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Preface

Glaciers are an important source of water for large sections of the Alps and their variations are
among the clearest natural indicators of ongoing climate change. The well-documented retreat
of alpine glaciers in the past decades is still one of the clearest signs that the energy balance
on the earth’s surface has changed significantly in recent times. The expected reduction in
ice volume in the coming decades will lead first to increased and later to diminished annual
runoff, depending on the glaciated and catchment areas. This will also affect the discharge
regime. Glacier shrinkage impacts many sectors that depend on glacier meltwater, such as
hydropower, fresh water supply and irrigation, as well as tourism.

This research work was conducted as part of the National Research Programme NRP61 “Sus-
tainable water management” project, aiming to better understand how future glacier evolution
under climate change will affect water resources. In the context of the current debate on
climate change, the relation between glaciers and climate is still an important research topic.
A main aspect of this work was the assessment of the impacts of uncertainties affecting the
results of modelling glacier surface mass balance over periods of several decades. This could
only be achieved thanks to the available data for several glaciers (surface mass balances and
volume changes) covering a time period of almost one century.

This work contains three main parts: (1) an assessment of the impact of uncertainties in
the ice thickness distribution within a glacier on the runoff projections in a glacial catchment,
(2) a comparison of the performance of different glacier surface melt models for long-term
simulations of glacier response, and (3) an evaluation of the impact of Saharan dust and black
carbon on the albedo and long-term glacier mass balance. The main outcome of this work
highlights the complexities and interlinks between climate and glacier changes, and provides
several contributions for an improved modeling of the relevant processes.

Zurich, April 2015 Martin Funk
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Abstract

Global warming has led to a substantial retreat of mountain glaciers all over the world. Sound
knowledge of the glacier response to climate variability is essential to make reliable predictions
of the future glacier evolution. Long-term mass balance simulations are subject to considerable
uncertainties with respect to climate input data and model approach. This thesis aims providing
an improved understanding of glacier mass balance modelling over periods of several decades
in order to reduce uncertainties and better constrain the dimension of future glacier and runoff
changes. In particular, implications of the initial ice-thickness distribution, the melt model
approach and variations in surface albedo on glacier mass balance are examined in detail.

The ice-thickness distribution is an important prerequisite for many glaciological applications,
especially for simulating the future glacier evolution. Helicopter-borne ground penetrating radar
(GPR) measurements provide a unique tool to infer the glacier-wide ice-thickness distribution,
as large areas can be recorded in short time. Based on a dense network of ground- and
helicopter-based GPR measurements the ice-thickness distribution in the Mauvoisin region
(Swiss Alps), comprising a glacier coverage of 63 km2, was derived. A total ice volume of
3.69± 0.31 km3 was computed. The measurement-based ice thickness distribution was then
compared to an ice-thickness estimation approach which infers the ice thickness based on
surface characteristics. Results showed that the estimation approach overestimated the total
ice volume by 36%. Furthermore, glacio-hydrological modelling was performed and glacier
and runoff projections into the 21st century were calculated. A sensitivity analysis, evaluating
the impact of an erroneous ice-thickness distribution on runoff simulations, showed that an
accurate estimation of the ice volume is indispensable for making reliable predictions of future
runoff changes.

Furthermore, an accurate modelling of the melt process is essential to simulate the glacier evo-
lution under changing climate conditions. There is a gradual transition from simple degree-day
models, using temperature as sole index, to physically-based energy balance models accounting
for all energy fluxes at the glacier-atmosphere interface. In a comparative analysis, the per-
formance of five different melt models (a classical, three enhanced temperature-index models
and an energy-balance model) was investigated over a multi-decadal period for Rhonegletscher
(Swiss Alps). Detailed seasonal mass balance measurements of the years 2006-2012, includ-
ing subseasonal stake readings and extensive snow depth surveys, served for model calibration.
Very little difference in performance among the melt models was noticeable over the calibra-
tion period. Only the energy-balance model showed less consistency with observation, probably
due to the forcing with data of an off-glacier weather station which might poorly predict the
conditions in the glacier-boundary layer. Volume changes of six subperiods between 1929 and
2012 served for model validation over the long-term. Results indicated that models including
a separate term for shortwave radiation agree best with observations. More empirical ap-
proaches, directly linking melt rate with temperature, seem to be oversensitive to changes in
the temperature regime and require recalibration for distinct climate conditions.
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In addition to the type of melt equation, also an accurate simulation of variations in snow
and ice surface albedo is important for reliable estimates of the glacier response to climate
changes. Light-absorbing impurities, as mineral dust or black carbon (BC), strongly affect
the albedo of snow/ice surface and thus the glacier mass balance. In the Alps, mineral dust
deposits mainly comprise long-range transported crustal impurities i.e. Saharan dust. Based
on a 100-year record of seasonal mass balance measurements the effect of Saharan dust and
BC over the period 1914-2014 was assessed. The analysis was performed for two locations
on Claridenfirn (Swiss Alps): a site in the accumulation area experiencing mainly mass gain
and a site migrating from mass gain to predominately mass loss conditions. A coupled mass
balance and snow/firn layer model was developed. Atmospheric deposition rates of Saharan
dust and BC were retrieved from ice/firn cores of two high-alpine sites. The combined effect
of Saharan dust and BC enhanced annual melt over 1914-2014 by 14-18% on average. Results
suggest that BC has a substantially stronger impact on mass balance than Saharan dust. The
annual mass balance is reduced by 21-41mma−1 due to the presence of Saharan dust and by
177-293mma−1 due to BC. The mass balance change induced by snow impurities is dependent
on the location: conditions with mainly positive mass balances lead to a continuous burial of
impurity-loaded layers, whereas sites dominated by negative mass balances show a pronounced
re-exposure of buried impurity-enriched layers. Moreover, the analysis showed that in periods
of intense melting, as observed in the 1940s and 2000s, similar impurity concentrations as in
years with exceptionally large deposition rates may be achieved.
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Zusammenfassung

Die globale Erwärmung hat zu einem rasanten Gletscherrückzug geführt, der weltweit zu be-
obachten ist. Fundierte Kenntnisse über den Zusammenhang zwischen Klima und Gletscher-
schwankungen sind unerlässlich, um aussagekräftige Prognosen über die zukünftige Entwick-
lung von Gletschern zu machen. Massenbilanzberechnungen über längere Zeiträume wer-
den durch verschiedene Unsicherheiten beeinflusst, wobei insbesondere Unklarheiten über die
vorherrschenden Klimabedingungen und den Modellansatz einen Einfluss ausüben. Diese Arbeit
trägt zu einem besseren Verständnis von Modellierungen der Massenbilanz über Zeiträume von
mehreren Jahrzehnten bei, mit dem Ziel Unsicherheiten zu reduzieren und zukünftige Gletscher-
und Abflussveränderungen besser prognostizieren zu können.

Basierend auf einem dichten Netz an boden- und helikoptergestützten Radarmessungen wurde
die Eisdickenverteilung im Mauvoisin Gebiet (Schweizer Alpen) bestimmt. Das Untersuchungs-
gebiet weist heutzutage eine verglescherte Fläche von 63 km2 auf, welche auf fünf grössere
(5-18 km2) und mehrere kleinere Gletscher (<5 km2) verteilt ist. Mittels der Messungen wurde
ein Eisvolumenvorkommen von 3.69± 0.31 km3 für das Gebiet bestimmt. Diese messgestützte
Eisdickenverteilung wurde dann mit dem Resultat eines etablierten Eisdickenabschätzungsan-
satzes verglichen, welcher ausgehend von der Oberflächentopographie die Eisdicke bestimmt.
Dabei hat sich gezeigt, dass der Abschätzungsansatz das Eisvolumen im Durchschnitt um
36% überschätzt. In einem nächsten Schritt wurden Gletscher- und Abflussprognosen für
die Vergangenheit und Zukunft erstellt (1900-2100). Mittels einer Sensitvitätsanalyse wurde
untersucht wie stark sich Unsicherheiten in der Eisvolumenberechnung auf Abflussprognosen
auswirken. Dabei wurde festgestellt, dass genaue Kenntnisse über die Eisdickenverteilung im
Untersuchungsgebiet wesentlich sind, um eine verlässliche Aussage über die Ablussentwicklung
bis zum Ende des 21. Jahrhunderts machen zu können.

Für die Modellierung des Gletscherverhaltens unter sich ändernden Klimabedingungen ist eine
exakte Modellierung der Schmelze unabdingbar. Gletscherschmelze kann mittels unterschiedlich
komplexen Schmelzmodellen berechnet werden, wobei ein fliessender Übergang zwischen em-
pirischen Schmelzmodellen, die im wesentlichen nur die Temperatur als Input benötigen, und
physikalischen Energie-Bilanz-Modellen, welche alle Energieflüsse an der Gletscheroberfläche
berücksichtigen, besteht. In einer Vergleichsstudie wurde das Langzeitverhalten von fünf ver-
schiedenen Schmelzmodellansätzen (ein klassisches, drei erweiterte Temperatur-Index-Schmelz-
modelle und ein Energie-Bilanz-Modell) über eine Periode von mehreren Jahrzehnten für den
Rhonegletscher (Schweizer Alpen) analysiert. Saisonale Massenbilanzmessungen mit sub-
saisonalen Pegelablesungen und flächendeckenden Schneehöhensondierungen der Jahren 2006-
2012 dienten zur Kalibrierung der Modellparameter. Über die Kalibrationsperiode, zeigen alle
Modell eine gute Korrelation mit den Messungen. Davon ausgenommen ist das Energie-Bilanz-
Modell, welches etwas stärker von den beobachteten Massenbilanzen abweicht. Der Grund für
das schlechte Abschneiden des physikalischen Modells könnte in der Unsicherheit über die Ex-
trapolation der gemessenen Energieflüsse liegen und der Verwendung von meteorologischen
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Daten, die ausserhalb des Gletschers gemessen wurden. Anhand von Volumenänderungen
von sechs Perioden, welche die Jahre 1929-2012 abdecken, wurde die Langzeiteffizienz der
Schmelzmodelle getestet. Dabei hat sich gezeigt, dass nur Modelle, welche einen separaten
Term für die Strahlungsbilanz beinhalten, fähig sind dem generellen Trend der vergangenen
Eisvolumenveränderungen zu folgen. Schmelzmodellansätze, welche die Schmelze direkt aus
der Lufttemperatur herleiten, scheinen zu empfindlich auf Änderungen im Temperaturregime
zu reagieren und benötigen eine Anpassung der Modellparameter für die jeweiligen Klimaver-
hältnisse.

Neben dem Schmelzmodellansatz, müssen auch Veränderungen im Oberflächenalbedo berück-
sichtigt werden, um eine verlässliche Aussage über die Gletscherschmelze zu machen. Lichtab-
sorbierende Partikel in Schnee und Eis kontrollieren die Albedo und somit auch die Massenbi-
lanz. Zu den lichtabsorbierende Partikel auf Alpengletschern zählen in erster Linie Russpartikel
sowie Mineralstaub, welcher zu einem grossen Teil aus Sahara Staub besteht. Basierend
auf einer kontinuierlichen Messreihe mit saisonalen Massenbilanzen, welche eine Periode von
100 Jahren abdeckt, wurde die Massenbilanz am Claridenfirn (Schweizer Alpen) über die Pe-
riode 1914-2014 modelliert, um den Langzeiteffekt von Sahara Staub und Russpartikel auf
die Schmelze zu untersuchen. Die Analyse wurde an zwei Standorten durchgeführt: eine
Messstelle, die sich im Akkumulationsgebiet befindet und eine zweite, die im Verlaufe der Zeit
vom Akkumulations- ins Ablationsgebiet wandert. Für die Analyse wurde ein kombiniertes
Massenbilanz und Schnee/Firnschichtenmodell verwendet. Atmosphärische Ablagerungsraten
von Mineralstaub und Russ wurden anhand von zwei Eisbohrkernen vom Colle Gnifetti (Walliser
Alpen) und Fiescherhorn (Berner Alpen) hergeleitet. Der kombinierte Effekt von Sahara Staub
und Russ hat die jährliche Schmelzmenge im Durchschnitt um 14-18% erhöht, wobei Russpar-
tikel einen deutlich grösseren Einfluss auf die Schmelze ausüben im Vergleich zu Sahara Staub.
Durch die Anwesenheit von Sahara Staub im Schnee und Firn wird die jährliche Massenbilanz
durchschnittlich um 21-41mma−1 reduziert, durch Russpartikel um 177-293mma−1. Der Ein-
fluss von lichtabsorbierenden Verunreinigungen hängt aber stark vom Standort ab. Während
am oberen Pegel die Staubschichten kontinuierlich durch den Winterschnee überdeckt werden,
führen negativen Massenbilanzen am unteren Pegel zur Freilegung von bereits vergrabenen
Staubschichten und somit zu einem beschleunigten Abschmelzen. Desweiteren hat die Studie
gezeigt, dass in Perioden mit intensiver Schmelze, wie das in den 1940er und 2000er Jahren zu
beobachtet war, ähnlich hohe Staubkonzentrationen an der Oberfläche erreicht werden können
wie in Jahren mit sehr grossem atmosphärischem Eintrag.
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Chapter 1

Introduction

1.1 Glaciers in the context of climate change
Glaciers are directly linked to atmospheric changes and are among the best natural indicators of
climate variability due to their proximity to melt conditions (Houghton et al., 2001). The close
relationship between snow/ice melt and air temperature (e.g. Ohmura, 2001) is responsible for
the sensitivity of the cryosphere to temperature fluctuations. The increase in the global mean
air temperature, observed since the late 19th century, is the main cause for the severe shrinkage
of mountain glaciers and ice sheets all over the world (Gardner et al., 2013). Since the
beginning of the 20th century global temperature has increased by about 0.85◦C on average,
with a more rapid increase since the 1950s (IPCC, 2013). The observed global warming can not
be explained by internal variability alone and is primarily a result of increasing anthropogenic
emissions of greenhouse gases whereas natural forcing (i.e. solar forcing) accounts for a
relatively small share of the total temperature increase. According to climate projections into
the 21st century, based on the assumption of sustained greenhouse gas emissions, a further
rise in global mean temperature of 0.3–0.7◦C for near-term climate (2016-2035) and 2–4◦C for
long-term climate (1981-2100) compared to present (1986-2005) is expected (IPCC, 2013).
A temperature change of this magnitude will have profound consequences on the cryosphere,
with further impacts on the environment and human life.

The Alpine environment is particularly sensitive to fluctuations in the climate system and
the effects of climate change are already visible, as shown by the rapid volume losses of
many Alpine glaciers (e.g. Bauder et al., 2007; Zemp et al., 2008). Since the middle of the
19th century, glaciers in the Alps have lost almost 70% of their initial ice volume (Haeberli
et al., 2007). Due to a high population density in the Alpine region and the surrounding
lowlands, future changes of mountain glaciers will have a strong impact on society (Kaser
et al., 2010) despite the diminishingly small fraction of glacier covered area in the European
Alps compared to global ice coverage. Glaciers act as huge fresh water reservoirs and play a
crucial role in the hydrological cycle affecting the volume, the seasonal distribution and the
water quality of runoff. The Alps, in particular the Swiss part, are known as “Water towers of
Europe” (EEA, 2009) and form the source regions of the many major rivers in the Western
and Central Europe flowing to North Sea (Rhine river), to the Mediterranean (Rhone river),
the Adriatic (Ticino/Po river) and the Black sea (Inn/Danube). Corresponding headwaters are
characterized by a considerable degree of glacier coverage and runoff of this regions consists
to a larger part of melt water from snow and ice. Expected changes in glacier and snow cover
will affect the runoff regime of Alpine rivers, but also the lowlands will experience a significant
reduction of summer runoff due to the glacier retreat (Huss, 2011; Beniston and Stoffel, 2014).
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CHAPTER 1. INTRODUCTION

Currently a total ice volume of 74±9 km3 is stored in ice bodies in the Swiss Alps (Farinotti
et al., 2009a) which is expected to decline dramatically in future. Regional climate projections
for Switzerland (CH2011, 2011) enable to investigate future glacier changes. By the end of the
21st century, about 86–94% of the current glacier covered area in the Swiss Alps is expected
to be vanished (Huss, 2012). The retreat of Alpine glaciers will severely constrain the water
availability required for drinking water, irrigation and hydropower production. Furthermore,
the potential risk of floods and other natural hazards is expected to increase and the economy
and tourism sector will be threatened by changes in the climate forcing (Beniston, 2012). In
this respect, precise knowledge about the impact of the climate change on cryosphere and
potential implications on the human society are of crucial importance. Data on past glacier
changes are therefore a key element for understanding the interaction of climate and glaciers
and enable us to predict how glaciers will respond in future. Consequently, long and continuous
records are of inestimable value.

1.2 Evidence of glacier changes in the Swiss Alps

Measurements of glacier mass balance have a long history in the Swiss Alps and earliest records
date back to the late 19th century. In 1885, first direct mass balance measurements (using
stake and snow pits; Cogley, 2010) were performed on Rhonegletscher and maintained for
about two decades (Mercanton, 1916). The worldwide longest continuous time series of di-
rect mass balance observations exist for Claridenfirn where since 1914 the glacier mass balance
has been recorded at two sites providing an almost complete record of seasonal mass balance
measurements for a 100-year period (Müller and Kappenberger, 1991). Shortly thereafter, ad-
ditional mass balance observations started at Silvrettagletscher and Grosser Aletschgletscher.
Since the 1950s–1960s, glacier-wide mass balance monitoring programs were successively
initiated at several glaciers in the Swiss Alps (Limmern/Plattalvagletscher, Gries- and Silvret-
tagletscher, Glacier du Giétro, Glacier de Tsanfleuron, Ghiacciaio del Basòdino, Glacier de
Corbassière, Allalin- and Schwarzberggletscher; Aellen, 1995). More recently, mass balance
surveys have been launched on Findelen-, Rhone- and Pizolgletscher. Direct mass balance
measurements provide accurate point mass balance data at high temporal resolution and are
optimally complemented by indirect mass balance measurements of ice volume changes yielding
glacier changes with a broad surface coverage but at lower temporal resolution. Comparison
of digital elevation models of different years derived from topographic maps (historical and
official national maps) or areal photographs (available since the 1960s) provide evidence of ice
volume changes in the Swiss Alps over the last 100-150 years (Bauder et al., 2007). More
recently also space-borne systems have been used to derive digital elevation models of glacier
surface propagation inheriting the ability to cover large and remote areas at high temporal
resolution, but with a lower accuracy compared to airborne data (e.g. Kääb, 2008; Berthier
et al., 2010; Hurkmans et al., 2014).

1.3 Glacier mass balance modelling

Understanding the sensitivity of surface mass balance to climate change is essential for eval-
uating the effect of present and future climate change in mountain areas. Continuous mass
balance modelling therefore presents a useful tool to assess the relation between climate forc-
ing and glacier mass balance. Furthermore, homogenization of mass balance records achieving

2



1.3. GLACIER MASS BALANCE MODELLING

consistency in spatial and temporal variations of glacier mass changes (Huss et al., 2009a) as
well as glacier projections into the future rely on mass balance modelling.

In order to calculate the glacier evolution, distributed mass balance models have been coupled
to ice flow models. In the past, a large number of such combined mass balance and glacier
evolution models have been proposed (e.g. Schneeberger et al., 2001; Gerbaux et al., 2005;
Huss et al., 2008b; Machguth et al., 2009; Jouvet et al., 2011; Dumont et al., 2012). They
substantially differ in complexity and incorporate various approaches for modelling ablation,
accumulation and ice dynamics with different demands in terms of input and calibration data.

Ablation modelling
The interaction between glacier and climate conditions has been intensively studied in the past.
Already in the early 19th century the relationship between the climate variables, air temper-
ature and solar radiation, and melt was recognized (Finsterwalder and Schunk, 1887; Hess,
1904). Since then, a wide variety of melt models with different numbers of meteorological
variables have been developed. These range from most simple models relating melt directly to
air temperature to sophisticated energy-balance models considering all relevant energy fluxes
in the glacier-atmosphere boundary layer. A detailed overview about the different melt model
approaches is given in Hock (2003, 2005).

Classical temperature-index or degree-day melt models: Classical degree-day melt models
relate melt by a proportionality factor (i.e. melt factor) directly to the sum of positive air
temperatures:

M =

{
fM (Ta − TT) : Ta > TT

0 : Ta ≤ TT

(1.1)

where M is the melt, fM is the melt factor, Ta the air temperature and TT the threshold
temperature distinguishing for the onset of melt. The close relationship between air tem-
perature and melt rates is given by the high correlation between air temperature and several
components of the energy balance (e.g. Braithwaite and Olesen, 1990; Lang and Braun, 1990;
Ohmura, 2001). The main disadvantage of these approaches is that melt factors vary strongly
in space and time (Braithwaite, 1995) due to changes in the relative contribution of individual
energy-balance components to melt as a response to changes in direct solar radiation and
surface albedo. Hence, melt factors require recalibration for each site and for distinct climate
conditions (Carenzo et al., 2009).

Enhanced temperature-index melt models: As a response to this inability, extended formula-
tions of the classical temperature-index model were developed incorporating additional mete-
orological variables such as shortwave or net radiation, wind speed or vapour pressure (e.g.
Zuzel and Cox, 1975; Kustas and Rango, 1994; Brubaker et al., 1996; Tangborn, 1999). Often
solar radiation is incorporated into the melt equation which allows accounting for topographic
effects such as slope, aspect and shading yielding better spatial results compared to the sim-
ple temperature-index models. One of the most common and most widely used enhanced
temperature-index model is the formulation by Hock (1999) in which the melt factor varies as
a function of potential clear-sky direct solar radiation, Ipot:

M =

{
(fM + a ∗ Ipot)Ta : Ta > TT

0 : Ta ≤ TT

(1.2)

3



CHAPTER 1. INTRODUCTION

where a is a coefficient. This formulation has the advantage that no additional meteorological
data in addition to temperature are needed. Other commonly used approaches (e.g. Cazorzi
and Fontana, 1996; Pellicciotti et al., 2005) includes a separate term for net or shortwave
radiation balance, R, and have the general form of:

M =

{
fM Ta + a R : Ta > TT

0 : Ta ≤ TT.
(1.3)

Energy-balance models: In contrast to empirical melt models, physically-based energy balance
models evaluate all energy fluxes at the glacier-atmosphere interface. The energy balance at
the glacier surface is defined as

QN +QH +QL +QG +QR +QM = 0, (1.4)

where QN is the net radiation, QH and QL the turbulent heat fluxes (sensible and latent heat),
QG the ground heat flux, QR the heat flux supplied by rain and QM the melt energy (Hock,
2005). Melt rates are derived by the melt energy and the latent heat of fusion. Numerous
distributed energy balance models have been proposed in the past (e.g. Hock and Holmgren,
2005; Anslow et al., 2008; Mölg et al., 2008; MacDougall and Flowers, 2011). Energy-balance
modelling, however, requires accurate knowledge about the magnitude of the energy fluxes
which is often only available at the point scale and for short periods of time. For distributed
energy-balance modelling the required variables have to be extrapolated to the glacier-scale
which introduces large uncertainties in the melt modelling.

Temperature-index models have been widely used for distributed modelling due to their sim-
plicity, their low data requirements and their general good performance. Temperature data are
often the only available meteorological variable and is relatively easily to extrapolate and fore-
cast which further emphasize the precedence of temperature-index models over data-intense
energy-balance models.

Accumulation modelling
In addition to ablation processes, a correct simulation of the accumulation is crucial for re-
liable estimates of the glacier mass balance as winter accumulation has a major control on
the timing of ice exposure and thus melt rates. The snow accumulation pattern is controlled
by (1) preferential snow deposition, (2) wind induced snow redistribution and (3) gravita-
tional snow transport (i.e. avalanches, snow slides; Kuhn, 1995; Lehning et al., 2008). The
processes mentioned and the circumstance that measurements of solid precipitation in high
mountain areas are subject to large uncertainties (Sevruk, 1985) make it difficult to predict
snow accumulation (Dadic et al., 2010). Since wind fields in steep terrain are highly complex,
drifting snow is therefore often rudimentary implemented in mass balance models, basically as
a function of terrain parameters (Liston and Sturm, 1998; Winstral and Marks, 2002; Winstral
et al., 2013). More recent approaches use the output of mesoscale atmospheric models to
derive more realistic wind fields for steep topographies and are able to capture large-scale pat-
terns of snow depositions (e.g. Lehning et al., 2008; Raderschall et al., 2008; Schneiderbauer
and Prokop, 2011; Vionnet et al., 2014). Gravitational snow transport involves redistribution
of snow from higher to lower elevations and may strongly affect the snow pattern (Strasser
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et al., 2008). For glacier mass balance studies, in general simplified parameterisations for
gravitational redistribution are applied which calculate snow transport and deposition by flow
routing based on topography (Gruber, 2007; Bernhardt and Schulz, 2010).

Glacier mass balance models often compute distributed snow accumulation from precipitation
measurements of nearby weather stations in combination with lapse rates, from gridded pre-
cipitation data sets or from the output of climate models applying a threshold temperature for
liquid and solid precipitation (Hock, 1999; Finger et al., 2012; Salzmann et al., 2012). More
sophisticated models include in addition simple parameterisations for snow redistribution pro-
cesses based on terrain parameters (e.g. Huss et al., 2008a; Carenzo, 2012; Mayr et al., 2013).

