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But these recede. Above me are the Alps,
The palaces of Nature, whose vast walls
Have pinnacled in clouds their snowy scalps,
And throned Eternity in icy halls
Of cold sublimity, where forms and falls
The avalanche — the thunderbolt of snow!
All that expands the spirit, yet appals,

Gather around these summits, as to show
How Earth may pierce to Heaven, yet leave vain man below.

Lord G. Byron, Childe Harold’s Pilgrimage, 1816
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Abstract

The retreat of Alpine glaciers is one of the clearest indiabf climate change. Glaciers are
the symbol of healthy mountain environment and represemhpartant touristic and economic
factor in Switzerland. The objective of the present thesitiunderstand the links between
climate warming and the glacier mass budget. A wealth of fielidh acquired during the 20th
century exists. This allows a study of the past which is agayeisite for forecasts of the future
glacier evolution. Climate forcing acting on glaciers igedily reflected by the mass balance at
the glacier surface — this factor is, thus, central to thesith

A method to determine the seasonal mass balance of alpicieigaince 1865 based on climate
data and field measurements was developed. A distributesradation and temperature-index
melt model was applied to four Swiss glaciers (Grosser AletsRhone-, Gries- and Silvret-
tagletscher). The model was calibrated using ice volumeg@s, in-situ measurements of
seasonal mass balance and discharge. It combines allldeadlata for these glaciers in the
20th century. The investigated ice masses display signtficdiffering mass changes through-
out the last 140 years; the year to year fluctuations, howeaversimilar. The glaciers gained
mass in two decadal periods in the 1910s and '70s. Since 19&2eelerated mass loss is
inferred, which was, however, even faster in the 1940s. ®hsgervation could be confirmed
by analyzing the longest mass balance time series worldvddasonal mass balance is deter-
mined since more than 90 years at four stakes at or above ttwe @sgiilibrium line. In spite of
lower air temperatures in the 1940s, significantly more gn&ras consumed for melt. There
is evidence that the parameters of the widely used temperatdex models can vary system-
atically over long time periods. This indicates a substdetiange in the relative magnitude of
energy balance components in high mountain regions oveasheentury.

The homogenization of long-term mass balance time serigapsrtant in order to obtain a
comparable and unbiased basis for climate change impatiestuA strategy for correcting
time series of comprehensive mass balance monitoring @nogfor systematic errors has been
developed and applied to two glaciers. The direct glacickignd the indirect geodetic method
are combined and homogeneous seasonal mass balanceigsaetérring to the hydrological
year are computed.

Several components of the developed methods were appliedated fields of research. The
lake outburst events of Gornersee were analyzed over théaglecades with a melt model

in high temporal and spatial resolution. A variety of fieldaserements acquired on Gorner-
gletscher were included in the evaluation. Different taggg mechanisms for the glacier floods
could be identified and long-periodic variations of the lakkime were inferred. In the course
of an outburst event a substantial amount of lake water ipteaily stored in the glacier sys-

tem, inducing important alterations of the hydraulic caiotis with congruent impacts on the
glacier dynamics.

Satellite based remote sensing is increasingly impor@angfacier change studies in remote
regions. To demonstrate the potential of the mass balastedten the Alps for such studies,
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Vi ABSTRACT

it was applied to a small glacier in the Canadian Arctic. iln-field measurements, different
types of remote sensing data, weather records and climatealgsis time series were compiled
and could be combined using a glacier evolution model. Thdahcan thus link various data
types, hence considerably increasing their value. The huadebe used for investigating the
response of remote ice masses to climate change in high tahgral spatial resolution and to
close gaps in the glacier monitoring in these regions.

The assessment of the future changes in the Alpine cryospharmajor challenge. One must
account for the considerable uncertainties in the climabdgeptions, but also the complex re-
sponse of glaciers to changing climatic conditions neetietadequately modelled. Within the
course of this thesis impact studies were performed coadetith applied problems. The re-
treat of the tongue of Unteraargletscher was simulatedjusssombined ice-flow mass-balance
model for the next 50 years based on different climate sg@nait could be shown that the
imbalance between mass loss due to melt and the compensé#igogof ice flow will rapidly
increase in the near future. Nevertheless, the heavilyslebrered tongue of Unteraargletscher
will persist for several decades.

Glacier wastage most directly affects our daily life withadlges in runoff from high mountain
catchments. For dry alpine valleys (e.g. the Valais) meltew&om glaciers represents an
indispensable resource during summertime. Moreover, phey a central role in the Swiss
hydropower production. In the present work a new glaciorblatjical model was developed
for calculating the future runoff from highly glacierizedathage basins. Model components
describe the glacier surface mass balance, evaporatiamaafi routing. The change in glacier
coverage is simulated using a simple, widely applicablampaterization, which is field data
independent. This parameterization was validated agaitistee dimensional finite element
ice flow model applied for Rhonegletscher. Using this patanmation, glacier retreat over
the entire 21st century can be computed within the uncéytaamge of the ice flow model and
is thus well suited for a simplified calculation of future gker change. The combined glacier
evolution runoff model was driven by several regional clienscenarios in seasonal resolution
for the period 2008-2100 and applied to several glaciercaédhments. Due to intense glacier
melt runoff will significantly increase in the next decadddany Alpine glaciers will have
reduced their size so drastically by 2100 that they loosie serage capacity. Thus, there will
be a reduction in runoff volume in the second half of the centas well as a shift of peak
discharge to spring. Water shortage in the summer monththarefore highly probable and
the management of reservoirs used for hydropower produogeds to be adapted.

This thesis attempts to bridge the gap between glacier @saaolgserved in the past and the
future. The combination of long-term time series of field sweaments with modelling allows
the analysis of climate change impacts on glaciers in the&gury. With this knowledge it is
possible to face the challenge of forecasting the futurdphe glaciers.



Zusammenfassung

Der Ruckzug der Alpengletscher gehort zu den deutlichstdik&atoren des Klimawandels in
der Schweiz. Gletscher sind Symbole der Hochgebirgswelthaben einen grossen touris-
tischen und wirtschaftlichen Wert. Das Ziel der vorliegendArbeit ist es die Zusammen-
hange zwischen Klimaerwarmung und dem Massenhaushaltldesc@Ger zu verstehen. Eine
Fulle von Gletscherdaten aus dem letzten Jahrhundertistelen Alpen zur Verfiigung. Aus
diesen Daten werden Erkenntnisse gewonnen und umgesatzlielzukiinftige Entwicklung
der Gletscher zu prognostizieren. Uber die Massenbilanftitscheroberflache lassen sich
direkte Aussagen uber den Einfluss des Klimas auf die Gletstiachen — dieser Faktor ist
deshalb zentral in der Arbeit.

Es wurde eine Methode entwickelt, mit der sich saisonaletsGier-Massenbilanzen seit
1865 mit Hilfe von Klimadaten und Gletschermessungen tereic lassen. Ein verteiltes
Akkumulations- und Temperatur-Index Schmelz-Modell wauiauf vier Gletscher (Grosser
Aletsch-, Rhone-, Gries- und Silvrettagletscher) angelvaibas Modell wurde mit Eisvol-
umenanderungen, auf dem Gletscher bestimmten saisonasselbilanzen und Abfluss-
Aufzeichnungen kalibriert. Es vereinigt somit samtlichie tliese Gletscher vorhandenen
Daten. Dabei zeigt sich, dass die Gletscher unterschiedgliarke Massenverluste wahrend
des 20. Jahrhundert aufweisen. Die Schwankungen von Jalahzisind aber &hnlich. In zwei
10-Jahres Perioden in den 1910er und den 1970er JahrerekattietAlpengletscher Massen-
gewinne verzeichnen. Seit 1982 befinden sie sich in einesdind rapidem Massenverlust, der
allerdings in den 1940er Jahren noch ausgepragter ware Biesbachtung konnte ebenfalls
durch eine Analyse der weltweit langsten Massenbilaneredn vier Pegelstangen auf rund
3000 m.u.M. bestatigt werden. Trotz tieferer Temperatuvarde in den '40ern mehr Energie
fur Schmelze aufgewendet. Daraus lasst sich schliesses sttzh die Parameter der weit ver-
breiteten Temperatur-Index Modelle Gber lange Zeitraupstesnatisch dndern kénnen. Dies
steht mit einer signifikanten Veranderung des relativereAsmter Energiebilanzkomponenten
im Hochgebirge wéhrend des letzten Jahrhunderts im Zusaimeng.

Die Homogenisierung von Massenbilanz-Zeitreihen ist @stsvichtig, um Studien der Kli-
madnderung auf vergleichbaren und nicht verzerrten Gagedi abzustitzen. Eine Strategie
zur Korrektur von systematischen Fehlern in langjahrigatebreihen wurde entwickelt und
auf zwei Gletscher angewandt. Damit werden die direkteigiiegische und die indirekte
geodatische Methode miteinander kombiniert und homogeies saisonale Massenbilanz-
Werte, die sich auf das hydrologische Jahr beziehen, beeech

Verschiedene Bestandteile der erarbeiteten MethodenemurdExkursen auf Fragestellungen
in verwandten Forschungsgebieten angewendet. Die Seéahsbdes Gornersees wahrend
den letzten funf Jahrzehnten wurden mit einem Schmelzrhodkbher zeitlicher und raum-
licher Auflosung analysiert. Eine Vielzahl von Feldmesama@uf dem Gornergletscher
wurde in die Auswertung miteinbezogen. Dabei konnte awscl@edene Auslésemechanismen
der Gletscherfluten geschlossen, sowie langperiodisch@ntferungen des am Seeausbruch
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viii Zusammenfassung

beteiligten Wasservolumens festgestellt werden. Waheamer Gletscherflut wird eine grosse
Menge Wasser temporar im Gletschersystem gespeichertawidkbdort substantielle Veran-
derungen der hydraulischen Bedingungen im Gletscher,mtspeechenden Auswirkungen auf
die Eisdynamik.

Satelliten basierte Fernerkundung stellt in der heutigeit Zine immer wichtigere Ba-

sis fur Gletscherstudien in abgelegenen Regionen dar. Dakem Alpen erprobte Mod-

ell zur Massenbilanz-Bestimmung wurde auf einen kleinert$gher in der Kanadischen
Arktis angewendet. Dabei wurden neben lokalen Messungerschiedene Fernerkun-
dungsdaten, Wetter-Aufzeichnungen und Klima-Reanalygesxammengestellt und Gber ein
Gletscherentwicklungs-Modell kombiniert. Dieses Modainn verschiedenste Datentypen
verbinden und damit deren Wert betrachtlich steigern. s ldaher verwendet werden, um
die Reaktion von abgelegenen Eismassen auf die Klimaandenu Detail zu erforschen und

damit Lucken in der Gletscherbeobachtung schliessen.

Die Vorhersage der Zukunft der alpinen Kryosphare ist eieeadsforderung. Dabei muss
man den grossen Unsicherheiten der Klimaszenarien Reghinagen, aber auch die kom-
plexe Reaktion der Gletscher auf verdnderte BedingungeKlimasystem bertcksichtigen.
Zukunftsprognosen wurden im Zusammenhang mit angewardégestellungen durchgefihrt.
Der Rickzug der Zunge des Unteraargletschers wurde mitnekoenbinierten Massenbilanz-
Eisfluss-Modell fuir die nachsten 50 Jahre mit verschiedétiemaszenarien berechnet. Dabei
zeigt sich, dass sich das Ungleichgewicht zwischen Masgskrst durch Schmelze und dem
kompensierenden Effekt des Eisflusses in Zukunft weitestadten wird. Trotzdem kann sich
die stark schuttbedeckte Zunge des Unteraargletschelnsmekrere Jahrzehnte lang halten.

Der Gletscherriickzug betrifft unseren Alltag unmitteliiaer die Veradnderung des Abflusses
aus Hochgebrigsregionen. Gletscher liefern im Sommemkgt@wendiges Wasser fur trock-
ene Alpentéler (z.B. das Wallis) und spielen in der Schweiddr Stromproduktion eine zen-
trale Rolle. In dieser Arbeit wurde ein neues glazio-hydgidches Modell entwickelt, das
die zukunftigen Abflisse aus stark vergletscherten Eirgelgisten berechnet. Das Mod-
ell beschreibt die Gletscher-Massenbilanz, die Evapmmatnd die Wasserspeicherung. Der
Gletscherriickzug wird mit einer einfachen, breit anwemneiaParametrisierung bestimmt,
die unabhéngig von Felddaten ist. Diese Parametrisierangtk auf dem Rhonegletscher
Uber den Vergleich mit einem dreidimensionalen finite Eletaeesletscherfliess-Modell vali-
diert werden. Sie kann den Gletscherriickzug tber das gahzéaBrhundert im Unsicher-
heitsbereich des Eisfluss-Modells wiedergeben und istallestur vereinfachten Beschrei-
bung der zuklnftigen Gletscherverdnderung sehr geeigies Gletscher-Abfluss-Modell
wurde mit verschiedenen regionalen Klimaszenarien irogaier Auflosung bis ins Jahr 2100
angetrieben und auf mehrere stark vergletscherte Einebgstg angewendet. Durch die in-
tensive Gletscherschmelze wird in den nachsten JahrzeleteAbfluss deutlich ansteigen.
Viele Alpengletscher werden bis 2100 ihre Flache jedochestoverringert haben, dass sie ihre
Speicherkapazitat verlieren. Damit ist neben der Verringg des Abflusses in der zweiten
Halfte dieses Jahrhunderts mit einer Verschiebung der a¢dpitze in den Frihling zu rech-
nen. Im Hochsommer kann es zu Wasserknappheit kommen unBesvetschaftung von
Wasserkraftwerken muss grundlegend angepasst werden.

Diese Arbeit versucht die Briicke zwischen den Gletschéanasrungen in der Vergangenheit
und der Zukunft zu schlagen. Die Kombination von langen braiden und Modellierung
erlaubt es, die Auswirkung der Klimaénderung auf die Glesam letzten Jahrhundert zu
verstehen. Ausgerustet mit diesen Erkenntnissen kann idlanler Herausforderung stellen,
den zukunftigen Gletscherriickzug zu prognostizieren.



Chapter 1

Introduction

1.1 Glaciers in a changing climate

Glaciers are the symbol of a healthy mountain environmenthé Alps, the public interest in
glaciers seems to be increasing at an even faster rate thgfeitier tongues receded during the
last 100 years. Glaciers are important touristic facto®witzerland. However, they sometimes
also represent a threat to alpine communities: with glaeeeat mountain flanks may become
instable and newly formed glacial lakes can produce dasteuoutburst floods. Last but not
least, glaciers are an important storage component in telogical cycle. Ice masses store
vast amounts of fresh water at high elevations and providedispensable water supply for
dry alpine valleys during summertime and are central to ¢&yyower production. With the
glacier retreat predicted for the near future, substactiahges in alpine environments will
occur. Glaciers react sensitively to climatic variatiortset are immediately revealed through
their mass balance. An understanding of the processesrdeieg glacier variations in the
past is a prerequisite for forecasting the response of tpaAlcryosphere to the 21st century
climate warming. Climate change in Switzerland is not a stesa— we have (in contrast to
many mountainous countries) the financial means to adapéelwas to changed environmental
conditions. This must be done, however, as early as posstelgistic scenarios for the impact
of a warming atmosphere on glaciers in the Alps are required.

This PhD thesis attempts to bridge the gap between glacargds in the 20th century — the
past — and the 21st century — the future. A wealth of almogidiben field measurements
acquired over more than 100 years, as well as concurrenatiataa comprehensive picture of
past climate forcing on Alpine glaciers to be drawn. Only loytimg this knowledge into our

backpack we can face the challenge of forecasting futu@egleetreat.

1.2 Investigating glacier changes

Already in the early 19th centu@smm) inveskgatarious glaciological processes
on Unteraargletscher, Bernese Alps. Measurements ofeglagrface mass balance were per-
formed on many Swiss glaciers over large parts of the 20ttucgnepresenting a unique data
basis for the interpretation of glacier variations in rasgmto climate change. Only in recent
years the application of numerical models for calculatifecigr mass balance — conveniently

1



2 CHAPTER 1. INTRODUCTION

sitting in the office — provides an alternative to measuricguanulation and ablation in the field.
Currently, models are popular in glaciological sciencethdligh mass balance models have a
great value for extending the measurements in space andthmecan — as far as glaciers are
concerned — not be reasonably applied without data measutbkd field: too complex are the
processes determining the mass balance of alpine glacieesdescribed entirely with mathe-
matical formulations. Field measurements are the mostitapblink to tie glacier models to
reality!

1.2.1 Glacier surface mass balance

The mass balance of the glacier surface is generally aclkumed to be one the most direct
indicators of climate variations (e.g. Vincent, 2002; Kemed otheid, 2006) and is therefore a
central element of this thesis. The mass baldnn be separated into two components: accu-
mulationc and ablatiorz. On alpine glaciers accumulation is mainly determined leydepo-
sition of solid precipitation on the glacier surface andasibh is given by melting of snow and
ice. In other climatic regimes also refreezing of melt watehe snow and firn cover and subli-
mation may contribute substantially to glacier surfacestsance (e.q. Dyurgerov and Meier,
M). For Arctic glaciers and ice sheets calving of icebesgthe most important ablation
processmw). Calving is not a component oflugeg surface mass balance and
is not relevant for alpine glaciers.

At any given point £,y) on the glacier surface and at any timdhe accumulation rate

¢=¢(x,y,t) is the rate of mass gain. The ablation ratea(z, y, t) is the rate of mass loss.

b=c+a yields the rate of mass balance. Usually mass balance isgsgnt as a specific quantity
in kg m~2 or a local thickness change in metres water equivalent (m.\i.ke integral of) over

a given time interval can be measured in the field. The massbal

to

b:b(:c,y):a+c:/ (¢ +a)dt (1.1)

t1

A

) summmer
winter balance

net balanget

P Winter o Summer

fo

Net balance

Figure 1.1:Definition of mass balance terms for a given poitity) on the glacier surface.



1.2. INVESTIGATING GLACIER CHANGES 3

at any point ¢, y) is the algebraic sum of accumulation and ablation over #mgogd ¢;...15
(Fig.[11) and is, according Mim&), termed 'specifiass balance. The mass balance
year is often divided into a winter and a summer period (Amoays| 1969). On alpine glaciers
the specific winter balande, is dominated by accumulation and is positive. During summer
ablation prevails and the specific summer baldanégnormally negative (Fig. Il 1). The specific
net balance, is given by the integration df over an annual period or by

by = by, + b. (1.2)

Seasonal and annual mass balance quantities can be detérimia fixed-date system or a
stratigraphic system_(Anonymous, 1969; Mayo and otherg2)L9n the fixed-date system the
time intervalt;...t; for the evaluation of the mass balance quantities is kepstaon in every
year. The hydrological year (October 1 to September 30)tenafised for determining,. In
contrast, the evaluation dates differ from year to year @bog to the stratigraphic system. In
this systemb),, is defined as the mass balance between the absolute minimanmatss balance
function (Fig[I1l) in two consecutive years (Anonymaous9) In reality, field surveys rarely
coincide with neither the dates andt, of the fixed-date system nor with those of the strati-
graphic system. Thus, a third system for the evaluation dsnlance — the measurement

period (Huss and othells, in press) — must be considerethdt, in this system are defined as
the actual dates of the field surveys.

Mass balance quantities can be defined — in analogy to thosepoint — for the entire glacier
area. These glacier-wide or area-averaged mass balamcparéicularly important for hydro-
logical aspects and allow direct comparison of individuatgrs. The volumetric net balance
B, (in m* water equivalent) is defined as the integration,pft every point of the glacier over
that year’s glacier surface aréa

B, = / b, dS. (1.3)
S
The mean specific net balan@@,@) is then obtained by
by = B,/S. (1.4)

b, can be regarded as the glacier-wide mean thickness chamgggnequivalent in that partic-
ular year.

The measurement of glacier surface mass balance can b oising (1) the direct glacio-
logical method and (2) the indirect geodetic metm ). The glaciological method

is based on one or several field surveys per year. Stakesileel dnto the ice allowing the
monitoring of changes in surface elevation relative torthpper end. In the ablation area the
difference in ice thickness relative to the stake is comebnto water equivalent usually assum-
ing an ice density of 900 kg mi. In the accumulation area the density of the accumulated firn
is determined in a snow pit or by drilling to a marked horizém.addition, snow probings to
the last summer surface are performed for determining thtadpattern of accumulation. The
geodetic method provides ice volume changes of the enti@eglover periods of several years
to decades based on comparison of repeated digital elevabadels of the glacier surface.

1.2.2 Measurements of glacier mass change in Switzerland

The monitoring of glacier surface mass balance in Switnerlaoks back onto a long tradition.
Nowhere in the world mass balance measurements were ssartstly as in the Swiss Alps!
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In 1885 the first stakes were installed on Rhonegletschee. méasurements at over a dozen
locations were maintained for more than two decades (Méwodi915). In 1914 the longest
mass balance time series worldwide were started at twosstaklee accumulation area of Clar-
idenfirn (Miiller and Kappenberger, 1991). They were comthin seasonal resolution almost
without disruptions until present. At the same time simifegasurement series were begun at
one stake on Grosser Aletschgletscher and two on Silvietsaerl(Firnberichte, 1914-1978;
Huss and Bauder, in préss). In connection with hydropowstyction first efforts to determine
the glacier-wide mass balance were undertaken in the 1at@s19\n extensive stake network
was set up on Limmern- and Plattalvagletscher and obser#d @84 (Glaciological reporits,
m&. In the 1960s comprehensive mass balance mogifmograms were started on
Silvrettagletscher and Griesgletscher, both also coedeoctthe planned construction of reser-
voirs for hydropower productiomm%). These neaments of mean specific net
balance are continued until today. Additional stake measents of mass balance, partly cov-
ering the entire glacier over several decades, are avaitab(Grosser Aletschgletscher, Glacier
du Giétro, Glacier de Corbasiere, four glaciers in the Matttmegion and Ghiacciaio del Ba-
sodino.

In total, several thousands of measurements exist covariagye fraction of the 20th century.
Generations of glaciologists have put an immense effoa theé establishment of this unique
data basis. Nevertheless, this wealth of field data was remaprehensively compiled and
evaluated so far.

Besides the vast number of in-situ measurements on ditf&erss glaciers a comprehensive
data set of ice volume changes has recently become avadatlleovers more than 100 years
(Bauder and othérs, 2007). For more than 30 glaciers sdrigsto ten digital elevation models
per glacier have been established. They are based on dayjitipographic maps before 1960
and later on a photogrammetrical evaluation of aerial piyaiohs. Differencing of two succes-
sive digital elevation models allows the change in ice vawwer time intervals of some years
to decades to be calculated. These geodetic mass balarassamed to be the most accurate
record of long-term change in of glacier mass.

1.2.3 Mass balance modelling

The modelling of glacier mass balance is of interest for migglgs of science, however, has
also a practical importance, e.g. for water resource manageand studies of glacier dynamics
M,M). During the last decades a wide range of glawedt models of differing sophis-
tication have been developed. Most of them can be categbonzethe groups of (1) physically
based energy balance models and (2) empirical temperate®-models. In order to sim-
ulate glacier mass balance over an annual period an acctiomutaodel must be coupled to
both types of melt models. There is a trend towards fullyrdisted models, which necessarily
involves the extrapolation of meteorological variables.

Energy balance modelscompute all energy fluxes (in Wm) from and to the snow or ice
surface.

N+ @+ QL+ Qu=0, (1.5)

whereQy is net radiation()y and@)y, is the sensible and the latent heat flux (turbulent fluxes),
respectively, and),; is the energy consumed for melt (ground heat flux and heatlisdppy
rain are lower order terms). Any surplus of energy is conslifoemelt over a snow or ice sur-
face of 0. Using the the latent heat of fusidi, the melt ratel/ can be calculated fror,,;.
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Distributed models solving the energy balance at every ggitlof the glacier have been de-
veloped (e.d._O_eLLemans_a.ad_Blddﬁ}j ; 1195/ Hock and Noetzli, 1997;
Klok and Oerlemans, 2002; Paul and others, 2005; Gerbaurteds| 2005). The applicabil-
ity of these approaches is limited by uncertainties due tapwlating sensitive input variables
in space.

Temperature-index modelsare based on a relationship between air temperature and melt
(@% ). Air temperature is the most readily availatleteorological variable and is
easy to be extrapolated and forecasted. Thus, tempelatiermodels are widely used for the

computation of snow- and icemelt (e.g. Bergsirom, 1995uBrnd others, 1995; Braithwaite,
5. Hock| 1999 Vincent, 2002). Due to their empiricalretuéer temperature-index models

require calibration using field data.
The melt ratel is calculated as a linear function of positive air tempetu

M:{éDD&mWJTE T>0 (1.6)

<o

The two degree-day factoisD F,,.,, and D D F}.. account for different albedos of the surface.
The good performance of simple degree-day approachesimigtd to the fact that many com-
ponents of the energy balance show a strong correlationaMﬂiemperatureer 01).
However, degree-day factors vary substantially in spadetiame as they implicitly include all
components of the heat buddﬁdﬂOOB) Thus, sevepabaphes were developed to adapt

degree-day factors, e.g. with aspé;(;t_(.B.La.un_a.n.d_cbth.e@)th albedol(Arendt and Sharp,

) or in a fully distributed manner with potential radbiat/ M@)

_ (fm+rice/snowI)T : T'>0
M_{O . T<0 (1.7)

With this approach the spatial variability of meltin comypterrain, as well as the subdaily vari-
ations mainly due to shortwave incoming radiation, can lpguwrad. There is a transition from
simple degree-day approaches (Edl 1.6) to expressiomainéing energy balance formulations.

Often an explicit radiation term is added (e.g. Kane and Ki#@97;| Pelliciotti and others,
2005).

Whereas the contribution of melt to glacier surface masarza can be modelled relatively
well, the accumulation term did not receive comparablenéitia so far. Most mass balance
models simulate accumulation simply as precipitation ateg at temperatures below a cer-
tain threshold (e.q._Schaefli and others, 2005). The prefiateleposition of snow determined

by wind direction and velocity and the snow redistributignvind and avalanches is often not
taken into account. This is mostly because these processésoacomplex and too poorly un-

derstood to be incorporated in models. Recently, attengpits heen made for simulatin both

rocesses within the snow cover and the transport of snowiy (kehning and other
). Additionally, the measurement of precipitation igthmountain regions is affected by

significant biasesf_}(,ﬁ 85). Actual precipitationften underestimated. Snow probing
provides the most accurate estimate of total winter pretipn amount. Currently, the accu-

mulation term represents the major source of uncertaintyarstate-of-the-art distributed mass
balance models.
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1.3 Thesis objectives and structure

1.3.1 Objectives

The goal of this thesis can be concentrated into one question

How can we optimally combine field data and modelling in ortketearn how
glaciers react to climate forcing in the past and in the fetir

This single question involves such a large field of differargas of research that it cannot be
finalized within one PhD thesis. This study is not the first dadicated to this topic and, thus,

could build upon a thorough basis of previous research. TdmEssand the objectives followed

in this thesis towards finding answers to this questions are:

e Compilation of all accessible data on glacier mass balam&itzerland.

¢ Field measurements of mass balance on several Swiss glametributing to the contin-
uation of long-term mass balance observations and penfigralditional measurements
to fill gaps in the monitoring programs.

e Set up of a distributed mass balance model for alpine glagvbich can match all types
of field observations available for the last century.

e Careful re-analysis and homogenization of long-term masdance measurements in
Switzerland in order to understand the climate forcing opi#é glaciers in the past 100
years as well as the ongoing changes.

e Development of widely applicable methods for calculatinmfe glacier retreat.

e Application of combined models of mass balance and streaw-funoff to highly
glacierized catchment basins using climate scenarioféfuture.

1.3.2 Structure

The thesis consists of eight chapters written as indepérnmigers. They are framed by an
Introduction and a Synthesis. Some repetition is ineviagspecially in the introductory part
and individual methodological issues of each paper. Fagmn&tion the papers are aggregated
in three parts. Part | deals with the interpretation of le@gn mass balance measurements
during the last century by the use of models. Part Il contaipglications of the methods
developed in the course of this dissertation to glacier dlpd)y and the mass balance of an
Arctic glacier. Part Il is focussed on future changes ircgdaextent and their consequences.
The Appendix includes the latest results that have not yet Ipeiblished. In the following, a
short outline of each chapter is provided.
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Part I: Long-term mass balance records

Chapter 2:
"Determination of the seasonal mass balance of four Alpinelgciers since 1865”
This paper describes a method to compute seasonal massdmtmlIpine glaciers since the
begin of the meteorological records in 1865. All availabdédfidata (ice volume changes, in-situ
measurements of seasonal mass balance at stakes, anrafavolumes) are used to calibrate
a distributed mass balance model based on the temperatier-approach.

Chapter 3:
"Twentieth century climate change inferred from four long-term point observations of
seasonal mass balance”
Within this chapter the longest mass balance observatiammklwide are homogenized and
interpreted. Since 1914 the seasonal mass balance has leesored almost continuously at
four stakes located at or above the equilibrium line in thasSvAlps. This exceptional data
set allows the detection of rates and trends in the heat bogdgesnow and ice throughout the
entire 20th century.

Chapter 4.
"Homogenization of long-term mass balance time series”
Time series of mean specific surface mass balance have bakmted using different tech-
niques in the past and often reveal inhomogeneities. A ndetbohomogenizing long-term
mass balance records of glacier monitoring programs isepted. The homogenization proce-
dure is based on a daily mass balance model that is tightlstaned with field data. Indirect
geodetic and direct glaciological measurements are cadbifihe methodology allows a re-
duction of mass balance quantities measured at arbitraeg tiathe hydrological year.

Part 1l: Applications to glacier hydrology and Arctic regio ns

Chapter 5:
"Glacier-dammed lake outburst events of Gornersee, Switztand”
Short-term processes of glacier hydrology are determionedl large extent by the meltwater
input into the system. This paper presents an analysis oiitieirst events of a glacier-dammed
lake over the last five decades and in more detail for two fiedsns with a wealth of field data.
In order to interpret different field observations a surfawdt model running in high temporal
resolution is applied.

Chapter 6:
"Temporal and spatial changes of Laika Glacier, Canadian Actic, since 1959 inferred
from satellite remote sensing and mass balance modelling”
Whereas glacier retreat is known from various data sourc#sei Alps, the reaction of remote
Arctic glaciers to climate change during the 20th centugfien not documented. This chapter
presents a method that combines in-situ measurementgydautimited time period, different
types of remote sensing data and modelling. Changes ireglgeometry and the mass balance
of the small Laika Glacier are assessed over five decades.
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Part Ill: Projections of future glacier extent and runoff

Chapter 7:
"Modelling the future retreat of Unteraargletscher”
With climate warming Alpine glaciers are expected to rdtsedostantially. The rate of future
glacier wastage is, however, yet difficult to estimate. Tgaper presents a combined ice-flow
mass-balance model that is applied to the debris-covergglioof Unteraargletscher. In order
to simulate future climate conditions three scenariostferseasonal change in temperature and
precipitation are defined.

Chapter 8:
"Modelling runoff from highly glacierized drainage basins in a changing climate”
Runoff from glacierized drainage basins is important fadtmypower production and water sup-
ply in dry alpine valleys. With ongoing climate change ane partial or complete disappear-
ance of glaciers the hydrological regime of high alpine leatents will change significantly. A
new glacio-hydrological model is presented. The model jokes/runoff forecasts in daily reso-
lution for the next century. It explicitly takes into accduhe dynamic retreat of the glaciers.

Chapter 9:
"Parameterizations for calculating future glacier retreat”
The assessment of glacier retreat in the 21st century exjtive description of the climate
forcing and the ice flow dynamics. This chapter answers tlestipn whether complex 3D ice
flow modelling is required for calculating future glacienext. Simple parameterizations for
the ice thickness change in response to glacier surface lmadmsce changes are proposed and
validated against a 3D finite element ice flow model.

Appendix

Appendix A:
"The mass balance of Pizolgletscher”
In the course of this PhD thesis a mass balance monitoringr@nmo was started on the very
small Pizolgletscher, eastern Switzerland. First resaflthe field campaigns in 2006 to 2008
and a reconstruction of the seasonal mass balance sincaf®piesented. The benefit of mass
balance modelling for the interpretation of seasonal poi@asurements is illustrated.

Appendix B:
"New evidence for strong glacier melt around 1950”
This short résumé is the essence of the findings achievedabyzamgy the longest mass balance
records worldwide. The changes in the climatic forcing opiAé¢ glacier throughout the 20th
century are highlighted.
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ABSTRACT: Alpine glaciers have suffered major losses of ice in the lasentury. We
compute spatially distributed seasonal mass balances ofifoglaciers in the Swiss Alps
(Grosser Aletschgletscher, Rhonegletscher, Griesgletser and Silvrettagletscher) for
the period 1865 to 2006. The mass balance model is forced byilyaair temperature
and precipitation data compiled from various long-term data series. The model is
calibrated using ice volume changes derived from five to nin@igh-resolution digital
elevation models, annual discharge data and a newly compdedata set of more than
4000 in-situ measurements of mass balance covering differesubperiods. The cumu-
lative mass balances over the 142 year period vary between 3Hd 97 m revealing a
considerable mass loss. There is no significant trend in wiat balances, whereas sum-
mer balances display important fluctuations. The rate of mas loss in the 1940s was
higher than in the last decade. Our approach combines diffegnt types of field data
with mass balance modeling to resolve decadal scale ice voie change observations
to seasonal and spatially distributed mass balance serie3he results contribute to a
better understanding of the climatic forcing on Alpine gladers in the last century.

11
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2.1 Introduction

Temporal glacier variations are among the clearest nandaators of ongoing climate change

(e.glIPCC, 2007; Oerlemans and Forittin, 1992). A sound kettye of the response of glaciers
to climate change is of crucial importance for the assestofemater resources, sea level rise
and natural hazards (elg. Haeberli, 1995; Zuo and Oerlem®8Y;| Kaser and others, 2006;
IHuss and others, 2007b). In order to be able to predict thedueaction of alpine glaciers to
climate change, we must understand their evolution in tls¢. gaf several key parameters on
glaciers, it is the mass balance which most clearly reflditsatic variation (Oerlemahs, 1994;

Braithwaite and Zhang, 2000; Vincent, 2002).

Mass balance of alpine glaciers is dominated by two prosessedirectly related to one an-
other: Accumulation is due to deposition of solid precipda and contributes mainly to the
winter balance of the glacier surface; ablation is deteeahioy the melting of ice and snow, and
dominates the summer balance. Conventional mass balaogeaprs often do not distinguish
between the two components (Dyurgerov and Meier, 1999). d¥ew seasonal values of mass
balance provide the best insights to assess the effectsnedtat forcing on glaciers. Mean
specific mass balance can be biased by the dynamic respotise=iof mass when the glacier

shape and size is adapting to changed climatic conditigfmfAhesson and othelrs, 1989). Nev-

ertheless, mean specific mass balance time series are dfibtegest and have been determined

in numerous glacier monitoring programs_(Dyurgerov andefey| 2005).

Direct measurements of mass balance are available onlylfiorited number of glaciers and
seldom extend far back in time. Numerical mass balance rmadel be applied in order to ex-

and existing time series (elg. Torinesi and others,|200%:evit | 2002, Machguth and others

). A variety of models relating measured climatic Valea to glacier mass balance
using different methods have been developed (Braithwd®85;| Arnold and others, 1996;
Oerlemans and others, 1998; Hock, 1999; Pelliciotti anesth2005; Gerbaux and others,
[2005;| Steiner and others, 200%). Vincdnt (2002) land Vinaedtothers| (2004) reconstructed
the mass balance of four French glaciers over the 20th gensimg a simple degree-day model,
but without calculating the spatial distribution of the méslance. The model was calibrated
using in-situ mass balance measurements and ice volumgehaResults showed a significant
increase in summer ablation during the last 20 years and@dogfrenhanced glacier recession
in the 1940s._Schéner and Bsh 07) calculated the maasdsa¢volution of glaciers in the
Austrian Alps back to 1800 using regression equations ailded data sets of meteorological
variables.

The aim of this study is to determine continuous time serfasi@an specific seasonal mass
balance as well as the spatial distribution of mass balahfmio well-documented glaciers in
the Swiss Alps for the last 142 years. We extend the tempdradlted mass balance series to
the entire period since 1865, which marked the beginningstfumental weather observations
in Switzerland, and then resolve them into spatially distied winter and summer balances.
This provides a basis for the study of climate-glacier imt&pn in alpine environments and for
the identification of processes that govern the mass bakaratation.

We apply a numerical model as a tool for calculating seasglaaler mass balances and merge
all types of measurements which are accessible within tkenske glacier monitoring pro-
grams. The mass balance model is calibrated with ice voluraeges which are known for all
investigated glaciers from high-resolution digital eligea models (DEMSs), a newly compiled
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Figure 2.1: Location in Switzerland and outline of the four investightgaciers. Triangles
represent MeteoSchweiz weather stations. Large symbdisaite stations with continuous
monthly air temperature and precipitation series sincel 8t small symbols refer to weather
stations with shorter meteorological records of daily heson. Note, that the scales of the
glacier outlines in (a) and (b) differ from those in (c) and. (@he glacier extent is based on
the latest DEM. The contour interval is 200 m, and crosse har position of mass balance
stakes during the year 1980.

data set of point-based mass balance measurements andrgesceécords. Using air temper-
ature and precipitation data we resolve the ice volume atmgiven at a decadal scale to a
seasonal scale and calculate the spatial distribution e§nalance on a regular grid. We derive
the first complete seasonal mass balance time series foAfpune glaciers for the 1865-2006
period. The results are backed up in an optimal way with noogemdependent field data.

2.2 Study sites and field data

This study focuses on four glaciers in the Swiss Alps (Gnogdetschgletscher, Rhone-

gletscher, Griesgletscher and Silvrettagletscher, [Eff). @dr which exceptional data sets in-
cluding extensive measurements of mass balance at stagGeseweral decades are available.
The glaciers have different geometries, exposures andmabelimate conditions and range in
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Table 2.1: Glacier characteristics and field data basis. The timevatef available in-situ
measurements,(: surface net balance measured at stakes,surface winter balance) and
discharge measurements.( annual runoff volume) are given.

Glacier Area Elevatiort Periods of field data

(km?)  (mas.l.) b by Q.
Aletsch 83.01 1560-4085 1921-2006 1921-2006 1923-2006
Rhone 16.45 2197-3600 1885-1909,1980-82 1980-1982 10868-2
Gries 5.26 2410-3327 1961-2006 1994-2006 1957-2004
Silvretta 2.89 2460-3073 1917-2006 1915-83,2003-06  1BBM

Number of DEMs  Years

Aletsch 5 1880, 1926, 1957, 1980, 1999

Rhone 6 1874, 1929, 1959, 1980, 1991, 2000

Gries 9 1884, 1923, 1961, 1967, 1979, 1986, 1991, 1998, 2003
Silvretta 7 1892, 1938, 1959, 1973, 1986, 1994, 2003

* based on the latest DEM available

size from 3 to 80 ki Grosser Aletschgletscher is the largest ice mass in thepgéan Alps.
Whereas the local climate at the glacier terminus is redatidry, high precipitation amounts
are reported in the accumulation area owing to regionalchreeffects|(Schwarb and others,

). Rhonegletscher is a south-exposed medium-sizégy\gihcier with a climatic setting
similar to Aletsch. Griesgletscher is exposed to diffen@eteorological conditions than the
other three glaciers as it is situated south of the main &lpgmest. The small valley glacier has
a north-eastern exposure. Silvrettagletscher is a snadlaglin the north-eastern Swiss Alps
with exposure to the west. The regional climate is charetdrby relatively high precipita-
tion amounts (Fig_2]1 and TalleP.1). The glaciers havebesteen 16% (Aletsch) and 39%
(Gries) of their area during the 20th century. Mass balangeitoring programs were set up on
Griesgletscher and on Silvrettagletscher in the 1960saedimtext of hydropower projects. The
measurements on Aletsch and Rhonegletscher were conduostty as part of glaciological
research projects and data were usually too sparse to @rearaveraged means.

We use the following types of data for the modeling: (i) mebtéagical data, (ii) digital ele-
vation models and ice volume changes, (iii) point-basedsrhatance measurements, and (iv)
annual runoff volumes.

We use different classes of climate data: Homogenized mootis monthly time series
of temperature and precipitation since 1864 are availabtelP MeteoSchweiz stations
(Begert and othdrs, 2005). Twenty additional weatherastatin the vicinity of the investigated
glaciers provide information about the regional climatig(2). These span shorter time pe-
riods but have daily resolution. High-alpine precipitatidistribution information is provided

by the PRISM data set (see Section 3.3) compiled by Schwatiothers|(2001).

For each glacier a set of five to nine high-resolution DEMsvigilable (Bauder and othérs,
M). They cover the last century in decadal to semicerdktime periods (TablEZl1). DEMs
for the period before 1960 are produced by the manual digginf topographic maps. The
accuracy of the altitudinal information is estimatedt&i-10 m for digitized maps. The recent
DEMs are based on photogrammetrical evaluation of aeriatqgmaphs. Their accuracy is
+0.3m in the ablation zone, where the largest elevation atgogcur, and=1 m in the firn
areal(Bauder and othets, 2007). The DEMs are interpolatadegular grid of 25m (50m in
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Figure 2.2: Number of in-situ stake measurements per year for eachegla€i(a) net mass
balance and (b) winter mass balance.

the case of Aletsch). The DEMs provide a unique data bases&essing long-term geometrical
changes, in particular enabling ice volume changes to loelleded.

During the last century mass balance measurements wereiceddemploying an enormous
amount of manpower (e.@e@%). Mass balance meamnts mainly used for mon-
itoring purposes have been performed on all four glacieth warying intensity and during
different subperiods of the 142 year study period (Eigl .2\®F evaluated all accessible data
from reports and original field books and compiled a new dlgiata set of point-based mass
balance measurements. It includes 3544 stake readingsfatsunet balancg, and 773 mea-
surements of surface winter balarige Figure[ZP shows the available data for each glacier.
The uncertainty in direct measurements of net balaneg stakes is estimated &$).1 m water
equivalent (w.e.) in the ablation area and may reach up@Get mw.e. in the accumulation
area. An uncertainty of-0.15mw.e. is attributed to the measurement of winter balanc

Gerbaux and others (2005).

Discharge records for the drainage basins are availaldeidad by the Swiss Federal Office for
the Environment (Aletsch, Rhone and Silvretta). Runoffifithe Gries catchment is determined
based on water balance figures from a proglacial reservenl i hydropower production.
We use annual runoff volumeg, (Table[Z.1). Their accuracy is estimated-4e5% (personal
communication BAFU, 2007). The catchment basins of Alet®imone and Gries are more
than 50% glacierized, whereas the Silvrettagletschehoatat is only 7% ice-covered.
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2.3 Methods

Determination of mass balance

We refer to two different types of mass balance: (i) poirgdzhbalance terms, and (ii) values
integrated over the whole glacial area. All balance ternesspecific quantities expressed in
meters of water equivalent (m w.eb), is the mean specific surface net balance that corresponds
to the integrated sum of accumulation and ablation overltiessglacier over one year divided
by that year's glacier surface area, is the mean specific winter balance aldthe mean
specific summer balance. In this papgr(l Oct.—30 Sept.), (1 Oct.—30 April) andh, (1
May —30 Sept.) are modeled quantitiés, b, andb, are the point-based specific net, winter
and summer balances measured at a stake, respectivelyinfdenterval corresponds to the
effective dates of the readings. Accumulation and ablatiothe glacier surface balance out at
the equilibrium line. Its mean elevation is evaluated o3 ptember each year and expressed
in terms of the ELA (equilibrium line altitude).

We calculate 'conventional’ mass balances (Elsberg aner$tH2001; Harrison and others,
M), i.e. the glacier area is updated annually. An annored series of glacier area is ob-
tained by linear interpolation of the glacier surface getynbetween two successive DEMs.
Using this technique both the annual change in glacier serédevation and the change in
glacier extent are estimated and step changes in the gipenenetry are avoided. The potential
for error in this approach is low, as the measured DEMs caimsthe interpolation in decadal
intervals.

The method for determining mass balance time series sing® s8based on a surface melt
model m@% coupled with a distributed accumulatioodel that calculates accumu-
lation and ablation on a regular grid in daily time steps. perature and precipitation are
the required input variables. The model is calibrated ugiegvolume changes, in-situ mass
balance measurements and discharge. In the following pgrhag each of the methodological
steps is described in detail.

Ice volume changes

The changes in ice volume provide an important basis forstiigdy as they supply independent
benchmarks for our approach which aid in determining the@ea mass balance time series
and in constraining the course of the calculated cumulatiges balance curve. By comparing
two successive DEMs an ice volume change can be calculatediniprecision of the volume
change determination is less than 5% (Bauder and otherg)20e ice volume change is
converted to water equivalent by assuming a constant icsitgesf 900 kg nT3. For further

information on this subject refer ko Bauder and others (2007

Meteorological time series

The mass balance model requires a continuous time seriedyd temperature and precipita-
tion for the investigated period 1865-2006. As temperadumck precipitation variables were not
recorded at locations in immediate proximity to the glagiéne measured data series needed to
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Figure 2.3:Homogenized time series of MeteoSchweiz: Mean deviatibAssfation average)
from the 1961-1990 climatic normal period of (a) summer terafure (May to September) and
(b) annual precipitation. Solid curves indicate 10-yeaming means.

be scaled to the study sites. The procedures for the conapilat representative time series of
temperature and precipitation are treated separatelyrdier @0 model the spatial distribution
of mass balance accurately, the use of climatic data in leigipbral resolution is essential. By
adopting a daily time resolution, the short-term meteagimlal variability is taken into account,
as for example, the height rise in the zero degree isothdbmda effects due to summer snow
fall events, etc.

Air temperature is relatively well correlated over largstdhces.(Begert and others, 2005) and
can therefore be extrapolated with confidence. As temperatput we calculate a represen-

tative temperature time series for each glacier using thadiogenized data sets provided

by MeteoSchweiz (Fid_23a). The time series are correaegdystematic biases which may

be due, for example, to the relocation of the weather stattashanged measuring techniques
(Begert and other, 2005). The monthly temperature anemafithe weather stations are av-

eraged weighted with their inverse distance from the gtacie

A local temperature lapse rate is determined for each maitigweather stations within dis-

tances of less than 30 km to the glacier. Using these gragigna glacier-specific homogenized
temperature time series is shifted to the mean glaciergbeval he temperature data of monthly
resolution thus obtained are downscaled by applying tHg flactuations of the weather station

at Bern.

The distribution of precipitation in alpine environmengscdomplex. Regional differences in
precipitation are considerable, and altitudinal gradieitprecipitation are variable over short

horizontal distances (Frei and Schar, 1998; Schwarb aret®tB001). Measurements of pre-

cipitation over mountainous terrain are difficult and canskgmnificantly biased by wind, es-
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pecially in winter MK@S). Hence, the uncertamte large regarding high alpine
precipitation amounts.

Because of the lack of precipitation data recorded closedmtaciers, we rely on a gridded
precipitation map for obtaining a spatial distributiontpat of precipitation. The PRISM data
set {Schwarb and othérs, 2001) was generated using athbiejirecipitation data in the Alpine
region. It provides the monthly mean of precipitation surmsgry the period 1971-1990 on a
grid of about 2 km. Interpolation of precipitation is conteat based on local altitudinal gradi-
ents determined by weighted regression between surrogimaecipitation recordmrb,

2000).

To obtain representative times series of high mountainipitaton we use daily data from
the local weather station that correlate best with the wist®w water equivalent time series
measured at stakes. The monthly precipitation sum recoati¢is station is scaled to the
values given by the PRISM data set for the glacier site. Tthesprecipitation time series is
composed of the temporal fluctuations of precipitation olesg at a weather station near the
glacier and the spatial distribution of precipitation sugng&n by the PRISM data set.

