsch every hour is used. Every time step that Morteratsch glacier
melts, that melt is added to the reservoir. When conditions are right for snow and the reservoir
contains enough water, snow is supplied to the surface and the amount of water in the reservoir is
adjusted. I did three different runs with reservoir sizes of 104, 105 and 106 m3.

In all these experiments, results are evaluated from the 20th of October 2016 until the 20th of
October 2019. Artificial snow is only added when Twb < -2 oC. If all conditions for artificial snow
are met, it is added at a rate of 1.2 mm w.e./hr.
The results depend on these assumptions. The sensitivity to the assumptions is evaluated by doing
sensitivity runs with slightly different settings. All of these runs are variations on the Exp-basic
run. To evaluate the sensitivity to snow starting time, I do an additional run from the 1st of July
2016 to the 1st of July 2019. I also do a run where I let it snow only in the months high glacier
ablation, namely June, July, August and September. For the Twb limit, I do two separate runs
where the limit is raised and lowered by one degree. Further tests include varying the artificial
snow rate in a few runs. Finally, I do the same climate sensitivity test as I did for the reference
run and compare the results.

5.2 Results

5.2.1 Height dependence on artificial snow effects

In the first experiment, artificial snow is supplied to the whole glacier without water limitations.
In Fig. 23(a), the yearly artificial snow accumulation ∆P is shown as a function of altitude. ∆P
increases roughly linearly from around 4.5 to 8.3 m w.e./yr with increasing altitude. This is due
to the fact that Twb criterion is met more often at higher glacier altitudes, where the average
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Table 4: Description of all experimental runs.
Run Description

Reference Normal conditions without artificial snow
Exp-TOT Artificial snow on whole glacier without constraints
Exp-basic Artificial snow in basic area of 0.81 m2 near AWS
Exp-big Artificial snow in bigger area of 1.01 m2 near AWS
Exp-small Artificial snow in smaller area of 0.50 m2 near AWS
Exp-JJAS Artificial snow in basic area only in the months June, July, August and September
Exp-Res104m3 Artificial snow in basic area, constrained by a reservoir of 104 m3

Exp-Res105m3 Artificial snow in basic area, constrained by a reservoir of 105 m3

Exp-Res106m3 Artificial snow in basic area, constrained by a reservoir of 106 m3

temperature is lower. On the highest altitudes of the glacier artificial snow can be supplied 75%
of the time, on the lowest altitudes 37% of the time.

Fig. 23(a) also shows the change in mass balance ∆B of the experimental run with respect to
the reference run. ∆B is positive over the whole glacier, indicating an increase in mass balance
with respect to the reference run. ∆B varies around 7-7.5 m w.e./yr in the ablation zone, and
increases to 8.5 m w.e/yr at the top of the glacier. The total mass balance is 6.74 m w.e./yr when
artificial snow is supplied to the whole glacier without water limitations.

The size of the indirect effect of artificial snow is indicated by the mass balance factor FMB =
∆B/∆P . This factor is plotted as a function of height in Fig. 23(b). FMB is around 1 at the
top half of the glacier. Below 2900 m altitude it increases to a 1.6 maximum at the lower glacier
tongue. This indicates that the impact of artificial snow deposition increases with lower glacier
altitude. Artificial snow is most effective at lower altitudes because the albedo can increase more
in the ablation zone, resulting in a feedback effect where more solar radiation is reflected and melt
is reduced.

5.2.2 Effects of snow on selected area

When artificial snow is added only in the 0.81 km2 area without taking into account water limita-
tions, on average 4.38 · 109 kg of water is used for snow production every year. As can be seen in
Fig. 24(a), in the first balance year the snow depth reaches a maximum of around 15 meters. In
the following years, the snow layer becomes even thicker because not everything melts away during
the melt seasons. Most of the snow cover is gained trough the addition of artificial snow in winter.