Ice dynamics

Glacier geometry changes as a response to climate fluctuations are a result of surface mass
balance and ice flow dynamics. Several approaches for the ice dynamics of alpine glaciers
have been developed in the past, ranging from simple flowline models (Oerlemans, 1997;
Sugiyama et al., 2007) to sophisticated three-dimensional ice flow models (e.g. Blatter, 1995;
Gudmundsson, 1999; Jouvet et al., 2008). However, such approaches require extensive input
data, computational time and are not easy applicable for large scale catchments. Recently, a
simple method to parameterise ice flow has been proposed and validated by Huss et al. (2010),
based on glacier surface elevation and ice thickness changes, which allows accounting for ice
flow but is far less computational demanding than complex numerical ice flow models.

Ice-thickness distribution

Knowledge about the total ice volume and the spatial distribution is needed for many glaciolog-
ical applications such as ice flow modelling studies and for glacier projections. Ice-thickness can
be locally deduced from borehole measurements or over a larger area from ground-penetrating
radar measurements. Both techniques demand for inter- and extrapolation of point measure-
ments to assess the spatial distribution of the ice volume. A simple and wide-spread approach
is the glacier volume-area scaling, where ice volume is calculated as a power law function of the
surface area (Chen and Ohmura, 1990; Bahr et al., 1997; Radić and Hock, 2008). Other em-
pirical approaches estimate the ice-thickness based on surface slope assuming perfect plasticity
and an average basal shear stress (Haeberli and Hoelzle, 1995; Li et al., 2012). Alternatively,
numerous physically-based approaches have been proposed which infer the spatially distributed
ice-thicknesses from surface characteristics using the glaciers mass turnover and principles of
ice flow mechanics (e.g. Farinotti et al., 2009b; Huss and Farinotti, 2012; Paul and Linsbauer,
2012; Mcnabb et al., 2012; Clarke et al., 2013; van Pelt et al., 2013; Michel-Griesser et al.,
2014).

1.4 Objectives
A wide variety of studies have modelled glaciers and associated changes in the runoff regime in
the past and/or into the future on a local (e.g. Farinotti et al., 2011; Uhlmann et al., 2013),
regional (e.g. Huss, 2012; Kääb et al., 2012) or global scale (e.g. Giesen and Oerlemans, 2013;
Radic et al., 2014). Such distributed simulations over long-term periods are subject to a high
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level of uncertainty arising from unknown climate input data and insufficient understanding of
the climate-glacier feedback (e.g. Kobierska et al., 2013; Linsbauer et al., 2013; Huss et al.,
2014). Uncertainties in the climate forcing are mainly related to the quality and representa-
tiveness of meteorological time series and the extrapolation to the glacier-scale as well as to
the climate model and downscaling techniques in case of future projections. Furthermore, the
modelled time evolution of glaciers is affected by uncertainties in the ice-thickness distribution
and in the modelling of mass balance and ice flow dynamics. This thesis aims to reduce uncer-
tainties in long-term mass balance modelling and thus to improve the accuracy and reliability
of glacier and runoff simulations for the past and future. Moreover, the study contributes
to a better understanding of the melt process by analysing the transferability of melt model
parameters in time. The thesis focuses on two main subjects: firstly on the significance of
the ice volume and the ice-thickness distribution and secondly on the precise representation
of melt. Sound knowledge about the spatial ice-thickness distribution is essential for glacier
retreat simulations and for runoff projections as the initial ice volume defines the water re-
sources stored in the ice body. However, the ice-thickness distribution is difficult to measure
and often modelling approaches are applied to infer the ice volume. The objective of the
thesis is to show limitations of ice-thickness estimation approaches and to demonstrate the
impact of an inaccurate ice volume estimates on runoff projections. The major focus of the
thesis is on the melt process as glacier melt has a central role in mass balance modelling.
Different melt model approaches have been proposed in the past, differing substantially in
their complexity and their demands of input data. At the point-scale with known input data,
physically-based energy balance models clearly outmatch empirical melt models. However, for
modelling studies over long-term periods extending over several decades and at the scale of a
whole glacier, it is less clear which approach provides best results. Accordingly, the study aims
providing indications which melt relationships are robust in time and thus suited for long-term
mass balance simulations with respect to an improved melt modelling over decadal periods and
under a changing climate. Furthermore, emphasize is put on surface albedo since shortwave
radiation controls the energy balance at the glacier surface and consequently temporal and
spatial variation in surface albedo have a controlling influence on melt (Sicart et al., 2002).
Light-absorbing impurities exert a considerable effect on the albedo of snow and ice surfaces.
During conditions of melt, snow impurities are partly retained at the glacier surface leading
to melt amplification. This thesis attempts to identify the contribution of light-absorbing im-
purities to glacier melt over multi-decadal periods in order to gain new insight into long-term
changes in surface albedo and their impact on glacier mass balance. Particular attention is
focused on differences between prevailing accumulation and ablation conditions.

1.5 Structure of the thesis

The thesis is composed of three separate and self-contained chapters on the influence of 1)
the ice-thickness distribution, 2) the melt model approach and 3) the surface albedo (i.e.
the influence of snow impurities) on the long-term simulations of the glacier response. Each
chapter consists of an introduction, data and methods, results, discussion and conclusions sec-
tions. The thesis is completed by an overall conclusion and an outlook showing the potential
for further analysis based on the findings of this work.

In the following an overview about the content of the main chapters is presented:
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Chapter 2: “Ice volume distribution and implications on runoff projections in a glacierized
catchment”

This chapter is published under the same title in Hydrology and Earth System Sciences (Gabbi
et al., 2012). Based on a comprehensive set of helicopter-based ground penetrating radar
measurements in combination with an ice-thickness estimation approach we determined the
bedrock topography of the glaciers in the Mauvoisin region (Valais Alps, Switzerland). The
ice-thickness distribution was then used as input for a combined glacio-hydrological model to
derive glacier and runoff projections for the 21st century. We assessed the impact of the
ice-thickness distribution on runoff projections and showed that an accurate estimate of the
ice volume is crucial for reliable glacier and runoff simulations into the future.

Chapter 3: “A comparison of empirical and physically-based glacier surface melt models
for long-term simulations of glacier response”

This chapter is published under the same title in Journal of Glaciology (Gabbi et al., 2014).
The performance of five glacier melt models with different complexities is examined over a
multi-decadal period in order to assess the suitability to model glacier projections. The analysis
comprises a classical temperature-index model, three enhanced temperature-index models as
well as a full energy-balance model. Results revealed that models with intermediate sophisti-
cation, including the full shortwave radiation balance, perform best over long-term periods. In
contrast, the relationships of more empirical approaches do not seem to be robust in time due
to their oversensitivity to temperature fluctuations.

Chapter 4: “The impact of Saharan dust and black carbon on albedo and long-term
glacier mass balance”

This chapter is prepared for submission to The Cryosphere (Gabbi et al., 2015). The long-term
effect of Saharan dust and other light-absorbing snow impurities on the surface albedo and
mass balance of an Alpine glacier is analyzed. The employed model includes a parameterisation
for snow albedo accounting for the effect of mineral dust and black carbon and a snow density
model in order to track the snow and impurity layers in time. Results suggest that in years
with a very high supply of Saharan dust or in melt-intense periods as in the late 1940s and
2000s, snow impurities substantially affect the glacier mass balance.
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Abstract

A dense network of helicopter-based ground penetrating radar (GPR) measurements was
used to determine the ice-thickness distribution in the Mauvoisin region. The comprehen-
sive set of ice-thickness measurements was combined with an ice-thickness estimation ap-
proach for an accurate determination of the bedrock. A total ice volume of 3.69± 0.31 km3

and a maximum ice-thickness of 290m were found. The ice-thickness values were then
employed as input for a combined glacio-hydrological model forced by most recent regional
climate scenarios. This model provided glacier evolution and runoff projections for the
period 2010–2100. Runoff projections of the measured initial ice volume distribution show
an increase in annual runoff of 4% in the next two decades, followed by a persistent runoff
decrease until 2100. Finally, we checked the influence of the ice-thickness distribution
on runoff projections. Our analyses revealed that reliable estimates of the ice volume are
essential for modelling future glacier and runoff evolution. Wrong estimations of the total
ice volume might even lead to deviations of the predicted general runoff trend.

2.1 Introduction
The demand for renewable energy is rising, especially when considering the declining confidence
in nuclear power and the ascending greenhouse gas emissions (Bundesamt für Energie, 2011a).
Particularly in alpine regions with sufficient amounts of precipitation, hydropower is one of the
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most efficient and appropriate energy sources (Bundesamt für Energie, 2011b). In many high-
mountain basins the water supply to hydropower reservoirs primarily consists of melt providing
considerable amounts of water even in summer, when precipitation events are rare (Verbunt
et al., 2003; Hock et al., 2005). Glaciers act as large freshwater reservoirs accumulating snow
during the cold season and releasing the water accumulated as snow and ice during summer.
This leads to sustainable differences in the runoff regime of glacierized basins compared to
non-glacierized ones (e.g. Chen and Ohmura, 1990). However, the projected climate change
and the associated glacier retreat entail the potential risk of serious diminution of the glacial
induced water supply (Braun et al., 2000; Huss et al., 2008b; Farinotti et al., 2012).
In recent years, different studies examined the impact of climate change on runoff projections
for high-alpine basins (Braun et al., 2000; Verbunt et al., 2003; Horton et al., 2006; Schaefli
et al., 2007; Huss et al., 2008b; Farinotti et al., 2012; Uhlmann et al., 2013). Highly glacierized
catchments require appropriate modelling of glacial processes including mass balance modelling
(Klok and Oerlemans, 2002; Pellicciotti et al., 2005; Huss et al., 2008b) and adaptation of
the glacier surface geometry (Vieli et al., 1997; Schneeberger et al., 2003; Huss et al., 2010;
Jouvet et al., 2011). The initial ice volume distribution forms the basis for the determination
of the glacier and runoff evolution of glacierized catchments. In order to deal with difficulties
arising from the scarce or no data availability of the glacier bed, ice-thickness estimation
approaches (e.g. Farinotti et al., 2009b; Fischer, 2009; Paul and Linsbauer, 2012) have been
developed.
This study focuses on the determination of the glacier bed topography in the Mauvoisin region
and the impact of the initial ice volume distribution on runoff projections of high-mountain
catchments until 2100. A dense network of helicopter- and ground-based ground penetrating
radar (GPR) measurements served as data basis for the determination of the ice-thickness
distribution. The ice-thickness measurements were combined with an ice-thickness estimation
approach in order to determine the glacier bed topography in the study area as accurately as
possible (Sect. 2.3). Integrating the newly acquired knowledge about the ice volume distri-
bution, the Glacier Evolution and Runoff Model (GERM, Huss et al., 2008b; Farinotti et al.,
2012) forced by most recent climate scenarios (Bosshard et al., 2011) was applied to derive
glacier evolution and runoff projections until 2100 for the region (Sect. 2.4). The model ap-
proach and the sensitivity of the model parameters have been tested in the study of Farinotti
et al. (2012). In the scope of this study, the impact of uncertain ice-thickness estimations, due
to a lack of ice-thickness measurements or the usage of inappropriate ice-thickness estimation
methods, on runoff projections was analysed (Sect. 2.5). Uniform ice-thickness distribution,
commonly used in macro-scale hydrological models, and more sophisticated results obtained
from an ice-thickness estimation method (Farinotti et al., 2009b) deriving the distribution
according to the surface topography were considered. Furthermore, the effect of over- or un-
derestimation of the total ice volume was investigated. The main part of the article is divided
in three separate sections about (1) the ice-thickness distribution, (2) the glacio-hydrological
modelling, and (3) the ice volume sensitivity analysis whereby each section contains the cor-
responding methods and results.

2.2 Study site and data

The Mauvoisin area is situated in the south-western part of the Valais Alps, Switzerland
(Fig. 2.1). The catchment extends over an area of 150 km2, with 63 km2 covered by glaciers
in 2009, accommodating five larger glaciers (5–18 km2) and several smaller glaciers (<5 km2).
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Figure 2.1: Overview of the Mauvoisin region. The inset on the bottom right shows the
location of the catchment within Switzerland and the weather stations used in this study. The
red dashed line refers to the profile of Fig. 2.11.

Due to the northwest orientation of the valley axis, the glaciers show exposures from southwest
via north to east. They range in altitude from 2200 to 4300m a.s.l. (Tab. 2.1).
The climate in the Mauvoisin region is characterized by mean precipitation amounts of about
1600mma−1 and a mean annual temperature of −3.5 ◦C.
The transient modelling of glacier and runoff evolution in the past and future requires a
wide range of different data sets. Past temperature and precipitation time series as well as
projections for the future climate are used to force the model (see Sect. 2.4.1). Direct mass
balance measurements, decadal ice volume changes derived from topographic maps and areal
photographs as well as runoff measurements are used for model calibration (Tab. 2.2). Due
to long-term efforts, annual mass balance measurements are available since 1966 for Glacier
du Giétro and since 1996 for Glacier de Corbassière (Bauder, 2003; Bauder et al., 2007).
Digital elevation models (DEMs) of the glacier surface are available for the years 1934, 1983
and 2009 for all glaciers in the catchment. Additional DEMs of the years 1997/1998 and
2003 exist for Glacier de Corbassière and Glacier du Giétro. DEMs of the year 1934 are based
on topographic maps, whereas the others are derived by photogrammetrical analysis of areal
photographs. An overview on the used data sets is shown in Table 2.2.
Hydrometric data are available from the hydropower company Mauvoisin since 1982. The
data includes water level variations of the Mauvoisin reservoir, its outflow and the input of
the water conducting pipelines on the left and right hand side (Fig. 2.1). Inflow and lake level
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Table 2.1: Area, ice volume, altitudinal range and main exposition of the glaciers in the
Mauvoisin region. Data refer to 2009.

Glacier
Area Volume Alt. range

Expo
km2 km3 ma.s.l.

Corbassière 18.26 1.379 2235–4315 N

Otemma 15.74 1.052 2465–3815 SW

Brenay 8.99 0.384 2575–3815 SW

Mont Durand 6.98 0.298 2360–4160 NE

Giétro 5.46 0.447 2620–3815 NW

Tsessette 3.05 0.076 2490–4025 E

Petit Combin 2.53 0.023 2665–3665 N

Fenêtre 0.67 0.014 2575–3150 NE

Crête Sèche 0.60 0.009 2645–3150 NE

Tournelon Blanc 0.39 0.004 3140–3690 E

Lire Rose 0.14 0.001 3095–3225 SW

Table 2.2: Availability of different data sets used for this study: mass balance measurements
(MB), DEMs, and the length of GPR profiles. Numbers in brackets indicate the fraction of
ground-based GPR profiles from the total length of helicopter- and ground-based GPR profiles
for each glacier.

MB DEMs GPR

Corbassière 1996–2009 1934, 1985, 1997, 34 (9) km

2003, 2009

Giétro 1966–2009 1934, 1983, 1998, 17 (6) km

2003, 2009

Brenay – 1934, 1983, 2009 8 km

Otemma – 1934, 1983, 2009 15 km

M. Durand – 1934, 1983, 2009 8 km

small gl. – 1934, 1983, 2009 –

measurements have monthly resolution for the period 1982 to 2000 and daily resolution since
2000. According to the available runoff data, we divided the basin into two sub-catchments,
the Mauvoisin catchment which correspond to the natural catchment of the reservoir and the
Corbassière/Petit Combin catchment which represents the area in the west including Glacier
de Corbassière and Glacier du Petit Combin (Fig. 2.1). The runoff time series of the Mauvoisin
catchment were generated by subtracting the inflow from the two pipelines and the outflow
of the reservoir from the lake level changes.
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2.3 Ice-thickness distribution

2.3.1 GPR measurements

In spring 2011, helicopter-based GPR surveys were carried out on the five largest glaciers in the
Mauvoisin region (see Table 2.2). 122 km of GPR profiles were recorded whereof 55% showed
clearly detectable reflections, such that they could be incorporated in the ice volume calcula-
tion. The data were acquired by the commercial company Radar Systemtechnik RST GmbH
(Salem, Germany). They employed an acquisition unit operating in a gated stepped mode us-
ing frequencies between 50 and 150MHz (Radar Systemtechnik GmbH, 2012). Additionally,
ground-based GPR measurements from previous field campaigns of the years 1988/1998 and
1997 on Glacier de Corbassière and Glacier du Giétro, respectively, were included (Fig. 2.2,
VAW 1998).

Ice thickness [m]

0 250125

recorded heli radar profiles
evaluated heli radar profiles
ground−based radar profiles

Figure 2.2: Ice-thickness distribution in the Mauvoisin region derived by all available ice-
thickness measurements. Glacier outlines refer to 2009. The grey lines show the recorded
helicopter-based GPR profiles, the green lines the finally evaluated profiles and the red lines
the ground-based GPR profiles from previous field campaigns. The red dot refers to the GPR
section shown in Fig. 2.3.

GPR processing

Visualization of the bedrock topography in the GPR sections required several processing steps
to be applied. The helicopter-borne GPR data were acquired more or less continuously during
the flights. In a first step, the positions of the GPR signals of the different traces were projected
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on straight profiles which is required for the further processing of the GPR data. In order to
remove the inherent system ringing of GPR acquisition systems a singular value decomposition
based on multichannel filters has been performed. In a next step, a bandpass filter was applied,
which removed signal portions outside of the frequency band radiated by the GPR transmitter
antenna. Then, the reflected signals from the glacier surface had to be identified in the
GPR sections, which allowed static corrections to be applied. A further critical processing
step included application of gain functions for enhancing small amplitudes at later times in
the radargrams (e.g. bedrock reflections). The signal-to-noise ratio was further improved by
defining discrete bins along the profiles and stacking the traces contained in each bin. Finally, a
Kirchhoff Migration was applied for removing artifacts produced by point scatterers (e.g. large
boulders) and to correctly position the reflectors in the individual sections. Figure 2.3 shows a
finally processed section across the Glacier d’Otemma. The bedrock reflection is clearly visible
and reaches its maximum depth of about 250m at a horizontal distance of 550m.
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Figure 2.3: Processed GPR section across Glacier d’Otemma. Its position is indicated in
Fig. 2.2.

Uncertainties of GPR measurements

Uncertainties of the ice-thickness measurements origin from different sources of error. The
main uncertainty arises due to blurry reflection horizons. Always the upper boundary of the
reflection band was picked. By the identification of the bed reflections, care was taken to
ensure that no sharp edges of the bed topography result. The uncertainty of this source of
error can be assigned to ± 5m on average. In isolated areas uncertainties of up to ± 15m can
occur due to blurry reflection. Another source of error are uncertainties about the propagation
velocity of the electromagnetic wave. The velocity is well known and therefore the effect on
the uncertainty of the ice-thickness is negligible small. Further uncertainties are introduced
by the projection of the GPR signals on two dimensional profile sections. The uncertainties
associated with this kind of error are spatial highly variable and are difficult to quantify. Hence,
this error was not included in the uncertainty analysis. According to these considerations, an
overall uncertainty of ± 5m was determined for the GPR measurements.
In order to verify the accuracy of the GPR profiles, a comparison between helicopter- and
ground-based GPR measurements was performed. The helicopter-based GPR profiles were
arranged in a manner allowing a comparison to ground-based measurements. As shown by
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Figure 2.4 the ground-based agree well with helicopter-based GPR measurements. Remaining
differences in the ice-thickness are mainly due to slight deviations in the projections of the
GPR profiles.
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Figure 2.4: Comparison of ground-based and helicopter-based GPR profiles. Four GPR profiles
of the lower part of Glacier de Corbassière were selected.

2.3.2 Ice-thickness estimation

Since the GPR profiles covered only a relatively small portion of the glacierized area, an
extrapolation procedure was required for obtaining estimates over the entire area of interest.
The literature describes different ice-thickness estimation approaches of various complexity
(e.g. Farinotti et al., 2009b; Fischer, 2009; Paul and Linsbauer, 2012). All of them combine
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Table 2.3: Area, maximal (Hmax) and mean (Havg) ice thickness, ice volume of (1) (V(1))
and standard deviation, ice volume of (5) (V(5)), the relative ice volume difference between
V(1) and V(5) (V(5:1)), and the calibrated apparent mass balance gradients for the ablation
(db̃/dzabl) and accumulation zone (db̃/dzacc) of the Mauvoisin region.

Glacier Area Hmax Havg V(1) V(5) V(5:1) db̃/dzabl db̃/dzacc

[km2] [m] [m] [km3] [km3] [%] [m/100m] [m/100m]

Corbassière 18.3 238 76 1.38± 0.09 1.96 +42 0.55 0.14

Otemma 15.7 291 67 1.05± 0.08 1.42 +35 0.68 0.27

Brenay 9.0 212 43 0.38± 0.04 0.61 +61 0.66 0.38

Mont Durand 7.0 144 43 0.30± 0.03 0.54 +80 0.59 0.65

Giétro 5.5 230 82 0.45± 0.03 0.42 -7 0.81 0.70

small glaciers 7.3 83 19 0.13± 0.03 0.08 -38 0.66 0.43

Mauvoisin 62.8 291 59 3.69± 0.31 5.03 +36 0.66 0.43

ice flow mechanics with the information about the surface topography for estimating the depth
of the glacier bed.

In this study we applied the Ice-Thickness Estimation Method (ITEM) of Farinotti et al.
(2009b). ITEM derives the ice-thickness distribution by calculating the ice flow and ensuring
mass continuity. Two gradients for the so called apparent mass balance (i.e. the difference
between the actual mass balance and the rate of ice-thickness change), one for the ablation
and one for the accumulation zone, have to be assumed. The ice-thickness is derived from
inverting Glen’s flow law (Glen, 1955). A correction factor c accounts for the valley shape,
basal sliding and uncertainties in the chosen flow parameters. This factor has to be calibrated
by ice-thickness measurements in order to maximize agreement between GPR measurements
and calculated bedrock or has to be estimated from other glaciers.

We have used our GPR measurements to identify suitable correction factors for each profile.
In between the profiles, the correction factors were linearly interpolated. On glaciers, where no
GPR data were available, a mean correction factor was used. Gradients of the apparent mass
balance were derived by the results of the mass balance model and the observed ice-thickness
changes (Tab. 2.3).

By interpolation of the GPR profiles uncertainties are introduced in the ice volume estimation.
In order to determine the magnitude of this kind of error, the ice-thickness estimation model
was run multiple times for a different number of GPR profiles. By each model run a GPR profile
was added to the set of ice-thickness measurements leading to a continuous increase in the
accuracy of the ice volume estimation. By including the last profiles to the interpolation, the
ice volume uncertainty approached to a level of about 1%. Hence, the uncertainty introduced
by the interpolation method is small for glaciers with a comprehensive set of ice-thickness
measurements. The uncertainty of the ice volume calculation of glaciers without ice-thickness
measurements was assessed taking the performance of the uncalibrated ITEM into account.
Uncertainties of the ice volume calculation are shown in Table 2.3.
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2.3.3 Results

Based on all available ice-thickness measurements a total ice volume of 3.69± 0.31 km3 was
determined for the Mauvoisin region for the year 2009 (Tab. 2.3). Glacier de Corbassière
is the largest glacier in the area with an ice volume of 1.38± 0.09 km3. Glacier d’Otemma
shows a slightly smaller ice volume of 1.05± 0.08 km3. The three other larger glaciers, Glacier
du Brenay, Glacier du Mont Durand, and Glacier du Giétro, have clearly lower ice volumes
ranging between 0.30± 0.03 and 0.45± 0.03 km3. All smaller glaciers together account for
0.13± 0.03 km3 corresponding to approximately 4% of the total ice volume. The largest
ice-thickness (291m) was found on Glacier d’Otemma (Tab. 2.3, Fig. 2.2). The maximum
ice-thickness of Glacier de Corbassière is 238m. Glacier du Brenay and Glacier du Giétro have
maximal ice-thicknesses of around 220m. In comparison, Glacier du Mont Durand shows a
lower maximal ice-thickness of 144m.