Model description

We calculate mass balance using a distributed temperatdes-melt modelme) cou-
pled to an accumulation model. This model elaborates orsiclsmodels using degree-day
factors by varying these as a function of clear-sky diredtatgon in order to account for the
effects of slope, aspect and shading. Temperature-indeleimare based on a linear relation
between positive air temperature and melt rate (e.q. Buaite 11995, Hodk, 2003). Ohmiira

) demonstrated that the physical base of temperatdex-modeling is stronger than pre-
viously assumed. Melt is highly correlated with long-waeahflux, for which air temperature
is a good indicator. Temperature and precipitation at daolution are required input data
which make the model applicable to centennial periods withr spatial coverage of weather
data. Daily surface melt ratéd are computed for each cell of the DEM by:

_ (fM_'_Tice/snoW])T T >0
M—{o  T<0 2.1)

where fy; denotes a melt factor;../snow are radiation factors for ice and snow surfaces and
is the potential direct solar radiation. Due to the empirataracter of the temperature-index
model m@% the site-specific parametgfsandric./snow Must be calibrated using field

data.

Air temperature at every grid cell is determined by a cortsfgpse rate. Precipitation is as-
sumed to increase linearly with elevation (dP/dz). A cdrogcfactor accounts for gauge under-
catch errorsd,,..) and a threshold temperature distinguishes snow froma‘ﬁhﬁﬂ, ).
Discharge from the catchment basin is calculated as the $liqua precipitation and snow-
and icemelt. It is corrected for evaporation by subtractirgpnstant value derived from basin
characteristics_(Braun and others, 1995). The spatiahtiari of accumulation on the glacier
surface is influenced by snowdrift, avalanches and, forelagiaciers, by the regional precip-
itation field. The latter is evaluated based on the PRISM set{Schwarb and othets, 2001).
To account for effects of avalanches and snowdrift we usgesénd curvature derived from
a DEM. We decrease accumulation linearly from 100 to 0% betwae slope angle of 4Go
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60°. Curvature is good indicator of regions with snow erosiod eedeposition due to winds

(Bléschl and others, 1991) and is evaluated within a ran@®6in around each grid point. We
multiply solid precipitation with a factor depending on eature which varies between 0.5 and
1.5. A precipitation matrix is generated that describedlifferential deposition of snow and is

able to explain some of the complex patterns of accumulatidrigh mountain areas. Where
measurements of the snow cover in individual years areablaiin high spatial resolution, the

distribution map of solid precipitation is refined.

Model calibration

The calibration of our model is an automated multilayeratiee procedure. It is schematized
in Figure[Z%. A wide range of field data originating from war$ sources is included. The
procedure tunes the mass balances to the ice volume chamjgsr@amizes the misfit between
modeling results and in-situ mass balance data and runoff.

In calibration Loop 1 the calculated annual ice volume cleaagumulated over each subperiod
given by two successive DEMs of the glacier surface. In#e by arbitrarily chosen values

Melt parameters ~ Accumulation parameters

FM’ rice’ rsnow Cprecs dP/dZ (
Adjustment of
Mass balance model melt param.
- - + FM! rice! rsnow
Calibration
Loop 1 V. =dV, .7

Volume change
in decadal period

All DEM periods finished?

No

Adjustment of
accumulaltion
parameters

C dP/dz

prec ?

Calibration b b2
LOO 2 n,calc = ¥nmeas "’

p bw,calc = bw,meas? No
net balance a,calc = Qa,meas-

winter balance
annual discharge

Seasonal mass balance 1865-2006
Mass balance distribution

Figure 2.4:Calibration procedure. Melt parameters are calibrate@&ah subperiod given by
two successive DEMs in Loop 1. Accumulation parametersdjteséed in Loop 2 for the entire
1865-2006 period.
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of ¢,ec @and dP/dz the ice volume change is adjusted by varying the paedmeters; and
Tice/snow 10 Match the corresponding value determined geodeticgity[2.4). This calibration
method integrates long-term overall changes of the glaridrdoes not depend on local effects
of surface mass balance distribution. The procedure isiteddor all subperiods with available
volume changes. Calibration Loop 2 adjusts the accumulgitzametersc(,.., dP/dz). Cali-
bration Loop 1 and 2 are repeated until optimal agreementdeet both measured and modeled
guantities is achieved. We minimize (1) the mean residual(@hthe standard deviatian, of
the misfit between modeling results and independent inmsgasurements of (i) point-based
net balance,,, (ii) point-based winter balandg, and (iii) annual discharge voluntg,.

As precipitation parameters are atmospheric boundaryitons, they are assumed to be valid
for the entire modeling period 1865-2006 (Fig.]2.4). In cast, for the melt parameters a
different optimal set of parameters is obtained for eaclpstibd of consecutive DEMs. The
subperiodical variations of the melt parameters are indhge of+10% for each glacier. We
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Figure 2.5: Comparison of measured and calculated (a) net mass bdign@® winter mass
balanceb,, at all available measurement locations, and (c) annuahdrige volume), nor-
malized with the average runoff from the catchment. Thedsdeohdeviation of the residuals
between measured and calculated quantities, and the nahtiata points are stated. The dis-
tribution of the residuals is shown in the insets. The shddedorresponds té 1o (containing
70% of the data points).



2.4. RESULTS 21

assume the parameter combination of the first DEM subpeoida tvalid for the two decades
before the initial DEM. The parameters of the last periodus®ed to model the mass balances
after the last DEM acquired between 1999 and 2003. For teesitee results are not constrained
by measured ice volume change but can be corrected, if reegessing the in-situ measure-
ments ofb, andb,, available for these years, with the exception of Rhoneghets(TabldZ]1).

The calibration of the model using different types of irustieasurements is important. Both
seasonal balance and mass balance distribution could lbemfesolume changes alone were
used for calibration. By using the extensive data set oecktft field data types for calibration
and validation of the results, we are able to resolve theatenwre change series seasonally and
to determine a spatial distribution of the balance termg. r@sults are well founded, based on
independent field data of ice volume changes, in-situ malssita measurements and runoff
volumes. The calculated and the measured quantities pomdswvell in most cases (FIg—2.5
and TabldZ]2). The differences cluster in a zero-centea@dsian-shaped distribution (insets
in Fig.[ZB). To compare the runoff volumes of different taent basins, the differences are
normalized with the mean measured annual ru@gffand standard deviations , are given in
percent (FigiZ15 and Table2.2).

Table 2.2:Comparison of model results with field data. n is the numbetaté pointsg, the
Standard deviation of the differences.

Glacier net balance  winter balance annual discharge
n oa(m n  oq(m n 04 (%)
Aletsch 572 0.67 250 0.34 80 9.8
Rhone 423 116 318 058 66 10.1
Gries 1401 0.64 41 0.28 48 11.3
Silvretta 1148 057 164 0.27 60 13.3

In the simultaneous minimization procedure to calibragenttass balance model, an exact match
of all classes of field data with the modeling results is uguadt achievable (Fid_215). This
is due to the inability of a numerical model to describe attiyeall processes involved. Essen-
tially, the model is tuned to the ice volume changes withichesubperiod and the overall misfit
is minimized between in-situ measurements and model gesult

2.4 Results

We present four classes of results: (i) Cumulative timeesasf mean specific net balance, (ii)
time series of mean specific winter, summer and net balangethé spatial distribution of
mass balance and (iv) equilibrium line altitudes. By aniagzhe model results, we identified
four periods of decadal time scale with mass gain or exceali@tes of mass loss. The exact
beginning and end of each period were set arbitrarily. Feri¢1912-1920) and 111 (1974-1981)
are characterized by mass gains, Periods Il (1942-1950Ma(i®98-2006) by extraordinarily
high rates of mass loss (FIgR2.7 and Tdhblé 2.4). The meaiifispeet balances of each period
differ significantly from the values of the entire time seri&tudent’s t test at a significance
level of 99%).

The mass loss since 1865 is considerable for all glacietgzath However, there are significant
differences. The cumulative mass balance of Griesgletsslilbree times greater compared to
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Figure 2.6: Time series of cumulative mean specific net balance (GQrfor Aletsch, Rhone,
Gries and Silvretta in 1865-2006. Two decadal periods watéitpve (1, 111) and strongly nega-
tive mass balances (11, 1V) are highlighted. Triangles nthgkyears when DEMSs are available.
Note that the model was calibrated so that volume changesnelt from integrating annual
mass balances over the periods between consecutive DEhsaed with those obtained from
DEM differencing.

Silvrettagletscher (Fig.—2.6 and Talfle]2.3). The cumudathass balance curves show similar
behavior during the entire study period. AletschgletscR&ionegletscher and Griesgletscher
are located within a distance of 30 km to each other, but theimulative mass balances differ

from each other by a factor of more than 2.

We averaged the mass balance series of the four investigiaigdrs in order to investigate their
year-to-year variability. Results are presented in Fiflile Whereas winter balances display
only minor changes during the last century, summer balaacesubject to large fluctuations
(Fig.[Z1a). Mean specific net balances in the Periods | divaelie slightly positive and led to

advances of numerous glacier tongues (Glaciological tepd881-2008). The Periods Il and

Table 2.3:Calculated glacier mass balance quantities: Guis the cumulative net mass bal-
ance over the period 1865-2008,, b,,, b, are the mean specific net, winter and summer bal-
ances, db/dz the mass balance gradient in the ablation aggalal the equilibrium line alti-
tude averaged over 1865-2006.

Glacier Cunb, b, by by db/dz ELA

(mw.e.) (mw.e.al) ) (masl)
Aletsch —-65.3 -046 114 -1.60 -0.0078 3003
Rhone -43.0 -0.30 1.65 -1.95 -0.0080 2944
Gries -975 -0.69 132 -2.01 -0.0088 2937

Silvretta -34.7 -0.24 1.19 -1.43 -0.0069 2811
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Figure 2.7:(a) Averaged seasonal mass balance series of Aletsch, RBoies and Silvretta,
1865-2006. Annual data points of winter balah¢gpositive) and summer balaneg(negative)
are smoothed using a 10-year running mean. The solid line@stiee mean net balance in the
four highlighted periods and in the interim. (b) Four-géaciverage of surface net balanégs
The solid lines and the numbers correspond to the period srifaminter and summer balance.

IV are characterized by strongly negative mass balancdsg[Pad). Period IV includes 1998,
2003 and 2006 — the years with the most negative net balandbs iSwiss Alps determined

within the conventional mass balance programs (Glacickigeports, 1881—2008). However,
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Table 2.4:Calculated mean specific mass balances, ELA and AAR aveagedPeriods I-1V
and the four glaciers

Period by by b ELA AAR
(mw.e.al) (mas.l) (%)

[ (1912-1920) 0.36 156 -1.20 2793 65

I1(1942-1950) -1.19 1.14 -2.33 3076 34

I1(1974-1981) 0.31 151 -1.20 2857 65

IV (1998-2006) -0.96 1.36 -2.32 3066 41

1865 - 2006 -0.42 133 -1.75 2923 48

the mass balances in the 1940s (Period 1l) were more nedhtivethose of Period 1V (1998-

2006). The results indicate that this is due to low winteahaés during Period Il (Fif.—2.7b).

Summer balances in Period IV are equally low as in the 194@sgre partially compensated by
relatively high amounts of winter precipitation. The twaipéds of mass gain are characterized
by only slightly more winter accumulation, but significaréduced melt in the summer months
(Student’s t test at a significance level of 99%). Summerrzasa are only half as negative as
in the Periods Il and IV (Figd—217). The most negative massz@ year since the end of
the Little Ice Age was not the year 2003 with its exceptionatdpean summer heat wave

(Schar and others, 2004), but 1947.
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Figure 2.8: Spatial distribution of net balance as calculated for @ligtscher in 2000. The
dashed line follows the equilibrium line which is variabfeaititude due to effects of aspect and
snowdrift. Comparison of measured and calculated massadmla shown in the inset.
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Figure 2.9: Altitudinal distribution of surface net balance as calteth for Grosser
Aletschgletscher in 1977. Each small dot corresponds t@adecell. The step function shows
to the mean net balance in elevation bands. Differencesibalance gradient and in the vari-
ability of mass balance between the ablation and the acationlarea are evident. Decreasing
values of mass balance above 3500 m a.s.l. are due to effextowdrift and avalanches. Solid
dots show in-situ measurements of net balance. The areatielerelation of the glacier surface
is evaluated in 25 m elevation bands and is plotted in grey.

An important output of the model is the mass balance digiobu While comparison of two
successive DEMs indicates only the elevation change atemgieint which is determined by
both mass balance and ice dynamics, we calculate effecties of seasonal balance at every
grid cell of 25m (FigZZB). This makes it possible to deterenthe equilibrium line altitude
(ELA), the accumulation area ratio (AAR) and the mass baapadients directly from the
gridded data sets. The model is able to reproduce the highss imalance gradients in the
ablation area. In the accumulation area a larger spread €8 belance is modeled which is due
to the effects of snowdrift and avalanches (Eig] 2.9).

The mean specific net balanbgis integrated over the annually updated glacier surfaca, are
although the area cannot adapt immediately after a stepshiwate change. Therefore, the
dynamlc response time of the glacier influences the valuemedn specific mass balance
ers, 1988).is an indicator of the actual mass change and thus useful
for hydrological and sea-level change applicatians (l4amiand others, 2005). It also allows
the intercomparison of different glaciers and represdrmsmass balance quantity usually de-
termined within the framework of mass balance monitoringgpams worldwide. The ELA,
by contrast, is a quantity that is determined by climate dedaspect of the glacier. It is not
influenced by glacier dynamics, extent and hypsometry, hod teveals a largely unfiltered
climatic signal.

The annual variability of ELA is considerable (Hg.2.10h€ellowest and the highest ELA val-
ues differ by 600 m. Even decadal mean ELAs show variationgpdd 300 m between periods



26 CHAPTER 2. MASS BALANCE OF ALPINE GLACIERS

\ ‘ I ‘ \ ‘ \
3400 — Period mean equilibrium line altitude (m asl) —
L 2938 2793 2928 3076 2920 2857 3001 3066 |
8 32001
E L i
[
ke]
g I |
s ( i
[
E - Ih . A . .
= -
=
o ~ -
w
2800 I =
r | Il ] IV 1

\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
1880 1900 1920 1940 1960 1980 2000

Figure 2.10:Annual ELAs averaged over Aletsch, Rhone, Gries and Starethe solid line
corresponds to the mean of ELASs in the Periods | to IV and inirttexim.

of positive and negative mass balances. The mean ELA watlgligigher in Period Il than
in Period IV. This implies that the greater mass losses in@w0s are a climatic signal. The
1940s were warm and dry, whereas the most recent periodnsraener but wetter (Fid.2.3).
The greater mass losses in Period |l seem also to be favordtedgrger glacier extents, i.e.,
lower-reaching glacier tongues. Some adaptation of theegkato the changed climatic condi-
tions has taken place in the last century enabling the ices taalse closer to equilibrium with
higher ELAs (FigZ10).

2.5 Discussion

The model approach used in this study is simple and well@g@iitelong time periods. Glacier
surface mass balance is determined using temperature acigifation as input variables, but
requires in-situ measurements for calibration. The goodeagent of measured and calculated
guantities indicate that the method presented has a patentinifying all available data with
modeling. Nevertheless, the applied model has some liristt All variables of the energy
balance other than air temperature are neglected.

For example, albedo variations of the glacier surface asatref snow metamorphism and
dust deposition are insufficiently parameterized. Alsdatams in cloudiness may influence
the melt rates substantially (Pelliciotti and others, A(fi& are neglected in our approach. The
relevance of these limitations, however, is larger for shore scales than for decadal periods.
In the Swiss Alps, cloudiness was monitored at three higiaélen sites for several decades
(Auer and 31 others, 2007). The data show no consistent tnectthnge during the two periods
of accelerated glacier recession (Period Il and V) but aegartrend towards more cloudiness.
We refrain from including more meteorological input vateginto the calculations since they
are not available for the glacier sites and extrapolatiac@dures are doubtful. By calibrating
a parameter set for each subperiod, constrained by a kn@wolame change, the limitations
discussed above are minimized. The values of the model pdeasshow a decreasing trend in
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the last decades which could be associated with the obsereeghse in global radiation after

the 1980s/(Ohmura and others, 2007).

The uncertainty of the calculated mass balance series dspeitically on the quality of the
DEM derived ice volume changes. However, since the indaiddEMs are independent of
each other, the imprecision of the ice volume change estihas+5% (Bauder and others,
M) does not propagate throughout the calculation pelmoaddition, the entire set of point-
based mass balance and runoff measurements is used in ith@toah procedure. Random
errors in individual point measurements most likely carael within a large number of data
points.

Our method for determining mass balance time series of leigipbral and spatial resolution is
based on the meteorological input data. The knowledge aiotemperatures in high alpine
environments is relatively good, whereas little is knowmwbthe precipitation sum and its
spatio-temporal distribution. Gridded data sets such dSMRare known to have significant

biases above 2500 m a.sll. (Schwarb, 2000; Machguth andigf@95). This is due to the lack

of reliable measurements of precipitation in high mountarmain.

Glaciers serve as precipitation gauges and could help tecesithis bias. The quality of the pre-
cipitation time series is assessed by comparison of theewb@lance time series of individual
stakes and the meteorological input of the model. Data afisattors, precipitation gauges in
high mountain areas, sampling annual to semi-annual ptatign sums, are available for some
sites. However, they were rejected due to an inability to iboolata quality and measurement
errors. The data set of point-based measurements of wiatande provides a possibility to
enhance the knowledge about precipitation in areas reiévaglacier existence. In our model
approach this is done in an iterative way by varying the pittion correction factor:,,.
until the model results are able to explain the measuredewlvdlances. The precipitation of
PRISM needs to be corrected by a factor of 1.3 for Rhonedletsand by as much as 2.1 for
Silvrettagletscher. Hence, the in-situ measurementsibore to reducing the uncertainty in
the precipitation data. PRISM yields good estimates of tieeipitation sum for Griesgletscher
and for Grosser Aletschgletscher, however, it has to beectad in the uppermost parts of the
catchment for the latter.

In order to evaluate the transferability of our approach laxigrs where only some of the
independent field data types are available, we consideg ttages of field data availability and
their effect on the quality of the mass balance determina{ib) no field data, (2) only volume
changes\V, (3) AV and net balancg,, but nob,, data.

1. No field data: The method is doomed to fail in this case. Tt parameters of
temperature-index models are site-specific and must beratdd. They are not transfer-
able within a sufficient range of confidence between indialdaciers. If it is possible,
however, to calibrate the parameters during a number okyfearan individual glacier,
we may expect them to be valid for an extended period withatd.dThis is what we
assume for the years before the first DEM.

2. AV: If only field data of AV are available the model may be tuned to reproduce the
observed decadal scale volume changes but for the wrongcphysasons. For exam-
ple, overestimation of precipitation might be compensébety overestimation of melt.
There is no possibility to validate the distribution of treddnce terms and their seasonal
values because both accumulation and melt parameters tha oonstrained unambigu-
ously.
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3. AV, b,: The spatial distribution of net balance can be validatetifated to the measure-
ments (FigCZK). However, as for case 2 there is the riskrofgin winter and summer
balances canceling out each other. We compared the masséaleries calibrated using
only field data ofAV andb, to the reference time series obtained by considering aillava
able measurements. The residuals of the mean specific aetdeaderies show a standard
deviation ofo4=0.06 mw.e. and the winter balances display a mean absauiatun of
Ab,=0.12 mw.e. from the reference.

We conducted a sensitivity test concerning the number afadola in-situ measurements. The
data sets ob,,, b, and@, were divided randomly into two groups of identical size. Vidéadned
the almost identical results from the model calibration wiag@plying either the first or the
second of the reduced data sets.

The field data series may be of irregular temporal and spatiarage to be valuable to the
calibration procedure. The quality of the seasonal masmbalseries and their spatial distri-
bution increases with the available types of field data. gdarumber of measurements within
one class of calibration data and in particular its extengamporal coverage leads to a high
statistical weight of the data set.

The differences in cumulative net mass balances over agefione and a half century can
be considerable for neighboring glaciers (Figl 2.6 and d&0B). This was already observed
for other Alpine glacierd_(.lsunﬂ_an.dmhleﬁ985). The sphadipresentativity of single glacier
mass balance records must be assessed carefully as theyentégskd by, for example, ice
dynamics and glacier surface geometry. A mean specific maasde value determined for
one glacier might not be representative for a whole moumtaige. Cumulative mass balance
series may diverge of various reasons: e.g. uneven changhs ilocal climate since 1865,
different glacier hypsometries and topographic effedfier@nt mass balance gradients, or the

dynamic reaction of the ice mass. The relative contribigtiohthese effects are not easy to
determine and beyond the scope of this paper.

Positive albedo feedback mechanisms may be another causeefdifferential behavior of
the investigated glaciers. Due to persistently negativesntilances, the firn line retreats,
exposing ice surfaces with lower albedo. The albedo of the ls& surface may change over
time leading to further melt enhancement and increasinghaknce gradients. Our simple
model approach is capable only of describing some of thedalbeedback mechanisms. More
complex processes cannot be analyzed. The albedo feedtmackenbetter able to explain
the considerable mass losses in the 1940s that occurredero$ower summer temperatures
than those experienced during the last two decades[(Ely. R®v winter accumulation and
the succession of several extremely negative mass balaas gaused the firn line to rise
considerably, which reduced the albedo of the glacier saréad led to high melt rates.

2.6 Conclusion

We present a method to resolve decadal to semicentenniabiume changes obtained from
repeated DEMs of the glacier surface to seasonal mass ldiame series and to provide the
spatial distribution of balance terms. The mass balanceeimeduires only temperature and
precipitation data which are widely available in the Alpregion as input. Our method incorpo-
rates all types of available in-situ measurements in oadetermine and analyze homogenized
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mass balance time series in seasonal resolution over cealtéme scales tied directly to mea-
sured quantities. We are able to merge inhomogeneous anpiete sets of field data covering
different periods in varying density into time series of meapecific mass balances. Our ap-
proach allows direct comparison of the results from difféigdaciers, since the periods of mass
balance determination are exactly the same for all glaciers

We demonstrate that the mass balance evolution of fouregkaan the Swiss Alps has under-
gone significant fluctuations. Two decadal periods of masssgae found, which are due to
less negative summer balances. The general trend sinceid 88®ngly negative, however,
displaying large differences between neighboring glaci@the most negative mass balances
occurred in the 1940s. This is due to extraordinarily lowtetraccumulation and high summer
temperatures. In future, we plan to extend the spatial emesof the seasonal mass balance se-
ries to more than 20 glaciers in Switzerland in order to siggd bn regional differences in high
Alpine mass balance evolution. Our results emphasize thd teecontinue in-situ mass bal-
ance measurements in seasonal resolution over long petgelprovide a promising method
for combining these point measurements with geodetic @hiens and mass balance mod-
eling to obtain mass balance quantities with high spatidl mporal resolution and extend
measured mass balance series back in time.
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ABSTRACT: Four long-term time series of seasonal mass balance obsations, all
starting in 1914, have been compiled for two stakes on Clariehfirn and one stake on
Grosser Aletschgletscher and Silvrettagletscher, Switzkand. These data represent
the longest records of mass balance worldwide. A mass balamenodel based on the
temperature index approach is used to correct field data for @rying observation dates
and data gaps and to separate accumulation and ablation. ThbBomogenized con-
tinuous 93-year time series cover most of the 20th century ahenable to investigate
temporal, regional and altitudinal variability in mass balance and changes in the cli-
matic forcing on glaciers. A high altitude site shows summebalance trends opposite
to those at three stakes located near the equilibrium line. i8ce 1975 melt rates have
increased by 10% per decade. Two periods of enhanced climatforcing are detected,
1943-1953 and 1987-2007. The energy consumed for melt waghnér in the 1940s in
spite of lower air temperatures than during the last two decaes. We find evidence
for a change in the glacier surface heat budget having impognt implications for the
long-term stability of degree-day factors in empirical tenperature index modelling.
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3.1 Introduction

Changes in glacier surface mass balance are consideredatsdyesitive indicator for climatic

variations (e.g. Vincent and others, 2004; Kaser and 02@@6). Point observations at fixed
locations directly reflect climatic conditions and are niatsied by uncertain spatial interpola-
tion of mass balance or the change in glacier surface arem(&hand othelrs, 2007). Glacier
surface mass balance in mid latitudes is mainly determigedd processes: solid precipitation
(accumulation) dominating the winter balance and snoweemielt (ablation) dominating the
summer balance. Thus, seasonal mass balance componenhtdenady reveal the effect of the

climatic forcing on glaciers (Vincent and others, 2004) cAmulation on glaciers is generally
regarded as the best measure for precipitation in high naourggions.

The direct observation of seasonal mass balance is lalsoand requires two field surveys:
one in spring when the maximum of snowcover is reached anihdate summer at the end of
the melting season. In Switzerland, mass balance measntemvere started in the 1910s on
Claridenfirn, Grosser Aletschgletscher and Silvrettagletr kATIJ.eHEG). Seasonal obser-
vations at these locations were continued until today withoat no disruptions and represent
the longest direct measurements of mass balance worldwide.

IMiiller and Kappenberdet (1991) compiled a complete doctatien of the measurements

at the two stakes on Claridenfirn and reconstructed missatg dsing regression meth-
ods. The Claridenfirn data have been repeatedly analyzetlefMiemans and others, 1995:
Vincent and others, 2004; Ohmura and others, 2007) anddwoeto be of great value for
inferring climatic fluctuations at high altitudes in the Alp the 20th century. The two com-
parable time series of Silvrettagletscher and Aletschghedr, however, have not thus far been

Aletschgletscher |

Jungfraujoch

Claridenfirn

Silvrettagletscher

\"lSéntisA .
_ Silvretta
Clarlden AElmKI sters

G . avos
rosser
Aletschgletscher o {autetgrunnen
Aletsch ﬂ
5km
|

Figure 3.1:Location of the study sites in Switzerland. Weather statioihMeteoSchweiz used
in this study are indicated with triangles (Tabld 3.1). Téwal topographic setting of each stake
is shown in insets (a)-(d). The contour interval is 100 m.
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considered in scientific discussions.

In this study we present four 93-year time series of seagumat-based mass balance. The
series are homogenized using a mass balance model baseel temiberature index approach
and now cover annual time periods of equal length. Accunuarand ablation components
are separated enabling the calculation of the total enevgglwomed for melt. We aim at ana-
lyzing trends and regional differences in the context oh2#ntury climatic forcing on Alpine
glaciers. Changes in the heat budget at four high alpins areinvestigated and the long-term
stability of degree-day factors in empirical temperatingex modelling is assessed.

3.2 Study sites and field data

With the aim of better understanding the precipitation ¢oows in high mountains, snow accu-
mulation and mass balance observations have been statted sites on Claridenfirn in 1914
and 1915, at one site on Silvrettagletscher in 1915, and etségletscher in 1918 (Fig8.1).
All series were continued until today (Talplel3.1). The measent sites are located at or above
the long-term equilibrium line in locally flat terrain. G Aletschgletscher is the largest ice
mass in the Alps and borders to the main northern Alpine cr€ridenfirn and Silvretta-
gletscher are smaller mountain glaciers situated at thi@aor flank of the Swiss Alps.

The monitoring program is consistent at all sites_ (Firntems, |[1914-1978;
Glaciological reports, 1881-2008). The winter field sunisymostly performed between
April and June and the sites are visited again in SeptembeadiRgs of the snow depth are
complemented by density information, which is, howevet, systematically reported before
1960. Snow depth is evaluated using three independent aetfip differences in snow depth
from readings at the stake, (ii) snow probings and (iii) otagons in snow pits or by drillings
to a marked horizon including snow density measurementen@ésults from more than one
of these procedures are documented. The stake marks thenemant site and is annually
moved back to the initial position. In some years the data aet incomplete (Fid—3.2):
stakes were lost due to high accumulation, and in a few casg®bke campaign did not take
place. The location of stake Silvretta BU was moved aboutr2@0 the north in 1987 with

Clarlden U net balaﬁce
1 o —-
1B A ] N [ : - ] : C : : : |-
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Clarlden L . . . . . . net balance
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Aletsch P3 : : : : : | net balance
- -] : : : : - ---ITN
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Figure 3.2:Seasonal observations of point-based net and winter bakince 1914. The bars
are not shaded in years with missing data.
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Table 3.1:Measurement sites and data characteristics. The eleudtitue stakes corresponds
to the year 2003. The number of missing winter and net balabservations refers to the entire
study period (1914-2007).

Stake Glacier Elevation Period Missing balance values
(ma.s.l.) net winter

U Claridenfirn 2894 1915-2007 1 28

L Claridenfirn 2679 1914-2007 3 27

P3 Gr. Aletschgletscher 3338 1918-2007 24 16

BU Silvrettagletscher 2732 1915-2007 7 25

Weather stations Data source
Temperature Precipitation

U Santis Elm [1], [2], [3]

L Santis Elm [1], [2], [3]

P3 Jungfraujoch Lauterbrunnen [1], [2]

BU Davos Davos, Klosters [1], [2]

[1]: Eirnberichte [(1914-1978); [2]: Glaciological repeifl 881-2008);
[3]: Mller and Kappenbergek (1991)

no significant change in elevation. Until 1984 the data f@ $takes Clariden U and L are

taken from_Miiller and Kappenherger (1991). For our analysisliscarded reconstructed data

points. The mass balance data of Aletsch P3 and SilvrettarBUdigitized from annual reports

(Firnberichtel 1914-19FB; Glaciological repbits, 188106

We also make use of topographical information and weathtx @lable[3]l). For each of
the three investigated glaciers 4 to 8 digital elevation el®dDEMS) exist covering the last
century (Bauder and othéts, 2007). This allows the surfemegion change at the stake sites
to be inferred. From the network of the official Swiss weat@wvice (MeteoSchweiz) we use
time series of daily air temperature recorded at Santisq24@.s.l., 54 km from Clariden),
Jungfraujoch (3580 ma.s.l., 500 m from stake site), and &®§.590 ma.s.l., 18 km from
Silvretta). The temperature records of Santis and Davoe baen corrected for biases due
changing measurement techniques or station relocatiomefBand others, 2005). Time series
of daily precipitation are taken from Elm (965 ma.s.l., 21 fom Clariden), Lauterbrunnen
(820 ma.s.l.,, 8km from Aletsch), Davos and since 1961 Kigs{2200 ma.s.l., 13km from
Silvretta) (Fig30).

3.3 Methods

Time series homogenization

In order to compare the time series, homogenization of thesomements is required in order
to account for inconsistency, systematic errors and gafigineported observations (FIg.13.2).
The measurements were taken at arbitrary dates. Yearatodyféerences of several months in
the date of the field surveys have a considerable impact aeghnesentativeness of the seasonal

mass balance resulfs (Huss and ofHers, inlpress). By agmlyinass balance model at a daily
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time scale the observations are projected to common pewdtdixed dates. Net balandg
given in m water equivalent (w.e.) is determined in the hialycal year (Oct. 1 - Sept. 30). We
subdivided the year into a winter period (Oct. 1 - April 30) tetermination of winter balance
by, and summer period (May 1 - Sept. 30) for summer balancaccording td@r@Z) we
term mass balance quantities at a single point 'specificsrbatance. The model further allows
us to handle incomplete years, to close gaps in a consistgnand to separate the total annual
accumulationt, from the total annual ablation,. In the homogenization procedure, measured
weather data are used to resolve the seasonal mass balaaerements at a daily scale.

Mass balance model

We calculate daily specific mass balance using a temperatdex melt and accumulation
model m 9). Temperature index models are based mrearIrelation between melt
rate and positive air temperatummom). In ouragyh the degree-day factors are
varied as a function of potential direct solar radiationridey to account for the effects of slope,
aspect and shadinﬁ@%). Daily temperature andpiteoon are required as input
data. Surface melt ratéd (md-!) at the stake site are calculated by:

+ Tsnow/fin L )T = T >0
o { YT 120

wherefy (md~! °C~') denotes a melt factor, oy /s (M* W' d~! °C™') are radiation factors
for snow and firn surfaces and(W m~2) is the potential direct radiation. Air temperature T
(°C) at the stake is calculated using constant monthly tenmyrerdapse rates determined by
comparing several nearby weather stations. Annually @odatrface elevation of the sites
is obtained by linearly interpolating between two sucaees§IEMs. The lapse rates vary be-
tween —4Ckm~! (Jan.) and -6 km~! (June). Accumulation is computed using the daily
precipitation sums at the weather station multiplied wittoarection factow,,... A threshold
temperature of 1% distinguishes snow from rainfall. Using calculated meid accumula-
tion the snow water equivalest (mw.e.) at the stake site is updated daily. Ablation due to
sublimation can occur on Alpine glaciets (Lang and ofHe®3.7}, but is of minor importance
compared to melt. Sublimation is not included explicithtlwe model. However, it is captured
by the in situ mass balance measurements.

Model calibration

The model calibration is an automated iterative procechakis repeated for every year of the
study period. The calculated mass balance is matched wattwihh annual direct observations
(bw, by) @iming at an exact fit. In order to avoid an under-determsysdem the free parameters
of the mass balance model are reduced to two: (i) The cooreéictor for precipitation,,.
and (i) one melt parameterfy, 7snow s (EQ.[31) are assumed to be directly proportional
to each other. Withry,., = cFu andrg.,, = cFy we reformulate the degree-day factor
DDF(I,cq5) = Fr(l + cope 1) using Equatio 311D DF (1, ¢y ) is a function of the potential
radiation/ and the condition of the glacier surfacg, is constant in the course of the year and
Is used for tuning. The simulated snow water equivatemdicates whether the proportionality
factor for snowe, (S>0) or for firn ¢y (S=0) is usedc, andc; are taken from studies using the
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Table 3.2:Mean degree-day factor for sndwD F,,...(I) (mmd°C~') and mean precipitation
correction factor,.. (-) in 1914-2007 and standard deviatienef annual parameter values.

Stake DDF,ow(I) oppr Corec Ocprec

U 3.73 0.84 2.67 0.37
L 3.93 0.83 2.68 0.39
P3 3.97 0.99 3.10 0.64
BU 2.96 0.62 280 0.44

same temperature index model (e.g. Huss and others,|200d d)aae values of,=0.035 and

¢=0.050 (both in W! m?). They represent albedo variations due to different serfgpes.

Basically, measured winter balance is used to obtain a fastoximation ofc,,.. and summer
balance allows us to estimafg. The mass balance model is calibrated in three separate step
for each year individually: (1}, is tuned so that the observed snow water equivalent at the
date of the winter survey is matched by the model. (2) The misdein between the exact
dates of the two successive late summer surveys usjpgcalibrated in (1). The melt factor

fu is varied so that calculated specific mass balance matckesethbalance measurement.

Cumulative net balance 1942 Cumulative net balance 2006
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Figure 3.3: Cumulative daily mass balance in two arbitrarily selectedrg: (a-c) 1942, (d-f)
2006. Results of the stakes Clariden U, Aletsch P3 and $i&vBU are shown. The winter
balance measurement is indicated by a triangle, net balapesurements by crosses. Dashed
vertical lines refer to fixed date time periods of homogethizgass balance. Comparison of
homogenizedy, ,, by, 1,) and measured mass balance quantities (b, .,) in mw.e. is shown

in the boxes.
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(3) As the accumulation period is rarely free of melt and th&ton period rarely free of
solid precipitation, respectively, the previously detered parameters,,.. and fy; represent
an initial guess and need to be recalibrated in a final stegtitely in order to reproduce both
the winter and net balance measurements withd05 m w.e. Thus, an individual parameter
set for each year with a complete field daig, (b, ) is obtained. During years with incomplete
data sets (Fig._3 2) mean values:pf. and fy; calibrated for all complete years are used (Table

B.3).

Examples for the calculated daily mass balance time seniésglan annual cycle are presented
in Figure[3.B. The calculated mass balance curve matchebrtat observations of winter and
net balance and allows mass balance for arbitrary peridoks évaluated. Measureld, (.., by 1m)
and homogenizedy ., by, ,) mass balance quantities may vary considerably as a refstiié o
differences between the effective observation dates aed &xaluation periods (see boxes in

Fig.[333).

Trend analysis

In order to analyze trends in the mass balance time seriespply #he non-parametric
Mann-Kendall (MK) test, which is widely used in hydrologi@pplications for trend detec-
tion (e.glHelsel and Hirsch, 1992). This rank-based proeeis especially suitable for non-
normally distributed data and is robust against outliers data gaps. The MK-test yields a
trend test statistic that allows to reject the null hypothes a certain significance level (see
Birsan and others, 2005, for details). The slope of trengsificant at the 99% level of the
MK-test is estimated using the Theil-Sen method, which i&ble for nearly linear trends and

is little affected by non-normal data and outliers (Helsed &lirsch) 1992).

3.4 Results

The mass balance regime at the four investigated sites stignificant differences (Fig._3.3).

Whereas high winter accumulation is observed at Claridend_LaSilvretta BU exhibits a drier

climate (Tabld=313). Aletsch P3 is characterized by a reghitle positive summer balances,
whereas the stakes U, L and BU suffer net ablation in the sunseson. Clariden L and
Silvretta BU are located near the long-term equilibriuneji€lariden U and Aletsch P3 are in
the accumulation area in all years (Tahbld 3.3).

Direct comparison of point balances is complicated by tlfferdint mass balance regimes. We
subtract the 1914-2007 average of each time series fromaamalues (Tabl€3]3). Thus, time

Table 3.3:Measurement site characteristics. Net baldncevinterb, and summer balance,
total annual accumulatiof; and ablatioru, represent 1914-2007 averages in m w.é. a

Stake b, by, b Ca Gy

U 131 2.00 -069 339 -2.08
L 032 193 -161  3.19 -2.87
P3 218 1.73 0.45 3.13 -0.95

BU -0.10 1.37 -1.47 232 -2.42
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Figure 3.4: Cumulative centered time series of summer and winter baléorc(a,c) Clariden
L and Silvretta BU and (b,d) Clariden U and Aletsch P3. Thdescéor summer and winter
balance are the same. Dominant trends are indicated by dléisks and corresponding text
lines. For a complete trend analysis see Figure 3.5.

series of the deviation from the long-term average are pbthi This quantity is referred to as
‘centered’ mass balance. Positive (negative) centered tmalances have to be interpreted as
above (below) the stake-average of the considered quamthy period 1914 to 2007. Centered
mass balances allow the analysis of mass balance fluctsatinch are separated from the
mass balance regime at the study site.

Significant regional and altitudinal differences betwele® individual sites are evident in the
cumulative centered balance curves (gl 3.4). At all stake temporal variation in win-

ter balance is much smaller than in summer balance. Thisnsistent with previous studies
(Vincent and others, 2004: Huss and others, 2008a) and limekethat glacier recession in the
20th century is mainly driven by increased melt in the summenths. Clariden L exhibits no-

tably low centered summer balances in the 1940s, whereasdbeimportant decrease at Sil-
vretta BU has taken place since the mid 1980s (Eig. 3.4a)sthes located below 3000 m a.s.l.
(U, L, BU) show positive trends in the cumulative centerethswer balances between the mid
1960s and the mid 1980s. For the Aletsch P3, however, theme @pposite trend at the same
time. This is not due to anomalously high winter balanceslats&h P3, but reveals altitudinal
differences in the reaction of summer balances to 20th cgmiimate warming on summer

balances (Fig_34). A similar observation in the westenpsAs reported by Vincent and others
(2007).

The cumulative centered time series of summer and wintemisal (FigC3M) were systemat-
ically analyzed in terms of prevailing trends. Trends overigds with a length of more than
10 years were detected visually between break points inrtieegeries. Between two and four
long-term trends in both summer and winter balance sigmfiaathe 99% level according to
the MK-test could be identified for each site (HIg.13.5). Niagetrends in the cumulative cen-
tered summer balance occurred between 1943 and 1953 anddret®87 and 2007, positive
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Figure 3.5: Dominant trends in cumulative centered summer and wintiamioa for the four
Stakes. The bars indicate the period and the sign of indalittends, the numbers give the
slope of the trend (in m w.e-4&). 'Strong’ trends (steep slope) have a darker shading.

trends are found between 1964 and 1985. However, AletschxiBits completely different
periods of dominant trends in summer and in winter (Eigl .3®)e lengths of the trends are
similar for Silvretta BU, Clariden U and L, but are rarely tbeeme. The trends in the cumula-
tive centered winter balance generally have smaller slapdsare even less consistent than the
summer balance trends (FHIg.13.5).

We divided the study period into seven sub-periods (I-ViI1® years (Figl=316). This arbitrary
subdivision of the data set corresponds best to the peribdeminating trends (Fig_3.5).
Three sub-periods (Il, 1V, V) are controlled by positive tamed summer balances and three
periods (Ill, VI, VII) with predominantly negative valueseafound. The sign of the centered
summer balance at Aletsch P3, however, is opposite in stibgselV-VII (Fig. B8d). The
summer balance at high altitudes is significantly diffefemi that at the long-term equilibrium
line. The anomalously low summer balances of Clariden L inddelll may be related to a
complete wastage of the firn coverage in the succession ahwaars in the 1940s, which
caused a positive feedback of surface albedo on the sumnraioabrates and is responsible
for the large difference compared to Clariden U (Eig]l 3.8)ove-average winter accumulation
probably reduced the impact of the same process at SinBet&Vinter balances are below the
long-term average in Periods VI and VII (FIg.13.6b). This &tfy due to a prolongation of the
melting season that successively extends into the peried s the determination of winter
balance. Our model results indicate significant trends otiabwo days per decade towards a
longer melting season for all stakes except Aletsch P3. fidmels are even steeper for the last
two decades. The increase in days with melt occurring atglodilerium line is attributed to
higher air temperatures in early summer and late fall andsléaa longer exposure time of low
albedo surfaces with enhanced melt rates.

We evaluated the annual fraction of solid precipitation pamed to total precipitation
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Figure 3.6: Mean centered summer and winter balances of the four stakesven 13-year
periods.

(Fig.[31a). This variable was chosen to further highligte potential impact of temperature
change on accumulation. On average 79% of the annual pieodpi occurs as snow at the
stake sites. After a culmination around 1970, a significatrelase of the solid precipitation
fraction is found. This implies that a considerable amodrgaiential accumulation is lost at
elevations at or above the equilibrium line due to positivet@mperatures during snow fall
events (assuming no refreezing in the snow pack). Thisipedtedback effect (increasing
temperature, decreasing solid precipitation fractiors)tha potential to considerably accelerate
glacier wastage.

The total annual ablation, at the site calculated based on field data and model is used to
determine the corresponding energy consumed for mgltWe consider this quantity to be an
excellent indicator for the climatic forcing on glaciers, is converted inta?,, (W m~2) using

the latent heat of fusion of 334000 JKg On average between 10 Wh(P3) and 30 W m?

(L) were consumed for snow- and icemelt at the stake siteésgltine study period. There is

an altitudinal gradient in climatic forcing of about —3 W#per 100 m (TablEZ314). Our values

of melt energy consumed are lower than those published byeviinand others (2004) for the
melting season on Glacier de Sarennes in the Western Alpsisldiue to the fact that our study
considers the total melt integrated over one year (Oct. pt. 38). This allows the evaluation
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Figure 3.7:(a) Four-stake average of the fraction of solid precimitatielative to total precip-
itation smoothed with a 10-year running mean (bold). Theedbline is the 1914-2007 mean.
10-year running means of (b) the energy consumed for mdiedbur stakes and (c) the relative
deviations from the 1914-2007 mean. Annual values are rawslfor clarity.

of F,, time series, which are not biased by the varying length ohtkéing season.

The climatic forcing at Clariden U and L is very similar extdpr a shift due to different
elevation (Fig[Z317b). Throughout most of the 20th centigpigicantly less energy is consumed
for melt at Silvretta BU than at Clariden L although the stakevations only differ by 50 m.
The mean degree-day factor is lower by 24% for Silvretta Bahtfor the other sites (Table
B2). This can not be explained by an effect of aspect onlye [Bver climatic forcing at
Silvretta BU inferred from the long-term point mass balanesasurements is consistent with
the observation of reduced rates of glacier wide mass loSilafettagletscher compared to
other Alpine glaciers \ers, 2007). The amofienergy consumed for melt
significantly decreased during the 1960s to 1980s causeggacific summer balance at three
stakes to be above average (IEigl 3.4 andELg. 3.6). Stromgnaglifferences in climatic forcing
between Silvretta and Clariden are evident from Fiurk.3WbereasF,, at Silvretta BU was
almost as low as at Clariden U, it meets the level of Claridext present. This shift in climatic
forcing is interpreted as a result of regionally differingntate change conditions and has a
magnitude of 6 W m?, corresponding to a shift in elevation of about 200 m.

We analyzed three periods with dominant trends in the cutiwalaentered summer balance
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Table 3.4:Energy consumed for melit,, at the four stakes. Medt,, in 1914-2007 and relative
mean deviations from the 1914-2007 average for three period

Stake E,, Deviation from 1914-2007 mean (%)
(Wm™2) 1943-1953 1964-1985 1987-2007

U 221 +14.0% -9.7% +12.2%
L 30.4 +20.3% —-10.3% +1.0%
P3 10.0 +18.0% —-10.9% +6.5%
BU 25.1 +13.1% -21.0% +13.9%

(Fig.[33) and calculated the relative deviation of the geétnmeanF,, from the 1914-2007
stake-average (Talle=B.4). The climatic forcing was sigaifily higher in the 1940s than in the
last two decades except for Silvretta BU. During the peribdasitive centered mass balances
(1964-1985)F,, was up to 20% below average. The time series analysis at tinddcations
reveals similar fluctuations and relative offsetsigf from the mean values (Table_B.4 and
Fig.[B1c). This indicates that the trends in 20th centumate forcing have extended to all four
stake sites located at different elevations. Howevergetlaee substantial regional differences:
The increase in climate forcing observed in the 1980s atthites starts one decade later at
Aletsch P3 and is much stronger at Silvretta BU compareddselon Claridenfirn (Fig—3.7c).

3.5 Discussion

Uncertainties in the homogenized seasonal time seriesegifgpmass balance are due to sev-
eral factors, which are either directly related to the measents or to the homogenization
procedurel_Miiller and Kappenbeiger (1991) identified thieiang biases in direct mass bal-
ance measurements (numbers in brackets give the estimabednem w.e.): (a) accumulation
before and ablation after field visits in late summe=+0.2), (b) melt in of stakes,=+0.1),
(c) compaction of firn layer«.=—0.1), (d) determination of snow or firn density;£+0.05),
and (e) percolation with refreezing mainly at the onset efrttelting seasors(=+0.05). Most
importantly, ablation after the field visits in late summande responsible for considerable
differences in snow depth resulting from stake reading aogvgrobings. We address this bias
using the daily mass balance model. The other biases amuttith detect and to correct and are
assumed to be significant only in a few cases. The total uaiogytin the direct determination
of mass balance is estimated toh8.25 mw.e. a'.

Years with no measurements available (Eigl 3.2) are coexbleting average model parameters
calibrated for all years covered with data. Consideringsigaificant year-to-year variability of
DDF(I,cy5) (£22%) andey,.. (£16%, Tabld3R), the uncertainty in the reconstructed glue
may be substantial. However, our statistical model is @®red to be the best way to address
data gaps in order to obtain continuous time series. In ywdhsa complete set of field data
(bw, by) the potential for errors due to the mass balance model isdewt is well constrained
by the seasonal data points. We suspect a tendency of thel toooerestimate melt after
the late summer field survey. The radiation conditions ofibeerved in autumn with high
longwave outgoing radiation are not properly accountedfoiur model and may substantially
reduce the melt ratemﬁbon. The potential fomewas results, however, is low as
moderate air temperatures and reduced incoming radiagoerglly lead to relatively small
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amounts of melt in this season of the year. Summer accuronlaiinsufficiently resolved by
the seasonal mass balance data because it is continuoutdy imeay. The mass balance model
calculates summer accumulation, however, could overagitihhis term by compensating for
it with increased melt rates. This would have an impact onctdeulated total ablation and
consequently or,,,.

