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Summary

In densely populated high mountain regions such as the European Alps, glaciers are an
inherent component of the Alpine culture, landscape and environment. They represent a
unique resource of fresh water for agriculture and industry, an important economic
component of tourism and hydro-power production, and a potential source of serious
natural hazards. Due to their proximity to the melting point, glaciers are considered
among the best natural indicators of global climate change. Mountain glaciers have
become the leading icon in the current debate on climate change and on the uniqueness
of present-day changes as compared to the variations which occurred during the
Holocene period. Although numerous studies have investigated the relationship between
glaciers and climate change, glacier-climate studies that focus on an entire mountain
range and integrate in-situ measurements, remote sensing data and modelling
approaches, as proposed by modern monitoring strategies, have for the most part been
lacking.

It is to fill this gap in our understanding that this study undertakes to investigate glacier
fluctuations in the European Alps after 1850. Glacier inventories, in-situ measurements
and a numerical model (based on an empirical relationship between precipitation and
temperature at the glacier steady-state equilibrium line altitude) are used in combination
with a digital elevation model and GIS techniques to analyse the glacier fluctuations
between 1850 and the end of the 21% century of the entire Alpine mountain range.

Overall area loss after 1850 is calculated using different methods as being about 35%
until the 1970s, when the approximately 5,150 Alpine glaciers covered a total area of
2,909 km?® This loss reached almost 50% by 2000. Rapidly shrinking glacier areas,
spectacular tongue retreats and increasing mass losses are clear signs of the atmospheric
warming observed in the Alps during the last 150 years and its acceleration over the
past two decades, culminating in an ice loss of another 5-10% of the remaining ice
volume during the extraordinary warm year of 2003. From the model experiment it is
found that for Alpine glaciers, a change of +1 °C in 6-month summer temperatures
would be compensated by an annual precipitation increase/decrease of about 25%. A
summer temperature rise of 3 °C would reduce the glacier cover of the reference period
(1971-1990) by some 80%, or up to 10% of the glacier extent of 1850. In the event of a
5 °C summer temperature increase, the Alps would become almost completely ice-free.
Annual precipitation changes of £20% would modify such estimated percentages of
remaining ice by a factor of less than two.

The presented study demonstrates how modern monitoring strategies can be applied for
the investigation of glaciers of an entire mountain range, and that the probability of
glaciers in the European Alps disappearing within the coming decades is far from slight.

The thesis consists of a collection of five papers; the studies reported on were carried
out within the framework of the EU-funded ALP-IMP project and of the World Glacier
Monitoring Service.






Zusammenfassung

Gletscher sind in dicht besiedelten Hochgebirgsregionen, wie den Européischen Alpen,
ein fester Bestandteil der alpinen Kultur, Landschaft und Umwelt. Sie sind eine
bedeutende Susswasserressource fir die Landwirtschaft und die Industrie, eine wichtige
wirtschaftliche Komponente fur den Tourismus und die Produktion von Wasser-
kraftenergie und eine potentielle Ursache fiir Naturgefahren. Innerhalb der globalen
Klimabeobachtungssysteme zéhlen Gletscher, durch ihre physikalische Néhe zum
Schmelzpunkt, zu den besten natiirlichen Klimaindikatoren. Gebirgsgletscher wurden
zum Leitsymbol der gegenwartigen Diskussion zum Klimawandel und zur
Einzigartigkeit der aktuellen VVerédnderungen im Vergleich zur Holozénen Variabilitat.
Zahlreiche Studien haben die Beziehung zwischen Gletscher und Klimaanderung
untersucht. Gleichwohl existieren nur wenige Gletscher-Klima Studien, die sich auf
eine gesamten Gebirgskette konzentrieren und in einem integrativen Ansatz
Feldmessungen, Fernerkundungsdaten und Computermodelle anwenden, wie es in
internationalen Monitoring-Strategien vorgeschlagen wird.

Die vorliegende Dissertation untersucht daher Gletscheranderungen nach 1850 in den
gesamten Alpen. Gletscherinventare, Feldmessungen und ein numerisches Model
(basierend auf einer empirischen Beziehung zwischen Niederschlag und Temperatur auf
der Hohe der Gleichgewichtslinie) werden verwendet, in Kombination mit einem
digitalen Héhenmodel und GIS-Technologie, fur die Analyse der Gletscheranderungen
der Gesamtalpen zwischen 1850 und dem Ende des 21. Jahrhunderts.

Der gesamte Flachenverlust seit 1850, berechnet mit verschiedenen Methoden, bel&uft
sich auf etwa 35% bis in den 1970er Jahren, als ca. 5150 Alpengletscher eine Flache
von 2'909 km? bedeckten, und auf fast 50% bis im Jahre 2000. Rapide schwindende
Gletscherflachen, spektakuldare Rickziige der Gletscherzungen und zunehmende
Massenverluste sind klare Zeichen der atmosphérischen Erwdrmung in den Alpen
wahrend den vergangenen 150 Jahren und deren Beschleunigung in den letzten zwei
Jahrzehnten, die in einem Verlust von weiteren 5-10% des verbleibenden Eisvolumens
im ausserordentlich warmen Jahr 2003 gipfelte. Aus dem Modellierungsexperiment
wurde ersichtlich, dass es fiir die Kompensation einer Anderung der 6-Monats-
Sommertemperatur um +1 °C eine Zu-/Abnahme des jahrlichen Niederschlages von
etwa 25% bendtigt. Ein Anstieg der Sommertemperatur um 3 °C wirde die Alpine
Gletscherbedeckung der Referenzperiode (1971-1990) um ungeféhr 80% reduzieren,
oder auf ca. 10% der Gletscherausdehnung um 1850. Im Falle eines Anstieges der
Sommertemperatur um 5 °C wiirden die Alpen praktisch eisfrei werden. Jéhrliche
Niederschlagsédnderungen um +20% modifizieren solche geschatzte Prozentwerte des
verbleibenden Eises um weniger als ein Faktor Zwei.

Die vorliegende Studie demonstriert die moégliche Anwendung von modernen
Monitoring-Strategien zur Untersuchung von Gletschern einer gesamten Gebirgskette
und zeigt, dass die Maoglichkeit des Verschwindens der Alpengletscher in den
kommenden Jahrzehnten in Betracht gezogen werden muss.
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Part A: Overview







1 Introduction

The present study was carried out within the framework of the EU-funded ALP-IMP
project (http://www.zamg.ac.at/ALP-IMP/) and of the World Glacier Monitoring
Service (WGMS; www.wgms.ch). ALP-IMP is an integrated research project that
focuses on multi-centennial climate variability in the ALPs based on Instrumental data,
Model simulations and Proxy data. The present thesis was part of Work Package 4,
focusing on glaciers as climate proxy and leading symbol of climate change. The
research represented a unique opportunity to apply modern glacier monitoring concepts
to the European Alps where, by far, the most concentrated amount of information about
glacier fluctuations over the last one and a half century is available.

1.1 Motivation

Glaciers, ice caps and continental ice sheets cover some 10% (or 16x10° km?) of the
earth’s land surface at the present time and covered about three times this amount
during the ice ages (Paterson 1994). This corresponds to about 3% (or about
36x10° km®) of the total water on earth and 75-80% of the world’s total freshwater
resources (Reinwarth & Stablein 1972). If all land ice melted away, the sea level would
rise by about 81 m, with the Antarctic Ice Sheet contributing 73 m, the Greenland Ice
Sheet about 7.5 m and all other glaciers and ice caps about 0.5 m to this rise (Meier &
Bahr 1996, Zuo & Oerlemans 1997a, Oerlemans, 2001). Meier & Bahr (1996) estimated
the total number and area of these glaciers and ice caps to be about 160,000 and
680,000 km? respectively. Recent estimates by Dyurgerov & Meier (2005) are
somewhat larger, with 785,000 km?. The 5,154 glaciers in the European Alps with a
total area of 2,909 km? in the 1970s (IAHS(ICSI)/UNEP/UNESCO 1989) correspond to
a sea level rise in the order of one millimetre, or even less. However, in densely
populated high mountain areas such as the European Alps glaciers are also unique
resources of fresh water for agriculture and industry (e.g., Braun et al. 1999, Kuhn &
Batlogg 1999, BUWAL et al. 2004), an important economic component of tourism
(e.g., Abegg 1996, Elsasser & Biirki 2005) and hydro-power production (e.g., UNEP
1992, Barnett et al. 2005), and a potential source of serious natural hazards (e.g., Kaab
1996, Huggel 2004, Salzmann et al. 2004, Noetzli et al. in press, Fischer et al. subm.).

Glaciers react in a highly sensitive manner to climate changes due to their proximity to
the melting point. They reflect secular warming at a high rate and global scale (Haeberli
2004). A worldwide collection of information about ongoing glacier changes was
initiated in 1894 when the International Glacier Commission at the Sixth International
Geological Congress was founded in Zurich, Switzerland. It was hoped that long-term
glacier observations would give insight into global uniformity and terrestrial or extra-
terrestrial forcing of past, ongoing and future climate, and processes of climatic change
such as the formation of ice ages (Forel 1895, Haeberli in press). Today, glaciers are
considered key indicators within global climate-related observing systems for early
detection of trends potentially related to the anthropogenic greenhouse effect (IPCC
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2001, WMO 2003, Haeberli 2004). Glaciers are not only an important climate proxy but
they also have become a leading icon in the present-day debate on climate change.

Numerous studies investigated the relationship between glaciers and climate change
based on reconstructions (e.g., Zumbihl 1980, Nicolussi 1994, Nicolussi & Patzelt
2000, Holzhauser et al. 2005), in-situ measurements (e.g., Kuhn et al. 1985, Hagen et al.
1998, Hoelzle et al. 2003) and/or remote sensing data (e.g., Bayr et al. 1996, Maisch et
al. 2000, Paul 2004, K&&b 2005), some of them in combination with statistical (e.g.,
Zumbihl & Messerli 1980, Braithwaite 1981, Letréquilly & Reynaud 1990), analytical
(e.g., Kuhn 1981, Kuhn 1989, Oerlemans 2001, Klok & Oerlemans 2003, Oerlemans
2005) or numerical models (e.g., Greuell 1989, Oerlemans 2001, Klock & Oerlemans
2002, Leysinger & Gudmundsson 2004, Paul et al. in press). Nevertheless, glacier-
climate studies focusing on an entire mountain range and integrating in-situ
measurements, remote sensing data and modelling approaches — as proposed by modern
monitoring strategies (cf. Haeberli 2004) — are largely lacking.

1.2 Research objectives

This study aims to investigate glacier fluctuations in the European Alps after 1850. For
this purpose, glacier inventories, in-situ measurements and numerical models are used
to analyse past, present and future glacierisation of the entire Alpine mountain range.
The main tasks are:

the compilation of all available glacier data in the European Alps;

the spatio-temporal analysis of glacier fluctuations after 1850; with

a special focus on glacier mass balance of the extraordinary year 2003;

the comparison of glacier changes in the Alps with other mountain ranges;

e the investigation of Alpine glacier sensitivity to climate change (precipitation and
temperature); and

o the assessment of impacts of climate change scenarios on Alpine glacierisation.

1.3 Outline of the thesis
The thesis is divided into three parts (see Figure 1.1):

Part A provides an overview of the present research and consists of seven major
chapters: this introduction constitutes Chapter 1. Chapter 2 gives a general overview of
the geographical location of the European Alps. Chapter 3 summarises the thematic and
scientific background on which this study is based. It briefly describes the climate
change in Europe from the Last Glacial Maximum (LGM, about 21,000 y BP) until
present and climate scenarios for the 21% century. Further, an introduction is given of
the cryosphere model, the glacier energy and mass balance as well as of the basic
process chain between a climatic change and glacier fluctuations, followed by a review
of the current state-of-the-art in modelling the glacier response to a change in climate, a
summary of international glacier monitoring and, finally, an outline of Alpine glacier
fluctuations before 1850. Chapter 4 consists of the summaries of the five papers which
constitute the core of this thesis. A general discussion of the main tasks and findings is
given in Chapter 5. Conclusions and outlook are found in Chapters 6 and 7,
respectively.
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Part B contains a full version of the five papers which comprise the main scientific
work.

Part C is an appendix of scripts for ArcGIS 9.x from the geographical information
systems (GIS) vendor ESRI, developed for, and applied in, Papers IV and V of this

study.
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Figure 1.1: Schematic structure of the thesis, showing the contents of the three main parts

Overview, Papers and Scripts.






2 The European Alps

The European Alps are located between 5-16° E and 43-48° N (Figure 2.1) and range
from the Mediterranean sea level to a maximum altitude of 4,807 m a.s.l. at Mont Blanc
summit in the western part of the Alps. The most eastern summits above
4,000/3,000/2,000 m a.s.l. are the Piz Bernina (4,052 m a.s.l.) in the Engadine at the
Swiss-Italian border, Hochalmspitze (3,355 m a.s.l.) in the Upper Tauern region and the
Schneeberg (2,075 m a.s.l.) in Austria (Bachmann 1978). The Alps are arcuate in form
at their western end where they extend some 250 km north-south. Their orientation is
almost west-east through Switzerland, where the ranges are less than 100 km in total
width, and through Austria where they broaden to 150 km, but subdivided by
pronounced longitudinal valleys such as the Inn and the Drau (Barry 1992).

In general, the climate of the Alpine region is characterised by a high degree of
complexity, due to the interactions between the mountains and the general circulation of
the atmosphere, which result in features such as gravity wave breaking, blocking highs,
and Fohn winds. A further cause of complexity inherent to the Alps results from the
competing influences of a number of different climatological regimes in the region,
namely Mediterranean, Continental, Atlantic, and Polar (Beniston 2005a).
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Figure 2.1: Greater Alpine Region with the highest peak (Mont Blanc) and the most eastern
summits above 4,000/3,000/2,000 m a.s.l. Background: European HYDRO1k-DEM, elevations
above 1,500 m a.s.l. are shaded in grey. Source: Land Processes Distributed Active Archive
Center (LP DAAC), located at the U.S. Geological Survey (USGS) Centre for Earth Resources
Observation and Science (EROS), http://LPDAAC.usgs.gov. Country boundaries provided by
ESRI.






3 Thematic and scientific background

This chapter summarises the thematic background needed to understand the relevance
and context of the present study, and gives an overview of the state-of-the-art of
climate-glacier research on which this study is based.

3.1 Climate

Climate varies on all time scales, from years to decades to millennia to millions and
billions of years. This climate variability can arise from a number of factors, some
external to, and others internal to, the system (Bradley 1999, Ruddiman 2001). Chapters
3.1.1 to 3.1.3 qgive a brief overview of Lateglacial and Holocene climate (based on
Rahmstorf 2002, Jones & Mann 2004 and Wakonigg 2005), as this period is the most
relevant to assessing the potential uniqueness of recent climate changes and the
projected changes in the 21° century. The latter are summarised in Chapter 3.1.4.

3.1.1 Pleistocene and Lateglacial

The Pleistocene climate epoch was marked by major glacial/interglacial oscillations in
global ice volume and ended with the most recent glacial period culminating about
21,000 y BP (the LGM), when continental ice sheets extended well into the mid-
latitudes of North America and Europe. Global annual mean temperatures were
probably about 4 °C colder than during the mid-20™ century (Jones & Mann 2004), with
larger cooling at higher latitudes and little or no cooling over large parts of the tropical
oceans (Ruddiman 2001). In the European Alps, summer temperatures were depressed
by more than 10 °C (Patzelt 1980) and precipitation reduced by at least 50-70%
(Haeberli & Penz 1985) as compared to current values. Deglaciation during the
transition to the Holocene happened not continuously but with several intermittent
rebounds to colder climate. According to Rahmstorf (2002), three key factors need to be
considered for this complex sequence of events: the changes in insolation (due to the
Milankovich cycles) which must have initiated deglaciation, the rise in atmospheric
CO; levels providing a strong global warming feedback, and changes in ocean
circulation. An explanation for the cooling events can be found in the domination of the
northern sites by the state of the Atlantic thermohaline circulation. The North Atlantic
Deep Water formation in the Nordic Sea was weakened or even stopped because of the
high meltwater influx from the shrinking ice sheets. The last major cooling period
happened about 12,000 y BP and is known as the Younger Dryas (YD; Stocker 1996,
Rahmstorf 2002). A final northern cooling in the history of deglaciation was a short
event occurring 8,200 y BP, which has also been linked to a meltwater-induced
weakening of the thermohaline circulation (Renssen et al. 2001). Since then, climate has
been relatively warm and stable, but, nonetheless with significant variability on
centennial and millennial time scales. A schematic Lateglacial and Holocene summer
temperature curve for the European Alps, derived from pollen analysis and named after
glacier states, is presented by Patzelt (1980) and shown in Figure 3.1. Here, The YD can
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be allocated to the Egesen glacier advance with prominent moraines all over the Alps
(e.g., Mayr & Heuberger 1968, Kerschner 1978, Furrer et al. 1987).

3.1.2 Holocene

During the early millennia of the Holocene, atmospheric circulation, surface
temperature, and precipitation patterns appear to have been substantially different from
the present day, with evidence, for example, of ancient lakes in what is now the Sahara
Desert (Street & Grove 1979). During the so-called mid-Holocene Optimum of
5,000-6,000 y BP, surface temperatures appear to have been milder in some parts of the
globe, particularly in the extratropics of the Northern Hemisphere during summer
(Webb & Wigley 1985). Recent modelling studies suggest that mid-Holocene surface
temperatures for annual and global means may actually have been cooler than those of
the mid-20" century, even though extratropical summers were likely somewhat warmer
(Kitoh & Murakami 2002). Extratropical summer temperatures appear to have cooled
over the subsequent four millennia. Orbital influences likely influenced large-scale
climate over this time frame through an interaction with monsoon and El Nifio-Southern
Oscillation phenomena (Jones & Mann 2004). For Europe, Wakonigg (2005) describes
in this period, sometimes referred to as the Neoglacial because of punctuated glacier
advances (and retreats), three subperiods of warmer temperatures (Optimum) and three
periods with colder temperatures (Pessimum), with reference to the 20" century mean
(cf. Figure 3.1): a main Pessimum around 2,000-2,500 y BP, the Roman Optimum
around 2,000 y BP, the Pessimum of Migration around 1,500 y BP, the Mediaeval
Warm Period from around (AD) 800 to the onset of the Little Ice Age (LIA) around
1300, which lasted until the mid-19" century and was followed by the recent warming.
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Figure 3.1: Alpine summer temperatures of the Lateglacial and the Holocene, as estimated from
tree line and snow line variations. Slightly modified after Patzelt (1980).

The above described subperiods and also Figure 3.1 are somewhat simplified and
climate trends become more complex when analysed with increasing spatial and
temporal resolution. Towards the present time, there is an increase in the availability
and spatial density of climate proxy data and more detailed studies become available
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(see below). Recent developments in climate research lead to gridded climatologies
with high temporal (monthly, seasonal or annual) and spatial (100 m to 60 km)
resolutions (e.g., Schwarb 2000, Luterbacher et al. 2004, New et al. 1999, 2000,
Efthymiadis et al. 2006).

3.1.3 The last millennium

Variations in the Northern Hemisphere’s surface temperature over the last millennium
are shown in Figure 3.2, as published by IPCC (2001). The temperature variations have
been reconstructed from proxy data (tree rings, corals, ice cores and historical records)
calibrated against thermometer data. A general negative temperature trend from 1000
until the mid-19" century followed by a distinctive warming of 0.6 + 0.2 °C over the
last 100 years can be seen. Jones & Mann (2004) provide a review of the evidence for
climate change over the past several millennia from instrumental and high-resolution
climate proxy data sources and climate modelling studies. They conclude that the
20™ century warmth is unprecedented at hemispheric and, likely, global scale and that
natural factors appear to explain relatively well the major surface temperature changes
of the past millennium through the 19" century. They also hold that only anthropogenic
forcing of climate can explain the recent anomalous warming in the late 20" century.
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Figure 3.2: Variations in the Northern Hemisphere's surface temperature over the last
millennium. The year by year (blue curve) and 50-year average (black curve) variations in the
surface temperature for the past 1,000 years have been reconstructed from proxy data
calibrated against thermometer data (red curve). The 95% confidence range in the annual data
is represented by the grey region. Source: IPCC (2001).