2.4 Glacier evolution and runoff modelling

2.4.1 Glacio-hydrological model

For glacier and runoff projections the glacio-hydrological model GERM was applied (Huss et al.,
2008b; Farinotti et al., 2012). The model is fully distributed and consists of five different
modules dealing with accumulation and ablation processes, glacier evolution, evaporation and
runoff routing. The model was run on a daily basis for the time period 1900 to 2100 with
a spatial resolution of 50m and 25m for the Mauvoisin and the Corbassière/Petit Combin
catchment, respectively. Model and applications to alpine catchments are described by Huss
et al. (2008b) and Farinotti et al. (2012) in more detail.
The mass balance model is based on a temperature-index melt model according to the ap-
proach by Hock (1999). It calculates the melt on a linear relationship between ablation and
air temperature and includes the effect of potential solar radiation, thus accounting for the
variability in slope, aspect and topographic shading. The local melt rate M is calculated in
daily resolution by:

M =

{
(FM + rice/snow I)T : T > 0 ◦C

0 : T ≤ 0 ◦C
(2.1)

where FM is the melt factor, rice/snow the radiation factors for ice and snow, respectively, I the
potential solar radiation, and T the mean daily air temperature. Below 0 ◦C no melting occurs.
The accumulation model interpolates the amount of precipitation at the reference location to
any location in the catchment on the basis of a calibrated precipitation gradient dP/dz and
a precipitation correction factor cprec . Linear transition within a temperature range of 0.5 -
2.5 ◦C is used in order to distinguish between snow and rainfall. Further, a spatial depending
snow distribution factor, which is constant over time, is implemented and accounts for snow
transport processes through wind or gravity (e.g. avalanches).
Glacier surface is updated according to the so called dh-parameterisation (Huss et al., 2010).
This method relies on the fact, that ice-thickness changes across a longitudinal profile of a
glacier show a typical pattern which is approximately constant over time (Jóhannesson et al.,
1989). In the parameterisation, the annual ice volume change computed by the mass balance
model is distributed over the glacier surface according to a predefined pattern. Thereby, the
pattern is obtained analysing historic glacier changes in the region of interest.
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The runoff routing model consists of three different reservoirs: an interception, a fast and a
slow one. In first instance, the water (sum of liquid precipitation and melt) infiltrates in the
interception reservoir until it is filled. Afterwards the water is distributed in the fast and the
slow reservoir. The filling rate depends thereby on the actual filling level of the slow reservoir.
The fast reservoir indicates the near-surface, fast responding runoff, the slow one the runoff
from deeper layers retaining water over a longer period. In case of a snow cover, there is a
fourth snow reservoir. Part of the outflow from the snow reservoir infiltrates in the soil, the
other one contributes directly to runoff. The total runoff is computed by adding the discharge
of the slow, the fast and the direct runoff from the snow reservoir. The water loss of the
interception reservoir is only controlled by evaporation. The individual reservoirs act as so
called linear reservoirs where the runoff volume is proportional to the actual filling level of
the reservoir. The model distinguishes between five different surface types: ice, snow, rock,
low (meadow) and high vegetation (forest). The size of the reservoirs and the corresponding
retention constant are dependent on the surface type. For further details on the GERM model,
the reader is referred to Farinotti et al. (2012).

Model forcing

The model is forced with continuous temperature and precipitation time series (1900–2100)
with daily evolution. In order to reconstruct the past climate conditions (1900–2009) in
the Mauvoisin area, regional temperature and precipitation data from weather stations in the
vicinity of the study site are taken into account. Monthly temperature values between 1900 and
2009 were obtained by inverse-distance weighting of the homogenized climate time series of
12 different weather stations maintained by MeteoSwiss (Begert et al., 2005). In order to get
temperature time series with daily resolution, daily fluctuations of the weather station in Sion
were superimposed on the monthly values. Temperature lapse rates were computed by using
data of weather stations closer than 50 km to the study area (Fig. 2.1). The homogenized
temperature time series were shifted to the mean altitude of the investigated catchment by
using the temperature lapse rate. For precipitation, the time series of the weather station of
Bourg-St-Pierre were chosen due to the vicinity to the study site and the long record reaching
back to 1900. These daily precipitation time series were scaled in order to match the monthly
precipitation values given by the PRISM data set (Schwarb et al., 2001). The data set provides
mean monthly precipitation sums for the Swiss Alps on a grid with 2 km resolution and the
period 1971–1990. Precipitation lapse rate is determined during the calibration procedure by
using the mass balance data. Temperature and precipitation lapse rate were kept constant
over time. For further information about the generation of the climate time series of the past
see Huss et al. (2008a).
Future climate time series (2010–2100) of the Mauvoisin region are based on scenarios devel-
oped in the framework of the European ENSEMBLES project (van der Linden and Mitchell,
2009). Regional climate scenarios of 10 different model chains (combination between gen-
eral circulation models and regional climate models) based on emission scenario SRES A1B
(IPCC, 2000) were used. The data were obtained from the Center for Climate Systems Mod-
eling (C2SM) providing daily temperature and precipitation changes for two periods in the
future (2021–2050; 2070–2099) in comparison to a period in the past (1980–2009) (CH2011,
2011; Bosshard et al., 2011).
In order to meet the model requirements of continuous climate time series the changes in
temperature and precipitation between the different periods are assigned to the middle of
each period and are linearly interpolated inbetween. An interannual variability is introduced
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by superimposing daily fluctuations of the past on the interpolated time series. We followed
the approach of Farinotti et al. (2012) and generated 10 different meteorological time series
for each of the ten considered model chains. This results in 100 different time series of daily
temperature and precipitation by which the model can be forced and allows to estimate a
possible bandwidth for the climate evolution.
According to the climate projections provided by C2SM, the temperature in the Mauvoisin
region (weather station at 1840 m a.s.l.) will increase by about 1.2± 0.44 ◦C on average until
2021-2050 and by about 3.4± 0.63 ◦C until 2070-2099 compared to the reference period.
Mean precipitation will increase by about 1.4± 2.4% until the first period, but decreases
by about −2.8± 3.8% until the second period. These average changes in temperature and
precipitation are not uniformly distributed over the year. Temperature is projected to increase
most during summer and precipitation most in spring and autumn.

Calibration

The calibration of the model parameters was performed by an automated multi-layer itera-
tive procedure as described in Huss et al. (2008b) and Farinotti et al. (2012). In addition
to hydrometric data, glacier volume changes and direct mass balance measurements were in-
corporated in the calibration procedure, which strongly reduce the uncertainties of the model
parameters (Jost et al., 2012; Stahl et al., 2008). Optimum calibration is essential in order to
ensure reliable glacier and runoff projections. Inappropriate parameter estimation or changes
in parameter values in the future may lead to deviations from the predicted glacier and runoff
evolution (see Discussion).
In a first step, the parameters of the melt and the accumulation module (FM, rice/snow , cprec ,
dP/dz) were calibrated by means of observed ice volume changes and mass balance mea-
surements (Tab. 2.4). Melt and radiation factors were adjusted according to ice volume
changes, precipitation gradient and precipitation correction factor according to mass balance
measurements. The temperature gradient dT/dz was previously determined by means of
climate data from weather stations near the study site as described in Section 2.4.1. In a
second step, the parameters of the runoff routing model were iteratively adjusted in order
to ensure maximal agreement between observed and modelled runoff (Tab. 2.4). For valida-
tion the Nash-Sutcliffe criterion was calculated for daily, monthly, and annual runoff volumes
(Nash and Sutcliffe, 1970). The model parameters were cross validated by calibrating the
parameters for the period 1934–1983 and validating them for the period 1983–2009 and vice
versa. The Nash-Sutcliffe criterion of the monthly runoff values is 0.93 and 0.94 for the
Mauvoisin and the Corbassière/Petit Combin catchment, respectively, and of the daily runoff
values 0.86 and 0.87, respectively. The bias between the modelled and the measured annual
runoff is on average +1.2miom3 a−1 (+0.6% or +10.5mma−1) and −0.5miom3 a−1 (−0.9%
or −14.5mma−1) for the Mauvoisin and the Corbassière/Petit Combin catchment, respec-
tively. The parameters of the evaporation module are adopted from Huss et al. (2008b) and
Farinotti et al. (2012).

2.4.2 Results
Glacier evolution

Since the beginning of the 20th century, the glaciers in the Mauvoisin region have been in
retreat. Between 1900 and 2009 the initial ice volume has decreased by 43%, from 6.49 km3

to 3.69 km3. Almost half of this ice volume loss occurred during the past 30 years. Hence,
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Table 2.4: Overview of the calibrated parameter sets of the melt, accumulation and runoff
model shown for the two subcatchments Mauvoisin (Mauv) and Corbassière/Petit Combin
(Corb). The retention constants for the fast reservoir and the maximal capacity of the slow
and the fast reservoir depends on the surfacetype (ice, snow, rock, low and high vegetation,
open water).

Parameter Explenation Unit Mauv Corb

Melt model:

FM Melt factor [10−4mh−1 ◦C−1] 1.169 1.016

rice Radiation factor for ice [10−6 m3 W−1 ◦C−1] 0.780 0.677

rsnow Radiation factor for snow [10−6 m3 W−1 ◦C−1] 0.390 0.231

dT/dz Temperature gradient [ ◦Cm−1] −0.0053 −0.0053

Accumulation model:

dP/dz Precipitation lapse rate [%m−1] 0.15 0.05

Cprec Precipitation correction factor [-] 30.0 −10.0

Runoff model:

kf ast Retention constant fast reservoir [d] 2–30 2–30

kslow Retention constant slow reservoir [d] 50 50

ksnow Retention constant snow reservoir [d] 5 5

Vslow,max Max. capacity slow reservoir [mm] 200–5000 200–5000

Vint,max Max. capacity interception reservoir [mm] 0–2.5 0–2.5

the retreat rate has nearly doubled since the beginning of the 1980s (Fig. 2.5). Similar mass
balance rates could be also observed between 1943 and 1954. Only a short period of mass gain
was observed between 1978 and 1983, when the ice volume increased by about 192miom3

corresponding to an increase of 3.6% in total ice mass.
According to the applied model, all glaciers in the Mauvoisin region will severely retreat in
the future independent of their size. By the end of the 21st century, the entire area will be
nearly ice free. Only some ice patches above 3500m a.s.l., with a total ice volume of 0.11 km3

(0.08↔ 0.24 km3), are expected to remain. Small glaciers will vanish completely.
The amount of retreat of the glaciers in the Mauvoisin region is mainly controlled by the eleva-
tion of their accumulation area (Fig. 2.6). Small glaciers or parts of them below 3000m a.s.l.
are expected to disappear by 2020 as in case of Glacier de Fenêtre, Glacier de la Tsessette
and, to some extent, also Glacier de Crête Sèche. Small glaciers situated at higher altitudes,
such as Glacier de Tournelon Blanc, will persist longer.
Model results revealed that larger glaciers, especially those with large ice volumes and high-
altitude accumulation areas, will retreat considerably slower than the smaller ones. Within the
next few decades, the larger glaciers will be affected mainly by thinning. Only at a later stage
(after 2050) the glaciers are expected to show significant areal wastage. Glacier d’Otemma
shows a particularly fast retreat in contrast to the other larger glaciers in the area as indicated
by our model. Already around 2070 Glacier d’Otemma will have almost entirely vanished
except of some tiny ice patches in the uppermost part. The reason for the rapid retreat of the
Glacier d’Otemma despite the large initial ice volume can be associated with its main basin
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Figure 2.5: Ice volume evolution in the Mauvoisin region between 1900 and 2100. The hatched
zone represents the 95% confidence interval for the past given by the ice volume uncertainty
and for the future given by the 100 different model runs. Black triangles and corresponding
dotted lines show years in which a DEM is available.

restricted to altitudes below 3100m a.s.l. In comparison, in 2070 Glacier de Corbassière will
cover almost the half of its initial area because of considerable ice masses situated at altitudes
above 4000m a.s.l.

Hydrology

According to our reconstruction, the annual runoff increased from 216 to 265miom3a−1

(23%) between 1900 and 2009, but this rise was not constant over time. In two succes-
sive periods from 1910 to 1945 and from 1975 to 1995 the annual runoff volume has in-
creased by about 45miom3 a−1 (∼20%) and has reached maximal runoff of approximately
260miom3 a−1. In between, the annual runoff volume dropped back to values of less than
220miom3 a−1. These fluctuations can be correlated with the glacier evolution as well as with
changes in temperature and precipitation (Fig. 2.7). In the next two decades, annual runoff is
projected to increase to approximately 275miom3 a−1 (+4%). Afterwards, a continuous de-
cline is expected until the end of the 21st century. Compared to the maximal runoff volume of
275miom3 a−1 the annual runoff will drop about 25% to 207miom3 a−1 until 2100. In com-
parison to a previous study addressing nine selected catchments in the Swiss Alps (Farinotti
et al., 2012), the future runoff evolution in the Mauvoisin catchment shows a similar evolution
as other strongly glacierized catchments.
The changing climate and the associated glacier wastage will not only affect the amount of
annual runoff, but also the individual runoff components, leading to significant changes in the
runoff regime. At present, the runoff regime is dominated by ice and snow melt and shows a
peak discharge in the months July and August (Fig. 2.8). Modelled runoff projections indicate
that in future, the mean daily runoff in summer will strongly diminish, whereas during winter
daily runoff will slightly enhance due to higher air temperatures. Currently, a maximum mean
daily runoff of 28m3 s−1 is attained at the end of July, which will decrease to 18m3 s−1 until
the year 2100. Beside the reduction of daily runoff, also a shift of peak runoff is expected.
According to the model, maximal runoff values will occur one-and-a-half months earlier at the
end of the 21st century compared to the reference period. This shift of the peak discharge
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Figure 2.6: Projected glacier retreat in the Mauvoisin region until the end of the 21st century.
Glacier area is shown in 10-yr steps. Hatched zones framed by gray thick lines represent the
outlines of the two subcatchments Mauvoisin and Corbassière/Petit Combin.
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Figure 2.7: Evolution of annual runoff, precipitation, air temperature and glacierization in the
Mauvoisin catchment. Bold lines represent running means, the thin gray line the effective
evolution of the annual runoff. The blue hatched zone shows the 95% confidence interval of
the annual runoff determined from multiple model runs. The grey dotted lines indicate the
95% confidence interval of the effective annual runoff evolution in the past based on the bias
between modelled and measured annual runoff. The gray shaded area refers to the percentage
of the ice covered area in the catchment.
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Figure 2.8: Evolution of the runoff regime in the Mauvoisin region for the reference period
and four time snapshots in the future averaged over ±5 years. Numbers in brackets refer to
the percentage of glacier cover.

from end of July to the mid of June results from the decrease of the runoff volumes in the
months July to September by about 44% compared to the reference period. Furthermore, the
runoff projections indicate that daily runoff increases slightly earlier in spring compared to the
present situation due to the earlier onset of the snow melt season. The time offset between
the beginning of the melt season in the reference period and in 2100 is around three weeks.
Similar changes in the runoff regimes of high-alpine basins in the future have been reported by
other studies (Horton et al., 2006; Uhlmann et al., 2013).
The reason for these changes in the runoff regime becomes evident by considering the evolution
of the different sources of water input to the runoff model with progressing climate change
(Fig. 2.9). The model employed distinguishes between: liquid precipitation, snow melt, and
ice melt. Firn is counted to ice melt. Between the sum of the three water input components
(Fig. 2.9) and the runoff regime (Fig. 2.8) is a slight difference originating from runoff routing.
During the reference period (1980-2009), snow melt is the main component and account for
60% of the water input. At present, snow runoff contribution starts to increase mid of May
and reaches a maximum at the beginning of July. The ice melt increases later in the season
(at the beginning of June) and its maximum occurs around the end of July. Model projections
show that maximum snow melt is shifted to the beginning of June and that the ice melt is
reduced and its maximum shifted to mid of August by the end of the 21st century. Hence, the
shift of the snow melt peak and the reduction of the ice melt lead to reduced runoff volumes
in July and August as shown by the runoff regime evolution.
According to our model, ice melt will decrease about 74% between 2010 and 2100 and will
contribute only by 2% to total runoff in the year 2100. The remaining runoff will originate in
equal parts from snow melt (48%) and liquid precipitation (50%). Snow melt will experience
a less pronounced decrease than ice melt. From 2010 to 2100 snow melt reduces about
11%. The reduction of snow melt is caused by less solid precipitation due to the expected
temperature rise and generally decreased precipitation amounts. In fact, total precipitation
will reduce about 6% until 2100 compared to the reference period (1980-2009). The results
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Figure 2.9: Evolution of the three components of the water input to the runoff routing model
for the years 2010 (a), 2040 (b), 2070 (c), and 2100 (d). The values are averaged over ±5
years.
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Table 2.5: Summary of the main results of this study. The evolution of the ice volume, the
glacierized area, the annual runoff and the different components of water input to the runoff
routing model (ice melt, snow melt, and liquid precipitation) is shown for the period 1920-2100
in 30-yr steps. Values are averaged over ± 5 years.

Quantity Unit 1920 1950 1980 2010 2040 2070 2100

Ice volume km3 6.2 5.3 4.3 2.4 1.8 0.6 0.1

Glacier area km2 75.9 72.7 71.7 61.6 38.6 15.5 4.2

Annual runoff 106 m3a−1 207 258 223 260 270 231 206

Ice melt 106 m3a−1 19 15 6 19 13 11 5

Snow melt 106 m3a−1 103 126 121 119 118 112 105

Liquid precipitation 106 m3a−1 51 66 61 85 96 103 109

of the runoff analysis are summarized in Table 2.5.

2.5 Ice volume sensitivity analysis
Extensive helicopter-borne GPR measurements allowed the ice-thickness distribution in the
Mauvoisin area to be determined accurately. If such data sets are not available, simplified
models need to be employed. By means of a sensitivity analysis we have quantified the influence
of the initial ice-thickness distribution on glacier and runoff projections.
For that purpose, we considered five different ice-thickness distributions (Fig. 2.10).

1. Approach as described in Sect. 3.2. Case (1) refers to the reference ice-thickness dis-
tribution based on the measurements.

2. Same ice-thickness distribution pattern as (1) but scaled by +20%. This case shows
the influence of overestimated total ice volumes on runoff projections.

3. Same ice-thickness distribution pattern as (1) scaled by −20%. Case (3) emphasizes
the impact of underestimation of the total ice volume on the runoff evolution.

4. Uniform ice-thickness distribution with a mean ice-thickness calculated by the ice volume
based on (1) for each glacier. This distribution is the most simple case and is used in most
macro-scale hydrological models where ice volume is crudely processed (Fig. 2.10d).

5. Ice-thickness distribution calculated by the ITEM assuming a correction factor c of 0.53
as used in the study by Farinotti et al. (2009a) for unmeasured glaciers. Apparent mass
balance gradients are set to 0.9× 10−2 a−1 for the ablation zone and to 0.5× 10−2 a−1

for the accumulation zone. This method provides a spatial distribution pattern based
on the glacier surface topography. Case (5) shows the performance of ITEM if no
ice-thickness measurements are available (Fig. 2.10b).

When assuming a constant correction factor c =0.53 (5), ITEM overestimates the total ice
volume of the Mauvoisin region by about 36% (Tab. 2.3). Especially, for Glacier du Brenay and

25



CHAPTER 2. ICE VOLUME AND IMPLICATIONS ON RUNOFF PROJECTIONS

Glacier du Mont Durand the ice volume is overestimated by 61 and 80%, respectively. Glacier
du Giétro shows in case of c =0.53 an exceptional small deviation of only −7%. Glacier de
Corbassière and Glacier d’Otemma show mainly in the lower area large ice-thickness deviations
between the GPR and the ITEM based bed topography of up to 130m (Figs. 2.10 and 2.11).
Glacier du Brenay and Glacier du Mont Durand show deviations in the ice-thickness of the
same order, but the largest deviations are located more in the center than on the lower part
of the glacier.

2.5.1 Impact of initial ice volume distribution on runoff

The different ice volume distributions significantly affect the runoff projections. In case of
the GPR derived ice volume (1) annual runoff will slightly increase (about 4%) from 2010
until about 2030 to a maximal annual runoff volume of 275miom3 a−1. Afterwards, the
runoff volume starts to decrease gradually until 2100 (Fig. 2.12). Overestimation of the total
ice volume of about 20% (2) results in a pronounced increase of the annual runoff over a
prolongated period of time compared to GPR derived runoff. Peak discharge will occur around
10 yr later with a volume of 279miom3 a−1 (+1%) compared to (1). Underestimation of the
total ice volume (3) leads in the case of the Mauvoisin region to changes in the trend of
the runoff evolution in the next decades. Instead of a further runoff increase, annual runoff
continuously decreases until the end of the 21st century with general lower runoff volumes
compared to GPR derived results. Neglecting a spatial ice volume distribution by assuming
uniform ice-thickness distribution (4) leads to an overestimation of the runoff in the next two
decades due to too large ice masses in low altitude. Maximal annual runoff will occur around
2020 with a peak discharge of 283miom3 a−1 (3%). In a later stage, the runoff of the uniform
ice volume distribution aligns to the GPR derived runoff curve. The application of ITEM with
the uncalibrated and fixed parameter set (5) overestimates the ice volume in the Mauvoisin
region about 36% which results in a similar runoff evolution as in case of the ice volume
overestimated by 20% (2). But, in Case (5) the annual runoff shows a sharper increase of
12% between 2010 and 2040. A maximum peak runoff of 287miom3 a−1 is expected in this
case.

2.6 Discussion

The ice volume sensitivity study emphasizes the importance of an accurate ice volume deter-
mination for glacier and runoff projections. The incorporation of ice-thickness measurements
in the ice volume calculation is crucial in order to receive reliable ice volumes and ice-thickness
distributions. Inaccurate estimations of the total ice volume will cause deviations from the
predicted general runoff trend. In case of the Mauvoisin region, it could be shown that an
overestimated ice volume reveals a sharp runoff increase in the the next few decades, whereas
estimations supported by measurements show almost no further increase in annual runoff.
The ice-thickness distribution affects the runoff evolution as well, but not as pronounced as in
case of an overestimated ice volume. A uniform ice volume distribution entails particularly in
the next few decades an overestimation of runoff and is therefore less suitable for short- and
mid-term projections. After major ice volume has melted, it only differs slightly from the GPR
derived runoff evolution. In absence of ice-thickness measurements a mean parameter set has
to be assumed carrying the potential of over- or underestimation of the true ice volume. In
case mass balance measurements are available, mass balance gradients can be adjusted leading
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Figure 2.10: The different ice-thickness distributions: (a) the GPR based ice volume distri-
bution, (b) the ice-thickness distribution derived by ITEM, and (d) the uniform ice-thickness
distribution. The figures on the right side (c, e) refer to the ice-thickness difference to the
reference distribution determined by measurements.
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to improvements in the ice volume estimation. Due to the high sensitivity of the ice volume
estimation on the correction factor (Farinotti et al., 2009b), the use of an appropriate correc-
tion factor is of much higher importance compared to the mass balance gradients. Knowledge
about the local ice-thickness enables the calibration of the correction factor resulting in a
significantly increased accuracy of the ice volume estimation. New approaches are required
for better assessing correction factors for individual glaciers if no ice-thickness measurements
are available. Our results suggest that the incorporation of GPR based ice-thickness measure-
ments is of high importance in order to provide reliable runoff projections especially for the
next thirty to forty years when profound changes are expected.
Despite the high density of ice-thickness measurements and the application of an ice-thickness
estimation method, the true bed topography is not fully known. Uncertainties arise due to
uncertainties of the ice-thickness measurements and due to the interpolation method. Taking
these two sources of error into account an overall uncertainty of ± 8% was determined for
the total ice volume. This uncertainty leads to the same alterations of the runoff projections
as shown by the results of the sensitivity analysis for under- and overestimated ice volume
(20%), but less pronounced.
A simple approach to compute the glacier evolution is the Accumulation Area Ratio (AAR)
method as used by several studies (e.g. Schaefli et al., 2007; Paul et al., 2007). This method
updates the glacier surface according to the modelled accumulation area and a fixed accumula-
tion area ratio assuming infinite ice volume. Moreover, no mass conservation is provided. Huss
et al. (2008b) showed a poor performance of the AAR method compare to an approach with
a transient glacier evolution model and an initial ice volume distribution. According to Huss
et al. (2008b), the annual runoff volume is up to 30% underestimated by the AAR approach
which is clearly below the performance of all tested ice volume distributions.
The reliability and usefulness of the glacier evolution and runoff projections is also affected
by uncertainties in the future climate evolution. The climate scenarios applied are based on
the most recent climate study and incorporate different combinations of regional and general
circulation models. However, only emission scenario SRES A1B (IPCC, 2007) was considered.
Deviations from the chosen emission scenario might entail a different glacier evolution and
consequently changes in the projected future runoff regime.
Uncertainties arise also from the chosen model approach. The prediction of the glacier evo-
lution is determined on the basis of a temperature-index melt model in combination with an
accumulation model. Due to the low data requirement of this approach, it is well suited
for distributed modelling of entire catchments and available for future climate scenarios. But,
temperature-index melt models act just as simplified approaches of the true surface energy bal-
ance and react only to changes in the temperature and precipitation field. Other factors, such
as variations in incoming or outgoing radiation or changes in the wind field, are not incorpo-
rated and may lead to different results. In the 1940s, a rise in the global radiation led to higher
melting rates compared with today’s climate conditions despite of lower air temperatures (Huss
et al., 2009b). Such variations of solar radiation are not captured by temperature-index melt
models retaining a constant parameter set and might yield discrepancies between projected
and real glacier evolution.
Furthermore, uncertainties about the model parameters have the potential to cause deviations
from glacier and runoff projections. The study of Farinotti et al. (2012) reveals that runoff
projections are particularly sensitive to changes in the temperature gradient and melt parameter
values. The study shows that a reduction of the temperature lapse rate by 10% yields a
decrease of the mean annual runoff between 2010 and 2100 of about 25% and that an increase
of the melt parameters of 10% lead to an increase of the mean annual runoff of 11 to 20% in
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the same period. The temperature distribution has a big impact on runoff projections because
it controls the snow and ice melt and additionally also the phase of precipitation. Under-
or overestimation of the total ice volumes leads to deviations in the mean glacier melt of
the same order. In case of the ITEM-derived glacier bed topography, the total ice volume is
overestimated by 36% leading to a reduction of the mean glacier-induced runoff between 2010
and 2100 of about 31%. This corresponds to a mean annual runoff reduction of about 4% in
the period 2010 to 2100, what is less than the effect of the temperature gradient and the melt
parameters, because the ice volume affects the ice melt component only. But, the discrepancy
between the two runoff evolutions is higher for individual years, as around 2050, where the
annual runoff based on the ITEM-derived ice volume distribution is overestimated by about
10%. For glacierized catchments the incorporation of glacier specific data for the calibration
procedure is crucial in order to reduce the uncertainty of the model parameters and to provide
reliable projections (Stahl et al., 2008; Jost et al., 2012). For this reason we are confident that
the calibrated parameters are despite the simple calibration method appropriate for modelling
the glacier and runoff evolution. Further improvements in the parameter estimation might be
achieved by applying a more sophisticated optimization algorithm. But, uncertainty about the
validity and potential variations of the parameters in the future will remain.
Enlargement of the debris covered area of a glacier might yield attenuation of the glacier
retreat in future. Glacier d’Otemma and Glacier du Brenay show already an extended debris
cover in the ablation zones. During the last decades, especially small glaciers in the Mauvoisin
area have shown a strong increase in debris cover. Similar observations have been reported
from other mountain regions (Kellerer-Pirklbauer, 2008; Popovnin and Rozova, 2002; Stokes
et al., 2009). In contrast, an increase in dust cover reduces the albedo and leads to an
intensification of the melt process (Oerlemans et al., 2009). Insufficient understanding of the
processes yielding changes in debris or dust cover and lack of data inhibit the implementation
of debris cover evolution in melt models (Reid and Brock, 2010).
Moreover, the glacier evolution also involves uncertainties arising from the accumulation model.
The spatial distribution of precipitation and the distinction between liquid and solid precipitation
is complex. Variable redistribution of snow by wind and avalanches further increases the
complexity of the accumulation pattern (Lehning et al., 2008). The applied model includes a
simplified snow redistribution approach but assumes constant snow redistribution patterns in
time. Further effort is required to increase the accuracy in modelling the snow distribution on
glaciers (Dadic et al., 2010).
Projections of the annual runoff volume and the runoff regime were compared to the results of
the study by Schaefli et al. (2007) which investigated the influence of the climate change on
the hydropower production in the Mauvoisin region by a more simplified approach. Our results
show higher annual runoff volumes by the end of the 21st century compared to Schaefli et al.
(2007). Changes in the daily runoff regime as the reduction of the peak discharge and the
shift toward earlier in season are ascertained by both studies. However, a direct comparison
is not possible, because (1) different climate scenarios were used, and (2) the investigated
catchments differ in their extent.