With glacier retreat a reduction in surface elevation asth&e location is inevitable. In order to
shed light on the impact of this bias on specific mass balarcanalyzed the elevation changes
using repeated DEMs. Glacier surface subsided by betweem (HB) and 21 m (L) since
1914. We calculated the changehp, between the maximum and the minimum stake elevation.
Surface lowering causes an additional forcing of in the node-0.5 W n12, corresponding to
0.05m w.e., or 2% of the mean annual melt.

The mass balance observations used in this study are pedoatfixed locations. The stakes
are annually moved back to the original location. This imgplthat (i) the exposure to solar
radiation is constant, (ii) the deposition or erosion ofvgrean be assumed to be similar in
all years, and (iii) the observed mass balance quantitiexttly reflect the climatic forcing
and are not biased by changing glacier surface area or antegatial extrapolation of mass
balance. This manifests an important advantage compargddier wide average mass balance
quantities.

The evaluation of mass balance quantities between fixed dfitevs the comparison of differ-

ent mass balance time series on the basis of equal time perfidek choice of the fixed dates
is debatable and has an impact on the evaluated values aérveintd summer balance. The
absolute maximum of snow cover often occurs in late May oeAtrthe study sites (Fig.-3.3).

We chose April 30 for the termination of the winter period &ese melt starts to be important
around this date. When shifting the evaluation date to MagwIconclusions remain valid.

The two parameters of the mass balance model are allowedtdrealy in order to obtain an
exact match of the measurements. The year-to-year fluohsainc,,... and DD F (I, c) do,
however, not hamper the applicability of the mass balancgeizecause it is not regarded as a
strictly physical model but as a statistical tool for scglmeasured weather data to direct mass
balance observations. Moreover, the variationjn. and DDF(I, c;/¢) can be interpreted in
terms of local climate at the glacier site. Fluctuations:jfn. correspond to varying differ-
ences in precipitation between the valley weather statiwhthe stake site;,,.. iS @ measure
for the altitudinal precipitation gradient and also captuanomalous snow drift in individual
years. DDF (I, cy) is the proportionality factor between positive air temperas and snow-
or icemelt. Year-to-year variations DD F'(I, ¢, ;) can be due to the uncertain extrapolation of
temperature from the valley station to the stake site. Inteag varying heat budget compo-
nents, for example in terms of different air moisture or dinessl(Pelliciotti and others, 2005),
may influence the statistical relation between air tempeesand melt rate.

We analyzed the calibrated annual valuesod F,,,, (1) with T being the annual average of
the potential direct radiatiod. There is a constant level iDDF,,, (1) until 1960 when a

decreasing trend starts (HQg.13.8a). Compared to the biegjofithe 20th century more positive
degree-days are required nowadays to melt the same quahstyow. This is intriguing, as

decreasing surface albedo, reported for alpine glaciarsaPal othefs (2007a), would have the
opposite effect. A decrease in the temperature gradiemideet the weather station and the
glacier site could explain the negative trend in the degli@efactors. This effect, however,
Is assumed not to be very important as temperatures useldganadelling were recorded at
high-altitude stations with limited elevation differeisc® the glacier sites. We attribute the
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Figure 3.8: Annual four-stake average of (a) the calibrated degreefdator for snow

DDF,...(I) and (b) the four-stake average of the relative melt energyatiens from the
mean and (dashed) the sum positive degree-days (PDDs).liBe&iindicate 10-year running
means.

decreasing proportionality between positive air tempeest and the melt rate to a change in
the relative importance of radiative fluxes at the studyssit®ur present data basis does not
allow to shed light on the drivers of these changes in the nedget and further investigation
is required.

The decadal fluctuations in melt energy consumed are censutall sites (Fid_3l7c and Table
B4) and were averaged over the four stakes (Ei§. 3.BR)culminates in the extreme year of
1947 that exhibits a higher climatic forcing than 2003 withfamous European heat waves.
We observe an increase in climatic forcing of 30% betweers E8il 2005._ Ohmura and others
(@) attributed the higher melt rates during the last desdo a global brightening of solar
radiation and the enhanced greenhouse effect of terrasidiation.

The change in proportionality between the positive degi@es (PDDs) and the melt is evident
from the comparison of these variables. At present, the@sum of PDDs has increased to
values unprecedented in the last century, however, theanelgy consumed shows no signifi-
cant long-term trend (Fi¢._3.8b). This discrepancy leads decrease in the calibrated degree-
day factors. There is some anticorrelation/af and DDF,.(I); the degree-day factor is
low in periods of intensive climatic forcing and higher dwgiyears with less melt (Fig.—3.8b).
The observation of decreasing degree-day factors witleasing climatic forcing could sub-
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stantially hamper the applicability of temperature indeod®ls for projections of future glacier
melt. It is important to understand the drivers of this chaggroportionality between PDDs
and melt in order to develop methods to tackle this problem.

3.6 Conclusions

Four long-term time series of seasonal mass balance oliseivat fixed locations have been
compiled. Each data set was homogenized using a mass bataet to account for the vary-
ing date of observations, correct for measuring bias, t@éfys and to separate accumulation
and ablation. A unique data basis has been assembled apweost of the 20th century. We
find evidence for significantly different regional changeshie precipitation and melting con-
ditions. A high altitude site exhibits opposite trends imsoer balance compared to the other
series. Since 1975 the melt rates have increased by 10% qemteleThe analysis of the energy
consumed for melt shows that the climatic forcing on Alpitecgers was higher in the period
from 1943 to 1953 than during the last two decades. We findriiff) trends in climatic forcing
and positive air temperatures since 1960; an observatiachvi$ probably related to a change
in the surface heat budget at the equilibrium line of glaciEnd has important implications
for the long-term stability of empirical degree-day fastor temperature index modelling over
time.

The main goal of point mass balance observations is to stadghility and changes in climate
at high altitude sites. Our analysis shows the potentiabofjiterm time series for inferring
regional and altitudinal differences in climatic forcinghe four homogenized 93-year time
series of point-based seasonal mass balance at differeattidns throughout the Alps are a
unique data set for investigating high Alpine climatic chas throughout the 20th century.
Thus, the continuation of long-term point mass balance 8erees is highly recommended in
future mass balance monitoring strategies.
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ABSTRACT: The re-analysis of long term mass balance time series is inoptant to pro-
vide bias-corrected mass balance data for climate change pact studies. A method to
homogenize time series of comprehensive mass balance monitg programs is pre-
sented and applied to the nearly 50-year mass balance recaf Griesgletscher and
Silvrettagletscher, Switzerland. Using a distributed mas balance model in daily reso-
lution we correct the mass balance data for varying observabn dates and direct point
measurements are combined with independent geodetic massanges, a prerequisite
for a thorough homogenization of mass balance records. Di#fences between mass
balance evaluated in the hydrological year or according tolie measurement period
and the stratigraphic system are analyzed and may be up t&-0.5mw.e. a'. Cumula-
tive mass balance of both glaciers based on the glaciologiaaethod generally agrees
well with geodetic mass change on the investigated glaciergiowever, for Silvretta-
gletscher a significant bias of +0.37 mw.e.d was detected and corrected since 1994.
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4.1 Introduction

Glacier surface mass balance clearly reflects climaticdatains and is important for the as-
sessment of water resources and sea level rise_(Kaser aems,0#)06]| Ohmura and others,
@). Mass balance has been determined within numeroagglaonitoring programs for
several decademmooy Comparison of mass balameestries originating from
the direct glaciological method and the indirect geodetéthrad often reveals inhomogeneities
(e.g..Cox and March, 2004). Different dates of field survegmper the comparability of an-
nual mass balance quantities_(Anonymaous, 1969) and chamgéthods for data evaluation
affect the consistency of the results (Holmlund and otf2885). Long term mass balance time
series, thus, need homogenization in order to be a valuahleilgution to the understanding of
ongoing climate change.

The determination of glacier surface mass balance is ogefopned using the direct glacio-
logical method. A network of measurement sites is used ttuat@point balances and to ex-
trapolate them on the entire glacier area enabling to catiegjlacier wide average mass balance
(Dyurgerov and Meiét, 2002). Only a small number of glacestist, for which seasonal mass
balances are reported, aiming at a separation of accumuikatid ablatiorl (Ohmura and others,

). Comprehensive monitoring programs additionaltjude periodical geodetic surveys of
the change in glacier surface elevation based on topograpdups, photogrammetrical analysis
or laser scanning providing ice volume changes.

The time periods used for the evaluation of annual and sehswass balance quantities have a
significant impact on the results — an issue rarely addressestent literature. Mass balance
can be determined within a fixed date system or a stratigcapystem [(Anonymolis, 1969;
IMayo and othefs, 1972). Often a correction of inhomogeneesisits caused by varying eval-
uation periods is difficult as e.g. the amount of melt after lte summer field survey is not
documented with measurements. A projection of annual aasbs@l mass balance quantities
to the same periods is required to ensure comparability tf balividual years and different
glaciers.

Several studies have previously approached the re-asadydong term mass balance time
series. Systematic errors in point mass balance data weertelé and corrected by
IMiiller and Kappenberger (1991). Funk and others (1997) diféetent methods to calculate
glacier wide mass balance from stake data. Holmlund ands(R605) performed a re-analysis
of the seasonal time series of Storglaciaren, Sweden,igighig the importance of homoge-
nizing mass balance records.

In this study, we present a method for homogenizing long timme series of comprehensive
mass balance monitoring programs and apply it to two gladireiSwitzerland. While point
mass balance data provide a high temporal resolution andish&ution pattern of mass bal-
ance, geodetic surveys yield a wide spatial coverage oattavchange. A combination of
both data sources is, thus, of benefit. A daily mass balanaehwalibrated annually using
all available field data is applied to correct the time sefaesvarying observation dates and
to calculate the spatial mass balance distribution. The 8eries are corrected for deviations
from independent geodetic mass changes derived from lughracy digital elevation models.
The geodetic mass change provides a more accurate baselithee fhomogenization process
on decadal time scales. This central assumption is disgussketail within the section 'Error
analysis’.



4.2. STUDY SITES AND FIELD DATA 49
4.2 Study sites and field data

This study focuses on two glaciers in the Swiss Alps (Grietsgher and Silvrettagletscher,
Fig.[41), for which mass balance has been determined fatyng@ years using the glacio-
logical method. For both glaciers exceptional data setoftfbased seasonal mass balance
measurements and geodetic ice volume changes are avdilable[4.1).

Table 4.1:Glacier characteristics and field data basis. Area andtdemange are based on the
DEM of 2007.n,,, andn,,, are the total number of point net and winter balance measmtan

Glacier Area Elevation Measurements DEMSs
(km?)  (mas.l) n, N,

Gries 497 2415-3307 1486 62 8

Silvretta 2.79 2467-3073 1047 112 6

Griesgletscher is a small alpine valley glacier situatedtls@f the main Alpine crest. The

glacier has a north-eastern exposure and has experiermeaitilr retreat during the past two
decaded (Glaciological reparts, 1881-2008). Since 196ds@letscher has lost almost 40% of
its ice volume (Fig[Z4l1d). Silvrettagletscher is a smadloggr in the north-eastern Swiss Alps
with exposure to the west. Silvrettagletscher exhibitsdorates of mass loss than other Alpine
glaciers l(Huss and others, 2008a). The mass balance dtatriton the investigated glaciers
is considerably influenced by local effects of exposure armvdrift (Fig.[4.1b and c). Mass

balance monitoring programs were set up on Griesgletsah#961 and on Silvrettagletscher
in 1959 and are still operating.

In the 1970s a network of up to 80 mass balance stakes wasamm&dton Griesgletscher. A
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Figure 4.1: (a) Location of Griesgletscher and Silvrettagletscher wit&rland. Triangles
represent considered weather stations. (b) Mass balagirédtion of Griesgletscher in 1978
and (c) Silvrettagletscher in 1972. Crosses indicate nlanba stakes. (d) Percentage of ice
volume (dV) and area change (dA) according to digital elevanodels relative to 1961 (Gries)

and 1959 (Silvretta). The total ice volume of the glaciersnewn from radio-echo soundings
(unpublished data, VAW-ETHZ).
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Figure 4.2:Number of point net and winter balance measurements per year

network of almost 40 stakes on Silvrettagletscher was mogtduring 25 years (Fig4.2). The
maximum stake density was 12 kfhon both glaciers. Additionally, measurements of winter
accumulation exist, covering more than half of the studygakin the case of Silvretta and the
last 14 years for Gries (Fifg.—4.2). Our study is based on a tetendigital set of original data.

High-accuracy Digital Elevation Models (DEMs) are aval&ator Gries (8 DEMs during the

study period) and Silvretta (6 DEMSs) in a spatial resoluté25 m (Bauder and othets, 2007).
The DEMs are based on photogrammetrical evaluation of lggn@aographs and provide ice
volume changes in decadal to subdecadal periods. Volumegebaare converted to mass

changes assuming a density of 88D kg n13 (Sapiano and othetls, 1998).

We use time series of daily mean temperature recorded afrdujgrch (3580 ma.s.l.,, 30 km

from Gries) and at Davos (1590 ma.s.l., 18 km from Silvrettagpse rates for monthly mean
air temperature were determined by considering eleverbgemeather stations (Fig.—4.1a) and
are used to shift the temperature time series of Jungfralgod Davos to the mean glacier
elevation. Mean monthly precipitation sums for the peri®@d1-1990 are provided by a grid-
ded data set (PRISM) with a spatial resolution of 2 km (Schvesrd othefs, 2001). The daily
precipitation recorded at Airolo (1150 ma.s.l., 21 km fromeS) and Klosters (1200 ma.s.l.,
13 km from Silvretta) are used for the downscaling of PRISkhatglacier site and thus provide
the temporal variability in precipitation.

4.3 Methods

Determination of mass balance

For practical reasons glacier surface mass balance is efdnated between the dates of two
successive field surveys. This evaluation period is termmezhsurement period’ throughout this
paper. In order to directly compare mass balance quantfi@sdividual years and different
glaciers an evaluation between fixed dates, e.g. the hygloalbyear, is better suited and is
termed here 'fixed date system’. The length of the 'naturasmbalance year is, however, best

described by the 'stratigraphic system’ (Anonymaus, 1988yo and others, 1972) based on

annual minima and maxima of mass balance.

b, expressed in meter water equivalent (mw.e.) is the mearifispsarface net balance. It
corresponds to the annual sum of accumulation and ablatidhe@entire glacier divided by
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that year’s glacier surface area,, is the mean specific winter balance. For each year we
evaluate net and winter balance according to the three naasde systems with different
evaluation periods.beas and bmeas refer to the exact dates of the field surveys, which vary
between the yearshfix is the net balance in the hydrological year (Oct. 1 - Sept.a83@) the
fixed date winter balanckix is determined in the period October 1 -April 30. We define the
mean specific stratigraphic net balariet as the sum of accumulation and ablation between
the minima of glacier mass in two successive yeat3:' is the absolute maximum of snow
cover in the course of one year.

We calculate 'conventional’ mass balances (Elsberg arers{2001), i.e. glacier extent and
elevation are updated annually. An annual time series daiglarea is obtained by linearly
interpolating the glacier surface geometry between sgsoeeBDEMs. Using this technique both
the annual change in glacier surface elevation and the ehamgiacier extent are estimated and

step changes in the glacier geometry are avoided (Huss hadspP008a).

Mass balance model

The homogenization procedure is performed using a disgthbaccumulation and tempera-
ture index melt model (Hock, 1990; Huss and others, 2008kjs fass balance model is not
regarded as a physical model, but as a tool to resolve anndaeasonal mass balance mea-
surements on a daily time scale and to perform the spati@r-imnd extrapolation’ of sparse
data points based on a consistent algorithm taking intowadcine principal factors of mass
balance distribution.

Temperature index models are based on a linear relatioreketpositive air temperature and
melt rate mml)- In the applied model, degree-detpfs are varied as a function of
potential direct radiation in order to account for the effeaf slope, aspect and shading. Daily
surface melt rated/ are computed for each cell of the DEM by:

— (fM+Tice/snowI)T : T'>0
M—{o T<o (4.1)

where fy; denotes a melt factor;.. /s are radiation factors for ice and snow surfaces and
is the potential solar radiation. Air temperatdrat every grid cell is determined by a constant
lapse rate @/dz. Parameter values and units are given in TRRIE 4.2.

Precipitation is assumed to increase linearly with elewettl”/dz). A correction factor,.. al-
lows the adjustment of precipitation sums and a threshohgpézaturel;;,,=1.5°C distinguishes

Table 4.2:Mean values of model parameters and units.

Parameter Units Gries  Silvretta
fm 10*mh-t°C™! 1.689 0.832
Tice 10m3wW-th-teCc-! 0.720 0.635
Tsnow 10m3wW-th-teC-! 0.525 0.466
dr/dz °Cm! —-0.0054 -0.0048
dP/dz %m! 0.008 0.033
Corec - 1.26 2.07




52 CHAPTER 4. HOMOGENIZATION OF MASS BALANCE TIME SERIES

snow from rainfall Mk@Q). The spatial variation otamulation on the glacier surface
is substantially influenced by snowdrift. The measuremehtget balance carried out in high
spatial resolution until 1984 (Fig._4.2) provide detailedormation on distribution patterns
(Fig.41b and c). In order to parametrize snow redistrdyubly wind drift we determine a spa-
tial accumulation anomaly®¢, which is calculated for all years with a dense coverageaiiest
(>6km~2) as follows: (1) Point net balance is interpolated spatiafling an inverse distance
technique. (2) A linear mass balance gradient and an equitibline altitude are determined
from the result — the most simple mass balance distribu{@)By subtracting the mass balance
given by this linear trend with elevation from the intergethvalue of mass balance at every
grid cell an offset is obtained. We consider these offsetsetaneasure for anomalous snow
deposition and convert them into dimensionless quantiyasormalizing the grid. This accu-
mulation anomaly gridi®* provides percental solid precipitation deviations from ¢éxpected
value and is applied to all snow fall events. A facfqr,., is used to scale the amplitude 4.

In years with low spatial coverage of stakess(km~2) we use the average anomaly pattern of
all years for which mass balance distribution is well coasied with field data. The anomaly
maps show significant year to year variability, but also aéwenstant features, which can be
explained by preferential wind erosion of snow in convexogaphy and redeposition in lee
side depressions. The model precipitatl?;@Od at the location g, y) is calculated as

Pxn;od = Pg;y " Cprec * (1 + fanom . AZZC), (42)

where P, is the measured precipitation extrapolated to the grid wsithg dP/dz, c,.. the
precipitation correction factord** the accumulation anomaly arfd,..., the scaling factor.

Ablation due to geothermal heat flux, internal deformatiod hasal friction are insignificant
components of glacier mass balance and is accounted foeimtdel. Based on simple con-
siderations we estimate the contribution of these prosgssmass balance as —0.01 mw:e.a

Griesgletscher exhibited non-negligible mass loss dualtorg into a proglacial lake until the

mid-1980s. Annual calving rates are well documented (®lagical reporis, 1881—-2008) and

were subtracted from the calculated surface mass balance.

Time series homogenization

The homogenization procedure is subdivided into two stéfs E.3): (1) Tuning the model
to the point mass balance data, and (2) correcting the sesloiained in (1) using independent
geodetic mass changes. Basically, (1) represents the disegological method with a model
used for temporal downscaling and for determining the apdistribution of mass balance, and
(2) fits the mean specific mass balance to the geodetic masgeshahich is assumed to have
a higher accuracy. The measurements of point mass balamteeabest indicator of the local
meteorological conditions on the glacier (Huss and Balidguress). Daily temperature and
precipitation from a nearby weather station serve to restile seasonal data at a daily scale.
As the model is tuned to the field data for every year indiviguthe fluctuations in seasonal
mass balance are given by the in situ measurements and o byeteorological conditions at
weather stations.

First, the accumulation parameters of the mass balancelradealibrated using the measure-
ments of winter balance,,.. and d”/dz are tuned so that the calculated snow water equivalent
at the winter survey date matches the measured value[{B3). i no winter balance data are
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Figure 4.3:Homogenization procedure. The daily model is tuned anpt@mthatch the seasonal
point mass balances optimally (step 1). If necessary, tiséitmiith geodetic volume changes
is corrected by adjusting the parametgt,. (step 2).

availablec,,.. has the average value of all years with winter measurementsl2/dz is set to

values found for the investigated glaciers by Huss and st2008a).

The calibration of the melt parametefg andric. snow (EQ.[41) is performed annually using
the measurements of point net balance. Mass balance daltietween the exact dates of the
late summer field surveys in two successive years is tundtetbdld data. The parameters are
varied systematically in order to obtain (i) an averageedédhce of field data and calculation
equal to zero and (i) a minimization of the root-mean-sguaror (rmsg) of measurement and
model (Fig[LB). Usind..... the accumulation anomaly is scaled such that grisminimized.
The use of the anomaly significantly increases the perfocmari the model to capture the
spatial variation in net balance; rmsis reduced by 20% compared to model runs excluding
this component.

The aerial photographs used for DEM production were acduetween mid August and end
of September; the exact dates are known. All geodetic massyels were corrected for melt or
accumulation occurring between the acquisition date ameia of the hydrological year using
the mass balance model. The mean specific corrections dgkesmaller thas-0.5 mw.e.
They are, thus, important in short time intervals betweeartassive DEMs and almost negligi-
ble in longer subperiods.

In the second homogenization step, the resulting time sane compared to the density- and
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Figure 4.4:Distribution of differenceg\b,, of measured and calculated point net balance for (a)
Griesgletscher and (b) Silvrettagletscher. The shadeddragsponds té-1 standard deviation
(containing 70% of the data points).

date-corrected ice volume changes. In the ideal case, thalative direct mass balance coin-
cides with the geodetic mass change. If not, the mass baaabdaulated in step 1 are corrected
(Fig.[43). The difference between the cumulative massigaland the geodetic mass change
in a period given by two successive DEMs is distributed eventr the years. When doing
so, a misfit with the point mass balance data in each year gfehed has to be accepted. The
parameters obtained in step 1 are updated in order to yielddhrected cumulative mass bal-
ance matching the geodetic mass changes. This is achievadjunsting the correction factor
for precipitationc,,.. and keeping all other parameters constapt. was chosen for this pur-
pose, because a relatively high uncertainty is attributetié measurement and the modelling
of high-mountain precipitation. A change in the total pp#etion also affects the ablation
area and distributes the increased misfit with the stakesathe glacier without significantly
changing the previously determined mass balance disiitout

4.4 Results

The differences between measured and calculated pointal@bdes cluster in a gaussian-
shaped distribution (Fig.—4.4). In the case of Silvrettegglber there is a systematic negative
misfit of —0.07 mw.e., because in step 2 of the homogenizgtiooess a significant correction
was required. 70% of the stake measurements can be reptbditbén +0.37 mw.e. (Gries)
and+0.32mw.e. (Silvretta).

The homogenization procedure provides daily time seriesne&n specific mass balance
(Fig.[43). These allow us to visualize the characteristicthe mass balance year, e.g. the
occurrence of summer snow fall events (Figl 4.5b) or me#réfie late summer field survey
(Fig.[43c). In individual years the mass balance quastiten differ considerably due to the
choice of the evaluation period.

Since 1982 mean specific net balances have been predoryimeggative, in particular in

2002/03 (Fig[4lba). Net balance values correspondingftereit evaluation periods mostly
have the same sign, but often differ significantly. The hoemized time series refer to the
same periods and, thus, allow comparison of both indivigeats and different glaciers. When
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Figure 4.5: Cumulative daily area-averaged mass balances of Silgfets&zher for selected
years: (a) 1967, (b) 2006 and (c) 2007. Bars and verticat linsualize the length of the
different evaluation periods.

considering cumulative net balances the differences dtigetahoice of the evaluation period
cancel out.

The homogenized mass balance time series are compared poetiieusly reported values
(Glaciological reportd, 1881-2008; WGMS, 2000), whichénheen determined based on the
traditional glaciological method. In the case of Griesggber the homogenized mass bal-
ances agree well with the published data (Eigl 4.7b). Thesrwass according to this study is
slightly larger. However, a significant bias is found fongéttagletscher since 1994 (Hg.4.7a).
Whereas the cumulative mass loss was —3.1 mw.e. accorditige forevious evaluation, the
homogenized time series yield —8.0 mw.e. in the same pe®sd]|ting in a net balance bias of
+0.37mw.e. al.

In order to find additional evidence for the bias in the Sitiag¢ime series we compared them
to those of Jamtalferner (3.7 Kin Austria, located 7 km apaIIM/IE(bOO). Since 1994 the
non-homogenized net balance of Silvrettagletscher is enage +0.54 mw.e a more posi-
tive compared to Jamtalferner. This indicates that theection towards higher mass losses



56 CHAPTER 4. HOMOGENIZATION OF MASS BALANCE TIME SERIES

15

=
o

o
w

o
o

Net balance (m w.e.)
I
o
(6]

2.0

=
ul

=
o

o
3

- Fixed date
-2.0 Stratigraphic =~ |- ]
F Measurement period ]
-25- - 3

Winter balance (m w.e.)

1960 1970 1980 1990 2000

o
o

Figure 4.6: Homogenized mass balance time series of Silvrettagletst99-2007. Mean
specific (a) net balances and (b) winter balances in the fig¢el system (solid line), the mea-
surement period and the stratigraphic system (shaded bars)

performed within the homogenization is also supported bgaly mass balance record.

The method presented allows us to separate accumulatioatdation (inset in Fig—417b). It
is often assumed that winter and summer balance are a goodxapption of the total an-
nual accumulatiom, and the total annual ablatiafy (Dyurgerov and Meiéet, 1999). The values
contained in TabléZ4l3 show that this assumption is hampeyedbn-negligible amounts of
accumulation during summer and ablation during wintepeetively. The evaluation of mass
balance according to the stratigraphic system leads teicckzgeement af, anda, with winter
and summer balance (Talplel4.3). For Silvrettagletschenmsemaccumulation is a more impor-
tant term than for Griesgletscher. On average 13 summer fallosvents per year (during June
to Sept.) with>0.01 mw.e. accumulation occurred on Silvretta, comparexhtp 6 events per
year on Gries. This may have contributed to the more modeeateat of Silvrettagletscher
during the study period (Fi§._4.7) due to an albedo feedb#ekte The winter maximum of
glacier mass is reached 10 days later on Silvretta than cgsGridicating a shorter ablation
period (TabldZ13).

We investigate the differences in net and winter balancekiated according to the fixed date
system, the measurement period and the stratigraphicnsyfsteall years analyzed of both
glaciers. For 50% of the years the difference is witkif.1 mw.e. (Fig[4l8a), and, thus,
almost negligible. However, this range is exceeded in therdbalf of the years. Net balance
determined in the measurement period may deviate by monettBed mw.e. from that in the
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The averaged annual course of mass balance quantitiesigsglatscher in 1961-2007 is dis-

played in the inset in (b).

hydrological year. Note that, over decadal periods theetifices in net balance average out.

Fixed date winter balance systematically underestiméie

svinter maximum of glacier mass

(Fig. [48b); the stratigraphic winter balance is 0.26 mvhegher on average. Nevertheless,
April 30 is proposed as termination of the fixed date wintdabee, because melt starts to be

important around this date (inset in Hig.14.7b).
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Table 4.3: Comparison of fixed date and stratigraphic winter and sunbatnces averaged
over the entire study period to mean annual totals of accatmoul ¢,) and ablationd,) in the
hydrological year. Numbers in brackets give the percentdigiee analyzed variable compared
toc, anda,, respectively.

Glacier ¢ bfix btrat @ bfix btrat
Gries  1.80 1.23(68%) 1.48(82%) -2.46 —1.88 (76%) -2.13 (87%
Silvretta 2.06 1.15(56%) 1.48 (72%) -2.32 —1.40 (60%) —178%b)

Mean date of max. / min. glacier mass

Gries May 24 October 3
Silvretta June 3 October 1
ca., . Winter balance |
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Figure 4.8: Comparison of mean specific (a) net balance and (b) wintemnial according to
different evaluation periods using boxplots. All yearslgpad of both glaciers are included.
The box ranges from the 25%-quantile to the 75%-quantikethifck horizontal line represents
the median. Vertical bars include 95% of the data points arttieos are marked with crosses.
For each boxplot the standard deviatiors given in m w.e.
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4.5 Error analysis

Several studies have estimated the uncertainty in therdetation of mass balance using the

direct glaciological method a%0.2 mw.e.a! (Dyurgerov and Meier,_2002, and references

therein). We separate five sources of errors contributindp@ouncertainty in mean specific
net balance:

1. Uncertainty in the net balance determination at indigidtiakes arises due to reading and
reporting errors, uncertain snow or firn density, melt intod stake, compaction of the

firn layer, or refreezing of melt water (Miiller and Kappergger 19911) and is estimated

aSo.xe=10.1 mw.e. in the ablation area and.3 mw.e. in the accumulation area.

2. Mass balance often varies significantly on small spatiales (some meters) due to ice
surface roughness or differential accumulation due to sdofit Thus, a point mea-
surement may poorly represent its closest vicinity. In otdequantify this effect we
scanned the data sets of both glaciers for measurements gathe year with distances
of <50 m from each other and elevation differences<&fm. We found standard devi-
ationsoy,.=1+0.30 mw.e. (Silvretta) ane,.,,=+0.54 mw.e. (Gries) of net balance at
neighboring stakes.

3. Determining glacier wide mass balance from point dataged considerable uncertainty,
which is difficult to estimate. Errors are due to (i) a nonresgntative distribution of
stakes over the glacier surface, (ii) insufficient spateigity and (iii) inter- and extrapo-
lation to unmeasured areas. We assessed the uncertairityttiese factors by computing
and comparing mean specific net balance obtained with ralydetiuced annual stake
data sets and finel,,=+0.12 mw.e.

4. The effect of inaccurate glacier surface areas used fmihss balance calculation

(Elsherg and others, 2001) was evaluated by comparing tedes referring to annu-
ally updated glacier areas or to the last DEM available. Tieettainty is small for both

glaciers due to a high temporal coverage of the geodetiegsary,...=+0.03 mw.e.).

5. The evaluation of net balance in a measurement perio@mykdads to variations of
Tperica=10.2 mw.e. relative to a fixed date system (IEigl 4.8a).

Only some of these significant uncertainties in the detemtton of mass balance based on
the direct glaciological method can be addressed in the gemmpation process. Errors in
individual stake measurements are difficult to detect amgane in the data set used for the
re-analysis. Some obviously implausible data points weseadded (about 1%). Snow density
is missing in some years and is assumed to correspond to thie ofi@ll years with available
data. The re-analysis cannot account for error source (8pasformation on the small scale
variability in mass balance is available. We address (3)yapp a mass balance model that
accounts for the effects of aspect and wind drift and is assitim reproduce the spatial pattern
of mass balance more accurately than common interpolalgamitoms. By annually updating
the glacier surface area the errors due to (4) are correcteédhee daily model accounts for
varying evaluation periods (5).

We conservatively assume that..; includes the uncertainty in the stake measuremepts.
and compute the annual uncertainty in the calculated mesztifgpnet balance based on direct
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observations as

Odir = \/ Ulzocal + Ui2nt' (43)

As annual mass balance data are independent from each |Gihgley and Adams, 1998) the

sample

uncertainty in am-year record i ;""" = o4;,/v/n and ranges from 0.09-0.28 mw.e!'a
(TableZH).

The uncertainty in the geodetic method is given by four ppalerror sources:

1. The orientation and the geolocation of the individualaghotographs is the most impor-
tant. An error 0f+0.2-0.5m is estimated by comparing photogrammetric measents
with 10 to 20 georeferenced ground control points.

2. The elevation information for single points can be regtwith an accuracy of0.1 m

in the ablation zone an¢t0.3 m in the area of low contrast (McGlone and others, 2004).

As this error is randomly distributed its contribution t@tfotal uncertainty is reduced to

+0.01 m (Thibert and others, in press).

3. The interpolation to unmeasured grid points induces aoemainty of between
+0.05-0.5m depending on the spatial coverage of the phatogedrical analysis

(Bauder and othérs, 2007).

4. A considerable uncertainty f6% (Sapiano and othets, 1998) arises due to the unknown
density for the conversion of the change in ice or firn voluma imass chan el,
@). During periods of growing or decreasing firn thicls8srge’s la mb4)
assuming a constant density profile in the accumulationrmaanot be valid. Thus, the
density used for the conversion would have to be adapteddiogao the changes in the
depth-density profiles, which are unavailable during thegiperiod.

Error sources (1)-(3) depend on the quality of the DEM préidancand (4) is proportional

to the magnitude of the volume change. Our homogenizatiooguiure distributes the misfit
of glaciological cumulative mass balance and geodetic rolagsge in each subperiod evenly
over the years in the time intervalt between two successive DEMs. Thus, it is possible to
calculate the uncertainty,..q in the homogenized annual mass balance results due to &rrors
the geodetic mass change with

Ogeod = \/A—zQ -2+ p?- 02, (4.4)

wherep=850 kg nT3 is the density used to convert ice volume to mass change a0 kg 3
the related uncertaintylz is the mean geodetic elevation change and

1
0z = Kt\/al%EMl + ‘7123EM2 (4.5)

the related uncertainty depending on the accuracy of botdEable[4.}).

The error analysis shows that the uncertainty,q due to errors in the geodetic mass change
is significantly lower in all subperiods than the uncertgimt the direct glaciological method
o3P (Table[Z#). Furthermore, there is a potential for addilcsystematic errors in the
direct glaciological method, which are difficult to detexiy. substantial melt in of stakes in the
accumulation area (resulting in too positive mass balaacé)cally high accumulation rates



4.6. CONCLUSION 61

Table 4.4:Error analysis for direct and geodetic mass balances inEBMBubperiods of Gries-
gletscher (G) and Silvrettagletscher (8): is the mean geodetic elevation change anthe
related uncertainty due to DEM evaluatien..q IS the total annual uncertainty due to errors in
the geodetic mass changﬁ?ﬁple is the uncertainty in the direct glaciological methaddstke js

the mean annual misfit of measured point net balances retwireatch geodetic mass change.

Period Az 0, Ogeod Ogin ple Abpstake
mma! mmw.e.a!
G 1961-1967 —-345 4117 4101 +226 -48
G 1967-1979 -27 +58 +50 +160 +57
G 1979-1986 550 +83 +75 +210 —44
G 1986-1991 -1388 +84 +100 +248 —6
G 1991-1998 -1020 +54 +68 +210 —64
G 1998-2003 -1238 +104 +108 4248 —66
G 2003-2007 -17904+126 4140 +£277 +46
S 1959-1973 —78 £50 +43 +87 -18
S 1973-1986 +230 +44 +39 +90 —68
S 1986-1994 854 +53 +62 +115 —68
S 1994-2003 577 +51 +52 +108 -313
S 2003-2007 -1032 +98 +98 +162 -313

due to avalanche deposits. The geodetic method, in conalsivs a thorough analysis of
all its uncertainties, which is a major advantage. For thieasons, the use of geodetic mass
changes is considered to the best data source for detecsisgstand homogenizing long term
mass balance time series.

In most DEM subperiods cumulative mass balances obtaingd) tise direct glaciological
method correspond reasonably well with the geodetic maamsgds (Fig—417).

A Fstake i hom _ 7stake
is the mean annual misfit of net baland&$* measured atn stakes required to match the
homogenized point net balance$™ that agree with the geodetic mass change. In general,
Abtake is in the range of botlr ™™ ando,..q; there is no bias and the methods agree well
(Table[43). Since 1994, however, the mass balance of 8dgletscher determined based on
the glaciological method is significantly too positive arekds to be corrected. We can only
speculate about the reasons for this bias and attributeitéos in accumulation measurements
and a non-representative distribution of the stakes. Tlertanty in the final homogenized
mean specific mass balance time series is equivalente (Table[4.4).

4.6 Conclusion

We presented a method for homogenizing time series of lomg teass balance monitoring
programs. A distributed mass balance model is used to resolmual and seasonal mass bal-
ance measurements at a daily scale and to calculate spaissl Ipbalance variations based on
point measurements. The time series are corrected in aydeatch the independently deter-
mined density-corrected ice volume changes. Mass balaateevdth different characteristics
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are combined; stake measurements provide high temporuties and altitudinal mass bal-
ance distribution, but have incomplete spatial coveradereas the geodetic data cover the
entire glacier, but do not yield information on interannuatiability. Our method further al-
lows us to address the problem of varying evaluation peristiéch have a significant impact
on annual results and tend to blur the natural variabilityngss balance. We derive homoge-
nized and complete time series of seasonal mass balance aflfime glaciers for fixed time
periods and provide a comparable data basis for climatedhgpadies.

Geodetic mass changes are assumed to be most appropriatedbliases in the direct glacio-
logical method and are an indispensable prerequisite fooeotigh homogenization of long

term mass balance time series. Re-analysis requires dyafieneta-information (dates of

the field surveys, location of the measured stakes etc.;hwlias often not systematically re-
ported in the past. We strongly suggest gathering all in&diom available and to document not
only final mass balance results, but also raw data. The honmag@n procedure presented is
recommended in comprehensive mass balance monitoringgmsgof alpine glaciers for re-

analysis of the previous data series and as a tool for cuexahtiation of the glacier wide mass
balance.
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ABSTRACT: Gornersee is an ice marginal lake, which drains almost everyear sub-
glacially within a few days. We present an analysis of the la& outburst events between
1950 and 2005, as well as results of detailed field investigas related to the lake
drainage in 2004 and 2005. The latter included measurements lake geometry, water
pressure in nearby boreholes, and glacier surface motion. Aistributed temperature-
index melt model coupled to a linear-reservoir runoff modelis used to calculate hourly
discharge from the catchment of Gornergletscher in order tadistinguish between the
melt-precipitation component and the outburst component 6 the discharge hydro-
graph. In this way, drainage volume and timing are determinal. There is a clear trend
since 1950 for the outburst flood to occur earlier in the melt eason, though lacking any
relation to lake discharge volumes. Peak discharges from thlake lie significantly be-
low the values obtained with the empirical relation proposé by Clague and Mathews
(1973). The shapes of the 2004 and 2005 lake outflow hydrogtapdiffer substantially,
thereby suggesting different drainage mechanisms. From wer balance considera-
tions we infer a leakage of the glacier-dammed lake startingne week prior to the lake
outburst in 2005. During the drainage events up to 50% of lakevater is temporarily
stored in the glacial system causing substantial uplifts ahe glacier surface.
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5.1 Introduction

Glacier-dammed lakes can release their water suddenlyncpasso-called outburst flood or
'jokulhlaup’ (e.g/Bjornssdn, 1998). They represent a setlereat in many mountain ranges and

have caused major destruction in historical time (e.g. ldHEA 983] Richardson and Reyndlds,
2000;| Bjérnssdn, 2002; Raymond and others, 2003). Disehairghe glacier tongue may in-
crease by more than one order of magnitude [e.g. Bj6rns€82)1High water pressure gives
rise to extensive perturbations of the glacial drainageéesysand of the dynamics of the ice

mass|(Rothlisberger and Lang, 1987).

Glacier outburst floods have been addressed empiricallyheudetically. Clague and Mathews
) proposed a widely known empirical relation to pregieak discharge, indicative for

the hazard potential, from lake volume. Further studiebaked on this relatlor@ta

11988; Walder and Costa, 1996; Ng and Bjérnsson, [2003). Vhewstulates that the drainage

of glacier-dammed lakes can be controlled by two differemvicpsses: Firstly, the classical

Réthlisberger-channel enlargement (Réthlisberger, [ 18Y#,11976), inducing a gradually ris-

ing limb of the hydrograph; and, secondly, flotation of the @am, producing a sharp and

sudden runoff peak (e.g._Flowers and others, 2004). Basetese theories m nﬁ attempts

have been made to simulate glacier-dammed lake outbunstsewemerically (e. ¢, 1976;

wmmkwthM) Only few theories

exist focusing on the initiation of the drainage (

Data about glacier-dammed lake outbursts are sparse angntlerstanding is still incom-
plete owing to the complex nature of these events. Many optbeesses involved are only
artially known. Exceptional data sets exist for Grimsydteland (Bjrnssori, 1988, 1998,
) and Hidden Creek Lake, Kennicott Glacier, Alaska (@msdn and others, 2003, 2005;
Walder and othelrs, 2005, 2006). The project on Gornerdietsaresented in this paper is the
first integrated study of a lake outburst event in the Alpsii$ama and others, 2007b).

Our project investigates the outburst events of an ice-maktpke, Gornersee, that forms an-
nually in spring and drains in summer. The present studysdeisth the hydrological part of the
outbursts. Various studies have been carried out on Gdatseper focusing on glacial hydrol-
ogy (Réthlisberger, 1972; Ellistoh, 1973; Collins, 197%chwanden and Leibundgut, 1982;
Collins, 1986 Is, 1996). Gornergletscheaitiqularly suited for an hydrological
study of glacier dammed-lake outburst events due to thetiomgrseries of discharge measure-
ments at the terminus of more than three decades and theédamgzlimate records available
in the vicinity. Additionally, observations of lake draebylBezinge and othels (1973) in the
1950s and 1960s provide the possibility of an assessmemaaegfloods over more than half
a century.

The paper consists of two parts: Firstly, an analysis of thhgé&ar time series of the annual lake
outburst events including trends in flood timing and draenagjume, and, secondly, an analysis
of detailed field investigations performed in 2004 and 2005.

In order to separate the outburst component of the dischiaygeograph from the melt-
precipitation component we perform a hydrograph separatising a coupled melt-runoff
model m 9). This is necessary for Gornergletscimeesbackground discharge is rel-
atively large during the outbursts. By calculating hourlgatharge in the period 1970-2005
we are able to derive timing and drainage volume of the anoutidurst events. Data of the
extensive field campaigns in 2004 and 2005 allow an intedriatesstigation of the processes
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Figure 5.1:Map of the ablation area of Gornergletscher. Dots mark twelb@les and crosses
indicate the position of four stakes for ice motion measumein Debris-covered ice is grey-
shaded. The central flowline used for the profiles in FifuBd$dashed.

involved in the drainage event focusing on short time scaltes providing a unique opportu-
nity for a comprehensive study of glacier-dammed lake astisu For both years we compute
the water volume impounded in the lake, the lake outflow aeddttainage hydrograph at the
glacier terminus. The hydrographs are interpreted witppeesto water pressure records in
boreholes and ice motion. We detect different initiationchrenisms of the glacier outburst
flood and infer on water storage processes during the draieagnt.

5.2 Field Site

Gornergletscher, Switzerland, is the second largestajiatithe Alps (Fig[Rll). It consists of
several tributaries and covers an area of nearly 60 Kfe glacier spans an elevation range
from 2200 to 4600 ma.s.l. Most parts of the glacial systememgerate. The main tributary,
however, Grenzgletscher, accumulates cold firn at altgudgher than 4000 m a.s.l@nter,
@). The cold ice reappears on the flat glacier tongue, wiktends 5 km further down-
stream from the lake, causing a polythermal regime (Hai2&76). Radio-echo soundings
and borehole temperature measurements indicate that sleeobéhe glacier is temperate, thus
not inhibiting water flow (personal communication from Osé&i, 2006). The maximum ice
thickness is 450 n@ 05) and the main glacial vallsiigbtly overdeepened (Fig5.2b).

Gornersee is situated in a deep basin at the confluence ofritwtatries (Figs[ 2]l and3.2).
Significant changes of glacier geometry during the lasturgntaused shifts in lake location
and volume (Fig-Bl2a). The lake usually starts to fill in May @rains annually between June
and August|(Bezinge and othets, 1973). Each yeax16m? of meltwater are impounded
by the lake. Often, the lake is filled to the maximum level beyavhich supraglacial outflow
would occur at the start of the drainage. However, it has btssn known to drain earlier
(Bezinge and others, 1973; personal communication fromdthlgberger, 2005). In 2004 we
observed a supraglacial outflow for a few days before waftethe basin subglacially. The
duration of the lake drainage varies between 2 and 7 days. p&ak discharges during the
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Figure 5.2:(a) Schematic profile of the evolution of Gornersee in thedasades. The glacier
surface of 1931 is based on a digitized map of the official Swagpographic survey, 1960
on an unpublished map by Wilhélm (1967), 1982 and 2003 oruated aerial photographs
(Bauder and others, 2007). (b) Longitudinal profile of thegise of Gornergletscher. Bed
topography is obtained from radio-echo sounding. Two baleshand four stake locations are
indicated.

outburst events measured at the glacier terminus reach&®rt®s !, of which (as calculated
in this study) 40-75% is lake water. In the first half of thel2@entury flood intensities of
more than 100 rhs~! were reported, regularly causing severe damage in theyafllZermatt

(Raymond and othérs, 2003).

5.3 Field Campaigns and Methods

Data collection and field methods

A gauging station operated by Grande Dixence hydropowermenm is situated 1 km from
the glacier snout, recording hourly discharge since 197@. [=1). Long-term climate data
since 1982 is provided at hourly resolution by the weathati®t of MeteoSchweiz, Zer-
matt, 1638 ma.s.l, 5km from the glacier terminus. For thégget970-1981 we used subdaily
data from a weather station at Grachen, 1550 m a.s.l, 25 knmetley from Gornergletscher.
During the field studies in 2004 and 2005 we operated an audionvaather station (AWS),
2650 ma.s.l, that measured ventilated air temperature egaptation at 30 min intervals at
the northern margin of Gornergletscher (Hig]5.1). A neknofr up to 30 stakes was main-
tained and ablation readings were taken at intervals of otleree weeks. In April 2004, the
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water equivalent of the snow cover was determined at sepesitions. An automatic cam-
era on Gornergrat provides daily photographs to map thenegfesnow cover and monitor the
lake evolution. Digital elevation models (DEMS) of the gl&csurface topography were derived
from aerial photographs for 1982, 2003, 2004 and 2005 (Baanie: other )7). We installed
pressure transducers in the lake in 2004 and 2005, recaoiftgngater depth every 10 minutes.
Surface ice motion was continuously monitored both by difféial GPS at 3 h-intervals, and
a theodolite surveying 30 stakes hourly providing a distebl picture of ice motion. In both
years we drilled several boreholes to the glacier bed usimgt avater drilling system. In the
boreholes, we recorded water pressure, englacial tenuperaind conducted measurements of
vertical strain with magnetic rings. Tracer injections eearried out and seismical activity was
monitored.

Hydrograph separation

The discharge of lake outburst events is superimposed otipregdipitation induced runoff
variations. Since the latter, in contrast to other previstsdies (e.gl_Bj6rnsson, 1998:
\Anderson and others, 2003) is not negligible in case of then&see outburst floods it is in-
dispensable to conduct a hydrograph separation. We appdyrdbdted temperature-index melt
model coupled to a linear-reservoir runoff mom P& compute hourly discharge
from the catchment of Gornergletscher. The model and itbregion are described in the
Appendix. By subtracting simulated melt-precipitatiodiiced discharge from discharge mea-
sured at the gauging station we extract the outburst conmpafi¢he hydrograph (Fig.3.3).

The analysis of the drainage events of Gornersee includestages: Firstly, discharge in all
years with available runoff data (1970-2005) was simulatsithg the calibrated melt-runoff
model. Thus, based on the difference between measured atheledalischarge, the timing of
the drainage event could be identified for every year of thge% period considered. Secondly,
the model was re-calibrated for every year over a period af&@8 around the drainage event.
An initial snow cover for this reduced period was generatéld wmodel run starting in October
of the previous year providing information about hibermadw accumulation. By re-calibrating
the model, an individual parameter combination was foun@éezh year that maximized agree-
ment between modeled and measured discharge before, mdtethas, presumably during the
outburst. This enables the determination of outburst velupeak lake discharge, timing and
flood duration with optimal accuracy. Estimates of drainagie@me and timing between 1950

and 1970 by Bezinge and others (1973) were connected withew85-year data series.