The presence of constant snow cover has a big impact on the albedo, as can be seen in Fig.
24(b). The modelled albedo is almost always at the maximum value of 0.9 in winter due to the
frequent artificial snowfall. During the summer, the albedo varies more, also interanually. Fur-
thermore, the albedo is always above 0.53, the lowest albedo for snow (αfirn in Eq. 13). This is
a big difference with the normal situation, where the summer albedo is equal to the ice albedo of
0.3 most of the time. On average, the albedo in the artificial snow area is 0.66 in the reference run
and 0.82 in the experimental run.

The impact of the albedo change can also clearly be seen in Fig. 25(b), where the fluxes in
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Figure 23: (a) Effects of snow suppletion on the yearly accumulation and mass balance as a
function of height. The blue line shows the total yearly artificial snow accumulation ∆P . The
purple line shows the difference in yearly mass balance ∆B between the experimental run and
the reference run. (b) Mass balance factor as a function of height. The mass balance factor is
calculated by dividing the total mass balance change by the total accumulation change.

the artificial snow area are compared to the reference run. Due to the increased albedo, the net
shortwave radiation is 24.3 W/m2 lower. The net longwave radiation is less negative, due to a
the upper glacier layer being 0.6 K colder in the experiment. The temperature change also re-
sults in slightly larger turbulent fluxes. Overall, a change of -18.2 W/m2 in surface flux is achieved.

In Fig. 24(c) the specific mass balance over time is plotted for the artificial snow area. The
experimental run is compared to the reference run. A large increase in the mass balance is visible
during winter, when most of the artificial snow accumulates. The mass balance is less negative
during summer with respect to the reference run. This effect decreases over the years, as the
average albedo decreases as well. In Fig. 24(d), the weekly difference in mass balance ∆B between
the experimental run and reference run is separated into the change in accumulation ∆P and the
indirect change ∆B −∆P . From this figure, it becomes clear that the vast majority of artificial
snow is supplied during accumulation season, and that the indirect effects occur mostly during
summer.
In Fig. 25(a), the modelled specific mass balance after artificial snow over the specific area is
shown. The total mass balance with artificial snow deposition is +0.14 m w.e./yr, a +0.93 m
w.e./yr increase with respect to the reference run. As expected, this is much less than the +6.74
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Figure 24: Model outcomes at the area covered with artificial snow, weighted over elevation bands.
In (a), (b) and (c) the snow depth, daily average albedo and monthly mass balance are shown
for the experimental run (blue) and the reference run (red). (d) shows the change in weekly mass
balance with respect to reference run. The change in accumulation ∆P is shown by the light blue
line. The rest of the mass balance change ∆B −∆P is shown by the green line.

m w.e./yr that could theoretically be achieved when artificial snow is supplied to the whole glacier.

5.2.3 Area variability

The area that can be covered with artificial snow depends on total meltwater availability and
practical constraints. In table 5, the results of runs with adjusted areas are shown. For all areas,
the lower boundary is kept at 2415 m, just above the altitude where the Pers glacier ends. For
Exp-small, the upper boundary is lowered to 2480 m altitude, resulting in an area of 0.5 km2.
Covering this area with snow achieves an increase of +0.71 m w.e./yr with respect to the reference
run, resulting in a total mass balance of -0.09 m w.e. For Exp-large, the upper boundary is moved
to 2600 m, which is likely not feasible in reality. It results in an area of 1.0 km2 that can be
covered. The resulting mass balance is +0.35 m w.e./yr.
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Figure 25: (a) Yearly average mass balance for unlimited snow supply to the basic area. (b)
Average fluxes at artificial snow area, weighted over altitude bands. The fluxes in the reference
run (red) are compared to the fluxes in the Exp-basic run (blue).

Table 5: Altitude range, area, mass balance and mass balance factor for three different areas.
Altitude range (m) Asnow (km2) B (m w.e./year) FMB

Reference - - -0.80 -
Exp-basic 2415-2505 0.81 +0.14 1.40
Exp-small 2415-2480 0.50 -0.09 1.41
Exp-large 2415-2600 1.01 +0.35 1.37
Exp-TOT 2125-4000 6.53 +6.74 1.14

Table 5 also shows the mass balance for Exp-TOT, which was discussed in Section 5.2.1.