2.7 Conclusions

In this study we combined results from extensive GPR measurements with an ice-thickness
estimation approach (Farinotti et al., 2009b), for determining the present ice volume in the
Mauvoisin area. A total ice volume of 3.69±0.31 km3 was calculated by including all available
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measurements and a maximal ice-thickness of 291m was found. The derived ice volume
distribution served as input for a combined glacio-hydrological model (Huss et al., 2008b;
Farinotti et al., 2012), by which glacier and runoff projections were determined. By means
of a sensitivity analysis we could demonstrate that an under- or overestimation of the total
ice volume may lead to severe distortions of the runoff projections and potentially even to
deviations from the projected general runoff trend. Particularly for projections for the next 20
to 30 yr an accurate ice volume determination and an appropriate ice-thickness distribution is
crucial. The study emphasizes the importance of the incorporation or GPR measurements in
order to get reliable ice-thickness distributions. Including ice-thickness measurements clearly
increases the accuracy of the ice volume estimation and hence, the runoff projections.
According to our model, the annual runoff will rise about 4% to a maximum of 275miom3 a−1

until around 2030 and will drop in the subsequent period to 207miom3 a−1 by 2100. The runoff
regime is expected to change from an ice-melt to a snow-melt dominated regime. Maximum
mean daily runoff will decrease from 28m3s−1 to 18m3 s−1 from 2010 to 2100 and will occur
one and a half month earlier by 2100 than in the reference period.
Application of helicopter-based radar measurements on further alpine catchments, will lead
to a more profound knowledge about the ice volume and the ice-thickness distribution in
the Alps. According to an improved knowledge about the ice volume distribution, glacio-
hydrological projections will become more accurately. Progress in model approaches (e.g.
knowledge of the long-term behavior of model parameters) and the development of improved
climate scenarios may further reduce the uncertainty about the future evolution.
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Abstract

We investigate the performance of five glacier melt models over a multi-decadal period
in order to assess their ability to model future glacier response. The models range from
a simple degree-day model based solely on air temperature to more sophisticated models
including the full shortwave radiation balance. In addition to the empirical models, the per-
formance of a physically-based energy-balance model (EB) is examined. The melt models
are coupled to an accumulation and a surface evolution model and applied in a distributed
manner to Rhonegletscher (Switzerland) over the period 1929-2012 at hourly resolution.
For calibration, seasonal mass balance measurements (2006-2012) are used. Decadal ice
volume changes for six periods in the years 1929-2012 serve for model validation. Over
the period 2006-2012, almost no differences in performance among the models are evident
except for EB, which is less consistent with observations likely due to lack of meteorologi-
cal in-situ data. However, simulations over the long-term (1929-2012) reveal that models
which include a separate term for shortwave radiation agree best with the observed ice vol-
ume changes, indicating that their melt relationships are robust in time and thus suitable
for long-term modelling in contrast to more empirical approaches that are over-sensitive
to temperature fluctuations.
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3.1 Introduction

Several studies have demonstrated the impact of the expected 21st century climate change
on glaciers mass balance at the regional and global scale (Le Meur et al., 2007; Huss et al.,
2008b; Farinotti et al., 2012; Radic et al., 2014). Model simulations however depend on the
type of models used (Pellicciotti et al., 2013; Huss et al., 2014). Approaches to compute melt
range from empirical models such as simple temperature-index models to more sophisticated
physically based energy-balance models. Temperature-index models require only temperature
as input and are based on an assumed linear relationship between this variable and melt rates,
whereas energy-balance models are based on the computation of all relevant energy fluxes
at the glacier surface and thus require extrapolation of numerous meteorological and surface
input variables at the glacier scale. There is a large variety in the degree of sophistication
of the approaches incorporating more or less meteorological input variables (Johannesson
et al., 1995; Cazorzi and Fontana, 1996; Hock, 1999; Hock and Holmgren, 2005; Anslow
et al., 2008). Advancements over the simple dependence of melt on air temperature by
addition of radiation terms have been recently suggested (Cazorzi and Fontana, 1996; Hock,
1999; Pellicciotti et al., 2005), and named enhanced temperature-index models. In contrast
to simple temperature-index models, enhanced temperature-index models provide a better
representation of the spatial and temporal variability of melt controlled by solar radiation.
Some of these approaches also cope better with the physical character of the melt process
and provide a promising approach to model melt at the glacier-wide scale with fewer input
data than energy-balance models, but with a higher accuracy than standard temperature-index
models. Pellicciotti et al. (2005) presented such an enhanced temperature-index melt model
and showed that the performance compared to conventional temperature-index models was
significantly higher. The authors suggested that simpler models that are directly dependent on
air temperature might be oversensitive to temperature fluctuations. The model comparison
was performed at the point scale with measured input data from five automatic weather
stations operated over one ablation season at Haut Glacier d’Arolla (Switzerland). Carenzo
et al. (2009) tested the transferability of the enhanced temperature-index model and showed
that model parameters calibrated over one season could be applied to another year or another
site with only a small decrease in model performance. The stronger physical basis might imply
that the model parameters are less dependent on meteorological conditions and thus more
robust in time. In contrast, there are indications that the parameters of simple temperature-
index models are not stable over decadal periods and thus require recalibration for individual
subperiods (Huss et al., 2009b), which question their suitability for future glacier projections.
Physically based energy-balance models provide accurate point melt rates when high quality,
in-situ records of meteorological variables are available (Pellicciotti et al., 2013). However,
their performance decreases when forced with data recorded outside of the glacier boundary
layer, where the equations of the energy fluxes are valid. As a result, it might be questioned
whether they still represent the best model approach for spatially distributed simulations and
long term modelling, when meteorological input variables need to be extrapolated from off-
glacier stations. Despite this, several studies have applied distributed energy-balance models
forced with data of off-glacier weather stations (e.g. Klok and Oerlemans, 2002; Gerbaux
et al., 2005).
The aim of this study is to examine the performance of five different melt models, (1) a
classical temperature-index model (TI), (2) the temperature-index model of Hock (1999)
(HTI), (3) an enhanced temperature-index model (ETI), (4) a simplified energy-balance model
(SEB), and (5) an energy-balance model (EB) over multiple decades (1929-2012) to study the
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performance of the different approaches for long-term modelling studies. The selected models
range from the most simple (empirical) to the most complex (physically-based) form of melt
equation and are well established and widely used melt models commonly applied for mass
balance studies. The robustness of the parameters of the empirical models (TI, HTI, ETI,
SEB) over a period of several years (2006-2012) is investigated using repeated mass balance
measurements. In order to test the multi-seasonal glacier mass balance evolution, the melt
models are coupled to an accumulation and a mass balance redistribution model and are applied
to Rhonegletscher, Swiss Alps, in a distributed manner. Meteorological data from the nearby
weather station at Grimsel Hospiz operated by MeteoSwiss are used to force the models. The
simple TI model is based on few input data and requires only air temperature and precipitation
while the HTI model needs in addition an index of potential, clear-sky solar radiation. The
ETI and the SEB models require instead of the potential radiation the full shortwave radiation
balance, i.e. the actual incoming and outgoing shortwave radiation, the latter being defined by
the surface albedo. Solar radiation is calculated on the basis of a radiation model for clear-sky
conditions and a cloud factor. The EB model is the most data demanding approach, as it
requires beside air temperature, precipitation and incoming and reflected shortwave radiation
also the longwave radiation flux, wind speed and relative humidity, as well as knowledge of
surface characteristics such as surface roughness.
Rhonegletscher has been intensively investigated, in particular in the recent years. A com-
prehensive set of subseasonal mass balance and accumulation measurements for the period
2006-2012 provides extensive mass balance data and serves as basis for the calibration of the
model parameters. For each year of the period 2006-2012 individual model parameters are cal-
ibrated by minimizing the difference between simulated and observed subseasonal mass balance
measurements. Furthermore, a mean parameter set calculated from all available mass balance
measurements of the years 2006-2012 is determined and adopted for the long-term modelling
(1929-2012). The performance of the five models is validated against decadal ice volume
changes derived by seven digital elevation models covering the period 1929-2012. Based on
the insights gained, we attempt to determine which model is most suited for mass balance
modelling over decadal periods and for glacier projections in the 21st century.

3.2 Study site & Data

The study site is located in the central Swiss Alps and forms the headwaters of the Rhone
river (Fig. 3.1a). Rhonegletscher is a medium-sized valley glacier and covers an area of about
16 km2. The glacier has approximately north-south orientation and ranges in altitude between
2200 and 3600m asl. Rhonegletscher has a long history of measurements and was particularly
in the last decade intensively investigated.
Meteorological data are taken from the weather station Grimsel Hospiz (1980m asl) operated
by MeteoSwiss which is the nearest weather station located about 4 km west of the glacier
tongue of Rhonegletscher (Fig. 3.1a). The weather station records air temperature, precipi-
tation, global radiation, humidity, wind speed and wind direction in daily resolution since the
beginning of 1959 and in hourly resolution since spring 1989. Air temperature measured at
the weather station Grimsel is extrapolated by means of seasonal temperature lapse rates
with a daily cycle. Recent studies have shown that temperature lapse rates in high elevation
catchments exhibit a distinct variability during the day (Carenzo et al., 2009; Petersen and
Pellicciotti, 2011) and that this needs to be taken into account when forcing melt models to
avoid modelling errors (Petersen and Pellicciotti, 2011; Immerzeel et al., 2014). Neglecting
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Figure 3.1: (a) The location of Rhonegletscher (red dot) and of the weather station Grimsel
Hospiz and the six additional weather stations used to derive temperature lapse rates (green
dots). The numbers refer to the elevation of the weather stations. (b) Overview of the study
site with the location of the ablation stakes (dots) and of the fixed pyranometer (violet dot).
Light green dots show the location of the albedo measurements carried out every second
to third week in summer 2011. (c) Position of the snow depth measurements of the years
2007-2012.

a daily cycle could result in an overestimation of air temperatures during the central hours
of the day and lower temperatures during night. Air temperature data of seven weather sta-
tions within a radius of 32 km from Rhonegletscher ranging between 1007 and 3580m asl
(Grimsel, Gütsch, Robiei, Piotta, Engelberg, Eggishorn and Jungfraujoch) covering the pe-
riod 1994-2012 are used to derive hourly lapse rates (Fig. 3.1a). Data of the weather station
Ulrichen are not considered, because air temperatures at Ulrichen are strongly affect by cold
air drainage particularly during winter months (Scherrer, 2014). Air temperature lapse rates
show a persistent daily cycle with maximum absolute values around noon (Fig. 3.2). Steepest
temperature lapse rates of –0.0063 ◦Cm−1 occur in spring and summer and shallower gradi-
ents (–0.0045 ◦Cm−1) in winter probably due to inversion of air temperatures during the cold
season (Rolland, 2003). Coefficients of determination for the temperature gradient analysis
are overall high (r 2 > 0.96).
The mass balance model is run on an hourly basis. For this reason, the daily temperature
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Figure 3.2: Hourly temperature lapse rates and the corresponding standard deviations for each
season computed by linear regression of hourly temperatures of the period 1994-2012 recorded
at seven weather stations in the surrounding of Rhonegletscher against altitude.

records of the period 1959-1989 are converted into hourly data by superimposing diurnal vari-
ations on the mean daily temperatures. Measured minimum and maximum daily temperatures
are employed to constrain daily temperature fluctuations. In an iterative procedure, hourly
temperature values are generated by taking the daily temperature fluctuations within a day in
the period 1989-2012 which exhibited as similar as possible distribution of minimum, maximum
and average temperature. Only days of the same month are considered. Hourly precipitation
time series were derived in a similar manner except that only information about the total daily
precipitation and not about peak values were available.
For the period 1929-1959 no climate records exist for the weather station Grimsel. Hence,
air temperature from Jungfraujoch (operating since the beginning of the year 1933) is used,
because the station shows the highest correlation with temperature measured at Grimsel com-
pared to other stations in the surrounding with a long recording history (r 2 =0.92). The
temperature measured at Jungfraujoch is extrapolated to the altitude of the weather sta-
tion Grimsel by seasonal lapse rates determined by evaluating temperature deviations between
the two stations in the overlapping measuring period (1959-2012). For the first three years,
1930-1932, temperatures measured at Sion are used. In the case of precipitation, data of
the weather station Sion are employed and shifted according to seasonal lapse rates to the
location of Grimsel. Then, the daily values are converted to hourly values as described in the
previous section. The generation of distributed precipitation fields from station measurements
is described in Section Accumulation model.
Repeated mass balance measurements were carried out in the period 2006-2012 (01.10.2006-
30.09.2012). Between 11 and 17 stakes were installed in the ablation and accumulation area
of Rhonegletscher (Fig. 3.1b). In 2010 and 2011 additional stakes were installed in the tongue
area. The mass balance was usually measured at the beginning and end of the accumulation
period and several times (9-14 times) during the ablation period. In total, more than 1000
stake readings are available. The uncertainty of mass balances measurements is estimated as
± 0.2mw.e. a−1 (Dyurgerov, 2002). Snow depth measurements were carried out at the end
of the accumulation season of each year in the period 2007-2012 (Fig. 3.1c). Two additional
surveys were performed in 2011 and 2012 at the beginning of March. Simultaneously, snow
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density profiles were measured at one up to five locations during the snow depth surveys.
Six digital elevation models (DEMs) derived from a historic topographic map and aerial pho-
tographs of the years 1929, 1959, 1980, 1991, 2000, and 2007 with a spatial resolution of
25m exist for Rhonegletscher (Bauder et al., 2007). For the year 2012 a partial DEM of
the ablation area of Rhonegletscher exists. The DEM of the year 1929 serves as input for
the modelling; the other six DEMs are used for validation of the model outputs by deriving
decadal ice volume changes. Geodetically determined ice volume changes are affected by an
error of about ± 5% (Bauder et al., 2007). The total volume change of the period 2007-2012
is obtained by scaling the observed ice volume change of the partial DEM according to the
proportion of ice volume changes of previous periods which fall within this zone (47 - 61%). In
summer 2011 and 2012, the albedo of the glacier surface was recorded continuously at one
site and in 2011 also every second to third week at 12 additional locations within the ablation
area (see Fig. 3.1b), providing the mean ice albedo (αice =0.24± 0.06) for Rhonegletscher.
The topography of the glacier bed and hence the ice volume distribution is known (Farinotti
et al., 2009b).

3.3 Methods
For the melt model comparison, five distributed melt models with varying complexity are
considered which are described in the following subsections.

3.3.1 Classical temperature-index melt model
The classical temperature-index melt model is solely based on air temperature and relates
linearly melt rates to air temperature by a melt factor differing for snow and ice surfaces:

M =

{
1
n
DDFice/snow Ta : Ta > TT

0 : Ta ≤ TT

(3.1)

where DDF ice/snow is the degree-day factor for ice and snow, respectively (mmd−1 ◦C−1),
Ta the air temperature (◦C), n the number of time steps per day (here n =24) and TT the
threshold temperature distinguishing between melt and no melt (TT =1 ◦C, Pellicciotti et al.,
2005). TT accounts for the fact that melt is controlled by the energy budget at the surface
and can also occur at air temperatures below and above the melting point of snow and ice
(Kuhn, 1987). The model keeps track of the snow water equivalent in each grid cell of the
modelling domain, and when this is zero ice melt is calculated.

3.3.2 Temperature-index melt model of Hock (1999)
In contrast to the classical temperature-index model where melt varies in space only as a
function of elevation (given by temperature lapse rates), the temperature-index model by
Hock (1999) includes a term for clear-sky potential solar radiation in order to account for
topographic effects such as exposition, slope and shading on the spatial distribution of melt,
but without the need of additional meteorological variables such as radiation and cloud data.
Melt rates (mmh−1) are obtained as:

M =

{
(MF + Rice/snow Ipot)Ta : Ta > TT

0 : Ta ≤ TT

(3.2)
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where MF is the melt factor (mmh−1 ◦C−1), Rice/snow the radiation factors for ice and snow
(mmm2 h−1 W−1 ◦C−1) and Ipot the potential clear-sky direct solar radiation (Wm−2). Radi-
ation factors are different for snow and ice surface in order to account for differences in the
surface characteristics such as the albedo. The potential, clear-sky direct solar radiation is
calculated following Hock (1999) as a function of solar geometry, topography and atmospheric
transmissivity assuming a constant clear-sky atmospheric transmissivity in space and time:

Ipot = I0

(
Rm

R

)2

ψ
( P
P0 cosZ

)

a cos θ (3.3)

where I0 is the solar constant, Rm and R the mean and actual sun-earth distance, ψa the
atmospheric transmissivity, P the atmospheric pressure and P0 the pressure at sea level, Z is
the solar zenith angle and θ the incidence angle of the sun on the surface.

3.3.3 Enhanced temperature-index melt model

The enhanced temperature-index melt model by Pellicciotti et al. (2005) has a more physical
basis through the inclusion of the shortwave radiation balance and distinguishes between melt
induced by solar radiation and melt induced by other heat fluxes (temperature induced melt).
Melt is calculated according to:

M =

{
TF Ta + SRF (1− α) I : Ta > TT

0 : Ta ≤ TT

(3.4)

where TF is the temperature factor (mmh−1 ◦C−1), SRF the shortwave radiation factor
(mmm2 h−1 W−1), α the surface albedo and I the incoming shortwave radiation (Wm−2).
The actual incoming shortwave radiation (I) is computed as a product of clear-sky incoming
shortwave radiation according to Iqbal (1983) and Corripio (2003) and a cloud transmission
factor (cf ) representing the attenuation of solar radiation by clouds. The clear-sky incoming
shortwave radiation is calculated as the sum of direct, diffuse and reflected shortwave radiation
and requires the exact position of the sun and its interaction with the surface topography as
well as knowledge about the transmissivity of the atmosphere. The transmittance of Rayleigh
scattering, ozone, uniformly mixed gases, water vapor and aerosols as well as the altitude de-
pendency is accounted for and is computed on the basis of the concept of the relative optical
air mass (Bird and Hulstrom, 1981). Cloud transmissivity factors (i.e. the ratio of observed
to simulated clear-sky incoming shortwave radiation) are derived according to Pellicciotti et al.
(2011) as a function of daily temperature ranges. The cloud factor parameterisation is recal-
ibrated against measured global radiation and daily temperature ranges (∆T ) at the weather
station Grimsel, resulting in the following relationship:

cf = 0.084 ∆T + 0.120 (r 2 = 0.522). (3.5)

For the ice albedo a value of 0.24 is assumed. The albedo of snow is calculated according to
Brock et al. (2000) as a function of the accumulated daily maximum positive air temperature
since the last snowfall (Tacc). The associated parameters are adopted from Pellicciotti et al.
(2005):

αsnow = a1 − a2 log10 Tacc, (3.6)
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where a1 =0.86 and a2 =0.155. The recalibration of the parameterisation against the albedo
measurements during summer snow fall events by the pyranometer on the tongue of Rhone-
gletscher (summer 2011 and 2012), yields the same value for parameter a2 describing the
decline of the albedo after a snow fall event as proposed by Pellicciotti et al. (2005). For a1

a different value is obtained, likely due to the fact that after a summer snow fall event the
albedo drops back rapidly to the albedo of the underlying ice, which is lower than the albedo
of snow.

3.3.4 Simplified energy-balance melt model
The simplified energy-balance model by Oerlemans (2001) is very close the the enhanced
temperature-index model by Pellicciotti et al. (2005), but instead of using a threshold tem-
perature for the onset of melt, the available melt energy is calculated and converted to melt
rates by the latent heat of fusion. The melt energy QM (Wm−2) is obtained as:

QM = (1− α)I + C0 + C1Ta, (3.7)

where C0 (Wm−2) and C1 (Wm−2 K−1) are empirical factors which describe the temperature
dependent energy fluxes. The incoming shortwave radiation I and the albedo α are calculated
as in the ETI model. Melt rates M (m s−1) are obtained by dividing the melt energy by the
latent heat of fusion Lf (333’700 J kg−1) and the density of water ρw (1’000 kgm−3):

M =
QM∆t

Lfρw

. (3.8)

where ∆t (s) is the time step. Melt occurs only when the melt energy is larger than zero.

3.3.5 Energy-balance melt model
The energy-balance model used in this work is described in detail in Carenzo (2012) and the
reader is referred to that publication for details. Here we only recall its main characteristics.
The energy balance at the glacier-atmosphere interface is given by:

QM = (1− α)SW↓+ LW↓ − LW↑+QH +QL +QS, (3.9)

where QM is the melt energy, α the albedo, SW↓ the incoming shortwave radiation, LW↓
and LW↑ the incoming and outgoing longwave radiation, QH the turbulent sensible heat flux,
QL the turbulent latent heat flux and QS the heat conduction into the snow/icepack. Melt
rates are computed by Equation 3.8. Ablation is the sum of melt and sublimation minus
resublimation. Sublimation S (m s−1) is computed as:

S =
QL∆t

Ls ρw
, (3.10)

where Ls is the latent heat of sublimation (2’834’000 J kg−1).
The measured incoming shortwave radiation is distributed over the glacier based on the spatially
varying incident sun angle, the sky view fraction and the surface property (i.e. albedo, Corripio,
2002). Albedo of snow and ice is modelled in the same way as in ETI.
The incoming longwave radiation LW↓ is calculated according to the Stefan-Boltzmann rela-
tionship and depends on the absolute air temperature, the percentage of cloud coverage and
the cloud type (Brock and Arnold, 2000). The outgoing longwave radiation LW↑ is computed
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following the Stefan-Boltzmann relationship as a function of surface temperature (calculated
each time step as a function of the energy penetrating into the snow/icepack with a heat
conduction scheme, see Pellicciotti et al. (2009) and surface emissivity (snow and ice surface
emissivity is set to 1, assuming that the surface radiates as a black body (Oke, 1987)).

The turbulent sensible and latent heat fluxes are calculated according to the bulk aerodynamic
method as a function of air temperature, humidity and wind speed (e.g. Munro, 1989). In
contrast to the profile aerodynamic method, the meteorological variables are required only for
one height above ground level. In addition, the scaling lengths for aerodynamic roughness
z0, temperature zt and humidity ze, the stability-correction factors for momentum, the heat
and humidity and the Monin-Obukhov length scale have to be known. Different values for
z0 are assigned to fresh snow (z0 =0.1mm), snow after snowfall when melting has taken
place (z0 =1.0mm) and ice (z0 = 2.0mm) as proposed by Pellicciotti et al. (2005). zt and
ze are calculated from the roughness Reynolds number and z0. Due to a lack of additional
measurements and the complexity of wind and humidity fields, wind speed and relative humidity
are assumed to be constant in space over the modelling domain and equal to those measured
at Grimsel weather station (located 4 km from the glacier tongue, see Fig. 3.1a).