Casty et al. (2005) reconstructed Alpine temperature and precipitation since 1500 and
compared it with smoothed regional (Luterbacher et al. 2004, Pauling et al. 2006),
large-scale (Jones et al. 1998) and homogenised instrumental (B6hm et al. 2001, Auer et
al. 2005) data (Figure 3.3). They show that the global and Northern Hemispheric
warming at the end of the 20™ century (e.g., Jones et al. 1998, IPCC 2001) and in
Europe (e.g. Luterbacher et al. 2004) is also prominent in the greater Alpine region and
occurred in two main stages: between 1880 and 1945 and since 1975. The years 1994,
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2000, 2002 and particularly 2003 were the warmest since 1500 in the greater Alpine
region, with 2003 being 1.7 °C warmer than the mean of the 20" century (see also Schar
et al. 2004). In addition, a period of warmth around 1800 and periods of distinct cooling
roughly around 1600, 1700 and 1900 are seen in all records. Pfister (1992, 1999) and
Luterbacher et al. (2004) found similar cooling periods for Europe. The Alpine
temperature variations show larger amplitudes compared to the one averaged for the
Northern Hemisphere, confirming earlier results, for instance from Luterbacher et al.
(2004), Jones & Mann (2004) and Beniston (2005a). In contradiction to the expectation
for increased precipitation due to increased temperature (cf. IPCC 2001), the Alpine
precipitation time series do not indicate significant trends (Casty et al. 2005).
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Figure 3.3: Reconstructed temperature and precipitation series since 1500. (a) Smoothed
(31-year triangular filter) time series of temperature reconstructions for the Northern
Hemisphere (Jones et al. 1998), Europe (Luterbacher et al. 2004), and the Alpine region (B6hm
et al. 2001 and Casty et al. 2005). The temperature anomalies are calculated with regard to the
1961-1990 mean. Note that Jones et al. (1998) is published as summer temperature
reconstruction. (b): same as (a) but for standardised annual precipitation anomalies (reference
period 1961-1990) for Europe (Pauling et al., 2006) and the Alpine region (Auer et al. 2005 and
Casty et al. 2005). Figure after Casty et al. 2005.
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3.1.4 Future scenarios

Current climate models are able to simulate quantitatively the observed warming and to
assign different causes to the climate changes observed over the last centuries. Until
about 1950 the mean global temperature was controlled mainly by natural variability in
net radiation due to cycles of solar irradiative forcing and volcanic eruptions, whereas
the temperature rise after 1950 can only be explained when including the anthropogenic
increase in greenhouse gases (IPCC 2001). For the IPCC special report on emissions
scenarios (IPCC 2000), 40 scenarios were developed to describe the emissions from
important greenhouse gases and aerosols between 1990 and 2100, based on different
plausible assumptions of economic and population growth, hypotheses related to
technological advances, the rate at which the energy sector may reduce its dependency
on fossil fuels, and other socio-economic projections related to deforestation and land-
use changes (Figure 3.4). Based on the projected levels of emissions from greenhouse
gases and aerosols in the atmosphere (Figure 3.5a), global and regional climate models
are used to provide insight into the potential future climate. According to these
scenarios, the increase in global mean temperature by the end of the 21* century ranges
from 1.4 °C to 5.8 °C (Figure 3.5b).
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IPCC emission scenarios for the
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by three scenarios (FI, T, B) using
different energy systems. Source:
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Figure 3.5: IPCC-scenarios of atmospheric CO,-concentration (a) and corresponding mean
global temperature change (b) between 1990 and 2100. The projected temperature rise at the
end of the 21% century ranges between 1.4 and 5.8 °C. The region of the temperature change of
all scenarios and all model runs is shown in light grey, the region of the average of all model
runs for all scenarios is shown in dark grey. Source: IPCC (2001).
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Within the EU-funded PRUDENCE project (cf. Christensen et al. 2002), a series of
regional climate models has been applied to the investigation of climatic change over
Europe for the last thirty years of the 21% century, enabling changes in a number of key
climate variables to be assessed. The regional models operating at a 50 km resolution
have simulated two thirty-year periods: the ‘current climate’ or the ‘control simulation’
for the period 1961-1990, and the future ‘greenhouse gas climate’ for the period
2071-2100. These simulations suggest that the Alpine climate in the late 21% century
will be characterised by warmer and more humid winter conditions, and much warmer
and drier conditions in summer (Beniston 2005b). Frei (2004) presented probabilistic
climate projections for mean temperature and mean precipitation for Switzerland, based
on the climate simulations of the PRUDENCE project. From 1990-2050, he expects
winter temperature to rise by 1.8 °C (range: 0.9-3.4 °C) and summer temperature by
2.7 °C (range: 1.4-4.9 °C) for the northern side of the Alps, with only minor differences
for southern Switzerland (Figure 3.6). For winter precipitation he predicts for the same
period (1990-2050) an increase of 8% (11%) and for summer precipitation a decrease
of 17% (19%) for the northern (southern) side of the Swiss Alps (Figure 3.7).
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Figure 3.6: Probabilistic temperature projections for northern (left) and southern (right)
Switzerland. Changes in the mean temperature in degree Celsius (y-axis) from 1990 to 2030
(blue), to 2050 (red) and to 2070 (green) are shown with the median (black line) and the 95%
confidence interval (coloured bars) for the four seasons (DJF, MAM, JJA and SON). Figure from
Frei (2004).
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Figure 3.7: Probabilistic precipitation projections for northern (left) and southern (right)
Switzerland. Changes in the mean seasonal precipitation (y-axis) are shown as ratios between
future (2030, 2050 and 2070) and present (1990) state, with the median (black line) and the
95% confidence interval (coloured bars) for the four seasons (DJF, MAM, JJA and SON). Figure
from Frei (2004).

3.2 Glaciers and climate change

This chapter briefly introduces the so-called cryosphere model, i.e., the concept
explaining glacier distribution as a function of air temperature and precipitation, the
equations of the energy balance at the glacier surface and of the glacier mass balance, as
well as the principle process chain between a climatic change and the glacier reaction.
A corresponding parameterisation scheme by Haeberli & Hoelzle (1995) is presented as
it provides the basis for the approach used in Paper II. In addition, a review of
modelling approaches to determine the response of glaciers to a change in climate is
given, followed by an overview of international glacier monitoring and its strategies.
Finally, Alpine glacier fluctuations between the LGM (about 21,000 y BP) and the end
of the LIA (around 1850) as well as corresponding reconstruction methods are
presented briefly.

3.2.1 The cryosphere model

Glaciers form where the winter accumulation does not melt entirely during summer, at
least in most years. This perennial snow gradually densifies and transforms through
different processes of snow metamorphosis (mutual displacement of crystals, changes in
size and shape and internal deformation) into firn and finally, after the interconnecting
air passages between the grains are closed off, into ice (Paterson 1994). Glacier
distribution is primarily a function of mean annual air temperature and annual
precipitation (e.g., Shumsky 1964, Kuhn 1981, Oerlemans 2001), tending to be located
in wet and cold places. Wet implies a region not too far from a moisture source (the
ocean) located in upwind direction. Cold implies high latitude or altitude. Thus,
temperature and precipitation are not entirely independent factors. Towards the poles,
mean precipitation becomes less and less, because of the decreasing moisture-holding
capacity of the air with lower temperature. As a result, the windward side of the high
mountain ranges located in the westerlies is the best place to find glaciers. Indeed, the
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glaciers with the highest mass turnover are to be found, for instance in Norway, Alaska,
Patagonia and New Zealand (Oerlemans 2001). The mountain ranges with persistent
atmospheric circulation show a marked asymmetry in the precipitation regime. The
Alps present another picture, as the storm tracks move in from different directions over
the year. Here a pattern of high precipitation in the outer mountain ranges and
somewhat drier conditions in the interior can be found (Schwarb 2000).

Driven by gravity, the cumulating snow/ice mass starts to move by viscous creep (Nye
1952, Glen 1955) and basal sliding (Lliboutry 1971) until the glacier front reaches a
position such that the net mass balance over the entire glacier equals zero. Thereby, the
theoretical line on the glacier that defines the altitude at which annual accumulation
equals ablation is called the equilibrium line altitude (ELA). It represents the lowest
boundary of climatic glacierisation (Paterson 1994). The region above the ELA shows a
net mass gain over the year and is thus called the accumulation area, whereas the region
below the ELA is called the ablation area with annual net mass loss, normally
increasing towards the glacier terminus (Figure 3.8).

Figure 3.8: Schematic plot of a mountain glacier. Glacier elements, such as accumulation area
(A), ablation area (B), glacier terminus (C), ELA, maximum ice thickness (h.x), glacier length
(Lo), length change (6L) and ablation at the glacier terminus (b,), are explained in the text.
Figure from Haeberli (1995).

Haeberli (1983) presented a schematic diagram of glacier limits, the so-called
cryosphere model (Figure 3.9), after Shumsky (1964), describing the distribution of
glaciers primarily as a function of mean annual air temperature and annual precipitation.
He notes that, as a general rule, in humid-maritime regions the ELA is at low altitude
because of the great amount of ablation required to eliminate the deep snowfall.
Temperate glaciers dominate these landscapes. Such ice bodies, with relatively rapid
flow, exhibit a high mass turnover and react strongly to atmospheric warming by
enhanced melt and runoff. Under dry continental conditions the ELA is at high
elevation. In such regions, glaciers are polythermal or cold and feature a low mass
turnover.
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Figure 3.9: Schematic diagram of glacier limits as a function of mean annual air temperature
and average annual precipitation. Figure modified after Shumsky (1964) and Haeberli et al.
(1989a).

3.2.2 Energy balance at the glacier surface

At its surface, the glacier interacts with the atmosphere. Mass and energy fluxes at the
glacier surface affect mass gain or loss of the entire glacier, and subsequently drive the
ice flow. The energy balance at the glacier surface governs the total amount of energy £
available for melting, and can be expressed according to Oerlemans (2001):

E=0Q1-a)+L, +L,+H,+H,+G 1)

where Qis the global radiation, « the albedo, L, and L, the incoming and outgoing
long-wave radiation, respectively. His the turbulent sensible heat flux, /, the turbulent

latent heat flux, and G the heat flux into or out of the glacier’s snow, firn and ice due to
conduction and convection, and due to penetration of solar radiation. Positive values of
E are defined as fluxes towards the glacier surface. The largest fluxes are the radiative
fluxes, typically a few hundred watts per square metre. A large part of the solar
radiation reaching the glacier surface is reflected, depending on the albedo (most in the
case of fresh snow, less in the case of old snow or bare ice and very little when the
surface is covered by morainic material). For long-wave radiation the glacier surface is
very dense and, hence, the amount of long-wave radiation reflected by the surface is
negligible. Incoming and outgoing long-wave radiation compensate each other to a
large degree. The effects of clouds on the short-wave and long-wave radiation budgets
are of opposite sign. More clouds imply less short-wave radiation and more long-wave
radiation. The net effect depends on surface albedo and cloud transmissivity. Turbulent
exchange of heat and moisture can be quite significant, especially in winter (when the
sun is low) or in summer when air temperature is high. The fluxes are in the direction of
the gradients in the mean temperature and humidity profiles. When air temperature is
above freezing, the sensible heat flux is always towards the surface. In such conditions
the latent heat flux can go in both directions, depending on the humidity of the air. The
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saturation vapour pressure for a melting glacier surface is 610.8 Pa. If an air mass has a
temperature of 10 °C, the gradient in vapour pressure and hence the vapour flux changes
sign at a relative humidity of about 50%. At lower humidity evaporation cools the
surface, at higher humidity condensation heats the surface. The temperature of
precipitation may differ from the temperature at the surface. This implies that
precipitation may add or remove heat from the existing snowpack or ice surface.
However, the energy fluxes involved are minor. The fluxes inside, and at the base of the
glacier are much smaller than those between the atmosphere and the glacier surface,
except for the flow of meltwater, which represents a latent heat flux. In snow and firn,
convection by air motion transports heat and water vapour. These fluxes are small but
important for the metamorphosis of snow crystals. A more detailed discussion of the
different components of the glacier energy balance is given, for instance, in Kuhn
(1981, 1989, 1990), Funk (1985), Greuell & Oerlemans (1986), Paterson (1994), or
Oerlemans (2001).

3.2.3 Glacier mass balance

Glacier mass balance 5 is the result of accumulation and ablation processes and writes
according to Kuhn (1981) as:

b=c-a (2)
Accumulation ¢ includes all processes bringing mass into the glacier system:

+P

condensation

c= Psolid + P + D+ + Davalanches+ (3)

stored

The most important process, thereby, is the solid precipitation (2,,,) followed by

accumulation due to snowdrift (D.). Hoinkes (1957) and Kotlyakov (1973) showed that
accumulation due to snowdrift in the Alps can be in the same order as that due to solid
precipitation and, therefore, cannot be neglected on Alpine glaciers. Other processes are
the snow redistribution due to avalanches (Dyaiancres+), accumulation due to freezing
rain (Psor.q) and the formation of surface hoar (Pondensaiion). SUperimposed ice can
become an important (internal) accumulation component, mainly on poly-thermal
glaciers (e.g., Paterson 1994).

Ablation a comprises all processes leading to a mass loss of the glacier:

a=M+S+D +D

avalanches— T Dcalving (4)

The dominant ablation process is melting of snow and ice ( M ), mainly depending on
the energy balance of the glacier surface. Other processes are sublimation ( S) (which is
an important process in a dry and cold climate), snowdrift (D_), snow erosion due to
avalanches (Dgyaianches-) and calving (Deawing). Melting at the glacier bed amounts to
values of only a few millimetres per year and, thus, can be neglected in comparison with
surface effects (e.g., Paterson 1994).
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3.2.4 Glacier reaction to changing climate

The reaction of a temperate glacier to a climatic change, or rather to a corresponding
change in mass balance, was analysed theoretically by Nye (1960). Glacier reaction to
climatic change involves a complex chain of processes (energy balance — mass
balance/englacial temperature — geometry/flow — length change), described by Meier
(1984) or by Haeberli (1994; including englacial temperature), and can best be
understood and numerically simulated for a few glaciers only, which have been studied
in great detail (e.g., Greuell 1992, Schmeits & Oerlemans 1997, Zuo & Oerlemans
1997b, Oerlemans 2001, Leysinger-Vieli & Gudmundsson 2004). The complication,
however, disappear if the time intervals analysed are sufficiently long, i.e., longer than
it takes a glacier to complete its adjustment to a climatic change. Based on the
calculations from Johannesson et al. (1989), Haeberli & Hoelzle (1995) presented the
following scheme of the glacier reaction to a step change in climate and a corresponding
change in ELA for temperate glaciers (Figure 3.10, cf. Haeberli 1994): An assumed step
change () in ELA causes an immediate step change in specific mass balance (b = total
mass change divided by glacier area). The specific mass balance is thus the direct,
undelayed reaction of a glacier to climatic forcing. A change in specific mass balance
(ob) is calculated from the shift in ELA (JELA), the gradient of mass balance with
altitude (¢b/dH), and the distribution of glacier surface area with altitude (hypsography).
The hypsography represents the local or individual topographic part of the glacier
sensitivity to a climatic change, whereas the mass balance gradient mainly reflects the
regional or climatic part (Kuhn 1990). After a certain reaction time (z,) following a
change in mass balance, the length of a glacier (L) will start changing and finally reach
a new equilibrium (L, + JoL) after the response time (z,). The length change is thus the
indirect, delayed reaction of a glacier to climatic forcing. After full response, continuity
requires, according to Nye (1960), that:

_Lo'5b
b

t

oL

()

where b, is the (annual) ablation at the glacier terminus. This means that, for a given
change in mass balance, the length change is a function of the original length of a
glacier, and that the change in mass balance of a glacier can be quantitatively inferred
from the easily observed length change and from estimates of ELA and mass balance
gradients. The response time (z,) of a glacier is related to the ratio between its maximum
thickness (4..4:) and its ablation at the terminus:

t — max ( 6)

In contradiction to earlier theoretical analysis (e.g., Nye 1963, Paterson 1994),
corresponding values for Alpine glaciers are found to be typically several decades to
slightly less than a century. Aletsch Glacier as the largest Alpine glacier, for instance,
with 4,,,, close to 900 m and b, around 12 m per year, has an estimated response time of
some 70 to 80 years. During the response time, the mass balance » will adjust to zero
again so that the average mass balance <> is close to 0.5 times db. The secular mass
change of glaciers estimated in this way (<b>) can be compared directly with the few
measured long-term mass balance series existing in the Alps (cf. IUGG(CCS)/UNEP/
UNESCO/WMO 2005).
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3.2.5 Modelling approaches

Over the past decades, a whole set of different models at various levels of sophistication
and spatio-temporal scales have been developed by the glacier research community
(cf. Oerlemans 2001 and Hoelzle et al. 2005 for broad overviews). In general, there is a
relationship between model complexity and process understanding. Simple models have
the advantage of needing only a small amount of input data and thus can be applied over
large regions and/or long time scales. In contrast, more sophisticated models with a
higher degree of complexity allow a deeper insight into the physical processes of glacier
behaviour. However, due to the large amount of required input data, they are applicable
only on short time scales and to individual glaciers or small glacierised catchments.

According to Kuhn (1993), the methods/models to determine the response of glaciers to
a change in climate parameters can be classified into four groups: (a) the analogy, i.e.,
the search for similar events in the past, (b) multivariate analysis of measured data,
(c) deterministic models with explicit treatment of processes linking causes and effects,
and (d) the inclusion of changes in prevalent synoptic patterns.

The principle of the analogue methods builds on the concept that the same cause leads
to the same effect, but in practice the concession is made that similar causes will lead to
similar effects. These types of methods are often used in palaeoglaciology where the
amount of available data is often minimal. One prominent example of this type of study
is the work of Gross et al. (1978). They suggested a steady-state accumulation area ratio
(AARp) of 0.67 for glaciers in the Alps as an approximation of the steady-state ELA
(ELAo) and estimated the snowline depression of Late-Wirm (20,000-10,000 y BP)
glacier re-advances. With the AARy method, the ELA, of past glaciers is fairly easy to
determine from topographical glacier maps and hence often applied in palaeoclimatic
studies (e.g., Kerschner 1985, Maisch 1992, Kerschner et al. 2000, Maisch et al. 2000).
Another group of studies tries to relate outstanding periods (usually based on
temperature and/or precipitation) to marked glacier advances and retreats (e.g. Pfister
1992, Matulla et al. 2005, Wanner et al. 2005).

18



Thematic and scientific background

The methods of multivariate analysis statistically link the observed variance of one
dependent variable to the variance of one or several independent variables that are
physically relevant to the problem. The understanding of the physical process involved
is important for the selection of variables, but beyond that, the method in its pure form
is a statistical one. Often the correlation is analysed between glacier front variation,
mass balance or ice ablation on a glacier (as dependent variable) and other parameters,
such as (seasonal) air temperature and precipitation series from a weather station,
sunshine duration, vertical distance of atmospheric pressure levels as an indicator of
free air temperature, or glacier-fed river discharge (e.g., Dreiseitl 1976, Hoinkes 1967,
Lliboutry 1974, Hoinkes & Steinacker 1975, Braithwaite 1981, Letréguilly & Reynaud
1990, Kuhn et al. 1997, Schoner et al. 2000). One particular form of this method is the
so-called degree-day model, which uses the high correlation of temperature with various
energy balance terms (e.g., atmospheric humidity, cloudiness, incoming long-wave
radiation, global radiation; cf. Kuhn 1990, Ohmura 2001). They relate glacier ablation
to the product of a degree-day factor times the sum of a series of daily mean
temperatures in degree Celsius (e.g., Braithwaite 1981, 1984, Braun 1985, Braithwaite
& Zhang 2000, Vincent 2002, Hock 2003). Multivariate regression models, relating the
change in ELA, to the changes of climate parameters, go back to the works of Ahlmann
(1924) and Krenke (1975). More recent studies were presented by Ohmura et al. (1992),
Kerschner (1996), Greene et al. (1999), Lie et al. (2003) and Shea et al. (2004). Steiner
et al. (2005) applied a nonlinear back propagation neural network to reconstruct mass
balance of Great Aletsch Glacier driven by seasonally resolved temperature and
precipitation reconstructions.

Deterministic models explicitly treat the processes linking causes and effects. The
parameterisation scheme by Haeberli & Hoelzle (1995, described in Chapter 3.2.4)
based on Johannesson et al. (1989) uses simple algorithms and basic inventory data
(glacier length, area, minimum and maximum altitude) to estimate glaciological
characteristics and simulate potential climate change effects on a large number of
inventoried mountain glaciers. This approach was applied by Hoelzle et al. (2003) to
estimate mean specific mass balances from long-term measurements of cumulative
glacier length for different mountain regions as well as by Haeberli & Holzhauser
(2003) to calculate average mass balance changes from 2,000 years of reconstructed
fluctuations of the Great Aletsch Glacier. Another simple analytical model is the one by
Klok & Oerlemans (2003) who derived historical ELA from glacier length records by
inverse modelling. Similar approaches of inverse modelling were used to derive a
temperature signal from glacier front variations (Klok & Oerlemans 2004, Oerlemans
2005). The first models that analytically formulate the processes governing the
exchange of heat and mass between glacier surface and atmosphere were implemented
in the early 1980s by Kuhn (e.g., 1981, 1989) followed by many others (e.g., Oerlemans
1991, 2001). Other numerical models followed with explicit time dependence, which
allow a better description of the processes that control the energy budget (e.g., Greuell
& Oerlemans 1986, Oerlemans 1991, Oerlemans 2001). Current development goes
towards spatially distributed modelling of the energy and mass balance of single
glaciers or entire glacierised catchments (e.g., Arnold et al. 1996, Brock et al. 2000,
Klok and Oerlemans 2002, Hock & Holmgren 2005, Paul et al. in press, Machguth et al.
submitted). Other recent studies focus on the combination of mass balance and flow
modelling, based either on a longitudinal profile along the glacier flowline (e.g., Greuell
1992, Paterson 1994, Schmeits & Oerlemans 1997, Zuo & Oerlemans 1997b, Van der
Veen 1999, Oerlemans 2001, Leysinger-Vieli & Gudmundsson 2004) or on a spatial
distributed approach (e.g., Kéab & Funk 1999, Plummer & Phillips 2002).
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Another group of methods focuses on the influence of synoptic patterns (i.e., the
characteristics of the pressure distribution on a scale of one to several thousand
kilometres; cf. Barry & Perry 1973, Barry & Carleton 2001) on the local weather, and
thus on accumulation and ablation processes. Especially in the case of the European
Alps with the competing influences of different climatological regimes, a change in the
prevailing synoptic patterns may strongly influence the spatial patterns of accumulation
and ablation. Kerschner (2004), for instance, showed that in years with very negative
mass balance values, measured at Hintereis Glacier and Sonnblick Glacier (Austria),
anticyclonic weather types dominated the accumulation and especially the ablation
period of the two glaciers. Schoner et al. (2000) found that the positive mass balance
period between 1960 and 1980 was characterised by negative winter North Atlantic
Oscillation index values, which caused an increase in the meridional circulation mode
and thus a more intense north-westerly to northerly precipitation regime (cf. Reichert et
al. 2001, Wanner et al. 2005). Similar studies exist for instance for Svalbard glaciers
(Washington et al. 2000) or New Zealand glaciers (Fitzharris et al. 1992). Into this
fourth group, one could also assign the current efforts to drive glacier models with
numerical climate models (e.g., Oerlemans 2001, Reichert et al. 2001, Schneeberger et
al. 2003, Weber & Oerlemans 2003) or to use glacier observations for verification of
numerical climate models (e.g., Beniston et al. 1997). However, there are still some
major spatial and temporal gaps between numerical climate models and (cryospheric)
impact models, that would require special up-/downscaling (cf. Salzmann in
preparation) and inter-/extrapolation techniques (cf. Tveito & Schoner in preparation) in
order to overcome. Further efforts are currently being made to represent mountain
glaciers in regional climate models on a subgrid scale to include the feedback of
potential changes in the ice cover to the atmosphere and to account for their effects,
such as enhanced summer runoff due to glacier melting (Kotlarski & Jacob 2005).

3.3 International glacier monitoring

The following review on international glacier monitoring and its observing strategies is
from the recent issue of the ‘Fluctuations of Glaciers’ series (IUGG(CCS)/
UNEP/UNESCO 2005) published by WGMS.