The measured and simulated quantities have two sourceseftamty: (1) errors in the runoff
measurements (estimated-85%) and (2) modeling uncertainties. The accuracy of the iinode
is difficult to judge during the outburst floods as no expentaévalidation is possible in this
period. Therefore, the potential errors were estimatedrarlty for every year mainly based
on model performance before and after the outburst eveng. oEburrence of heavy rainfall
events during the flood influences the quality of the modalltes$n a negative way and were
also considered. We come up with an error of betw&&r30% of both drainage volume and
peak lake discharge for individual years.



70 CHAPTER 5. GLACIER-DAMMED LAKE OUTBURSTS

40 —
ra
‘_/'-\ I A I :l ‘“«
'n 20 1« T Il
™ L | | ik
E | Al \MW\\ ‘l‘ \ | il '”"“
% ~ "\‘\' ‘\'\\1\1\‘\“\\ | \\\‘Y‘ |
= AARANANA ' MM . ) [
E 0 m/v“f\’v“ VY Nﬂ%\ﬁmmﬁ;}“&»‘”‘ﬂ'ﬂi\\‘ \"ﬁ J wl\ﬁ - TN\ ﬂw"ﬂvﬂ \:WWWWW'W“W‘& MWMN ‘rf’« i
S | o Pl
2 | W i
[a) . || i
— Measured
[ | — Simulated i ]
| — Difference d -
L., 2 =-—-—-—— . . . . | A —— |
17 24 31 7 14 21 28 5 12 19 26 2 9
May June July Aug
15+ Do —
=~ 5 -4 E
(R0 | Y SN SRRV N AV I N A N Ao S N SN S AT =
=~ s L 10 &
o 20 E
E15- é
S 101 =
I F 7
S 9 E
2] E 1
a o ‘ -
28029 3031 1 2 3 4 5 6 7 8 9 10 11 12 13
May June
15+ e —
O 105 :8 E
v ok 4 E
—~ 1o o
T 30F 40
n = E
£ E
o 20 —
2 F B
g E
.é’ 10+ ‘ —
20 21 22 23 24 25 26 27 28293031 1 2 3 4 5
July August
2004

Figure 5.3: (a) Measured and simulated hourly discharge of Gorneufietsduring summer
2004. The lake drainage event is eye-catching. Periodsedavikth bars are shown in detail in
sub-figures (b) and (c). Temperature (T) and precipitati)rafe shown for comparison.

Lake bathymetry and meltwater input

As a more extended data base exists for 2004 and 2005, welatte determine the bathymetry
of the lake basin from highly resolved digital elevation ralsdderived from aerial photographs
taken right after the drainage for both years. By combiniakgellevel measurements and
bathymetry we calculate lake volume. Errors may arise ddleabing icebergs or partial flota-

tion of the ice dam. These uncertainties are minor and araootporated in the computation.
They contribute to an estimated uncertainty of lake volume$%.

For water balance considerations we simulate the meltwapert into the lake for the pre-
drainage periods of 2004 and 2005 with the melt-runoff m¢siet Appendix). The catchment
basin of the glacier-dammed lake has an extent of 86 ke define it as the surface watershed.
To model runoff from the lake catchment basin we use the petens calibrated for the entire
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glacial system.

5.4 Results

Lake outburst events 1950-2005

Since 1970 we identified significant drainage events in eyegy except for 1984, 1991 and
1995. Figuréhlda presents the evolution of the lake outliongg showing an obvious trend.
Between 1950 and 2005 a shift of about two months has beemvelolsenoving the expected
date of the event from late August to late June. In contrhstfemporal evolution of drainage
volume does not show a uniform trend. In addition to the yearear variability, long-term
fluctuations of drainage volumes also occurred (Eig. 5.&mce only very limited direct ob-
servations exist in the past, we do not know to what extenvtteme fluctuations are caused
by changing lake basin geometry or different filling levelste lake.
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Figure 5.4:(a) Evolution of lake outburst timing. The dots correspoadhie date of the peak
discharge. In 1984, 1991 and 1995 no drainage events cotitaibd. Vertical bars (after 1970)
show the duration of the drainage event. (b) Evolution ofréige volume. Error bars indicate
the uncertainty range of the calculated values.

We find a power-law relation between peak lake dischalge. (m*s!) and drained volume

V (10° m?) as proposed by Clague and Mathelws (1973) in the form of

Qmax =k- Vb (1'2 = 0617 n= 33) (51)

with constant=10 and exponertit2/3 yielding the best fit for the drainage events of Gorrerse
Considering the range of drainage volumes involved, whicmuch lower than in previous
studies (Clague and Mathews, 19/73; bsta| 1886iwo variables show a strong
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Figure 5.5:Log-log-plot of drainage volumes and peak lake dischargeghe outburst events
1970-2005. The relatio@.... ~ V?/* is given corresponding to the Clague-Mathews formula
with a constant of=10 (*=0.61, n=33).

correlation (FigCRlkb). The peak lake discharges of theyaeal drainage events of Gornersee
are lower than those predicted by the Clague-MatthewsoaelaHowever, the proportionality
Qmax ~ V3 seems applicable to Gornersee.

Outburst events 2004 and 2005
Lake filling

The glacier-dammed lake reached a maximum volume 6©0.2x10° m*® in 2004 and
1.3+0.1x10° m? in 2005. The maximum water volume stored in the lake variemgty be-
tween both years although the lake basin size was nearlyatie.sIn 2004, the cumulative
modeled lake input and the measurements of lake volume aggkdFig.[5.6). In 2005 the
simulated cumulative meltwater input matches the meadakedvolume well until 2 June. Af-
terwards lake volume rises at a slower rate (Eid. 5.6). Basdtiese considerations we suggest
that a leak be opened one week prior to the beginning of treedakburst in 2005.

Lake outflow and river flood hydrographs

In this section we analyze two types of hydrographs. THke outflow hydrograpldescribes
the discharge from the lake and theer flood hydrographrefers to the discharge at the glacier
terminus that solely results from the outburst. The hydapgs are defined as:

o d‘/lake 5.2
Qlake outflow — Qmodeled lake inflow ™ dt ( . )
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Figure 5.6: Temporal evolution of water volume stored in Gornersee i42énd 2005 (solid
lines). Dotted lines correspond to the cumulative modetedi of meltwater into the lake basin.
The hypsometric relation between lake level and water velim2004 is shown in the inset.

Qriver flood — Qmeasured - Qsimulated (53)

Comparison of the hydrographs provides information abloeitodification of the flood wave

during its passage through the glacial system. Unfortlyaite 2004 an iceberg buried the

pressure transducer in the lake four days after the irotiatif the outburst and terminated the
measurement.

As shown in Figur&€Xhl7d, the lake outflow hydrographs for 2&0d 2005 display significantly
differing shapes. In 2004 a rapid rise of lake outflow is obedy reaching its peak two days
after the start. In contrast, the drainage event in 2005asatterized by a progressive increase
of lake outflow followed by an abrupt termination. Furthemnahe lake outflow hydrograph
reveals fluctuations with amplitudes ofL m* s~! (Fig.[52d, right). They reach their maxima
in morning and their minima in afternoon, behaving antimjglto water pressure in the glacial
system. The lake outflow peaks at 17sn' in 2004 and at 10 fAs~! in 2005.

In 2004 and 2005, runoff at the glacier terminus before andrahe drainage event is
modeled well (FigCRl7b). By integrating the river flood hggraph a drainage volume of
5.740.5x 10° m? is determined for 2004, which differs by &x70° m® from the lake volume
derived from bathymetry. The flood duration was 7 days. Tlakgischarge at the glacier ter-
minus was 38 ms~!, of which 253 m* s~! did not originate from surface melt or precipitation
(Fig.[5Xe, left). Unlike the lake outflow hydrograph, theeri flood hydrograph increases over
a time span of almost five days and culminates three daysthftenaximum of lake outflow.
This indicates a significant internal storage of lake watethe glacier. The main part of the
flood ends with a sudden drop in runoff. However, for two daysrdhe apparent termination
of the drainage event, discharge still remains signifigagtbater than explainable by melt and
rainfall processes (Fig.3.7b, left).
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Figure 5.7: Compilation of measurements and simulations around thiealra events of 2004 (left)
and 2005 (right). (a) Temperature (T) and precipitation (B) measured and simulated discharge at
the gauging station, (c) measured and simulated lake volfd)dake outflow hydrograph, (e) river
flood hydrograph, (f) water pressure in a borehole (BH4301Btéaching the glacier bed, (g) sub- or
englacially stored lake water, (h) uplift of glacier sudaat stake 14 (GPS measurement), (i) uplift of
glacier surface at stakes 34, 24 and 12 surveyed by theeddlivte that for sub-figures b, ¢ and f the
scales differ between 2004 and 2005. All data except the GE€&umements (3-hourly) have hourly
resolution. Thin vertical lines in all sub-figures corresgdo the start of lake outflow (1), the arrival of
lake water at the tongue (1), the culmination of the flood) @nd its termination (I1V).
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In 2005, we determined a drainage volume of1022x10° m® over a period of 5 days. The
peak discharge was 20°sr ! with a contribution of 12-1.5n? s~! from the lake. The flood at
the glacier terminus starts more than three days after thetaflake evacuation and culminates
within 2.5 days (Figi&l7e, right).

The temporal evolution of lake water storage in the glagratesm is determined from the cu-
mulated difference between the lake outflow and the riverdflopdrograph (FigCRl7g). In
2004 a fast accumulation of water in the glacial system ispged, reaching a maximum of
1.5x10° m®. The temporary storage of lake water amounts to<Q@® m? in 2005. In 2004 a
"negative storage” of 0.810° m? results by the end of the glacier flood (HIg]5.7d, e and g). left
This value lies beyond errors of the modeling procedure hadteasurements and is due to the
fact that the drainage volume is significantly larger thanltke volume. The negative storage
implies that water stored previously to the drainage evetite glacial system is released. Such
a process was not observed in 2005, when the temporary stofdake water drops to zero by
the end of the flood.

Water pressure and ice surface uplift

Water pressure is recorded in the boreholes BH430 and BHistahdes of 1 km from the lake
(Figs.[5E1 and®]2). During the flood, water pressure remeose to flotation level in 2004
and 2005 with reduced diurnal amplitudes (figl 5.7f). The ehthe lake drainage is marked
in both years by a significant drop of 30-40% of the water calumthe boreholes coinciding
with a simultaneous decrease in discharge at the glaciminas (Fig[5.)e and f). After the
flood, the diurnal minima of water pressure are significatdlyer than before, indicating a
more efficient drainage system.

Vertical uplift at stake 14 on the central flowline is measudey GPS and shows a
clear signal during the flood event (Fig.5.7h). The accuratyhe records is+0.3cm

' on, 2004). The glacier surfaceifteabuip by as much as 20 cm at
this location compared to pre-drainage conditions. To stimspatial distribution of surface
uplift we also present results of the theodolite survey atsen stakes along the central flow-
line (Fig.[5.7i).. Gudmundsson and others (2000) estimatcanracy oft5 cm for single data
points in z-direction derived by theodolite. By filteringetlrror can be reduced to one third of
this value. The ice motion data show that a glacier surfadif op2 to 20 cm occurred along
the central flowline of Gornergletscher with a maximum aksta4. An interesting aspect is
the similar temporal evolution of the uplift curve (Fig.J6.@nd i) and the lake water storage in
both 2004 and 2005 (Fig5.79).

5.5 Discussion

Decadal trends

Analysis of the lake drainage events of Gornersee from I8EIB indicates trends in lake
outburst timing and large variations in the drainage volfig.[5.4). Several processes may
be the cause for these findings. Rapid shrinkage of ice volamdeglacier extent took place in
recent decades due to climate change (Eid. 5.2b). An infuehthese modifications of glacier
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geometry on the lake drainage is likely. The position of @Gosee moved westwards out of a
tributary valley accompanied by a decrease in ice thickimesise central parts of the glacier
(Fig.5.2a).

Timing of outburst

A shift in lake outburst timing of 70 days is observed sincBA @ig.[5.4a). We can only spec-
ulate about the driving factors of this significant trend.iffeestigate the possible influence of
an earlier start of the melting season and thus earlierdithithe lake we conducted additional
model simulations. They show a slight trend towards mordintein late spring and early
summer. However, this change is only able to explain shiftsnming of some days.

For our calculations, the size of the lake catchment areakeyaisfixed for all years. It is prob-
able that fluctuations in the extent of the catchment basentdichanges in glacier geometry
occurred during the last decades. Assuming that the catthibasin remained at its current
extent over the last 35 years, the results of the model sttonkgindicate that more meltwater
was produced when the drainage event occurred than wastiimfaounded in the lake at that
time. Based on these findings we suggest that the catchneanbhthe lake has increased dur-
ing the last three decades, causing an earlier filling of &wee. A contribution of this effect
on the observed trend in the outburst timing is likely, batrélative importance is difficult to
estimate.

The hydraulic gradienf\/ is given by the elevation differenc&z (lake level - glacier termi-
nus) divided by the length of the drainage path. Ah dropped from 0.09 in 1950 to 0.07 in
2000. [Clarke 3) demonstrated a major influence of thatilme of the seal on timing as
well as on magnitude of the flood. The changes in glacier gaggrasound the lake are consid-
erable (FigC&Ra). Although we do not know the exact positbthe seal for all past glacier
geometries a shift may have occurred influencing the timirtgeoutburst event.

Drainage volume

A maximum of drainage volumes was observed in the early 19¥0sreas a significant min-
imum occurred in the 1980s (Fig.b.4b). In the 1990s the dataal a more variable pattern
of flood magnitude than before with either quite large or $ifl@ds. There is no correlation
between drainage volume and the timing of the lake outbdisé volume of the lake is sub-
ject to substantial long-term changes which are attribtefflictuations in glacier geometry
(Fig.[52a). For 1982 a potential lake basin size of about@ m? is determined from a digital
elevation model. However, drainage volumes in the orderdf@ m? at the end of the 1960s
suggest that a much greater amount could have been stotegllakke basin at that time, which
is also supported by photographs and descriptions (Wilh&8&7; Bezinge and othets, 1973).
The glacier retreat in the last decade favored a rapid estiaegt of the ice-marginal basin,
mainly due to calving. We suspect that the geometry changleeinake basin cannot be the
sole reason for the variations in drainage volume. In padi¢the interannual fluctuations may
be caused by different initiation mechanisms provokingl#ke to drain subglacially, either
partially filled (as observed in 2005) or after an antecedaptaglacial outflow (2004).
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Volume — peak discharge relation

Several empirical studies confirmed the exporter#t/3 for the power-law relation (E 1)
between@,,., andV (Clague and Mathews, 1973; Costa, 1988; Desloges andlp ;
Walder and Cost 6). The constantaries between the studies from 46 to 113. These
values originate from analysis of different lake systent aot multiple outbursts of one lake.
INg and Bjérnsson (2003) developed a theoretical approacthéd light on the background
of the Clague-Mathews relation. For the incomplete dragnafyGrimsvotn they predict an
exponent of 1-2, corresponding well with observations for the sanie IEBjornsson,_1992).
The exponenb=2/3 seems to be a combined result due to effects of differgstem size and

geometry and the conditions at flood initiation (Ng and Bisimh| 2003).

Our relation betwee®), ... andV satisfies the proportionality proposed by Clague and Maghew
) and is in line with the other empirical studies althlowe consider one single lake.

However, bearing in mind the dramatic changes in both glaoie lake geometry in the last
century, it is hardly possible to speak of the 'same’ lakeirduthe entire period (Fid._3.2a).
The peak discharges of Gornersee are small compared tolakiestk (Eqg.[5.]) is nearly one
order of magnitude lower than in the previous studies. Thay lme caused by the setting of
Gornergletscher. The ice extending downstream of the lakalthickness of more than 400 m
and the bed is overdeepened. It is not known to what extenpahghermal character of the
ice influences the lake outburst mechanism. Still, it remaimzzling that in the first half of the
19th century, much higher flood magnitudes — estimatedeotyr from observations — were
reported, although the lake basin was never significantfelathan it is at presermm,

11967 Bezinge and othets, 1973).

By analyzing a 50-year time series of annual lake outbursthisy the complexity and diversity

of the jokulhlaup-system becomes evident. The data fron?20@ 2005 illustrate that the

triggering mechanisms of an outburst event can be variauhiéosame lake. The year-to-year
variability in drainage volume in the last decades is reraild

Drainage events of 2004 and 2005
Initiation mechanisms

The data sets of 2004 and 2005 show some similarities as wslbaificant differences. The
outburst events differ greatly in terms of lake volume, dagie volume, peak lake discharge
(by a factor of 2 to 4) and timing. However, the patterns ofexgiressure fluctuations and ice
motion on the central flowline of the glacier downstream @ ldike are similar in both years
(Fig.[B1f, h and i). Also the river flood hydrographs at thaojgr terminus exhibit a gradually
rising limb and a sharp termination (FIg..7e). In contrie lake outflow hydrographs differ
remarkably, hinting at different initiation mechanismstbé floods. In 2005, a progressive
increase in lake outflow (Fig._3.7d, right) suggests a oas®nlargement of R-channels as
proposed b@d_(l_Q_VG) On the other hand, the abrupt flodidtion in 2004 could indicate a
temporary flotation of the ice dam near the lake. This claisuigported by the observation of
short-term uplifts of the ice dam of up to three meters dutirgmain drainage phase (Weiss,
2005).

IFlowers and othdrs (2004) present a model that simulatesinagje system in a subglacial

water sheet feeding a nascent system in discrete chaniedale outflow hydrograph of 2004
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suggests similar processes ([f1gl 5.7d, left). In a firstestdghe drainage event, the ice dam was
lifted, causing lake outflow to increase rapidly. The sligidrease in lake outflow measured
after the first culmination suggests a channel enlargensemsacond phase of the lake drainage.
Due to the breakdown of the pressure transducer in 2004uttieef course of the lake outflow
hydrograph is unknown. From the bathymetry, however, wenkiine water volume left in the
lake basin at that time. The termination of lake water inpt ithe glacial system coincides
most probably with the rapid loss of hydraulic head at bolelBH430 (Fig.[5JVf, left). To
evacuate the remaining lake water after the terminatiorhefrheasurement a constant lake
outflow would have to be 183 m? s~! for the period without data. Thus, a second culmination
of the lake outflow hydrograph (Fig—5.7d, left) does not saaplausible.

Leakage of the lake

The start of the 2005 outburst event merits further comméniias one of the earliest since
1950, starting when the lake was only filled to less than oirel tf its potential volume.
After 2 June 2005, the time series for the measured lake vwamd the cumulative simulated
lake input diverge (Fid_hl8b). In 2005 the discharge madglvas performed with the same
parameters and boundary conditions as in 2004, when goatragnt between model and
field data was achieved. The simulated lake input from 2 J@0& 2intil the start of the lake
drainage on 10 June is more than twice as great as the measw@ebhaccuracies in the runoff-
modeling procedure are not able to explain this discrepaiieyo reasons could account for
the divergence: Firstly, there is a slowly expanding leakhia dam of Gornersee; secondly,
the subglacial drainage system has changed in such a wathéhaiater no longer enters the
lake, but benefits from new subglacial pathways directirggntieltwater directly downglacier.
Stagnations or drops in the lake level would support the thgmis of a leak. In fact, the
measured lake volume slightly decreases during nighttmtlea days preceding the flood (inset
in Fig.[238b). The leakage is very limited. It ceases almashgletely during daytime and
attains about 0.7 frs~! in periods of low water pressures in the glacial drainagéesyginset
in Fig.[5.8c). Model sensitivity tests showed that this alzaton is not an artefact of the melt-
runoff model. For more than one week the leak does not growtaabally. On 10 June, lake
outflow starts to increase over-night, provoking a progvessse in the minimal water pressure
at borehole BH430 (Fid.3.8b and c).

In Figure[5:8b the water pressure recorded in borehole BH#8Ws the transition of a 'win-

ter drainage system’ to a well developed 'summer drainagéesy with pronounced diurnal

amplitudes|(Schuler and others, 2002). The position ofrdesttion from an inefficient to an

efficient drainage system slowly moves upglacier as is @kseby dye tracing experiments
(unpublished data, VAW/ETHZ). The transition at BH430 mkéace two days before the melt-
runoff model fails to explain the volume stored in the lak&g(E.8b). It seems plausible that
leakage starts once an efficient drainage system has dedettgse to the lake.

Internal water storage

Water storage plays an important role in glacial hydrologgl & manifested in various pro-

cessesl(Schuler and others, 2002; Jansson andlathers, 290@8xge of water in the glacial
system can occur in subglacial cavities (€.g. lken and 8tH€96) or englacially in channels
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or voids (e.g._Fountain and Walder, 1098). Drainage evergtaocier-dammed lakes are excel-
lent subjects to study water storage processes in glagdesge perturbations of the drainage
system occur.

Associated with the strong drainage event of 2004, we obseperiod of enhanced runoff for
two days after the abrupt drop in discharge forming a hydplr'tail” (Fig.[E.7e, left). In
this period a volume of approximately10° m* water is released that cannot be due to melt
or rainfall. This value lies above the uncertainties of madel measurement. This feature
may yield an explanation for the considerable differendevben lake volume (determined by
bathymetry of the lake basin) and drainage volume (intemratdf river flood hydrograph). We
suggest that the additional water recorded at the glaaierines during the flood results from
water storage in the glacial system prior to the lake draragnt. Presumably, this water is
released during the two days after the main phase of the mitbuent, benefiting from the
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Figure 5.8:(a) Hourly air temperature at AWS. (b) Filling of the lake @05 in comparison with
water pressure fluctuations in borehole BH430. The solglildlicates the measured evolution
of lake volume and the dashed line the cumulative simulateltl imthe lake catchment basin.
Bars mark the timing of lake outflow. The inset shows the lakkime enlarged during the
period of leakage. Thin vertical lines correspond to miéihig(c) Lake outflow hydrograph
with the period of the leakage enlarged in the inset. Loc#l@u maxima occur between 3 and
6 a.m local standard time.
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Figure 5.9:Hysteresis of relationship between water pressure, nazatélo flotation level, and
en- and subglacial lake water storage for 2004 (solid) arttb Z8ashed line). Arrows indicate
the direction of time.

well-developed drainage pathways. Anderson and othe®3j2@port a similar hydrograph
tail for Kennicott glacier, Alaska, and explained it wittetpresence of a floated part of the ice
dam and its dampening effect with lower water pressures.

Compared to the total lake volume, temporary storage ofwadter in the glacial system during
the drainage event reaches fractions of 38% (2004) and 5896§2emphasizing the impor-
tance of this storage term. The uplifts of the glacier sw@faicup to 20 cm follow the evolution
of the storage curve (Fif9.7g, h and i). Obviously, glasieface uplift and lake water storage
are closely related. When distributing the temporarilyrestioflood water uniformly over the
total area downstream of the lake the storage water columresymonds to 35cm in 2004 and
to 17 cm in 2005.

Uplift of the glacier surface can be due to (i) vertical strag, (ii) sliding over an inclined
bed or (iii) cavity formation at the bed (Sugiyama and Guddsswoh] 2004). The measure-
ments of vertical strain show no stretching signal duriregydhtburst events (unpublished data,
VAW/ETHZ). The inclination of the bedrock underneath thedae of Gornergletscher is small,
thus (ii) is excluded. This leaves the cavity formation agpomsible for the observed surface
uplifts. The glacier surface elevation returns to its stgrpoint after the termination of the
flood, which supports our assumption.

In Figure[5.® water pressures in BH430 (2004) and in BH1 (2@0& plotted normalized to
flotation level pressure, versus en- and subglacial lakem&tbrage. The pressure data is
smoothed using a 24h -running mean. We obtain a hysteresisra@ige that reveals some inter-
esting aspects. The findings by Hubbard and others (1995)aom Glacier d’Arolla, Switzer-
land, help to interpret our observations. With a dense né&twb boreholes, they succeeded
in showing two different pressure regimes at the glacier. batter pressure around an ef-
ficient drainage channel reacts immediately to externatwagér input, whereas the varia-
tions in hydraulic head decrease sideways. The hydraudidignt between hydraulically well
connected and unconnected parts of the glacier bed chairgetiah in the course of a day

(Hubbard and others, 1995).
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At the beginning of the drainage events in both 2004 and 28@%er level in a borehole, well
connected to the main drainage system, increases abriggslyocavn in Figur€hl9. Due to the
limited amount of englacial voids in the zone of high watergsure, the potential to store water
is minimal. However, the storage increases abruptly nearbowden pressure. We attribute this
to a partial detachment of the glacier from its bed, allovimgwater to penetrate into subglacial
cavities sideways from the main drainage channels. Thesptéssure perturbations spread
out into regions hydraulically unconnected with the efitierainage system under normal
conditions. Storage at the bed and in englacial voids iretpests of the glacier increases. The
internal lake water storage increases by roughiyt@ m? in 2004, when the water column is
at flotation level. In 2005 by contrast, the hydraulic heaolnsstarts to decrease after reaching
flotation level due to the smaller lake volume. The hystaresrves have comparable slopes
in 2004 and 2005. This indicates that similar processesiboié to internal storage in both
years. However, the pressure perturbation seems to spu¢aster a wider range of the glacier
in 2004.

More water is stored in the glacial system with decreasiag thith increasing water pressures.
After the end of lake water input, stored water slowly flowsk#&om englacial voids and
subglacial cavities into the main drainage system. Themptkssure is lower than before the
outburst event owing to the channel enlargement during ftmodlitions.

As discussed above, surface uplift is mainly due to cavitynfttion at the bed. The measured
surface elevation changes during the outburst events amaifficient to accommodate the sub-
or englacially stored lake water, also given the unlikelguasption of a uniform distribution of
lake water. We conclude that only parts of the stored wateefated into subglacial cavities
and that the rest is stored in englacial voids or in water ptsckhat are not detectable by
measurements of ice motion.

The importance of englacial voids

Based on our data of glacier surface uplift subglacial gi@ralone cannot account for the
additional water volume in the glacial system. Therefore, attribute a particular impor-
tance to englacial voids. The volumetric content of englaeoids was quantified as 0.5%

bylCopland and othérs (1997) using borehole video methcalseémperate alpine glacier. Also
on Gornergletscher we observed englacial voids and cresagith a borehole video camera.

In this section we combine our data of water input into theiglassystem (lake outflow hydro-
graph), water output (river flood hydrograph), glacier aoef uplift, and water pressure records
and attempt to estimate an integrated void ratidor the ice downstream of the lake., is

Table 5.1:Estimated ranges of input data for the calculation of the vatior . .

Symbol Range of values Unit Source

Vi 0.7x10° —1.5x10° m?  Hydrographs

Az 0.05-0.2 m GPS, Theodolite
Ahy, 20-100 m Boreholes

A, 0.5x10° —5x10°  m? DEM, Theodolite

Ty 103 -10"! —
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defined as the ratio between the volume of englacial voidstaedotal ice volume, and is

calculated as follows:
Vs Az

 AhpA, Al
whereV is the stored lake water voluma,, the change of water column height, the area

of the glacier bed accessible to water storage,andthe glacier surface uplift. We estimated
possible ranges for the values of all quantities. Whefgas well known from the data, we
cannot be sure about the representativity of the point basssurements fal i, and Az,.

Ahy, is recorded in boreholes connected to the main drainagemsydtowever, an important
part of the storage seems to take place in hydraulically mmected parts of the ice mass, as
could be inferred from the hysteresis of storage (Eig. 51®)ere, smaller pressure variations
Ahy, are expected (Hubbard and others, 1995), is measured by GPS and theodolite in 2004
and 2005 (Fi 7h and i). The amounts of uplift are not unily distributed and lie between

2 and 20cm @bS). This demonstrates the inhomagesfesurface elevation change

in reaction to the flood. A quantity difficult to estimateAs. If we presume the drainage to
take place in one or a few discrete drainage channels andélssyye perturbations spreading
out from these, the accessible aréafor water storage should be less than the total subglacial
area downstream of the lake. We calculate the void ratitor a reasonable range of input
data (Tab[(5]1) and obtain a valuergf0.1% — 10%. Our estimates imply that the amount of
englacial voids is not negligible.

(5.4)

Ty

5.6 Conclusions

This study investigates the annual drainage events of améarginal lake, Gornersee, in detail.
Using a distributed temperature-index model coupled toeaki-reservoir runoff model, we
simulate glacial discharge due to melt and precipitatiohonrly resolution. We can extract
lake drainage hydrographs from measured runoff at theejléeiminus and determine outburst
timing, lake volume and peak lake discharge.

Since 1950 the lake has been draining progressively eanliéie course of the year. The
drainage volumes show remarkable long-term and interdrflucduations. The relation be-
tween peak lake discharge and drainage volume follows theoptionality Q.. ~ V3 pro-

posed by Clague and Mathews (1973), but exhibits a lowertantisleading to reduced runoff

peaks during the flood events.

Extensive field measurements around the drainage evenB0df &hd 2005 provide the data
basis for an integrative assessment of the outburst of Gseae We detected two different
drainage mechanisms, a temporary flotation of the ice dan®@4 2and the classical channel
enlargement in 2005 after a leakage during eight days. Lakew hydrographs differ greatly

between 2004 and 2005. During the passage of the flood waweghrthe glacier, however,

these differences are blurred and a canonical drainagegsajph is recorded at the tongue in
both years. Water pressure and glacier surface motion shdasa interrelation to the lake

drainage characteristics. Temporary storage of lake watbe glacial system causes uplifts of
up to 20 cm at the glacier surface with a similar temporal@oh. In 2004 a large amount of

water stored sub- or englacially prior to the drainage eigergleased during the two days after
the outburst.

The detailed data sets of two years, and the analysis of th@saoutbursts of the last decades
proves that even for an individual system, a variety of défe processes are involved which
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alter the character of the drainage to varying degrees obitapce. This study shows the need
for an integrative assessment of glacier-dammed lake flamstter understand the nature of
these events.
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Appendix: Melt and discharge modelling

A distributed temperature-index melt-accumulation moctalpled to a linear-reservoir dis-
charge model mg) Is used to compute hourly meltwai@duction and runoff from
the catchment of Gornergletscher. It elaborates on clalssiodels using degree-day factors by
varying these as a function of potential clear-sky radratioorder to account for the effects
of slope, aspect and shading. The model has been shownl M) to be capable of repro-
ducing the large diurnal runoff amplitudes typical of gixalischarge regimes, although driven
only by air temperature and precipitation data. Surfacd rmes)/ are computed by:
I+ Tenowsice L) T 2 T >0

o { (e T T
where f\; denotes a melt factor,. /.. are radiation factors for snow and ice ands the
potential direct solar radiation (Tdb.b.2). Reduced natks over debris-covered surfaces are
accounted for.

The surface characteristics (snow/ice) were either mddedang an initial distribution of winter
snow cover (1970-2003), or prescribed by weekly evaluatiophotographs of the automatic
camera (2004 and 2005).

The air temperature and precipitation at every grid cellalewated using constant gradients
with altitude. In this model approach, correction factocsaunt for rain gauge under-catch
errors and increased losses in the case of solid precitath threshold temperature distin-

guishes snow from rainfal@@%).

To derive hydrographs of glacial discharge, the melt maglebupled to a simple runoff model
which routes meltwater through the glacier using a lineaervoir approach (Baker and others,
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Table 5.2:0ptimized parameters of the distributed temperaturexinatedel on Gornergletscher
obtained from the calibration period (April-September 200

Parameter Sym. Value Unit

Melt factor far 0.31x10* mhteCc!
Radiation factorice 7. 0.61x10% m*W-lthteC!
Radiation factor snow r,,,, 0.35x10°% m*W-'h-!l°C-!
Temperature gradient dT/dz =802 °Cm!
Precipitation gradient dP/dz 280* m!

Retention const. ice ¢ 14 h
Retention const. firn  cgpy 600 h
Retention const. snOwWcg,.w 500 h

11982;| Hock and NoetzIl, 1997). Melt- and rainwater is disited to three water reservoirs —
ice, firn and snow — according to the surface characterisfitke grid cell where the water

originates. The firn reservoir is defined as the area abov@ 350s.l. The reservoirs are
characterized by different retention constantsvhich need to be calibrated. The model is
based on the assumption that dischapgg) from reservoiri is proportional to the stored water
volumeV;(t):

Vi(t) = ci - Qi(t) - (5.6)

The constants; correspond to the mean residence time of water in the reseramd have
values of hours to days (Tdhb.2).

The climatic constraints are obtained from comparison @rlapping periods of the weather
data (dT/dz, dP/dz) or from literature (precipitation eatrons, threshold liquid-solid precipi-
tation; Hock, 1999; Schwarb, 2000; see Tall 5.2). Melt patams (i, 7ice, Tsnow) @and runoff
parametersd.., cim, Csnow) @re obtained from calibration. The parameters are chasachieve
maximum agreement between three types of data providinghaptonstraint of the model: (i)
simulated and measured melt at ablation stakes, (ii) st@aland measured hourly discharge
and (iii) simulated and observed snowline retreat. We cédlos ablation season 2004 as cali-
bration period because of the existing extensive data basi£005 as validation period. Two
different parameter sets were calibrated based on the no&igeal input data (temperature
and precipitation) of the AWS (2004, 2005) and the weathaticsis at Zermatt and Grachen
(1970-2003).

At all ablation stake locations good agreement between digtd and model results is achieved
for the calibration period. Measured and simulated runafirey the melt season 2004 (April
to September) agree well (F .3). To judge the model perdmce we use th&>-efficiency

criterion (Nash and Sutcliff 0) defined as
R=1- g((g_meas__gm); (—o0 < B2 < 1) (5.7)

With Q..cas the measured an@y;,, the simulated discharge. For 2004 (2008)is 0.91 (0.73)
with weather input data from the AWS and 0.88 (0.79) with daten Zermatt / Grachen,

respectively. Simulated snowlines were compared with bméqgraphs of the automatic camera
and good agreement was obtairm-IEZOOS).
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ABSTRACT: The retreat of Laika Glacier (4.4 km?), part of a small ice cap situated
on Coburg Island, Canadian Arctic Archipelago, is analyzedusing field data, satellite
remote sensing and mass balance modelling. We present a metlology for merg-
ing various data types and numerical models and investigatthe temporal and spatial
changes of a remote glacier during the last five decades. A gi@r mass balance and
surface evolution model is run for the period 1959-2006 fored with in situ weather
observations and climate re-analysis data (ERA-40, NARR)The model is calibrated
using the ice volume change observed between 1959 and 197id aneasured seasonal
mass balances. Calculated glacier surface elevation is iddted against ICESat GLAS
altimeter data and ASTER-derived elevation. Landsat-dened glacier outlines are
used to validate calculated ice extent. The piedmont tonguef Laika Glacier has re-
treated considerably and is in a state of disintegration. Tl modelled glacier mass
balance between 1959 and 2006 was —0.41 mw.e! an average. Model results indi-
cate a significant trend towards higher mass balance gradigs. A complete wastage of
Laika Glacier by 2100 is predicted by model runs based on cliate scenarios.
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6.1 Introduction

Mountain glaciers and ice caps are sensitive indicatordioiate change@mn. They
contribute significantly to sea level rise and will continteedo so during the decades to
come (Kaser and others, 2006; Meier and ofhers, 2007). Thisyitally important to un-
derstand their reaction to climate warming, which is pattdy pronounced at high latitudes
of the Arctic (Moritz and others, 2002). However, field maning of remote ice masses is
resource-consuming and data are available only for a ldhmitenber of glaciers in Arctic envi-
ronments (e.d. Dowdeswell and others, 1997; Hagen andpiR@63; Oerlemans and others,

). Satellite remote sensing allows temporal and dpaienges of inaccessible glaciers
and ice caps to be assessed and is frequently used in climateye impact studies (e.g.
IRignot and Thomas, 2002; Abdalati and others, 2005; PauKairith, 2005). However, satel-
lite remote sensing data need to be compared to ground+tmetitsurements, and require a
careful assessment of their limitations in order to charde their accuracy and suitability to
such applications.

Since 1959 glacier surface mass balance has been detemmnisederal glaciers in the Canadian

Arctic (Koerner| 1970; Adams and others, 1998; Koerner520Burgess and Sharp (2004) and
IMair and others| (2005) assessed the mass balance and thetgeahthanges of Devon Ice

Cap in recent decades. Blatter and Kappenberger (1988)uatl the seasonal mass balance

of Laika Ice Cap, Coburg Island, and measured englacial éempres and surface ice veloci-
ties..Greuell and Oerlemaris (1989) computed the temperdisiribution in the superimposed

ice zone of Laika Ice Cap.

In this study we assess the temporal and spatial changeska Gdacier, the largest outflow
glacier of the small Laika Ice Cap, over the period 1959 toa2@dd make projections of future
glacier extent based on climate scenarios. A methodologlydbmbines previous field mea-
surements, current satellite remote sensing data and reaherodelling is presented, since
none of these sources alone is complete in terms of tempodad@atial coverage. A temper-
ature index mass balance modﬂdﬂ%g) coupled witimalsiglacier surface evolution
model is used to calculate the change in glacier extent arfigicg®umass balance based on mete-
orological variables. The model is calibrated using in sieasurements and is validated using
satellite remote sensing data. The present study putsdartathodology to assess the impacts
of climate change on glaciers in areas where field measutsrasnscarce.

6.2 Study site

Laika Ice Cap (unofficial name) is a small icefield with a sogfarea of about 10 khon
Nirjutiqavvik (Coburg Island), Canadian Arctic Archipgia (Fig.[&1). It is situated at the
western edge of the North Water Polynya, a region with no sealuring large parts of the
year (Barber and othérs, 2001). Laika Ice Cap extends frosedo sea level to an elevation
of 530 ma.s.l. and has three outlet glaciers (Eigl 6.1c). unty focuses on the main outlet
glacier of the ice cap that forms a piedmont tongue on thetabatain. In the paper the
piedmont tongue and its catchment (4.4%kran the ice cap are referred to as Laika Glacier
(Fig.[E1c).

Superimposed ice formation and internal accumulation igréf&cant components of the mass

balance of Arctic glaciers_(Woodward and others, 1997; Siher and Jansson, 2004). On
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Figure 6.1:(a) Location map. Coburg Island with Laika Ice Cap is enldnggb). The location
of relevant weather stations is indicated by dots. (c) Mapaka Ice Cap. Glacier outlines
for 1959 and 2006 are obtained from aerial photographs aedlisaremote sensing data. The
catchment of Laika Glacier has darker shading. Triangle&cate boreholes drilled to the
bedrock in 1975 and crosses show a trace with ICESat GLA&#devdata acquired in 2006.

Laika Ice Cap almost the entire net accumulation is due tesposed ice formation as was
shown by analysis of a 20 m firn core from the top of Laika Ice ({@appenberger, 1976).
Melt water over the cold and impermeable bare ice surfacé&ibates to runoff. The impor-

tance of internal accumulation by refreezing of melt wateloty the last summer surface is,
thus, assumed to be minor on Laika Ice Cap.

Coburg Island exhibits an Arctic maritime climate as it isluenced by the North Water
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Polynya. It experiences stronger winds and higher pretipit than is usual in that latitude
of the Canadian Arctic. Despite the low altitude of the maimbps (lower than 900 ma.s.l.)
more than half of Coburg Island is glacierized (Higl 6.1mportant factors for the mass bal-
ance of Laika Ice Cap are the precipitation and the wind pattBrecipitation increases with
elevation due to orographic uplift of air masses (Blattet Kappenberger, 1988). The strongest
winds blow from the west and redistribute considerable amwuof snow from the windward

slopes and the top of Laika Ice Cap to leeward slopes (BlattdiKappenberder, 1988). This

process causes an accumulation pattern which is not weéleted with elevation (Fig.d.2).

6.3 Data sources and methods

A wide range of different data types is used in this studym{@ss balance measurements on
Laika Ice Cap, (ii) local weather observations on Coburgnd] (iii) long-term meteorological
time series measured at Pond Inlet and Clyde River, (iv)aténre-analysis data (ERA-40,
NARR), and (v) satellite observations (Landsat, ICESatTER).

Field data

During the 1970s a field study was performed on Laika Glad®atter and Kappenberger,
). Seasonal mass balance of the glacier surface wasnitetd at up to forty stakes. The

surveys were complemented with snow probings and densigsarements in snow pits in
May or June. The mass balance data include accumulatiorodsugerimposed ice formation.
Seasonal mass balance data are available in the form of thamiarpolated contour maps.
We digitized maps of the net balance distribution for 19431978/79 and winter balance maps
for 1973/74-1977/78.

Aerial photographs of Laika Ice Cap were taken in 1959 andL}8dviding accurate glacier
outlines (Blatter and Kappenherger, 1988). The photograpére co-registered using seven
ground control points, which were geolocated in a local dowate system by triangulation.
The photogrammetrical evaluation was performed using a K&2 analogue stereo-plotting
instrument. The elevation accuracy is estimatedtasn m 6). For 1959
a map of the entire Laika Ice Cap was drawn, for 1971 only tkeelmpont tongue of Laika
Glacier, delimited by the glacierized region below 250 nila.g-ig. [6.c), was mapped due
reduced contrast in the accumulation area. The scale of #ps s 1:20°000 and the contour
line-spacing is 25 m. The maps were digitized and interpdlan a regular 25 m grid providing
a digital elevation model (DEM) of the glacier surface. Thamge in ice volume of the Laika
Glacier tongue was determined by differencing the DEMs af118nd 1959 and converted to
a mass change assuming an ice density of 900k M/e estimate the uncertainty in the ice
volume change a$12%. The estimate is based on the uncertainty in the elevatiormation
and the observed mean 12-year thinning of the glacier tonfju&6.9m. The topographical
data refer to a local coordinate system for Coburg Islande ddordinates of georeferenced
satellite images were shifted into this local system usiogadinate transformation established
based on eight common points (landmarks). We estimate @abkpabr of the geolocation of
+10 m arising from the coordinate transformation.

The ice thickness is known at five boreholes (IEig] 6.1c) eftiiin 1975 to measure englacial

temperatures_(Blatter and Kappenberger, 1988). Ice teikulata were spatially interpolated
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Figure 6.2:Distribution of net balance as measured between Septerdbdi9Z4 and August
23, 1975. Mass balance stakes are indicated by crosses.

to provide a map of approximate bedrock elevation of Laikaciglr. The maximum ice thick-
ness is slightly above 100 m.

Meteorological time series

Homogeneous and continuous time series of daily air tenyrerand precipitation are required
to drive the mass balance model. However, continuous natepcal data for the Canadian
Arctic are sparse and climatic variability is high. Therefove combine various observational
series in the vicinity of the glacier and re-analysis da&nsjing over different time periods to
obtain a composite daily temperature and precipitatiores€1959 - 2006) for Coburg Island.

Data sets

Measurements of air temperature and precipitation on @olistand are available for the period
1973-1978. An automatic weather station was located 1 km free terminus of Laika Glacier
at "Coburg Island Base Camp”. The air temperatures weradedcevery 3 hours using a Sys-
tem Lambrecht 809 Pt100 temperature sensor mounted in arsi@v screen. The nominal
accuracy of the temperature sensot-13.3°C at 0C. The measurements during winter are not
used because of lower data quality due to rime formation.d&ite of the automatic weather sta-
tion were complemented with routine manual observationat@® and Kappenberger, 1988).
A Canadian standard snow and rain gauge with Nipher invérddvind shield was manually
read every 6 hours. A significant underestimation of préaijan is likely in the case of strong
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Table 6.1:Meteorological time series and re-analysis data (T: aiptxnature, P: precipitation).
The elevation of the weather station and the re-analysé agil, respectively, is given in m
a.s.l.

Station Time period Variable Elevation
Coburg Isl. Base Camp 1973-1978 T 4
Coburg Isl. Base Camp 1973-1976 P 4
Marina Mountain 1973-1978 T 730
Pond Inlet 1975 -2006 TP 55
Clyde River 1946 - 1996 TP 26
ERA-40 1959-2001 T,P 192
NARR 1979-2006 TP 115

* only during March to September in 1975 and 1976.

winds during snow fall events. Additional measurementsalydair temperature during the
summer months are available from an automatic weatheostati the top of Marina Mountain
at a distance of 7 km from Coburg Island Base Camp (Ei§. 6.tbTable[G.1).

Daily data of mean air temperature and total precipitatioriP@nd Inlet and Clyde River

(Fig.[EJa and Tabled.1) were downloaded from the climatbiee of Environment Canada.
These stations are at distances of 194 km and 373 km, resglgctiom Laika Ice Cap and were
chosen because their topographic setting is similar to €dlsiand and their data is almost void
of data gaps.

Additional information about the meteorological condi®is provided by climate re-
analysis data sets. We used the European Centre for MedamgeRWeather Forecasts
(ECMWEF) 40-yr Re-Analysis (ERA-40) air temperature andcgiation time series 1959-
2001 {Uppala and 46 othets, 2005). The ERA-40 re-analysis skt provides continuous and
consistent time series of 6-hourly air temperature andijpitation on the N80 reduced gaus-
sian grid, which was resampled to a cylindricakll® grid for this study. Daily mean values of
2m air temperature and total precipitation (liquid andd)pdf the grid point nearest to Laika
Ice Cap were downloaded. ERA-40 precipitation is based oailg tbrecast model and is
not assimilated from measured station data. Daily preatipi forecasts were assembled as in

Schmidli and others (2006).
Data from the NCEP North American Regional Re-Analysis (N®Rs available for the period

1979-2006 |(Mesinger and 18 otHelrs, 2006). The NARR dataaefhhigher spatial resolu-
tion than ERA-40. Three-hourly temperature and precijpitetiata are available on a grid of
approximately 32 km, however, with no overlapping periodhwn situ weather observations
at Coburg Island Base Camp. Thus, no direct comparison ofunements and re-analysis is
possible.

Composite temperature and precipitation series

We now describe how meteorological information origingtirom different sources was com-
bined to obtain a 50-year time series of daily temperatudepmacipitation for Coburg Island.
The weather data of Coburg Island Base Camp are assumed he lbest representation of
the local climate conditions. Daily air temperatures amghly correlated with those at Ma-
rina Mountain during June to Septembé~0.80), indicating that the weather conditions at the
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coastal station are not heavily affected by stable invessend can be extrapolated over the
entire elevation range of Laika Ice Cap.

The ERA-40 air temperature data could not be used to exten@daburg Island time series since
correlation between ERA-40 and Coburg Island Base Camphhosimmer temperatures was
absent or weak. The interannual variations are insuffilieapresented.

We compared measured weather station data from Pond IdeZigde River to the records of
Coburg Island Base Camp. Daily air temperatures showedisfasdory correlations between
the three sites. We resampled the time series to monthljutesoand found good correlation
between both Pond Inlet and Coburg Island Base Camp, as sv€lyae River and Pond Inlet
with linear correlation coefficients of+0.85 and 1=0.82, respectively. This allows transfer
functions for monthly mean air temperatures between thesgher stations to be established.
Using these linear regression relationships, the tempestecorded at Clyde River (1959-
1974) and at Pond Inlet (1975-2006) were scaled to CobuagdslIn order to obtain a daily
series we downscaled the 1959-2006 monthly air tempertitnesseries by applying the daily
temperature deviations from the monthly mean values of ga& $977 of Coburg Island Base
Camp.

We used daily average values of 2 m air temperature of the NgiRRpoint nearest to Laika Ice
Cap to check the plausibility of the temperature seriesinbthusing the regression method.
Due to its higher spatial resolution the NARR data set perfoslightly better than ERA-40
in capturing the year-to-year fluctuations of temperatur€oburg Island and provides some
validation of the composite temperature series.

The precipitation sums measured at Pond Inlet and Clyder Biv@ot correlate with the time
series of Coburg Island and are significantly lower. The ipration time series of ERA-
40 and NARR extracted for the grid points closest to Laikaci@la(about 10 km apart) were
compared. In the overlapping period the annual precipmasums of ERA-40 and NARR are
well correlated ((=0.64) and only differ by 1% on average. ERA-40 annual pitatipn (liquid
and solid) matches the data for Coburg Island Base Camp i8-1976 within 10%. We use
daily precipitation provided by the ERA-40 data set for tleeipd 1959-1979 and NARR daily
precipitation for 1980-2006. Summer temperature and dnmegipitation according to the
composite time series are shown in Figuré 6.3.