3.3.6 Accumulation model

The repeated snow depth measurements are utilized to derive precipitation fields. In a first
step, precipitation fields were calculated using valley precipitation lapse rates determined from
precipitation data of six weather stations located in the Rhone valley and of weather station
Grimsel. However, comparisons with snow depth measurements showed that, particularly at
high altitudes, snow water equivalents are underestimated, revealing that valley lapse rates are
too flat. The snow depth measurements show a consistent pattern of moderate, nearly con-
stant snow depths below 2600-2700m asl and a stronger increase in the upper area (Fig. 3.3).
The uniform snow depths in the lower part of the glacier might be a result of enhanced wind
redistribution due to a wind tunnel effect in the narrow valley at the glacier tongue. To ac-
count for the observed increase with altitude, elevation dependent lapse rates are determined
for elevation bands of 100m by comparing measured snow water equivalents (corrected for
snow melt and snow redistribution) with snow water equivalents at the weather station Grimsel
inferred from precipitation measurements by applying a threshold temperature of 1 oC to dis-
tinguish between solid and liquid precipitation. For the years 2007-2012, for which snow depth
surveys are available, individual lapse rates are derived whereas for the other years a mean
set of lapse rates is used. Annual elevation dependent lapse rates range between 0.024 and
0.096%m−1 and mean gradients of the period 2007-2012 between 0.038 and 0.069%m−1.
The correlation between modelled and measured snow water equivalents of all years reveals a
coefficient of determination r 2 of 0.71. For individual years r 2 ranges between 0.51 and 0.85
(Fig. 3.3).

Precipitation fields are computed by applying these precipitation lapse rates to the hourly
precipitation sums measured at the weather station Grimsel. A threshold temperature set to
1 ◦C is used to distinguish between liquid and solid precipitation (MacDougall and Flowers,
2011). The spatial redistribution of snow by snow drift and avalanches is accounted for with
the approach proposed by Huss et al. (2008a) in which accumulation is redistributed according
to the terrain parameters curvature and slope.
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Figure 3.3: Measured and simulated snow water equivalents (SWE) versus elevation for each
snow depth survey (at the end of the accumulation period). The coefficients of determination
(r 2) of measured and modelled snow water equivalents are indicated.

3.3.7 Mass balance redistribution model
The melt and accumulation models are forced by hourly temperature and precipitation data
for the period 01.10.1929-31.12.2012. The mass balance is evaluated on a DEM with an
extent of 7.5× 12.5 km and a grid spacing of 25m. The mass balance model is coupled to a
mass balance redistribution model which updates the geometry of the glacier surface in annual
time steps. A simplified approach which redistributes the annual mass balance according
to the pattern of historic ice-thickness changes with elevation is used (Huss et al., 2010).
For this purpose the relationship between altitude and ice volume changes of Rhonegletscher
(given by the six DEMs) is determined and employed for updating the surface topography. In
comparison to an ice flow model, this approach requires less computational time. In order
to test the influence of the chosen parameterisation for glacier surface geometry changes,
we force the five mass balance models with prescribed glacier surface geometries which are
obtained by linear interpolation of the glacier surface between two successive DEMs (Huss
et al., 2008a) ensuring consistency in glacier elevation and extent among the five models.
Results of this test showed that the employed approach only marginally affects model results.
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Table 3.1: Parameter ranges and the corresponding increments (∆) employed for the model
calibration of the four empirical models.

Parameter Unit Range ∆

TI
DDFice mmd−1 ◦C−1 3.00↔ 10.00 0.01

DDFsnow mmd−1 ◦C−1 3.00↔ 7.00 0.01

HTI
MF mmh−1 ◦C−1 0.00↔ 0.15 0.01

Rice mmm2 h−1 W−1 ◦C−1 0.000↔ 0.0011 0.0001

Rsnow mmm2 h−1 W−1 ◦C−1 0.000↔ 0.0011 0.0001

ETI
TF mmh−1 ◦C−1 0.00↔ 0.31 0.01

SRF mmm2 h−1 W−1 0.000↔ 0.012 0.0002

SEB
C0 Wm−2 -5↔ -225 5

C1 Wm−2 K−1 1↔ 33 1

3.3.8 Model calibration and validation

The empirical character of the temperature-index models and the simplified energy-balance
model requires calibration of the model parameters. The two coefficients of TI (DDFice,
DDFsnow), ETI (TF , SRF ) and SEB model (C0, C1) and the three coefficients of the HTI
model (MF , Rsnow, Rice) are calibrated by means of the weekly to monthly mass balance
measurements of the period 2006-2012. Only measurements during the ablation period are
considered (April-October). In a first step, the optimal parameter sets are systematically
searched in parameter ranges determined from previous studies (e.g. Pellicciotti et al., 2012;
Farinotti et al., 2012) and in a later step parameter ranges are extended where needed in order
to find the optimum. The parameter ranges and increments employed for the calibration of
the different models are listed in Table 4.1. Model performance is determined by calculating
the efficiency criteria R2 according to Nash and Sutcliffe (1970) of observed and simulated
mass balances (MBobs/sim):

R2 = 1−
Σ(MBobs −MBsim)2

Σ(MBobs −MBobs)2
[−∞, 1]. (3.11)

An R2 of 1 indicates perfect fit, an R2 lower than zero that the average value of all observations
is a better predictor than the model itself. The parameter combinations with the highest R2

are chosen. Different parameter sets with highest Nash-Sutcliffe efficiency are determined
(1) for each individual year of the period 2006-2012 (yearly calibrated), taking only ablation
measurements of the current year and (2) for the entire period (multi-yearly calibrated),
incorporating all measurements of the years 2006-2012, in order to analyse the variability
of the model parameters over several years and to investigate the difference in performance
between yearly and multi-yearly calibrated parameter sets.
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For model validation, simulated and observed ice volume changes of the six subperiods (1929-
1959, 1959-1980, 1980-1991, 1991-2000, 2000-2007, 2007-2012) and the entire period 1929-
2012 are compared. For calibration and validation two independent data sets were used
approving the overlap of the calibration period with the validation period.
Multi-yearly calibrated parameters are used to force the models over the long-term period.
Observed ice volume changes (106 m3) are converted to cumulative mass balances (mw.e.)
assuming an ice density of 900 kgm−3. As a measure for model performance the absolute and
percentage differences of modelled versus measured cumulative mass balances are employed.

3.4 Results

3.4.1 Parameter variability

The yearly calibrated parameters of the ETI and HTI model vary from year to year (Figs. 3.4, 3.5a).
The temperature factors of ETI fluctuate in a range of 0.00 and 0.25 and the shortwave ra-
diation factors between 0.0012 and 0.0100. The melt factors of HTI range between 0.02 and
0.14 and the radiation factors for snow and ice between 0.0002-0.0006 and 0.0004-0.0008,
respectively (Tab. 3.2). Variations in the yearly calibrated parameter values are for both melt
models of similar magnitude. The temperature factors of ETI and HTI (TF ,MF ) vary in a
range of about ±100% compared to the mean over all years. The variations in the radiation
factors (SRF , Rsnow/ice) are smaller and range between –80 and +60% for SRF and between
–50 and +50% for Rsnow/ice. In the case of SEB, variations are also high, with coefficients of
variation of –0.64 and 0.42, but the parameters seem to be more robust for the years 2009-
2012, for which they are identical or very close to the multi-yearly calibrated parameter values
of C0 =–75 and C1 =15. In 2007, a higher C1 compensates for a lower C0 value compared to
the mean and in 2008 the opposite is true, with a lower C1 balanced by a higher C0. Due to
the two deviating years, the variations of C0 and C1 are in the order of –80 to 115% (C0: –
80↔115%;C1: –79↔50%) comparable to the variations of the parameters of ETI and HTI.
The yearly calibrated degree-day factors of the TI model demonstrate clearly lower variations
i.e. the coefficient of variations are 0.09 and 0.16 for DDFice and DDFsnow, as there is no
possibility for compensation.
The multi-yearly calibrated parameters of TI, ETI and SEB are close to the mean of all yearly
calibrated parameters (Fig. 3.4). In the case of HTI, the multi-yearly calibrated temperature
factor MF is higher and the radiation factors Rsnow and Rice are lower than the mean. In
general, years with high temperature factors are accompanied by low radiation factors and
vice versa.
Meteorological conditions of the multi-year period are listed in Table 3.3. Years with high
temperature factors (e.g. 2010, see Fig. 3.5a) are correlated with low incoming solar radiation
and thus predominately overcast conditions whereas years with low temperature factors (e.g.
2007) are related to clear-sky conditions. This observation is in accordance with the results
obtained by Carenzo et al. (2009) who concluded that parameter variations are induced by
the changing contribution of the individual fluxes to the energy balance i.e. on cloudy days
the shortwave radiation flux is reduced whereas the longwave radiation flux and the turbulent
heat fluxes are enhanced leading to higher temperature factors and lower radiation factors.
Furthermore, we can observe that years with low temperature factors (e.g. 2007) are generally
associated with an earlier depletion of the snow cover whereas years with a long lasting winter
snow cover (e.g. 2010) correspond to high temperature factors (Tab. 3.3).
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Figure 3.4: The yearly calibrated model parameters of (a) the TI , (b) HTI, (c) ETI and (d)
SEB model for the years 2007-2012. The horizontal lines show the multi-yearly calibrated
parameter values.
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Table 3.2: Yearly and multi-yearly calibrated parameters of TI, HTI, ETI and SEB models and
the corresponding coefficient of variation (cv) which is defined as the ratio of the standard
deviation to the mean and indicates the variability of the model parameters.

TI HTI ETI SEB

Year DDFice DDFsnow MF Rsnow Rice TF SRF C0 C1[mm

d ◦C

] [mm

d ◦C

] [mm

h ◦C

] [ mm

m2hW ◦C

] [ mm

m2hW ◦C

] [mm

h ◦C

] [ mm

m2hW

] [
W

m2

] [
W

m2K

]

2007 7.7 3.8 0.04 0.0003 0.0008 0.00 0.0100 –165 21

2008 6.1 6.0 0.02 0.0006 0.0007 0.13 0.0060 –15 3

2009 6.1 5.3 0.14 0.0002 0.0004 0.19 0.0032 –75 15

2010 6.4 5.9 0.07 0.0005 0.0006 0.25 0.0012 –55 15

2011 6.8 4.8 0.09 0.0003 0.0006 0.09 0.0085 –75 15

2012 6.4 5.6 0.04 0.0005 0.0007 0.10 0.0086 –75 15

2007-2012 6.5 5.4 0.11 0.0003 0.0005 0.15 0.0060 –75 15

cv 0.09 0.16 0.65 0.39 0.22 0.68 0.55 –0.64 0.42

The calibration of the melt models reveals a strong correlation between the temperature factor
and the radiation factor of the ETI model as well as between C0 and C1 of SEB, indicated by
the elongated area with similarly high efficiency criteria (Fig. 3.5a, shown for the example of
ETI). This has been termed an equifinality problem, by which several combinations of model
parameters result in the same model performance (see e.g. Finger et al., 2011). However, the
difference among the parameter combinations is evident in the diurnal variations of melt rates
(Fig. 3.5b, shown for the example of ETI) whereby higher temperature factors yield shallower
daily melt cycles than higher solar radiation factors. Daily fluctuations of air temperature
and solar radiation only secondarily influence the daily melt cycle (Fig. 3.5c, d). The coarse
temporal resolution of the mass balance measurements (available at intervals of several days)
does not allow to determine the true proportion of temperature and solar radiation induced
melt and data of higher time resolution (hourly data) would be required to obtain more realistic
daily melt cycles. Particularly with regard to the climate change related temperature increase,
it is important to assess the effective ratio between temperature and solar radiation induced
melt.
The threshold temperature for melt to occur (TT) is kept constant and not recalibrated, fol-
lowing a commonly used approach (e.g. Hock, 1999; Pellicciotti et al., 2005). This parameter
might also vary from year to year, but Pellicciotti et al. (2012) have shown that for a number
of sites and seasons in the Swiss Alps the recalibrated TT of the ETI model did not vary much
indicating that parameter values around 0 or 1 ◦C (values commonly assumed) are reasonable.

3.4.2 Multi-year modelling: 2006-2012

Melt model comparison

The yearly calibration of the model parameters reveals a very similar performance of the four
empirical melt models, TI, HTI, ETI and SEB (Fig. 3.6). The Nash-Sutcliffe efficiency criteria
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Figure 3.5: (a) The Nash-Sutcliffe efficiency criteria corresponding to the combinations of
the two parameters TF and SRF of the ETI model around the optimum. The colors indicate
the magnitude of the efficiency criteria of the calibration over the 6-year period. The red
circles and the red cross show the optimal parameter set for the individual years and the entire
period 2007-2012. The black cross refers to the parameter set proposed by Pellicciotti et al.
(2005). Figures (b), (c) and (d) show the mean daily cycle of surface melt, air temperature
and incoming solar radiation over the ablation seasons of the individual years obtained by yearly
calibrated parameter values.

Table 3.3: Mean air temperature (Ta), mean incoming shortwave radiation (SW↓), mean
albedo (α), mean cloud coverage (cf), the date when the glacier surface becomes snow free
(dtice), numbers of days with ice melt (dice), total solid precipitation (Psol) and total melt (M)
in the ablation periods 2007-2012 at the central stake (indicated by the violet dot in Fig. 3.1b).

Year Ta SW↓ α cf dtice dice Psol M

[oC] [
W

m2
] [-] [-] [-] [%] [mm] [m]

2007 4.4 124 0.41 0.65 29.04 64 595 7.3

2008 3.8 104 0.47 0.60 21.06 54 607 6.5

2009 4.8 97 0.44 0.54 15.06 54 338 6.9

2010 3.5 84 0.52 0.53 27.06 43 811 5.7

2011 5.1 113 0.38 0.58 12.05 70 346 7.4

2012 4.6 101 0.42 0.56 15.06 62 319 7.0

2007-12 4.4 104 0.44 0.58 05.06 58 503 6.8
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Figure 3.6: Comparison of the model performance of the five melt approach. The Nash-
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each year and the entire period are shown. Blue bars represent the efficiency criteria of TI
and HTI, green bars of ETI and SEB and orange bars of EB. White numbers refer to the
corresponding efficiency criteria, red numbers to the bias in mm and blue numbers to the
number of stake measurements available.

of the observed and simulated mass balances calculated with the yearly calibrated parameters
vary between 0.80 and 0.98 for all four models. In contrast, the energy-balance model shows a
weaker performance, particularly in the years 2007 and 2008. The corresponding Nash-Sutcliffe
efficiency criteria range from 0.46 to 0.98. In 2010 and 2012, the EB model shows higher
performance similar to that of the other melt models. Exceptionally high performance and
almost no variations among the different melt models is obtained for the year 2012, with R2

of 0.97-0.98. Reasons for the good agreement with measurements of 2012 might be related
to the fact that the ablation season was not affected by summer snow fall events until mid
of September. A sustained period of ice melt favors high performance, as models have been
shown to perform worse during periods of transition from snow to ice or of frequent snow falls
(Pellicciotti et al., 2005).

The modelling over the entire period 2006-2012 with the best parameters for each year re-
veals no significant differences between TI, HTI, ETI and SEB (R2 =0.90-0.92) and a lower
performance of the energy-balance model, with a Nash-Sutcliffe efficiency criterion of 0.85.
In general, HTI has the highest Nash-Sutcliffe efficiency criterion in the different years and
over the entire period, although the differences are negligibly small (except for EB). The same
conclusion can be also drawn for the calibration of the period 2006-2012 (Fig. 3.7).

The analysis of the model performances over several years indicates that all four models, TI,
HTI, ETI and SEB, are appropriate for melt simulations when parameters are calibrated every
year or over a period of several years. Despite their simplicity, the TI and HTI approaches
compare well with other melt models. In contrast to the empirical melt models, the energy-
balance model was not calibrated. It does not achieve the same high performance as the other
approaches and a possible reason for this might be the forcing of the EB with data from an
off-glacier weather station (see Discussion).
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Figure 3.7: Differences in model performance when using annually and multi-yearly calibrated
model parameters separately for (a) TI, (b) HTI, (c) ETI and (d) SEB model. The Nash-
Sutcliffe efficiency criteria of observed and simulated mass balances of the ablation period
for each year and the entire period are shown. Violet bars represent the efficiency criteria
of annually and green bars of multi-yearly calibrated model parameters. White numbers refer
to the corresponding efficiency criteria, blue numbers to the number of stake measurements
available and red numbers to the differences in R2 between annually and multi-yearly calibrated
parameters.

Annually vs multi-yearly calibrated parameters

In general, the performance of TI, HTI, ETI and SEB with multi-yearly calibrated parameters
is slightly lower than when using yearly calibrated parameters (Fig. 3.7). However, differences
in the efficiency criteria are generally low (∆R2≤ 0.04). An exception is the year 2007 in
which the decline of performance is substantial (∆R2 =0.09-0.36), especially for SEB and
ETI. Another significant performance drop is observed in the case of SEB in the years 2008
and 2010 (dominated by low air temperatures and long lasting snow covers, see Tab. 3.3)
with a decrease in model efficiency of 0.08 and 0.09, respectively. Over the entire period,
the differences are below 0.04 for TI, HTI and ETI and not significant. In the case of SEB,
the difference in R2 is larger, ∆R2 =0.08, and thus not negligible. Hence, despite the large
variability of the model parameters from year to year (Fig. 3.4), it seems that only a small
decrease in model performance is associated with the use of multi-yearly calibrated parameters.

3.4.3 Multi-decadal modelling: 1929-2012

In order to validate the long-term performance of the different melt models and to assess
differences in their reaction to variable climatic conditions, simulated ice volume changes
are compared against observations. Differencing of DEMs of the historical glacier surface
provides ice volume changes of six subperiods within 1929-2012. The absolute difference
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between modelled and measured ice volume changes and the difference in percentage are
chosen to compare observed and simulated values. The DEMs provide an integrated picture
of past glacier changes over that period. The first period (1929-1959) is characterized by
a general ice volume loss (Fig. 3.8a). The climate over the period of analysis showed both
higher and lower air temperatures compared to the mean (results not shown). In the second
period (1959-1980), the ice volume has stabilized and in total even a slight increase in the
ice volume is observed, likely resulting from decreasing air temperatures towards the early
80s and augmented precipitation amounts. The last four DEM-periods are characterized by
a persistent ice mass loss as a consequence of raising air temperatures towards present and
decreasing precipitation in the last decade.
The validation of the simulated ice volume changes over the long-term period reveals that the
TI and the HTI model have poor performance in comparison to ETI and SEB and clearly differ
from the general trend of ice volume evolution indicated by the DEMs (Fig. 3.8). Instead of
a glacier retreat, the TI and HTI yield an almost continuous ice volume increase of 116 and
297× 106 m3 in the period 1929-2012, respectively, in contrast to an actual ice volume loss
of –563× 106 m3. Particularly in the first and second period, they deviate from the common
trend by predicting a strong mass gain. In the former period (1929-1959), the models simulate
a substantial volume growth of 101 and 153× 106 m3 compared to an observed ice volume loss
of –186× 106 m3 of the same period. In the latter period, measurements show indeed an ice
mass gain, but the increase of TI and HTI is 4-5 times larger than observations show. During
the subsequent two periods, they show an almost constant ice volume whereas measurements
indicate a total ice volume decrease by more than 200× 106 m3. The only period in which TI
and HTI modelled volume changes are very close to measurements are the calibration period
and the six following years, with differences of about 0-10% (Fig. 3.8b, c).
In contrast to TI and HTI, the enhanced temperature-index and simple energy-balance model
are able to reproduce the general trend of past ice volume changes. Looking at the entire
period (1929-2012), ETI results in a total ice volume loss of –714× 106 m3 which corresponds,
in comparison to a measured volume loss of –563× 106 m3, to a misfit of 27%. SEB is closer
to the observations with a total modelled volume decrease of –555× 106 m3 which is equivalent
to a difference of only 1%. However, when considering the individual subperiods, it is evident
that deviations from observations are generally smaller for ETI than SEB and that the SEB
agreement with observations over the entire period results partly from compensations of over-
and underestimations (Fig. 3.8b). Percentage differences for ETI are smaller than 18% with
the exception of the period 1959-1980 (where ETI underestimates the glacier growth (–105%))
and the 2000-2007 period, where ETI predicts an enhanced ice volume loss (+45%). SEB
leads in general to larger deviations from periodic observations than ETI ranging between 15
and 152%. Only in the second last period, 2000-2007, the ice volume change modelled by
SEB is closer to measurements than ETI and differs only by about 15%.
The marked differences between the persistent positive mass balances of the TI and HTI model
and the mostly negative or only partly positive mass balances of the ETI/SEB model over the
first and second DEM-subperiods are a result of a different model structure. While melt rates
of the TI and HTI model are dominated by air temperature fluctuations and experience a
decrease of about 20–25% under the colder climate of the first and second DEM-subperiod
compared to the calibration period, the melt rates of the ETI model are only reduced by about
12–16%. The reason for the weaker reduction of melt rates in the case of ETI/SEB model
is that in these models melt is controlled in about equal shares by temperature and incoming
solar radiation. While the mean air temperatures of the first two subperiods are about 0.9-
1.0◦C lower compared to the calibration period, the mean net shortwave radiation fluxes are

50



3.5. DISCUSSION

approximately the same (± 5Wm−2). As a result, the temperature induced melt component
of ETI decreases by about 22-25% (as in the case of TI/HTI model) whereas the radiation
induced melt component is comparable (± 2%) to the values of the calibration period and thus
leads to generally higher melt rates under colder climate conditions compared to the TI and
HTI model and thus to more negative mass balances.
The performance of the energy-balance model could only be investigated in the period 1991-
2012, because the data intense character of the EB approach requires hourly data of nu-
merous meteorological input data in addition to temperature and precipitation which could
not be reconstructed for the years prior to 1989. In comparison to the other approaches,
the energy-balance model performs significantly worse and yields an ice volume loss of only –
76× 106 m3 between 1991-2012 which corresponds to 27% of the observed ice volume change
of –286× 106 m3 (Fig. 3.8). This misfit originates particularly from the first subperiod (1991-
2000), where EB simulates an ice volume increase of 76× 106 m3 while observations show
an ice volume loss of –67× 106 m3. In the second period, 2000-2007, the EB agrees quite
well with the observed ice volume changes (misfit 11%) whereas in the last subperiod, the
EB model again underestimates melt (misfit -46%). The lower melt rates of the first and
last subperiod are primarily a result of less intense turbulent heat fluxes due to generally lower
wind speeds compared to the intermediate period. The largest differences between EB and
the other melt models are found in the accumulation area where EB simulates a more positive
mass balance due to lower melt rates compared to the empirical models, as the elevation
distribution of the mass balance shows (results not shown).

3.4.4 Temperature sensitivity
In a future climate an increase in the average global air temperature is expected (IPCC, 2013).
Depending on the region and the season, an average temperature increase of 3.4± 0.7 ◦C by
the end of the ongoing century is projected for Switzerland under the A1B emission scenario
(CH2011, 2011). In order to test the temperature sensitivity of the different melt models we
forced them with a fictive raise in air temperature of 2◦C linearly increasing in the period 1929-
2012. Results show that the simple and Hock’s temperature-index models, directly relating
melt rate to temperature through a proportionality factor, react in the strongest manner to
a temperature increase (Tab. 3.4). This oversensitivity to temperature had been suggested
earlier, but only a the point scale (Pellicciotti et al., 2005). The simple TI model yields a
2.3 larger ice volume change between 1929 and 2012 compared to the observed ice volume
change as a response to the changed temperature regime, whereas HTI shows a 2.5 larger
ice volume change. ETI and SEB show less strong reactions to the temperature alterations,
with volume losses that are higher than the present by 1.8 times. However, the temperature
sensitivity of ETI and SEB depends on the choice of the melt model parameters controlling
the proportion of temperature and solar radiation induced melt.

3.5 Discussion

3.5.1 Model performance over the multi-year period
During the six years of the calibration period, all models perform in a similar manner in compar-
ison with the mass balance measurements. The HTI has marginally higher efficiency criteria
than TI, ETI and SEB. In contrast to the other models, the HTI model contains three ad-
justable parameters which might favor its performance compared to the other models. These
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Figure 3.8: Figure (a) shows the evolution of the ice volume changes in the course of the years
1929-2012. The solid blue and green curves refer to the simulated volume changes derived by
TI, HTI, ETI and SEB. The medium and light green dotted lines correspond to the ice volume
changes of ETI and SEB with the original parameter values (see Discussion). The red dots
indicate the inferred ice volume changes from available DEMs. Figure (c) shows the observed
and modelled ice volume changes of the six DEM-subperiods and the entire period 1929-2012
by the red and blue/green bars. Black numbers indicate the ice volume change in 106 m3. The
axis on the right extends over a larger range and refers to the ice volume change over the
entire period 1929-2012. Differences in percentage of modelled compared to measured ice
volume changes are displayed in Figure (b). The orange line and bars refer to the ice volume
changes derived by EB limited to last three subperiods.
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Table 3.4: The ice volume changes over the period 1929-2012 for the different melt models
with (i) an unaltered temperature forcing (∆V) and (ii) superimposing a temperature rise of
2 ◦C (∆V+2◦C), and the absolute and relative difference compared to the observed ice volume
change (∆V–∆V+2◦C).