Worldwide collection of information about ongoing glacier changes was initiated in
1894 with the foundation of the International Glacier Commission at the
6" International Geological Congress in Zurich, Switzerland. It was hoped that long-
term glacier observations would give insight into processes of climatic change such as
the formation of ice ages (Forel 1895, Haeberli in press). In 1986 the WGMS started to
maintain and continue the collection of information on ongoing glacier changes, when
the two former services of the International Commission on Snow and Ice (ICSI), the
Permanent Service on Fluctuations of Glaciers (PSFG) and the Temporary Technical
Secretary for the World Glacier Inventory (TTS/WGI) were combined. Since its
initiation, the goals of international glacier monitoring have evolved and multiplied.
Today, the WGMS is integrated into global climate-related observation systems and
collects standardised observations on changes in mass, volume, area and length of
glaciers with time (glacier fluctuations), as well as statistical information on the
distribution of perennial surface ice in space (glacier inventories). Thus a valuable and
increasingly important data basis on glacier changes has been built up over the past
century (Haeberli et al. 1989b, Haeberli 1998, 2004, in press). International assessments
such as the periodical reports by the Intergovernmental Panel on Climate Change
(IPCC) or the Global Climate/Terrestrial Observing System (GCOS/GTQOS) plan for
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terrestrial climate-related observation (Cilhar et al. 1997) define mountain glaciers as
one of the best natural indicators of atmospheric warming with the highest reliability
ranking. The Global Terrestrial Network for Glaciers (GTN-G) of the GCOS/GTOS,
aims at combining (a) in-situ observations with remotely sensed data, (b) process
understanding with global coverage and (c) traditional measurements with new
technologies by using an integrated and multi-level strategy (Haeberli et al. 2000). This
approach, the Global Hierarchical Observing Strategy (GHOST), uses observations in a
system of tiers:

Tier 1: Multi-component system observation across environmental gradients

Primary emphasis is on spatial diversity at large scales (continental-type) or along
elevation belts of high mountain areas. Special attention should be given to long-term
measurements. Some of the glaciers already observed (for instance, those in the
American Cordilleras or in a profile from the Pyrenees through the Alps and
Scandinavia to Svalbard) could later form part of Tier 1 observations along large-scale
transects.

Tier 2: Extensive glacier mass balance and flow studies within major climatic zones for
improved process understanding and calibration of numerical models

Full parameterisation of coupled numerical energy/mass balance and flow models is
based on detailed observations for improved process understanding, sensitivity
experiments and extrapolation to areas with less comprehensive measurements. Ideally,
sites should be located near the centre of the range of environmental conditions of the
zone which they are representing. The actual locations will depend more on existing
infrastructure and logistical feasibility than on strict spatial guidelines, but there is a
need to include a broad range of climatic zones (such as tropical, subtropical, monsoon-
type, mid-latitude maritime/continental, subpolar, polar).

Tier 3: Determination of regional glacier volume change within major mountain
systems using cost-saving methodologies

There are numerous sites that reflect regional patterns of glacier mass change within
major mountain systems, but they are not optimally distributed (Cogley and Adams
1998). Observations with a limited number of strategically selected index stakes (annual
time resolution) combined with precision mapping at about decadal intervals (volume
change of entire glaciers) for smaller ice bodies, or with laser altimetry/kinematic GPS
(Ahrendt et al. 2002) for large glaciers constitute optimal possibilities for extending the
information into remote areas of difficult access. Repeated mapping and altimetery
alone provide important data at a lower time resolution (decades).

Tier 4. Long-term observations of glacier length change data within major mountain
ranges for assessing the representativity of mass balance and volume change
measurements

At this level, spatial representativity is the highest priority. Locations should be based
on statistical considerations concerning climate characteristics, size effects and
dynamics (e.g., calving, surge, debris cover). Long-term observations of glacier length
change at a minimum of about ten sites within each of the important mountain ranges
should be measured either in-situ or with remote sensing techniques at annual to multi-
annual frequencies.
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Tier 5: Glacier inventories repeated at time intervals of a few decades by using satellite
remote sensing

Continuous upgrading of preliminary inventories and repetition of detailed inventories
using aerial photography or — in most cases — satellite imagery should make it possible
to attain global coverage and to serve as validation of climate models (Beniston et al.
1997). The use of digital terrain information in GIS greatly facilitates automated
procedures of image analysis, data processing and modelling/interpretation of newly
available information (Kaab et al. 2002, Paul et al. 2002, Paul 2004). Preparation of data
products from satellite measurements must be based on a long-term program of data
acquisition, archiving, product generation, and quality control, which is currently the
purpose of the international Global Measurements from Space (GLIMS;
www.glims.org) project (cf. Kieffer et al. 2000, Bishop et al. 2004, Raup et al.
accepted).

The classification of the glacier information from the historical expansion of the Alpine
monitoring network exemplifies the implementation of the system of tiers for the
Euorpean Alps, see Figure 3.11. This integrated and multi-level strategy aims at
combining in-situ observations with remotely sensed data, process understanding with
global coverage and traditional measurements with new technologies. According to
Haeberli (2004), Tiers 2 and 4 mainly represent traditional methodologies which remain
fundamentally important for a deeper understanding of the processes involved, as
training components in environment-related educational programmes, and as unique
demonstration objects for a wide public, whereas Tiers 3 and 5 constitute wide-open
doors for the application of new technologies (cf. Kaib 2005).
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Figure 3.11: Historically-developed Alpine glacier monitoring network. The available glacier data
is exemplarily classified according to the different Tiers of the GHOST. Explanation is given in
the text. Background: European HYDRO1k-DEM, elevations above 1,500 m a.s.l. are shaded in
grey. Source: LP DAAC, located at the USGS EROS, http://LPDAAC.usgs.gov. Country
boundaries provided by ESRI.
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3.4 Alpine glacier fluctuations before 1850

Direct measurements (glaciological method) of glacier volume, surface area and
fluctuations in length are available for the past 120 years for the European Alps
(Haeberli & Zumbiihl 2003, Haeberli in press). Glacier fluctuations before that time can
be reconstructed using various methods of differing precision and covering different
periods back into the past. Thereby, the historical methods (past 500 to 700 years)
involve the collection of data from written and pictorial historical records. The
archaeological methods (past 700 to 800 years) analyse traces from human activity
correlated with glacier development. The glacio-morphological methods (entire
Holocene) entail the search for dateable organic material such as soils and crushed trees
as well as the examination of the growth rings of fossil trees (dendrochronology) within
the edge of glacier forefields (Holzhauser et al. 2005). Moraine sequences can be
mapped and dated by absolute and relative age-determination methods, such as
Schmidt-hammer rebound, weathering rind thickness, lichenometry, luminescence
dating, cosmogenic (exposure) dating and radiocarbon dating.

At the LGM (about 21,000 y BP), glaciation covered an area of about 150,000 km? in
the European Alps (Keller & Krayss 1998). Already in the early 19" century, shortly
after the emergence of the ice age theory, rough estimations of this glaciation were
made by Venetz (1821) and Agassiz (1841). Sketches and maps of the extent of the
Alpine glaciation at the LGM can be found in Klebelsberg (1948), Habbe (1977; see
Figure 3.12), Glickert (1987), Ehlers (1994), Gudmundsson (1994) and Keller &
Krayss (1998). Regional maps were published in Jackli (1962, 1970), Haeberli & Penz
(1985), Pugin & Wildi (1995) and Keller & Krayss (1998) for Switzerland, De Beaulieu
et al. (1988) for France and Van Husen (1978), Weinhart (1973) and Scholz (1995) for
the eastern Alps. A detailed overview of literature about the glaciation of the LGM in
the European Alps is given by Benz (2003).

Sketch of the recent glacierisation ,_#_;:-f'y +
and the Late Wirm glaciation in L Y . f -
the European Alps e S o .

17| Recent glaciers S fm“":m;';:‘m | Alpine regien

Figure 3.12: Extents of the recent glacierisation and of the glaciation at the LGM (about
21,000 y BP). During the Wirm glaciation, glaciers advanced far into the lowlands in the north-
western and northern parts of the Alps, whereas they stayed within the Alpine range in the east.
Slightly modified after Habbe (1977) in Bachmann (1978).
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With the increasing temperature after the LGM, glaciers started to retreat between
17,000 and 10,000 y BP (Keller 1988). Moraine sequences mark the chronology of
intermittent re-advances during the general retreat from the forelands back into the
Alpine valleys. The moraines of the YD ‘Egesen Stadial’ (about 11,000-10,200 y BP)
are conspicuous features in many parts of the Alps and have been mapped extensively
(e.g., Mayr & Heuberger 1968, Kerschner 1978, Furrer et al. 1987). They represent the
last of the Late Glacial cold event periods prior to the many advances of Holocene age,
which characteristically reached only the LIA extent (e.g., Patzelt and Bortenschlager
1973, Holzhauser 1984, Kerschner et al. 2000).

Hormes et al. (2001) presented a radiocarbon data set of wood and peat samples from
six glaciers in the Central Swiss Alps, documenting eight Holocene phases
(9,910-9,550, 9,010-7,980, 7,250-6,500, 6,170-5,950, 5,290-3,870, 3,640-3,360,
2,740-2,620 and 1,530-1,170 y BP) of glacier extents smaller than 1990. However,
recent archaeological findings on crest/saddle sites like the Oetztal iceman at the
Austrian-Italian border, the wooden bows at Lotschen Pass and the Neolithic leader
cloths at Schnidejoch in the Swiss Alps show that the ice cover at theses sites have
never been smaller during the last 5,000 years than today (Haeberli et al. 2004, Grosjean
et al. 2006)). Holzhauser et al. (2005) reconstructed glacier fluctuations over the last
3,500 years (Figure 3.13) from a data set of tree-ring width, radiocarbon and
archaeological data, as well as historical sources. They found nearly synchronous
advances of Great Aletsch, Gorner and Lower Grindelwald glaciers in the Swiss Alps at
1000-600 BC and (AD) 500-600, 800-900, 1100-1200 and during the so-called Litte
Ice Age (1300-1860). Similar studies, even though not extending that far back in time,
do exist for instance for the Fiescher, Schwarzberg, Allalin, Fee, Rosenlaui and Upper
Grindelwald glaciers in Switzerland (Holzhauser & Zumbihl 2003), Hintereisferner
(Nicolussi 1994), Pasterze and Gepatschferner (Nicolussi & Patzelt 2000) in Austria,
and for the Forni (Pelfini 1988) and Madaccio (Pelfini 1999) glaciers in Italy.

During the six centuries of the LIA, the climate was generally favourable for glaciers
(Maisch 1992), but, as Pfister (2005) emphasised, it was not continuously cold (see also
Casty et al. 2005). The cold phases, interrupted repeatedly by phases of ‘average
climate’, resulted in three main glacier advances in the 14™ century, in the 17" century
and the last one culminating around 1850. Most Alpine glaciers reached their Holocene
maximum extent during this last advance and destroyed earlier moraines (Maisch 1992,
Holzhauser & Zumbuhl 2003). However, in some regions the moraines from 1820 mark
this maximum extent (e.g., Wetter 1987, Holzhauser & Zumbihl 2003). Digital
inventories of the 1850 glacier extent are available for Switzerland (Maisch et al. 2000)
and Austria (partly published in Gross 1983, 1987). In Italy and France this information
is available for individual regions (e.g., Orombelli & Mason 1997, Pelfini 1999, Cossart
et al. in press).
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Figure 3.13: Fluctuations of the Great Aletsch, the Gorner and the Lower Grindelwald glaciers
over the last 3,500 years. Figure from Holzhauser et al. (2005).
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4 Summary of research

The work of this thesis consists primarily of the revision and extension of the existing
Alpine glacier data set available from WGMS (Paper I), the spatio-temporal analysis of
this new, extensive data set (Papers I, II, III), the comparison of Alpine glacier
fluctuations with glacier changes in other mountain ranges (Papers II and III), the
development of a numerical model to reproduce present glacierisation from gridded
climatologies (Paper IV), as well as the simulation of past (Paper IV) and future
(Papers 1V and V) glacierisations of the entire European Alps. The results of this
research and their discussion are published in international scientific journals (Papers
11, III, IV and V), or as a peer-reviewed article in a scientific book (Paper I). Here in
Chapter 4, a brief summary of each paper is given. A full version of the papers can be
found in Part B.
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4.1 Paper |

Zemp, M., Paul, F., Hoelzle, M. & Haeberli, W. (in press): Glacier fluctuations in the
European Alps 1850-2000: an overview and spatio-temporal analysis of available data.
In: Orlove, B., Wiegandt, E. & Luckman, B. (eds.): The darkening peaks: Glacial retreat
in scientific and social context. University of California Press.

This paper briefly summarises the history of internationally coordinated glacier
observations and corresponding publications, gives an overview of the revised and
extended Alpine glacier data set back to 1850, presents the result of a spatio-temporal
analysis of this data and discusses the representativity of front variation and mass
balance series for the entire Alpine glacierisation.

In the European Alps, the growth of the glacier monitoring network over time has
resulted in an unprecedented glacier data set with excellent spatial and temporal
coverage. The WGMS compiled information on spatial glacier distribution from
approximately 5,150 Alpine glaciers and fluctuation series from more than 670 of these
glaciers (i.e., more than 25,350 annual front variation and 575 annual mass balance
observations at the time of this analysis) dating back to 1850. National inventories are
able to provide complete Alpine coverage for the 1970s, when the glaciers covered a
total area of 2,909 km?. This inventory, together with digital outlines from the Swiss
Glacier Inventory, is used to extrapolate total Alpine glacier-covered areas in 1850 and
2000 which amount to about 4,470 km? and 2,270 km?, respectively. This corresponds
to an overall loss from 1850 to the 1970s of 35%, and almost 50% by 2000. Annual
mass balance and front variation series provide a better time resolution of glacier
fluctuations over the past 150 years than the inventories. During the general retreat,
intermittent periods of glacier re-advances in the 1890s, 1920s and 1970-1980s can still
be seen. Increasing mass loss, rapidly shrinking glaciers, disintegrating and spectacular
tongue retreats are clear signs of the atmospheric warming observed in the Alps during
the last 150 years and the acceleration observed over the past two decades. However, in
the short term or at a regional scale, glaciers show a highly individual variability.
Glacier behaviour depends not only on regional climate but also on local topographic
effects which complicate the extraction of the climate signal from glacier fluctuations.

While inventory data contain information on spatial glacier distribution at certain times,
fluctuation series provide temporal information at specific locations. Continuity and
representativity of fluctuation series are thus most relevant for the planning of glacier
monitoring. Furthermore, modelling should be enhanced and integrated into monitoring
strategies. It is of major importance to continue with long-term fluctuation
measurements and to extend the series back in time with reconstructions of former
glacier geometries. Additionally, it is necessary to integrate glacier modelling as well as
reconstruction activities into the global framework of the GLIMS project and the
WGMS.
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4.2 Paper I

Hoelzle, M., Chinn, T., Stumm, D., Paul, F., Zemp, M. & Haeberli, W. (accepted): The
application of glacier inventory data for estimating past climate-change effects on
mountain glaciers: a comparison between the European Alps and the Southern Alps of
New Zealand. Global and Planetary Change, special issue on climate change impacts on
glaciers and permafrost.

In this study, glacierisations of the mid-1970s in the European Alps and in the Southern
Alps of New Zealand are compared. A simple parameterisation scheme from Haeberli
& Hoelzle (1995) is applied to the two inventories. This approach considers a step
change in climate and following, a full dynamic glacier response until new steady-state
conditions have been achieved. It allows the estimation and comparison of glaciological
parameters (e.g., mass balance at glacier tongue, ice thickness, mean specific mass
balance, volume, reaction and response time) from basic inventory data, such as glacier
area, length, minimum and maximum elevations.

In the European Alps and the Southern Alps of New Zealand, there are for the mid-
1970s a total of about 5,150 and 3,130 perennial surface ice bodies, covering 2,909 km?
and 1,139 km?, respectively. The parameterisation scheme is applied to glaciers larger
than 0.2 km?, which are 1,763 (35%) for the European Alps and 702 (22%) for the
Southern Alps of New Zealand, covering 88% and 86% of the corresponding total
surface areas. Multiplication with average glacier thickness yielded total volumes of
126 km® and 67 km®, respectively. The calculated area change between ‘1850 extents
and the mid-1970s are -35% for the European Alps and -49% for the New Zealand
Alps, with a corresponding volume loss of 48% and 61%, respectively. From data on
measured cumulative length change, an average mass balance for the investigated
period could be determined at -0.33 m w.e. per year for the European Alps, and
-1.25 m we.e. for the ‘wet’ and -0.54 m w.e. per year for the ‘dry’ glaciers of the New
Zealand Alps. However, there is some uncertainty in several factors, such as the values
used in the parameterisation scheme of mass balance gradients, which, in New Zealand
vary between 5 and 25 mm m™ (about 7.5 mm m™ in the European Alps). Glacier
behaviour after the mid-1970s was sometimes quite different between the two mountain
ranges. After a period of glacier advance in the 1970s and early 1980s glaciers in the
European Alps experienced a strong if not accelerated retreat until present day. In
contrast, all glaciers in New Zealand have experienced an overall mass gain, and some
advanced strongly during the 1990s, coming to a halt at the beginning of the new
century. The glaciers in the New Zealand Alps will probably react more sensitively to a
future temperature increase than those in the European Alps. Not only because of their
greater climate sensitivity, as expressed by the mass balance gradient, but also because
of the generally low altitude of the ELA in the New Zealand Alps, promoting a higher
percentage of rain rather than snowfall in the future.

The potential of this parameterisation of existing inventories lies especially in its ability
to quantitatively infer past average decadal to secular mean specific mass balances for
unmeasured glaciers. However, drastic changes in geometry and downwasting rather
than active retreat might be the dominant processes of glacier reaction to predicted fast
climate change. This implies that parameterisation schemes like the presented one
would no longer be applicable and new approaches must be developed and applied.
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4.3 Paper lll

Zemp, M., Frauenfelder, R., Haeberli, W. & Hoelzle, M. (2005): Worldwide glacier
mass balance measurements: general trends and first results of the extraordinary year
2003 in Central Europe. Data of Glaciological Studies [Materialy glyatsiologicheskih
issledovanii], 99: p. 3-12.

International monitoring strategies aim at combining in-situ measurements with
remotely sensed data, process understanding with global coverage, and traditional
measurements with new technologies by using an integrated and multi-level approach.
Mass balance observations are an important component in these strategies, as they are a
direct and undelayed signal of annual atmospheric conditions. In the present study,
worldwide continuous mass balance records for the period 1980-2001 are analysed.
Observed rates of change and corresponding trends from nine Alpine glaciers are
compared with the ones from the other eight mountain ranges. In addition, the
extraordinary warm year 2003 in Central Europe and its impact on the Alpine
glacierisation are investigated.

Mean (annual) specific net balance for the nine mountain ranges (Cascades, Alaska,
Andes, Svalbard, Scandinavia, Alps, Altai, Caucasus and Tien Shan) during the period
1990-1999 amounts to -482 mm w.e., a value three times higher than the corresponding
value for the previous decade from 1980-1989 (-149 mm w.e.). For the time period
1980-2001, the mean specific net balance averaged roughly -0.3 m w.e. per year,
resulting in a total thickness reduction of approximately 7 m w.e. since 1980. The
corresponding values (1980-2001) for the Alps were about -0.6 m w.e. per year and a
total ice loss of almost 13 m w.e. In the European Alps, the beginning of the
hydrological year 2003 was characterised by high accumulation lasting until the end of
February. After that, the Alpine weather was dominated by anticyclonic weather types,
which are characteristic of high temperatures, high short-wave radiation, few clouds and
low precipitation. This reversed the above-average accumulation of the first half of the
winter into low snow depths in late winter, fast melting in spring and an unusually early
start of the ablation season. The ablation period lasted for more than three months, again
dominated by anticyclonic influences. The summer heatwave with its centre over
France led to a summer 3-month (JJA) temperature anomaly of 5.1 °C, corresponding to
an offset of 5.4 standard deviations. These weather conditions resulted in a mean
specific net balance of Alpine glaciers of -2.5 m w.e. in 2003. This is more than 50%
more than the value during the previous record year of 1998 (-1.6 m w.e.) and roughly
four times greater than the Alpine average loss of 0.6 m w.e. per year since 1980. In
addition, this value is almost one order of magnitude higher than the global mean annual
net balance of -0.3 m w.e. recorded during the already exceptionally warm period
1980-2001. Assuming a total Alpine glacierized area of 2,909 km? in the mid-1970s,
relative loss in glacier area from mid-1970s to 2000 of 22%, an ice loss of about
2.5 m w.e. in 2003 and a total ice volume of approximately 75 km?® before 2003,
estimated total glacier volume loss in 2003 corresponds to roughly 5-10% of the ice
volume still present before that year.

In comparison with possible future European climate scenarios, climatic conditions
(temperature and precipitation) in summer 2003 were not unlike those simulated by the
climate scenario runs for the period 2071-2100. The question whether the extraordinary
summer of 2003 was only an aberration of today’s climate, or already a harbinger of
things to come, is hard to answer. However, the summer of 2003 and its impact on
Alpine glaciers may well serve as a case study for such a possible future climate.
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4.4 Paper IV

Zemp, M., Hoelzle, M. & Haeberli, W. (accepted): Distributed modelling of the
regional climatic equilibrium line altitude of glaciers in the European Alps. Global and
Planetary Change, special issue on climate change impacts on glaciers and permafrost.

The equilibrium line altitude of a glacier is a theoretical line which defines the altitude
at which annual accumulation equals ablation. It represents the lowest boundary of the
climatic glacierisation and, therefore, is an excellent indicator of climate variability. In
this work, a simple approach that is able to model the glacier distribution at high spatial
resolution (about 100 m) over entire mountain ranges is presented, the sensitivity of the
Alpine glacierisation to changes in temperature and precipitation is investigated, and the
possible impact of a climate change scenario on Alpine glacierisation in the decades to
come is demonstrated. To achieve this, a simple approach for modelling the glacier
distribution at high spatial resolution is introduced, using a minimum of input data. An
empirical relationship between precipitation and temperature at the ELA,, is derived
from direct glaciological mass balance measurements. Using geographical information
systems (GIS) and a digital elevation model (DEM), this relationship is then applied
over a spatial domain, to a so-called distributed modelling of the regional climatic ELAy
(rcELA,) and the corresponding climatic accumulation area (CAA) for 1971-1990 over
the entire European Alps.