Satellite remote sensing data

Satellite data from various sensors are used to assessrieatcstate of Laika Glacier (Table
B.2). Glacier outlines were digitized from the panchromatiannel of the Landsat ETM sensor
for the years 2000, 2002 and 2006 at a spatial resolution of.TEhe spatial uncertainty in the
delineation of the ice margin due to shadows, limited catirathe image and perennial snow
patches is estimated as.00 m.

One track of the Laser Altimeter system GLAS on board of NASIEESat (Ice, Cloud and
land Elevation Satellite) is available for 2006 across baiacier (Fig[®llc). GLAS pro-
vides surface elevation data with a spatial footprint of 68md an along-track resolution of
170m. The accuracy of the elevation information is esticha@e+0.2 m for smooth terrain

(Shuman and others, 2006). In rough terrain the accuraaisrldue to the size of the laser
footprint.
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Figure 6.3:(a) Mean June-September air temperature and (b) annugbpagion according to
the composite data set for Coburg Island.

ASTER (Advanced Spaceborne Thermal Emission and Refle&amiometer) is a joint ef-
fort between NASA and Japan’s Ministry of Economy Trade amduktry (METI) and in-
cludes stereo viewing capability for digital elevation mbdreation at 30 m spatial resolu-
tion. The accuracy of the altitudinal information of the DENs estimated as-10m by
IStearns and Hamiltbn (2007). However, also larger erroes&sfm in complex high-mountain
topography are reportetl (K&4b and others, 2003). Retrivile ASTER DEM seems to be
particularly unreliable over fresh snow due to limited cast variability and generally high
reflectance values.

One good quality ASTER scene covering Coburg Island is alkalfor June 2004 and was
used to generate a DEM. We assessed the accuracy of the ASHMRbY comparing it to
GLAS ICESat elevation data in the vicinity of the ice cap omen-glacierized regions. We
find a root-mean-square error RMSE=14.5m (n=185). Aboven2@G.l. the ASTER DEM
underestimates surface elevation given by GLAS systealbtioy 9 m; at lower altitudes the
elevation of the GLAS tracks is reproduced well on averageer@pen sea the RMSE of the
ASTER DEM is 13 m. We assign an uncertainty4ef5 m to elevation information provided by
ASTER. In general, the ASTER DEMSs are capable of yieldingiimfation on significant spatial
changes in glacier geometry. However, they are not accaraiagh to allow the calculation of
ice volume changes for a small glacier. In this study, we heeASTER DEM of 2004 as an
independent spatially distributed data set for validatbthe model results.

Mass balance and surface evolution model

The temporal and spatial changes of Laika Glacier since d8&@ssessed using a grid-based
numerical model consisting of a mass balance model and dessndace evolution model.

Surface mass balance

Glacier surface mass balance is calculated using an acatiorumodel coupled to a distributed

temperature index melt model (Hock, 1999; Huss and 0th@68:@). In this model the degree-
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day factors are varied as a function of potential directrs@ediation to account for the effects
of slope, aspect and shading. Temperature index modelsaeellon a linear relation between
positive air temperature and meltr MOOS). Ségardies have shown that off-ice tem-

erature is well suited to simulate melt using temperatudex models (e.g. Lang and Braun,

).

Daily surface melt rates/ are computed by

+Ticesnovv[ T T>0
M:{ éfM Jonow I ) A (6.1)

where f\; denotes a melt factor;.. ... are radiation factors for ice and snow ands the
potential clear-sky direct radiation. Due to the empiricharacter of the temperature index
model the site-specific parametefig and ric./snow Must be calibrated using field data. Air
temperaturd” at every grid cell is derived using a constant lapse rdtile Precipitation is
assumed to increase linearly with elevatio®’(dz). A correction factor allows the adjustment
of precipitation sumsd,..), and a threshold temperatufg,.=1°C distinguishes snow from
rainfall. Liquid precipitation does not contribute to mdmedance. Parameter values and units
are shown in Tableg.3.

Regions with positive net balance at the end of the previaas gefine the firn area. Firn is
treated as snow in Equatibnb.1. The distribution of snow aikd.Ice Cap is highly influenced
by wind (Fig.[&2) and is relatively constant during the pewaith observations. In order to
account for the substantial effect of snow drift we derivadean distribution pattern of snow
from the in situ measurements of winter mass balance. Thé&ewbalance maps between
1974 and 1978 were normalized and averaged. This measuwenhalation pattern is used to
redistribute solid precipitation during each precipaatevent.

Table 6.2:Satellite remote sensing data used in this study. The etgtthacuracy refers to the
digitized glacier outlines (xy) and to the elevation infation (z).

Satellite  Sensor Date Source Spatial Used for Accuracy
resol. (xy) (2
Landsat ETM Jul 24, 2000 USGS/NASA 15m gl. outline £100m -
Landsat ETM  Sept 14, 2002USGS/NASA 15m  gl. outline +100m -
Landsat ETM  Aug 26, 2006 USGS/NASA 15m  gl. outline +100m -
TERRA ASTER June 12, 2004NASA/METI  30m DEM - +15m
ICESat GLAS Feb 3, 2006 NASA 170m elev. track - +0.2m

Table 6.3:Mass balance model parameters, values and units.

Parameter Value Units

fM 0.5x10°3 md-t°C!

Tice 4.32x10° m*w-ldteC!
Tsnow 1.32x10° m*w-ld-teC!
d7’/dz —5%x1073 °cCm!

dP/dz 0.03 % nr!

Coree 75 %
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Figure 6.4: Comparison of observed and calculated net balance andmaatance in 50 m
elevation bands as a mean of the years 1973/74-1978/79.

The comparison of daily air temperatures measured at Cdblagd Base Camp and Marina
Mountain (Fig.[G1Lb) reveals a lapse rate Gf/dz=—5°C km~! during July and August. As
these months are the most important for melt we used thig legde for the modelling. The
effect of refreezing melt water in the winter snow cover idiiactly considered by tuning the
parameters of the temperature index model such that thet deasonal mass balance data are
matched and the observed mass balance gradients are repdohig [6.4). Given the paucity
of field data additional parameters that explicitly takeiatcount refreezing (as e.g. eeh,
@) could not be constrained.

We define the mean specific net balabge(in m water equivalent) as the sum of accumu-
lation (solid precipitation) and ablation (snow- or icethelver the entire glacier during the
hydrological year (Oct. 1- Sept. 30) divided by that yeatacger surface area. We calculate
‘conventional’ mass balance (Elsberg and others, [2004) the glacier area is updated annu-
ally. The mean specific winter balankgis determined during the period October 1 to May 30
and summer balande over June 1 to September 30.

Glacier surface elevation change

In order to account for the change in glacier surface elemand ice extent over time we use a
simple model based on mass conservation. Glacier surfareejey and extent are updated an-
nually in response to the calculated mass balance distibutVe refrain from applying a more
sophisticated ice flow model because of the uncertain bkdaiewation (in particular in the ac-
cumulation area) and the missing in situ data for validat®everal rigorous assumptions have
been made in order to simplify the ice flow dynamics in our gréced approach. We assume
the glacier to adjust its geometry immediately to a changaiiface mass balance. Considering
the size and the relatively high mass balance gradients ibl@lacier this approximation is
reasonable. The importance of ice flux replacing mass loablgtion in the tongue is small in
periods of glacier retreat, allowing elevation changesatehe ablation area of Laika Glacier

to approach surface melt rates (Blatter and Kappenbergag)1
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Our method to update glacier surface considers two cases®$ ochange: (1), < 0 (mass
loss of the glacier): Regions where positive mass balancesr on the individual year are as-
sumed to remain constant in surface elevation. The accuetulee volumeB,.. is equally
distributed over the ablation area. For each grid cell inablkation area the surface elevation
change is given by the sum of the net balahicand the compensating effect of ice fléw,,,

in ice equivalent.b.,, is obtained withB,../A.u1, Where A,y is the area with net ablation.
Consequently, near the equilibrium libg+b...,, may be positive. We condition the surface
elevation not to increase and distribute positive resgloéb,, +b...,,, further downglacier. For
almost 90% of the study period case (1) occurs. The assungmi@ supported by the observa-
tion of small elevation changes in the accumulation arearapid thinning in the ablation area
during a period of glacier retreat on several Arctic ice d@pg. Abdalati and others, 2005). (2)
b, > 0 (mass gain): Elevation on the entire glacier surface irsergavith the calculated rate of
the mean specific net balankein ice equivalent. This uniform thickening is assumed to oc-
cur immediately in our model, whereas in nature the spalé&bdéion change patterns are more
complex and are delayed by several years. However, we aar$id simple parameterization
to be a first order approximation of glacier geometry changbe case of a mass gain (calcu-
lated for only 6 years of the study period). The glacier exétthe end of each year is inferred
by comparing the updated glacier surface elevation witthddrock elevation at all grid cells.
The glacierized area shrinks where the ice thickness drejosvizero.

The applied procedure is simple and does not require inpat ather than the mass balance
distribution, as well as being insensitive to uncertasiie the bedrock elevation except for
regions near the glacier terminus. In comparison to phygiedlow modelling, our method is
an alternative well suited to glaciers for which neithergagerm measurements of flow speeds
nor exact knowledge of the entire bedrock geometry exist.

Table 6.4:Measured and calculated net balahgeand winter balancé,,, and observed equi-
librium line altitude (ELA) for Laika Glacier in all years wi field data.

Year Area [pmeas  peale  pmeas  peale  E| A0bS
(km?) (mwe.al) (mwe.al) (mas.l)

1973/1974 4.17 -0.41 -0.32 0.39 0.29 410
1974/1975 4.17 -055 -0.46 0.46 0.19 420
1975/1976 4.15 -0.19 -0.33 0.18 0.21 300
1976/1977 4.14 -0.40 -0.24 0.29 0.33 400
1977/1978 4.13 -0.15 0.23 0.27 0.28 300
1978/1979 4.13 0.02 -0.16 - 0.20 260

Model calibration and validation

The glacier mass balance and surface evolution model isratdid and validated in a multilayer
procedure including all available data: (i) ice volume dp@awof the Laika Glacier tongue for
1959-1971, (ii) measured distribution of glacier surfaeseand winter mass balances for 1974-
1979, (iii) extent of Laika Glacier known from aerial photaghs in 1971 and the Landsat
scenes for 2000-2006, (iv) GLAS ICESat elevation data f@&@nd (v) the ASTER DEM of
2004. Data types (i) and (ii) are used for calibration of thesmbalance model, (iii)-(v) are
used for validation of the combined glacier mass balancesarfdce evolution model.
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The parameters of the mass balance model are tuned to matofetsured ice volume change
1959-1971. This is achieved by varying the melt parametg@ndr;cc/snow- The accumulation
parameters,,.. and d°/dz are calibrated simultaneously to optimize agreement batvike
calculated and the observed seasonal mass balance gi@aieit4). Comparison of observed
point mass balances interpolated on a regular 25 m grid wiabehresults showed a RMSE
of 0.32 mw.e. for net balance and of 0.08 mw.e. for winter heda Measured and calculated
mean specific mass balance quantities are shown in [abl&6éme of the differences are due
to varying evaluation periods; calculated mass balance&ngn a fixed-date system, whereas
field mass balance refers to a measurement period. This didg only be accounted for in
some years as the dates of the field surveys were not docuisrsimatically.

The model is run for the period 1959-2006 and achieves gooekatent with the GLAS el-
evation data (Fig_6l5). The RMSE of model and measuremeris7/im. Measured glacier
outlines in 1971 (aerial photographs) and 2006 (Landsatfampared to the model results and
the observed glacier extent is reproduced well (Eid. 6.6 distribution of surface elevation
change of the tongue of Laika Glacier is captured by the moded71 (Fig[€1). The ASTER
scene of 2004 provides an independent validation of the hredalts in the spatial domain.
The differences are within the range of uncertainiyl 5 m) of the satellite DEM (Fid.8.7).

Elevation change (m)
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Figure 6.5: Comparison of the ICESat GLAS and ASTER elevation data witldeh results
on the glacier cross-profile C-D displayed in Figlird 6. 1@v&tion changes are relative to the
glacier surface in 1959. Error bars show the uncertaintlerASTER DEM.

6.4 Results and discussion

An increase in surface elevation of about two meters is fonmnie upper reaches of the glacier
by comparing the 1959 DEM and the ICESat GLAS elevation dag066 (Fig.[6.5) in spite
of a substantial overall mass loss of the glacier. A similasayvation was previously made
in different regions of the Arctic during subdecadal timeipas (Krabill and othels, 2000;
IBamber and others, 2004; Abdalati and others, 2005). brtéickening was attributed to an
increase in precipitation by Abdalati and others (2005)l®kv ice-coring on Devon Ice Cap,
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Figure 6.6:Calculated extent of the piedmont tongue of Laika Glaciesf@apshots in (a) 1971,
(b) 1990 and (c) 2006. Observed glacier outlines in 19591 B&d 2006 are shown. Grey scales
indicate the calculated surface elevation change sinc@.195

however, does not support this interpretation (Colgan dwati$ 2008).| Koernet (2005) ex-
plains the observed thickening with a change in ice dynanheesflow from the accumulation to
the ablation area has decreased leading to a rapid thinhthg glacier margin and an increase
in surface elevation in the interior. Our study cannot pde\a final solution to this question, but
shows that a small Arctic glacier exhibits a behavior sintitethat reported for larger ice caps.
Furthermore, our results indicate that the trend of periglht@inning and interior thickening is
even revealed when considering a period of five decades.

Significant lowering of the surface occurs in the lower reacbf the glacier (Fig_8l6 and
[E1). Glacier surface elevation decreased by up to 50 m hearurrent glacier tongue, which
corresponds to mean thinning rates of more than I mahis has led to a substantial retreat of
Laika Glacier over the past five decades. A disintegratioitsgsiedmont tongue was initiated
two decades ago. Interestingly, about one third of the &avahanges on the piedmont tongue
of Laika Glacier occurred in the period 1959-1971, the fiestatle of the study period. Glacier
retreat slowed down in the 1970s and displayed increasieg egain in the 1980s and 1990s
(Fig.[E8). Laika Glacier has decreased in area by 23% antbbb24% of its volume between
1959 and 2006.
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Figure 6.7:Longitudinal profile of the piedmont tongue of Laika Glacfdash-dotted line in
Fig.[61c). The model is capable of reproducing the surfdeeaton change of the glacier
tongue between 1959 and 1971 and is consistent with the ASTER within its uncertainty
(=15 m). Dark shading represents the glacier in 2006, lightlisigethe bedrock.

The cumulative modelled mass balance is —19.6 mw.e. [EH#). 6The first three years of
the study period are characterized by highly negative sunim@ances. The rate of mass loss
shows no accelerating trend (FIg.16.9). Mass loss by ineckaselt due to rapidly rising air
temperatures (Fig._8.3) is partly compensated by highatiitation sums and the substantial
decline in glacier area at low elevations (H1g16.6).

We compare the mass balance time series derived in this stuithe data of Devon Ice Cap
NW (WGMS,12000| Koernet, 2005) situated at a distance of aB0km from Coburg Island.

Laika Glacier exhibits much higher cumulative mass lossedager annual fluctuations of the
mass balance (Fig.8.9). The average mean specific net badéitize entire Devon Ice Cap is
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Figure 6.8: Calculated time series of (a) glacier area and (b) lengtimghaf Laika Glacier
in 1959-2006. Measured data points (area and length) basptia@ogrammetry and Landsat
images are shown.
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Figure 6.9:Calculated mean specific mass balance quantities showmsnwenter balancé,,
(positive), summer balandg (negative), net balandg (hatched), and cumulative net balance
of Laika Glacier in 1959-2006.

estimated as —0.13 mw.e:'afor the period 1963-2000_(Mair and otHers, 2005), whereés it
—-0.33mw.e. a! for Laika Glacier during the same period.

The mean equilibrium line altitude is at about 350 m a.s.ILaika Glacier (Tabl€®&l4). This is
much lower than on Devon Ice Cap or on White Glacier, wherertbli-decadal ELA is situ-

ated at about 1000 m a.s.@\/&bom. We attribute tHisréince to higher precipitation
sums on Coburg Island due to the vicinity to the North Watdy®@. The low elevation of
Laika Ice Cap makes it highly sensitive to changes in air enaifpire.

The model results enable us to calculate altitudinal massiba gradients directly derived from
the gridded data sets of mass balance distribution. The meas balance of Laika Glacier was
evaluated in 5-year intervals in five elevation bands (Effidb In the lower reaches of Laika
Glacier the mass balance becomes increasingly negatiezeasthere is only a minor decrease
in net accumulation in the highest regions of the glacier. fiW a mass balance gradient of
—0.005 a' during the first two decades of the study period and —0.00aathe beginning of
the 21st century (Fig.6.10). Increasing mass balance@mtalhave been observed on various
glaciers and indicate higher mass turn-over and, thuseased sensitivity to climate change

(Dyurgerov| 2003).

The calibrated glacier mass balance and surface evolutaatehis run for the 21st century in
order to estimate the stability of Laika Glacier during tlegtdecades. We assume linear trends
of air temperature and precipitation based on the SRES A&Bas® @Zmﬂ. In order
to force the glacier model we construct a future daily meitemical time series. We randomly
select years of the composite 1959-2006 series, shiftaim@inal means to the anticipated mean
values of temperature and precipitation and perform 10 o in order to eliminate effects
of intra-annual meteorological variability on the resulfehe means of these multiple model
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runs are presented. The parameters calibrated in the gasisaumed to be constant in the

future.

A rate of air temperature rise of +0.05a ! and a change in annual precipitation of +0.2% a
are assumed (Fif.&l11a and b). The model results indicaeraake in glacier area of 48% by

Net balance (m w.e.)
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N

Figure 6.10:Calculated mean net balances evaluated in 5-year intdordlge elevation ranges
of Laika Glacier. Numbers on the left give the altitudinalesx in m a.s.l. of the elevation band

considered.
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Figure 6.11:Projections of future changes in Laika Glacier based on RESA1B scenario

(IPCC,2007). Time series of (a) June-September air tertiypesaand (b) annual precipitation,
(c) calculated Accumulation Area Ratio (AAR) of Laika Glacand (d) changes in glacier area
and (e) ice volume. Data points before 2006 are modelledjubem composite meteorological

series (Fig_613).
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2050 compared to 1959. Laika Glacier is expected to havé st of the 1959 ice volume by

2050 (Fig[8.1lLd and e). After about 2045 the equilibriune liiles above the summit of Laika

Glacier in all years, impeding net accumulation ([EIg.5)1Tichis leads to accelerated glacier
wastage and a complete disappearance of Laika Glacierebferend of the 21st century.

The glacier model has several limitations. (i) By calibmgtihe melt parameters using the direct
mass balance measurements performed in the 1970s the fagreeh melt water refreezing in
the snow cover is implicitly assumed to remain constant twee. This may not be the case
in a dynamically changing climate system and could leaditoreiin the projections of future
ice extent. (i) The representation of the change in firn carel the parameterization of the
melt rates over firn are not well backed up with in situ measems. (iii) Altitudinal tempera-
ture gradients over glacierized surfaces display sigmifizariations (e.d. Marshall and others,

). We assume a constant lapse rate found by comparingiéather stations on Coburg
Island. Nevertheless, the glacier mass balance and swetatetion model is able to match
various field data types covering different time periodshwittheir range of uncertainty. Our
model approach seems to be a reasonable description of §tempmrtant processes governing
the retreat of Laika Glacier.

6.5 Conclusions

The temporal and spatial changes of Laika Glacier duringptst five decades were assessed
using in situ measurements, observations from space, addlhimg. We provide homogenized
long-term mass balance time series for a small glacier irC#aeadian Arctic. A substantial
mass loss of Laika Glacier during the last five decades isrede the calculated cumulative
mass balance is —19.6 mw.e., corresponding to —0.41 mw.elaika Glacier has decreased
in area and ice volume by more than 20% between 1959 and 2086tsgpiedmont tongue is

in a state of disintegration. Our results indicate a sigaifidrend towards higher mass balance
gradients. Model runs driven by climate scenarios predi@eceleration of glacier retreat and
the disappearance of Laika Glacier before the end of the &isury. This study provides
evidence for the rapid wastage of small arctic glaciers spo@se to recent climatic warming.

Our methodology merges large-scale climate re-analyses skts (ERA-40, NARR), satellite
remote sensing data from various sensors (Landsat, ICES&tR) with direct field measure-
ments. None of these data sets is complete in terms of spatiatage and temporal resolution.
A distributed glacier mass balance and surface evolutiodaihallows gaps to be closed and
glacier mass changes in high temporal and spatial resoltdibe derived. The combination of
data sets complementing each other and modelling is of hamefimay provide comprehensive
and accurate information on long-term glacier change. Wehasize that such research needs
to be concurrently executed with field measurements, ngttornprovide a "reality check”, but
also to maintain and further develop glacier models andlgateemote sensing algorithms.
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ABSTRACT: The future evolution of Unteraargletscher, a large valleyglacier in the
Swiss Alps, is assessed for the period 2005 to 2050 using a fio@ model. De-
tailed measurements of surface velocity from the last decadallow us to relate ice
flux to glacier thickness and width. Mass balance is calculad using a distributed
temperature-index model calibrated with ice volume changs derived independently
from comparison of repeated digital elevation models. The mdel was validated for
the period 1961 to 2005 and showed good agreement between gimulated and ob-
served evolution of surface geometry. Regional climate searios with seasonal reso-
lution were used to investigate the anticipated response &fnteraargletscher to future
climate changes. Three mass balance scenarios were defineoresponding to 2.5 %,
50% and 97.5 % quantiles of a statistical analysis of 16 diffient climate model re-
sults. We present a forecast of the future extent of Unteraagletscher in the next five
decades and analyze relevant parameters with respect to thmast. The model predicts
a retreat of the glacier terminus of 800-1025 m by 2035, and df250-2300 m by 2050.
The debris coverage of the glacier tongue reduces the retreeate by a factor of three.
The thinning rate increased by 50-183% by 2050 depending orhe scenario applied,
compared to the period 1997 to 2005.
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7.1 Introduction

Glaciers are considered to be sensitive indicators of ¢énEhange (e.gm@m;
\Oerlemans and Fortiin, 1992; Haeberli, 1995). During thedantury, Alpine glaciers suffered
major mass losses (elg. Vincent and oihers, [2004). Largearggements in alpine systems due
to glacier retreat or complete disappearance will resathfthe likely acceleration of climatic
warming during the next decades. These changes affectvire@ment on local and on global
scales. Water resources are expected to diminish and seymifsocietal impacts in periph-
eral regions are anticipated. Therefore, the investigaifaylacier retreat and the development
of methods for its prediction are important in order to bepared for the new environmental
situation.

The parameterization of glacier mass balance is of crumpbrtance to the investigation of
glacier reaction to a warming climate. In recent years a waigye of models has been de-
veloped to calculate mass balance using climatologicatmbsions (e.gl. Braithwalte, 1995;
Hock,[1999] Hock and Holmgren, 2005; Schaefli and others ZR8lliciotti and othe's, 2005;
\Gerbaux and others, 2005). Energy balance models diredtlseas the physical processes at
the glacier surface. Temperature-index models are basatmmgar relation between positive air
temperature and melt rate. Ohmura (2001) demonstratethenahysical base of temperature-
index modeling is stronger than previously assumed. Médiighly correlated with longwave
heat flux, for which air temperature is a good indicator.

Several studies investigated the consequences of chatgmgerature and precipitation on
alpine glaciers. Some works are focused on sea level changéZuo and Oerlemzans, 1997;

MMMMMMWMOM&M) conducted a study
on the change in hydrological variables in several highicmrized alpine catchment basins
with a statistical distribution of regional climate modelsit without taking the ice motion

into account. The reaction of the glacier front to a shift limate variables is related to the
ice flow (Johannesson and oth 989). Therefore, reldlsopeedictions of the response
of an individual glacier with sufficient spatial and temdoaacuracy are only possible us-
ing a combined ice-flow mass-balance model approach. \Walkmd van de Wal (1998) and
\Oerlemans and othets (1998) applied flowline models witlpmarameterizations of climate
change to a number of alpine glaciers._Schneeberger andiq2@91) used a 3-dimensional
flow model and a glacier melt model forced by downscaled GCputs to calculate the re-

sponse of Storglaciaren, Sweden.

The assessment of ice volume and glacier extent in the neatés requires the incorporation
of climate change scenarios. There are several factors adrtainty in climate projections.
First of all, the socio-economic and technological develept of our civilization, which will
determine the future emission of greenhouse gases, is notrkrOur knowledge of the climate
system and its processes and feedback mechanisms isnsitiidi and there are various ways
to describe the system by using quantitative models. Imiteasars, a large number of climate
change models has been develoumZOOl) A prolyathigitribution function (PDF)
can be derived by evaluating a whole set of model resultsaiitérent, but realistic, boundary
conditions. This has been done on glohal (Wigley and Rag@]Pand on regional scales
(e.g..Frei and others, 2006). A PDF provides a better quaivét estimation of the modeling
uncertainties, and allows the future range of climate chdaode inferred.

In this study we present a combined ice-flow mass-balancematiich is driven by regional
climate scenarios for temperature and precipitation ceamgth seasonal resolution. The high
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temporal and spatial resolution used for this work allowsougerform detailed predictions of
future glacier evolution based on field measurements angstabodeling approaches.

The presented study was initiated as part of an extensigeqrof the hydro-electric power
company Kraftwerke Oberhasli AG (KWO). The company managesystem of several
dammed lakes in the catchment basin of the Aare river. Teeas® the system performance,
the possibility is considered of raising the maximum lakeel®f Grimselsee (lake), its largest
reservoir, by 23m. This lake is situated in the valley of Wasggletscher, 1 km downstream
from the current glacier terminus. The planned raising efl#tike level would flood the glacier
forefield up to the current glacier snout. In order to assdsstier the lake water would come
into contact with the glacier after the completion of thejgeb (in 2012), we performed numer-
ical simulations of the future glacier evolution until 205® achieve this goal, we developed a
flowline model applying novel approaches to ice-flow and risdance computation by carry-
ing out the following steps:

the setup of an empirical ice-flow model based on flow-speeasorements,

distributed modeling of mass-balance using temperatuteescipitation data,

verification of the flowline model in the past by comparing tlesults with measured
glacier surface geometries, and

incorporation of state-of-the-art climate scenarios i mass-balance model to simu-
late future conditions.

7.2 Study area and relevant data

With a length of approximately 13 km, Unteraargletschermis fourth largest glacier in the
Swiss Alps. The temperate valley glacier covers an elenaiage from 1900 to 4000 ma.s.l.
Two main tributaries, Lauteraargletscher and Finstetaether, merge to form the Unter-
aargletscher extending about 5km eastward of the confluareze with a mean slope of 4
(Fig.[Z3). Unteraargletscher is largely debris-covened eharacterized by the dominant fea-
ture of an ice-cored medial moraine. The thickness of theisiebver is generally 0.1-0.2m,
but increases progressively toward the glacier terminugi@ma/ 2003).

In the last two decades Unteraargletscher was the objeckteh&ve field studies focus-

on the geometry of the glacier and its bed (Funk and offf994;| Bauder and others,
ﬁ) mass balancé_(Baud 001), basal processes éFisutothers, 2001; Rousselot,
2006), hydrology [(Schulef, 2002; Fischer and ofhbrs, 12668 dynamics|(Gudmunds$on,
11999; Sugivama and Gudmundsson, 2004; Helbing, 2005).

The relevant data sets for the setup of the flowline model eadiladed into five categories:
() surface and bed topography, (ii) thickness changéass(irface velocity measurements, (iv)
ablation measurements and (v) climate data. Since 1924ahnmeasurements of thickness
changes and surface velocities at 13 profiles have been cmwtluAfter 1990, photogram-
metric analysis of aerial photographs replaced previols $ierveys and the measurements on
profiles were expanded by applying digital elevation mo@@EM) to the whole ablation area
(Flotron, 1924-1998). We used the velocity measuremenitsnd@raargletscher at profiles 1 to 6
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Figure 7.1: Map of the ablation zone of Unteraargletscher. The extemtedifis-covered ice
is grey-shaded. The hatched area confines the part of thiegéacwhich the modeling was
performed and the dashed line marks the central flowline. udhmeasurements of surface
velocity are available for the cross-section profiles 1 to 6.

(Fig.[Z12) in the period 1989-2001 for the development oftkeflow model. DEMs of the abla-
tion area are available for 1990-1992, 1995-1999, 2003 808 PFlotron, 1924-1998; Bauder,
2001; unpublished data VAW/ETHZ). By comparing the eleMatthanges of the DEMs volume
balances were derive@dﬂoon. A dense network ai-esxho sounding profiles covers
the ablation area of the glacier (Bauder and others,|2008).aEcuracy of the bed topography
is in the range of 5% of the ice thickne@lmoon. dDiablation measurements on
Unteraargletscher are available at up to 40 stakes for thedp£996 to 2001@@01).
Temperature and precipitation have been measured sin@at $bibdaily resolution and since
1989 at hourly resolution at the MeteoSchweiz weatherstati Grimsel Hospiz, 1980 ma.s.l,
located within 7 km from the glacier terminus.

Additional data cover the entire last century and providesgalities for comparing the predic-
tions of the flowline model with long data series of the pastniéal records of length change
of Unteraargletscher extend back to 1871. Six DEMs of thelevgtacial system were derived
by evaluating old maps and aerial photographs (Bauder dmt®t2007). Volume changes
and rates of glacier thinning can be established for more 25 years. A nearly constant
glacier retreat has been observed since the records begart. ggriods of positive mass bal-
ance (for example in the 1980s) are not revealed in the lectyihge record. This is because
Unteraargletscher has a response time of 70 to 100 yearsdaggto the volume-time scale of

Jéhannesson and others (11989) and does not reflect shurtlierate variations.
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7.3 Flowline model

A site-specific one-dimensional flowline model was devetbjoe Unteraargletscher below pro-
file 6 (Fig.LZ). The temporal evolution of the glacier sugas given by the continuity equation

Oh(z,t) 0 Q(z,t)

T g (7.1)

where( denotes the ice flux through a cross sectidhthe glacier width) the mass-balance
rate andh the ice thickness. The-axis follows the flowline. Equation—.1 is solved expligitl
with a grid spacing ofAz =25 m along the flowline and a time step&f=1d. At each grid
point and time step, 1V andb are calculated as described in the following subsections.

Ice-flow model

Ice velocityu observed on a glacier surface is composed of a compaeneahte to deformation
of the ice mass and a componentdue to sliding over the be m994). The deforma-
tion of ice can be described by the conservation equationsask and momentum together with
a constitutive relationship accounting for ice rheologg@@S). The motion at the base
including a variety of relevant processes for sliding anfibdweation of the bed itself is an im-
portant, but poorly understood, element of ice-flow dynamidnder real conditions the stress
field in glacier ice is very complex and can only be solved nucady (e.g.mn,

). The detailed measurements of surface geometry dadityemade over a period of
more than one decade in recent years offer an alternativéon@giculate the ice flux along the
flowline.

To incorporate two-dimensional effects into the ice-flowdalp we define an empirical rela-
tionship between the ice flux through a glacier cross se@mhthe central ice thickness by
using measured data. The ice fl@xthrough the profiles 1-6 is calculated by integrating flow

speed in cross sections.
W rh(y)
o= [ [ utwz)dzay (7.2)
0 0

takingy across the glacier and z perpendicular to the B&dis given in Flotron (1924-1998)
and the thickness is obtained from radio-echo sounding and DEM. The verticstridbution
of the horizontal flow speed s calculated from measured surface velocity with an assiomp
of simple shearindﬁhdﬁb%),

u(z):ub+us{1— (h;'z)nﬂ} . (7.3)

The surface speed, across the profiles was measured annually from 1989 to 2001 ar3

is used as the exponent in Glen’s flow law. We assume, thatabkal Isliding speed,, ac-
counts for 50% of the surface speed based on bore-hole amecétry on Unteraargletscher
(Gudmundsson and others, 1999; Helbing, 2005). Variaiiotise fraction ofu, would lead to
a maximum sensitivity in the calculated flux of 10%, whiclslia the range of uncertainty of
the other variables.

The calculated fluxes through the six cross profiles for thersy/@989 to 2001 enable us to
parameterize ice flux with ice thickness at the center linthefglacier (Fig[_ZJ2a). For this



110 CHAPTER 7. MODELLING THE RETREAT OF UNTERAARGLETSCHER

x 10°

H
N

| a 3rd order fitting +
y=0.12x>+33x?~1765x+48977 ¥

= =
® o N

Flux (m3 a™?)
[}

0 100 200 300 400

16001 b  2nd order fitting
y=0.004x?+0.17x+701

—~ 1400
£
z
= 1200(
= P1
@ 1000}
(@]
©
O goo}
+
P4 P5 P6
H-
600} +
0 100 200 300 400

Ice thickness (m)

Figure 7.2:Empirical site-specific relations between central icekhéss and ice flux (a), and

ice thickness and glacier width (b) for Unteraargletscl@&osses correspond to data of indi-
vidual years. Data clusters relate to the position of thdilesoindicated by P1-P6 (Fig_T.1).

Equations of the polynomial fits are given.

empirical relation a third order fit yields good agreememtdth profiles. Another empirical
relation (Fig.[ZPb) between ice thickness and glacier wvidtused to obtail” in Equation
[£2. The values for the lowest two profiles do not match wethwhe fitted curve. Their
influence on the computation, however, is not substantiateashickness and flow speed are
minimal.

Using this approach we can calculate the two-dimensiomaflix through cross sections di-
rectly from the central ice thickness (Fig.17.2a) and obtfagone-dimensional flux based on the
glacier width (FigC’ZRb) at every point along the flowlineheTice flux needs to be prescribed
as the boundary condition at the upper end of the model dorais quantity is obtained from
the empirical relationship shown in Fig_F.2a. Thus the ngash evolution of the glacier is
taken into account in an indirect manner only. This paraneeon is justified if we assume a
constant mass-balance gradient over time.
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Mass-balance model

We use a distributed temperature-index momml%gpked with an accumulation
model for the calculation of the spatial distribution of mé&slance. It elaborates on classical
models using degree-day factors by varying these as a imafipotential clear-sky radiation
in order to account for the effects of slope, aspect and slgadiemperature and precipitation
at a nearby weather station are required field data. Surfatieaes)/ are computed by:

 tanenficed) T 2 T >0
M:{((]fM fiel) A (7.4)

where f\; denotes a melt factor,,. .. are radiation factors for snow and ice anhds the
potential clear-sky radiation. is calculated with a DEM on a 25 m grid at hourly resolution.

Large parts of Unteraargletscher are debris-coveredelétiverage is continuously thicker than

several centimeters, this causes a significant reductiablafion (Kayastha and othets, 2000).

Stake measurements on Unteraargletscher show stronglsatability of icemelt. To account
for the effect of debris-covered ice, ablation was cormatsing a constant reduction factor

faebis (Schuler and others, 2002). The melt rateover debris-covered surfaces is calculated
as

= (fM + TiceI)T X fdebris : T'>0 (75)

The factorfy..is IS determined as the mean reduction of measured ablatidakatsson debris-
covered ice in comparison to stakes on bare ice surfaceg isame elevation rang€qcp.s IS
0.5 and is supposed to remain unchanged over time. This assumwill be discussed later on.

Air temperature at every grid cell is calculated with a cansfapse rate of =6102°Cm™1.
The hourly measurements of temperature and precipitati@riensel Hospiz are taken to be
representative of the modeling area. In this model approeatrection factors account for
gauge under-catch errors and increased losses in the caskdgbrecipitation. Precipitation is
assumed to increase linearly by 1.5% /100 m. A threshold ¢zatpre distinguishes snow from
rainfall with a linear transition range (06 to 2.5C) of the fraction of the solid and the liquid
phasemm% The spatial distribution of solid ppéation is corrected by taking into
account the effects of snowdrift and avalanches. This isegeld by evaluatin curvature and
slope based on a DEM, similar to a procedure discussed ircBlasd othef

The applicability of temperature-index models dependsercalibration of the key parameters
with field data. A site-specific relationship is establishetiveen melt ratd/ and positive air
temperaturdmm&. For the presented model thettige melt parameters to calibrate:
v, Tiee @Ndrgnow. The precipitation parameters mainly affect accumulatiidre modeled area
lies in the ablation zone in all years considered. Therefibre results in this region are less
sensitive to the precipitation parameters and they ar@stahdard values.

For the determination of an optimal set of the melt paramsetex use ice volume changes
derived from DEMs. 10 DEMSs for the calibration period 199003 are obtained from grid-
based high resolution evaluation of aerial photographscedainty is estimated as0.3m
(Bauder, 2001). Border lines of the glacier are digitizeahfrthe aerial photograph. This
step can pose some problems as the limit of the glaciatedisureat always visible because
of debris coverage. By comparing elevation changes betéeeDEMs within the glacierized
area of the modeled region we calculate mean thickness ekaBg assuming an ice density of
900 kg n® we obtain the change in water equivalent between two DEMs.oMerall accuracy
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of the volume change evaluation is estimatecdtd$9% for annual time steps antd5% for
longer periods.|_Bauder and othets (2007) give a detailedvimwe about the calculation of
volume changes based on DEMSs and their uncertainties.

As the DEMs do not cover the entire glacierized area, thevéérvolume changes cannot be
compared directly to the simulated mass balances. The wdlvange\ V. of the modeled re-

gion has to be corrected with the ice flux from the accumutedi@a counteracting the thinning
of the glacier tongue due to ablation. The mean specific malss\e of the modeled region

b IS therefore
_ A‘/mr - QP6
Amr ’

whereQpq is the ice flux through cross profile 6 arg,. the area of the modeled region.

Drar (7.6)

The applied calibration procedure proved to be well suitedie purpose of this study, because
all quantities in Equatiofi 4.6 are not point based, rathey thtegrate overall spatial changes
of the entire glacier. Our focus when calibrating was on clative results of simulated mass
balance and corrected volume change. Thus deviations ividiodl years due to inaccurate
determination of mass balance, ice flux or volume changea®ged out. Good agreement
was achieved between calculated mass balance and corkettede change in the modeled
region (Fig.L.ZB). Subsequently, the results are comparettid measured melt at ablation
stakeséﬁﬂe 1), which serve as independent vernifighe calibration procedure. The
field data correspond well to the simulations. Mass balasnetimodeled accurately at all stake
locations, which can be explained by the considerable irdgmmeity of the debris coverage.
However, the variability of ablation is averaged out sgitiaThe simulations of the mass-
balance model calibrated with corrected volume changeshar® consistent with the direct
ablation measurements.
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Figure 7.3:Calibration of the model parameters with simulated masaraa (solid line) and
corrected volume change (crosses) in the modeled region.

Melting in the ablation area is characterized by two diffénmass-balance gradients (below
2500 ma.s.l) due to the two different ice surfaces: delmisred, and bare (Fig_T.4). The
measurements at ablation stakes support this finmmy The larger scatter in the
accumulation area (abowe2900 m a.s.l.) is due to snowdrift and slope effects.

In order to relate mass balance to the flowline with a variglelemetry, we parameterize mass
balance dependent on elevation. Accumulation and ablatiargiven altitude is a function of
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Figure 7.4: Distribution of mass balance with elevation: October 1998ctober 1999. The
solid line represents the mean mass balance in elevatissedaf 25 m and the dashed lines
the rms-deviations of mass balance from the mean valuedatells (dots). Below 2500 m a.s.l.
there are two clearly distinguishable gradients for baa@ebris-covered ice. Triangles show

the measured ablation in 1998/1999.

climate variables and is calculated by the model describesiea We assume slope and aspect
at a fixed elevation to remain unchanged. Thus, the massd®lgradient does not change,

which corresponds to observations on alpine gla

the perturbations of the climate variables.

). Itis shifted according to

Table 7.1:Model parameters, values and units

Value/Range Units

Parameter Symbol
Ice flux in cross section Q
Glacier width W

Ice thickness h
Mass-balance rate b

Melt rate M
Potential clear-sky radiation [

Melt factor fu
Radiation factor ice Tice
Radiation factor snow Tsnow

Reduction factor debris- fiebris
covered ice

0-12<10°
0-1200
0-330
—7-4
0-0.018
0-1368
0.63x10°¢
0.82x10°¢
0.60x10°¢
0.5

m3a !

m

m

ma'

mht!

W 2

m h—l oc—l

m3 Wfl hfl ocfl
m3 Wfl hfl ocfl
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7.4 Future climate

Climate scenarios for the Alpine region

The climate projections are based on simulations of the PRVUOCE project
(Christensen and others, 2002). A statistical analysimfresults of 16 regional climate
models for Switzerland was performed EHEOO?) Thesealts are derived from model
chains of different emission-scenarios and downscaled GOiguts. mn computed
a 95% confidence interval for the evolution of temperaturé precipitation in a seasonal
resolution for 2030, 2050 and 2070. Figlrd 7.5 shows thdteesithis study. The given values
are changes relative to 1990. The temperature rise is mosbpnced in the summer season
and is +1.4C until 2030 and +2.7C until 2050, respectively. In winter, a slight increase of
precipitation +8% until 2050 is expected, whereas a deerebs17% until 2050 in summer is
predicted@iﬂ)?).

Mass-balance scenarios

We define three climate change scenarios: two extreme éwotuand a median scenario, ex-
pected to be the most probable evolution. Scenario 1 is nawstdble to glacier existence,
Scenario 2 adopts the median of the statistical anal@ tE!T_O_JV) and Scenario 3 is based on
the most dramatic climate change assumptions [E1§). 7.5 abf7T2).

We use the model presented in Secfiod 7.3 to calculate fubha®s balances. By applying
this method we do not have to rely on statistical relatiortsvben climate variables and mass
balance as proposed by previous studies, but calculatenadation and melt directly in high

a | 2030 0 b | 2030 | 7

| | == 2050 ; ; | 1.4 ‘ ; 2050 | |

ol L= 2070 g g i g —_— 2070 | ]

| i i i &2 | 12 i i -

g | a7 i a7 | 8 ERE! 13 | i

- L . . . i A L= . . ]
= i i i o 1.04 1.05 i !

I 4F : : : 4~ [ = T) : " 100 il
R | s | 2100 : Tuy T T T B
g f = f f S | - Dom 5o 0-92l i
[} r . . . b Q r . . . b
A : : : %) . . .

= | - | ;e | o | 1

: : : 0.8 : : : B
2F 18 D18 i T 7 : i i i 1
- ! D14 3 8 - ! ! ! :
i 0 | B ] I | 3 3 1
N | N | . 06 .05 0.6 : : : ’
oL | | ] ] | | |
DJF MAM JIA SON DJF MAM JIA SON

Season Season
Figure 7.5:Expected climate change for the northern flank of the Alpsegssnal resolution
for 2030, 2050 and 2070. The bars show the 95% confidencevatténe horizontal lines the
median value. Temperature (a) and precipitation (b) seehare relative to 1990. Figure by

\Ereli (2007).
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Table 7.2:Definition of the climate scenarios according tolFrei (20871 Figur&Z5.

Scenario Temperature Precipitation
change quantile change quantile
Scenario 1 2.5% 97.5%
Scenario 2 50% 50%
Scenario 3 97.5% 2.5%

temporal resolution. Thus, feedback mechanisms, suchhgel@blation seasons, larger por-
tions of liquid precipitation etc., are implicitly include The parameters of the mass-balance
model were calibrated for the period 1990 to 2005. To sineutass balances in the next 50
years using the same parameter set, time-series of tempeeatd precipitation with identical
temporal resolution are required. In the future, the meadiofate variables is supposed to
change, whereas we assume their characteristics (e.gatlamplitudes) to remain the same,
thus justifying the applicability of the model parametassthe next decades.

Based on each year of a 1990 to 1999 reference period, a tatapetime-series of hourly
resolution was generated as follows: each hour vahfeyear; (j=1990,...,1999) is corrected
with a normalization offse®’7” computed with the mean seasonal temperature of the individu
yearT, ; and the mean seasonal temperature of the reference féripaith the relation

OTs,j = Ts,j - Ts,rp y (77)

where the subscript denotes the seasony the reference period. The normalization offset
OT is a matrix with a value for each season and each year of tleeerefe period (410).
Subsequently, all data are normalized witfh":

j—vir};rm — ﬂd - OTs,j . (78)

The temperature time-serig$?™ of all years of the reference period has identical seasonal
means and are, thus, comparable. Their interannual viiiyabiremoved. The annual temper-
ature changedaT), (k=2005,...,2050) for the future are calculated with a lineserpolation
between the measured reference values and the expectaepeshian2030, 2050 and 2070 (Frei,
2005 and Fig—7lI5). A hourly time-series for each yearf the modeling period is obtained by
the relation

Tijwe =T + AT, . (7.9)

The precipitation time-series is generated by the sameadethhe normalization offsed P
for precipitation is computed as a ratio

P .
OPs,j — %)

: (7.10)

S,I'p

where P denotes the seasonal precipitation sWf as well asA P, ;, are therefore applied to
the precipitation values as a factor. By applying these-s@res of temperature and precipita-
tion as input for each year between 2005 and 2050 the masscleahas calculated using the
temperature-index model.
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7.5 Results

Model validation

The model was applied to two periods in the past, for whichnttoelel output can be com-
pared with corresponding measured glacier surface gepnfédr the short period of 1990 to
2005, good agreement was found. Even for the longer perid®61 to 2005, the simulated
glacier surface matches the observed one (El§. 7.6). Wdumbmthat the combined ice-flow
mass-balance model is capable of simulating glacier eemutaused by a modification of
present climate input parameters over a period of a few @mscadhe good performance of
the model between 1961 and 2005 without tuning of the parmetf both the ice-flow and

the mass-balance model strongly supports the applicatidredlowline model for a period of

comparable length in the future.
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Figure 7.6:Test run of the coupled ice-flow mass-balance model in the(h@861-2005). Good
agreement between calculated (dashed) and observedd)daiitéace geometry is obtained.

Retreat of Unteraargletscher

By forcing the model with the climate scenarios describe8entiorZ# we calculate the future
evolution of Unteraargletscher until 2050. We present #sailts focused on 2035 and 2050.
The model runs until 2035 show a retreat of the snout of Uatgtatscher between 800 m
and 1025 m, depending on the scenario applied. A retreattofdesm 1250 m and 2300 m is
predicted by 2050. Between 2035 and 2050 the rate of retneegases substantially. Figure
[Z-4 demonstrates the glacier evolution along the centnalifie. The simulated ice surfaces for
the three climate scenarios corresponding to the 95% cardi@dmterval of expected climate
change all show a major retreat (HIg.17.7a).

As the climate scenarios given mr@bW) provide infation until 2070, we conducted
model runs with less reliable mass-balance assumption®aueextremely accelerated climate
change until 2070. For Scenario 1, only a slight accelemasidhe retreat rate can be observed,
whereas for Scenario 3 a complete disintegration of thaeylatthe model domain is predicted
(Fig.[Z8a).
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Table 7.3: Compilation of model results for Scenarios 1 to 3 for two pési (2005 to 2035,
2035 to 2050).