5.2.4 Water availability constraints

In the Exp-basic run without water limitations, on average 4.38 · 109 kg of water per year is used
for artificial snow production. An order estimate of the available Pers meltwater can be obtained
from the Morteratsch meltwater. It is estimated that around a quarter of the meltwater from the
Pers glacier can be used for artificial snow production. The annual Morteratsch meltwater is 1.4 ·
1010 kg/yr, around three times as much as the needed water for artificial snow. Assuming that the
Morteratsch glacier and Pers glacier produce roughly the same amount, the majority of the used
water in the Exp-basic run could be provided by meltwater from the Pers glacier.
However, the water can only be provided if it is stored somewhere. Glacier runoff varies greatly
troughout the year. In Fig. 26(a), the montly runoff of the Morteratsch glacier above 2500 m is
plotted together with the amount of water needed for maximum artificial snow deposition in the
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Figure 26: (a) The blue line shows the weekly supplied artificial snow mass for the Exp-basic run.
The red line shows the weekly summed melt at Morteratsch glacier above 2500m. (b) Snow depth
at 2475 m for different sizes of the meltwater reservoir. Snow depths for reservoir sizes of 104 m3

(purple line), 105 m3 (blue line) and 104 m3 (green line) are shown. The reference snow depth is
shown by the red line.

0.8 km2 area. Snow can most often be supplied in winter whereas melt takes place only in the
ablation season. The indicates that water availability doesn’t match up with water demand in time.

To assess the effect of a limited storage of water, I did three runs with different reservoir sizes
104 m3, 105 m3 and 106 m3. The reservoir of 104 m3 can contain enough water to supply the basic
area with artificial snow for around 10 hours. The reservoir of 106 m3 can contain almost a quarter
of the needed water for a year of unlimited snow supply at the basic area. In Fig. 26(b), the snow
depths resulting from supply at 2475 m altitude are shown. For all of the reservoir sizes, snow
cover cannot be maintained throughout the year. However, the period of maintained snow cover
is significantly longer than in the reference run, especially in the case of the 106 m3 reservoir. In
Table 6, the resulting mass balances are shown. In the case of the 104 m3 reservoir, only 0.03 m
w.e./yr of artificial snow can be supplied to the surface, resulting in a mass balance of -0.68 m
w.e./yr, a difference of +0.11 m w.e./yr with the reference run. For a 10 times bigger reservoir,
a mass balance of -0.64 m w.e./yr is obtained. When a reservoir of 106 m3 is used, the mass
balance can be increased to -0.42 m w.e./yr. The mass balance factor FMB is bigger when smaller
reservoirs are used, reflecting higher effectiveness of lesser amounts of snow supply.

5.2.5 Snow supply sensitivity

In Table 6, sensitivities in the snow supply are shown as well. In all of these runs, snow is supplied
in the basic area and unlimited water is available. First, the sensitivity of the artificial snow rate of
1.2 mm w.e./hr is considered by looking at effects of changing it by 10 %. A 10% higher and lower
artificial snow supply rate changes the mass balance with +0,07 and -0.07 m w.e./yr, respectively.
The mass balance factor FMB decreases somewhat for a higher rate, indicating that additional
artificial snow has a lower impact. In Fig. 27(a), more variations on the snow supply rate are
shown with their effects on the mass balance change. ∆B increases with increased snow supply
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Table 6: Effects of snow supply variability in area A on the mass balance B, mass balance change
with respect to the reference run ∆B, artificial snow supply ∆P and the mass balance factor FMB.