The sensitivity study shows that for Alpine glaciers, a change in 6-month summer
temperature by 1 °C would be compensated by an annual precipitation
increase/decrease of about 25%. The modelled cAA of 1971-1990 agrees well with
accumulation areas of mapped glacier outlines from the 1973 Swiss Glacier Inventory
and covers an area of 3,059 km?* over the entire Alps. As the cAA is simply the terrain
above the rcELA,, it does not distinguish between glacier surface and ice-free rock
walls. In a first order approach, this can be corrected by applying of slope-dependent
function of glacier fraction to the modelled cAA. The thus corrected cAA equals
1,950 km? and corresponds to an AAR, of 0.67 of the measured total Alpine glacier area
in the 1970s, which was 2,909 km?. Assuming a warming of 0.6 °C between 1850 and
1971-1990 leads to a mean rcELA rise of 75 m and a corresponding cAA reduction of
26%. This latter value is somewhat lower than the loss in glacier area (35%) as
estimated from glacier inventory data from 1850 and the 1970s, and suggests that either
the model is not perfectly able to reproduce the area loss between 1850 and the 1970s,
or that a rise in temperature by 0.6 °C cannot completely explain the corresponding
glacier shrinkage. A further rise in temperature of 3 °C accompanied by an increase in
precipitation of 10% leads to a further mean rise of the rcELA, of about 340 m and
reduces the cAA of 1971-1990 by about 75%. As a consequence, many regions become
ice-free and remaining accumulation areas of glaciers are strongly reduced and
disintegrated.

The presented approach is an excellent complement to distributed mass balance models.
As the distributed rcELAg-model requires only a minimum amount of input data to
compute the rcELA, over the entire Alps, distributed mass balance models can then be
used to account for further important components of the energy balance (e.g., solar
radiation, albedo, turbulent fluxes, mass balance-altitude feedback) and local,
topographic effects (e.g., shading, avalanches, snowdrift) within individual catchments.
Furthermore, distributed modelling of the rcELA, can potentially contribute to the
current efforts to include glacier altitude-area distribution of past, present and future
glacier states in regional climate models.
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4.5 Paper V

Zemp, M., Haeberli, W., Hoelzle, M. & Paul, F. (submitted): Alpine glaciers to
disappear within decades? Geophysical Research Letter.

In this study, an integrated approach, combining in-situ measurements, remote sensing
techniques and numerical modelling is applied to the European Alps. These techniques
allow past as well as potential evolutions of a glacier ensemble within an entire
mountain chain to be assessed quantitatively. Glacier fluctuations from 1850 to 2000 are
analysed from earlier and recent inventories, together with compilations on past glacier
fluctuations. Potential future area changes for the entire Alps are estimated using two
independent methods. The first method is a purely empirical one that relates
documented rates of area change for altitudinal bands to scenarios of glacier shrinking.
The second approach (based on Paper IV) is a statistically calibrated and distributed
model of glacier ELA that utilises an empirical relation between 6-month summer air
temperature and annual precipitation at the ELA,. With this model, the cAA is
computed over the entire Alps for the reference period (1971-1990) and for the entire
range of temperature and precipitation scenarios for the 21% century, as published by
IPCC (2001). Finally, past, present and future ice volumes are calculated by multiplying
reconstructed/measured mass balance values with the average surface area of a given
time period.

Alpine glaciers lost almost 50% in area from 1850 to 2000. The area reduction between
1975 and 2000 is about 22%, mainly occurring after 1985. Disintegration and
‘downwasting’ have been predominant processes of glacier decline during the most
recent past. The scenarios of future area losses illustrate that the scenario of ‘accelerated
loss’ (area reduction for the period 1975-2000) would drastically reduce Alpine glacier
areas within this century and that the scenario of extreme ice loss (using doubled
1985-2000 loss rates) would cause most of the presently existing glaciers in the Alps to
disappear within decades as large parts of the ice is located below 3,000 m a.s.l. The
impact on glacier areas as related to scenarios of temperature and precipitation show
that a 3 °C warming of summer air temperature would reduce the currently existing
Alpine glacier cover by some 80%, or up to 10% of the glacier extent of 1850. In the
event of a 5 °C temperature increase, the Alps would become almost completely ice-
free. Annual precipitation changes of £20% would modify such estimated percentages
of remaining ice by a factor of less than two. Volume loss between 1975 and 2000 is
calculated from cumulative mass balance of -12 m w.e. over a mean Alpine glacier area
of 2590 km? to be 30 km®. Total Alpine ice volumes can be estimated roughly as
200 km® in 1850, 105 km?® in 1975 and 75 km® in 2000. The average mass balance of
-2.5 m w.e. in the extreme year 2003 eliminated an estimated 8% of the remaining
Alpine ice volume within one single year. Such extremely hot and dry summers not
only induce strong positive feedbacks, but also eliminate increasing percentages. It is
likely that five rather than ten repetitions within the coming decades of conditions as in
2003 would bring about the scenario of widely deglaciated Alps.

By simply looking at the evolution of glaciers in the mountain ranges of the world,

coming generations will be able to define and to physically see which scenario of
climate change has taken place.
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5 General discussion

In this chapter a discussion on the main tasks and findings of the thesis is given. A more
detailed discussion of methods and results can be found in the corresponding sections of
the individual papers, appended in Part B of this work.

5.1 Revision and extension of the Alpine glacier data set

The starting points of this work were the Worild Glacier Inventory and the Fluctuations
of Glaciers databases available at WGMS. The data model and corresponding attributes
are described in IAHS(ICSI)/UNEP/UNESCO (1989) and Hoelzle & Trindler (1998). In
a first step, the existing data model was revised and extended to fulfil the requirements
of relational (geo-) database management systems (cf. Jones 1997). Conceptual and
internal/logical data models were designed for Oracle and MS Access databases and
implemented in MS Access. The revised data model allows direct connection of a GIS
(ArcGIS 9.x from the GIS vendor ESRI) to the database, which facilitates visualisation,
control and analysis of the data by GIS techniques. The integration of the extended data
set into the database of the WGMS ensures public availability of the data and continuity
of the new data far beyond the time range of this thesis and the ALP-IMP project.

In a second step, the existing data set was checked and extended by data found in the
literature and by the integration of digital data collections of other Alpine glaciologists,
in collaboration with national correspondents and principal investigators of the WGMS.
Besides the inventory data on the approximately 5,150 Alpine glaciers (i.e., area, length
and altitude range), the new data set contains (at the end of the project) fluctuation
series from more than 920 Alpine glaciers dating back to 1850, including more than
25,350 annual front variation observations (from 677 glaciers) and 690 annual mass
balance measurements (from 25 glaciers). Compared to the old data set (before 2003),
this corresponds to an increase in available data by 65% for the number of glaciers with
fluctuation data, by 34% for front variation observations and by 32% for annual mass
balance measurements.

The third step consisted in the control and correction of the available data. In this
process, visualisation of the data and plausibility checks facilitated the detection of
errors. However, the subsequent adjustments were laborious, time-consuming and often
only possible in close collaboration with the responsible institutes or local investigators
of the corresponding glacier. Figure 5.1 exemplifies control and correction of latitude
and longitude of glacier label points. Glacier coordinates were visualised in a GIS and
coloured according to their attribute “political unit’. In comparison with digital country
outlines and satellite images, errors could be detected easily and were then corrected
with the help of topographic maps and information from the World Glacier Inventory
(IAHS(ICSI)/UNEP/UNESCO 1989).
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Figure 5.1: GIS-based control and correction of glacier coordinates. Original (crosses) and
corrected (dots) glacier label points are coloured according to the glacier's political unit. The
coordinates from more than 28% of the 923 glaciers with fluctuation measurements were
corrected during this project.

5.2 Alpine glacier fluctuations after 1850

The inventory of the 1970s and the extrapolated area estimates for 1850 and 2000 show
the dramatic dimension of glacier shrinkage in the Alps. Despite the high degree of
variability of the individual glaciers, the European Alps have experienced a 50%
decrease in ice coverage over the last 150 years. The area loss per decade (in percent)
between the 1970s and 2000 is almost three times faster than the loss of ice between
1850 and the 1970s. This might be due to the continued or even enhanced climate
forcing and to the different length of the time periods considered. However, variations
in glacier frontal position provide a higher time resolution of the glacier retreat over the
past 150 years. Though glaciers have generally been retreating since 1850, there have
been several periods of documented re-advances in the 1890s, 1920s and 1970-1980s
(Patzelt 1985, Muller 1988, Pelfini & Smiraglia 1988, Reynaud 1988 and Haeberli et al.
1989b). The area reduction after the 1970s mainly occurred after 1985 (see also, Paul et
al. 2004). Thus, the acceleration of glacier retreat in the last two decades was even more
pronounced. Mass balance measurements are available only for the last five decades and
confirm the general trend of glacier shrinkage. While some glaciers gained mass
between 1960 and 1980, ice loss has accelerated over the last two decades. The mean
specific (annual) net balance of the 1980s is 18% more negative than the average of
1967-2001, and the value of the 1990s even doubles the average ice loss of 1967-2001.
Most recent mass balance data show a continuation of the acceleration trend after 2000
with a peak in the extraordinary year of 2003 when the ice loss of the nine Alpine
reference glaciers was about 2.5 m w.e. — exceeding the average of 1967-2001 by a
factor of close to seven. Estimated total glacier volume loss in the Alps in 2003
corresponds to 5-10% of the remaining ice volume before that year. The acceleration of
the glacier shrinkage after 1985 indicates transition towards a rapid downwasting rather
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than a dynamic glacier response to a changed climate (cf. Paul et al. 2004). Figure 5.2
shows ELA fluctuations from mass balance measurements relative to the glacier
elevation range. The rise of the average ELA after 1980 documents the imbalance of
glaciers from steady-state conditions. Glaciers with repeated ELA-values above the
maximum elevation will not be able to remain under the current conditions.
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Figure 5.2: Alpine ELA fluctuations from 1953 to 2003. Annual ELA fluctuations from direct
mass balance measurements are plotted relative to the glacier elevation range of
1969/1973/1980 for Austrian/Swiss/Italian glaciers. The median elevation corresponds to the
altitude that divides the glacier surface area into two equal parts. No ELA values are available
for French glaciers.

The general glacier retreat since 1850 corresponds well with the observed warming
trend in this period (see also Oerlemans 1994, Maisch et al. 2000, Oerlemans 2001 p.
110-111). However, the onset of the Alpine glacier retreat after 1850 might have been
triggered by a negative winter precipitation anomaly (relating to the mean of
1901-2000) during the second half of the 19th century (Wanner et al. 2005). The
intermittent periods of glacier advances in the 1890s, 1920s and 1970-1980s can be
explained by earlier wetter and cooler periods, with reduced sunshine duration and
increased winter precipitation (Patzelt 1987, Schoner et al. 2000, Laternser &
Schneebeli 2003). Schéner et al. (2000) concluded from the investigation of a
homogenised climate data set and from measured mass balance data from the Austrian
part of the eastern Alps, that the more positive mass balance periods show a high
correlation with winter accumulation and a lower correlation with summer temperature,
while more negative mass balance periods correlate extremely well with summer
temperature and show no correlation to winter accumulation. In addition, they find that
the positive mass balance period between 1960 and 1980 was characterised by negative
winter North Atlantic Oscillation index values, which caused an increase in the
meridional circulation mode and a more intense north-westerly to northerly
precipitation regime (cf. Wanner et al. 2005). Another influence might also come from
the dimming (i.e., the decline of solar radiation) reported for the period of about
1960-1990 and the subsequent brightening during the 1990s (cf. Wild 2005). The
observed trend of increasingly negative mass balances since 1980 is consistent with
accelerated global warming and correspondingly enhanced energy flux towards the
earth’s surface (IUGG(CCS)/UNEP/UNESCO 2005).
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5.3 Comparison of glacier changes in the European Alps with
other mountain ranges

The Southern Alps of New Zealand are particularly interesting for a comparison with
the European Alps, because they are situated at similar latitude (however, having quite
different climatic conditions) and also have a highly accurate glacier inventory for the
1970s. A parameterisation scheme was applied to these inventories to estimate glacier
changes between the 1850 extent” and the 1970s. The calculated area change is -49%
for the New Zealand Alps and -35% for the European Alps, with a corresponding
estimated volume loss of -61% and -48%, respectively. From cumulative measured
front variation data an average mass balance for the investigated period was assessed at
-0.33 m w.e. per year for the European Alps and -1.25/-0.54 m w.e. per year for glaciers
in the “wet’/’dry’ regions of the Southern Alps of New Zealand. Glacier behaviour after
the mid-1970s was sometimes quite different between the two mountain ranges. After a
period of glacier re-advances in the 1970s and early 1980s in the European Alps, the
glaciers experienced a strong if not accelerated retreat until present. In contrast, all
glaciers in New Zealand have experienced an overall mass gain, and some advanced
strongly during the 1990s. This growth trend came to an end at the beginning of the new
century.

Hoelzle et al. (2003) compared mean specific mass balances estimated from long-term
measurements of cumulative glacier length change for different mountain regions,
ranging from dry, continental-type climate conditions (e.g. Altai) over transitional
climates (e.g. Caucasus) to humid, maritime-type conditions (e.g. Western Norway).
They found that on average of the worldwide sample, mean specific mass balance since
1900 centres around an average value of about -0.25 m w.e. per year, and that the
reconstructed rates of secular mass losses strongly differ between humid, maritime-type
glaciers (> -0.5 m w.e. per year) and dry, continental-type glaciers (< -0.1 m w.e. per
year). Thus, the sensitivity with respect to secular trends in global warming of maritime-
type glaciers is much higher than that of continental-type glaciers (cf. also Kuhn 1981,
Oerlemans 2001), with the European Alps somewhere in between.

Since 1980 continuous mass balance measurements have been available for 30 glaciers
in nine mountain ranges (Cascades, Alaska, Andes, Svalbard, Scandinavia, Alps, Altai,
Caucasus, Tien Shan). For the time period from 1980-2001, the mean specific net
balance of these mountain regions averaged roughly -0.3 m w.e. per year, resulting in a
total thickness reduction of approximately 7 m w.e. since 1980. The corresponding
values for the European Alps were about -0.6 m w.e. per year and a total ice loss of
almost 13 m w.e. In addition to the Cascade Mountains with a total ice loss of more than
19 m w.e. over this period, the Alpine reference glaciers show the greatest cumulative
mass loss after 1980.

The European Alps represent a low-latitude mountain chain with less dense glacier
cover than elsewhere. Numerous medium-sized and quite steep mountain glaciers
constitute the most important part of the area distribution frequency (Figure 5.3, left).
Such small/steep glaciers adjust relatively quickly to changing climatic conditions and
can, therefore, quite realistically be assessed assuming step-wise changes between
equilibrium conditions (as for instance applied in Hoelzle et al. 2003, or in Paper II).
However, such concepts are not applicable in every case. In heavily glacier-covered
regions like Svalbard (Norway), Patagonia (Argentina, Chile) or the St. Elias Mountains
(Alaska), relatively few large and rather flat valley glaciers dominate the frequency

36



General discussion

diagram of area distribution (Figure 5.3 right). Because long, flat valley glaciers have
dynamic response times beyond the century scale (Haeberli & Hoelzle 1995,
Johannesson et al. 1989), fast climate change primarily causes (vertical) thinning of ice
rather than (horizontal) retreat and area reduction. For such cases, conditions far beyond
equilibrium stages, perhaps even run-away effects from positive feedbacks (mass
balance/altitude), must be envisaged (Haeberli 2004, Raymond et al. 2005):
‘downwasting’ or even ‘collapse’ of large ice bodies could become the most likely
future scenarios related to accelerating atmospheric temperature rise in these areas, and
have already been documented (e.g., Arendt et al. 2002, Rignot et al. 2003).
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Figure 5.3: Glacier area distribution frequency in the European Alps and in Svalbard (Norway) in
the 1970s. For Svalbard, glaciers with an area of less than 1 km® have not been considered in
the inventory.

5.4 Modelling of past, present and future Alpine glacierisations

The model presented in Paper IV is a simple but robust approach that is able to compute
the glacier distribution at high spatial resolution (about 100 m) over entire mountain
ranges. It is based on an empirical relation between precipitation and temperature at the
glacier ELA, derived from direct glaciological mass balance measurements, and enables
the computation of the rcELA( and the corresponding cAA from gridded climatologies
and a DEM. The model computes glacierisation from the intersection of the lowest
boundary of the climatic glacierisation with the terrain, and does not depend on any
(assumed) glacier AARy. The model can be used to calculate past, present or future
glacierisation from climate data or it can be used in an inverse sense, to assess one of
the climate parameters (temperature or precipitation) from known ELA, and the other
climate factor. In contrast to the parameterisation scheme used in Paper I, the model of
distributed rcELA, is independent of glacier dynamics (i.e., ice flow and corresponding
variations in the front position), and, hence, is also applicable during continued or even
accelerated climate forcing when glaciers react by downwasting rather than by dynamic
retreat. However, for the assessment of total glacier area from the modelled cAA (or its
change between two different glacier states), an AAR, (and its constancy over time) has
to be assumed. The model does not take into account topographic effects, such as for
instance snowdrift (cf. Purves et al. 1999), avalanches (cf. Gruber subm.) or solar
radiation (cf. Dozier & Frew 1991), which lead to differences between the modelled
rcELA, and the local topographic ELA on glaciers. The influence of the uncertainty in
rcELA, on the cAA is indirectly proportional to the slope of the terrain, i.e., the steeper
the terrain, the smaller the corresponding error of the cAA. As the distributed rcELA,
model requires only a minimum amount of input data to compute glacierisation over an
entire mountain range, distributed mass balance models (e.g., Klok & Oerlemans 2002,
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Hock & Holmgren 2005, Paul et al. in press, Machguth et al. submitted) can then be
used to account for further important components of the energy balance (e.g., solar
radiation, albedo, turbulent fluxes, mass balance-altitude feedback) and local,
topographic effects (e.g., shading, avalanches, snowdrift) within individual catchments
with available data.

The model experiments (Papers IV and V) show that a change in 6-month summer
temperature by 1 °C would be compensated by a precipitation increase/decrease of
25%. A rise in 6-month summer temperature of 3 °C accompanied by an increase in
annual precipitation of 10% would lead to a mean rise of the rcELA, of about 340 m
and would reduce the cAA of 1971-1990 by about 75% (Figure 5.4). In the event of a
5 °C summer temperature increase, the Alps would become almost completely ice-free.
Annual precipiation changes of +20% would modify such estimated percentages of
remaining ice by a factor of less than two. These results are in good agreement with
studies based on different methods (Maisch et al. 2000, Haeberli & Hoelzle 1995) and
shows that the possibility of Alpine glaciers disappearing by the end of the 21 century
is far from slight.
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Figure 5.4: Future glacier scenario for the upper drainage basins of the Litschine and Aare
Rivers, Switzerland. A rise in 6-month summer temperature of 3 °C accompanied by an
increase in annual precipitation of 10% would cause the rcELA, to rise by more than 300 m and
strongly reduce the cAA of the reference model run (1971-1990). Background: Hillshading from
DEM25 (reproduced by permission of swisstopo, BA067729). Glacier outlines from the Swiss
Glacier Inventory (K&ab et al. 2002, Paul et al. 2002, Paul 2004).
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5.5 Glacier monitoring in the European Alps

Glacier studies have a long tradition in the Alps that began with the establishment of
systematic observation networks in the 1890s (Haeberli & Zumbihl 2003, Haeberli in
press). In comparison to the rest of the world, the European Alps have the densest and
most complete spatial glacier inventory through time (IAHS(ICSI)/UNEP/UNESCO
1989). Interestingly, the 1970s is the only period for which an Alpine inventory with
total spatial coverage can be compiled, when most glaciers were relatively close to
steady-state conditions (see also Patzelt 1985). The reconstructed glacier extents at the
end of the LIA (around 1850) and the glacier outlines derived from multi-spectral
satellite data around 2000 from the Swiss Glacier Inventory (K&ab et al. 2002, Paul et
al. 2002, Paul 2004) cover the major parts and the full range of area classes of Swiss
glacierisation. Thus they can be used to extrapolate Alpine glacierisation in 1850 and
2000, based on the assumption that the relative losses of the different area classes in
Switzerland are representative of other Alpine countries. This, of course, is not
necessarily the case. In addition, identification of individual glaciers throughout the
different inventories (Miller et al. 1976, Maisch et al. 2000, K&ab et al. 2002 and Paul
et al. 2002) is difficult due to different identification codes used and glacier retreat,
which has caused severe changes in glacier geometry (e.g., tongue separation,
disintegration). Together with the systematic differences between historical inventories
(glacier coordinates and tabular attribute information) and modern satellite inventories
(glacier outlines and tabular attribute information), the identification problem is a
laborious but essential task that is still to be tackled.

The front variation series have the longest tradition in the observation network and,
hence, are numerous and well distributed over the Alps, with a minimum number of
observations in the south-western part of the Alps. Mass balance measurements started
in the late 1940s. These measurements are labour-intensive and thus only available from
25 glaciers, with continuous series from nine glaciers since 1967. For the fluctuation
series, length and completeness of the time series as well as representativity for the
entire glacierisation are most relevant.

While inventory data contain information on spatial glacier distribution at certain times,
fluctuation series provide temporal information at specific locations. Thus, glacier mass
balance is the direct and undelayed signal of annual atmospheric conditions, whereas
changes in length are an indirect, delayed, filtered but also enhanced signal (Haeberli
1998). Glacier behaviour depends not only on regional climate but also on local
topographic effects which complicate the extraction of the climate signal from glacier
fluctuations. Therefore, glacier response time, size distribution, geographical and
climatological location are to be considered when extrapolating fluctuation observations
from a few glaciers or from an individual region to the entire Alpine glacierisation.