Model ∆V ∆V+2◦C ∆V–∆V+2◦C ∆V–∆V+2◦C

[106 m3] [106 m3] [106 m3] [%]

TI 116.3 -1199.6 1315.9 -234

HTI 297.5 -1113.0 1410.5 -251

ETI -713.8 -1753.5 1039.7 -185

SEB -554.6 -1576.5 1021.9 -182

findings contradict the results of Pellicciotti et al. (2005) who obtained better performance
of the enhanced compared to the temperature-index model. The reason for this disagree-
ment might be found in the different model setups. While Pellicciotti et al. (2005) performed
the analysis at the point scale with measured meteorological data and compared model re-
sults against hourly melt rates, we used extrapolated data from a weather station outside the
glacier and calibrated to weakly to monthly mass balance measurements. Hence, uncertainties
in the model input data and the coarser resolution of calibration data might blur differences
in performance between HTI and ETI over the multi-year period.
Choosing multi-yearly calibrated to yearly calibrated parameter values entails only a small drop
in model performance over the multi-year period except in 2007, in particular for ETI and SEB.
A possible reason for these discrepancies might be a failure of the cloud factor parameterisation.
According to our model, days with clear-sky conditions (cf > 0.8) prevail in 2007 compared
to the other years. If modelled incoming solar radiation is compared to measurements it
is evident that the cloud factor parameterisation results in erroneous high incoming solar
radiation. Consequently, smaller melt coefficients are obtained in order to compensate the
overestimated radiation flux and thus, the application of multi-yearly calibrated parameters
leads to too high melt rates and therefore to a larger disagreement.
The analysis of the climatic conditions shows that parameter variations over the 6-year period
are not arbitrary, but are controlled by the characteristics of the ablation season. The 6-year
period cover a wide range of climatic conditions and provide us with a selection of distinct
climate conditions. Hence, it seems to be important that the calibration of melt parameters
is based on several years of mass balance data in order to balance the characteristics of single
years and get reasonable simulations for long-term modelling.

3.5.2 Model performance over decadal periods

There is general agreement that physically based energy-balance models represent best melt
processes and thus should provide the best simulations of melt rates. While this has been
established at the point scale (Pellicciotti et al., 2005, 2008; Andreassen et al., 2008), it is
less clear for application at the glacier and catchment scale. Our study has shown that the
EB model performance is inferior to that of the simpler ETI and SEB models when validated
against mass balance observations over several years. The model performs well against ice
volume changes in the years 2000-2007, but not in the period 1991-2000. The reason for
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the poor results of the EB model over the long-term, despite the physical basis of the model,
might be found in the type of input data. The EB model was forced with data of an off-glacier
weather station due to lack of on-glacier data. However, fluxes at the glacier-atmosphere
interface refer to the exchange of heat in the glacier boundary layer, i.e. the layer of atmo-
sphere affected by the presence of a cold surface at zero degrees and presence of katabatic
flow. Air temperature, wind speed and relative humidity measured at an off-glacier site might
therefore not be appropriate to represent those in the glacier boundary layer. In our study, the
different components of the energy balance are either extrapolated from the weather station
or parameterized. Air temperature in particular was extrapolated from the off-glacier Grimsel
weather station. Recent studies have suggested that the temperature regime over glaciers may
substantially differ from that on-glacier (e.g. Petersen et al., 2013), so that such extrapolation
might not be accurate enough for energy balance modelling. In the same way, the TI and HTI
model, being strongly and only dependent on air temperature, might be more affected by errors
in this variable.

The difficulties experienced by TI and HTI to model the long-term glacier evolution indicate
that the relationship between temperature and melt is not constant in time and depends on
the prevailing climate conditions. Particularly, the positive ice volume changes of the first
two periods (1929-1959 and 1959-1980), where air temperatures were lower compared to the
subsequent periods, demonstrate that the parameters calibrated to present conditions are not
valid in a colder climate. This is further supported by the fact that TI and HTI lead to reliable
ice volume changes only in the two very recent periods (2000-2007 and 2007-2012), one being
the calibration period. Our findings are in accordance with the results of Huss et al. (2009b)
which showed that degree-day factors are not stable for long-term and were clearly higher in
the 1920-70s compared to present values. These results confirm that recalibration of model
parameters to individual subperiods is essential as already shown in Huss et al. (2009a) to
reconstruct long-term mass balance time series and support our findings of too positive mass
budget in the first two periods.

The separation of temperature and solar radiation induced melt leads to major improvements
in terms of the stability of the model parameters. This is reflected by the considerably better
performance of ETI and SEB over the long-term period. Our results seem to suggest that
the relationship between air temperature/solar radiation and melt rates remains constant over
time in the face of climate variations. Nonetheless, certain deviations from measurements
remain. While the SEB model fits better to the overall ice volume change over the period
1929-2012, ETI comes closer to the ice volume changes of the individual subperiods.

A main difference between the TI and SEB models (and the only one between the ETI and
SEB models) is the use of a threshold temperature for melt to occur: while the TI models
employ a threshold temperature, in the SEB melt occurs only when the sum of the terms is
positive. This leads to situations in which the SEB model simulates melt at air temperature
below the threshold temperature, which occurs particularly during days in winter or spring with
high incident solar radiation. In contrast to this, in other cases the SEB model simulates no
melt while air temperatures are above the threshold, which is generally observed during warm
nights in summer. The effect of these two phenomena on total melt is in the range of a few
percent, with the latter effect slightly overweighting the former one. Thus, this difference in
model structure does not seem to have a significant impact on the mass balance. It is rather
the separation of solar radiation and temperature-induced melt that leads to an improvements
in long-term simulations by reducing the oversensitivity to temperature.
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3.5.3 Parameters robustness

The poor performance of ETI with the original parameter values (see Fig. 3.5) proposed by
Pellicciotti et al. (2005) indicates that site-specific recalibration of model parameters is required
for applications over several decades. Despite a relatively small drop in model performance over
the multi-year period (∆R2 =0.06, results not shown), the effect on the long-term modelling
is not negligible and results in a misfit between simulated and observed ice volume changes of
59% (Fig. 3.8a). Similar considerations apply to the SEB model. Assuming the parameter C1

equal to 10Wm−2 K−1 as suggested by Oerlemans (2001) and adjusting only parameter C0 by
means of the mass balance measurements of the multi-year period (C0 =–39Wm−2) reveals
that a parameter combination with a fixed C1 value leads to too negative mass mass balances
on average, with a difference in the total ice volume change (1929-2012) of 87% compared
to observations (Fig. 3.8a). Hence, our results suggest that recalibration of both the ETI
and SEB model parameters to local conditions is required in order to reproduce correctly the
observed ice volume evolution over multi-decadal periods. However, once the parameters are
recalibrated for the specific site they seem to be robust over the long-term. These results do
not rule out the possibility that for settings where meteorological conditions are better known
(data of a weather station on-glacier) the original parameters might lead to greater agreement
with observed glacier changes even over the long-term.

3.5.4 Other model comparison studies

Few studies have compared the performance of melt models of different complexity and as-
sessed their transferability in space and time. The analyses are generally carried out at the
point scale and are, to our knowledge, all limited to a few ablation seasons. Pellicciotti
et al. (2005) compared the performance of the enhanced temperature-index model with three
temperature-index models at the point scale and showed that the enhanced temperature-index
model had a better performance compared to the other models. The study of Essery et al.
(2013), which applies a snow model in 1701 different configurations to a well-instrumented site
over four ablation seasons, support this finding by concluding that well-established empirical
models achieve similarly good performance as more physically based models. At the glacier-
scale results are less clear. Pellicciotti et al. (2013) showed that there were small differences
in performance between the enhanced temperature-index (ETI) model and an energy-balance
model when applied in a distributed manner to a glacier in the Chilean Andes in the ablation
area. However, differences were substantial in the upper sections of the glacier, where lack of
data prevented a sound assessment of which model best reproduced ablation rates. The analy-
sis of MacDougall et al. (2011) applying a distributed energy-balance model and four empirical
models to two glaciers and two seasons in the St. Elias Mountains (Canada) came to a similar
conclusion, but in addition showed that energy-balance models have highest transferability in
time. Our study is the first attempt at evaluating the long-term performance of several melt
model approaches with different complexities and compared their performance over a period
of more than 80 years. We have shown that comparison over short periods might not provide
insight enough into reasons of model failures such as parameters instability. Particularly with
regard to glacier projections into the future, the presented results might be important since
recent studies have shown that the type of melt model affects runoff projections (Huss et al.,
2014; Kobierska et al., 2013).
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3.6 Conclusions
This study has examined the long-term performance of five well-established melt models: (1)
a classical temperature-index melt model, (2) the temperature-index melt model by Hock
(1999), (3) an enhanced temperature-index model, (4) a simplified energy-balance model and
(5) a full energy-balance model. The melt models were coupled to an accumulation model and
a model for the evolution of the glacier surface geometry in order to simulate in a distributed
manner the ice volume evolution of Rhonegletscher (Switzerland) in the period 1929-2012.
Meteorological time series of a nearby weather station were used to force the mass balance
models. Subseasonal mass balance measurements of the years 2006-2012 were used for the
calibration of the parameters of the empirical melt models. Observed ice volume changes of
six subperiods between 1929-2012 served for model validation.
From our comparative study the following conclusions can be drawn:

1. The performance of the different melt models over the multi-year period (2006-2012)
is very similar when parameters are calibrated to the prevailing climate settings and the
local conditions except for the energy-balance model, which shows less consistency with
the stake readings compared to the other approaches.

2. The calibration of model parameters to each single year of the multi-year period showed
that the parameters strongly fluctuate from year to year independently from the model
type (except TI). These variations originate from an equifinality problem, i.e. different
parameter sets leading to equally good model performance. Discrepancies among the
parameter combinations emerge only in the daily cycle of melt rates. However, despite
the high parameter variability from year to year, the performance with multi-yearly cal-
ibrated parameter values entails only a small decrease in model performance over the
multi-year period in comparison to yearly calibrated parameters.

3. Model results over the multi-decade period (1929-2012) suggest that only the enhanced
temperature-index and the simplified energy-balance model can reproduce the observed
ice volume changes. This implies that the melt relationship of those two models remain
stable over time. It is interesting to notice that under the conditions of our study
the models of intermediate sophistication seem to have the best performance over the
long-term and to be best suited for long-term simulations in comparison to both the
energy-balance model and the conceptual temperature-index model.

4. The classical and Hock’s temperature-index model are only able to reproduce the ice
volume changes of the most recent (calibration) subperiods with sufficient accuracy. In
the preceding periods, the models simulate too positive mass balances and a sustained
glacier growth. This result indicates that the relationship between melt and temperature
changes over time, in response to changes in the magnitude of the energy fluxes that
temperature can only partially account for. This implies that the parameters of the
temperature-index models are not robust in time and require recalibration for distinct
climate conditions (Huss et al., 2009b).

5. The energy-balance model shows the poorest performance among all melt models despite
its physical character. It predicts a too positive mass budget. The reason for the failure
might be found in the forcing of the model with data of an off-glacier weather station,
while the energy balance is based on knowledge of heat fluxes exchanged in the glacier
boundary layer that are therefore likely to be poorly predicted by variables measured far
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away on non-glacierised ground. Inadequate input data could thus result in erroneous
melt simulations.

The separation of temperature and solar radiation induced melt seems to lead to rather stable
model parameters over time and to make those models suitable for long-term modelling in the
future. Particularly with regard to future projections, the use of appropriate melt approaches is
crucial to provide reliable glacier projections. The results obtained for Rhonegletscher should
be confirmed with a comparable study on other glaciers for which the necessary data are
available.
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Abstract

Light-absorbing impurities in snow and ice control glacier melt as shortwave radiation
represents the main component of the surface energy balance. Here, we investigate the
long-term effect of snow impurities, i.e. mineral dust and black carbon (BC), on albedo
and glacier mass balance. The analysis was performed over the period 1914–2014 for two
sites on Claridenfirn, Swiss Alps, where an outstanding 100-year record of seasonal mass
balance measurements is available. Information on atmospheric deposition of mineral dust
and BC over the last century was retrieved from two firn/ice cores of high-alpine sites. A
combined mass balance and snow/firn layer model was employed to assess the effects of
melt and accumulation processes on the impurity concentration at the surface and thus
on albedo and glacier mass balance. Compared to pure snow conditions, the presence of
Saharan dust and BC lowered the mean annual albedo by 0.04–0.06 depending on the
location on the glacier. Consequently, annual melt was increased by 15–19% and the
mean annual mass balance was reduced by about 280–490mmw.e. BC clearly dominated
absorption which is about three times higher than that of mineral dust. The upper site has
experienced mainly positive mass balances and impurity layers were continuously buried,
whereas at the lower site, surface albedo was more strongly influenced by re-exposure of
dust and BC-enriched layers due to frequent years with negative mass balances.

59



CHAPTER 4. IMPACT OF DUST AND BLACK CARBON ON MASS BALANCE

4.1 Introduction
Deposition of mineral dust and BC have a fundamental impact on the energy balance of
glaciers and snow-covered areas by increasing the absorption of solar radiation. Along with
the enhanced melting due to the darkening of the snow surface, the growth of snow grains
is accelerated, which further reinforces snow melt rates (Painter et al., 2007). While light-
absorbing impurities control the snow albedo mainly in the visible wavelengths, the snow grain
size affects the albedo in the near-infrared. Shortwave radiation is the dominant energy source
for melting of snow, firn and ice, and consequently the surface albedo has an important
influence on the mass budget of glaciers (Oerlemans et al., 2009).
Repeated years with negative glacier mass balances lead to a shift in the equilibrium line to
higher elevations and to the re-exposure of dust and BC-enriched firn layers at the surface.
Snow impurities are mainly retained at the surface during conditions of melt and surface
concentrations might be enhanced by up to one order of magnitude resulting in a pronounced
melt amplification (Sterle et al., 2013).
Absorptive impurities consist of mineral dust, carbonaceous particles and coloured organic
matter (Warren, 1984). Advection of dust-loaded air masses from the Saharan desert leads to
episodic deposition of large amounts of mineral dust in the Alps. Analyses of firn cores from
high-alpine sites, resolving the signal of the continental background aerosols, indicated that
long-range transported crustal impurities account for about two thirds and local impurities for
about one third of the total mineral dust deposited (Wagenbach and Geis, 1989). One single
Saharan dust deposition event may even supply 30% of the total annual dust budget at high-
altitude mountain glaciers (Schwikowski et al., 1995). Most prominent Saharan dust episodes
in the Alpine region occurred in the years 1936/37, 1977, 1990 and 2000 leaving marked dust
horizons in firn/ice cores (Schwikowski et al., 1995; Jenk et al., 2009; Sigl, 2009).
BC refers to the strongly light-absorbing component of soot and is emitted naturally and
anthropogenically by incomplete combustion of fossil fuels and by biomass burning. BC has
become a focus of interest as it has been identified recently as one of the major contribu-
tors to global climate change (Ramanathan and Carmichael, 2008; Bond et al., 2013). BC
contributes to global warming by absorption of sunlight, firstly when it is suspended in the
atmosphere, and secondarily when it is deposited on snow and ice by reducing the albedo and
hence accelerating melting. Along with the beginning of the industrialisation, global BC emis-
sions sharply increased and continued to rise into the 21th century. In the European region,
BC concentrations started to decrease since mid-20th century and have stabilised over the
last few decades (Bond et al., 2007).
Recently different studies investigated the impact of light-absorbing impurities on snow albedo
and melting of snow. Based on a 10-year record of mineral dust and BC concentrations,
retrieved from an ice core at Mera Peak, Nepalese Himalaya, Ginot et al. (2014) found that
light-absorbing particulates cause up to 26% of the total annual surface melting. Another
study performed at Mera Peak shows that mineral dust dominates absorption and may reduce
the albedo of snow by up to 40% (Kaspari et al., 2014). Investigations for the Colorado River
Basin, Western US, show that the radiative forcing of mineral dust deposition may shorten the
duration of snow cover by several weeks (Skiles et al., 2012) and also affects the timing and
magnitude of runoff (Painter et al., 2010). It was suggested that increasing anthropogenic
emissions of black carbon during the Industrial Revolution have forced the end of the Little
Ice Age in the Alps (Painter et al., 2013).
In this study we assess the significance of natural mineral dust and anthropogenic BC particles
in snow and firn on the mass balance of a high-mountain glacier over a centennial period
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(1914–2014). Using a unique 100-year record of seasonal glacier mass balances, ice core
records of past atmospheric deposition of Saharan dust/BC and a sophisticated modelling
approach, we examined the contribution of light-absorbing impurities to glacier melt for (1) a
site with accumulation conditions over the entire period, where dust is predominately buried
by winter snow, and (2) a site at the glacier’s equilibrium line involving a re-exposure of buried
dust and BC layers at the surface in years with negative mass balance. We have chosen
Claridenfirn (Swiss Alps) for which the worldwide longest data series of seasonal glacier mass
balance exist. This comprehensive data set enables an accurate and field data-based simulation
of ablation and accumulation processes. In order to simulate the feedback between melt,
accumulation and snow impurities, a mass balance model was coupled with a snow density
model, which tracks the position and the thickness of deposited snow layers and impurities.
The mass balance model incorporates an enhanced temperature-index melt model including the
shortwave radiation balance and a parameterisation for albedo, which is based on the specific
surface area of snow and the impurity concentration in the surface snow.

4.2 Study site & Data

Claridenfirn is a mountain glacier with an area of approximately 5 km2 and is located on the
northern Alpine Ridge of the Swiss Alps. The glacier is exposed to the southeast and covered
an elevation range of 2540 to 3267 m a.s.l. in 2003 (Fig. 4.1).
First mass balance measurements date back to 1914 and provide a unique data set covering a
period of 100 years. At two different sites, at a lower stake (2680m a.s.l.) and an upper stake
(2890m a.s.l.), winter, summer and annual mass balance have been measured every year using
stakes and snow pits in mid-May and end of September, respectively. Simultaneously snow
density measurements in snow pits have been carried out. The measurements at Claridenfirn
are the longest continuous glacier mass balance observations worldwide. More details about
the monitoring programme on Claridenfirn are provided by Müller and Kappenberger (1991)
and Huss and Bauder (2009).
The forcing of the mass balance model requires daily air temperature and precipitation data
for 1914–2014. We used air temperature recorded by the MeteoSwiss weather station Sän-
tis (2490m a.s.l.), the closest station with long-term records and homogenized time series
(Fig. 4.1, Begert et al., 2005). Monthly air temperature lapse rates were derived by compari-
son of nearby weather stations to transpose the temperature to the elevation of the study sites.
Time series of daily precipitation were taken from a local weather station, Elm (965m a.s.l.),
situated at a distance of 22 km from Claridenfirn (Fig. 4.1).
Furthermore, our model requires daily time series of incoming shortwave radiation that were
derived from a simple parameterisation based on daily temperature ranges (see Methods).
Daily maximum and minimum temperature were provided from the MeteoSwiss weather station
at Davos over the period 1914–2014 (Fig. 4.1). For calibrating the parameterisation, daily
values of incoming solar radiation of 1981–2014 recorded at the same station were used. In
addition, a unique data set of monthly means of global solar radiation for Davos, covering the
period 1936–2014, is provided by the Global Energy Balance Archive (GEBA; Ohmura et al.,
1989), and was employed to improve the performance of the cloud factor parameterisation.
A firn/ice core from the cold glacier saddle of Colle Gnifetti (4455m a.s.l., Monte Rosa,
Switzerland), retrieved in 2003, provides a continuous record of annual iron (Fe) concentra-
tions over 1914–1997 (Sigl, 2009), which was used to infer the mineral dust concentration
in precipitation (Fig. 4.2a). For the years 1998–2007, which are not covered by the Fe data,
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Figure 4.1: Study site overview. The red dots on Claridenfirn indicate the lower and the
upper stake. The inset shows the location of the study site within Switzerland (red point),
of the ice core sites Colle Gnifetti and Fiescherhorn (black dot). The aerosol measurement
station Jungfraujoch and the weather stations used to derive meteorological time series (black
triangles) are indicated.

the Fe concentration was derived from the calcium record, extending the 2003 data set with
a shallow core collected at the same site in 2008 (Sigl, 2009), taking advantage of the high
correlation between the two dust tracers. Concentrations of BC were obtained from a firn/ice
core from Fiescherhorn (3900m a.s.l., Bernese Alps, Switzerland) drilled in 2002 (Fig. 4.2a;
Jenk et al., 2006). This core provides mean yearly concentrations of elemental carbon (EC)
over the period 1914–2002, which can be used as proxy for BC, as EC and BC are con-
stituted of the same fraction of carbonaceous particles (Lavanchy et al., 1999). For BC
and mineral dust concentrations of the years 2002-2014 and 2007-2014, respectively, which
are not covered by the ice core data, a mean concentration averaged over the entire pe-
riod was assigned (Fig. 4.2a). Furthermore, daily BC aerosol measurements of Jungfraujoch
(3580m a.s.l., Fig. 4.1) conducted in the frame of the Global Atmosphere Watch (GAW) mon-
itoring programme, covering the period 1995–2000, were used to derive an annual cycle of BC
concentrations in the atmosphere.

4.3 Methods

In order to determine the impact of Saharan dust events on surface albedo and glacier melt,
a mass balance model including a parameterisation for snow, firn and ice albedo was coupled
with a snow/firn density model to track the position and thickness of the snow layers and
dust. The physical albedo parameterisation is based on the evolution of the specific surface
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area of snow grains and includes the option to simulate the effect of snow impurities on pure
snow albedo. Atmospheric input of mineral dust and BC was derived based on the ice/firn core
data. The mass balance model was forced by daily time series of air temperature, precipitation
and incoming shortwave radiation and was run over a 100-year period (1 October 1914 to
30 September 2014). Hereafter, the data series of mineral dust and BC and the individual
components of the employed mass balance and snow density model are described in detail.

4.3.1 Input of mineral dust & black carbon

Mineral dust

The absorption of mineral dust in the visible spectrum is highly sensitive to the content of iron
oxides. Kaspari et al. (2014) determined light-absorption of mineral dust in snow and ice of
a Himalayan glacier based on gravimetrically determined Fe concentrations. Accordingly, we
used records of iron (Fe), provided by the ice core, to infer mineral dust concentrations. Iron
oxides mainly consist of the minerals goethite and haematite (Sokolik and Toon, 1999; Lafon
et al., 2006). Since they have different light absorption spectra (e.g. Lafon et al., 2006) their
relative proportion has to be known for calculating the radiative properties of dust. According
to Shi et al. (2011) the mass ratio of the mineral haematite to the minerals haematite plus
goethite for Saharan dust is 0.42 on average. Based on the assumption that about 45–64%
of the total Fe is encompassed in light-absorbing oxides (Lafon et al., 2004), the mass of
goethite and haematite is calculated following Kaspari et al. (2014) and used as proxy for the
absorption of mineral dust.
Most of the dust peaks can be related to long-range transported crustal impurities, which
account for about 70% of the total deposited mineral dust (Wagenbach et al., 1996). This is
a conservative assumption since local dust contains a lower portion of Fe-oxides. We therefore
assume that all mineral dust is made up by Saharan dust.
Errors in the annual layer counting of the ice cores might involve uncertainties of ±1-2 years
(Eichler et al., 2000). However, we consider this having a minor impact on mass balance
simulations since dates of intense Saharan dust events are well known and smaller events
might have a minor effect on average mass balance over a 100-year period.
The annual amount of mineral dust (i.e. Fe-oxide) was distributed over the year according
to the Saharan dust climatology reported by Collaud Coen et al. (2004). They analysed the
number and duration of Saharan dust events per month based on measurements of the aerosol
scattering coefficient performed at Jungfraujoch in the years 2001 and 2002. Higher probability
of occurrence was observed in the March–June and the October–November period. Extended
time series of the years 2001–2012 confirm this distribution (MeteoSwiss, 2014a). Three
different classes of Saharan dust events were defined: Saharan dust events lasting between 4
and 10 h, between 10 and 24 h and longer than 24 h. The inferred average distribution of the
number of events per month and the mean duration of each class were scaled by the annual
dust concentrations obtained from the ice core analysis in order to derive daily atmospheric
deposition rates of Saharan dust.
Days within a month were randomly selected except for extraordinarily large events of the years
1936, 1977, 1990 and 2000 for which the date of deposition is exactly known from literature
(SMA-Annalen, 2014; Prodi and Fea, 1979; Schwikowski et al., 1995). We assigned 30% of
the total annual dust amount to these extraordinary large events according to Schwikowski
et al. (1995).
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Figure 4.2: (a) Concentrations of Fe (Sigl, 2009) and BC (inferred from EC; Jenk et al.,
2006) over the period 1914–2014 retrieved from the Colle Gnifetti and Fiescherhorn ice core,
respectively (Fig. 4.1). (b) Mean annual cycle of BC concentrations in the atmosphere mea-
sured by GAW at Jungfraujoch averaged over the years 1995–2000. Dots refer to the monthly
means and the solid red line refers to the running mean.

Black carbon

While Saharan dust transport has an episodic character, deposition of BC is controlled by
seasonal variations in atmospheric stability, which is higher in winter than in summer. In
order to mimic the yearly cycle of BC input, daily ambient BC measurements at Jungfraujoch,
performed in the frame of the GAW monitoring programme, were used. Based on these
measurements, daily anomalies averaged over the period 2002–2013 were derived and applied
to the annual BC concentrations provided by the firn/ice core in order to infer daily atmospheric
deposition rates of BC (Fig. 4.2b).

Scaling to study site

Several studies performed detailed investigations of the regional and altitudinal distribution of
major ions in the high Alpine region (e.g. Nickus et al., 1997; Rogora et al., 2006). They
found a marked regional variability but no clear trends, neither in distance nor in altitude. Due
to a lack of clear indication, we assumed that Fe/BC concentrations at Claridenfirn are in a
similar range as the concentrations observed on Colle Gnifetti and Fiescherhorn, respectively,
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and employed measured Fe/BC concentrations directly without a transfer function. In order
to estimate the influence of potential differences in their input concentration we performed a
sensitivity analysis (see Discussion).