B (m w.e./yr) ∆B (m w.e./yr) ∆P (m w.e./yr) FMB

Reference -0.80 - - -
Exp-basic +0.14 +0.93 +0.67 1.40
Exp-Res104m3 -0.68 +0.11 +0.03 4.05
Exp-Res105m3 -0.64 +0.15 +0.05 2.87
Exp-Res106m3 -0.42 +0.38 +0.19 1.97
Twb cut off = -1 oC +0.23 +1.02 +0.73 1.40
Twb cut off = -3 oC +0.05 +0.85 +0.61 1.40
Artificial snow +10% +0.20 +1.00 +0.74 1.36
Artificial snow -10% +0.07 +0.78 +0.60 1.44
Start 1-7 +0.15 +0.91 +0.68 1.36
Exp-JJAS -0.74 +0.06 +0.01 4.00

rate. At very low supply rates, the effect on ∆B is nonlinear. From 0.12 to 0.48 mm w.e./hr, the
relationship between supply rate and ∆B is approximately linear. An increase in artificial snow
rate has a mass balance factor of 1.6. An infliction point is visible at 0.48 mm w.e./hr. This rate
corresponds to the rate at which snow cover cannot be maintained in the elevation band 2450-2500
m, which is the most prominent band in the basic area. Above this point, FMB is equal to 1.03.
The snow supply rate could potentially be a lot higher than the assumed rate of 1.2 mm w.e. per
hour, as artificial snow production increases with lower wet bulb temperature. From wet bulb
temperatures below -7 oC, the snow showers can produce four times as much snow. Therefore, we
would expect the artificial snow deposition to be even higher in winter if there are no water supply
limitations. In practice, the amount of snow needed for the basic experiment is already quite high
and comparable in magnitude to the maximum expected available melt water.

Secondly, the effect of a change in wet bulb temperature cut off for artificial snow is consid-
ered. A increase of the cut off wet bulb temperature to -1 oC results in more artificial snow being
deposited and an increase of the mass balance with +0.09 m w.e./yr with respect to the experi-
mental run. When Twb is lowered with one degree, the opposite effect takes place, and the mass
balance decreases with 0.09 to +0.05 m w.e./yr. The mass balance factor FMB is 1.4 in both cases,
indicating that the snow that is supplied is equally effective.

Aditionally, a the run Exp-JJAS is done where artificial snow can only be supplied in the sum-
mer months June, July, August and September. In this case, only 0.01 m w.e. articicial snow can
be supplied per year. The effectiveness of the snow is high, however, as the mass balance change
due to the snow is equal to +0.06 m w.e. This run is quite similar in characteristics to the reservoir
run of 104m3.

Finally, I consider starting with artificial snow deposition at the 1st of July instead of the 20th
of October 2016. This gives roughly similar results to the Exp-basic run, despite the fact that
in this case snow cover cannot be maintained in the first months. Apparently, the variations in
weather are larger than the effect of decreased snow cover.
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Table 7: Climate sensitivity of results. The mass balance change ∆B and precipitation change
∆P are calculated with respect to the reference runs with the same climate adjustment.

B (m w.e./yr) ∆B (m w.e./yr) ∆P (m w.e./yr) FMB

Exp. run +0.14 +0.93 0.67 1.40

T +1 K -0.53 +0.88 0.61 1.44
T -1 K +0.69 +0.98 0.73 1.35
Prec +10% +0.28 +0.93 0.67 1.39
Prec -10% +0.00 +0.94 0.67 1.41

5.2.6 Climate sensitivity

As a final experiment, the sensitivity of the results to climate changes was tested. In table 7, the
climate sensitivities are shown. When the temperature is increased by 1 K, the reference mass
balance is already lower (-1,64 m w.e./yr), as we saw in Table 3. In addition, the higher tempera-
tures make artificial snow deposition more difficult. This results in a somewhat lower mass balance
change of +0,88 m w.e./yr, which brings the yearly mass balance with artificial snow to -0.53 m
w.e. under these conditions.
A one degree lower temperature has the opposite effect, with artificial snow changing the mass
balance to +0.69 m w.e./yr. In Fig. 27(b), the monthly mass balance is shown for the different
temperature runs. A clear difference in ablation is visible between the different runs.
Changes in precipitation on the order of 10% affect the annual mass balance significantly, but the
effects of artificial snow are similar to the experimental run under normal climatic conditions.
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Figure 27: (a) The mass balance change with respect to the reference run for artificial snow supply
in the basic area at different rates. Each dot represents a run. Lines are drawn between the points
where a linear effect is visible. (b) Monthly mass balance at artificial snow area for temperature
variations, averaged over height bands. The results of increasing the temperature by 1K (purple
line) and decreasing the temperature by 1K (green line) are shown. The blue line shows Exp-basic,
the experiment under unchanged climatic conditions.
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6 Conclusions, discussion, and outlook