Annual front variations are relatively easy to measure in the field (as compared to mass
balance measurements) and can be checked against decadal length change
measurements from satellite images (cf. Kappeler 2006). In addition, this series have an
important didactic value for the wider public, especially in places where information on
glacier change is well documented and presented in the glacier forefield (e.g., Figure
5.5; Maisch et al. 1999). However, parallel with the dramatic mass loss of Alpine
glaciers in the past two decades, geometries of many glaciers have become decoupled
from current climate, and hence, glacier length change has definitely become a climate
indicator with non-linear behaviour.
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Figure 5.5: Glacier trail in the forefield of Morteratsch Glacier, Switzerland. Signs along the path
towards the glacier terminus provide information about the glacier retreat and refer to related
topics, described in a guide published by Maisch et al. (1999). The photo was taken in May
2005.

Mass balance measurements, providing a direct and undelayed glacier signal of annual
atmospheric conditions, become even more important in times of fast-changing climate.
In this context, profiles showing net balance vs altitude, as well as net balance
vs (calculated) ELA and net balance vs (calculated) AAR are valuable
(cf. IUGG(CCS)/UNEP/UNESCO/WMO 2005) and thus should be calculated (and
published) for each glacier in the (direct glaciological) mass balance observation
network. Winter and summer balances provide intra-annual climate information and
should therefore be surveyed on all glaciers with mass balance observations (see also
Dyurgerov & Meier 1999, Vincent 2002). In view of the large contribution of glaciers
smaller than 1 km? to glacier shrinkage in the past and the predictions of ongoing global
warming (e.g., IPCC 2001, Schar et al. 2004, Beniston 2005a, b), future work should
include studies on the influence of atmospheric warming on small glaciers and on
current downwasting processes (see also Paul et al. 2004). However, climatic sensitivity
of glaciers not only depends on glacier size, but also on their sensitivity to regional
climate variability versus local topographic effects, which potentially complicates the
extraction of a regional or global climate signal from glacier fluctuations (Kuhn et al.
1985, Vincent et al. 2004). Mass balance and ice flow models calibrated with available
fluctuation data are needed to quantify these effects (e.g., Oerlemans 1998, Oerlemans
2001, Paul et al. in press).

Reconstructed glacier states are needed in order to put the measured glacier fluctuations
of the last 150 years into context with glacier variability of the Holocene
(cf. Chapter 3.4). There exist reconstructed front variation series for several Alpine
glaciers, spanning time periods from centuries to millennia (e.g., Nicolussi 1994, Pelfini
1999, Nicolussi and Patzelt 2000, Holzhauser & Zumbihl 2003, Holzhauser et al.
2005). These works, however, have not been prepared within an international
framework and, hence, most of the data are not available in digital form to the public
and the scientific community.
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6 Conclusions

The overall aim of the present study, carried out within the framework of the EU-funded
ALP-IMP project and the WGMS, was the investigation of glacier fluctuations in the
entire European Alps between 1850 and the end of the 21% century. The study
demonstrates the potential of new technologies (satellite imagery, DEM, geo-
informatics) for using information from glacier monitoring (inventory and fluctuation
data) in combination with numerical modelling for the quantitative assessment of past,
present and future glacierisations of an entire mountain range. The main conclusions
can be summarised as follows:

This study compiled an unprecedented data set containing inventory information on the
about 5,150 Alpine glaciers, as well as front variation and mass balance information
from more than 670 and 25 of these glaciers, respectively. Continuous front variation
surveys in the Alps started around 1880, while direct mass balance measurements were
initiated in 1948.

The spatio-temporal analysis of this data set showed an overall glacier area loss since
1850 of about 35% until the 1970s (with a total ice cover of 2,909 km?) and almost 50%
until 2000. Rapidly shrinking glacier areas, spectacular tongue retreats and increasing
mass losses are clear signs of the atmospheric warming observed in the Alps in the last
150 years and its acceleration over the past two decades. Mass balance data from nine
Alpine glaciers with continuous measurements since 1967 show a mean specific
(annual) net balance of -0.07 m w.e. in the 1970s, -0.44 m w.e. in the 1980s and
-0.77 m w.e. in the 1990s. The ice loss between 1967 (1981) and 2004 cumulated to
almost 18 m w.e. with a maximum annual ice loss of 2.5 m w.e. and a corresponding
estimated total glacier volume loss of 5-10% in the extraordinary year of 2003.

In addition, a numerical model was developed, based on an empirical relation between
precipitation and temperature at the glacier ELA, derived from direct glaciological mass
balance measurements. It enables the computation of the glacierisation (i.e., the rcELA,
and the corresponding cAA) over the entire European Alps from gridded climatologies
and a DEM. The model experiment shows that a change in 6-month summer
temperature by +1 °C would be compensated by a precipitation increase/decrease of
25%. A rise in 6-month summer temperature of 3 °C accompanied by an increase in
annual precipitation of 10% would lead to a mean rise of the rcELA, of about 340 m
and would reduce the cAA of 1971-1990 by about 75%. In the event of a 5 °C summer
temperature increase, the Alps would become almost completely ice-free.

At the end of the LIA (around 1850) most Alpine glaciers reached their Holocene
maximum extent. During the following general retreat, intermittent periods of glacier
re-advances in the 1890s, 1920s and 1970-1980s can still be seen. The mass loss after
1980 continued at high, even accelerated rates, culminating in the extraordinary year
2003. Glacier shrinkage of the past two decades indicates transition towards rapid
downwasting rather than dynamic glacier response to changing climate. Present
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glacierisation in the European Alps is about to pass the Holocene minimum extent.
According to the presented impact study, based on the IPCC (2001) climate scenarios
for the 21% century, the possibility of Alpine glaciers disappearing within decades is far
from negligible.
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7 Outlook

The present study demonstrates the potential of an integrative monitoring strategy,
combining glacier inventories, in-situ measurements and numerical modelling for
analysing past, present and future glacierisation of an entire mountain range. Future
needs, recommendations and open questions arising from this work are briefly
summarised in this chapter and cited according to their importance to (a) future research
on Alpine glaciers, (b) international glacier monitoring, and (c) the wider public,
decision-makers and politicians:

Future research on Alpine glaciers should focus on:
e the acquisition of new insights into the causes of regional glacier fluctuations by
combining the new, extensive glacier data set with the recently available gridded

climatologies and DEM of high spatial resolution (about 100 m);

e the identification and quantification of the contribution of individual climate
parameters to the Alpine glacier retreat since 1850;

e the spatio-temporal analysis of winter, summer and annual net balance in
comparison with the corresponding prevailing synoptic patterns;

e the application of the presented methods to, and comparison with, other mountain
regions;

e the solution to the question of whether there is a plausible AAR, for Alpine glaciers,
and if so, whether it remains constant over time;

e the quantification of the current decoupling of glacier geometries from steady-state
conditions due to the fast warming since the mid-1980s;

e the investigation of the representativity of the Alpine mass balance measurements
for the volume loss of the entire Alpine glacierisation; and

e the influence of projected climate change on small glaciers and on downwasting

processes (in view of the large contribution of glaciers smaller than 1 km? to glacier
shrinkage in the past).
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Concerning the modelling of distributed rcELA, and cAA, future work should
continue by:

o strengthening the relationship between precipitation and temperature at the
ELA, by using a larger data sample from direct glaciological mass balance
measurements, and by extending the data range towards more maritime and
more continental glaciers;

0 using the model in the inverse sense for the reconstruction of one climate
variable (precipitation or temperature) from reconstructed glacier ELA, and
the other climate variable;

o comparing the modelled rcELA, and corresponding cAA with results from
distributed mass balance models, and the quantification of the influence of
neglected feedback mechanisms and topographic effects; and

o extending the model to consider other relevant parameters that can be
derived from a DEM (e.qg., potential solar radiation).

International glacier monitoring should:
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overcome national boundaries (successful glacier monitoring is organised on
national levels, coordinated within the mountain regions and following international
standards and strategies, as developed for instance by the GLIMS project and the
WGMS);

compile Alpine-wide glacier inventories for 1850 from available data and new
reconstructions, and for 2000 (or 2003, due to clear sky conditions) from satellite
images;

link the available and new inventories on a glacier-by-glacier level (to ensure unity
of samples when calculating glacier changes between the different inventories);

increase the repetition rate of inventory activities from a few decades (as proposed
earlier in international monitoring programmes) to about one decade, due to the
current high rates of ice loss;

maintain and revive long-term fluctuation series. In this way, decadal glacier length
changes as derived from satellite images, and volume/thickness changes from
repeated surveys using traditional (e.g., triangulation, photogrammetry) or new (e.g.,
laser scanning, interferometric synthetic aperture radar) technologies, could help to
detect errors and systematic biases in front variation and mass balance series;

integrate glacier reconstruction activities into the global framework of WGMS, to
extend existing fluctuations series back in time; and

better integrate modelling studies into the international monitoring strategies, as
only with the help of an ensemble of modelling studies on different scales of
complexity is it possible to simulate glacier changes of entire mountain ranges and
at the same time to understand and quantify the physical processes governing glacier
energy/mass balance and flow.



Outlook

Wider public, decision-makers and politicians should be aware of the fact that:

e increasing mass loss, rapidly shrinking glacier areas, disintegrating and spectacular
tongue retreats are clear signs of the atmospheric warming observed in the Alps
during the last 150 years and the acceleration observed over the past two decades;

e however, in the short term or at a regional scale, glaciers show a highly individual
variability (glacier behaviour depends not only on regional climate but also on local
topographic effects which complicate the extraction of the climate signal from
glacier fluctuations);

e hence, front variation from a few glaciers or fluctuations of a small regional glacier
sample cannot per se be considered to be representative of the entire Alpine
glacierisation;

e due to the strong mass loss during the past two decades, glacier geometries are in
disequilibrium with the current climate and thus will continue to retreat during the
next years or decades (depending on a glacier specific delay), even if mean air
temperatures were halted at today’s level;

e from a model experiment, the investigation of the impact of climate scenarios on
glaciers leads to the conclusion that the possibility of the majority of Alpine glaciers
disappearing within decades is far from slight and under the assumption of such
scenarios, only the largest and highest-reaching Alpine glaciers could survive into
the 22" century; and

o especially in densely populated high mountain areas such as the European Alps, one
should start immediately to consider the consequences (and implement possible
counter-measures) of such extreme glacier wasting on the hydrological cycles,
freshwater resources for agriculture and industry, hydro-power production, tourism,
and natural hazards.
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Glacier fluctuations in the European Alps 1850-2000: an overview and spatio-
temporal analysis of available data

Michael Zemp, Frank Paul, Martin Hoelzle and Wilfried Haeberli
Glaciology and Geomorphodynamics Group and World Glacier Monitoring Service,
University of Zurich, Switzerland

Abstract: Within the framework of the EU-funded project ALP-IMP, which deals with
climate change within the greater Alpine® region, the World Glacier Monitoring Service
(WGMS) compiled an unprecedented Alpine glacier dataset containing fluctuation
information dating back to 1850. Here we give an overview of the available data, results
of spatio-temporal analyses and discuss the representativity of front variation and mass
balance series for the entire Alpine glacierisation. In the 1970’s there were approximately
5,150 Alpine glaciers covering an area of 2,909 km? Overall area loss since 1850 is
estimated to be about 35% until the 1970’s and almost 50% until 2000. Rapidly shrinking
glacier areas, spectacular tongue retreats and increasing mass losses are clear signs of the
atmospheric warming observed in the Alps in the last 150 years and its acceleration over
the past two decades. However, in the short-term or at a regional scale, glaciers show a
highly individual variability. Glacier behaviour depends not only on regional climate but
also on local topographic effects which complicate the extraction of the climate signal
from glacier fluctuations. The latter are essential for the verification of mass balance and
ice flow models, which are needed to quantify these topographic effects. It is of major
importance to continue with long-term fluctuation measurements and to extend the
existing fluctuation series back in time using reconstructions of former glacier
geometries. Additionally, it is necessary to integrate glacier monitoring as well as
reconstruction activities into the global framework of the Glacier Land Ice Measurement
from Space (GLIMS) project and the WGMS.

1 Introduction

Fluctuations of mountain glaciers are among the best natural indicators of climate change (IPCC
2001). Changes in precipitation and wind lead to variations in accumulation, while changes in
temperature, radiation fluxes and wind, among other factors, affect the surface energy balance and thus
ablation. Disturbances in glacier mass balance, in turn, alter the flow regime and, consequently, after a
glacier specific delay, result in a glacier advance or retreat such that the glacier geometry and altitude
range change until accumulation equals ablation (Kuhn et al. 1985). Hence, mass balance is the direct
and undelayed signal of annual atmospheric conditions, whereas changes in length are an indirect,
delayed, filtered but also enhanced signal (Haeberli 1998).

The modern concept of worldwide glacier observation is an integrated and multi-level one, it aims to
combine in-situ observations with remotely sensed data, process understanding with global coverage
and traditional measurements with new technologies. Such concept of global glacier observation uses
detailed mass and energy balance studies from just a few glaciers together with length-change
observations from many sites and inventories covering entire mountain chains. Numerical models link
all three components over time and space (Haeberli 2004). The EU-funded project ALP-IMP is an
integrated research that focuses on multi-centennial climate variability in the ALPs based on
Instrumental data, Model simulations and Proxy data. It represents a unique opportunity to apply this

L In this article *Alps’ or ‘Alpine’ refer explicitly to the European Alps, the terms ‘alps’ or “alpine’ are purely
generic.
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glacier monitoring concept to the European Alps where, by far, the most concentrated amount of
information about glacier fluctuations over the last century is available. The World Glacier Monitoring
Service (WGMS) has compiled, within the framework of the ALP-IMP project, an unprecedented
dataset containing inventory data (i.e., area, length and altitude range) from approximately 5,150
Alpine glaciers and fluctuation series from more than 670 of them (i.e., more than 25,350 annual front
variation and 575 annual mass balance observations) dating back to 1850.

In this study we give an overview of available glacier datasets from the European Alps and analyse
glacier fluctuations between 1850 and 2000. To achieve this, glacier-size characteristics from the
1970’s are analysed, this is the only time period for which a complete Alpine inventory is available.
From this inventory, Alpine glacierisation in 1850 and in 2000 are extrapolated using size-dependent
area changes from Switzerland. Furthermore, mass balance and front variation series are investigated
to provide a better insight into glacier fluctuations, corresponding acceleration trends and regional
distribution patterns at an annual resolution. Finally, the representativity of these recorded fluctuation
series for the entire Alpine glacierisation is discussed and conclusions for glacier monitoring are
drawn.

This article is structured as follows: A brief summary of the history of international coordinated
glacier observations and the most relevant references are given in the section ‘Background’. The third
section ‘Data’ describes the different types and spatio-temporal distribution of available glacier
information from the European Alps. The section ‘Analysis and results’ presents the size
characteristics of Alpine glacierisation in the 1970’s, extrapolates the total glacier area in 1850 and
2000 and analyses front variation and mass balance observations. The fifth section discusses spatial
data coverage and glacier shrinkage over the past 150 years as well as the representativity of the Swiss
glacier inventory and fluctuation series (mass balance and front variation) for the entire Alpine
glacierisation. Section six sums up and concludes the main results of this study.

2 Background

A worldwide collection of information about ongoing glacier changes was initiated in 1894 with the
foundation of the International Glacier Commission at the 6th International Geological Congress in
Zurich, Switzerland. At that time, the Swiss limnologist F.A. Forel started publishing the periodical
'Rapports sur les variations périodiques des glaciers' on behalf of the then established ‘Commission
Internationale des Glaciers' (Forel 1895). Up until 1961, the data compilations constituting the main
source of length-change data worldwide were published in French, Italian, German and English. Since
1967, the publications have all been written in English. The first reports contain mainly qualitative
observations with the exception of the glaciers in the European Alps and Scandinavia, many of which
have had extensive documentation and quantitative measurements recorded from the very beginning.
After the First World War, P.L. Mercanton edited the publications which began to appear less than
annually. Since 1933 they were published on behalf of the International Commission on Snow and Ice
(ICSI), a part of the International Association of Hydrological Sciences (IAHS). From 1967 the data
were published in five-year intervals under the title 'Fluctuations of Glaciers', at first by the Permanent
Service on the Fluctuations of Glaciers (PSFG, Kasser 1970) then — after the merger of PSFG with the
Temporary Technical Secretariat for the World Glacier Inventory (TTS/WGI) in 1986 — by the World
Glacier Monitoring Service (WGMS). An extensive overview of the corresponding literature is given
in Hoelzle et al. (2003). The need for a worldwide inventory of perennial snow and ice masses was
first considered during the International Hydrological Decade operated by the United Nations
Educational, Scientific and Cultural Organisation (UNESCO) from 1965 until 1974 (UNEP/GEMS
1992). Preliminary results and a thorough discussion of the techniques and standards applied for
glacier inventorying was given in IAHS (1980). The status report and the corresponding national
literature of all national glacier inventories compiled at that time was published in WGI (1989). More
detailed results of glacier area changes for specific regions or countries can be found in the literature,
often with special emphasis on developments since 1850. Some examples for the European Alps are
CGI-CNR (1962) for Italy, Gross (1988) for Austria and Maisch et al. (2000) for Switzerland as well
as Vivian (1975) for the Western Alps, Maisch (1992) for the Grisons (CH), Bohm (1993) for the
Goldberg region (Hohe Tauern, Austria) and Damm (1998) for the Rieserferner group (Tirol, AT).
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3 Data
In the following chapter the three types of available Alpine glacier information are described. The
geographical distribution of the different datasets is shown in Figure 1.

0 25 50
Kilometers

Legend \
. Mass Balance Measurements (FoG)
= Front Variation Measurements (FoG)
@ Glaciers and Glacierets from WGI \

Swiss glaciers in 1850 (SGI2000) }
| Swiss glaciers in 1973 (SGI2000) ‘

I suwiss glaciers in 2000 (SGI2000) *

Figure 1. Geographical distribution of available glacier information in the Alps: WGI data (white
circles) as well as mass balance data (white triangles) and front variation data (dark grey squares) from
the FoG database. Elevations above 1,500 m a.s.l. are in light grey. Country names are abbreviated as
follows: Austria (AT), France (FR), Germany (DE), Italy (IT), Slovenia (SI) and Switzerland (CH).
The inset shows glacier polygons of 1850, 1973 and 2000 from the SG12000.

World Glacier Inventory (WGI)

The WGI contains attribute data on glacier area, length, orientation and elevation as well as a
classification of morphological types and moraines, linked to the glacier coordinates (Fig. 1, WGI).
The inventory entries are based upon a specific observation time and can be viewed as a snapshot of
the spatial glacier distribution. The data are stored in the WGI database (part of WGMS database) and
are published in the WGI (1989). The latter summarises national inventories for the entire Alps.

Complete national inventories for the European Alps are available for Austria (1969), France (1967—
71), Switzerland (1973), Germany (1979) and Italy (1975-84). The inventories of Austria, Switzerland
and Germany refer to one single reference year while the records of France and Italy are compiled
over a longer period of time to achieve total coverage (Figure 2). However, in all inventories there is a
certain percentage of glaciers for which no data from the corresponding reference period/year could be
obtained so information from earlier years has been substituted. For example, in the Swiss inventory
only data from 1,550 glaciers date from 1973 while the information from the remaining 274 glaciers
refers to earlier years (Figure 2, CH (WGI)). Glacier identification, assignment and partitioning (due to
glacier shrinkage) are the main challenges for comparisons of inventories overlapping in space or time.
Therefore, the total number and areas of glaciers may vary in different studies. The WGI (1989) sums
the total area of the 5,154 Alpine glaciers from Austria (542 km?), France (417 km?), Switzerland
(1342 km?), Germany (1 km?) and Italy (607 km?) to be 2,909 km? Due to previously mentioned
inconsistencies, the dataset used in this study differs slightly from these numbers. The Italian
Inventory (1975-84) sums up to only 602 km?” and the total number of Alpine glaciers to 5,167, i.e. 13
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glaciers more than in the original status report. These differences, however, are smaller than 0.3% and
therefore negligible.
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Figure 2: Frequency of glacier inventories in the Alps. Number of inventoried glaciers per year are
marked according to country and data source (WGI and SGI2000). For example, in 1973 there are
inventory data in the WGI from six Italian, two Austrian and 1550 Swiss glaciers, while in the
SGI12000 there is information on 2,057 Swiss glaciers.

Swiss Glacier Inventory 2000 (SG12000)

The new SGI2000 has been compiled from multispectral Landsat Thematic Mapper (TM) data
acquired in 1998-1999 (path-row 194/5-27/8). Glacier information (e.g. area, slope, aspect,
equilibrium line altitude) was obtained from a combination of glacier outlines with a digital elevation
model and the related statistical analysis by a Geographic Information System (K&é&b et al. 2002, Paul
et al. 2002, Paul 2004). Several glaciers were not properly identified due to cast shadow, snow cover
and debris and were excluded from the statistical analysis. Altogether, new areas for 938 glaciers were
obtained for 2000 (Figure 2) and the related topographical information extracted. The former glacier
inventories from 1850 and 1973 were digitised from the original topographic maps and are now a
major part of the SGI2000 (Figure 3). The 1973 outlines are also used to define the hydrological
basins of individual glaciers in the satellite derived inventory, in particular the ice-ice divides.
However, due to different identification codes used in the inventories of Miiller et al. (1976), Maisch
et al. (2000) and the SGI2000, a direct comparison of glacier areas is not yet possible. Moreover,
glacier retreat has caused severe changes in glacier geometry (tongue separation, disintegration, etc.),
which prevents a direct comparison. For this reason our analysis of glacier changes was based on
different samples (Table 2). Major results of this study were summarised in Paul et al. (2004) and in
Table 2.
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Figure 3: Synthetic oblique-perspective of the Aletsch glacier region, Switzerland, generated from a
digital elevation model (DEM25; reproduced by permission of swisstopo, BA057338) overlaid with a
fusion of satellite images from Landsat TM (1999) and IRS-1C (1997) in a greyscale rendition. The
Grosser Aletsch glacier retreated about 2,550 m from 1850 (white lines) to 1973 (black lines) and
another 680 m by 2000.

Fluctuations of Glaciers (FoG)

The FoG database contains attribute data on glacier changes over time, i.e. front variations, mass
balance, changes in area, thickness and volume, linked to glacier coordinates (Figure 1, FoG). The
data are stored in the FoG database (part of WGMS database) and published in the Fluctuations of
Glaciers series on 5-year intervals (latest edition: FoG 2005), and biannually in the Glacier Mass
Balance Bulletin (latest edition: GMBB 2005).