4.3.2 Mass balance model

For simulating snow and ice melt, the enhanced temperature-index (ETI) model (Pellicciotti
et al., 2005) was employed. This model computes melt as a function of air temperature and
shortwave radiation and accounts for the effects of albedo and cloudiness on melting:

M =

{
TFTa + SRF(1− α)G : Ta > Tø

0 : Ta ≤ Tø

(4.1)

where Ta is the air temperature, TF (mmd−1 ◦C−1) and SRF (mmm2 d−1 W−1) are the tuning
parameters, α the surface albedo and G the global incoming shortwave radiation (Wm−2).
Tø, the threshold temperature above which melt occurs, is set to 0 ◦C. G is calculated from a
cloud transmissivity factor, cf, and the clear-sky incoming solar radiation, the latter based on
the approaches by Iqbal (1983) and Corripio (2003).
Snow accumulation was computed by the station precipitation and a correction factor, cprec,
accounting for the elevation difference between the station and the glacier and gauge under-
catch. A threshold temperature of 1.5◦C with a linear transition range of ±1.0◦C was applied
to calculate the occurrence of solid and/or liquid precipitation.

Cloud factor parameterisation

The cloud transmissivity factor, cf, accounts for the attenuation of solar radiation by clouds
and is derived as a function of daily temperature ranges (∆T , Pellicciotti et al., 2011):

cf = d1 ∆T + d2. (4.2)

The two coefficients, d1 and d2, were derived by linear regression of the daily air temperature
range and the difference between actual and potential clear-sky incoming solar radiation. Using
the weather station data from Davos (Fig. 4.1), parameters were calibrated over the period
1981–2013. Monthly means of global solar radiation of 1936–2014 allowed verifying the per-
formance of the cloud factor parameterisation over decadal periods. Despite the simplicity of
the approach, simulated shortwave radiation agreed well with observations (Fig. 4.3). During
the 1940s, when very high incoming solar radiation was recorded, the cloud factor parameter-
isation, however, exhibited difficulties in reproducing the observations. In order to obtain as
reliable as possible radiation values in daily resolution, the monthly averages of daily incoming
shortwave radiation derived from the cloud factor parameterisation were adjusted to match
the monthly means measured at Davos for the years with data (i.e. 78% of the study period,
Fig. 4.3).

4.3.3 Albedo model

Snow albedo was derived according to the physical snow albedo parameterisation by Gardner
and Sharp (2010) as the sum of pure snow albedo and its change due to impurities. The
albedo of ice was kept constant at 0.2 (Pellicciotti et al., 2005). Pure snow albedo, αSSA, is
calculated as a function of the specific surface area, SSA, of snow as
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Figure 4.3: Comparison of mean annual global radiation measured at Davos (bold grey, 1936–
2014) and global radiation modelled by the cloud factor parameterisation (blue). The dashed
black line shows annual averages of modelled daily radiation adjusted by the measurements to
fit measured monthly means which are used to force the mass balance model.

αSSA = 1.48− SSA−0.07. (4.3)

Details on the calculation of SSA are given below. The change in pure snow albedo due to
loading of light-absorbing impurities is derived according to

dαC = max
(

0.04− αSSA,

−C0.55

0.16 + 0.6SSA0.5 + 1.8C 0.6SSA−0.25

)
,

(4.4)

where C is the concentration of BC in mg kg−1 (Gardner and Sharp, 2010). In order to model
the effect of mineral dust on snow albedo, the mineral dust (i.e. Fe oxides) was converted to
optically equivalent concentrations of light-absorbing carbon using mass absorption coefficients
(MACs) of BC and Fe oxides of 6.8m2 g−1 and 0.56m2 g−1, respectively (Alfaro et al., 2004;
Kaspari et al., 2014). The direct-beam albedo of the impurity-loaded snow is then obtained
as α = αSSA + dαC. The effect of the solar zenith angle on the albedo is not considered as
the model runs on daily basis.

SSA model

The specific surface area of the snow grains was calculated relying on the approach by Roy
et al. (2013) that considers both dry and wet snow metamorphism. In the case of dry snow
conditions, the evolution of SSA is computed according to Taillandier et al. (2007), as a
logarithmic function of snow age and snow temperature, Tsnow, as

SSA(t) = [0.629 · SSAinitial − 15.0 · (Tsnow − 11.2)]

−[0.076 · SSAinitial − 1.76 · (Tsnow − 2.96)]

· ln
{
t + e

−0.371·SSAinitial−15.0·(Tsnow−11.2)

0.076·SSAinitial−1.76·(Tsnow−2.96)
}
.

(4.5)
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The approximation by Brun (1989) is used to simulate the evolution of snow grains under
wet conditions with respect to the liquid water content of the snowpack. The growth of the
optical radius of snow, ∆Ropt (mm d−1), is calculated as

∆Ropt =
C1 + C2 · θ3

R2
opt · 4π

, (4.6)

where C1 = 1.1× 10−3 mm3 d−1 and C2 = 3.7× 10−5 mm3 d−1 are empirical coefficients and θ
is the liquid water content in mass percentage. The SSA decrease is more pronounced when
θ increases. If the liquid water content is greater than zero, the model-derived SSA value is
converted into its equivalent optical radius, Ropt, with

Ropt =
3

ρice · SSA
, (4.7)

where ρice is the density of ice. Then, Eq. (4.6) is applied and Ropt is reconverted to SSA
using Eq. (4.7). The initial SSA was set to 73.0m2 kg−1 (Domine et al., 2007). Following
Taillandier et al. (2007), a minimal SSA value of 8.0m2 kg−1 was used to avoid unrealistically
low values. The liquid water content of the snowpack is provided by a snow density model
(see below).

Snow density model

A snow densification model is required to determine the position and the thickness of each
snow layer. The simple point model by De Michele et al. (2013) for bulk snow density and
snow depth was employed and applied to each snow layer. The two-constituent model solves
mass balance equations for the dry and liquid mass of the snow pack, as well as momentum
balance and rheological equations for the dry part. It results in a system of three differential
equations for depth and density of the dry part of the snowpack, and the depth of liquid water.
Sublimation and evaporation are not considered. The main characteristics of the model are
shortly described in the following. For more detailed information see De Michele et al. (2013).
A simplified energetic description of the snowpack assuming thermal equilibrium between con-
stituents is used. The temperature profile, Tsnow(z), is calculated according to Kondo and
Yamazaki (1990) as a bilinear function with snow depth, hs:

Tsnow(z) =

{
Ta − at · (z − hs) : hs ≥ z ≥ z0

0 ◦C : z0 ≥ z ≥ 0
(4.8)

where z is the snow depth, z0 the maximum value of z where the snow temperature reaches
0 ◦C and at ≈ 0.033 ◦C mm−1 the temperature gradient in the surface-near layer.
The change in snow depth, dhs/dt, is calculated by considering the effects of snow density
changes, fresh snow and melt M:

dhs

dt
= −

hs

ρd

dρd

dt
+
ρf

ρd

s −M, (4.9)

where ρd is the density of dry snow, ρf the density of fresh snow, and s the snow precipitation
rate. The fresh snow density is derived as a sole function of air temperature following Anderson
(1976).
The height of liquid water, hw, is controlled by the amount of liquid precipitation, melt and
outflow of the snow pack. Water outflow is calculated according to Nomura (1994) and
Singh (2001) by a kinematic wave approximation. If the liquid water content, θ, is larger than
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the residual water content, θr, then the outflow O is obtained as O = cρwθh
d
w with c and

d as constants and ρw as the density of water. The residual water content is computed as
θr = Fcρd/ρw with Fc = 0.02 (Tarboton and Luce, 1996; Kelleners et al., 2009) the mass of
water retained per mass of dry snow. The exponent d is set to d = 1.25 as proposed by
Nomura (1994) and the site-specific coefficient c is assumed to be equal to 1m−1 h−(d−1) (De
Michele et al., 2013). The change in liquid water height, dhw/dt, is calculated with

dhw

dt
= p +

ρd

ρw

M − cθhdw, (4.10)

where p is the liquid precipitation rate.
The momentum balance equation, σ−ρdghs, and the rheological equation, η = σ/ε̇, are used
to infer snow density changes, where σ is the vertical stress, g the gravitational acceleration, ε̇
the vertical strain rate, and η the coefficient of viscosity computed as an exponential function
of snow density and snow temperature. Accordingly, snow density changes are calculated as

dρd

dt
= c1hsρ

2
de

(k1(Tsnow−Tτ )−k0ρd), (4.11)

where c1, k1 and k0 are constants set to 0.001m2 h−2 kg−1, 0.08 ◦C−1 and 0.021m3 kg−1,
respectively (Kongoli and Bland, 2000; Ohara and Kavvas, 2006; Zhang et al., 2008). Equa-
tion (4.11) describes the change in density due to compaction and temperature change, and is
calculated as an exponential function of snow density and snow temperature following Kojima
(1967) and Mellor (1975).

Snow layer model

Each precipitation event was considered as a single snow layer which is stacked atop of the snow
pack. Snow layers with a thickness of less than 1 cm were merged with the underlying layer in
order to reduce computational efforts and to avoid arithmetic errors. If snow density exceeded
the pore close-off density (830 kgm−3), snow was treated as ice, and the corresponding snow
layers were removed from the system.

4.3.4 Snow impurity model

Mineral dust and BC entered the system by liquid or solid precipitation, as wet deposition
is expected to be the predominant mechanism (Raes et al., 2000; Koch, 2001). Particulate
impurities were supposed to be evenly distributed in precipitation and consequently also in the
snow layers. Particulates remained in the corresponding snow layer as long as there was no
melt. When melt occurred, impurities of the melted snow were accumulated in the top 2 cm
of the remaining snow layers (e.g. Flanner et al., 2007). When a snow fall event occurred, the
dust and BC-enriched top layer became an independent snow layer and was buried by fresh
snow. We assumed constant ice albedo and no dust reservoir for ice since the effects of snow
impurities on the ice albedo and the removal of snow impurities by melt water on ice are only
poorly understood and subject to a high spatial variability. Hence, when firn turned into ice,
the dust and BC of the corresponding layer was removed from the system.
Melt water percolation may lead to vertical redistribution of snow impurities. Different studies
have investigated the removal of particulate impurities by melt water (e.g. Conway et al., 1996;
Flanner et al., 2007). They found that larger particles (>5µm) remain mostly in the snow and
are not efficiently removed by percolation of melt water (Conway et al., 1996), whereas smaller
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snow impurities (∼0.2 µm) are washed out by about 10–30% per mass of melt (Doherty et al.,
2013). According to these results, we assumed that mineral dust (particle size 2.5–4.5µm)
is not affected by wash-out due to melt water, whereas for BC (particle size 0.2–0.3µm) a
removal efficiency (the amount of BC which is removed by melt water with each increment of
melt) of 20% was assumed (Flanner et al., 2007).

4.3.5 Calibration

The melt parameters, TF and SRF, and the accumulation parameter, cprec, were calibrated
for each year individually by means of the seasonal balance measurements. This annual cal-
ibration ensures that simulated mass balances coincide with observations in order to extract
an accurate sequence of melt and accumulation events controlling the surface concentrations
of light-absorbing impurities. In a first step, cprec was adjusted according to the measured
winter accumulation, then TF and SRF were tuned to the annual mass balance records. This
procedure is repeated until the difference between simulated and observed mass balance was
less than 10mm water equivalent (w.e.). The ratio between TF and SRF was kept constant
over the entire period in order to reduce the degrees of freedom and to avoid changes in air
temperature/radiation sensitivity of the model among individual years. The ratio was set to
0.04 according to extensive testing for another Alpine glacier (Gabbi et al., 2014). During
calibration the complete snow impurity and snow density model was used.

4.4 Results

4.4.1 Snow impurity concentration

Saharan dust

At the upper measurement site, located in the accumulation area of Claridenfirn, the mean
annual Fe-oxide concentration in the surface layer was 0.92± 1.04mg kg−1 on average. Ex-
ceptionally high surface loads were observed in years with increased deposition of Saharan dust,
particularly in 1936, 1977, 1990 and 2000 (Fig. 4.4a). Annual Fe-oxide concentrations of up
to 6.3mg kg−1 occurred at the upper stake. Concentrations of similar magnitude as in years
with high Saharan dust input were reached in the late 1940s. Periods of intense solar radiation,
such as in the 1940s, led on the one hand to increased melting due to higher transmissivity
of the atmosphere (Huss et al., 2009b) and on the other hand to an enhanced re-exposure of
snow impurities, and thus to a distinct darkening of the glacier surface which further reinforced
ablation.
At the lower measurement site, located near the glacier’s equilibrium line altitude (ELA),
the mean Fe-oxide concentration was more than twice as high as at the upper stake and
was 2.24± 3.33 mg kg−1 on average. Consistent with the upper site, increased mineral dust
amounts were observed during years with high Saharan dust activity and during periods with
intense melting (Fig. 4.4b). In addition to the 1940s, a second period with pronounced ac-
cumulation of mineral dust due to enhanced melting occurred in the 2000s. In 2007, the
mean Fe-oxide concentration reached a maximum value of 26.8mg kg−1 as a result of the
almost complete melting of the firn layers and thus, the re-exposure of heavily dust-loaded
layers (e.g. extraordinarily large Saharan dust events of 2000). From 2008 onwards, surface
Fe-oxide concentrations at the lower stake declined sharply as all firn layers have been depleted
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Figure 4.4: Average Fe-oxide and BC concentrations in the surface snow at the upper and
lower measurement site on Claridenfirn for the period 1914–2014. The crosses mark years
with exceptionally high Saharan dust activity. Note that the scales for upper and lower stake
are different.

and the bare ice surface was exposed. Thus, due to the prescribed constant ice albedo, the
remaining dust did not have an influence on albedo and was assumed to be washed out at the
impermeable ice surface.
In the accumulation area (upper stake) most of the mineral dust exposed at the surface
originated from deposition occurring during the same year. Only in the few years with negative
mass balances mineral dust of previous years reappeared and reinforced the darkening of the
glacier surface. In specific years (e.g. 1947 and 1991), mineral dust of previous years accounted
for 45–65% of the total mineral dust at the surface (Fig. 4.5a). On average, however, the
fraction of mineral dust of preceding years becoming albedo-relevant was small and made up
only 8% of the total surface dust budget. At the ELA (lower stake) mineral dust of previous
years more effectively influenced surface dust concentrations and accounted for about 30%
of the total exposed mineral dust. Particularly in the 1940s and 2000s, but also in the early
1960s and the 1990s, large quantities of previously buried dust were re-exposed at the surface.
Up to 97% of the total surface dust in 2006 and 2007 originated from deposition in preceding
years (Fig. 4.5b). Accordingly, mineral dust of much older layers was re-exposed at the surface
of the lower measurement site in comparison to the upper stake. While at the stake in the
accumulation area, surface dust had a maximum age of three years, mineral dust at the lower
stake was found to have an age of up to 21 years (Fig. 4.5c, d).

Black carbon

Mean surface concentrations of BC showed a distinctly different pattern than mineral dust
concentrations. BC concentrations at the glacier surface were mainly controlled by the melt
regime and were less influenced by episodic deposition compared to Saharan dust (Fig. 4.4).
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Figure 4.5: Total Fe-oxide amount of the surface snow layer of each year and the amount of
Fe-oxides of previous years emerging at the surface through melt-out over the period 1914–
2014 for (a) the upper and (b) the lower stake. (c) and (d) illustrate the age of the oldest
mineral dust present at the glacier surface for each year for both sites. Note that the scales
for the upper and lower site are different.

An exception was the year 1982, when exceptionally high deposition of BC were recorded
(see Fig. 4.2a). Mean concentrations of BC over the entire period were 0.26± 0.14mg kg−1

and 0.46± 0.29mg kg−1 on average for the upper and lower stake, respectively. For both
locations, highest BC concentrations were observed in the melt-intense years around 1947 and
the deposition-intense year 1982 (Fig. 4.4). BC concentrations of up to 0.78mg kg−1 (upper
stake) and 2.12mg kg−1 (lower stake) were found.

Absorption of mineral dust vs black carbon

In contrast to BC, mineral dust concentrations at the surface were up to five times larger.
However, as BC is much more absorptive than mineral dust (mass absorption coefficient about
10 times higher), the overall absorption by BC and dust are in a similar range. In individual
years with extraordinarily high Saharan dust input, such as in 1936, 1977, 1990 and 2000,
mineral dust dominated the absorption of solar radiation (Fig. 4.6). In all other years, the
absorption of BC outweighed the absorption of mineral dust, and over the entire period BC
was clearly the dominant absorber. While at the upper stake, the absorption due to BC was
3.3 times higher on average compared to mineral dust, at the lower stake BC resulted in
a 2.2 times higher absorption. These statements are based on the assumption that BC is
more efficiently removed by melt water than mineral dust and therefore depend on the chosen
removal efficiency. If removal rates of BC and mineral dust would be in a similar range, the
influence of BC on the absorption would be even larger.
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Figure 4.6: Mean annual absorption (optical depth) of mineral dust and BC over the period
1914–2014 for (a) the upper and (b) the lower stake. The optical depth is calculated as a
product of the mass absorption coefficient of BC/Fe oxides and the corresponding loading in
the snow surface layer (top 2 cm).

4.4.2 Effect of Saharan dust and black carbon on albedo and mass
balance

Surface albedo

On average the reduction of mean annual surface albedo due to Saharan dust was less than
0.01 compared to snow with BC only. At the upper measurement site the mean annual albedo
was reduced by 0.004± 0.004, at the lower stake by 0.008± 0.009. Regarding summer albedo
(April–September), i.e. the albedo during the period with snow, firn and ice melting, the effect
of Saharan dust was larger and reduced the mean summer albedo at the upper stake and lower
stake by 0.006± 0.006 and 0.011± 0.012, respectively. However, in individual years with a
high accumulation of Saharan dust (i.e. years with a high Saharan dust input and/or melt-
intense periods) the impact on snow albedo was significantly larger. At the lower measurement
site, at the transition between accumulation and ablation zone, the largest reduction in albedo
occurred in 2007, when the mean annual albedo was reduced by about 0.060. At the upper
stake, highest influence of Saharan dust on the surface albedo was observed in the dust-intense
year 2000 with a maximal albedo reduction of 0.025.
The overall impact of BC on the surface albedo was substantially higher than that of Saharan
dust. Our results suggest that BC reduced the albedo over 1914–2014 by 0.027± 0.009 at
the upper stake and by 0.038± 0.013 at the lower stake compared to snow with dust only.
The largest contribution of BC to albedo reduction occurred in the melt dominated periods in
the 1940s and the 2000s, when the albedo was lowered by up to 0.06. In total, Saharan dust
and black carbon reduced the mean annual albedo by 0.041 and 0.062 on average compared
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Figure 4.7: Cumulative mass balance over the period 1914–2014 at (a) the upper and (b) the
lower measurement site. The solid blue line refers to the cumulative mass balance under real
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BC), (2) without BC (but with Saharan dust), and (3) with pure snow conditions. The grey
shaded area indicates the thickness of the entire firn column in m w.e.

to pure snow at the upper and lower stake.

Mass balance

The impact of Saharan dust on the total mass change over the 100-year period was in the
order of a few meters and was less pronounced in the accumulation area than at the ELA
(Fig. 4.7). At the upper measurement site, the difference in total cumulative mass balance
due to Saharan dust was 2.8m w.e. compared to the measured total 100-year cumulative
mass balance of 125.8mw.e. At the lower stake, the absolute difference was twice as large
and was 5.8mw.e. (with a total cumulative mass balance of 26.4mw.e.). Regarding annual
balance, Saharan dust thus accounted for about –28mmw.e. yr−1 at the upper stake and for
about –58mmw.e. yr−1 at the lower stake compared to snow with BC only (Fig. 4.8a and c).
Mean annual melt was increased by about 1.4% (upper stake) and 2.0% (lower stake) by the
presence of Saharan dust. In specific years, Saharan dust enhanced the overall annual melt by
up to 13%.
Maximum deviations in annual mass balance due to Saharan dust were up to –142mmw.e. yr−1

for the upper and –271mmw.e. yr−1 for the lower measurement site in individual years. In years
with high dust concentrations at the surface (Fig. 4.4) also largest changes in mass balance
were observed (Fig. 4.8a and c). However, changes in mass balance cannot be directly deduced
from average dust concentrations, because (1) the impurity concentration and albedo changes
are not linearly related and thus a higher impurity concentration might lead to smaller changes
in albedo, and (2) during years with high melt rates also other particulate impurities accumulate
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Figure 4.8: Effect of Saharan dust on annual mass balance for the period 1914–2014 for
(a) the upper and (c) the lower stake and the effect of BC for (b) the upper and (d) the
lower stake. Bars show differences in annual mass balance between model results including or
neglecting Saharan dust/BC. The dashed line refers the mean over the period 1914–2014 and
the solid blue line to the 10-year average. Crosses mark years with exceptionally high Saharan
dust activity.

at the surface, which limits the total impact of Saharan dust on surface mass balance. Thus,
despite the exceptionally high surface concentration in 2007, the change in mass balance is only
slightly larger than in years with lower surface concentrations as for example in the deposition
intense year 2000 (Fig. 4.8a and c).

The BC-induced albedo changes led to an average reduction in annual mass balance of
183mmw.e. yr−1 at the upper and of 301mmw.e. yr−1 at the lower stake compared to snow
with dust only. In individual years, annual mass balance anomalies might reach up to –
494mmw.e. yr−1 at the upper stake and up to –754mmw.e. yr−1 at the lower stake (Fig. ??)
and peak values up to three times larger compared to the effect of Saharan dust. The differ-
ence in cumulative mass balance between the real situation, being consistent with direct field
observations (including mineral dust and BC in the model) and simulations without BC (but
with mineral dust) over 1914-2014 is 18.3mw.e. for the upper and 30.1mw.e. for the lower
stake (Fig. 4.7). Annual melt rates were amplified by 9% (11%) at the upper (lower) stake
on average and by 19% (22%) at maximum.

The combined effect of Saharan dust and BC reduced the mean annual mass balance by
282mmw.e. yr−1 and 485mmw.e. yr−1 at the upper and lower stake, respectively. Annual
melt was amplified by 15% (upper stake) and 19% (lower stake) on average by the presence
of two light-absorbing impurities. In the year 1947, characterized by exceptionally high melt
rates, Saharan dust and BC intensified annual melt by up to 36%.
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4.5 Discussion

4.5.1 Radiative forcing
Converting changes in annual mass balance caused by absorption of dust into the energy
consumed for melt allowed calculating the radiative forcing of snow impurities. The radiative
forcing (RF, Wm−2) was calculated based on the change in melt rate, ∆M (m/s), caused by
the presence/absence of mineral dust and/or BC in snow:

RF = ∆QM = ∆M Lf ρW (4.12)

where QM (Wm−2) is the energy consumed by melt, Lf (333’700 J kg −1) the latent heat of
fusion and ρW (1’000 kgm−3) the density of water. Changes in melt rates are equal to changes
in mass balances as presented in Section 4.4.2.
For the measurement site in the accumulation area we found a mean radiative forcing over the
100-year period of +0.3Wm−2 due to Saharan dust, whereas at the stake close to the equi-
librium line the radiative forcing was +0.6Wm−2. In contrast to Saharan dust, the radiative
forcing of BC over 1914–2014 was about seven times larger, and was +1.9 and +3.2Wm−2

on average for the two sites. In the summer months, July and August, when melting is
strongest, the radiative forcing for BC reached values of 8.7–9.7Wm−2 and for Saharan dust
of 3.0–3.7Wm−2 compared to pure snow at the upper stake, and 12.9–15.9Wm−2 and 4.7–
6.3Wm−2 at the lower stake, respectively. At the daily scale, maximum modelled radiative
forcing was 15–42Wm−2 for Saharan dust and 43–66Wm−2 for BC.
At a global scale, the mean radiative forcing from BC in snow is reported to be in the range
of 0.02–0.08Wm−2 (Bond et al., 2013; IPCC, 2013). During boreal spring, when the snow-
albedo feedback is maximal, the radiative forcing of mineral dust and BC over Eurasia is
higher and amounts to 1.2 and 2.7 Wm−2, respectively (Flanner et al., 2009). For snow-
covered surfaces of the Tibetan Plateau the radiative forcing of BC reaches values of up
to 5–25Wm−2 in springtime (Flanner et al., 2007; Kopacz et al., 2011; Qian et al., 2011).
Similar peak values are found for desert dust in the mountain snow cover of the Colorado River
Basin (25–50Wm−2, Painter et al., 2007; Skiles et al., 2012). In general, radiative forcing of
BC found for Claridenfirn is at the lower end of the range of values obtained for Colorado or
Tibetan Plateau. Regarding mineral dust, the effect is also clearly stronger on the Colorado
Plateau than in the Alps. In terms of maximum daily radiative forcing, values obtained for
Claridenfirn are of similar magnitude as for other regions. However, radiative forcing reported
in other studies is not directly comparable to the results of this study as dust/BC source and
the temporal dynamics of melting are different. Furthermore, radiative forcing of some of the
above-mentioned studies was calculated by directly accounting for the change in the energy
fluxes, rather than using the change in melt rates due to light-absorbing impurities as in our
approach. Hence, the radiative forcing reported here represents a lower limit as the radiative
impact in the pre-melt season is not taken into account.
Painter et al. (2013) suggested that the rapid retreat of Alpine glaciers at the end of the
Little Ice Age was forced by increasing BC concentration due to industrialisation. They found
BC-induced mass balance anomalies in the order of −500mm w.e. yr−1 for the ablation
area, which is similar to our results for the accumulation area (−180 to−300mm w.e. yr−1)
despite the different modelling approaches. While Painter et al. (2013) used a sophisticated
radiation model (SNICAR, Flanner et al., 2007) to derive BC radiative forcing and in turn
equivalent changes in air temperature and mass balance, we used a simple broadband albedo
parameterisation in combination with a mass balance model. However, Painter et al. (2013)
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Table 4.1: Parameters of the impurity, the SSA and the snow density model and the corre-
sponding parameter ranges (±20%) applied in the sensitivity analysis.