6.1 Key assumptions and model improvements

In the mass balance modelling, a main uncertainty is the modelling of the shortwave radiation. The
topography angle was estimated by multiplying the maximum topography angle for each height by
0.7, which was tuned to the AWS observations. This approach is risky. A more sophisticated way
of estimating the topography angle would include a 2D model using a Digital Elevation model.
Other uncertain factors are the precipitation gradient and the cloud cover. Just like for the topog-
raphy angle, the evaluation data is limited for these parameters.

There additional uncertainties related to the modelling of the snowpack. When large amounts
of artificial snow are added to the model some of these uncertainties become larger.
For example, the model is stationary, whereas the glacier itself is not. The glacier surface near
the AWS moves with 50 meters per year on average. As a result, the modelled snow depth over
multiple years is not entirely realistic. This is especially the case for modelled artificial snowfall,
since a part of the glacier surface moves in and later out of the artificial snow accumulation area.
This gives a slight advantage when more snow than needed to cover the ice for one year is supplied
to the surface.

More uncertainties arise from the snow density modelling. The model uses a stationary density
distribution with snow depth, and thus densification of snow is not taken into account. (The snow
density is for example used to model the amount of water that refreezes inside the snow layer.)
As a result of the flawed density modelling, the modelled snow depth deviates significantly from
the measured snow depth. This gives another reason why modelled snow depth for artificial snow
experiments should not be relied too much upon. The snow density modelling is likely not a big
problem for the albedo, since the snow mass is probably modelled better. When the snow mass is
modelled correctly, the timing of the snow pack melt will be correct. Very small snow depths are
an exception here, as they determine the difference between snow and ice albedo.
The albedo parameterization itself also provides uncertainty for the artificial snow runs, as the
parameterisation is based on regular amounts of snowfall. Ideally, albedo modelling would take
into account how old the snow at the surface is, which could perhaps be possible if the density
was modelled in a similar way. The age of the upper snow is approximated with the time since
last snowfall in the modelling, but for large amounts of snowfall, the upper snow will on average
be fresher than for smaller amounts of snowfall.

Finally, in the model it was assumed that all applied artificial snow would spread evenly and
that no snow would blow away from the glacier. The sensitivity to these variations depends on
how much snow is already supplied to the surface. When a full snow cover is maintained troughout
the year, the changes in mass balance are mostly due to the direct effects of snowfall, except when
the area is close to the tipping point of total snow cover. For an area with less snow, changes in
snowcover are more impactful since albedo effects play a role as well.
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6.2 Main conclusions and future research

I found that the effects of artificial snowfall vary a lot over the Morteratsch glacier. Higher up the
glacier more snow can be deposited and snow cover is maintained longer. However, the indirect
effect of a snow cover is much higher in the ablation zone, especially below 2500 m altitude.
The due to practical constraints favoured area from 2415-2505 m is thus also favourable in terms
of ’snow efficiency’, although lower areas are even better. With no water constraints, it is possible
to increase the mass balance of the Morteratsch glacier from -0.80 to +0.14 m w.e./yr. Under this
scenario, 4.38 · 109 kg water is used for artificial snow, of which around half melts away after every
year.
An increase in temperature decreases the amount of snow that can be deposited, but for a one de-
gree increase in temperature snow cover can still easily be maintained. Due to increased ablation,
the total mass balance will be much lower.

The amount of water needed for artificial snow cover is large, and it might not be possible to
store that amount. In the scenario where only 104 m3 of water can be stored, the mass balance is
-0.68 m w.e./yr. For a 100 times larger reservoir of 106 m3, the mass balance increases to -0.42 m
w.e./yr.

To get a better estimation of the total available meltwater, a model of Pers glacier can be used
to calculate the melt expected to fill the meltwater lake. The timing of the melt of Pers glacier will
probably correspond to the modelled Morteratsch melt, but the amount of meltwater is less certain.
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