Regular glacier front variation surveys in the Alps started around 1880. The number of glaciers
surveyed and the continuity of series changed over time due to world history and the perceptions of
the glaciological community (Haeberli and Zumbiihl 2003, Haeberli this issue). Direct measurements
of glacier mass balance in the Alps started at Limmern (CH) and Plattalva (CH) in 1948, followed by
Sarennes (FR) in 1949, Hintereis (AT) and Kesselwand (AT) in 1953 with others following in
successive years. In the last reporting period (1995-2000) 297 glacier front measurements were made
along with the mass balance of 18 Alpine glaciers (FOG 2005). For the analysis in chapter 3 only front
variation series with more than nine survey years and mass balance series longer than three years have
been considered.
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Figure 4: Frequency of front variation and mass balance measurements in the Alps. The number of
glaciers with front variation (black bars, left axis) and mass balance (white bars, right axis)
observations are shown from 1880-2000. Only glaciers with more than 18 front variations or three
mass balance surveys are considered.

There are some reconstructed front variation series for several Alpine glaciers, spanning time periods
from centuries to millennia (e.g. Holzhauser and Zumbdiihl 1996, Holzhauser 1997, Nicolussi and
Patzelt 2000, Holzhauser et al. 2005). In addition, there are some studies that estimate secular mass
balance trends from cumulative glacier length changes (e.g. Haeberli and Holzhauser 2003, Hoelzle et
al. 2003) or from glacier surfaces reconstructed from historical maps (cf. Haeberli 1998, Steiner et al.
this issue). These works, however, have not been prepared within an international framework and
most of the data are not publicly available, so we have not considered them here.

4 Analysis and results

Alpine glacierisation in the 1970’s

The only complete Alpine inventory available is from the 1970’s, with 5,154 glaciers and an area of
2,909 km? (WGI 1989). Paul et al. (2004) estimated the total ice volume to be about 100 km®, much
lower than the 130 km? suggested earlier by Haeberli and Hoelzle (1995). The latter estimated the total
ice volume from the total Alpine glacier area and an averaged thickness from all the glaciers (in
accordance with semi-elliptical cross-sectional glacier geometry). Paul et al. (2004) calculated the total
volume loss (-25 km®) for the period 1973-1998/99 from the mean Alpine glacier area (2,753 km?)
and the average cumulative mass balance for eight Alpine glaciers (-9 m w.e.). Assuming that the
relative change in volume is likely to have been larger than the corresponding relative change in area
(for geometrical reasons), then the estimated relative volume loss is roughly -25% and, therefore, the
total Alpine ice volume in the 1970’s was about 100 km®.

Figure 5 shows the number and area of Alpine glaciers (AT, CH, FR and IT) according to glacier size
classes. 82% of the glaciers are smaller than 0.5 km? and cover 21% of the total glaciated area.
Glacierets and névés (perennial snow banks) don’t normally show dynamic reactions and are,
therefore, usually excluded from glacier studies. However, neglecting these small glaciers in
inventories could introduce significant errors in the assessment of regional glacier change. Only seven
glaciers (Grosser Aletsch (CH), Gorner (CH), Fiescher (CH), Mer de Glace (FR), Unteraar (CH),
Unterer Grindelwald (CH) and Oberaletsch (CH)) are larger than 20 km?, but represent 10% of the
total area. Glaciers between 1 and 10 km? account for 46% of the Alpine glacier area.
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Figure 5: Distribution of glaciers by number and size in the Alps for the 1970’s. Pie charts give
percentages by number (left) and area (km? right) with absolute values indicated. In total the 5162
glaciers cover an area of 2902.9 km? (Table 1a, Alps WGI). The five German and two Slovenian
glaciers are not considered in this figure.

From Table la the regional distribution of number and area of Alpine glaciers can be calculated for
each Alpine country. Most of the glaciers are located in Switzerland (35%), followed by Italy (27%),
France (20%) and Austria (18%). Regarding total glacier area, the majority of European ice is located
in Switzerland (46%) and Italy (21%). Due to several large glaciers, Austria ranks third with 19% of
the Alpine glacier area, followed by France with 14%. The five German glaciers with a total area of 1
km?and the two small Slovenian glaciers are not considered in Tables 1 and 2.

Tables 1a and b show the glacier size characteristics of the Austrian, French, Italian and Swiss
glacierisations in the 1970°s. The number of glaciers in each area class is very similar in all countries
except for France where 50% of the glaciers are smaller than 0.1 km? The area distribution in Austria
and ltaly is dominated equally by small and mid-size glaciers. Mer de Glace (FR) with an area of 33
km? corresponds to almost 8% of the French glacierisation. In Switzerland the 22 largest glaciers (> 10
km?) account for 37% of the total glacier area.
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Table 1: Distribution of glaciers by number and size in the Alps in the 1970’s. Absolute values (a) and
percentage (b) are given in seven size classes for glaciers in the entire Alps, Austria (AT), Switzerland
(CH), France (FR) and Italy (IT), as well as for surveys of Alpine glaciers with more than nine
measurements of front variation (FV), and for surveys with more than three mass balance
measurements (MB). Number and area are shown in separate columns to facilitate comparison
between the different data samples and size classes.

a) number and area in absolute values

classes Alps AT CH FR IT Alps Alps
[kmz] WGI WGI WGI WGI WGI FoG, FV FoG, MB
0.0-0.1 Number 1953 287 636 522 508 16 0

area [km2] 100.7 16.2 29.4 24.5 30.5 1.0 0.0
0.1-0.5 humber 2254 416 826 361 651 130 3

area [kmz] 497.0 92.3 185.5 77.0 142.2 36.2 0.9
0.5-1 number 430 112 156 73 89 92 4

area [kmz] 299.8 77.6 108.4 51.4 62.5 64.0 2.8
1-5 number 425 95 152 79 99 198 13

area [kmz] 862.3 213.2 294.8 153.6 200.7 446.6 35.2
5-10 number 66 10 32 7 17 56 3

area [kmz] 461.7 71.8 223.0 51.0 115.9 392.1 24.6
10_20 Nhumber 27 5 16 2 4 27 2

area [kmz] 387.9 71.2 240.1 26.1 50.5 396.0 33.0
>20 number 7 0 6 1 0 7 0

area [km2] 293.6 0.0 260.5 33.1 0.0 293.5 0.0
Total number 5162 925 1824 1045 1368 526 25

area [km?] 2902.9 542.2 1341.7 416.6 602.4 1629.3 96.5
b) number and area in percent
classes Alps AT CH FR IT Alps Alps
[km?] WG| WG WG| WG WG| FoG, FV | FoG, MB
0.0-0.1 Number [%] | 37.8 31.0 34.9 50.0 37.1 3.0 0.0

area [%] 35 3.0 2.2 5.9 5.1 0.1 0.0
0.1-05 number [%] |43.7 45.0 45.3 345 47.6 24.7 12.0

area [%] 17.1 17.0 13.8 18.5 23.6 2.2 0.9
05-1 number [%] |8.3 12.1 8.6 7.0 6.5 17.5 16.0

area [%] 10.3 14.3 8.1 12.3 10.4 3.9 29
1-5 number [%] | 8.2 10.3 8.3 7.6 7.2 37.6 52.0

area [%] 29.7 39.3 22.0 36.9 333 274 36.5
5_10  nhumber [%] | 1.3 1.1 1.8 0.7 1.2 10.6 12.0

area [%] 15.9 13.2 16.6 12.2 19.2 24.1 25.5
10—20 humber [%] | 0.5 0.5 0.9 0.2 0.3 5.1 8.0

area [%] 134 13.1 17.9 6.3 8.4 24.3 34.2
>20 number [%] | 0.1 0.0 0.3 0.1 0.0 1.3 0.0

area [%] 10.1 0.0 19.4 7.9 0.0 18.0 0.0
Total  number [%] | 100 100 100 100 100 100 100

area [%] 100 100 100 100 100 100 100
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Alpine glacierisation in 1850 and 2000

Based on the Alpine inventory of the 1970’s, the Alpine glacier area in 1850 and 2000 can be
extrapolated by applying the relative area changes (1850-1973, 1973-2000) of the seven glacier-size
classes from the SGI2000 to the corresponding Alpine glacier areas in the 1970’s (Table 2). The
estimated Alpine glacier areas amount to 4,474 km? in 1850, and to 2,272 km? in 2000. This
corresponds to an overall glacier area loss from 1850 up until the 1970’s of 35% and almost 50% by
2000 — or an area reduction of 22% between the 1970’s and 2000. Dividing the total area loss by time
provides estimates of area change per decade of 2.9% between 1850-1973 and of 8.2% between 1973—
2000.

Table 2: Alpine glacierisation 1850, 1970’s and 2000. 3Alpine glacier area in 1850 and 2000 is
extrapolated from the glacier area in the 1970’s (WGI) and relative area changes of the seven glacier
size classes in Switzerland (SG12000). “The relative area changes in Switzerland are calculated from
the comparable sub-samples, i.e. 1567 glaciers for 1850-1973 and 938 glaciers for 1973-2000,
respectively.

Switzerland (SGI2000) Alps

class 1850 1973 2000 1350_1973* 1973_2000* 1970’s 1850% | 2000°

num. area | num. area | num. area | area change | areachange | num. area area area
[km?] [km?] [km?] [km?] [%] [%] [km?] km? | [km?]
<01 297 17.3 | 1022 40.1 164 3.6 -55.4 -64.6 | 1953 100.7 225.5 35.6
0.1-5 715 181.3 673 153.9 448 60.3 -52.9 -45.6 | 2254 497.0 | 1055.0 270.4
0.5-1 249 1725 151 104.1 131 63.5 -44.3 -29.1 430 299.8 538.0 212.6
1-5 253 524.4 157 296.0 141 217.1 -33.2 -17.9 425 862.3 | 1291.1 707.9
5-10 26 195.5 35 249.4 36 232.6 -19.7 -10.8 66 461.7 574.8 412.1
10-20 18 259.9 14 216.3 13 192.8 -14.8 -8.2 27 387.9 455.1 356.1
> 20 9 270.5 5 225.9 5 213.0 -12.3 -5.7 7 293.6 334.8 276.9
Total 1567 1621.4| 2057 1285.7 938 982.9 -27.1 -16.1 | 5162 2902.9 | 4474.3| 2271.6

Several methods exist to calculate glacier volume from other variables, they are either based on
statistical relationships (e.g. Mdller et al. 1976), empirical studies (e.g. Maisch et al. 2000) or physical
parameters (e.g. Haeberli and Hoelzle 1995). However, all of them apply glacier size as a scaling
factor and the deviations between individual methods are large. As the individual glacier sizes for the
year 2000 are not available yet for all glaciers, we have not attempted to present glacier volume
evolution with time. However, a current estimate of Alpine glacier volume in 2000 indicates
approximately 75 km? remains (Paul et al. 2004).

Alpine front variations

Large valley glaciers retreated continuously since the Little Ice Age maximum around 1850. Smaller
mountain glaciers show marked periods of intermittent advances in the 1890’s, 1920°s and 1970-
1980’s. Front variations of smallest glaciers have a high annual variability. In Figure 6 front variation
series with more than 18 measurement years are plotted and sorted according to glacier size. The
advance periods of the 1920°s and 1970-1980’s as well as the retreat periods in-between and the one
after 1990 show up very clearly. However, on the individual level the climate signal from variations in
frontal position of glaciers is much more complex. This noise prevails even when the dataset is sorted
according to response time (see Johannesson et al. 1989, and Haeberli and Hoelzle 1995) or analysed
in geographical sub-samples. Figure 6 is dominated by smaller mountain glaciers (Table 1, Alps FoG,
FV), therefore the signals of large valley glaciers and the smallest glaciers (including absolute retreat
values) are more visible in the graphs of individual cumulative front variation (e.g. Haeberli et al.
1989, Hoelzle et al. 2003).
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Figure 6: Alpine front variation series 1880-2000. Annual front variation values from glaciers with
more than 18 measurements are coloured white after an advance, black after a retreat, dark grey - no
apparent variation and light grey - no data. Each row represents one glacier. The glaciers are sorted
after glacier length in the 1970’s (y-axis).

Alpine mass balances

50 years of direct mass balance measurements show a clear trend of mass loss. Even though some of
the measured glaciers gained mass during the 1960°s to 1980°’s, ice loss has actually accelerated in the
past two decades (Figures 7 and 8). With respect to the geographical distribution, years with a
uniformly positive (e.g. 1965, 1977, 1978) or negative (e.g. 1964, 1973, 1983) Alpine mass balance
signal, as well as years with a clear spatial gradient in net balance (e.g. 1963, 1976) or with
heterogeneous signals can be mainly found before 1986. After 1981 uniformly negative mass balance
years dominate.
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20- P

Figure 7: Alpine mass balance measurements from 1948-2001. Annual numbers of glaciers (left axis)
with a zero net balance (dark grey), positive net balance (white), or negative net balance (black). In
addition the graph of the mean cumulative specific net balance of the nine Alpine reference glaciers
(Careser (IT), Gries (CH), Hintereis (AT), Kesselwand (AT), Saint Sorlin (F), Sarennes (F), Silvretta
(CH), Sonnblick (AT) and Vernagt (AT)) is drawn from 1967-2001 (right axis).
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Nine Alpine reference glaciers with continuous mass balance series over more than 30 years show a
mean annual loss of ice thickness close to 37 cm w.e. per year, resulting in a total thickness reduction
of about 13 m w.e. since 1967. The corresponding values for the period 1980-1999 are 60 cm w.e. per
year and 12.3 m w.e., respectively (Table 3).

Table 3: Mean specific (annual) net balance of the Alpine reference glaciers: Careser (IT), Gries (CH),
Hintereis (AT), Kesselwand (AT), Saint Sorlin (F), Sarennes (F), Silvretta (CH), Sonnblick (AT) and
Vernagt (AT).

time period number of. mean specific (annual)

reference glaciers net balance [mm w.e.]
1950-1959 1-5 -536
1960-1969 6-9 -26
1970-1979 9 -69
1980-1989 9 -437
1990-1999 9 -767
1949-2001 1-9 -412
1967-2001 9 -369
5 Discussion

Data coverage

Glacier studies have a long tradition in the Alps that began with the establishment of systematic
observation networks in the 1890’s (Haeberli this issue). In comparison to the rest of the world, the
European Alps have the densest and most complete spatial glacier inventory through time (WGI
1989). Thus, the inventory data (WGI, SG12000) contain information on spatial glacier distribution at
certain times, whereas the fluctuations series (FOG) provide high resolution temporal information for
specific locations. Interestingly, the 1970’s is the only period where an Alpine inventory with total
spatial coverage can be compiled as most glaciers were relatively close to steady-state conditions
(Figure 7, Patzelt 1985). The reconstructed glacier extents at the end of the Little Ice Age (around
1850) and the glacier outlines derived from multispectral satellite data around 2000 from the SGI12000
cover the major parts and the full range of area classes of Swiss glacierisation (Table 2). Thus, they
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can be used to extrapolate Alpine glacierisation in 1850 and 2000, based on the assumption that the
relative losses of the different area classes in Switzerland are representative of other Alpine countries
as well. This, of course, is not necessarily the case. The fluctuation series are numerous and well
distributed over the Alps, with a minimum number of front variation series in the south-western part of
the Alps (Figure 1, FoG). For the fluctuation series, length and completeness of the time series are
most relevant.

Glacier shrinkage

The inventory of the 1970’s and the extrapolated area estimates for 1850 and 2000 show the dramatic
dimension of glacier shrinkage in the Alps. Despite the high degree of variability in individual
glaciers, the European Alps have experienced a 50% decrease in ice coverage over the last 150 years.
The area loss over each decade (in percent) between the 1970’s and 2000 is almost three times faster
than the loss of ice between 1850 and the 1970’s. Variations in glacier frontal position provide a
higher time resolution of the glacier retreat over the past 150 years. Though glaciers have generally
been retreating since 1850, there have been several periods of documented readvances in the 1890’s,
1920’s and 1970-1980’s (Patzelt 1985, Miiller 1988, Pelfini and Smiraglia 1988, Reynaud 1988 and
Haeberli et al. 1989). The area reduction after the 1970’s mainly occurred after 1985 (see also, Paul et
al. 2004). Thus, the acceleration of the glacier retreat in the last two decades was even more
pronounced. Mass balance measurements are only available for the last five decades and confirm the
general trend of glacier shrinkage. While some glaciers gained mass between 1960 and 1980, ice loss
has accelerated over the last two decades. The mean specific (annual) net balance of the 1980°s is 18%
below the average of 1967-2001, and the value of the 1990’s even doubles the average ice loss of
1967-2001. Most recent mass balance data show a continuation of the acceleration trend after 2000
with a peak in the extraordinary year of 2003 where the ice loss of the nine Alpine reference glaciers
was about 2.5 m w.e. — exceeding the average of 1967-2000 by almost a factor of seven. Estimated
total glacier-volume loss in the Alps in 2003 corresponds to 5-10% of the remaining ice volume
(Zemp et al. in press). The acceleration of the glacier shrinkage after 1985 indicates transition towards
a rapid down-wasting rather than a dynamic glacier response to a changed climate (cf. Paul et al.
2004).

The general glacier retreat since 1850 corresponds well with the observed warming trend in this period
(e.g. Oerlemans 1994, Maisch et al. 2000, Oerlemans 2001 p. 110-111, Zemp et al. subm.). However,
the onset of the Alpine glacier retreat after 1850 might have been triggered by a negative winter
precipitation anomaly (relating to the mean of 1901-2000) during the second half of the 19" century
(Wanner et al. 2005). The intermittent periods of glacier advances in the 1890’s, 1920’s and 1970-
1980’s can be explained by earlier wetter and cooler periods, with reduced sunshine duration and
increased winter precipitation (Patzelt 1987, Schoner et al. 2000, Laternser and Schneebeli 2003).
Schéner et al. (2000) concluded from the investigation of a homogenised climate dataset and measured
mass balance data from the Austrian part of the eastern Alps, that the more positive mass balance
periods show a high correlation with winter accumulation and a lower correlation with summer
temperature, while more negative mass balance periods correlate extremely well with summer
temperature and show no correlation to winter accumulation. In addition they find that the positive
mass balance period between 1960 and 1980 was characterised by negative winter North Atlantic
Oscillation (NAO) index values, which caused an increase of the meridional circulation mode and a
more intense north-westerly to northerly precipitation regime (cf. Wanner et al. 2005). The observed
trend of increasingly negative mass balances since 1980 is consistent with accelerated global warming
and correspondingly enhanced energy flux towards the earth’s surface (FoG 2005).

Representativity of the SG12000 and the fluctuation series

When analysing national inventories or individual fluctuation series, the question of representativity
often arises. Is the investigated sub-sample and respectively, the surveyed glaciers, representative of
the entire glacierisation? In this section we discuss the issue of representativity of the SGI12000, of the
Alpine front variation series and of the Alpine mass balance series for the entire Alpine glacierisation.

The comparison of the area characteristics of the 1850- and 2000-sub-samples of the SGI2000 (on
which the extrapolation of the Alpine areas of 1850 and 2000 are based) with the complete Swiss
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inventory in the WGI (Table 1, CH WGI) shows that the distributions of the area classes are similar.
Nevertheless, small glaciers (<0.1 km?) are under-represented, and glaciers in the north-eastern part of
Switzerland are poorly represented (Paul et al. 2004). However, the SG12000 sub-samples for 1850
and 2000 include 86% of the Swiss glaciers (WGI) covering 88% of the total area and 51% of the
Swiss glaciers (WGI) covering 87% of the total area, respectively. Thus, the SGI2000 can be
considered a representative sub-sample of the Swiss glacierisation (Table 1, WGI CH), which is highly
similar to the glacierisation of the other Alpine countries (Table 1, AT, FR and IT). The ice coverage
of the European countries is equally distributed with respect to the number of glaciers in each area
class, with the largest glaciers being over-represented in the area distribution. Therefore, the different
area classes were considered when the extrapolation was applied to all Alpine glaciers (Table 2). The
large relative area change of the smaller glaciers leads to a more pronounced area change in the entire
Alps than in Switzerland, which is due to many large glaciers of the Swiss Alps — when compared to
the average size of glaciers throughout the Alps (assuming a uniform climate change over the Alpine
region).

Front variations are mainly measured at mid-size and large glaciers while the glaciers smaller than 0.5
km? are under-represented (Table 1: column Alps, FoG, FV). This is obvious because glacierets and
névés (perennial snow banks) are often not suitable for these kind of measurements in terms of
accessibility and the low dynamic reaction, whereas mountain and valley glaciers are easier to reach,
their front variations are much more pronounced and are related on glacier dynamics. Front variations
series with more than nine measurement years exist for about 10% of all Alpine glaciers which cover
more than 50% of the total glacier area. The dynamic response to climatic forcing of glaciers with
variable geometry results in striking differences in the recorded curves, reflecting the considerable
effects of size-dependent filtering, smoothing and enhancing of the delayed tongue response with
respect to the undelayed input (mass balance) signal (Oerlemans 2001). Dynamic response time
depends mainly on glacier length, slope and mass balance gradient (Johanneson et al. 1989, Haeberli
and Hoelzle 1995). As a consequence, large valley glaciers with a dynamic response time of several
decades show the secular climate trend while smaller mountain glaciers show marked periods of
intermittent advances and retreats on a decadal scale. Smallest, somewhat static, low-shear stress
glaciers (cirque glaciers) have altitude ranges that are comparable to or smaller than the inter-annual
variability of equilibrium line altitude and hence, in general, reflect yearly changes in mass balance
without any delay (Hoelzle et al. 2003).