Scen| Length change Thickness change Volume change Area loss
total annual| total annual total annual total relative
(m (@mal)| (m (mal) | (1AM} @AFmM* al) | (km?) (% of 2005)
between 2005 and 2035
1 -800 -26.7| -81 2.7 -317 -10.6 -1.19 —26.7
2 -875 -29.2| -97 -3.2 -368 -12.3 -1.43 -32.0
3 |[-1025 -34.2|-120 -4.0 -436 -14.6 -1.69 -37.9
between 2035 and 2050

1 -450 -30.0| -50 -3.3 -143 -9.6 -0.61 -40.3
2 -725 -48.3| —67 -4.5 =175 -11.6 -0.74 -48.6
3 | -1275 -85.0| -90 -6.0 -202 -13.5 -1.04 -61.0

2400 T ‘ ‘ 7

a 2035 — Observation 2005 |

— Scenario 1 E

2300 Scenario 2 E

— Scenario 3 ;

2 2200 =

£ -

S 2100 E

© 7

o :

L 3

2000 =

o\\‘H\HHH‘HHH\H‘\\ﬂ\HH\‘\HHHH‘HH\HH oH‘\HHHH‘H\HHH‘HHH\HHHHH\‘\HHHH

1900
| L L L | L L L |
2000 4000 6000
2400 ‘ L —— ]
b Scenario 2 — Observation 2005 | ]
—— Calculation 2015 | 3
2300 Calculation 2025 |
. Calculation 2035 ]
;: —— Calculation 2050 =
& 2200 =
E ]
c E
2 2100 =
m |
> |
> e
w ]
2000 E
1900
| L L L | L L L |
2000 4000 6000

Distance (m)

Figure 7.7:(a) Comparison of the model results for Scenarios 1 to 3 (R@kmg the central
flowline; (b) Simulated glacier surface elevation for 202825, 2035 and 2050 according to
Scenario 2. Shaded areas in front of the glacier snout markextension of the current lake
(dark grey) and the projected lake (light grey).
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Figure 7.8:(a) Observed and simulated length change of Unteraarglatsd@he dashed line
shows the trend of the measured length change extrapolatedhie future. (b) Ice volumes
in the modeled region and corresponding volume change detéged from DEMs since 1880
until present and from simulation results until 2070. (c)nfting rates derived from DEMs and
simulations.

Simulated length, volume changes and thinning rates amepted in Figur€—718 with respect
to observations in the past century. Ice volume in the mabedgion will decrease by 41-57%
by 2035 and by 60-83% by 2050 relative to 2005. However, tteeaivolume change remains
nearly constant (Fig.—1.8b). The thickness changes of datgletscher were computed for six
periods in the last century. Annual thinning rates in the eled region lie in the range of —
0.8 to —2.3 ma! with a weighted mean of -1.24 ntabetween 1880 and 2005 (F[g.17.8c). In
the period 2005 to 2035 the ice thickness in the modeled meghanges at an average rate of
—2.7ma for Scenario 1, —3.2 nta for Scenario 2 and —4 nta for Scenario 3 (TablE~2.3).
The simulated thinning rates were evaluated in 5-year genmtil 2050. An acceleration of
thinning is predicted. Compared to the latest evaluateid@et 997 to 2005, an increase in the
thinning rate of 50% by 2050 for Scenario 1, of 106% for Scienamand of 183% for Scenario
3 is calculated.

We assess the mass budget of the modeled region by compaasg gain due to ice flux
through profile 6 with mass loss due to ablation. Accordingh® applied climate scenario,
the ratio of the importance of ice flux to mass balance fatisnfbetween 30 and 45% in 2005
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Figure 7.9: Comparison of absolute specific values (m WE) of mass fluxdbenmodeled
region. Ice flux through profile 6, positive, is plotted in kigrey, mean specific mass balance
in the modeled region, negative, in light grey. The soli@ lisithe ice-flux mass-balance ratio.

to between 13 and 2% in 2035 and between 5 and 18% in 2050 dagesrdwhich scenario
is adopted (Fig_719). The computed mean specific mass balgnaaf the modeled region
of Unteraargletscher shows a progressive decrease. Beohtise accelerated retreat due to
climatic forcing, the importance of ice flow becomes incnegly marginal but not negligible
compared to mass balance.

The computed glacier margins in the future are projected amp assuming the thickness
change on the flowline to be identical at the same elevatich@whole glacier. In FigufeZ1L0

the spatial extent of retreat is depicted. Close to the stheuglacier shrinks considerably. The
model results predict that Unteraargletscher will lose88%s of its area downstream of profile
6 by 2035 and 40-61% by 2050 (FIg.—7.10 and Table 7.3).

The debris coverage of Unteraargletscher delays the tetfélae glacier tongue considerably.
We performed two sensitivity tests, in which we either resobthe debris cover completely (1)
or decreased,...is (Eq.LZB) at constant rates corresponding to a gradual 50&kening of the
debris cover by 2050 (2). The results of experiment 1 showthearetreat of the glacier tongue
would be about three times faster without any debris cowecagnpared to the reference runs.
For experiment 2 we observe a deceleration of glacier retaga by 20%. In both experiments
the perturbations of mass balances caused by differentsdetiverages are amplified by a
positive feed-back due to ice flow.

7.6 Discussion and Conclusion

Studies forecasting the future have to cope with problemextfpolation. While our model
was successfully tested for five decades in the past [EW).it8.performance in the future
cannot be proved. This poses limitations on the time peri@twapolation into the future. The
parameters of the temperature-index model were calibmaterdthe past 15 years by integrating
the prevailing climate characteristics through this paridVith major changes in the climate
variables the tuned melt parameters may be influenced ogdollowing decades by altered
circulation patterns and the redistribution of heat fluxelsich are difficult to predict@k,
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Figure 7.10:Simulated retreat of Unteraargletscher in 2015, 2025, 20852050 for the three
different climate change scenarios. Dotted transverss lindicate the location of radio-echo
sounding profiles. The dashed line in (b) follows the cerftaavline used for the calculations.
After 2035 a proglacial lake starts to form, shown by greycpas. Shaded areas in front of
the glacier snout mark the extension of the current lakek(gleey) and the projected lake (light
grey). Axes are labeled in km of the Swiss national coor@isgstem, with North at the top.
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M). Thus, the reliability of the mass-balance predigidecrease with extreme climate
change and could be subject to question by the end of the 2asiry. Therefore, we confine
our main conclusions to 2050.

Debris coverage is an important factor when modeling theaebf Unteraargletscher. Itis a

difficult task to predict the evolution of the debris covedats insulating effect over time spans

of several decades. Long-term observations of debris riegk evolution have not yet been
conducted. For Unteraargletscher we evaluated the extdabos-covered glacier surface from

topographical maps of 1880 and 1927 and from aerial phopbgraf the last four decades. We
find that the boundaries of debris-covered ice change vewlgbver time. The debris-covered

surfaces shifted to higher elevations with glacier retriat their total area remained constant
during the last century. This implies that there is some {tmrgn balance of debris coverage
although no information about debris thickness is given.

Many studies have addressed ablation on debris-coveraiergaeither theoretically (e.g.
/Andersoh| 2000) or empirically (e.g. Lundstrom and ofh#893; Kayastha and othkfs, 2000;
'Sugivamal, 2003). Generally, a thickening of the debris @ye must be expected with glacier
retreat. This leads to a reduction of icemelt (Lundstromethers| 1993). However, on down-
wasting debris-covered glacier tongues some processsistkeat contribute to an evacuation
of debris into the forefield._Lukas and oth 005) repoptraglacial debris flows exposing
steep ice cliffs which melt back at an enhanced rate. Sugeeistreams also contribute to de-
bris transportl(Andersbn, 2000; Lukas and ofhers, 20053h #elt-water channels as well as
ice cliffs are presently observed on Unteraargletschee diffs concentrate at the glacier ter-
minus and along the medial moraine. The combination of altesses mentioned above inhibit
well-founded forecasts of the evolution ff..;s (Eq.LZD) in the next 50 years. We believe that
debris thickening and thinning will balance itself out wihgoing glacier retreat. Therefore,
we decided to fix the reduction factor for debris on a constahte.

The model results show retreat rates until 2035 in the rafig@@®ma!. The mean retreat
rate between 1871 and the present amounts to 178 ifFig.[Z8a). We therefore predict an
increase of glacier retreat rate of approximately 70% imi three decades compared to the
past century. At first, the reaction of the glacier is rath@derate compared to anticipated
increase of summer temperature given by the climate moésogenized data sets show a
trend of~0.009C a ! between 1864 and ZOdA_LB_eg.eLt_a.n.d_ojl‘IﬁZOOS . Summeetatue

is expected to rise by between 0.023x ! and 0.078C a! according t i@?) by 2050.
However, length variations of a glacier are largely affddby the geometry of the ice mass
and its underlying bedrock topography. The rapid retredhefglacier snout takes place with
a delay of several decades after the climate changel{Elg). 7T®is lag is due to a substantial
thinning of the flat glacier tongue of Unteraargletschericlwiprecedes a major length change.

If ice flux through profile 6 equals mass loss due to negativesnbalance over the modeled
region, the glacier surface remains unchanged and thegositthe snout is stationary, as long
as no modifications of material and basal properties ocdyprésent, the ratio ice-flux to mass-
balance in the modeled region lies in the range of 40%, initigaa pronounced imbalance of
the mass budget. Under the influence of climate variatioissr#tio can change rapidly, as it
is directly influenced by the glacier mass balance (Eid.. 7®)e boundary condition at the
upper end of the model, i.e., the starting point of the flogirs the ice flux. Assuming a
changing mass-balance gradient, this may pose some prebWith large changes in climate
variables the mass-balance gradient is likely to be altanet] hence, some of our assumptions
may no longer be justified. However, the importance of ice tarpared to mass balance
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decreases with time and approaches 10% by 2050[(Elg. 7.9, Tie flux at the upper model
boundary loses its influence on the final results in a gradagl wAdditionally, the test runs
(Fig.[Z®) indicate that the parameterization of the boup@andition at the upper end of the
model domain reproduces reasonable results, also for tomslihat are not steady state.

Ice flux should not be neglected in glacier retreat studiel$hoigh the influence of icemelt
exceeds the compensating effect of ice flow by far in the ca&mteraargletscher in the 21st
century, significant underestimation of glacier extenursevhen assuming solely non-dynamic
down-wasting of the ice. Test runs excluding ice flow show tha mean thinning rate is
overestimated by 10% to 25% by 2050 with larger errors fon&de 1 than for Scenario 3.

Ice volume is an important parameter for the assessment & wasources. The total ice
volume in the modeled region currently amounts to 0.75,kmorresponding to a decrease of
60% since 1880 (Fig.—4.8b). For all climate scenarios icewd in the modeled region shrinks
steadily, but not with an accelerated trend. The rate ofmelehange even shows an upward
trend in future in spite of continuing climate warming. Duethe progressive decrease of
glacier area the meltwater production will be reduced a$ Wéis is a key observation for the
management of water resources in catchment areas dombatdgaliers. The future meltwater
discharge from highly glacierized drainage basins is etqueto increase, favored by additional
ablation in a first stage after the shift of climate variabksice volume and glacier area shrink,
meltwater discharge drops below the preceding level. Tthesshort-term (daily to annual
scales) and long-term (decadal scales) storage capadiitggaciers are lost. This will almost
certainly lead to a reduction of water resources during dyf@ot summers (Hock and others,

2005).

This work shows the impact of expected climate change on\bkigon of a typical Alpine
glacier. Detailed simulations of future glacier mass be¢anere performed using a probability-
distribution function of different regional climate sceiws for temperature and precipitation
change in seasonal resolution. By combining the calculatmf ice flow and mass balance,
predictions of the glacier extent in the next 50 years arsiptes

The unique data base existing for Unteraargletscher abbovesmpirical ice-flow model to be set
up based on velocity and ice thickness measurements andamalibration and verification
facilities for the mass-balance model. According to theiltssof this study, the projected lake
will never reach the glacier terminus. In the next decadesgtacier snout will retreat substan-
tially and considerable growth of the proglacial area iseeted. The retreat and thinning rates
will double by the middle of the 21st century, leading to andasic decrease of ice volume.
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ABSTRACT: The future runoff from three highly glacierized alpine catchments is as-
sessed for the period 2007-2100 using a glacio-hydrologieaodel including the change
in glacier coverage. We apply scenarios for the seasonal amge in temperature and
precipitation derived from regional climate models. Glacer surface mass balance and
runoff are calculated in daily time steps using a distributal temperature-index melt
and accumulation model. Model components account for chargg in glacier extent
and surface elevation, evaporation and runoff routing. Themodel is calibrated and
validated using decadal ice volume changes derived from fouwligital elevation models
between 1962 and 2006, and measured monthly runoff at a gaugj station (1979-
2006). Annual runoff from the drainage basins shows an initl increase which is due
to the release of water from glacial storage. After some dedgs, depending on catch-
ment characteristics and the applied climate change sceniax, runoff stabilizes and
then drops below the current level. In all climate projections the glacier area shrinks
dramatically. There is an increase in runoff during spring and early summer, whereas
the runoff in July and August decreases significantly. This widy highlights the impact
of glaciers and their future changes on runoff from high alpine drainage basins.
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8.1 Introduction

Climate change will alter the runoff characteristics ofthapine drainage basins substantially

(IPCC,[2007; Braun and othefs, 2000; Bradley, 2006) andttedcastic glacier retreat or com-

plete wastage during the next decades. These changes tatieehvironment on global and

on local scales (Oerlemans and Fortlin, 1992; Huss andsptR@07b). Water resources are

expected to diminish in glacier-fed watersheds, and siamti societal impacts in peripheral
regions are anticipated (Burlando and others, 2002; Baanetothers, 200%: ers,

). For this reason it is important to assess the impadtrofite change and glacier retreat
on high alpine runoff and to develop methods for its preditin order to be prepared for the
new environmental situation.

Glaciers are known to have a significant impact on stream-flovoff (e.g.. Hock and others,
M). During the summer months glacial meltwater may pl®the only source of water
for alpine valleys and dry lowlands (Singh and Kumar, 199&dBey, 2006). With decreasing
glacierization, the annual cycle of runoff is transformeahi an icemelt to a snowmelt domi-
nated regime_(Horton and others, 2006). At decadal timeescalaciers store water as snow
and ice in cold and wet years, and provide additional rumo¥arm and dry years. The reduc-
tion in ice volume will yield a significant increase in annuahoff for several decades, followed
by a shift in the peak discharge towards early summer andgpcombined with a decrease
in runoff iBLa.un_and_olhdrmOO). The changed runoff attarsstics of high mountain catch-
ments will pose new challenges to water resources managemsrany mountain ranges of
the Earth.

Changes in stream-flow runoff related to climate change vetuelied e.g. in the Eu-

ropean Alps| Colllﬂslﬂ)@ in Iceland_(Adalgeirsdéttidenthers, 2006), the Himalayas
(Singh and Kumar,_1957; Hagg and othérs, 2007) and in thécabpndes (Bradleyl 2006;
Juen and others, 2007). Numerous models exist for caloglatinoff from drainage basins
of various sizes (e. ym,_19¢5; Braun and dther85; rd, 1999;
'Schulla and Jasp 00; Schaefli and others,! 2005). Inyhigdcierized catchments these
models may yield good agreement of calculated and obsenresffr(Klok and others, 2001;

B: Huss and others, 2007a). Howglamiers are often represented
crudely in hydrological models and are mostly assumed t@negonstant in surface geometry
and extent over time (e.g. Bergstiom, 11995). Schaefli anerst2007) considered a step-
wise adaptation of glacial area when modelling runoff usiifiigrent Regional Climate Models
(RCMs) for the period 2070-2099.

Future changes in ice volume have been assessed using @mbindels of glacier

mass balance and ice dynamics for individual glaciers_@eahs and other 98;
\Schneeberger and othefs, 2003). Coupled mass balance arftbvic models are able to
supply information on long-term geometrical changes in steets and alpine glaciers

r$, 2005; Huss and others, 2007b). Howthey require substantial field
data input and computational time, which make them diffitailapply to complex drainage
basins.

This study presents a glacio-hydrological model whichudels the annual adaptation of the 3D
glacier surface topography and determines all componétie avater balance in alpine terrain
at high spatial and temporal resolution. The model requaresinimum of data input and is
well suited to make predictions of the transient evolutibfuture ice volume, runoff and the
discharge regime.
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The present study focuses on the transition of discharge @lacierized catchments to ice-free
conditions. The impact of glacier wastage on runoff fromhhadpine drainage basins is dis-
cussed. The model approach is based on a distributed tetupenadex melt model including
accumulationi(Hock, 1999). Evaporation, runoff routingl aytacier surface evolution are de-
scribed in subroutines. In this paper we call the combinadigthydrological modeGlacier
Evolution Runoff Model (GERM). GERM is forced using different regional climaicenarios
in seasonal resolution (Brei, 2007). A random variabiktguperimposed on the mean expected
changes in temperature and precipitation in order to addouthe year-to-year fluctuations in
climate and to draw inferences on the impact of extreme y&degpresent time series of glacier
area, surface mass balance and runoff for the period 200D-&1d investigate the distribution
of runoff in the course of the year.

8.2 Study site and field data

The study site is the uppermost valley of Zinal, Valais, Seitand. The area of interest is
surrounded by several peaks reaching nearly 4500 m a.sllisatcupied by one large valley

4 km to gauging T Glacier du Weisshorn

station (Mottec)

Intake Weisshorn

Intake Moming

Figure 8.1:Overview map of the study site. Planned water intakes afnieatet] by solid dots.
Ice covered regions are shaded and the three investigadéthge basins are bordered using
thick lines. The presented results refer to these catclsnent
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Table 8.1: Characteristics of the three investigated drainage badssed on the DEM from
2006. The elevation range and the area refer to the ice-edvegions within the catchment.

Catchment GI. elevation GlI. area Icevol. Glacierization

(ma.s.l.) (knd) (km?) (%)
Zinal 2483 - 3857 11.4 0.93 65
Moming 2525-4070 6.0 0.35 63
Weisshorn 2847-3714 2.7 0.17 39

glacier — Glacier de Zinal — and two medium-sized glaciersaei®r de Moming and Glacier du
Weisshorn (Fig 811 and Taldle B.1). Glacier de Zinal is a demglacier system with five main
tributaries and a debris-covered glacier tongue. Glaa@eMdming is a steep, north-exposed
mountain glacier, which reaches 4000 m a.s.l. Glacier dis$tairn has a south-western aspect.
Several small glaciers and ice patches lie within the studg.aThe local climate is relatively
dry and determined by the meteorological conditions at thehern flank of the Alps.

The Forces Motrices de la Gougra SA hydropower company plaset up one subglacial
and two proglacial water intakes to capture the meltwatanatlevation of 2330 ma.s.l. The
location of the water intakes defines the three catchmenishvere analyzed in the scope of
this study (FigCE1).

A wide range of field data is available for the study site: (Bteorological data, (ii) radio-
echo soundings of the ice thickness, (iii) discharge memsants, (iv) observations of the
glacier equilibrium line altitude (ELA), and (v) digital@lation models (DEMs) and ice volume
changes.

We use homogenized time series of temperature recordedat(S42 ma.s.l.,, 29 km from
Glacier de zinal), available continuously since 1854 (Begrd others, 2005). Lapse rates
for monthly mean air temperature were determined by consiglseven weather stations with
shorter time series recording daily temperature and pitatign located closer than 20 km to
the study site. Using these lapse rates the temperatureseénes of Sion were shifted to the
mean elevation of the study site. The distribution of prigatn in high alpine regions is com-
plex and cannot be extrapolated with confidence (Huss ami&tB008a). We take the spatial
distribution of precipitation sums from a gridded data 8RISM) with a spatial resolution of
about 2 km [(Schwarb and others, 2001). The temporal fluctstf precipitation are scaled
to those measured at local weather stations. Thus, we ofitaénseries of temperature and
precipitation in daily resolution scaled to the study site.

During the winters 2006 and 2007 we conducted field campaygn&lacier de Zinal to de-
termine the elevation of the glacier bed using radio-echumdimg techniques. Twelve glacier
cross-profiles on the main valley glacier are available .(Big). Runoff measurements are
provided by a gauging station at Mottec 7 km downvalley frdra glaciers. The data are in
monthly resolution and cover the period 1979-2006. The gdwlyainage basin comprises the
three analyzed catchments and is 25% glacierized. Bedmem\estigated ice masses, only
some small perennial snow fields are within the catchmentaitdd. Between 1969 and 1986
the Grande Dixence SA hydropower company derived the ELAyexear, based on aerial pho-
tographs. The data are available for about 30 glaciers ¢tod®e study site, however, not for
the investigated glaciers.

Four high-accuracy DEMs were evaluated at 25 m spatial ugsal The first DEM (1962)
is based on a digitized topographic map. The DEMs of 19885 X9fl 2006 were produced
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by photogrammetric analysis of aerial photographs. By amng two successive DEMs, a
decadal ice volume change was calculated. The accurace eblime change determination
is within 5% (Bauder and others, 2007). The glaciers in thelysarea achieved slight mass
gains between 1962 and 1988 and have lost between 10% andf2@&érace volume during
the last two decades (insets in HIg18.2).

8.3 Methods

Ice thickness distribution

Long-term runoff forecasts for glacierized drainage basimust account for the change in ice
volume. In order to compute glacier retreat in response tmahnmass balance fluctuations
the initial ice thickness distribution has to be known. Toe thickness of every glacier within
the study site was determined using two different methodse measurements of radio-echo
sounding performed in the ablation area of Glacier de Ziral.{8.2) allow an evaluation of
the glacier bed according to standard procedures (Funk ied: 4, Bauder and others,
|m?). However, large parts of the glacierized area are ce®ssible for ground based radio-
echo sounding as they are steep and crevassed. No meastgameavailable for those ice
masses. In order to obtain estimates of the glacier bed tapbyg in these regions we developed
a method to determine the ice thickness distribution basetbasiderations of mass turnover
and glacier surface characteristics.

The input for the method to estimate the ice thickness igdichio a DEM, two mass balance
gradients, a central flowline (several for glacier systentk imdividual branches) and a catch-
ment of ice flux contributing to each flowline. The calculates thickness is a function of the
steady-state ice flux, glacier width and surface slope. Toegulure is defined as follows:

1. Assuming typical mass balance gradients for Alpine glacof —0.009 a' for the abla-
tion and of —0.005a for the accumulation area (Huss and others, 2008a) we difigve
mass balance distribution using a DEM. The area-averagad talance of the glacier
surface is assumed to be equal to zero.

2. A balance ice flux is calculated by summing up the gainedsirite volume during one
year in each elevation band of 10 m starting from the uppetrpmat of the glacier.

3. An integrated form of the ice flow law (Gleln, 1955; Patelr§i94) is solved for the ice

thicknessh on the central flowline.

4q
h=p¢ , : (8.1)
\/% -A-(Sppgsina)?
whereq (m?s™1) is the ice flux normalized with the glacier width the acceleration of
gravity, A is the rate factor of the ice flow Ia\@ 55), is a factor accounting for

the valley shap@/m%@js the ice density and is the slope of the glacier surface.
A is calibrated to optimize agreement with the radio-echandmg profiles. We find a
value of 4=6.0x 10~ '5s~'kPa ? which is consistent with previous studies (é.g. Patérson,

). Sy=0.6 is taken from the literature andis equal to the mean slope along the
flowline.
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4. Using a boundary condition @&0 at the entire glacier margin the ice thickness is inter-
polated spatially by assuming a parabolic valley shape.

5. We apply corrections to the spatially distributed valaés by accounting for the local
surface slope: at every grid cell and assumirig~ (sin a)*°. This proportionality is
used to redistribute ice along the crossflow section. Thpgotmnality factor is chosen
such that the previously determined total ice volume is hahged.

1988 1995 2006

9.7% 3.3% [-11.4%
V. =0.39 km?®
1962

Glacier de Moming

1988 1995 2006

02% | -5.8%| [-19.1%]

V. =1.15km?®
1962

Glacier de Zinal

Figure 8.2:Ice thickness distribution of Glacier de Zinal and GlacierMoming obtained by
measurements and calculation. Radio-echo sounding @rdfite indicated by bold lines and
coded with P1-P12. Contours show surface elevation. Thetsnshow the changes in ice
volume in percent relative to 1962 for (a) Glacier de Moming &) Glacier de Zinal.

The ice thickness distribution of Glacier de Zinal (HIQ.))8i® obtained in two steps: (i) ice
thickness in regions covered with radio-echo soundingstexpolated spatially based on the
measurements, and (ii) the ice thickness of ice masses wifield data is determined using the
method described above. These data complement the icedsisknap where no information
from step (i) is available. Ice thickness in the ablatioraawé glacier de Zinal reaches 220 m
and is lower in the relatively steep accumulation area. Aimar ice thickness of 150 m
in a trough at 3200 ma.s.l. is determined for Glacier de Man{Fig.[82). By subtracting
the calculated ice thickness from the smoothed glacieasarfopography a bedrock DEM is
obtained.

A validation of the distributed ice thickness estimatiorsweanducted by comparing the results
of our method to the radio-echo sounding measurements aneGtie Zinal (FigE813). We also
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tested our method on Grosser Aletschgletscher and Rhdselgée, two large Alpine valley
glaciers. For those ice masses some radio-echo soundiagavailable (unpublished data,
VAW-ETHZ; Zahno, 2004). We found a correlation of measurad aalculated ice thickness
of r?=0.72 for Glacier de Zinal, Aletschgletscher and Rhoneglegr. The mean relative error
of the ice thickness is 26%. The cross sectional area of tiie-echo sounding profiles is
reproduced within a range af22% by our method (21 profiles). The validation shows that
the proposed method yields reasonable estimates of thieiatgéss and is, thus, applicable on
glaciers without field measurements.
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Figure 8.3:(a)-(h) Validation of the method to estimate ice thicknessgng radio-echo sound-
ings along cross-section profiles on Glacier de Zinal (EIg).8

Glacier change and runoff modelling

A glacio-hydrological model (GERM) was developed in ordeicalculate runoff from highly
glacierized catchments using daily temperature and gtatign as climatic input. The system
model comprises components for (i) glacier surface massibal(accumulation and ablation),
(if) evaporation, (iii) runoff routing and (iv) the changeglacier surface topography and glacier
retreat. A schematic overview of GERM is shown in Figurd 8mthis study we run GERM
on a 25m grid in daily time steps.

Glacier surface mass balance

Glacier surface mass balance is calculated using an acatiorumodel coupled to a distributed
temperature-index melt modmcﬂb%). The degreetfdetprs are varied as a function
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Scenarios for seasonal changes in temperature and precipitation
i

Y
Time series of daily T and P 2007-2100
%1
i
Y
Model outputs Temperature and precipitation at every grid cell
Mass balance Mass balance model
Ice volume change
Snow depth Solid precipitation || Snow melt || Ice melt
Surface type

v

Daily evaporation | Evaporation model |

Daily runoff +
Water balance at | Runoff routing model |
every grid cell |

4

| Glacier surface updating |

repeated every day of year

3D Glacier surface
geometry

repeated each year 2007-2100
Different scenarios, random variability of climate

Figure 8.4:Schematic overview of GERM.

of potential direct solar radiation in order to account fog effects of slope, aspect and topo-
graphic shading. Temperature-index models are based oeax lielation between positive air
temperature and melt ra@)lﬂbos . Melt is highly datezl with long-wave heat flux, for
which air temperature is a good indica 001).

Surface melt rated/ are computed by

0 . T'<0°C (8.2)

M = { (fM+Tice/snow]) T T>0°C
where fy; denotes a melt factor;.. /sn.. are radiation factors for ice and snolnis the clear-sky
direct radiationmm%. Due to the empirical chagadf the temperature-index model
the site-specific parametefg andric./snow Must be calibrated using direct observations.

Daily air temperature at every grid cell is determined usirgpnstant lapse rate’{¢dz). Pre-
cipitation is assumed to increase linearly with elevatidR/flz). A correction factor accounts
for gauge under-catch errors,(..) and a threshold temperaturg,. distinguishes snow from
rainfall ,@b). Melt over debris-covered surfacesiultiplied by a constant reduction
factor faenris <1. Regions with positive net balance at the end of the previydrological year
(Oct 1 — Sept 30) define the firn area. Firn is treated as snowquation[8.2. The spatial
variation of accumulation on the glacier surface is modelig taking into account effects of
snow redistribution due to drift and avalanches. This isead using curvature and slope eval-
uated based on a DEM (Huss and others, 2008a). The largesealipitation field is derived
from the PRISM data set (Schwarb and others, 2001). Glaoiéace mass balance is deter-
mined as the sum of solid precipitation and snow or icemeheaend of the hydrological year.
The integration of mass balance at every grid cell of theigitagelds an annual ice volume
change which is used to determine the updated glacier sugasmetry (see "Glacier surface
updating”).
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Evaporation model

Evaporation has a limited importance in the water balancdiglh mountain catchments
(Braun and othelrs, 1995). In summer even net condensationaur over bare ice surfaces
(Lang and others$, 197777: Bernath, 1991). However, a warnaaté induces a deglacierization
and a corresponding rise of the vegetation zones and, thasoration is likely to increase and
to affect high alpine runoff more strongly than at presemc@ise the available data are limited,
an empirical evaporation model is implemented in GERM. Thaglel component is based on
an approach for calculating potential evaporatiommy It was improved and made
applicable to high mountain catchments by accounting feretfiect of different surface types
on evaporation, interception and actual evaporation.

Based on the air temperatufe(°C) and the saturation vapor pressuréhe potential evapora-
tion £, (mmd) is calculated daily at every grid cell using:

 35.77- DL - e,

pot — T + 2733 : Stypea (83)

whereDL is the fraction of daylight per day anl, . is a factor to distinguish the properties
of different surfaces. The model considers five surfacegypsnow, ice, rock, low vegetation
and forest. Parameters describe their properties in tefregaporation. The evaporation over
snow-covered surfaces varies in the course of the year ahjlier during winter. This is
supported by energy balance measurements in the Arcticg@&emand others, 2004; personal
communication A. Ohmura, 2007). The extent of ice surfasagpdated annually, the snow
coverage is calculated each day using the mass balance,aadehe outlines of the surface
types rock, low vegetation and forest were taken from a mapeirTextent is estimated in
bidecadal time steps in the future by inferring a slow risah# vegetated zones from the
expected increase in air temperature. Potential evapor&iprovided from an interception
reservoir filled by rainfall. The values @, (Eq.[8.3) are reduced to actual evaporation using
a constant reduction factor depending on the surface typnwine interception reservoir is
empty. On snow-covered surfaces the evaporational wassritosubtracted daily from the
snow water equivalent. On snow-free grid cells evaporas@ubtracted from the interception
reservoir (if not empty), or from the actual storage in ttensteservoir (see "Runoff routing”).

Runoff routing

High alpine glacial systems yield relatively quick reaatio runoff due to the low retention
capacity of ice and rock, the limited extent of vegetatedasm@s and the generally shallow
soils. The water volume available for runoff is determinedlydat every grid cell by solving
the water balance using the calculated quantities fordiguecipitation, melt and evaporation.
By using a runoff routing model, a discharge hydrograph isioled. The runoff routing model
is based on the concept of linear storage (e.g. Janssonlaecs 02003). The discharg is
proportional to the actual storagein the reservoir:

S=k-Q. (8.4)

The water is routed through two parallel linear reservoiesfast and a slow one, characterized
by the different retention constantg; and k.., respectively. Melt and rain in glacierized
grid cells is added to the fast reservoir, while for non-gdazed grid cells melt and rain is
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Figure 8.5: Observation (Glacier de Zinal, 1962-2006) and parametgoiz of ice thick-
ness change as a function of the normalized elevation raasgdbon Jéhannesson and others

). The origin of the x-axis corresponds to the maximuacigr elevation and the ele-
vation range for the observation refers to 2006. An appraxiom function of the normalized
Ah-parameterization is given.

divided into a portion/y,,, infiltrating the slow reservoir and a portidp,; contributing to the

fast reservoir (both in mmd) according to a relation described.in Schaefli and ot 0
Ifast - (M + Pliq) ' (Sslow/Smax>c and (85)
[slow - (M + Pliq) - [fast ) (86)

where)M is the melt,P;, the liquid precipitation (both in mmd), Sq.. is the actual storage in
the slow reservoir$,,.,. the maximum storage capacity (both in mm) aradconstant set to=2

(Schaefli and others, 2005)..; is varied as a function of the surface type of the grid celbygn

ice, rock, vegetation) which is considered to be an indrcatdts hydrological properties.

Glacier surface updating

When modelling the future runoff from highly glacierizedadrage basins, the reduction in ice
volume and glacial area due to glacier retreat should noegented. The ice thickness change
between two steady-states is not uniformly distributedr akie glacier area but is most pro-
nounced at the glacier terminus (J6hannesson et al., 1888.B). We parametrize the annual
glacier surface evolution using an ice thickness changenpabased on theoretical considera-
tions of ice dynamics (Johannesson and others,| 1989) glepla Figurd 8. A similar pattern
is observed on Glacier de Zinal (FI[g.1B.5) and on other rétrgalpine glaciers. Comparable
patterns of surface elevation change along a central flemiere found by applying a flowline
model to an alpine glacier (Huss and others, 200rb). Jélsapneand others (1989) analyzed
the evolution of glacier geometry between two steady-stateer a mass balance perturbation.
According to these results the shape of the glacier surfacerbes rapidly similar to the final
steady-state geometry.
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The 3D glacier geometry is updated in annual time steps. éetid of the hydrological year
the lost or gained ice volume determined using the mass talaodel is converted into a dis-
tributed ice thickness changali). For practical reasons thgh-parameterization (Fig._8.5) is
normalized with the altitudinal extension of the glacied aot with glacier length as presented
bylléhannesson and others (1989). Integration ofthearameterization over the glacier sur-
face and weighted with the relative area of elevation bandstine equal to the total annual
change in glacier mass given by the mass balance computdtiarder to satisfy this crite-
rion, the magnitude of thAh-function is adapted in an iterative procedure so thatutsature
remains constant. Thus, for each elevation band of 10 m amahsnrface elevation change is
determined. Our approach is based on mass conservatiorevequit accounts for ice dynam-
ics only in an empirical way. We assume that the annual sainfaass balance is immediately
converted into a spatially distributed ice thickness cleaagrording to the pattern correspond-
ing to Figurd8.bb and that the curvature of thb-parameterization is constant. If the glacier
is in a state of non-dynamic downwasting, the surface dmvahange is assumed to equal the
calculated mass balance rate in ice equivalent. The iceesteletermined by comparing the
updated glacier surface elevation and the DEM of the gld=drock topography.

Model calibration and validation

The calibration of GERM is performed in a stepwise procedhat focuses on individual pa-
rameter groups. The glacier mass balance model is the telemaent of GERM (Fid814). Itis
calibrated using (i) the ice volume changes derived from BEMring the last four decades, (ii)
observations of the equilibrium line altitude (ELA) and)(ineasurements of monthly runoff
volumes recorded at the gauging station at Mottec for 27sye@he calibration procedure is
similar to a method described iin Huss and ofhers (4008a).adh @eriod given by two suc-
cessive DEMs the melt model parametéysandric./snow are optimized so that modelled cu-
mulated annual ice volume change matches the geodeticatiérrdined ice volume change.
The accumulation parametets.. and dP/dz are calibrated simultaneously aiming at maxi-
mum agreement between modelled and observed ELAs. The EkAraditions available for
30 neighboring glaciers were averaged in exposition ctassenake them comparable to the
investigated glaciers. Calculated and observed ELAs lederehowever, there is a slight under-
estimation of the ELA by the model (Fig_8.6b). Furthermdhe, accumulation parameters are
constrained by the comparison of calculated and measusetiatige (Fig_8l6a). To judge the
model performance in terms of runoff we use the Nash and ifat(1970) efficiency criterion

defined as ,
R*=1- 2 (Qmers = Qsim) (—oo < R < 1) (8.7)

Z (Qmeas - Qmeas)2
with Q....s the measured an@y;,, the simulated monthly discharge. We found a value of
R%=0.90 during the period 1979-2006. Optimized parameteresahre given in Tab[e3.2.

The calibration of the evaporation model is difficult duedol of observational data. We opti-
mized the calculated values of evaporation to estimategagfarational water loss for different
surface types in the course of the year at a high elevatierckise to Rhonegletsch@ath,

). The parameters of the runoff routing model are chts@ptimize agreement between
calculated and measured runoff (Tahld 8.2).

The parameterization of glacier retreat is validated by ganmg modelled glacier extent to the
observed glacier outlines in 1988, 1995 and 2006. Aheparameterization gives good results
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Figure 8.6: Validation of GERM in the past. Comparison of measured arldutated (a)
monthly runoff at Mottec, (b) equilibrium line altitude, )(terminus of Glacier de Moming.
Lines correspond to observed glacier margins in 1988 and@62 The shaded area is the
calculated glacier extent in 2006 when the model was irstalin 1988.

for periods of glacier retreat (Fig_8.6¢). This could aleacbnfirmed by testing the approach on
other alpine glaciers (Grosser Aletschgletscher, Rhatsgier, unpublished data). However,
our parameterization fails to yield correct glacier owBnn periods of glacier advance even
though it reproduces ice volume changes correctly.

Table 8.2: Parameters of GERM, values and units

Parameter Symbol Value Units
Melt factor fu 0.622<10% md'°C!
Radiation factor 7. 1.493<10° m*w-tdt°C!

T'snow 1.267x10° m*w-td-t°C!
Reduction debris  faepris 0.6 -
Temp. gradient d@/dz -5.67x10% °Cm!

Temp. threshold T}y, 1.5 °C
Prec. gradient Bldz 3.0x10™* m~!
Prec. correction  cppec 45 %
Retention constant kg, 1.0-3.0 days

kslow 30.0 days
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Future climate

We use results of a climate change study for Switzerlar@d@) based on simulations of
the PRUDENCE projec i hers, 2002; @mssin and Christensen, 2007). A
statistical analysis from results of 16 Regional Climateddls for Switzerland was performed
(@,). These results are derived from model chainh®femission scenarios SRES
A2 and B2 and downscaled Global Circulation Model outp@ m) computed a 95%
confidence interval for the evolution of temperature ancipitation in a seasonal resolution
for time snapshots in 2030, 2050 and 2070 (Eigl 8.7). Thengwadues are changes relative
to the climate in 1990. The temperature increase is mostopireed in the summer season
(+5+3.1°C per century). An increase in winter precipitation (#25% per century) and a de-
crease in summer precipitation (-825% per century) is expectdm 07). These changes

are consistent with a climate impact study in Switzerlanitingray and others (2007).
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Figure 8.7:Expected climate change for the southern flank of the Alpeassnal resolution for
2030, 2050 and 207@rm07). The bars show the 95% caowtdaterval evaluated from
16 regional climate models. The horizontal lines indicéie median value. (a) Temperature
and 1b) precipitation scenarios are relative to the climat#990. Figure adapted from_Erei

),

We define three climate change scenarios: two extreme anddamscenario. Scenario 1
(cold-wet) is most favorable to glacier existence. It addpe lowest expectable increase in
temperature within the 95% confidence interval of climatiamge (2.5% quantile) and the
97.5% quantile for precipitation change (upper limit of thers in Figurd_8l7). Scenario 2
refers to the median of the statistical analysi O&cenario 3 (warm-dry) is based
on the 97.5% quantile for temperature change and the 2.5%titgifor precipitation change
(Fig.[B1). Values in between the given time slices are obtaby linear interpolation and by
extrapolation after 2070.

Erel @) provides mean changes of temperature and gegmp in the future. However,

climate has an internal variability, which substantialfluences stream-flow runoff and the
management of the water resources. Especially extrems yeay have considerable impact
on the environment. In order to simulate a range of possiée-yo-year fluctuations based on
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given mean changes of the meteorological variables, rartnations are superimposed on
these (Figl8I8). We assume the past and future climatebiiityido be equal.

The parameters of temperature-index models are sengtithe tcharacteristics (e.g. daily tem-
perature range) of the meteorological time series usedliorate them Mk 3). This
implies that we should use meteorological time series #same characteristics in the future
so that the calibrated parameter set is valid. Thereforajseehe time series measured in the
past, but we adapt their seasonal means to the anticipatae fseasonal mean values when
running the temperature-index model during the 21st cgn{i) We randomly select one year
from the period 1900-1990. (2) We determine the deviatiothaf year's mean seasonal tem-
perature and precipitation from the 30-year running meahese variables. (3) This deviation
is added to the expected seasonal mean in the future obtagmdhe climate scenarios given
by [Erei @7). (4) The measured daily time series of the oarlyl selected year are shifted
to the generated future seasonal mean value obtained irJ@hg this technique we obtain
meteorological time series with the same resolution, aterstics and variance as in the past.
In order to determine a range of the uncertainty in the catedl variables due to the internal
variability of climate, we perform 20 model runs for eachrs@o using different randomly
generated time series for temperature and precipitatiothéperiod 2007 to 2100.

Our approach downscales the anticipated climate changiéseaa steps: (i) We define three
scenarios for mean changes in temperature and precipitatiseasonal resolution, (ii) ran-
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Figure 8.8: Deviations of annual (a) mean temperature and (b) pretimitdrom the 1961-
1990 climatic normal period. Measured data of the weatlagiost at Sion for the 20th century
are displayed by bars, annual changes as assumed by theclima& scenarios are shown
until 2100. Superimposed on the mean changes in the futenaadomly generated deviations
that correspond to the year-to-year fluctuations in clim&ee random time series is shown
referenced to the baseline changes of Scenario 2.
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dom offsets corresponding to the year-to-year fluctuatiordimate are superimposed on the
seasonal changes of temperature and precipitation odt&ioe the climate scenario@rei,

), and (iii) the model is run in daily resolution usingasered meteorological data scaled
to future climate.

8.4 Results

We present results for three drainage basins for the pef0d@-2100 (Figl_811). Time series
of glaciological and hydrological parameters are showndiscussed for Scenario 2 (median),
Scenario 1 (cold-wet) and Scenario 3 (warm-dry). The resare determined as the mean of
20 multiple model runs using different year-to-year flutias in climate. A 95% confidence
interval based on the multiple model runs is evaluated aodiges a range of the expected
variability in the calculated variables. Model resultslie future are compared to the climatic
normal period 1961-1990. For this period GERM is forced gsimeasured meteorological
variables. Some of the time series are only presented fondttum-sized Glacier de Moming.

Figure[B® shows the evolution of the glacier extent for é¢hseapshots in the future based
on Scenario 2. Small glaciers have disappeared by 2050 atlide patches are isolated on
the debris-covered tongue of Glacier de Zinal. By 2075 thgelaylaciers are in a state of
disintegration and have retreated above 3000 m a.s.l. €ldei Zinal shows a more dramatic
retreat than the medium-sized ice masses of Glacier de Mpuama Glacier du Weisshorn
(Fig.[B9). This is due to the distribution of its former aomulation area. A large portion
of Glacier de Zinal is situated at elevations between 28@ 3800 ma.s.l., a region where
net balances are expected to be negative already in the uteiae {Tabld.84). Furthermore,
the current glacier extent is too large for the present dcem®nly a small glacier at a steep
north-exposed slope above 3600 ma.s.l. is left in the stueky lay 2100.

Glacial area and ice volume decrease significantly in alétolimate change scenarios. The
uncertainty in the climate projections, however, leadsitge differences in estimates of glacier
extent (Fig[81I0a, Tab[eB.3). Glacier surface mass bataare expected to be negative in the

Ice volume (km 3): 0.15
relative to 2006: 9 %

Ice volume (km ): 0.54
relative to 2006: 36 % C

=
Ice volume (km 3): 1.15
relative to 2006: 77 % b

Figure 8.9:Calculated extent of Glacier de Zinal, Glacier de Moming @tacier du Weisshorn
in (a) 2025, (b) 2050 and (c) 2075 according to Scenario 2 {@mgd
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Figure 8.10:Evolution of (a) glacial area, (b) mean specific mass balandgc) water balance
components (glaciermelt contributidxS, evaporation E) shown for Glacier de Moming using
the Scenarios 1 to 3 (2007-2100). The shaded (Sc2) and bgtebg, Sc3) ranges between the
thin lines show a 95% confidence interval of the year-to-yie@tuations based on 20 multiple
model runs using random offsets from the mean scenario €sarighe variability range is not
shown in (c) for better visibility. The symbol in (b) indies the mean glacier mass balance
during the climatic normal periott2 standard deviations J.

future (Fig.[8IDb). However, the effect of the year-to+yeariability of climate is consider-
able. Positive mass balances may occur over the entire 2tgirg according to Scenario 1.
Generally, the mass balance series reveal a trend towardsmagative values. This implies
that the glaciers are not able to adapt their size as fasteaslithate changes and thus never
reach a steady-state. After the year 2080 some stabilizafiglacier mass balance is evident
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Table 8.3:Compilation of model results for the Scenarios (Sc) 1 to $E@100) for all three
investigated catchments combined. Figures for glacier angl volume are relative to 2008,
is the mean specific glacier surface mass balancéjaisdhe annual runoff volume.

2050 2100
Scl Sc2 Sc3| Scl Sc2  Sc3
Area (%) 85 65 37 49 6 0
Volume (%) 65 37 18 22 1 0
b, (Mw.e.) -0.69 -1.46 -2.52-0.83 -1.47 -
Q@A0mial)| 65.1 675 62.8 67.0 47.1 32.0

(Fig.[BI0b). This is due to the complete loss of low-lyingaiér tongues.

The evolution of annual runoff volume shows a uniform patfer the three drainage basins an-
alyzed (FigE811). Discharge is increasing in the nearéutiwe to a reduction of the ice mass.
In the median climate scenario, discharge reaches a cuiomnafter three to four decades,
depending on the glacierization of the catchment. The awtion of annual runoff is earlier
and more pronounced in the warm-dry Scenario 3. No distmchimation of annual runoff is
attained according to the cold-wet Scenario 1 (E1g.18.11).

In general, the greater the decrease in catchment gleatienz the more the runoff volume
will be determined by precipitation. After several decadks glaciers will have reduced their
surface area considerably and retreated up to higher glasgafl hus, they cannot provide much
additional meltwater. This implies that glaciermelt hasirmportant impact on runoff during

intermediate periods; however, it is low at the end of the 2éatury (Fig[8.10c). Compared
to the climatic normal period, annual runoff by 2025 from @lkacier de Moming catchment

is enhanced by +34% (Scl), +48% (Sc2) and +57% (Sc3). By 20&Sigures change to

+49% (Scl), +39% (Sc2) and —13% (Sc3). However, during theg&961-1990 glacier mass
balances were positive, which led to reduced runoff at fhat.t During the last decade (1997-
2006) the annual runoff was 18% higher compared to the dematrmal period.

Table[B84 and Figure81L0c show the evolution of water ba&ammponents. The mean inter-
annual precipitation sums are virtually constant, whetbkasvariation in runoff is determined
mainly by the change in the glaciermelt contributitu®. The contribution of glaciermelt to
runoff is important during the first half of the 21st centundaapproaches zero towards its end
due to the disappearance of glacier coverage, except faraBoel (Fig[8.IDc). At present,

Table 8.4: Specific water balance components according to Scenarich8.values represent
area-weighted means of the three catchments. Q: runoffeigiation, E: evaporation. The
importance of the glaciermelt contributidxS decreases as the glaciers shrink. Quantities con-
tributing to runoff are positive, quantities reducing réfmegative.

Year Q P E AS Glac. ELA
mma! (%) (ma.s.l)
1961-1990 1307 1558 -27 -224 67 2994
2025 1983 1601 -51 433 53 3368
2050 1982 1535 -87 534 38 3585
2075 1721 1554 -132 299 16 3699

2100 1383 1500 -181 64 3 3742
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evaporation is low due to the high glacierization of the kbatent and the lack of vegetated
surfaces. Because of deglacierization and a correspomd®gn the vegetation zones, an in-
creasing water loss by evaporation and transpiration idighexd and becomes considerable in
the second half of the 21st century (Tabld 8.4 and[Eigl 8.1Dog ELA rises by nearly 800 m
during the next century, compared to the period 1961-1990.

We evaluated the annual discharge cycle in the past and tor doapshots in the future
(Fig.[B12). At first, a substantial increase in runoff dgrthe summer months is predicted.
By 2025 the July-August discharge increases by +33% (Se13%t+(Sc2) and +47% (Sc3)
compared to 1961-1990. Due to enhanced temperatures theegkpare ice surfaces are melt-
ing rapidly and provide additional runoff. There is a sigrafit increase in the length of the
melting season. The peak runoff occurs slightly later inyibar during a first phase of about
two decades and then shifts from the end of July to June[[EI@) 8This shift is related to the
shrinkage of the ice masses and corresponds to the trangitim an icemelt to a snowmelt
dominated regime.