Parameter Unit Value Range

Impurity model
Dust input µg kg−1 22.3 17.8 - 26.8

BC input µg kg−1 23.2 18.6 - 27.8

BC removal rate % 20 16 - 24

Fe in FeO % 54.5 43.6 - 65.4

MAC FeO/BC - 0.082 0.066 - 0.099

SSA model
SSAinitial m2 kg−1 73.0 58.4 - 87.6

SSAmin m2 kg−1 8.0 6.4 - 9.6

C1 10−3 mm3 d−3 1.1 0.88 - 1.32

C2 10−5 mm3 d−3 3.7 2.96 - 4.44

Snow density model
at

◦C mm−1 0.033 0.0264 - 0.0396

c1 m2 h−2 kg−1 0.001 0.0008 - 0.0012

k0 m3 kg−1 0.021 0.0168 - 0.0252

k1
◦C−1 0.08 0.064 - 0.096

FC - 0.02 0.016 - 0.096

c m−1 h−(d−1) 1.0 0.8 - 1.2

d - 1.25 1.0 - 1.5

assume 10 to 20 times higher BC concentrations than reported by the ice core data in order
account for altitudinal differences between the high-altitude ice core sites and the ablation
area. In our study, we do not alter atmospheric deposition rates (see Section 4.5.4), but,
contrary to Painter et al. (2013), account for changes in the BC surface concentration due to
melt and accumulation processes as well as to removal by melt water. As a result, we obtain
similar BC concentrations in the surface layer on average and thus, a comparable impact of BC
on glacier mass balance. The general agreement of our assessment with that by Painter et al.
(2013) indicates the highly relevant role of BC in shaping changes in glacier mass balance over
the last century.

4.5.2 Sensitivity analysis

In order to assess the sensitivity of the model results to the chosen input parameters, we
performed a sensitivity analysis. Four parameters of the snow impurity model were examined:
(1) removal rates of BC by melt water, (2) fraction of Fe which is presented as Fe-oxides, (3)
the proportion of haematite and goethite in the Fe-oxides, and (4) the ratio of the MAC of
BC vs. MAC of Fe-oxides. In addition, another four parameters of the SSA model (SSAinitial,
SSAmin, C1, C2) and six parameters of the snow density model (at, c1, k0, k1, Fc, c , d) were
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investigated. Furthermore, we also assessed implications of deviating atmospheric deposition
rates of mineral dust and BC on the mass balance as the ice core data is taken from another site
(see Section 4.5.4). The parameters of the melt and accumulation model were not included
in the sensitivity analysis because they were directly constrained by the continuous seasonal
mass balance measurements at the study sites. The sensitivity of the parameters was assigned
by varying each parameter by 5% intervals around to the chosen value in a range of ± 20%,
keeping all other parameters constant. Tab. 4.1 shows the used parameter ranges. According
to Anslow et al. (2008) we defined the sensitivity of a parameter as the slope around the origin
of the curve, defined by the percentage change in the parameter value and the percentage
change in the resulting model variable (mass balance in our case). For example a sensitivity
of 0.5 designates that an arbitrary percentage change in the parameter value involves a half
as large percentage change in the mass balance. A positive sensitivity means that an increase
in the parameter value leads to an increase in the mass balance, a negative sensitivity that an
increase in the parameter yields a decrease in mass balance.
Results of the sensitivity analysis are shown in Fig. 4.9. The mass balance was most sensitive
to the amount of snow impurities and the parameters of the snow density model, while the
parameters of the SSA model were clearly less relevant. In contrast to the input quantity of
BC, mineral dust had a less pronounced impact on modelled mass balance. A change of 10%
in the BC concentration in precipitation led to a 5.8% change in mass balance, whereas the
same change in the mineral dust concentration in precipitation only resulted in a 1.6% change
in mass balance. The reason for this difference in sensitivity is the stronger absorption of solar
radiation by BC compared to mineral dust. An even higher sensitivity could be assigned to the
removal efficiency of BC with melt water. A 10% change in the BC removal rate leads to a 1.5
times larger change in the mass balance. This is particularly important since the removal rates
are subject to considerable uncertainty (see Section 4.5.5). Hence, the removal of BC by melt
water seems to be the most critical point of the simulation and strongly controls the impact of
BC on the long-term glacier mass balance. Besides the impurity model, also the performance
of the density model affected the simulations. In particular, parameter k0 (Eq. 4.11), describing
the density change due to compaction, and the outflow parameter d (Eq. 4.10) were found
to have sensitivities that are comparable to those of the input concentration of BC (Fig. 4.9).
The higher the values of the density parameters, k0 and d , the faster is snow compaction.
More efficient compaction in turn entails higher impurity concentrations in the surface snow
layer and thus enhanced melt rates. The parameters of the SSA model show the lowest
sensitivity and therefore are less relevant for the results. The two parameters, SSAmin and
SSAinitial (Eq. 4.5), are the most sensitive ones. An increase in the two parameter values leads
to a depletion in pure snow albedo, which slightly diminishes the impact on snow impurities.
However, this effect is small compared to the other uncertainties.

4.5.3 Spatial distribution of the effect of light-absorbing impurities

The extent of the impact of Saharan dust and BC on the glacier mass balance is spatially
variable and strongly depends on prevailing conditions. According to our results, the effect of
light-absorbing impurities increase from the accumulation area towards the equilibrium line as
higher melt rates lead to a re-exposure of old firn layers bearing light-absorbing impurities. In
the ablation area where most glacier mass loss occurs, however, the processes are different.
Winter accumulation is not preserved over multiple years and thus light-absorbing snow impu-
rities affect only the albedo of the winter snow cover until it has been melted away. During
the summer season when bare ice is exposed at the surface, snow impurities are removed by
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Figure 4.9: Sensitivity of annual surface mass balance (i.e. the percentage change in the
parameter value versus the percentage change in annual mass balance) to the different pa-
rameters of the impurity, the specific surface area and the snow density model, as well as the
sensitivity to the input of mineral dust and BC.

melt water which might limit the impact of impurities on glacier melt, although a darkening
on gently-sloping glacier tongues has also been observed (Oerlemans et al., 2009). Hence,
we suppose that the effect of Saharan dust and BC in the ablation area is lower compared to
areas near the equilibrium line.

4.5.4 Transferring mineral dust/black carbon to Claridenfirn

Our analysis is based on the general assumption that concentrations of Saharan dust and BC
in precipitation at Colle Gnifetti and Fiescherhorn (Fig. 4.1) are comparable to those at Clari-
denfirn. In order to receive undisturbed records of past aerosol concentrations only few sites in
the Alpine region are suitable. Prerequisites are high elevation to exclude chemical disturbance
by melt water percolation, sufficient ice thickness to ensure long enough records and flat ter-
rain to limit the effect of ice flow (Wagenbach and Geis, 1989). For this reason we relied on
time series at locations other than Claridenfirn and had to transpose the measurements to the
study site for which long-term mass balance measurements were available.
In the 1990s a large-scale study about the chemical composition of high-alpine winter snow
packs was carried out in the Alps with the aim of detecting the regional and altitudinal distribu-
tion of major ions (SNOSP; Nickus et al., 1997). It was found that the concentration of most
ionic species in winter snow increases by about one third from west to east and that ionic loads
show no regional preference due to opposite gradients in the prevailing precipitation patterns.
The same also applies to variations with altitude: at higher elevation ion concentrations are
lower compared to valleys, but the general increase in precipitation with elevation compensates
for this effect, so that ionic loads are expected to be in the same order of magnitude indepen-
dent of absolute elevation. A more detailed investigation of selected sampling locations in the
vicinity of Colle Gnifetti/Fiescherhorn (Breithorn, Gorner-/Theodulgletscher, Colle Vincent,
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Jungfraujoch) revealed that there is no distinct altitudinal trend in ionic loads (Nickus et al.,
1997). A recent study about atmospheric deposition in alpine and subalpine areas confirms
these results and concludes that there are no clear regional gradients, but a significant spatial
variability of atmospheric ion deposition over the Alps (Rogora et al., 2006). Another study
concluded that sites with large quantities of precipitation exhibit highest ion concentrations
because they receive generally the first, more contaminated fraction of a precipitation event
(Nickus et al., 1998).
The above mentioned studies are mainly focused on anthropogenic impurities of winter snow
packs and can not be directly transferred to the situation at Claridenfirn. We suppose that
concentrations at Claridenfirn might be higher than at Colle Gnifetti/Fiescherhorn due to
(1) its eastern location, (2) the lower elevation and thus proximity to the polluted mixing
layer, and (3) the higher precipitation rates (MeteoSwiss, 2014b). However, we are unable to
conclude with certainty whether and to what extent ion concentrations differ between the ice
cores and our study site. For these reasons we adopted the impurity concentrations measured
at Colle Gnifetti/Fiescherhorn directly to the study site without a transfer function. Our
assumption is supported by a supplementary analysis carried out on Claridenfirn. Kappenberger
and Steingruber (2014) collected and analysed winter snow samples for major ions between
1995 and 2013. Comparison of bulk winter snow concentrations with those at Colle Gnifetti
revealed that concentrations at both locations are in the same order of magnitude. In contrast
to Saharan dust which is transported by large-scale upper air flows, BC concentrations are more
influenced by the regional environment. Therefore, the assumption of using concentrations
from a remote location might be less valid for BC than for Saharan dust. Actual BC input
concentrations are thus subject to a higher uncertainty.

4.5.5 Removal by melt water

When a snowpack begins to melt, the insoluble snow impurities are partly retained and concen-
tration of impurities in the surface snow increases as snow melt proceeds, thus reducing snow
albedo. Consequently, melt is amplified and therefore provides a positive feedback on radiative
forcing by light-absorbing impurities. To what extent snow impurities are removed by melt
water percolation has not been fully clarified and only a small number of studies has addressed
this issue so far. Important contribution is made by Conway et al. (1996), who found that
particles of volcanic ash remained at or near the surface throughout the melting process while
a large part of soot particles was flushed through the snow with the melt water. They suppose
that the difference in the particle’s diameters is responsible for the different behaviour of ash
and soot during the melting process. Doherty et al. (2013) concluded that removal rates
due to melt water percolation of BC are in the order of 10–30% which is in agreement with
the results by Conway et al. (1996). Based on the limited information available, a removal
efficiency of 20% for BC seems to be a reasonable assumption. The sensitivity study indicated
that the results are more sensitive on the removal rate than the amount of mineral dust and
BC input. Hence, this issue needs further investigation. However, ignoring flushing-out of BC
with melt would lead to an overestimation of surface concentrations and thus to an excessive
melt amplification through BC (Doherty et al., 2013).

4.5.6 Mass balance model

The performance of the albedo parameterisation mainly depends on an accurate modelling of
the specific surface area of snow grains and the fraction of snow impurities in the surface snow.
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Roy et al. (2013) demonstrate that the simulated snow grain sizes are in good agreement with
measurements and that despite the simplicity of the SSA model results are comparable to
well-established snow models (i.e. Crocus, Brun et al., 1989, 1992). The root-mean-square
error in the overall SSA is 8.0m2 kg−1 corresponding to an albedo uncertainty in the order of
±3% for small grains and of ±6% for large grains. The main limitation of the SSA model is
the performance during wet conditions due to the simplification regarding the 1-layer model
for liquid water. As for the SSA model, the liquid water content is important also for the snow
density model (De Michele et al., 2013). Snow density measurements, performed twice a year
during the winter and late summer surveys on Claridenfirn, were used to validate the snow
density model. Correlation of observed and simulated snow densities reveals a r 2 of 0.52 and
0.47. Mean absolute differences are 10.8 kgm−3 and 9.4 kgm−3 (corresponding to a relative
difference of ∼2%) for the lower and upper measurement site, respectively. This indicates
that the density model well captures the typical snow density, but does not fully reproduce
interannual variability.

4.6 Conclusions
In this study we analysed the impact of Saharan dust and black carbon on the mass balance of
an Alpine glacier over a centennial period (1914–2014) covered by exceptional observational
data sets. A mass balance model including a parameterisation for albedo was combined with
a snow density model in order to track snow layers and impurities over time. The combined
model was forced with temperature and precipitation time series in daily resolution, the latter
being assigned by mineral dust and BC concentrations retrieved from ice/firn cores.
On average the presence of Saharan dust at the glacier surface reduced mean annual albedo by
less than 0.01. The associated decrease in the mean annual mass balance was 28 – 58mmw.e.
depending on the location on the glacier (accumulation area, equilibrium line). However, in
individual years with very high supply of Saharan dust, surface albedo can be reduced substan-
tially with a strong impact on snow and ice ablation. In addition to years with large atmospheric
dust deposition, also periods of strong melting may lead to significantly enhanced dust con-
centrations due to re-exposure of buried firn layers with a high impurity content. In contrast
to mineral dust, BC affected the mass balance more efficiently and clearly dominated light ab-
sorption in snow except for years with large Saharan dust events. On average BC lowered the
annual albedo by 0.03 and reduced the mean annual mass balance by 183–301mmw.e. Due to
the combined effect of BC and Saharan dust annual ablation on Claridenfirn was increased by
15–19% on average over 1914-2014 compared to pure snow conditions. In the accumulation
area, the impact of Saharan dust and BC on the mass balance was clearly less pronounced due
to the prevailing positive mass balances that tend to continuously bury snow impurities. The
most sensitive parameter of our assessment is the removal rate of snow impurities by melt
water, a process which is until now only poorly understood.
Our study demonstrates that the influence of snow impurities on glacier melting should be
taken into consideration, when modelling the mass balance of alpine glaciers over long-term
periods in order to increase the reliability of the simulations. Particularly in years with large
deposition of Saharan dust or BC and during periods with negative glacier mass balance, re-
exposure of old firn layers can importantly impact on the rate of snow and ice ablation and
thus enhance the albedo feedback. Furthermore, the study emphasizes the crucial role of BC
in melt processes taking place on Alpine glaciers.
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Chapter 5

Conclusion and Outlook

5.1 Synthesis

The presented thesis investigates different aspects of glacier mass balance modelling in de-
tail with the aim of reducing uncertainties and thus improving mass balance simulations of
mountain glaciers with regard to long-term predictions. The thesis focuses, in particular, on
the importance of (1) the ice-thickness distribution, (2) the melt model approach and (3) the
surface albedo for glacier studies in the past and into the future.

Based on an exceptionally dense network of ground- and helicopter-based ground penetrat-
ing radar measurements, the ice-thickness distribution in the Mauvoisin region, comprising
a glacier covered area of 63 km2, could be accurately determined. A total ice volume of
3.69± 0.31 km3 and a maximal ice thickness of nearly 300m were found. In a further step,
the measurement-based ice volume estimate was compared with the result of an ice-thickness
estimation approach (Farinotti et al., 2009b) relying on ice flow mechanics and topographic
parameters. Results showed that the ice-thickness estimation approach lead to an overesti-
mation of the total ice volume in the order of 36% (-8↔+80%). Finally, glacio-hydrological
modelling was performed and the effect of an inaccurate ice-thickness estimation, due to a lack
of measurements or the usage of inappropriate estimation approaches, on runoff projections
was examined. The sensitivity analysis revealed that over- and underestimations of the ice
volume have a serious impact on glacier and runoff projections and that they might even lead
to deviations from the projected general runoff trend. This clearly indicates that ice-thickness
data are essential to get reliable ice volume estimates. With regard to helicopter-based mea-
surement techniques, the acquisition of ice-thickness data becomes much less laborious and
provides a unique tool to infer the area-wide ice thickness distribution accurately. Knowledge
about the ice-thickness distribution, in turn, clearly increases the validity of glacier and runoff
simulations, which is particularly important in the case of runoff projections for glacierized
basin of hydropower reservoirs.

In a further study, the performance of five different melt model approaches ranging from a
simple degree-day to a physically-based energy balance model was investigated over a multi-
decadal period for Rhonegletscher (Swiss Alps). Based on a data sets of seasonal mass
balance measurements and snow depth surveys of the years 2006-2012, model parameters
could be accurately calibrated. All approaches, except the energy-balance model, showed
no significant difference in performance over the 6-year period when calibrated to present
climate conditions. The analysis revealed that model parameters fluctuate strongly from year
to year as a result of an equifinality problem (i.e. different parameter combinations lead to
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similar results). Despite the parameter variability, applying multi-year calibration instead of
annually calibrated parameters involved only a slight decline in model performance. Compared
to empirical melt formulations, the energy-balance model showed poorest performance despite
its physical character. We expect that the forcing with data from an off-glacier weather station
is responsible for this result as measured variables on non-glacierized ground might only poorly
predict energy fluxes in the glacier-atmosphere boundary layer required for energy-balance
calculations. Validation over the multi-decadal period by means of geodetically determined ice
volume changes of six subperiods between 1929 and 2012 revealed that the choice of the melt
equation can have a substantial effect on long-term mass balance simulation. While approaches
of intermediate sophistication, including separate terms for temperature and radiation induced
melt, performed best, melt models depending solely on air temperature resulted in generally
too-positive mass balances. This result implies that the melt-temperature relationship does
not remain constant in time and demands for recalibration for distinct climate conditions. The
separation of temperature and radiation induced melt is expected to yield reasonably stable
model parameters and make these models most suitable for long-term mass balance studies,
particularly with respect to glacier projections into the future.

Furthermore, implications of light-absorbing impurities, i.e. Saharan dust and black carbon
(BC), on surface albedo and on long-term glacier mass balance were investigated. The aim
was to track the temporal evolution of snow impurity concentrations at the glacier surface
and to assess associated influences on melt over a 100-year period (1914-2014) making use of
the unique mass-balance record at Claridenfirn (Swiss Alps). The analysis was performed for
two locations: (1) for a site in the accumulation area experiencing mainly mass gain and (2)
for a site switching from accumulation to predominately ablation conditions. The presence
of Saharan dust in snow reduces the summer albedo by about 0.005-0.009 on average and
the annual mass balance by 21-41mma−1 depending on the location on the glacier. Results
indicated that black carbon has a much stronger impact on the surface albedo and thus melt
rates than mineral dust (7-9 times larger). On average, BC lowers the summer albedo by about
0.04-0.06 and the mass balance by 177-293mma−1. The effect of Saharan dust on albedo is
reduced in the presence of strongly light-absorbing black carbon in snow due to a non-linear
relationship between impurity concentration and albedo change. Thus, in comparison to pure
snow conditions, the effect of BC is only three times higher than that of Saharan dust. In
total, Saharan dust and black carbon amplify the mean annual glacier melt by about 14-18%
compared to pure snow. This effect is more pronounced at the second site where intense
melting entails an increased re-exposure of buried impurity-enriched snow layers leading to a
distinct darkening of the glacier surface. At the first site, mostly positive mass balances result
in a continuous burial of dust-bearing layers and hence to smaller impact on melt. Model
results showed that during periods of intensive melting, as observed in the 1940s and in the
2000s, similarly high impurity concentration are accumulated at the glacier surface as during
periods of exceptionally high depositions further amplifying melt rates.

5.2 Outlook

This thesis contributes to a better understanding of glacier mass balance and provides indica-
tions for improving mass balance simulations for the past and future. The study emphasizes
the importance of an accurate estimation of the ice-thickness distribution, an appropriate melt
model approach and draws attention to surface albedo changes due to enrichment of light-
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absorbing impurities at the glacier surface during conditions of melt. However, distributed
mass balance modelling has many aspects and has to scope with various difficulties as lim-
ited process understanding, restricted data availability or uncertainties introduced by extra- or
interpolation. Hence, further investigation is required to improve the performance of glacier
mass balance simulations. In particular, the following issues have emerged in the course of
this work which need to be examined in more detail:

• The ice-thickness distribution is an important input quantity for ice flow modelling stud-
ies and a key factor for projections of the glacier and runoff evolution. Helicopter-based
ground penetrating radar (GPR) measurements provide a unique opportunity to inves-
tigate the area-wide ice thickness distribution. However, for inferring the ice thickness
inbetween radar profiles and for non-surveyed glaciers, estimation approaches are es-
sential. As shown by the study presented in Chapter 2, there is a need for improving
established ice-thickness estimation approaches as they have limitations when no mea-
surements for calibration are available. The ice-thickness estimation approach used in
this study has been further developed (Huss and Farinotti, 2012) and several other ap-
proaches have been proposed in the meanwhile (Paul and Linsbauer, 2012; Mcnabb et al.,
2012; Clarke et al., 2013; van Pelt et al., 2013; Michel-Griesser et al., 2014). However,
considerable uncertainties in ice-thickness calculations remain, particular when estimat-
ing the ice volume of single glaciers. Further advances in modelling techniques and an
improved knowledge base to constrain model parameters are required. Airborne GPR
measurements provide therefore a good opportunity to overcome these challenges.

• First attempts to infer the accumulation distribution on Rhonegletscher (Chapter 3)
have been made by valley precipitation lapse rates and a gridded precipitation data set
(RhiresD, MeteoSwiss). Both approaches considerably underestimated accumulation in
the upper part of Rhonegletscher and clearly failed to reproduce the precipitation pattern.
Snow depth measurements greatly help to improve snow accumulation estimates and
provide invaluable information for mass balance modelling. For glaciers without a good
data basis modelling techniques are required. But high spatial variability in precipitation
distribution (Schwarb et al., 2001) and complex wind fields in high-mountainous terrain
pose a significant challenge for correctly simulating accumulation. This is particularly
problematic since uncertainties in the accumulation distribution seems to have strongest
impact on the accuracy of runoff projections (Huss et al., 2014). Recently, several
studies have looked into this issue and have examined the interannual persistence of
the winter snow cover by means of remote sensing techniques (lidar remote-sensing,
GPR measurements) providing area-wide snow depth distributions (Sold et al., 2013;
Helfricht et al., 2014; Revuelto et al., 2014). Such analysis might contribute to a better
understanding of spatial variability of snow accumulation and thus provide a basis for
improved snow redistribution approaches.

• The comparative analysis of different melt model approaches revealed that temperature-
index models including a separate term for radiation induced melt yield clearly better
results than melt formulations based solely on air temperature. These findings are in ac-
cordance with results from an earlier study, carried out at the point scale, which reported
that degree-day factors are not constant in time (Huss et al., 2009b). Nevertheless, it is
important to extend this analysis to other glaciers in order to verify and confirm the pre-
sented results. Moreover, further emphasis should be put on the strong variability of melt
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parameters, protruding over the six-year period of seasonal mass balance measurements,
in order to better understand the cause of parameter variations.

• Differences in the altitudinal distribution of mass balance changes among the melt models
may point to discrepancies in the air temperature field. Linear temperature lapse rates
derived on the basis of air temperature data of weather stations in the surrounding
were used. Recently, different studies have illustrated that the temperature regime on
glaciers is distinctly different from off-glacier as air temperature on-glacier is damped
by the temperature of the glacier surface and in addition affected by katabatic winds
(Petersen and Pellicciotti, 2011; Carenzo, 2012). Only few studies have addressed this
issue and provide approaches to infer the glacier air temperature regime based on off-
glacier temperature data (Braithwaite et al., 2002; Shea and Moore, 2010). In general,
their performance is poor (Petersen et al., 2013) and further examination is required to
derive better methods for temperature extrapolation.

• As revealed by the melt model comparison study (Chapter 3), enhanced temperature-
index models including the full shortwave radiation balance should be preferred for long-
term mass balance studies. Hence, an accurate assessment of incoming shortwave ra-
diation input i.e. taking into account the attenuation of clear-sky shortwave radiation
by clouds, is crucial. However, evaluations of the cloud factor parameterisation have
demonstrated that the parameterisation fails in case of a supressed daily cycle (e.g. in
winter or for free-atmosphere weather stations). To obtain acceptable model results for
shortwave radiation, more efforts should be made in improving the cloud factor param-
eterisation.

• According to the sensitivity analysis performed in Chapter 4, the removal rate of black
carbon by meltwater has been recognized as the most sensitive parameter for the mass
balance modelling controlling the fraction of snow impurities remaining in the snow/firn
column. Up to now, only few studies have analysed the removal rate of snow impurities
by meltwater (Conway et al., 1996; Doherty et al., 2013). A better knowledge about the
effect of meltwater on light-absorbing particles would help to better assess the impact
of mineral dust and black carbon on melt, particularly with respect to global warming
and the potential re-exposure of buried impurity-enriched snow layers.

• Less well known is the influence of meltwater on the mobilization of mineral dust and
other particles in/on bare ice. While the effect of dust and debris on ice melt has been
widely studied (e.g. Adhikary et al., 2000; Nicholson and Benn, 2006; Oerlemans et al.,
2009), redistribution and removal processes of impurities by meltwater is only poorly
understood. To obtain a complete picture of the influence on mineral dust and black
carbon on glacier melt, further research about the residence time of solid particles on
ice surfaces is needed.
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