Mass balance measurements are labour-intensive and are thus, only available from 25 glaciers, mainly
with sizes from 0.5 to 10 km?, covering only 3% of the glacier area (Table 1: column Alps, FoG, MB).
In spite of their small number, they are geographically well distributed over the entire Alps (Figure 1).
Mass balance is the direct and undelayed response signal to annual atmospheric conditions. It
documents degrees of imbalance between glaciers and climate due to the delay in dynamic response
caused by the characteristics of ice flow (deformation and sliding). Over long time intervals they
indicate trends of climatic forcing. With constant climatic conditions (no forcing), balances would
tend towards zero. Long-term non-zero balances are, therefore, an expression of ongoing climate
change and continued forcing (GMBB 2005). Summer and winter balance even provide intra-annual
climate information and should therefore be surveyed on all mass balance glaciers (Dyurgerov and
Meier 1999, Vincent 2002). In general, Alpine fluctuation series are well distributed over the Alps and
represent the range of area classes quite good. In view of the large contribution of glaciers smaller than
1 km? to glacier shrinkage in the past and the prediction towards ongoing global warming (e.g. Schar
et al. 2004, Beniston 2005), future work should include studies on the influence of atmospheric
warming on small glaciers and on current down-wasting processes (see also Paul et al. 2004).
However, climatic sensitivity of glaciers not only depends on glacier size, but also on their sensitivity
to regional climate variability versus local topographic effects, which potentially complicates the
extraction of a regional or global climate signal from glacier fluctuations (Kuhn et al. 1985, Vincent et
al. 2004). Mass balance and ice flow models calibrated with available fluctuation data are needed to
quantify these effects (Oerlemans 1998, Oerlemans 2001, Paul et al. this issue).
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6 Conclusions

In the European Alps the growth of the glacier monitoring network over time has resulted in an
unprecedented glacier dataset with excellent spatial and temporal coverage. The WGMS compiled
information on spatial glacier distribution from approximately 5,150 Alpine glaciers and fluctuation
series (front variation and mass balance) from more than 670 of these glaciers. National inventories
are able to provide complete Alpine coverage for the 1970’s, when the glaciers covered an area of
2,909 km?. This inventory, together with the SGI2000, is used to extrapolate Alpine glacier covered
areas in 1850 and 2000 which amount to about 4,470 km® and 2,270 km? respectively. This
corresponds to an overall glacier area loss from 1850 up until the 1970°s of 35% and almost 50% until
2000.

Annual mass balance and front variation series provide a better time resolution of glacier fluctuations
over the past 150 years than the inventories. During the general retreat, intermittent periods of glacier
advances in the 1890’s, 1920°s and 1970-1980’s can still be seen. Increasing mass loss, rapidly
shrinking glaciers, disintegrating and spectacular tongue retreats are clear warnings of the atmospheric
warming observed in the Alps during the last 150 years and the acceleration observed over the past
two decades.

While inventory data contain information on spatial glacier distribution at certain times, fluctuation
series provide temporal information at specific locations. Continuity and representativity of fluctuation
series are thus most relevant for the planning of glacier monitoring. Furthermore, modelling should be
enhanced and integrated into monitoring strategies. It is of major importance to continue with long-
term fluctuation measurements and to extend the series back in time with reconstructions of former
glacier geometries. Additionally, it is necessary to integrate glacier monitoring as well as
reconstruction activities into the global framework of the GLIMS project (www.glims.org) and the
WGMS (www.wgms.ch).
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Abstract

This study uses the database from national glacier inventories in the European Alps and
the Southern Alps of New Zealand (hereinafter called the New Zealand Alps), which
contain for the time of the mid-1970s a total of 5,154 and 3,132 perennial surface ice
bodies, covering 2,909 km” and 1,139 km? respectively, and applies to the mid-1970s.
Only 1,763 (35%) for the European Alps and 702 (22%) for the New Zealand Alps, of
these are ice bodies larger than 0.2 km®, covering 2,533 km” (88%) and 979 km? (86%)
of the total surface area, respectively containing useful information on surface area,
total length, and maximum and minimum altitude. A parameterisation scheme using
these four variables to estimate specific mean mass balance and glacier volumes in the
mid-1970s and in the ‘1850 extent’ applied to the samples with surface areas greater
than 0.2 km® yielded a total volume of 126 km” for the European Alps and 67 km® for
the Southern Alps of New Zealand. The calculated area change since the ‘1850 extent’
is -49% for the New Zealand Alps and -35% for the European Alps, with a
corresponding volume loss of -61% and -48%, respectively. From cumulative measured
length change data an average mass balance for the investigated period could be
determined at -0.33 m water equivalent (w.e.) per year for the European Alps and
-1.25 m w.e. for the ‘wet’ and -0.54 m w.e. per year for the ‘dry’ glaciers of the New
Zealand Alps. However, there is some uncertainty in several unknown factors, such as
the values used in the parameterisation scheme of mass balance gradients, which, in
New Zealand vary between 5 and 25 mm m™.

Keywords: glacier fluctuations, glacier length changes, glacier mass changes, climate change,
reconstruction, volume change, area change
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1 Introduction

The last report of the Intergovernmental Panel on Climate Change (IPCC, 2001) stated
that glaciers are the best natural indicators of climate. Hence, glacier changes are
observed world wide within the framework of the GTN-G (Global Terrestrial Network
on Glaciers) of the Global Climate Observing Systems (GCOS/GTOS, 1997a;
GCOS/GTOS, 2004; Haeberli et al., 2000; Haeberli and Dedieu, 2004; Haeberli et al.,
2002; WMO, 1997). The GTN-G is led by the World Glacier Monitoring Service
(WGMS, http://www.wgms.ch), the successor to the 1894 founded international glacier
commission (Forel, 1895). WGMS collects data based on the Global Hierarchical
Observing Strategy (GHOST), which consists of five Tiers (GCOS/GTOS, 1997b;
IUGG(CCS)/UNEP/UNESCO, 2005). An extensive amount of data on topographic
glacier parameters, based on Tier 5 of the GHOST, has been built up in past regional
glacier inventories (IAHS(ICSI)/UNEP/UNESCO, 1989), which are currently updated
by modern remote sensing methods within the Global Land Ice Measurements from
Space (GLIMS, http://www.glims.org) project (Bishop et al., 2004; Kieffer and others,
2000). Repetition of the glacier inventories should be undertaken at periods compatible
with the characteristic dynamic response times of mountain glaciers (a few decades).
However, current glacier down-wasting as observed in several mountain areas will
probably require more updates of inventories in shorter time intervals (Paul et al., in
press-a).

The glacier inventories help with assessing the problem of representivity of continuous
measurements within different mountain areas, which can only be carried out on a few
selected glaciers. A climate signal extracted from one single glacier is often not very
representative for a whole mountain range. The understanding of global effects of
climate change can only be achieved by comparing the long-term behaviour of glaciers
within different mountain ranges. The European Alps were analysed in detail by
Haeberli and Hoelzle (1995) and a reanalysis was recently done by Zemp et al. (in
press-c). This data is now ready to compare with other mountain ranges. The Southern
Alps of New Zealand (hereinafter called the New Zealand Alps) are particularly
interesting for such a comparison, because they are situated at a similar latitude in the
Southern Hemisphere as the European Alps in the Northern Hemisphere. However,
both mountain ranges have quite different climatic conditions. The method used to
assess climate change effects on glacier change in both regions are based on simple
dynamic considerations and steady state conditions, which could be approximated for
1850 and the mid 1970s. Both inventories show a very high accuracy and are perfectly
suited to apply the method described in detail by Haeberli and Hoelzle (1995). Based on
this application the New Zealand inventory (Chinn, 1991; 2001) is compared with the
European Alps in this study (Fig. 1). Both inventories are included in the WGMS
database stored at WGMS in Zurich, Switzerland and at the National Snow and Ice
Data Center (NSIDC, http://nsidc.org) in Boulder, Colorado, USA (Hoelzle and
Trindler, 1998).

In this paper we show: (a) an application of an existing glacier parameterisation scheme
to two glacier inventories in two different mountain ranges to compare characteristic
variables like balance at the tongue, ice thickness, etc., (b) a method of mean specific
mass balance and volume reconstruction based on observed equilibrium line altitude
(ELA) changes, (c) a reconstruction of mean mass balance change by using glacier
length change measurements and (d) a comparison of the different approaches within
the different mountain ranges.
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2 Methods

The parameterisation scheme developed by Haeberli and Hoelzle (1995) provides the
possibility of analyzing large amounts of topographic glacier inventory data stored in
the current databases at WGMS and NSIDC and will probably be archived in future
databases at the NSIDC within the framework of the GLIMS project (Raup et al., 2003;
in press). Detailed information about the full parameterisation scheme can be found in
Haeberli and Hoelzle (1995). Therefore, we discuss only the most important
parameterisations applied in this paper, based on theoretical concepts of Johannesson et
al. (1989) and Nye (1960). We use only four measured input variables from the
inventories, namely maximum altitude (H,,,,), minimum altitude (H,,), length (L) and
total surface area (F). All other variables are calculated or taken from measurements
(see Table 1). Where specific equations are not given, the corresponding references are
cited.

This approach considers the step changes after full dynamic response and new
equilibrium of the glacier has been achieved, when mass balance disturbance Ab leads
to a corresponding glacier length change AL that depends on the original length L, and

the average annual mass balance (ablation) at the glacier terminus b,. The term b, is
calculated as b, = 0b/Oh - (Hyean - Hmin), Where Hyeqy 1s determined by (Hpax + Hupin) / 2:

Ab=b,-AL/L, (1)

Glacier thickness (%) is determined according to equation (2) (Paterson, 1994) where a
is the slope, 7 the basal shear stress, p the density of ice and g the acceleration due to
gravity (see Table 1 for used values of 7, p and g).

h=1/[p" g sin(@)] @)

The dynamic response time ., is calculated after Johannesson et al. (1989), where 4,
is a characteristic ice thickness, usually taken at the equilibrium line where ice depths

are near maximum. 4, is calculated as 2.5 - A, as estimated from known ice thickness
measurements on various alpine glaciers world-wide (Bauder et al., 2003; March,
2000).

tresp = hmax/ bt (3)

Assuming a linear change of the mass balance from b to zero during the dynamic
response, the average mass balance <b> can be calculated according to equation (4).
<b> values are annual ice thickness change (meters of water equivalent (w.e.) per year)
averaged over the entire glacier surface, which can be directly compared with values
measured in the field. Altough the method is quite simple, the results compare very well
with long-term observations (Hoelzle et al., 2003). The factor 7,.y, denotes the count of
possible response times for each glacier within the considered time period.

<b>=Ab /2" e “4)
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The reaction time .., is calculated, based on the kinematic wave velocity (Nye, 1965;
Paterson, 1994) between the onset of the mass balance change and the first reaction at
the glacier terminus from:

treact = La / c (5)

where L, is the length of the ablation area and c is taken as 4 - u,, (surface velocity in
the ablation area) which corresponds quite well to observations (Miiller, 1988).

3 Results

3.1 Glacierization in the 1970s

The inventories of the New Zealand Alps and the European Alps are well suited for a
comparative study, because both have a high level of accuracy and both were compiled
in the 1970s. The data bases from the national inventories used in this study contain a
total of 5,154 perennial surface ice bodies in the European Alps and 3,132 for the
Mountains of New Zealand. They were compiled for the early 1970s for the European
Alps and 1978 for the Southern Alps of New Zealand. Only 1,763 (35%) for the
European Alps and 702 (22%) for the Southern Alps of New Zealand of these total
numbers are ice bodies larger than 0.2 km” having useful information available about
surface area, total length, maximum and minimum altitude. All calculations presented
here were performed with these two sub-samples. This is justified by the fact that by far
the bulk of the ice is contained within the large glaciers, such as Aletsch glacier, which
stores around 11% of the total ice mass within the European Alps and in New Zealand,
nearly 50% 1is contained in the five largest glaciers. In addition, the applied
parameterisation is better suited to larger ice bodies, because of their more distinct
dynamical behaviour (Leysinger Vieli and Gudmundsson, 2004).

The measured surface area of the 1,763 glaciers in the European Alps and 702 glaciers
in the Southern Alps of New Zealand > 0.2 km® are 2,533 km® and 979 km’
corresponding to 88% and 86% of the total surface area, respectively. The calculated
total volume of these glaciers is based on the ice thickness, equation (2), multiplied
with the measured area in the 1970s and equals 126 km? for the European Alps and 67
km?® for the New Zealand Alps. These volumes correspond to a sea-level rise equivalent
to 0.35 mm for the European Alps and about 0.18 mm for the New Zealand Alps. These
small values point to the limited significance for sea level rise, but mainly to the
vulnerability to climate effects of glaciers in mountain areas with predominantly small
glaciers (Barnett et al. 2005). Mountain ranges with such small glaciers could now be
deglaciated within a few decades, whereas larger glaciers with high elevation ranges
will persist somewhat longer before complete deglaciation. Small glaciers, especially in
densely populated areas like the European Alps, have a strong impact on natural
hazards, energy production, irrigations and/or tourism (Haeberli and Burn, 2002; Kaib
et al., 2005a; Kééb et al., 2005b). The volume calculated for the Southern Alps of New
Zealand (67 km®) is somewhat higher than the value determined by Chinn (2001) and
Heydenrych et al. (2002) of 53.3 km® and closer to a value determined earlier (63 km?)
by Anderton (1973). The mean maximum glacier elevation in the Southern Alps of
New Zealand is 2,236 m a.s.l. £289 m, and for the European Alps a value of 3,271 m
a.s.l. £322 m was found (Fig. 2a). Mean glacier elevations, which roughly equate to the
equilibrium line altitude (ELA, here assumed as the steady-state ELA) is, for the
European Alps, 2,945 m a.s.l. £214 m and for New Zealand Alps 1,904 m a.s.l. £220 m
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(Fig 2b). The minimum elevation of the glaciers in the European Alps is 2,620 m a.s.l.
+264 m and for the New Zealand Alps a value of 1,545 m a.s.l. £308 m was found (Fig
2¢c). The overall slopes of the glaciers are steeper in New Zealand (28.7°) than in
Europe (24.2°) (Fig. 2d). The calculated average mass balance at the tongue (b,) is, in
the New Zealand Alps, around twice the ablation found in the European Alps. A
maximum value was calculated as 23.9 ma™ (Fox glacier) for the New Zealand Alps
and 13.5ma” (Bossons glacier) for the European Alps (Fig. 3). Calculated response
times (the time taken to reach equilibrium after a ‘step’ climate change) after equation
(3) have a mean value of 11.6 years in the New Zealand Alps and 37.4 years in the
European Alps (Fig. 4). As an example, the calculated response time for Franz Joseph
glacier is around 20 years, which corresponds well to values found with a numerical
model by Oerlemans (1997). The reaction time of Franz Joseph glacier is around seven
years as estimated in this study (Table 3b). This value corresponds very well with the
values found in other studies (Chinn, 1996; Hooker, 1995; Hooker and Fitzharris, 1999;
Woo and Fitzharris, 1992). In contrast, the response time of Aletsch Glacier in the
European Alps is around 80 years (Table 3b).

Even though the sub-samples were selected for larger glaciers, these glaciers mainly
have surface areas smaller than 10 km?, lengths shorter than 5 km and overall slopes
steeper than 10°. This means that the sample of presently existing alpine glaciers is
dominated by small and steep mountain glaciers with average thicknesses of a few tens
of meters (see Fig. 5).

3.2 Reconstruction of the mean specific mass balances

The reconstruction of the mean specific mass balances since the ‘1850 extent’ is
valuable because it is directly comparable to present day measurements and therefore to
current trends. The precise year of the maximum glacier extension in the Little Ice Age
(LIA) period is often difficult to determine (Grove, 1988). In the European Alps, the
maximum glacier extension differs considerably from glacier to glacier (e.g. Aletsch
1859-1860, Gorner 1859-1865 and Unterer Grindelwald 1820-1822, see Holzhauser et
al., 2005) and for New Zealand, recent datings (Winkler, 2004) and studies at Franz
Joseph glacier (Anderson, 2003) have shown that maximum LIA glacier extension was
at the end of the 18" century, but that there was only minor glacier retreat to the end of
the 19" century. Therefore, here the time of LIA maximum is arbitrarily set at 1850 AD
although there are numerous cases where different dates for the maximum extents have
been found.

Kuhn (1989; 1993) calculated that a temperature change of +1°C would increase the
ELA by 170 m with an accuracy of +50 m per 1°C. Chinn (1996) reported a possible
shift in ELA of up to 200 m for the Southern Alps of New Zealand, which corresponds
to an air temperature increase of about 1.2°C, which is in good agreement with a
measured temperature change suggested by Salinger (1979) of around 1°C for New
Zealand. If the ELA-change is known, the corresponding change in mass (Ab) can be
calculated together using the mass balance gradient (0b/oh) after equation (6).

Ab = 0b/6h - OELA/ ST, AT, (6)
where 0ELA/ 0T, describes the vertical shift of ELA per 1°C, and integrates the change

of all climate parameters, i.e. radiation, humidity, accumulation and air temperature, as
well as feedback effects for any temperate glaciers (Kuhn, 1993).
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Mass balance gradients play a very important role in the parameterisation scheme. It is
therefore fundamental to select realistic gradients for each area. For the European Alps
a mass balance gradient of 7.5 mm m™' was chosen for the whole sample. In contrast,
the New Zealand Alps are characterized by much stronger precipitation gradients in
comparison to the European Alps (Chinn et al., 2005a; Fitzharris et al., 1997), with the
associated large range of mass balance gradients. Although, several studies in the New
Zealand Alps have shown that there are no large differences in response between
glaciers and climate of the glaciers west and east of the Main Divide (Chinn, 1996;
1999 and Chinn et al., 2005a), mass balance gradients are completely different between
glaciers west and east of the Main Divide (Chinn et al., 2005a). Therefore, the New
Zealand sample was divided into two sub-samples, ‘wet’ to the west with a mass
balance gradient of 15 mmm™ and ‘dry’ to the east with a mass balance gradient of
5mmm’. The ‘wet’ mass balance gradients were applied to three regions designated
‘west’, ‘fiord” and ‘east wet’ and the ‘dry’ mass balance gradients applied to ‘east dry’
and ‘north_dry’ (Chinn et al., 2005a) (Fig. 1b). In the New Zealand Alps, an ELA shift
of 200 m, will induce a mass balance change of 3.0 m for the ‘wet’ glaciers and 1.0 m
for the ‘dry’ glaciers. The calculation of the <b> value was done by taking into account
each individual response time and multiples thereof (equation 4). The results of these
calculations are presented in Fig. 6. The values range between -0.67 m w.e. (water
equivalent) in the ‘west’ region and -0.54 mw.e. in the °‘east dry’ region. No
differentiation for the mass balance gradient was made for the European Alps, because
there are no clear regional differences although, locally mass balance gradients can vary
strongly.

3.3 Reconstruction of the 1850 area/volume and subsequent losses

In determining the volume change since the ‘1850 extent’ and the original volume at
1850, the volume was calculated according to the parameterisation method described in
Haeberli and Hoelzle (1995). Using the calculated mean specific mass balance for each
area, the total mass loss could be estimated from the mean area of the 1970s and the
1850 area (Fss0), given in the following equation:

Fisso = 0.002 + 0.285-Lysso + 0.219 - (L1s50) > - 0.004 - (L550)° (7)

where L,ss59 is the estimated length at the end of the Little Ice Age, calculated from
equation (1). The third-degree polynomial fit to the data is chosen to avoid negative
area values for the smallest glaciers and to optimally reproduce the length/area-relation
for large valley glaciers (Haeberli and Hoelzle, 1995). The so-calculated Fjgs9 1s
around twice the area of 1978 for the New Zealand Alps, and around 1.5 times the area
of the 1970s for the European Alps. However, this result not only neglects the area
changes for the ice bodies < 0.2 km” in the current inventories, but also excludes all ice
bodies, which had completely disappeared before the mid 1970s. The reconstructed
area of Zemp et al. (in press-c), included both the small and vanished glaciers, and is

therefore a value of 4,470 kmz. Their corresponding value of area loss from 1850 to
1970 was -35% and is equal to the calculated loss of this study. Calculated ice volumes
are 126 km’ for the 1970s in the European Alps and 67 km’ for 1978 for the New
Zealand Alps (see details in Table 2). The calculation is based on the thickness along
the flowline, equation (2). Volume loss is determined from the calculated mean specific
mass balances for each region and the mean area for the 1970s and 1850. Around 61%
of the original volume has been lost in the New Zealand Alps and around 48% in the
European Alps (Table 2 and Fig. 7, 8).
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3.4 Reconstruction of the mean specific mass balance based on length
change measurements

The next task was to simulate the 1850 glacial conditions and to check how realistic the
proposed scheme is. Present length change measurements were taken from monitored
glaciers in the European Alps and the New Zealand Alps (Chinn, 1996). From these
length changes, the mean mass balance since 1850 was determined by using equation
(1) in the reversed manner as used in the previous two subsections (Hoelzle et al.,
2003). Only those glaciers were selected, which are not calving in lakes or are heavily
debris covered, as these types of glaciers are frequently divorced from climate forcing
by accelerated retreat (lakes) and thermal insulation (debris coverd). Many of the large
glaciers in New Zealand are heavy debris covered and/or calving into proglacial lakes.

The time interval considered is 125 years for the European Alps and 128 years for the
Southern Alps of New Zealand. A single step positive mass balance change of 1 meter
w.e. per year was assumed for the entire time interval for the European Alps and the
‘dry’ glaciers for the New Zealand Alps. For the ‘wet’ glaciers in New Zealand a value
of 3 meters was chosen. A comparison between calculated and geomorphologically
reconstructed length changes for selected glaciers of the New Zealand ‘dry’ and ‘wet’
glacier samples show that the different sensitivities of long-term glacier length change
as a response to a uniform mass balance forcing can be quite well reproduced (Table 3)
and that the chosen mass balance forcing appears to slightly underestimate the real
evolution, especially for glaciers in the ‘wet’ sample. Differences between measured
and calculated overall length changes for individual glaciers can be considerable and
are explained by the uncertainties in the parameterisation scheme applied, and by
variable climate/mass balance conditions at each glacier. The mass balance forcing for
each glacier can be corrected according to equation (8) to fit the measured length
changes.

b = AL,/AL.  <b>{1 (8)

where b is the corrected average mass balance, AL, is the measured length change, AL,
is the calculated length change and <b>; is the mean mass balance for the individual
regions. These corrections from equation (8) to the mass balance forcing for each
glacier to fit the measured length change gives an average annual mass balance (b") of -
0.33 £0.09 m w.e. per year for glaciers in the European Alps. In New Zealand, the
average annual mass balance for the ‘wet’ glaciers is -1.25 0.9 m w.e. per year and for
the ‘dry’ glaciers -0.54 0.5 m w.e. per year. The calculated mass balance change Ab
for the ‘wet’ glaciers in the New Zealand Alps is around 5 m and for the ‘dry’ glaciers
around 1 m. The latter value corresponds quite well with the value used in the
parameterisation scheme, whereas the value for the ‘wet’ glaciers is, much higher than
the value of 3 m used in the parameterisation. This suggests that the glaciers have
reacted even more sensitively than assumed in our parameterisation and that it is
possible that our calculated mass loss is at the lower boundary of the uncertainty range.