By 2100 the results of Scenarios 2 and 3 show a significanedserin July-August runoff to
much lower values than during the climatic normal period5%5Sc2) and —92% (Sc3). In
contrast, there is a significant increase in May-June ruwhgdfto an earlier onset of the melting
season: +190% (Sc2) and +66% (Sc3). The results also iediGgnificant increase in autumn
runoff because precipitation will mostly occur in liquidrfo in this season. When considering
Scenario 1, however, runoff is much less affected. By 21Ghea summer an increase of
+26% compared to 1961-1990 is calculated. Only a minor shifte runoff peak towards early
summer is observed (Fig_8]12b).
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Figure 8.11:Evolution of annual runoff volume according to the climateoge Scenarios 1
to 3 (2007-2100) shown for the (a) highly glacierized drgmaasins of Glacier de Zinal and
(b) Glacier de Moming and (c) the moderately glacierizedaient of Glacier du Weisshorn.
Runoff is given normalized by the catchment area in ordenltiwacomparison of the three
basins. The symbol at the beginning of the time series shwvwsiean runoff during the climatic
normal periodt-20. The simulation results do not have the same origin becdieselimate
change scenarios refer to the climate in 1990 and alreatr 8y 2007 (see Fi§._8.8).
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8.5 Discussion

Predictions of future runoff from glacierized drainageiba$ave significant uncertainties due
to the modelling procedure and the unknown evolution of atin In this section, these uncer-
tainties are discussed in detail.

We propose a new method to determine the ice thicknesshiiston of glaciers not covered
by field data. The initial ice volume is a sensitive input paeger in high-mountain catchment
modelling and may have considerable impact on future ruotfalidation of our method with
a comparison of calculated and measured ice thickness f@metit Alpine glaciers has shown
that it produces plausible estimates of ice volume and iic&nless distribution (Fid. 8l 3).

Temperature-index melt models are often used in hydrofbgitudies to describe melt pro-
cesses. They are easy to handle and require only tempeeswkmatic input. However,
unambiguous calibration of the parameters of temperatutex models requires a variety of
field measurements (Seibert, 2000; Huss and others, 2088z, no direct observations of
winter accumulation are available. Several sets of paramabay yield good agreement with
the field data and this ambiguity could have an impact on thelt®for future periods. Fur-
thermore, it is not yet clear how stable the model parametersver time. Careful calibration
using a variety of field data on different Swiss glaciers agithe 20th century revealed decadal
variations in the parameter values of up to 10% (Huss and®{2€08a). In this study, we
assume the calibrated parameters to remain constant owver €hanging energy fluxes and a
completely different climate regime may lead to change$@nstatistical relation between air
temperature and melt rate and, thus, in the parameter valhesassumption has therefore the
potential to cause significant error in the prediction obtifatglacier extent and runoff.

The model results show that at present, evaporation is agiggl component in the water

balance of high mountain catchments (Tabld 8.4). The iseréa evaporational water loss
is predicted to be rather large in future and needs to be takenaccount. However, the

uncertainty in modelling future evaporation and trandmrais considerable due to the effects
of the changing surface - atmosphere interactions and wnkneaction of vegetation to climate

change. The simulated values of evaporation represeneb@states given similar boundary
conditions for evaporation as in the current situation.

The parameterization of glacier retreat is an important mament of our model approach.
It adapts the 3D glacier surface geometry annually in respda the calculated ice volume
change. This approach makes it possible to compute thedrdaresolution of glacial runoff
during the next decades as the change in ice volume contriiat discharge is included in the
calculation. Two important feedback mechanisms are tak@ndccount: (i) Glaciers retreat
to higher elevations and get closer to steady-state beadulse loss of their low-lying glacier
tongues, and (ii) the decrease in glacier surface elevaisgociated with glacier retreat is a
positive feedback, which causes higher melt rates. Ouroagprcannot reproduce time scales
for the transfer of mass from the accumulation area to thatiabl area. The ice volume change
is distributed annually over the glacier surface according pattern which is theoretically and
observationally founded (Johannesson and dthers| 198@teBand othelrs, 2007). We assume
the same shape of theh-parameterization (Fig._8.5b) for all glaciers as well@srétreat and
advance. However, the distribution of elevation change theeglacier surface is influenced by
ice dynamics and the geometry of the glacier. This may alptaéxthe inferior ability of this
approach to reproduce the surface elevation change ingieods of mass gain. However, we
expect that glacier retreat will be far more important théacigr advance. When considering
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decadal periods our simple parameterization yields googeagent with the observed surface
elevation changes in the past although different glaciengdries are involved. The good per-
formance of theAh-parameterization to simulate glacier retreat could aksaonfirmed by
testing the approach on other Alpine glaciers (Grosserséhgjletscher, Rhonegletscher).

Although crude, the method copes well with complex topogyagnd ensures conservation
of mass. The ice thickness distribution is essential fordéermination of the future glacier
extent, but is not a sensitive variable for the calculatitins difficult to apply full models of
3D ice dynamics to the investigated glaciers due to the ggatavailable field data and the
complex terrain. Thus, our approach is well suited in hyalyadal studies for inferring the area
and volume evolution of ice masses with a lack of field measerdgs.

In order to assess the impact of updating the glacier sudadbe simulated future runoff, we
performed two tests. In a first experiment, we keep the glatidace area constant and com-
pare the simulated discharge using the identical inputpetars for the period 2007—2100 with
the results presented above. According to Scenario 2 amnmuetf differs by only 3% after two
decades, but differences are greater in summer. By 2050ffeesdces in annual runoff vol-
ume when not accounting for a change in glacier extent arés{&£2), +7% (Scl) and +72%
(Sc3) and increase to more than 100% by 2100. This impligskéeping the glacierization
fixed is only justifiable for runoff forecasts in the next targecades, but leads to much higher
runoff in a later stage compared with our approach. When agaptng the glacierized area the
glaciers become an inexhaustible source of water.

In a second test, we implement a simple approach to updatgeglaurface — here re-
ferred to as the AAR-method — in GERM (AAR: Accumulation Areatio). This approach
was recently proposed by several authbrs (Horton and §12@66; Schaefli and othéets, 2007;
IPaul and others, 2007b). These studies assume that thergladiareal,,... is proportional

to the multi-year mean accumulation aréa. which is calculated based on climate variables.
Agiacier 1S derived using the relation

Aglacier - Aacc./AAR57 (88)

where AAR, is the accumulation area ratio required to yield a steadiesof the glacier
dS.Qhﬁ.&ﬂL&D.dﬁlh.dri._ZdO?) We calculate the accumulatiea A4,.. as a mean value of
10 years in order to average out climate variability. At timel ®f each decade an updated
glacier areaAF_,]amr is determined using Equatidn_B.84 AR, is prescribed and equals 0.6

rs, 2007). It is implicitly assumed thatghacier area is always in balance
with the prevailing climate conditions. A major drawbacktiis method in modelling studies
of future high mountain runoff is that mass conservationasgsatisfied, i.e., ice volume may
disappear without contributing to discharge. Furthermiire effect of surface lowering on the
melt rate is neglected.

The differences between the method to update glacier suga@roposed in this paper (refer-
ence) and the AAR-method are considerable. The glacieasaidrea is smaller by 30 to 55%
(2025) using the AAR-method compared to the reference. fidsvidne end of the 21st century
the difference in glacier area is smaller. Calculated ahnurenff volumes are up to 30% lower
than the reference using the AAR-method (TdbIé 8.5). Therdifices are even more signifi-
cant during the summer months. Moderate disagreement aivihenethods is found for the
cold-wet Scenario 1, however, lower runoff than for the mefiee results is predicted through-
out the entire 21st century using the AAR-method (T&ble. &6y Scenario 3, by contrast, the
differences in runoff volume are most pronounced in 205Md®&un summer is more than 50%
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Table 8.5:Differences in annual runoff volumég, and July-August runoft);, between the
reference model run using theh-parameterization to update glacier area and the testhenev
the glacier surface area is updated according to the AARwaetDeviations are given in %.
Negative values indicate that runoff is lower using the AARthod.

Year Scenario 1 Scenario 2 Scenario 3
AQa ACQJA AQa ACQJA AQa ACQJA
2025 -16 -18 -24  -30 -30 -39
2050 -17 22 -26 =37 =31 52
2075 -18 -23 -16 -29 -1 -6
2100 -11 -14 -2 -5 0 0

below the reference according to the AAR-method. Due to aptei® wastage of the glaciers
towards 2100 the disagreement gradually decreases to Tante(8.5). The results from the

two methods differ more strongly for large glaciers (e.gac&r de Zinal) than for the small

Glacier de Weisshorn, which is able to keep its extent closeteady-state due to a shorter
response time.

The comparison of the two methods for updating glacier segamplies that the AAR-method

is not suited for modelling the transient evolution of rurfodm glacierized catchments for the
coming decades. We consider the approach proposed in tidi & be more realistic because
it is mass conserving and allows to calculate a transieritigua of the glacier geometry.

The uncertainty of climate change during the 21st centurgassiderable @dﬁbﬂ
IChristensen and Christensen, 2007) and determined by araide of possible evolutions of
population, technology, emissions and, thus,@0Oncentration. The predefined climate Sce-
narios 1 to 3 span a 95% confidence interval of climatic impadlacier existence based on the
evaluated RCM results (Frei, 2007; HIg.18.7 8.8). In tee®f Scenario 1, the runoff char-
acteristics only show only minor changes compared to the(pags[B.12b). This indicates that
even moderate changes are possible within the range oftamgrin future climate evolution.
However, the climate change observed in the last two deddoies not support this evolution.
The scenarios for temperature and precipitation chd@, @) are relative to the climate
in 1990. Until present Scenario 3 (warm-dry) corresponds teethe measured meteorological
data (Fig[8B).

The two extreme scenarios predict significant changes iratimeial precipitation (Fid._8.8).
However, results of individual RCMs within the PRUDENCE jeid show that temperature
and precipitation change are related to each other. A sufstincrease in air temperature
may cause an intensification of the seasonal distributigrexdipitation, namely a reduction in
summer and an increase in winter precipitation (Christemsel Christenseh, 2007). Scenarios
1 and 3 do not take this effect into account. We tested the ¢tngfehigh winter precipitation
associated with the 97.5% quantile temperature incredserékults of this experiment indicate
that an intensified annual precipitation cycle slightly raades the dramatic changes predicted
for Scenario 3 (Figd—8.12c). According to this climate pobien, the differences in the annual
runoff volumes (FigC8.11) between the two extreme scesaie attenuated as well.

The range of expected variability due to the year-to-yeatdlations in climate is particularly
illustrative for runoff (Fig[B.1I1). Whereas in the first haf the 21st century low flow is not to
be expected due to the compensating effect of icemelt, itmeabundant after 2070, especially
for Scenario 3. In the next decades the hazard potentialdodiihg is increased. Floods could
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occur when intense melt in the summer season is combinedhedtyy thunderstorms providing
rain that contributes immediately to stream-flow runoff tlwéhe low retention capacity of bare
ice surfaces.

In this study we apply the conservative assumption that tivernal variability of climate

will be the same as in the past. However, RCM model resultgcatel that the year-to-
year variability will increase, with an emphasis in summéhiistensen and othér 02;
Hingray and others, 2007). This may even amplify the expketdreme events of droughts
and floodings/(Seneviratne and others, 2002).

The use of seasonal climate scenarios is of crucial impoetdor impact studies with high

spatial and temporal resolutian (Horton and others, 20@8sHind others, 2007b). Glacier re-
treat is decelerated by a general increase in winter ptatigm, because it occurs frequently as
snow at elevations higher than 3000 ma.s.l., even in a wathmeate. The expected decrease
in summer precipitation, however, adds to the water sgantithis season, which is predicted
for the second half of the 21st century due to the almost cetaplisappearance of the glaciers.

Comparable studies of runoff from high mountain catchmémtthe same topographic re-

gion were performed by Horton and others (2006)land Schaefloghers|(2007) for the period

2070-2099. The results of our work are mostly consistert wie previous studies. Similar

trends in the water balance components are simulated. Apne@pitation slightly decreases

according to the Scenario 2 (median), evaporation inceesig@ificantly and the annual runoff
drops below the current level by the end of the 21st centuaplE[8.# and Fid.8.11). However,

our results predict a more significant contribution of géawielt to discharge than do previous
studies, because the present work does not assume thaatierglare always in balance with
the prevailing climate. This is a major advantage of the apgn proposed in this study and
allows a transient modelling of runoff from glacierized idiege basins.

8.6 Conclusion

A glacio-hydrological model is presented to calculate tadydrunoff from highly glacierized
alpine drainage basins. Itincludes an annual updatingedfldicier surface and regional climate
scenarios in seasonal resolution for the period 2007-2&G&ier evolution and runoff are cal-
culated using a median and two extreme scenarios assumipgtature trends of +34#2.4°C
and precipitation changes of +@1% per century. The mean changes in the meteorological
time series are perturbed using random offsets in orderclodle the year-to-year fluctuations
of the meteorological variables. Thus, a range of varighit future runoff is estimated that
will have an important impact on the management of wateruess. The proposed approach
to updating the glacier surface geometry on an annual basigass conserving, easy to ap-
ply and thus well suited to simulate the transient evolutbrunoff in hydrological studies of
glacierized drainage basins.

Glacier retreat in the next decades will be considerables déyglacierization of high alpine
drainage basins causes a transition from an icemelt- towmeti-dominated runoff regime.

According to the median scenario, the annual runoff voluromfhighly glacierized drainage
basins increases for two to four decades and then drops feawrrent level. When the glacier
surface is kept constant, the annual runoff volumes at tdeoéthe 21st century are more than
two times greater than our values; significantly lower réivofumes (up to —30%), however,
result when using the AAR-method to derive glacier extentir @lacio-hydrological model
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predicts a significant decrease in runoff during the sumnaeths, whereas water supply from
mountainous regions increases in autumn and particuladpiing. The model results indicate
that substantial changes will occur in the runoff regime ighhalpine catchments linked with
the shrinkage of the glaciers. These changes will have aadtrgm the management of water
resources in future decades, on both a local and a regicalel sc
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Chapter 9

Parameterizations for calculating future
glacier retreat

ABSTRACT: The calculation of glacier extent in the future requires malels for describ-
ing the climate forcing acting on the glacier and the dynamiaesponse of the ice mass.
Ice dynamics can be analyzed using flow models that often demd considerable com-
putation power and field data input. Four different parameterizations for calculating
the change in glacier surface elevation and extent as conasnce of climate warm-
ing are proposed and validated against results of a 3D finitelement ice flow model for
Rhonegletscher over the period 2008-210@Q\ h-parameterizations yield the best agree-
ment with the ice flow model and can closely reproduce the digbuted ice thickness
change, as well as glacier area and length. Such empirical figtions can be derived
for individual glaciers from the observed pattern of glacie retreat in the past, but are
also applicable to unmeasured ice masses. More simple paraterizations completely
ignoring the effect of ice dynamics — the AAR-method and nordynamic downwast-
ing — perform significantly worse compared toAh-parameterizations. The retreat of
Rhonegletscher in the 21st century is analyzed using thredimate scenarios envelop-
ing a probabilistic range of changes in the climate system. écording to the most likely
evolution Rhonegletscher will be reduced to a small ice fieldy 2100.

9.1 Introduction

The assessment of the temporal change in glacier geomgtriyes the description of two main
factors: (1) the climatic forcing acting on the glacier sied and (2) the ice flow dynamics (for
which the initial ice thickness distribution is a basic bdary condition). In order to obtain
well-founded forecasts of glacier change during the nextdes both components must be
adequately described by models taking into account theipahback-coupling mechanisms.
In particular for applied problems related to glacier ratre.g. hydrological forecasts, there is
a need for simple models. These should be easily applicadégdger catchments and require
only a limited amount of readily available input data (obt e.g. from remote sensing or

149
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topographic maps). This chapter proposes methods to pteareethe distributed change in
glacier surface elevation and ice thickness due to the gastéthe ice mass. Comparison
with a 3D finite element ice flow model allows the validatiordidferent parameterizations for
Rhonegletscher over the period 2008 to 2100.

The climatic forcing that acts on the glacier can be desdrnilsgng mass balance models of vary-
ing complexity. They relate meteorological variables towaulation and ablation rates at the

lacier surface (e.g. Arnold and oth 996; Klok and @eén's, 2002; Hock and Holmgren

1 Pelliciotti and others, 2005; Huss and others, 2008 ice dynamics of alpine gIaC|ers

have been assessed in many glaciological studies ranging $imple flowline models (e.g.

Greuell,| 1992 Oerlemans, 1997; Huss and others, 2007bpriwplex 3D ice flow models
(e.g.[Hubbard and othérs, 1998; Gudmundsson,|1999; Jongetthers| 2008). The change
in glacier extent in the Alps in the next decades has beersiigated using combined models

of mass balance and ice dynamics of different levels of sjgfattion (Vieli and others, 1997;
Mamnga_andxa.n_deN B; Schneeberger and others|; Biiflyama and others, 2007a;
ILe Meur and other$, 2007). Also less data intensive appesasiere applied (Zemp and others,
2006;| Schaefli and others, 2007; Paul and others, 2007b; dassthers, 2008b). The future
evolution of Rhonegletscher has previously been addre@@dinga and van de Wal, 1998;
\Sugiyama and othérs, 2007a). Rhonegletscher is well sigitateveloping new models due to

its large basis of field data and the simple geometry thapis#y for alpine valley glaciers.

Four different parameterizations for the change in glasigface elevation in response to
mass balance are introduced: Twadi-parameterizations the AAR-method (proposed by
ISchaefli and others (2007) and Paul and others (2007b)y@malynamic downwasting The
latter two parameterizations do completely neglect thecetf ice dynamics on glacier retreat.

The so calledAh-parameterizations_(Huss and others, 2008b, see CHaptee &)ased on a
function relating the elevation of the glacier surfdce the elevation changah (equivalent

0.0 ———
0.2

0.4

Normalized ice thickness change

0.6
08 B Analytical
L Ah-parameterization
Local Ah-parameterization
100 0 o
0 0.2 0.4 0.6 0.8 1

Normalized elevation range

Figure 9.1: Ah-parameterizations for Rhonegletscher. The normalizedaébn ranges from
the highest point of the glacier (left) to the lowest gla@kavation (right). Ice thickness changes
are small in the upper part of the glacier and largest neagldwer terminus.
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to ice thickness change) occurring over a time interval & onseveral years. Typically, ele-
vation changes are small in the accumulation area and taatjg®e glacier terminus (Fig.9.1)
as could be shown by observations on alpine glaciers rs, 2007) and us-
ing theoretical considerations (J6hannesson and 6theg9) 114 ers (1989)
analytically calculated the transient change in ice thedenbetween two steady-states for an
ideally shaped glacier. They showed that the glacier rggigproaches a steady-state geometry
after a step like change in climate._Huss and others (2008t@npeterized, versusAh using

a function based on a model resultlby J6hannesson and| a1i#88)( see Figure 5 in their pa-
per. Throughout this chapter this function is referred ttaaslytical Ah-parameterization’. A
second function is proposed, here termed the ’ldcaiparameterization’ (Fid.9.1), which is
determined for each glacier individually.

The rationale of this chapter is the comparison of diffeegagroaches for calculating the change
in ice thickness and glacier extent in response to futureatk warming. This chapter seeks to
shed light on the question whether complex 3D ice flow mowiglis indispensable to calculate
glacier evolution in the 21st century or whether the ice flgwaimics can also be approximated
using simple parameterizations. The future evolution obifgletscher 2008 to 2100 is sim-
ulated based on different climate change scenarios. Tloalasibns are performed using (1)
a 3D finite element ice flow model (Jouvet and others, 2008ndttexl) and (2) four different
parameterizations for the change in ice thickness. Thipteingroposes feasible methods for
the annual updating of glacier surface elevation and extepuit data requirements are limited
to (1) a digital elevation model of the bedrock (obtaineddny glacier applying the procedure
described in_Farinotti and others, in press) and (2) disteith surface mass balance for each
year (obtained applying the methods described in Chajgteri2

9.2 Study site and field data

During the last Ice Age Rhonegletscher was the largesteaylatithe Alpine mountain range.

Nowadays, it has receded to a size of roughly 16 kd a length of 10 km. From an accumula-

tion basin below the summits of Dammastock (3633 m a.s.d)Rimonestock the glacier flows

over an ice fall to the ablation area forming its tongue inegadgincised valley. The glacier now

ends above the second ice fall over which it spectaculadgaded only 100 years ago. Par-

ticular for the geometry of Rhonegletscher are two largedeepenings (Farinotti and others,
). In front of the current glacier terminus a lakedg/iorming.

A variety of field data is available for Rhonegletscher cowgdifferent temporal and spatial
scales. Between 1874 and 2007 seven digital elevation md¢D&Ms) derived either from
topographic maps (before 1960) or from aerial photograpasaailable(Bauder and others,
). These allow ice volume changes to be calculated. & ¢6t19 radio-echo sounding
profiles acquired in 2004 and 2008 provides information &lboe ice thickness distribution
(Zahno, 2004:; Farinotti and others, in pfess). Measuresnafimet balance at stakes were car-
ried out at the end of the 19th centu fon, 1916),UmkR1985) during three years in
the 1980s and from 2006 to 20 008). Additionalltrithuted snow probings were
performed in five accumulation seasons — in 2008 at more tba@rictations. They provide
information about the snow distribution pattern over thecgdr surface. The discharge records
from the gauging station at Gletsch maintained by BAFU (matent glacierization in 2007:
47%) cover more than 50 years. Meteorological data (dailsgmagr temperature and precipi-
tation sums) are available for several nearby weatheosgtf MeteoSwiss, some of the time
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series reaching back to 1864. For an overview of the methseld 1o obtain representative and
continuous meteorological time series for Rhonegletsadfer to Chapter]2.

All data mentioned above were combined using a distributaedsibalance model for the pe-
riod 1865-2007.(Huss and otheers, 2008a). The calculatethalahce for every grid cell and
every year is used to drive the ice flow model for the past. Agsions on future climate
are based OE}@W) who statistically evaluated thelteof 16 regional climate models
within the PRUDENCE project (Christensen and others, 200&)ee scenarios for the seasonal
change in air temperature and precipitation are definedrdicptolHuss and others (2007b)
and Huss and othérs (2008b). Scenario 2 represents themr{ettist probable), Scenario 1 a
glacier friendly evolution (cold-wet) and Scenario 3 is thest adversary to glacier existence
(warm-dry). The three scenarios envelope a 95% confidertesval of future climate change
in the Alps (Fig[E.B).

9.3 Methods

9.3.1 Model description
Three dimensional ice flow model

A three dimensional finite element ice flow model is used touate the dynamics of Rhone-
gletscher. The model is described in detail hy Jouvet aner5t2008) and is based on a Vol-

ume of Fluid (VOF) formulation| (Scardovelli and Zaleski,989. The model has a high level

of physical sophistication and solves the nonlinear Stekpgtions. It has been successfully

applied to different types of fluids (e.g. Maronnier and o${18003) and was first employed by
Jouvet and others (2008) to calculate glacier dynamics.

Mass conservation along the ice-air interface yields asfrart equation which can be used to
determine the evolution of glacier geometry. Given thdahghape of the glacier, the ice flow
velocity u is obtained by solving a 3D nonlinear Stokes problem with alinear sliding law
along the ice-bedrock interface. Then, glacier geometgpdated by computing the volume
fraction of icey, which satisfies the transport equation

dp
ot

wherebdér, is a source term (i.e. mass balance) acting only on the rcevarfacel'y. A
decoupling algorithm allows the equations to be solvedgislifferent numerical techniques
(Jouvet and others, 2008). The nonlinear Stokes problerlv@a on a fixed, unstructured
finite element mesh consisting of tetrahedrons. The trahgpgoiation is solved using a fixed,
regular grid of smaller cells. The 3D ice flow model was impéeted for Rhonegletscher by
rs_(submitted) in order to predict its temtsévolution from 2008 to 2100.

+u- Ve =bir,, (9.1)

Implementation of Ah-parameterizations

The framework of glacier surface updating based on diffepanameterizations is the glacio-
hydrological model (GERM) described lin Huss and oihers §#)0see Chaptél 8. The model
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is designed to calculate the future runoff from highly géaized drainage basins and includes
a mass balance model, an evaporation model and a runofhigomodule. For a description of
these model components refer to Chapler 8. The 3D glaciengeyp is updated annually. At
the end of the hydrological year the lost or gained ice voldetermined using the mass balance
model is converted into a distributed ice thickness chaiidee method described hereafter is
identical for bothAh-parameterizations (Fig.9.1). For practical reasongitiie:-function is
normalized with the elevation range of the glacier. Intégreof the Ah-parameterization over
the glacier surface, weighted with the relative area ofatlem bands must be equal to the total
annual change in glacier mass given by the mass balance tatmopu In order to satisfy this
criterion, the magnitude of the-Ah-function is adapted in an iterative procedure so that its
curvature remains constant. Thus, for each elevation bah@ im an annual surface elevation
change is determined. Near the glacier terminus the annuf@ce lowering is restricted not
to exceed that year’s local surface mass balance in ice &guiv This corresponds to non-
dynamic downwasting of the glacier tongue, currently obseion several alpine valley glacier
tongues. In this case the Ah-function is then rescaled in order to accommodate theeentir
annual volume change. Theh-parameterization is not applied near the borders of theeyla
(i.e. where the ice thickness is smaller than 10 m). It is m&glithat in these regions thinning
due to ice dynamics is small. Thus, in these regions ice tigsk change is calculated only
based on the local mass balance in ice equivalent. For ahpeterizations the ice extent is
determined by comparing the updated glacier surface ébevand the DEM of the glacier
bedrock topography. The glacier disappears where the iceniésss drops to zero.

9.3.2 Further parameterizations
The AAR-method

In previous studies of future glacier retreat a simple meéthased on the accumulation area
ratio (AAR) was applied to update the glacier surface areg. (@chaefli and others, 2007;
IPaul and otherd, 2007b). It is assumed that the glacierizedl &, ..i.: iS proportional to
the multi-year mean accumulation ardg.., which is calculated based on climate variables.
Aglacier 1S derived using the relation

Aglacier - Aacc./AAR87 (92)

where AAR; is the accumulation area ratio required to yield a steadtesif the glacier. The
accumulation areal,... is calculated as the mean of the previous 10 years in orderciage

out the year to year fluctuations of climate. An updated iaareaAglmm Is determined
annually using Equatidid.20 AR, is prescribed and equals 0 thers, 2007). In
this approach it is implicitly assumed that the glacier isals in balance with the prevailing
climate conditions, which is not justified for large ice mass a dynamically changing climate.

A major draw-back of this parameterization is that it doesauzount for the conservation of
mass. For transient hydrological modelling, in particuthis represents a serious problem as
ice volume can disappear without contributing to dischafdgee advantage of the AAR-method

Is that it requires no information about ice thickness distion.
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Non-dynamic downwasting

Given the mass balance and the ice thickness distribut®mchiange in glacier extent can be
calculated by rigorously assuming non-dynamic downwastilte thickness change at each
grid cell equals the annual mass balance in ice equivaldns.approach completely neglects a
transport of mass from the accumulation to the ablation.arbas, the lowering of the glacier
tongue is expected to be too fast and surface elevation sep to increase at high elevations.
This simple method might not seem realistic, however, incidige of a further acceleration of
glacier wastage, downwasting of an entire glacier withalymstagnating ice flow could still be
a reasonable approximation. An advantage of this approacipared to the AAR-method is
that ice volume is transiently modelled, i.e. mass is coreskr

9.3.3 Deriving a localAh-parameterization

The distribution of surface elevation change in responsedbange in climate depends on (i)
the geometry, (ii) the size, (iii) the ice flow regime and (ilafg mass balance distribution of
each single glacier. A feasible option to derive a log&l-parameterization for an individual
ice mass is to retrieve information on the surface elevatttange patterns from digital eleva-
tion models in the past. This requires at least two DEMs guedfly more, covering an adequate
time span (more than five years). By comparing the elevati@mge between two DEMS in
glacier elevation bands of 10 m a distributionfo¥ersusAf is obtained. If several DEMs are
availableh-Ah can be computed for all intervals. When deriviag-parameterizations from
observations one has to be careful not to include noise,iwhi@muld then be amplified in the
modelling. Therefore, the-Ah function needs to be smoothed, in particular in the uppermos
parts of the accumulation area, where the uncertainty irDiE®s is relatively high and the
area covered by individual elevation bands is small. In ganthe quality of thei-AR relation
increases with the time span covered and the changes thatedcluring this period. Further-
more, the observed distribution of elevation changes isidied by long periodic fluctuations
in climate forcing (see e.g. Figure B.8b). The distributiddri\/, over the glacier surface is in-
herently different for periods of (1) 'stable’ or accel@@itglacier retreat (e.g. since the 1990s),
(2) during time intervals of positive mass balances (e.g 1870s) or (3) following such a
period (e.g. the 1980s). In future we expect mostly negatiass balances — this is what the
current climate models imply. Thus, it is proposed to detheAh-parameterization, which
will be applied for intense glacier retreat in the futurenfrobservations in the past that mostly
cover case (1), i.e. constantly negative mass balancesEM®embracing such periods are
not available, it is advisable to consider elevation charigegtween the first and the last DEM
(the longest period covered) in order to average out as maikée’ as possible. If several well
suited periods exist for the establishment of tha/ relation, the results can be stacked in a
second step.

The localAh-parameterization for Rhonegletscher (Figl 9.1) was édrias follows: For the
DEM periods 1929-1959(=—0.30 mw.e.a'), 1991-2000 &,=—0.42 mw.e.a') and 2000-
2007 (,=—0.89 mw.e. a') negative mass balances prevail. These time intervals tinclade
important subperiods of mass gain (see e.g.[Eld. 2.6). Far ebthe periods the distribution
of Ah with elevation was computed. The curves were normalizet thi¢ elevation range of
the glacier (forh) and the maximum elevation change (fdh). Finally, the three curves were
stacked and smoothed.
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Figure 9.2: Difference in surface elevation and glacier extent obthifrem comparison of
DEMs and results of the 3D ice flow model in (a) 1929, (b) 1980 @) 2007 [icc fiow model-
hobservation ). The model was initialized in 1874 and forced using the niigance distribution
of each year in the period 1874 to 2007.

9.3.4 \Validation of the ice flow model in the past

The 3D ice flow model is validated against repeated obsemnaif glacier geometry and ice
flow velocities (Bauder and others, 2007; Nishimura, 2008ge model is forced using the
mass balance distribution of each year in the period 18746y ZHuss and others, 2008a)
and is initialized employing the glacier geometry of 1874y tBning the flow rate factor
and the sliding coefficient (see Jouvet and others, submigeod agreement of calculated and
measured surface flow speed is obtained (not shown). Cosopanith DEMs is displayed in
Figure[@.2. Glacier area and length are reproduced wellfei@ifices in modelled and mea-
sured surface elevation in the accumulation area (with bigghs) are mostly attributed to the
uncertainty in the bedrock map. The deviations are largeaggions not covered by radio-echo
sounding measurements. A method to exploit misfits of catedland observed glacier surface
in order to correct the bedrock map was successfully testad.updated ice thickness distri-
bution is, however, not yet used in this study. Towards 20@mtodel evidently overestimates
surface elevation near the terminus (i@l 9.2c). Unceieanin the distribution of surface mass
balance might be partly responsible for this misfit. On agera root-mean-square error of
21 m between observed and simulated glacier surface is folimd value is regarded as the a
priori uncertainty in the 3D ice flow model in the present cgafation. Generally, the accuracy
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of the model results are affected by the uncertainty in @) ltledrock elevation, (ii) the mass
balance distribution and (iii) the description of ice dynesn

9.4 Results

The 3D ice flow model and GERM, which is implemented with difet parameterizations
for the ice thickness change, are forced using the sametatimn@ut for the period 2008 to
2100. Mass balance is calculated in daily resolution foryeged cell applying the parameters
calibrated between 2000 and 2007. Methods and scenariateaceibed by Huss and otHers

) and the anticipated changes in the meteorologar@ées are displayed in Figures
and’8B. Model runs were performed for the Scenarios 1 t6EBBRM was run applying
the analyticalAh-parameterization, the loca&lh-parameterization, the AAR-method and non-
dynamic downwasting. Because the identical mass balapcg was used to drive the models,
differences in simulated surface elevation and glacieergxare only attributable to ice flow
dynamics. The ice flow model is assumed to reproduce theseoptamal way and is regarded
as the reference result.

Comparison of 3D ice flow model results in the spatial domaith @an a longitudinal flow line
are shown for (1) the analyticakh-parameterization and (2) the localh-parameterization
(see Figg8]3 t6 9.6). The distribution of the ice covered asaeproduced well using these
parameterizations. Furthermore, the distributed sudmetion change is captured accurately.
In the second half of the 20th century the use of the analytidaparameterization leads to
an overestimation of the glacier surface in the centralspaftthe glacier, whereas surface
elevation is too low close to the terminus (FIg.19.5). Thealadh-parameterization slightly
underestimates the rate of surface lowering near the teisyiafore 2050, however, in general,
agrees very well with the ice flow model over the entire madglperiod (Figd 9}4 and3.6).
The root-mean-square error of surface elevation obtaintdtie ice flow model and the local
Ah-parameterization is smaller than 20 m throughout the @mtiodelling period (TablE®.1).
This is within the uncertainty in the ice flow model resultgy(.2). Note, that the uncertainty
in future climate change is large. However, as the modeldomoed using the same climatic
input, this factor does not have an impact on the comparisthealifferent methods to calculate
glacier retreat.

The validation shows that the localh-parameterization performs slightly better, particylarl
towards the end of the modelling period, than the analytidalparameterization (Tab[e®.1).
This was expected, as the former was specifically designe@tfonegletscher based on obser-
vations in the past. The full set of figures is only shown fa kbcal Ah-parameterization —
regarded as the the best solution — for Scenarios 1 and 3.
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Figure 9.3: Comparison of surface elevatioh.{ fow model-lparameterization) @Nnd glacier extent
calculated forScenario 2 (median)using the 3D ice flow model and thenalytical Ah-
parameterization. Coloured areas indicate glacier coverage as calculatetthévyce flow
model. The colours refer to the difference in elevation wigtd from comparing the results
of both models. Solid lines with contours show the glacideekas calculated using the pa-
rameterization. The dotted line indicates the glacierioetin 2007.
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Figure 9.4: Comparison of surface elevationif, fow model Pparameterization) and glacier ex-
tent calculated foiScenario 2 (median)using the 3D ice flow model and tHecal Ah-
parameterization. Coloured areas indicate glacier coverage as calculatetthévyce flow
model. The colours refer to the difference in elevation oigtd from comparing the results
of both models. Solid lines with contours show the glacideekas calculated using the pa-
rameterization. The dotted line indicates the glacierioatin 2007.
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Figure 9.5:Glacier surface elevation calculated for Scenario 2 (mgdiging the 3D ice flow
model and thanalytical Ah-parameterization in a longitudinal glacier profile.

SCENARIO 2
2035 b

C

2800 2800

2600 2600

Elevation (m asl)
Elevation (m asl)

2400 2400

2200 Distance (km) 2200 Distance (km) Distance (km)
1 2 3 4 1 2 3 4 3 4 5

2080 e [\ 2095 f

6

2065 d

- 3000 N — Ice flow model
— Parametrization

2800 = 2800 = 2800 =
© © ©
E E E
2600 ¢ 2600 ¢ 2600 <
2 8 2
3 3 3
2400 & 2400 & 2400 2
2200 Distance (km) 2200 Distance (km) 2200
1 2 3 4 5 1 2 3 4 5 1

Figure 9.6:Glacier surface elevation calculated for Scenario 2 (mdiging the 3D ice flow
model and théocal Ah-parameterization in a longitudinal glacier profile.
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Figure 9.7:Glacier surface elevation calculated for Scenario 2 (mgdiacording to the 3D ice
flow model and th& AR-method in a longitudinal glacier profile.

Figure[@.Y shows that the AAR-method does a bad job in estiggtacier extent. According
to this parameterization Rhonegletscher almost immdglifdeses its tongue. Most Alpine
glaciers are presently out of equilibrium, i.e. their sigédo large for the current climate con-
ditions. The AAR-method does not account for the time schdeigrs need to get rid of their
excess ice mass. Thus, the AAR-method predicts too fasiegleatreat (Figl919). The misfits
are largest around 2050 when the glacier is far from equilibbrand become smaller as the
glacier area decreases. To estimate glacier area changesicrete time step of one century (as
performed e.g. by Schaefli and oth 007) the AAR-methayyield reasonable results, es-
pecially for small glaciers. Huss and others (2008b) tetiteaffect of using the AAR-method
on runoff forecasts in the 21st century. The AAR-method isswtable in transient runoff
modelling, because it is not mass conserving. Dischargewes may be underestimated by up
to 40%, depending on catchment characteristics.

Assuming non-dynamic downwasting of the ice mass resulsurprisingly low misfits with
the ice flow model (Figl_818). The power of this crude approacheproducing glacier area
and length is significantly better than the AAR-method andas much worse than thah-
parameterizations (Fi§._9.9). However, the root-mearaggerrors increase rapidly with the
length of the modelling period (Table™®.1), which is expédrby unhindered and continuous
growth of the ice mass in the accumulation area.
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Figure 9.8:Glacier surface elevation calculated for Scenario 2 (mgdiacording to the 3D ice
flow model and assumingpn-dynamic downwastingin a longitudinal glacier profile.
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Table 9.1: Validation of surface elevation calculated using diffdrparameterizations against
the ice flow model for three 30-year periods and scenariosgriuture.Tmsy represents root-
mean-square errors of the difference in elevatiQn fow model-Pparameterization) at all grid cells
averaged over the period considered.

Scenario Period Tmsq TImsq TSy TSy
(analyticalAh) (LocalAh) (AAR-method) (Downwasting)
2008-2040 17.2m 16.5m 67.7m 30.4m
Scenario 2 2041-2070 27.2m 20.1m 117.7m 70.5m
2071-2100 37.4m 20.7m 68.6m 115.0m
2008-2040 17.2m 16.9m 53.0m 37.4m
Scenariol 2041-2070 22.1m 22.3m 98.1m 97.3m
2071-2100 24.3m 23.1m 114.1m 155.2m
2008-2040 20.2m 15.3m 90.0m 27.8m
Scenario 3 2041-2070 30.2m 22.1m 81.9m 46.3m
2071-2100 9.0m 11.4m 9.7m 42.0m

Figured[9.ID anf 911 illustrate the performance of thel Iddaparameterization according
to the moderate climate change Scenario 1 (cold-wet). Algbis case this parameterization
yields the best agreement with the ice flow model (Téblé 9BJth Ah-parameterizations
capture glacier area and length well, whereas the AAR-nak#imal non-dynamic downwasting
significantly underestimate them (FI[g._9.12). The misfitsh&fse two parameterizations are
largest for Scenario 1, because ice dynamics, that arecéipbxcluded in these approaches,
are important (Tablg9.1).

The local Ah-parameterization also performs well under the warm-dmn@do 3 (FigCa. 13
and[@.I¥). The misfit with surface elevation given by the ioe/fimodel is mostly within its
uncertainties (Tabled.1). According to the AAR-method Régletscher is virtually gone in
30 years (FiglZ9.15). Considering the reaction time of aigta&nd the conservation of mass
this results is highly improbable. Under these climate dims, non-dynamic downwasting
yields acceptable results, since ice dynamics are almggigitde in this case (Table_8.1 and
Fig.B.I5%).

The validation shows that the change in glacier surfaceaéitav and extent can be approxi-
mated reasonably well usinyh-parameterizations (Fig.9.1) instead of complex 3D ice flow
modelling. The use of a complex 3D ice flow model requiring sdarable computational
power and field data for calibration does not provide a sigaifily different result. Further-
more, the sensitivity of the parameterization to unceti@snn the bedrock elevation is by far
smaller, which makes it very suitable for glaciers witHdifield data. The good performance of
simpleAh-parameterizations is partly attributed to the fact thdutare, ice flux plays a minor
role compared to surface melting. The parameterizatioad usthis study could for instance
not simulate the distributed change in ice thickness duglagier advance periods satisfyingly.
However, theAh-parameterizations account for some of the effects of iceadycs and work
well for periods of glacier retreat. Parameterizationdiexly ignoring ice dynamics — such as
the AAR-method and non-dynamic downwasting — performedigaantly worse in predicting
future glacier retreat (Tab[e®.1). The use of these metiwdiscouraged as they are neither
computationally less expensive nor require less input data
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Figure 9.10: Comparison of surface elevatiohi{ fiow model-Pparameterization) and glacier ex-
tent calculated fo6cenario 1 (cold-wet)according to the 3D ice flow model and tleeal
Ah-parameterization. Coloured areas indicate glacier coverage as calculatebebige flow
model. The colours refer to the difference in elevation oigta from comparing the results of
both models. Solid lines with contours show the glacier s calculated using the parame-
terization. The dotted line indicates the glacier outlim@007.
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Figure 9.11: Glacier surface elevation calculated for Scenario 1 (ewdd) using the 3D ice
flow model and théocal Ah-parameterization in a longitudinal glacier profile.
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Figure 9.12: Glacier (a) length and (b) area calculated &wpenario 1 using different ap-
proaches.
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Figure 9.13: Comparison of surface elevatiohi{ fiow model-Pparameterization) and glacier ex-
tent calculated folScenario 3 (warm-dry) according to the 3D ice flow model andcal
Ah-parameterization. Coloured areas indicate glacier coverage as calculatebebige flow
model. The colours refer to the difference in elevation oigta from comparing the results of
both models. Solid lines with contours show the glacier s calculated using the parame-
terization. The dotted line indicates the glacier outlim@007.
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Figure 9.14:Glacier surface elevation calculated for Scenario 3 (wdry)-using the 3D ice
flow model and théocal Ah-parameterization in a longitudinal glacier profile.
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9.5 Discussion

9.5.1 Uncertainties in modelling future glacier evolution

The major source of uncertainty for the prediction of futgtacier extent are the changes in
the climate system and how they act on the glacier surfacge-8f-the-art climate models still

indicate a wide range of possible climate trends in the &itlihis spread is mainly due to the
unknown evolution of human technology and whether and wherase able to cope without

energy provided by fossil fuels. However, different climabtodels also exhibit considerably
diverging results when forcing them with the same,G@put (Christensen and others, 2002;
Wﬁd@mom) The usasehebles, allowing a probability

distribution of the climate model results to be determirgedherefore, of benefit.

It is the task of the glacier impact modeller to translate thange in the climatic vari-
ables to an effect on the cryosphere. The most straightai@vapproach is to develop
relations between meteorological data and glacier changie past and apply these to
future conditions. This strategy is both simple and obviam has been applied in
many forecasts of the future evolution of Alpine gIamersg(dMla.Inga_a.n.dJLa.n_deN/
11998; | Schneebery drs. 2003; Zemp and bihers, [B0@fyama and othérs, 2007a;
e Meur and others, 2007; Huss and others, 2007b, 2008b).

Investigation of the changes in the climatic forcing at thevation of the long-term equi-
librium line has shown that the degree-day factors of teatpee-index models may change
systematically over long time perioos (Huss and Bauderrésg). A decrease in the degree-
day factor for snow of 14% since the 1960s was found (Eid.)3.8&e relation between air
temperature and melt is not constant over time_(BraithivA®85:;| Ohmura and othéets, 2007;
ICarenzo and others, in press). The entire energy balanemjzed into the degree-day factors.
Changes in the relative importance of heat budget compsw@mrictly influence the degree-day
factors in empirical temperature-index modelling. Modatgmeters calibrated in the past un-
der a given magnitude of the radiative heat fluxes may thusibest to significant changes in
the future. This requires a more physical description offuEesses governing melt, consid-
ering the changes in (temperature dependent) longwaveharthave heat fluxes separately.
Such an approach should, however, not increase the fieldetpiaements of the mass balance
model in order to ensure a robust application to long timéoper

9.5.2 Deriving Ah-parameterizations for unmeasured glaciers

This chapter has shown that parameterizing glacier sugbs@tion change and, thus, glacier
dynamics using a simple relation bfversusA# is a well suited alternative to complex 3D ice
flow modelling. As theh-Ah function is site dependent, best results are obtained wékemitg

it for each investigated glacier individually. There aretpossibilities for deriving local\ /-
parameterizations: (1) An ice flow model (e.g. Jouvet anemit2008) is applied to derive a
local h-AhR function which then considerably facilitates the calcolas, e.g. for hydrological
modelling; (2) theh-Ah function is derived from observed surface elevation chamgée past
(as described in Sectign 9.B.3 for the loddl-parameterization of Rhonegletscher).

Option (1) is time- and resource-consuming and relies orafipdication of a complex model.
Option (2) is only applicable, if several DEMs are availatolethe glacier under investigation.
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Figure 9.16: h versusAh functions derived from digital elevation models for 19 géas
in Switzerland. Ah-parameterizations for (a) large valley glaciers, (b) medsized valley
glaciers and (c) small mountain glaciers with no distinetatesation of ice flow. The analyt-
ical Ah-parameterization is shown as comparison in each panah¢das (d) Average of all
Ah-parameterizations in each glacier class.

To overcome this restrictiod\h-parameterizations for different glacier classes werepdsd
(Fig.@B.I1®d). For 19 glaciers located in Switzerland forettiepeated DEMs over the 20th cen-
tury are available_(Bauder and others, 2007) lasatparameterizations are derived (FIZ.9.16a
to c). The averaging of these Ah functions in three classetafge valley glaciers, medium
sized valley glaciers, mountain glaci¢sgelds Ah-parameterizations representing an applica-
ble solution for glaciers covered with no field data in thetpd$e h-Ah function for valley
glaciers with a well developed tongue (such as Grosser &igtstscher) are closest to the an-
alytical Ah-parameterization and display small ice thickness chaagessa large part of their
elevation range (Fig.8.16a). On mountain glaciers, inre@ht here defined as ice masses with
no distinct canalisation of ice flow and a limited altitudieatension (such as Silvrettagletscher)
ice thickness changes are not restricted to regions neayldbeer terminus, but extend to al-
most the entire elevation range (HIg.9.16c). The paraizetésns can be approximated using
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empirical equations (see Tallel9.2). These were fitted bastghst squares and are of the form
Ah=—(h+a)+(h+a)-b+c 9.3)

v, a, b andc are parameters that need to be determined empirically. Xjppenenty decreases
with glacier size and canalisation of flow, respectively.eTdnalyticalAh-parameterization
applied in Huss and othels (2008b) causes too much contiented mass loss near the glacier
terminus and too little near the equilibrium line (Tablel &l Fig[9.1b).

Table 9.2: Approximations of the Ah-parameterizations for different glacier classes
(Fig.[8.16d). The equations are of the fotnh = —(h + a)” — (h + a) - b+ c. h is the
normalized elevation range of the glacier surfasg,is the normalized ice thickness change.

Ah-parameterization Parameters of approximation
v a b c
Analytical 11 -0.02 -0.12 0
Large valley glaciers 6 -0.02 -0.14 0
Medium valley glaciers 5 -0.04 -0.2 -0.02
Mountain glaciers 4 -0.10 -0.40 -0.04

9.5.3 Restrictions for applying Ah-parameterizations

Ah-parameterizations have been designed for the calculafigtacier retreat in response to
future climate warming avoiding the application of compiexflow models. They have proven
to be well suited for this task. However, As.-parameterizations represent rigorous simplifica-
tions of three dimensional glacier geometry changes, sestdations need to be discussed.

Ah-parameterizations do not perform well in simulating gia@dvance. Generally speaking,
the pattern of the altitudinal distribution of the ice thigss changes only differs by sign for
glacier retreat and advande (Johannesson and lothers, 1®8@)only after reaching a steady
state. Large alpine glaciers such as Rhonegletscher takeatelecades to reach a new equi-
librium geometry after a step like change in climate. Thke-parameterization is applied at
the end of every year, assuming an immediate transformafitime local mass change into a
distributed surface elevation change over the entire gtaéis the localAh-parameterization
was explicitly derived for periods of consistently negatimass balances (see Secfion ®.3.3) the
surface elevation change in the case of glacier advanceot@ensimulated accurately. The
local Ah-parameterization for Rhonegletscher was tested agaeasunements during the last
century. In the two decadal periods of substantial mass(@&ib0s and 1970s, see Figlirel 2.6)
the parameterization transports much ice mass down to #ugeglterminus, resulting in a too
slow glacier retreat. Thus, the transient evolution of glageometry is not reproduced well. By
2007, however, after 123 years of simulation the root-msgrare error of modelled (using the
local Ah-parameterization) and observed surface elevation is 28hch is only 40% higher
compared to the misfit of the ice flow model results for the spared. Ah-parameterizations
perform well in the case of regular glacier retreat, howetregy do not cope with a climate
forcing displaying long-periodic fluctuations betweenifiee and negative mass balances. For
reproducing the transient change in glacier geometry indhse correctly, an ice flow model is
required.
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Furthermore, changes in the shape of the optifxialparameterization over time are expected.
With glacier shrinkage the exponent(Eq.[@.3) decreases. As the curvature of thAh-
function is basically given by ice dynamicsgjs also dependent on the rate of climate change.
However, given the good performance of thé-parameterizations over a time interval of 100
years in the future (see e.g. Hig.19.6) these factors arereskto be of minor importance.

The question might arise, whether thé-parameterizations shown in Figure 9.16d (derived
for glacier classes) are applicable to every alpine glacke the h-Ah-functions reflect the
prevailing ice thickness change pattern of retreatingnalglaciers, an approximate geomet-
rical change of every ice mass can be captured. However,eigr small glaciers this state-
ment must be put into perspective: When there are almostendyinamics the use of Ah-
parameterization derived from "dynamical” conditions Ive tpast, might cause erroneous re-
sults. In the case of ice patches with negligible ice flow,-dgnamic downwasting is expected
to yield more realistic forecasts of glacier change. Thuis, proposed to define a lower limit
of the glacier size, where th&h-parameterization is applied.

Concluding remarks

In this chapter parameterizations for the future changdanigr surface elevation and extent
were implemented and validated against results obtaired & 3D ice flow model. The future
evolution of Rhonegletscher was simulated for the peric@82P100 based on three different
climate change scenarios. Simpl:.-parameterizations can reproduce the retreat of a valley
glacier in the 21st century equally well as a complex ice floadel. Input data requirements
are limited to (1) mass balance maps in annual resoluticelisess and others, 2008a,b) and
(2) the initial ice thickness distribution (see Farinotitiotherss| in press). All of these inputs
can be calculated based on readily available data sets, Alhdgarameterizations are applica-
ble to any alpine glacier. The performance of two other patanzations, explicitly ignoring
the effect of ice dynamics, is inferior. As they do not requiess input data than th&h-
parameterizations their application to glacier retreatletiing does not yield an advantage.

Ah-parameterizations are based on a relation of observertgtacface elevation changAf)

in the past versus normalized glacier elevatibh (Local h-Ah-functions can be derived for
any glacier with several digital elevation models avaiainl the 20th century. A localh-
parameterization yields the best representation of glaeteeat for the particular geometry
of the considered ice mass. Empirical functions derivediftierent glacier classes allow the
application of the parameterization to unmeasured glacigased on the excellent performance
of Ah-parameterizations in reproducing (i) surface elevatfonglacier extent and (iii) glacier
length given by a state-of-the-art 3D ice flow, such functiare recommended for the simplified
simulation of future glacier retreat, e.g. for hydrolodiparposes.
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Chapter 10

Conclusion

10.1 Synthesis

This thesis combines a wide variety of data types acquireoval the last century with mass
balance modelling. Different methods for calculating wlsited glacier mass balance, long-
term mass balance time series and for homogenizing exigtiloigneasurements are presented.
With the lessons learned from the past, it is attempted tectst the future of glaciers in the
Alps.

Modelling is a powerful tool that allows to expand mass be¢arecords in space and time.
However, in-situ observations are required to tie theseatsdd reality. The field measurement
of mass balance carried out with an enormous input of manpowealmost a dozen Swiss
glaciers over many decades, as well as the ice volume chaegeed from digital elevation
models for over 30 Swiss glaciels (Bauder and others,| 20@%jige a unique data basis for
glacier studies in Switzerland. The combination of measergs and modelling provides the
key to understanding the consequences of past and preseatecthange on the glaciers. Long
time series have an immense value for the analysis of climaiations in high mountain re-
gions covered with no weather records. For these reasormjlthike to stress the importance
of continuing the mass balance measurements on SwissgladMedelling will never be able
to replace them — but to increase their value!

The investigations of the climate forcing acting on glagarface were performed using an
enhanced temperature-index model. The model has been shgvenform excellently when
calibrated with field data. It is important to note that temgpere-index models are statis-
tical tools and not strictly physical models. This has anontgnt advantage: The user of
temperature-index models does not need to consider allamtigorocesses in glacier melt —
they are often so complex that thorough local investigatisould be required to describe each
of them adequately. This makes temperature-index appesaghsily applicable to many dif-
ferent problems. Their statistical nature allows a tunigg thus an optimal fit of the field
observations. And this is the basis for a successful tenhdovenscaling of measurements (e.g.
seasonal to daily mass balance quantities) or their sgadiedpolation (e.g. point mass balance
to the entire glacier). The advantage of simple mass balaockels lies in their robustness due
to little and readily available input data.

It could be shown that cumulative mass losses of glacieédaconly several dozens of kilo-
metres apart may differ by a factor of almost three over teedantury. The differences can be

171
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attributed both to the time for the dynamic reaction of theenicasses and significant changes
in the local precipitation conditions. This implies thatimidual mass balance time series are
not suitable for deriving overall mass changes of an entwamtain range. Note that the strong
differences in the cumulative mass balance between ingiiglaciers could only be detected
due to comprehensive data coverage for these ice masses.

On alpine glaciers more energy was consumed for melt in td®4 $han nowadays. This is
revealed by time series of glacier-wide mass balances, hgsveontinuous in-situ measure-
ments near the equilibrium line. The 1940s are characttbydow winter accumulation and
significantly more solar irradiance than we face preseiftigse effects caused extremely nega-
tive glacier mass balances at that time, although the apéeatures were higher during the last
decade. The fluctuations in climate forcing are similar i@ ¢ntire Swiss Alps and show long-
term oscillations with a period of about 65 years superiredasn a negative trend, which is,
however, not highly significant according to statisticat$e Climate change in the 20th century
was not a linear process — many glaciers reacted with adsansbort favourable periods. With
future climate warming, however, a substantial prolorayatf the melting season, as well as a
decrease in the fraction of solid precipitation is expedteth favouring lower glacier albedo.
These feedback mechanisms will contribute to enhancedeglaelt in the next decades.

Simulations of glacier retreat for the next 100 years usiifigrént methods show equivocal
results. Alpine glaciers will almost completely disappeawith severe consequences for us:
By 2100 a water shortage in summer is expected, the managedleydropower production
will have to adapt to the new conditions and the tourism sdat&witzerland will no longer
advertise with everlasting ice streams. However, glacilisnot have gone when we open
our eyes tomorrow. Large ice masses, in particular, will nposbably endure the entire 21st
century. The substantial masses of fresh water storedlaehegations in the form of ice require
many decades to be melted completely, even when no more atation occurs. This causes
water supply in abundance during a first stage, also favgutood events, when phases of
intense icemelt are combined with heavy rainfalls. Whenglaeiers have shrunken to small
ice patches, a scenario which is probable for many Alpineigtdor the second half of the 21st
century, they can no longer supply melt water during sumi@éacier change during the next
decades will be so fast that it is even impressive in one huifethme. But glacier retreat is
not immediate — glaciologists will still have research ogpoities for many years.

10.2 Concluding discussion and outlook

Field measurements are the key to successfully setting wlelnof glacier surface mass bal-
ance and ice dynamics. A wealth of field data is available oty years in the past. However,
there can never be enough! More field measurements of vasi#tidt are not simulated well by
the models are required to understand the processes goyé¢heim. For example, snow prob-
ings of the winter balance in high resolution can be accoshpli with manageable effort and
provide important information on processes determininglsstale variations in the snow de-
position. This is in turn a prerequisite for correctly regwaing the distribution of net balance.
This variable was measured with a dense stake network in9f@slon several glaciers. A
repetition of these highly resolved mass balance measuntsmeuld provide important infor-
mation about changes in the mass balance distributionrpattel help to set up better models
for capturing this spatial variability.
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Small glaciers are a dying species. Nevertheless, theyemakhe vast majority of glaciers
in Switzerland is small. This size class has not been inyatd so far. The first results of
the mass balance monitoring set up on Pizolgletscher coeuhéag this thesis are promising.
Processes governing the mass balance of small glacierd beutlentified and investigated in
high spatial and temporal resolution. The measurementsafl glaciers should be continued
in order to understand the reaction of these ice fields toatkrochange.

In the course of this dissertation an exhaustive digitad thaisis of mass balance measurements
performed in the Swiss Alps during the last century was ctedpHowever, there is still doubt
about its completeness. Every single measurement — alsol&ted in space and time — has a
value, which cannot be counterbalanced with any model. ;Tdaditional effort should be put
into the tracing of forgotten field data and records. As mdrtyese are only reported in man-
ually written and dust loaded field books the quest for su¢h galaborious, but nevertheless
rewarding.

The homogenization of mass balance time series is an imyaste (see Chaptar 4). The time
series of mass balance monitoring programs have beenish&bwith a considerable effort
over several decades. However, only homogeneous datasetslaable for the interpretation
past climate change. In Switzerland, there are four longr-teme series (Limmern- and Plattal-
vagletscher, Glacier de Giétro and Ghiacciaio del Basqdimat require a careful re-analysis.
Normally, only the raw measurements at the stakes and in cagsts the dates of the readings
are reported. The previous researchers had a well founded&dge about the spatial distribu-
tion of mass balance from observing melt out patterns overyiaars. This experience is often
conveyed in the form of manually drawn mass balance maps. mibta-source of information
could also be exploited in order to constrain distributedsrizalance models.

The method to determine long-term mass balance time ssgesGhaptdd 2) should be applied
to a representative set of Swiss glaciers in order to obtawngprehensive regional picture of
climate forcing over the 20th century. Some selected glaciere already analyzed, however
the number of ice masses with a data basis that allows thelrtmbe calibrated is exhaustive.
Mass balance time series calibrated for the past are a pisiteqgfor simulating the future
evolution of the glacier, including the changes in runofirécasts of the glacier runoff for the
next decades in several climatic regions of Switzerlanddiffierent catchment characteristics
will be of high value for the future management of water reses in the Alps.

There is still a substantial potential for developing battedels to calculate 21st century glacier
change and its consequences. Modelling the future is fuadgatty different from simulating
— re-analyzing — the past: In the past the model serves ad &taaterpreting and best ex-
ploiting field measurements — and can be directly constdainyethese. Models for the future
must understand the back-coupling effects on a physicé basrder to be able to yield real-
istic forecasts. However, there is presently no way to tetlich model approach is the most
appropriate. Almost all methodological steps in the madelof future glacier extent or runoff
are subject to possible enhancements, always bearing ih ttmét we will only know whether
the effort led to an enhanced or even a worsened model paafar@ when we're old...

The largest uncertainty in future impact studies arisesfoarselves. Nobody knows whether
we will be able to control our releases of greenhouse gasasgdilne next decades. Climate
models try to translate changed €forcing into changes in the meteorological variables. The
application of such results in local impact studies is oftetirivial. The downscaling of climate
parameters from a grid with several tens of kilometres goaitsg to the glacier scale requires
a careful analysis of the local meteorological conditiortse models to forecast glacier change
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proposed in this thesis (see Chapférs [flto 9) are based ontthre tlimate forcing given by
a probabilistic range of results from 16 regional climatedels in seasonal resolutiﬁrei,
). There are several issues to be discussed:

e Linear trends in the mean seasonal changes in temperatdrpraaipitation between
time slices (1990, 2030, 2050, 2070) evaluated from theaIMnodelleeijD_bY) are
assumed (see Chaplér 8). First of all, climate change isliva process and for impact
studies a temporal resolution much higher than seasona v required. This implies
that a downscaling, superimposing a realistic syntheti@adity in the meteorological
variables, must be performed. These synthetic short-terotuthtions do not allow an
assessment of future extreme events — which is a very imgiogaue. However, as
climate models run on a subdaily time scale it should be ptssd use not only mean
values as an output of these models, but results with higlpaeah resolution allowing
an analysis of the effects of a changing climate variabdity for example, stream-flow
runoff.

e The use of climate model ensembles is almost imperativenipact studies in order to
provide meaningful results: As the spread in the climate ehoglsults is substantial, a
measure for the uncertainty induced in glacier forecaststrne provided. The disad-
vantage of the ensembles used in the present work is thatrtbleyle different emission
scenarios. It would be more transparent for the judgemetiteo€limate change impact
to aggregate the range of possible results according toaepamission scenarios.

e Two extreme scenarios enveloping the 95% confidence intefyessible climate forc-
ing on the glaciers were defined (see Chajter 7). They arel lnasa separate consider-
ation of temperature and precipitation changes. Howewamnges in these variables are
always linked together, thus, the extreme scenarios arslistic. It would be of bene-
fit to perform a joint analysis of temperature and preciptathanges predicted by the
climate models, in order to define extreme scenarios basedsemble results that show
combinations of these variables that really might occur.

Ice dynamics can not be neglected in future glacier modgltthough their importance de-
creases with the magnitude of climate warming. Simple ardklyiapplicable parameteriza-
tions have been shown to be in excellent agreement with alexr3P ice flow model for the
case of a climate scenario following a linear trend (see @mng}). However, particularly for a
moderate climate change in particular with long-periodictiiations in climatic forcing (as ob-
served in the last century) these simple parameterizatianikely to yield unsatisfying results.
The full 3D finite element code used to simulate Rhonegletsiththe 21st century represents
a promising alternative. The application of this statdbud-art ice flow model to other glaciers
with sufficient field data coverage might permit a more phgibjcbased modelling of future
glacier evolution.

Accurate knowledge of the glacier bed is a precondition lfier ase of ice flow models and
for all studies focussing on future glacier retreat. Thehudtproposed by Farinotti and others
) is a step towards a determination of the glacidrdgeometry from topographical
information only. If radio-echo soundings are availabketmethod is also well suited to assimi-
late them. However, ice thickness estimation in unmeagsegadns is still highly uncertain. An
ice flow model can reveal regions where ice flux calculate@das the estimated glacier bed
is not in balance with surface topography. Assuming thattiners in the ice flow model are
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small compared to the estimated bedrock topography, it earsed as a tool for correcting esti-
mated ice thicknesses in a distributed manner. This coptogless could provide bias-corrected
bedrock maps. This technique should be further refined ifiutuee and has a substantial po-
tential for the estimation of ice volumes.

Temperature-index models for the calculation of snow- amanielt are widely usemck,
I@S. They are applicable to large areas with no in-situtivexadata, because temperature
as the only input variable is widely measured and can be modaged well in space. Also for
simulating future glacier melt temperature-index modedstandy; climate model results, e.g.
temperature trends, can easily be implemented. Theredsmee®, however, that the parameters

of temperature-index models change significantly both dy da subdaily time scales related
to changes in the heat fluxés ( Braithﬂdifg: 1995; Carenzm#meis| in press) and over decadal

time periods|(Huss and Bauder, in press). This is due to tttettiat melt is not determined

by temperature alone (being a good indicator for the incgniemgwave heat flux), but also
by the temperature independent shortwave radiation. Asguoonstant degree-day factors of
temperature-index models for the future implies that thetiree contributions of shortwave and
longwave radiation to the surface heat flux determining tb# rate remain constant over time.
This assumption is probably not justified as temperatured-therefore longwave irradiance
— increases in the future, whereas climate change does hahea shortwave radiation. This
variable might even decrease due to a higher percentag®wud cdoverage. These changes
would lead to a decreasing trend in the degree-day factdrishvindeed could be shown based
on direct field data in the 20th century (see Chalgter 3).

This obviously encourages the use of models that explisitlye the energy balance, when sim-
ulating the future. Energy balance models have been showeartorm very well in modelling
melt for discrete points where many parameters were meagerg.| Klok and Oerlemans,
2002;| Pellicciotti and others, 2008). For the assessmentalff in entire drainage basins the
problem of extrapolating the input variables of energy bedéamodels arises. Furthermore, for
future model runs, several partly highly sensitive vagalieed to be downscaled from climate
models. For these reasons, the application of full enertgnioa models for the future induce a
substantial uncertainty. Many error sources are possitdleage difficult to control. Therefore,
a statistical approach such as temperature-index mogdaedtih seems to be more promising.
However, we must find ways to combine the advantages of pdlysitergy balance models
with those of simple temperature-index models that reqaisenall number of input parame-
ters. Approaches of the Pelliciotti and others (2005)-tygem to a feasible alternative, which,

however, first needs to be validated with long-term data enpihst.

Evaporation in the high Alps is still an unresolved issuetr€utly, this term is probably almost
negligible for mass balance studies above elevations d @68.s.1. However, it might become
a major moisture sink in the future. Whereas evaporatioelatively well studied over vege-
tated areas, this term was only rarely measured over snoucarahd is even more difficult to
estimate over rocky areas. Physical evaporation modedssexiut require a considerable field
data input which is not readily available. The empirical@wation model proposed in Chapter
incorporates the major processes, such as intercepmsptiration and highly variable evap-
oration rates over snow in the course of the year. Howeveretis presently no way to validate
the results. The development of an evaporation model fdr mguntain areas that is driven
by meteorological input provided by the climate models wi@lquire a substantial amount of
work, including field measurements.

In summary: There is still a lot of work to be done. Calculgtgiacier change from climate
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variables both in the past and in the future remains an istiewge field to explore. A lot of
mysteries are yet unresolved — and this is how it should bes i$iscience.



Appendix A

The mass balance of Pizolgletscher

A.1 Mass balance measurements on Pizolgletscher

Introduction

Very small glaciers €0.5kn?) are rarely subject of glaciological studies. Althoughsiéce
masses only cover a small fraction of the glacierized argaef\lpine mountain range, their
number is considerable. In the Swiss Glacier Inventory 1f@ler and othefs| (1976) esti-
mated the number of glaciers smaller than 0.5 lam 1695, which corresponds to 82% of all
glaciers in Switzerland at that time (Talile’A.1). The vasjamty of ice fields in the Alps is
small! This makes them a relevant object for glaciologioakstigations.

The mass balance of very small glaciers was never studieavitz&land until present. As
ice masses in this size class exhibit almost no ice dynarh&gmay react differently to on-
going climate change (see FiglreA.3). With future climatgming many glaciers will pass
into a state of downwasting. Mass balance monitoring of kglatiers can provide impor-
tant insights into processes governing glacier wastageallSecale processes, also dominating
the mass balance of larger glaciers allow a detailed inyastin. The shape and the location
of small ice fields is importantly determined by wind depasitand redistribution of snow
(Dadic and others, submitted). Thus, mass balance measnteiwn small glaciers, also rep-
resent a key to understanding processes of snow depogsitadpine terrain. The hydrological
properties of drainage basins are significantly alteregbaly with a minor fraction of ice cov-
ered surface$ (Braun and othérs, 2000). The mass balantabtgaciers is therefore assumed
to be relevant for the assessment of water resources anpeesein the future.

Table A.1:Small glaciers in the Swiss Alps. Selected numbers from wiesSGlacier Inventory
1973 (Miiller and others, 1976). The values are comparedetdotial number of glaciers and
their area in the Swiss Alps.

Size class Number Area
0—-0.1knt 1022 40.1 km

% of total 50% 3%
0—0.5kn? 1695 194.0km
% of total 82% 15%

177
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This chapter summarizes the first results of the mass balaocgtoring program set up on
Pizolgletscher, eastern Switzerland, in 2006. A methodeterthine the glacier-wide mass
balance based on seasonal point measurements is presexteqsive snow probings in early
spring are the key element. Whereas distributed modelsaloulating ablation are relatively
advanced, the spatial variation in accumulation is stibghpounderstood and no models satis-
fyingly reproducing small scale features of snow distritmthave yet been achieved. This gap
needs to be bridged with field measurements. The approachilokxs hereafter has also been
applied to Rhonegletscher, Griesgletscher and Silvretischer for all years with sufficient
field data coverag @08).

For Pizolgletscher a detailed evaluation of the two massnrua years 2006/2007 and
2007/2008 is presented. The benefit of using the method fesipalance determination pro-
posed in this chapter is illustrated with results generatigvailable within conventional mass
balance monitoring programs. Additionally, a long-terméiseries of the seasonal mass bal-
ance since 1961 based on ice volume changes is provided.

Study site and field data

Pizolgletscher is a very small ice field in eastern Switzethaith an area of presently less than
0.1 kn? (Fig.[Ab). It is a steep cirque glacier protected on thidessby rocky walls culmi-
nating in the peak of Pizol (2856 m a.s.l.). The glacier autfyecovers an elevation range from
2630 to 2780 ma.s.l. Processes of snowdrift have a majorriiaapee for Pizolgletscher. Snow
is deposited mainly over the central part. The glacier iscstired into (i) a steep lower section
characterized by solid glacier ice, (ii) a flat central saTtwhere accumulation is concentrated
— the surface type is firn — and (iii) a steep upper sectiondltahot obtain any accumulation
in the last three years and is about to be split off from thenni@@ body (FigCAIL). In front
of the current glacier terminus dead ice patches are foutmiviee layer of fine debris with a
thickness of 20-50 cm. Pizolgletscher is too small for deprlg a subglacial drainage system
in all years. Moulins are rare; most of the meltwater runsabthe surface.

The mass balance observations on Pizolgletscher werestar2006 connected to this PhD
thesis. The monitoring program includes two field surveysygar, one in April and one in
September. During the winter survey probings of the snowhdape performed all over the
glacier and the snow density is determined in a snow pit. Feasaring net balance aluminum
stakes are drilled into the ice. On 15 April, 2006 — the firstogdlogical field visit of Pizol-
gletscher — 61 snow probings were performed covering albregpf the glacier surface as well
as the glacier forefield (the data of this survey are not dised here). The same survey was
carried out in April 2007 (86 probings) and 2008 (43 prob)ngs September 2006 two stakes
of 4 m length were drilled into the ice (stake 1 and 2, see[EldicA In fall 2007 a stake near
the upper end of the glacier was added (stake 3), and in f@i8 20e number of stakes was
increased to Six.

Changes in glacier area and volume in the 20th century

Seven aerial photographs acquired during the last fourdtescare available for Pizolgletscher
(1968, 1973, 1979, 1985, 1990, 1997, 2006). Glacier owttlimere digitized from rectified
orthophotographs which were evaluated using photogramriet.[Ad). The resulting Digital
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PIZOLGLETSCHER &
Area (2006):  0.081 km 2 grch
Volume (2006): 1.2 x 10 ®m® Santis

Mean slope: 225° )
Mean aspect:  NW WeISStar?@n

Figure A.1: Overview of the study site. (a) Front view of Pizolgletschadten in September
2007. The position of the mass balance stakes is shown. @gtiom of Pizolgletscher in
Switzerland. Relevant weather stations are marked wieingies. (c) Study site map. The
glacier outlines refer to 2006. Dots show the position of snaalance measurements. New
stakes (late summer field survey 2008) are indicated witksa® The contour interval is 25 m.

The dashed line marks the hydrological catchment of Pietdgher.
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Elevation Models (DEMs) have a spatial resolution of 5m. ANDEor 1961 was established
based on a topographic map. The date of this map is, unfdailynaot exactly known; it might
have been acquired some years earlier than 1961. This dsitadi@ws an assessment of the
changes in glacier area and ice volume over the last five dscatt also provides information
on the spatial distribution of mass balance.

The ice volume of Pizolgletscher in 2006 was determined damse the Farinotti-method
(Farinotti and others, in press) and some manually appbeections as 1.210° m3. Accord-
ing to this rough estimate the maximum ice thickness is #iighore than 30 m. Relative to
the year 1968 the volume of Pizolgletscher has decreasedby/timan 60% (inset in Fig_A.2).
During the last decade (1997-2006) Pizolgletscher hagl @4t of its ice volume! Over the last
40 years glacier area has decreased by two thirds — from 52#k1968 to 0.08 kri by 2006
(inset in Fig[AR).

The orthophotograph in FigureA.2 illustrates the charisties of the mass balance distribution
of Pizolgletscher for the fall 1973. This pattern seems &vait is most years and is principally

meters

0 100 200 300

Figure A.2: Orthophotograph of Pizolgletscher taken in September 197%s indicate the
glacier extent in 1968, 1973, 1997 and 2006. The inset shioevsttange in glacier area (dA)
and volume (dV) relative to the year 1968.
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Figure A.3: Measured cumulative length variations of Pizolgletscheres1893. Vertical lines
indicate the dates of the glacier outlines shown in Figuee A.

determined by wind-driven deposition of snow. Where thdéamer slope is small, snow is left
at the end of the summer: that is in the central regions of &gy and several parallel linear
structures near the glacier terminus (HIg.JA.2). Due to ceduaccumulation in winter the
uppermost part and the steep section in the lower part arg 8se. This pattern appears to
be similar in all years judging from the aerial photographd & also confirmed by the direct
measurements. Thus, the spatial variation in mass baldRtealgletscher (and probably many
glaciers of that size class) strongly differs from a commassbalance distribution that can be
described with altitudinal gradients. Pizolgletschenganost of its mass in positive years in
an elevation band around its mean altitude as well as at Hugeglterminus.

This implies that an advance of the small glacier does atrimstake place due to a dynamic
reaction of the ice mass (as for larger glaciers), but due taied 'apposition’ of firn in front
of the glacier terminus. Thus, small glaciers can potdgtialvance’ several 100 meters in
some years. However, they may loose this length gain eqtedlyin a succession of only a
few warm years, because the frontal glacier section onlgisted of a shallow multi-year firn
field connected with the main ice body. The effects of thiscpes often observable on small
glaciers is well recognizable in the shape of the glaciegnar(Fig[A.2). All glacier outlines
excluding 2006 are highly irregular and mainly shaped byetktent of multi-year firn in front
of the dynamic ice mass (Fig_A.2). During the last decadepimtrast, all shallow appositions
of firn have melted and the glacier outline of 2006 is givenhmylhody of solid and old glacier
ice. This is also reflected in the measurements of lengthgenéifig [A.3). Variations in glacier
length are monitored since 1893 almost annually. Lengtingdas determined by measuring
the distance from fixed points installed in the glacier falefito the glacier terminus along
several parallel lines. The data show high rates of retrehtidvance in individual years (e.g. in
the 1940s or 1960s, respectively). In these periods thdHesfgPizolgletscher is determined
by appositions of firn. There are also more stable periodslatively slow glacier retreat
(e.g. 1920s or the last decade) when no snow was accumutdtesigiacier terminus in several
consecutive years. Then, the length change is given by tteatef the main ice body.
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Determination of distributed mass balance in daily resoluton

The principle of the method to determine mass balance pregérre is the constraining of a
distributed model with seasonal field data for each year.nmbeéel, as well as certain method-
ological steps, are described in detail in several chapfettss thesis (see e.g. ChaptEls 2 and
d). Only the most important features of the procedure aeudised.

Required input data are

e net balance measurements at some stakes over an arbitriny peabout one year,
e snow probings and a snow density profile in early spring,
e adigital elevation model and glacier outlines, and

e daily air temperature and precipitation measured at neadsther stations (not neces-
sarily the same).
Preferably, precipitation records should be taken fromaticst close to the study site,
temperature data are still appropriate if measured motardlg from the glacier, but at
a similar elevation. In this study, time series of daily meamtemperature recorded at
Santis (2490 ma.s.l., 32 km from study site) and daily priaipn sums from Weisstan-
nen (998 ma.s.l., 5 km from study site) are used. The dataravéded by the network of
MeteoSwiss.

The mass balance model calibrated with the seasonal fietddptavides daily time series of
accumulation and ablation for every grid cell of the glacigris allows (i) an extrapolation of
measured point mass balance based on an algorithm incltiigngnain processes governing
mass balance distribution, (ii) the determination of ggaevide mass balance over arbitrary
time periods (e.g. the hydrological year), and (iii) theaapion of the components of mass
balance —accumulation and ablation. This comprehenstiwa sariables is much better suited
for further analysis in the context of water resources anate change than results provided by
a conventional evaluation of mass balance. The method ensatized in Figur&-Al4 and the
major steps are shortly described hereatfter.

1. Snow depth (in water equivalent) measured during theawsirvey is interpolated spa-
tially over the entire glacier surface. Due to the highlyighle distribution of snow it is
desirable that the probings cover as much of the glacieaserds possible and are more
or less homogeneously distributed. From the interpolatedvsdepth a dimensionless
spatial accumulation maP,,.. (, y) is derived, which is used to spatially distribute pre-
cipitation of each individual event in the course of the yeax,,...(x, y) is normalized
to an average of 1 over the glacier surface and varies betéenm deposition of snow)
and about 2 (twice as much snow as in the glacier-wide averageus, processes of
preferential deposition of snow, as well as snow drift auded in the model via field
measurements integrating the entire accumulation season.

2. The mass balance model is run over the winter period witimitial set of melt param-
eters fu, rice aNdrge, and a guess for the accumulation parameggr. As melt is of
minor importance in winter, this run is used to calibrateghecipitation correction factor
corec that scales the accumulation distribution magp.... (=, y) for every snow fall event
(Fig.[A3).
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Figure A.4:Schematization of the mass balance determination method.

3. As soon as a good agreement of measured and calculatest a@ctumulation is obtained
the model is run over the entire year and the melt parametersadibrated so that the
model matches the observed point net balances[(ELy. A.4).

4. A recalibration of both the melt and accumulation paramseis required in a final step,
since the accumulation period is rarely free of melt anddgoiecipitation occurs also in
summer.

Applying this procedure a close match of both the distridwtenter measurements and the net
balance at stakes is achieved. The mass balance modelcipei®is not regarded as physical

model, but as a statistical tool for temporal downscaling@dsonal mass balance data and
spatial interpolation of point measurements.

A.2 Results

Mass balance of Pizolgletscher in 2007 and 2008

The method described above is applied to determine the nadesde of Pizolgletscher in high
spatial and temporal resolution for the hydrological y@4@6/2007 and 2007/2008. Tab[esIA.2
and[A3 show a compilation of the seasonal mass balance mne@asnts. In April 2007 there
was significantly less snow on Pizolgletscher than in 2008 reet balance at the stakes was
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Table A.2: Compilation of winter balance measurements (snow prokahg)e locations of the
Stakes on Pizolgletscher for 2007 and 2008. The stake figns specified with the year in
which the stake was drilled. The starting day of the perioctced by winter balance measure-
ments is defined as the absolute minimum of glacier mass iprigous fall. This date can
only be obtained from modelling (or continuous field obsgéores) and normally does not equal

the date of the late summer field survey (Tabld A.3).

Stake Date of Date of x Y by
late summer minimum  winter survey (M) (m) (ma.s.l) (mw.e.)
1 (2006) 27.10.2006 02.04.2007 748537 202906 2629 1.03
2 (2006) 27.10.2006 02.04.2007 748475 202752 2700 1.16
1 (2007) 17.10.2007 02.04.2008 748532 202911 2629 1.15
2 (2006) 17.10.2007 02.04.2008 748475 202752 2700 1.55
2 (2007) 17.10.2007 02.04.2008 748438 202778 2698 1.55
3 (2007) 17.10.2007 02.04.2008 748336 202647 2777 1.46

more negative by about 1 mw.e. in the first year. The raw dagady show that the variability
of mass balance on Pizolgletscher is high. The differenageinbalance at the stakes 1 and
2 would translate into an altitudinal mass balance gradi&ér2.5 mw.e. per 100 m, which is
higher by a factor of more than three compared to values tegdor larger alpine glaciers
(Huss and othdrs, 2008a). Mass balance quantities area¢edlaccording to the measurement
period and the fixed date system (TablelA.4). Fixed date Hahba refers to the hydrological
year (Oct. 1 - Sept. 30) and fixed date winter balance to theg&ctober 1 to April 30.

Table A.3: Compilation of net balance measurements at all stakes aigigtscher for 2007
and 2008. The stake identifier is specified with the year ircivlie stake was drilled.

Stake Date of previous  Date of thatyear's Y z by
late summer survey late summer survey (M) (m) (ma.s.l) (mw.e.)
1 (2006) 13.09.2006 03.09.2007 748537 202906 2629 -2.90
2 (2006) 13.09.2006 03.09.2007 748475 202752 2700 -1.29
1 (2007) 03.09.2007 25.09.2008 748532 202911 2629 -2.09
2 (2006) 03.09.2007 25.09.2008 748475 202752 2700 -0.10
2 (2007) 03.09.2007 25.09.2008 748438 202778 2698 -0.14
3 (2007) 03.09.2007 25.09.2008 748336 202647 2777 -0.66
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Figure A.5:(a) Cumulative daily mass balance in 2006/2007 and 2008/28¢mbols indicate
the dates of field surveys and vertical lines refer to fixe@ gariods. (b) Cumulative number
of days exceeding 5 mm w.e. of melt per day.

The evolution of mass balance over the years 2007 and 2008sssignificant differences
(Fig.[AHa). Winter balance in 2007 was significantly low&aljle[A-3) and the melt season
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Figure A.6: Altitudinal distribution of fixed date winter balance (b)uend net balance (red) in
2006/2007 and 2007/2008, respectively.
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started early in that year (Fig_A.5b). Melt rates were alntios same in both summers; in total
between 3 and 4 mw.e. of snow- and icemelt averaged over dogegloccurred. Net balance
in the hydrological year 2006/2007 was —1.61 mw.e. and in72ZD8 —0.83mw.e. (Table

A4). These differences are mainly due to much higher wiptecipitation in 2008. FiguleAl.5

and Tabld_A} illustrate the importance of homogenizing sriz@ance quantities to common
periods if one intends to compare different years. Afterfiblel survey in late summer 2006
a significant amount of ablation has occurred. The accuimualataximum in the winter 2008

would have been missed as well without the use of weatherfdathe temporal downscaling

of the seasonal mass balance data.

Mass balance (m w.e.) Mass balance (m w.e.)
050913172125 -2.5-2.0-1.5-1.0-0.5 0.0

| 2008 2008

Winter balance

Mass balance (m w.e.) Mass balance (m w.e.)
050913172125 -2.5-2.0-15-1.0 -0.5 0.0
Net balance

Winter balance | I

Figure A.7: Spatial distribution of (a,c) winter balance and (b,d) redahce in 2007 and 2008
(fixed date periods), respectively. Symbols indicate tleation of snow probings (a,c) and
stakes (b,d). Squares refer to snow pits.
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Table A.4. Compilation of mass balance variables for the years 200672thd 2007/2008.
Results are given for the measurement periméq3 and the fixed date periodix) for both
annual and seasonal time scales. The mass balance conp@msntmulatior and ablation
a) are reported separately. For the dates of the measuremeod pefer to Tablds Al2 and A. 3.
Fixed date quantities are determined from October 1 to &dpe 30 for the annual period,
from October 1 to April 30 for the winter period and from May d $eptember 30 for the
summer period.

Annual period Winter period Summer period

Mass balance pmeas  pfix - pmeas - pfix - pmeas bix  Unit
2007 -1.89 -160 114 0.73 -3.03 -2.33 mw.e.
2008 -0.82 -083 145 166 -225 -241 mw.e.
Accumulation cmeas  cfix  gmeas  ofix  gmes  dfix Uit
2007 192 209 119 123 0.73 0.86 mw.e.
2008 249 231 146 1.79 1.03 0.61 mw.e.
Ablation amess  gfix  gmess  gfix  gmeas  gfix  Unit
2007 -3.81 -3.69 -0.05 -0.50 -3.76 -3.19 mw.e.
2008 -3.30 -3.14 -0.02 -0.12 -3.28 -3.02 mw.e.

The mass balance distribution of Pizolgletscher is comatekstrongly determined by the ac-
cumulation pattern of winter snow (Fig—A.7). However, allse melting conditions in summer
display a considerable variability. At stake 2 (HIg.JA.lgrsficantly less melt occurs than at
stake 3 located in the uppermost part of the glacier. Thisocdy partly be attributed to less
snow in winter. Probably, also an albedo effect is involvEde center of the glacier — where
stake 2 is located — was the only place Pizolgletscher hasvextnet accumulation during the
last six years. Thus, this is the only region, where a shalilowcoverage protects the bare ice
surfaces that are characterized by a lower albedo. By phbasgrower melt factors for firn
than for bare ice this effect could be captured in the maugllReduced rates of ablation over
debris covered ice are taken into account by reducing méit avconstant factorf{p.;s=0.6,
see Chaptdn 7).

The altitudinal distribution of net and winter balance imsar in 2007 and 2008 (Fig._Al6).
In both mass balance years Pizolgletscher did not exhilyitaeumulation at all, however,
in 2008 some sections of the glacier were almost in equilibri The distribution patterns of
winter accumulation are amplified in the course of the mglé@ason due to an albedo feedback
effect (Fig[A®).
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Figure A.8:(a) Measured cumulative length change of Pizolgletscineesi 961. (b) Calculated
time series of net balance and cumulative mass balance based volume changes. Symbols
and vertical lines indicate the timing of DEMSs.

Seasonal mass balance series since 1961

The seasonal mass balance of Pizolgletscher was recamestriae the period 1961 to 2008
applying the method described in Chagifier 2 (Huss and o1p@68a). Based on daily weather
data the mass change calculated by the distributed modeheltso that the observed ice
volume changes are matched. The eight DEMs available dun@gtudy period constrain
the long-term course of the mass balance evolution in s#u#antervals. The field data
from 2007 and 2008 have a crucial importance in providingrmiation on the mass balance
distribution over the glacier surface, which is assumecdaiaraimilar over time.

A cumulative mass balance of —14 mw.e. is inferred for théopet961-2008. The mass loss
of Pizolgletscher is in line with the (homogenized) longitanass balance series of Silvretta-
gletscher (<12 mw.e.) and Griesgletscher (—29 m w.e.) tesdame time interval (see Chapter
d). Pizolgletscher experienced mass gains in the 1960s @r@s1(Fig[A8b). This is mainly
due to reduced melt in summer (Hg._A.9). Accelerated masseko of Pizolgletscher are evi-
dent in the last decade. The average mean specific net bamoee1998 is —-0.93 m w.e: a
and since 2003 even —1.43m w.e'a The low winter balances in the years 2005-2007 are
eye-catching (Fig—_Al9). As Pizolgletscher basically $van substantial snow accumulation,
this reduction has severe consequences for the "healthedjlacier and has resulted in some
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Mass balance (m w.e.)

Figure A.9: Fixed date seasonal mass balance time series of PizolygetstVinter balance
(blue), summer balance (red) and net balance (hatchedhavens

of the most negative mass budget years since 1961. Higurshd\8s the length change mea-
surements in comparison to the cumulative mass balance.cdinelation between the two
variables is low on an annual basi$<0.19). Although small glaciers are assumed to react
very fast to changes in climate forcing by increasing or €asing their size, the length change
measurements of Pizolgletscher are not well suited asatwlis for its short-term mass budget.
However, the general course of the cumulative mass changeaolgletscher is reproduced by
glacier length variations (Fig_A.8).

Concluding remarks

Direct mass balance measurements on Pizolgletscher hemgokeformed over two years. The
first results are promising and a continuation of the "yowtiggass balance monitoring pro-
gram in Switzerland is recommended. The mass balance tines sé Pizolgletscher provide

an example for the response of very small mountain glactecirhate change. The number of
glaciers in this size class represents the overwhelmingnityajn the Swiss Alps. Nevertheless,
these ice masses have not been studied so far.

The seasonal field surveys have already provided insigtdssome important processes gov-
erning the mass balance of small glaciers: for example é@)hiigh small scale variability in
accumulation and melting conditions, (ii) the importanéemow drift and (iii) the impact of
albedo feedback mechanisms on glacier mass balance. Tivessges can be studied in detall
on Pizolgletscher. It is well accessible and due to its Bohiéxtent it is possible to be grasped
in its entirety. Understanding small scale variability im$s balance is the key to correctly
reproducing the mass balance distribution of larger gtagcirenumerical models.

The method to determine mass balance based on seasontl mesasurements achieves a
considerable advantage for the evaluation of glacier-widss balance in glacier monitoring
programs. The spatial extrapolation of point measuremespsrformed based on a description
of the most important processes determining the distobutif mass balance components in
space. Furthermore, the incorporation of weather datah®rtémporal downscaling allows
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the projection of mass balance quantities to common periaslsvell as a separation of the
two major components of mass balance — accumulation andabtafrom one another. This
allows an unbiased comparison of different years and @iffeglaciers. A separate analysis
of trends in the components of mass balance is of crucial itapoe for understanding the
current changes in climate forcing acting on glaciers. This method to determine glacier-
wide mass balance presented in this chapter is recommead#égfcurrent evaluation of mass
balance in monitoring programs of alpine glaciers. It eastnoth the best possible exploitation
of information contained in the field measurements and stalizkd results for the analysis of
mass balance under the aspect of changing climatic conditio
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Appendix B

New evidence for strong glacier melt
around 1950

MATTHIAS HUSS AND MARTIN FUNK

Analysis of the world’s longest glacier mass balance tinmeseeveals a stronger glacier melt
around 1950 than in recent years.

ABSTRACT: A new 94-year time series of annual glacier melt rates at higelevations of
the Swiss Alps has been inferred from measurements of seasdmglacier surface mass
balance. These continuous data from four high altitude site represent the world’s
longest mass balance records. Analysis of these data shovst the average surface
energy flux was higher around 1950 than it is at present desptlower air temperature.

This is attributed to changes in the relative magnitude of hat budget components. A
decrease in the solid precipitation fraction and a prolongéion of the melting season
are evident from the data.

Changes in climate forcing at high elevations are dire@fiected by the surface mass balance
of alpine glaciers. Seasonal mass balance has been meagwed914 at four locations in the
Swiss Alps at elevations of between 2700 and 3350 m & (Huss and Bauder, in préss). These
measurements have been carried out up to present and ptbeittengest direct observations
of glacier mass balance worldwide.

The data were homogenized systematically using a statiistiass balance modm@%)
relating air temperature and precipitation to mass balandée model is constrained in each
seasonal period by the field data (Huss and Bauder, in pri¢sBls allows the calculation of
absolute quantities of solid precipitation and melt forregear. Over temperate snow and ice
surfaces any energy excess is consumed for melting. Bast#tedatal melt during one year,
the surface energy flux (SEF) is inferred from the latent béaision.

191
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The fluctuations in SEF are similar for all time series (Eil@)&nd are therefore averaged. Fig-
ure[B1A shows the relative deviations of SEF from the loeigrtmean. Three decadal periods
are highlighted: During 1942-1952 and 1998-2008 SEF wasfsigntly above average, while
itwas lower in 1971-1981 (see inset in Hig.1B.1A). The yea718ad the most dramatic impact
on the glaciers; SEF was higher than in the extreme summedQs Schar and othels, 2004).
Snow- and icemelt around 1950 exceeded the last decade byHi%as intriguing because air
temperatures during the 20th century never were as highday t@ashed line in Fig._B.1A).
Long-term observations at stations in the Swiss Alps shaw ith summer air humidity was
significantly lower around 1950 than at present. Measurefajlradiation has decreased by
10% since the onset of the recofddig.[BAA), which is attributed to a dimming effect caused

by aerosols.(Wild and otheérs, 2005; Ohmura and athers| 200#se changes in the radiative

heat budget alter the relation between air temperaturemaitdlt is essential to understand the
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Figure B.1:(A) Annual deviation of the surface energy flux (SEF) from thegloerm mean.
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processes governing the changes in climate forcing in teetpgredict the impact of future
climate warming on mountain glaciers.

Our results indicate a prolongation of the melting seasoalimpst one month since the 1970s
(Fig.[BB). Simultaneously, the fraction of snow fall réle to the total annual precipitation

has decreased by 12% (FIg.B.1C). Precipitation in form of nastead of snow can not be

retained by a temperate glacier. These processes havettdigbto considerably accelerate
future glacier wastage.

! Glacier surface mass balance of alpine glaciers is givem&stim of solid precipitation and melt throughout
one year. In spring and late summer of every year the wintenraalation of snow and the summer ablation,
respectively, are determined at stakes drilled into the ice

2 See supporting text and figures
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Supporting text and figures

The four 94-year glacier mass balance time series invéstiga this study originate from three
glaciers in the Swiss Alps — Claridenfirn (two sites at 2688 2800 ma.s.l., resp.), Grosser
Aletschgletscher (one site at 3340 ma.s.l.) and Silvrigtagher (one site at 2730ma.s.l.)
(Huss and Bauder, in préss). The measurement program toofta/o field surveys per year:

one in spring (maximum of winter accumulation) and one ia tmmer at the end of the melt-
ing season. Accumulation and ablation is measured at a ptaked at the same location over

the entire study period_(Miiller and Kappenberger, 1991)e 3iow density is determined in

snow pits.

A homogenization of the time series is required in order twem for the effects of the varying
lengths of the annual measurement periods and to fill thegdgia in a consistent way (before
homogenization 9% of the late summer and 26% of the wintersoreanents are missing).
A temperature-index model is applied to calculate melt base a relation with positive air
temperature. The model includes the effect of potentialatamh on the melting cycle and
accounts for different albedo over snow and bare ice Slﬂfm,@b). Daily mean air
temperature and total precipitation, measured at the weathtions Jungfraujoch, Séantis and
Davos, were used to tune two parameters, one for accumulatio one for melt, respectively.
This procedure is performed for each year individually s the field data are matched by the
calculated daily mass balance curve (Huss and Bauder, &$prdhus, the two components
of glacier surface mass balance — accumulation and melt seqrarated. Note that the mass
balance quantities are determined by the direct field measemts; the climate data are used
for temporal downscaling of the seasonal measurements.

The mean surface energy flux (SEF) varies between 10 and 303Vdepending on the site
elevation. The percental fluctuations around the long-ter@an are, however, similar for all
study sites (Fid_Bl2). Regional differences in SEF overAlps are small throughout the 20th
century (Vincent and others, 2004). The time series areriégerded as representative for the

high elevation of the Alps and were averaged for furtherysisl
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Figure B.2:Deviations of the surface energy flux from the long-term md&dre lines represent
10-year running means of the four time series separatelyudldata points are not displayed.
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As fluctuations in climate forcing over the Alps are not onlyven by temperature changes
(Ohmura and others, 2007), additional meteorologicaktreis were analyzed. Records of air
temperature and relative air humidity at Davos and Santre wbtained from the network of
MeteoSwiss. Monthly means of global radiation at Davos vpeovided by the World Radia-
tion Centre, PMOD, Switzerland. We only consider thesealdés in the summer months June
to August, being the most important for melting. Three detaeériods are highlighted: 1942—
1952, 1971-1981 and 1998-2008. Relative air humidity isisaantly lower around 1950
than itis at present (Fig_HB.3 A). Measurements of globalatash indicate that solar irradiance
around 1950 was higher by 8% compared to the first decade &ltstecentury (Figi_BI3 B).
This is attributed to a brightening of solar radiation in t8210s and '50s, followed by a dim-
ming trend until the 1980s related to the aerosol contenh@fatmosphere (Wild and others,
12005;|Ohmura and othélls, 2007). Summer air temperaturgswaakly reflect these fluctu-
ations and show a significant step-like increase since 1BRR[B.3 C). Temperature-index
models are widely used in glaciological and hydrologica&sces for the calculation of snow-
and icemelt@kﬂn). Our results show that considerelfthnges in the degree-day factors,
obtained from tuning to the seasonal field data, occurreshgtie 20th century (Fig_Bl.3 D).
The downward trend in the statistical relation betweenearderature and melt since the 1960s
is due to a decrease in energy provided by shortwave radiatid an increase in (temperature
dependent) incoming longwave radiation. This demonstrite limitations of using constant
degree-day factors for melt modelling.
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