4 Discussion and conclusions

The calculations and estimations presented in this study are built on four very simple
geometric parameters contained in detailed glacier inventories. This justifies the
simplicity of the applied algorithms but also means that the uncertainties involved with
the proposed procedure are considerable. Indeed, the large scatter in derived parameters
such as mass balance at the tongue, response times etc. points to the fact that the
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applied parameterisation scheme is more useful for relatively large glaciers than for
small ice bodies. The large glaciers dominate the overall mass changes and hence, make
the estimates of corresponding changes probably quite realistic. This is clearly indicated
by the parameterisation results of the large glaciers such as Aletsch or Franz Joseph,
which show quite realistic computation results (Table 3b) in comparison to detailed
numerical studies (Oerlemans, 1997). The model is not tuned in any kind to the
European Alps, where the model has been applied for the first time. The only factor
changed in the model is the mass balance gradient and the basal shear stress (see Table
1). The values used for these parameters in the study are all based on measurements. In
any case, the striking sensitivity of glacierization in mountain areas to atmospheric
warming trends clearly appears in both mountain regions, although some marked
differences do exist. The calculations of the mean specific mass balance change for the
investigated period show no large differences between maritime and the ‘dry’ glaciers
within New Zealand (Fig. 6). However, the mean specific mass balances calculated for
New Zealand are close to twice than the values determined for the European Alps and
indeed for other mountain areas (Hoelzle et al., 2003). In addition, the calculations
show that the relative mass loss seems to be considerably larger in the New Zealand
Alps than in the European Alps and the comparison of the measured length changes
suggests an even more pronounced difference. Therefore, the calculated mass loss
given here for the Southern Alps of New Zealand is probably at the lower limit of the
uncertainty range.

The ongoing glacier behaviour after the mid-1970s was sometimes quite different
between the European Alps and the New Zealand Alps. After a period of glacier
advance in the 1970s and early 1980s in the European Alps, the glaciers experienced a
strong retreat during the following 20 years with an even more pronounced mass loss at
the beginning of the 21* century (Paul et al., 2004). Today the glacier surface area in
the European Alps is around 2,270 km® (Zemp et al., in press-c). In contrast, all glaciers
in New Zealand have overall experienced a positive mass balance and some have
advanced strongly during the 1990s. This is especially true for the ‘wet’ glaciers in
New Zealand; the sample is clearly dominated by maritime, highly sensitive glaciers
with corresponding high precipitation and therefore strong mass turn over. This period
of advances was coming to an end at the beginning of the new century (Chinn et al.,
2005b). The glaciers in the New Zealand Alps will probably react more sensitively to a
future temperature increase than those in the European Alps. Not only because of their
greater sensitivity, as expressed by the mass balance gradient, but also because of the
generally low altitude of the ELA in the New Zealand Alps promoting a higher
percentage of rain rather than snowfall in the future.

Due to increasing uncertainties and pronounced non-linearities such as changing
response times with changing glacier size etc., calculations for scenarios with a trend to
continuously accelerate climate and mass balance forcing beyond the early decades in
the 21* century can be order-of-magnitude-estimates only. Annual mass losses of two
to three meters per year such as observed in the year 2003 in the European Alps
(Frauenfelder et al., 2005; IUGG(CCS)/UNEP/UNESCO/WMO, 2005; Zemp et al., in
press-a) and which must be expected to continue into the future, IPCC scenarios of
temperature increase will certainly reduce the surface area and volume of alpine
glaciers to a few percent of the values estimated for the ‘1850 extent’ within the 21*
century. With such a trend, only the largest and highest-reaching alpine glaciers could
persist into the 22™ century. These glaciers will be affected by drastic changes in
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geometry as well and down-wasting rather than active retreat will be the dominant
process of glacier reaction (Paul et al., 2004; Paul et al., in press-a). This implies that
parameterisation schemes like the one presented here would no longer be applicable.
Therefore, modern technologies like remote sensing have to be used to measure the
accelerating glacier change and alpine wide mass balance (Machguth et al., in press;
Paul et al., in press-b) and ELA models (Zemp et al., in press-b) need to be applied for
the extrapolation of glacier down-wasting into the future.

This comparison between two different Alpine regions demonstrates the potential and
limitations of the parameterisations of existing inventories. Their use lies especially in
quantitatively inferring past average decadal to secular mean specific mass balances for
unmeasured glaciers by analyzing cumulative length change from moraine mapping,
satellite imagery, aerial photography and long-term observations (Haeberli and
Holzhauser, 2003).
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Tables

Table 1: Parameterised values used in the calculations.

Parameters EU Alps NZ Alps ‘wet’ NZ Alps ‘dry’
7 [Pa] 1.3'10° 1.8 10° 1.2°10°
Ob/Sh [mm m™] 15 5 7.5
p [kgm? 900 900 900
g[ms? 9.81 9.81 9.81
Ala! Pa® 0.16 0.16 0.16
n 3 3 3
Table 2: Data used and calculated for all glaciers > 0.2 km®
Area Area Count of <b> Volume Volume Volume Volume
1970s LIA glaciers used 1970s LIA loss loss
Regions [km?  [km? ma'l [km? [km?] [km?] [%]
North_dry 0.69 3.81 2 -0.6 0.0079 0.16 -0.15
East_wet 350.26 640.43 204 -0.61 32.37 66.40 -34.03
East_dry 122.80 257.39 129 -0.53 5.367 16.71 -11.35
West 464.20 951.67 301 -0.67 27.56 80.98 -53.43
Fiord 40.80 78.36 63 -0.65 1.467 5.82 -4.36
NZ Alps 978.75 1931.66 702 66.77 170.10 -103.33 -61
EU Alps 2544.38 3914.61 1763 -0.33 126 241.35 -115.35 -48

Table 3: Three selected glaciers from the parameterisation scheme: Fox, Franz Joseph
and Aletsch. (a) shows the input parameters for the parametrisation scheme. (b) shows
some selected calculated output parameters (1, = deformation velocity, u, = sliding

velocity, u, surface velocity are calculated after Haeberli and Hoelzle (1995)).

(a) Area Length Length change
Himax Hmean Hmin 1970s  1970s measured
(ALm)
Glaciers [ma.s.l] [mas.l] [ma.s.l] [km2] [km] [km]
Fox 3500 1900 306 34.69 13.20 2.50
Franz
Joseph 2955 1690 425 32,59 10.25 2.95
Aletsch 4140 2830 1520 86.76 24.70 2.50
(b)
treact tresp a Volume Ug Up Us b:  hmax LengthAL JAL. b*
change ™ ™ "7¢
calculated
(ALc)
Glaciers [al [a] [ [10°m’[ma’]l [ma’l [ma?' [m] [m] [km] [m]
Fox 6.0 16.7 13.6 2505.3 50.5 359.4 410 23.9 400.5 1.66 151 -1.13
Fr. Joseph 7.5 20.7 13.9 23109 49.6 207.6 257.2 19.0 392.4 1.62 1.82 -1.37
Aletsch 27.3 76.6 6.1 13719.1 544 1151 169.5 9.8 752.7 2.50 1.00 -0.25
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Figure 1a): Distribution of inventory glaciers (WGI = World Glacier Inventory) and of
glaciers with length change measurements (FoG = Fluctuations of Glaciers) in the
European Alps.
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Figure 1b) Distribution of inventory glaciers (WGI) and of glaciers with length change
measurements (FoG) in New Zealand. Only glaciers on the Southern Island of New
Zealand were used in the analysis. The letters (a) to (g) are used to differentiate between
‘wet’ and ‘dry’ glaciers in the Southern Alps of New Zealand (a) = North_dry, (b) Fiord
(‘wet’), (c) West (‘wet’), (d) East_wet and (e) East_dry). The digital elevation model
used to draw the elevations is based on http://edc.usgs.gov/products/elevation/gtopo30/
hydro/index.html.
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Figure 2: Distribution of: a) maximum (Hpax), b) mean (Hmyean), ¢) minimum (Hpyin)
altitude and d) the slope (a) of inventory glaciers of the European Alps and the
Southern Alps of New Zealand.
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Figure 3: Calculated values of mass balance at the tongue (b;) the inventory glaciers of
the European Alps and the Southern Alps of New Zealand.
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Figure 4: Calculated values of response times (trsp) for the inventory glaciers of the
European and Southern Alps of New Zealand.
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Figure 5: Calculated values for mean ice thickness (h) along the flowlines for the
inventory glaciers of the European Alps and the Southern Alps of New Zealand.
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Figure 6: Calculated mean specific mass balance (<b>) for the time period between the
mid 1970s and the ‘1850 extent’ for the different regions (a) to (e) for the Southern
Alps of New Zealand. The error bars are only a statistical value for the standard error.
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Figure 7: Calculated areas for the time of the mid 1970s and the ‘1850 extent’ in the
European Alps and the Soutern Alps of New Zealand.
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Figure 8: Calculated volumes for the time of the mid 1970s and the ‘1850 extent’ in the
European and Southern Alps of New Zealand.
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Worldwide glacier mass balance measurements:
general trends and first results of the extraordinary year 2003 in Central Europe

M. Zemp, R. Frauenfelder, W. Haeberli, M. Hoelzle
World Glacier Monitoring Service (WGMS), Ziirich, Switzerland

PaccmoTpeHbl TpeHabl HanaHca Macchl IefHUKOB MUPa, B HAaCTHOCTH, 3a
1980—2001 rr. v gns upesebluaiHo xapkoro U cyxoro neta 2003 r. B LleHTpans-
How Eepone, koTopoe npuseno k notepe 5—10% obvema negHukos Anbn.

Introduction

Worldwide collection of information about ongoing
glacier changes was initiated in 1894 with the foundation
of the International Glacier Commission at the Sixth
International Geological Congress in Ziirich, Switzerland.
It was hoped that long-term glacier observations would
give insight into processes of climatic change such as the
formation of ice ages. In 1986 the World Glacier
Monitoring Service (WGMS) started to maintain and
continue the collection of information on ongoing glacier
changes, when the two former ICSI services PSFG
(Permanent Service on Fluctuations of Glaciers) and
TTS/WGI (Temporal Technical Secretary/World Glacier
Inventory) were combined [4].

Since its initiation, the goals of international glacier
monitoring have evolved and multiplied. Today, the
WGMS is integrated into global climate-related observa-
tion systems and collects standardized observations on
changes in mass, volume, area and length of glaciers with
time (glacier fluctuations), as well as statistical informa-
tion on the distribution of perennial surface ice in space
(glacier inventories). Thus, a valuable and increasingly
important data basis on glacier changes has been built up
over the past century [4].

International assessments such as the periodical
reports by the Intergovernmental Panel on Climate
Change (IPCC) or the GCOS/GTOS Plan for Terrestrial
Climate-related Observation [1] define mountain glaciers
as one of the best natural indicators of atmospheric
warming with the highest reliability ranking. The Global
Terrestrial Network for Glaciers (GTN-G) of the Global
Terrestrial Observing System (GTOS), aims at combining
(a) in-situ observations with remotely sensed data, (b)
process understanding with global coverage and (c) tradi-
tional measurements with new technologies by using an
integrated and multi-level strategy. This approach, the
Global Hierarchical Observing Strategy (GHOST), uses
observations in a system of Tiers. These Tiers include
extensive glacier mass balance measurements within
major climatic zones for improved process understanding
and the calibration of numerical models (Tier 2) as well

as the determination of regional glacier volume change
within major mountain systems using cost-saving
methodologies (Tier 3). A network of 60 glaciers repre-
senting Tiers 2 and 3 is already established. This data
sample closely corresponds to the data compilation pub-
lished so far by the WGMS with the bi-annual «Glacier
Mass Balance Bulletin» [6].

The present contribution gives an overview on
presently observed rates of change in worldwide mass bal-
ance of mountain glaciers, corresponding trends and
regional peculiarities, such as the extremely hot and dry
Central European summer of 2003.

Worldwide glacier mass balance observations 1980—2001

Glacier fluctuations result from changes in the mass
and energy balance at the Earth’s surface. In ablation and
temperate firn areas, which predominate at lower lati-
tudes/altitudes and in regions with humid climatic condi-
tions, atmospheric warming causes mainly changes in the
mass and geometry of glaciers [3]. Hereby, glacier mass
balance is the direct undelayed signal of climatic change,
whereas changes in glacier length primarily constitute an
indirect, delayed and filtered but also enhanced signal
(Fig. 1). Cumulative mass changes lead to ice thickness
changes which, in turn, exert a positive feedback on mass
balance and at the same time, influence the dynamic
redistribution of mass by glacier flow [3].

As mentioned above a network of approximately 60
glaciers with long-term mass balance measurements pro-
vides information on presently observed rates of change in
glacier mass, corresponding acceleration trends and
regional distribution patterns (Fig. 2). Continuous mass
balance records for the period 1980—2001 are now avail-
able for 30 glaciers for the period 1980—2000 and for 29
glaciers in the year 2000/2001 [6].

These values show that the mean for the period
1990—1999 (-373 mm w.e.) was twice as high as the cor-
responding mean of the previous decade of 1980—1989
(-188 mm w.e.), with even the year with the maximum
mean (1993) yielding a slightly negative mean specific
net balance (-9 mm w.e.).
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When considering these values, it has to be taken
into account that the mean of all glaciers included in the
observed sample is strongly influenced by the large pro-
portion of Alpine and Scandinavian glaciers. Therefore,
a mean value is calculated using only one single value
(in places averaged) for each of the 9 mountain ranges
concerned (Cascades, Alaska, Andes, Svalbard,
Scandinavia, Alps, Altai, Caucasus, Tien Shan). Mean
specific net balance for the 9 mountain regions during
the period 1990—1999 amounts to -482 mm w.e., a
value three times higher than the corresponding value for

Fig. 1. Schematic plot illustrating the
response of glaciers to climatic
changes, with glacier mass balance as
the direct undelayed signal, and
changes in glacier length as an indirect,
delayed and filtered but also enhanced
signal. Figure modified after [3]
Cxema, unnocTpupyiowas peakuuio
NIefHUKOB Ha U3MEHEHHWS K/MMarTa,
roe 6anaHc Maccbl CNY>KUT NPsSMbIM
HeMeAJ/IeHHbIM CUrHaNoM, a U3MeHe-
HUS OJIMHBI lefHUKa — ONnocpeno-
BaHHbIM, OTCbMI'IbTDOBaHHbIM, XOTA U
YCUNEHHbIM CUFHANIOM, NPOSBASAIO-
LWMMCs C 3apep>XKoM. PucyHok ¢ po-
nonHeHusmu no [3]

Puc.1.

the previous decade from 1980 to1989 (-149 mm w.e.).
For the time period from 1980 to 2001 mean specific
net balance in these mountain regions averaged roughly
-0.3 m w.e. with 20 negative and two positive balance
years during these 22 years. The range of extremes
observed at individual glaciers during one measurement
year is roughly one order of magnitude higher than the
mean value of the sample (Fig. 3, a). The significance of
the recorded signal, on the other hand, increases with
mass balance values cumulated over extended time peri-
ods (Fig. 3, b).

o i T

0\

: e
g

Fig. 2. Current worldwide glacier mass balance monitoring: 1 — glaciers with continuous records from 1980—2001, 2 — gla-
ciers with interrupted or shorter series. Continents and country boundaries provided by ESRI

Puc. 2. CoBpemeHHoe cocTosiHue MOHUTOpHHra banaHca mMacchbl egHUKOB MUpa: 1 — NeAHWKHU C HEMPEpPbIBHbIMKU PsSAaMU 3a
1980—2001 rr., 2 — negHUKKM C NpoNycKaMu B pafax UK 6onee KOPOTKUMU pafamMu HabmoneHUi. [paHULbl KOHTUHEH-

TOB W CTpaH npefocTaeneHbl ESRI
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Table 1

Mean specific net mass balance of 30 glaciers worldwide for the decades
1980—1989 and 1990—1999, and for the period 1980—2001; values in mm w.e.

Mean 1980—1989

Mean 1990—1999 Mean 1980—2001

Minimum mean -516 -7112 -712
Maximum mean +112 -9 +112
Mean -188 -373 -275
Std. Deviation +243 +234 +245
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ig. 3. Evolution with time of the mass balance of 30 glaciers
in 9 mountain ranges worldwide (1980—2000), respec-
tively for 29 glaciers in 8 mountain ranges (2001); (a)
mean specific net balance, (b) cumulative mean specif-
ic net balance [6]: 1, 2 — mean of 30 glaciers and of 9
mountain ranges, 3, 4 — mean of 29 glaciers and 8
mountain ranges, correspondingly
Puc. 3. UameHeHus Bo Bpemenun HanaHca maccbl 30 nefHWUKOB
B 9 ropHbix paioHax mupa (1980—2000) v cooTtsetcT-
BeHHO ans 29 nefHukoB B 8 ropHbix paroHax (2001);
cpefHUi yaenbHblM BanaHc (a), KyMynaTHUBHbIN cpea-
HW# yaenbHbid 6anaHc (b) [6]: 1, 2 — cpeaHee ans 30
nefHWKos U 9 xpebTos, 3, 4 — cpenHee ans 29 neaHu-
KOB 1 8 XpebToB, COOTBETCTBEHHO

With the exception of maritime regions (e.g. Alaska,
Scandinavia), cumulative trends for the individual moun-
tain ranges (Fig. 4) show continued mass loss since the
beginning of the period observed (1980—2001). A special

Fig. 4. Cumulative mean specific net balance for 9 differ-
ent mountain regions for the period 1980—2001:
1 — Cascade Mountains (2 glaciers), 2 — Alaska
(2 glaciers), 3 — Andes (1 glacier, 1980—2000),
4 — Svalbard (2 glaciers), 5 — Scandinavian penin-
sula (8 glaciers), 6 — Alps (9 glaciers), 7 — Altai (3
glaciers), 8 — Caucasus (1 glacier), 9 — Tien Shan
(2 glaciers)

Puc. 4. KymynatueHbii cpesHuit yaenbHbii 6anarc ans 9 pas-
HbIX FOPHbIX paMoHoB mupa 3a 1980—2001 rr.: 1 — Ka-
CKagHble ropbl (2 negHuka), 2 — Anscka (2 negHuka),
3 — Angp! (1 negnuk, 1980—2000 rr.), 4 — Lnuy-
6epreH (2 negHuka), 5 — CkananHasus (8 neaHUKoB),
6 — Anbnbl (9 negHukos), 7 — Antan (3 negHuka),
8 — Kaekas (1 negHuk), 9 — Tanb-LLlaHb (2 negHuka)

case is the measurements series from the Andes, here,
only one glacier is considered (Echaurren Norte, Chile)
which is strongly influenced by the ENSO-phenomena.
Therefore, this series has to be interpreted carefully in
view of possible climatically induced trends (Fig. 4).

In summary, mean annual loss in ice thickness of
mountain glaciers during 1980—2001 amounts to approxi-
mately -0.3 m w.e. per year, resulting in a total thickness
reduction of approximately 6 to 7 m of ice since 1980 (see
Fig. 3, b).

Extraordinary situation in Central Europe during 2003

Weather. In the following section information
comes, if not stated differently, from reports of the Swiss
Federal Institute for Snow and Avalanche Research [19]
and the Swiss National Weather Service [12, 13].
Location of the place names mentioned in the text are
shown in Fig. 5.
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Fig. 5. Greater Alpine Region with the locations named in the text. Black stars represent glaciers. Countries labelled according
to the ISO 2-digit country code. Country boundaries provided by ESRI. Background: European HYDRO 1k-DEM, eleva-
tions above 1000 m are shaded in grey. Source: Land Processes Distributed Active Archive Center (LP DAAC), U.S.
Geological Survey’s EROS Data Center, http: / /edcdaac.usgs.gov

Puc. 5. Bonbwoi Anbnuickuit perMoH, nokasaHbl MecTa, YNOMsIHyTble B TeKcTe. YepHbIMU 3Be30UKaMu nokasaHbl negHukU. Ha-
3BaHWs CTpaH NoMeyeHbl B COOTBETCTBUM C ABYX3HauHbIM KofoM cTpaH ISO. paHuubl cTpaH gaHbl no gaHHbiM ESRI. ®o-
HoBas Kapta: Esponeiickas LLMP HYDRO 1k-DEM, o6nactu sbiwe 1000 M oTTeHeHbl cepbiM useToM. UcTounuk: Pacnpe-
[leNeHHbIM aKTUBHbIM apXMBHbIN LieHTp no npoueccam cywu (LP DAAC), LeHtp naHHbix EROS lMeonoruueckoit cnysx6bi

CLUA, http:/ /edcdaac.usgs.gov

In the Alps, winter 2002/2003 started unusually
early with snow fall down to 600 m by the end of
September. In October the snow line shifted up- and
downslope due to changing supply of warm and cold air
mass into the Alps. November was characterized by a
series of orographic upslope precipitation situations,
bringing snow fall far above the average. At the Sonnblick
Observatory (3107 m a.s.l., Austria) measured snow fall
was three times higher than average, resulting in a total
snow height of 2.8 m within 23 precipitation days [16].

After a fair weather period in January with tempera-
tures of up to +4°C at 2000 m at the northern Alpine
ridge, repeated snow falls resulted in large snow heights by
the beginning of February. The amount of fresh snow fall-
en by February 6th exceeded the corresponding amount of
the extraordinary winter 1999 (known in the Alps as “ava-
lanche winter” due to the large amount of serious ava-
lanche accidents). January and February were cold and
predominantly poor in precipitation, especially south of
the Central Main Alpine Ridge [16].

After February 6", no more snow fall events worth
mentioning occurred until the beginning of April.

February has been registered as the second or third most
sunny February during the 103 years of measurements.
According to snow records in Switzerland, March has
been the month with the least amount of fresh snow
since 1950. Sunshine duration in March reached
160—200% of the long-time mean. By mid-March a tem-
perature rise of 12—15°C resulted in an uplift of the 0°C-
isotherm to altitudes between 3100 and 3400 m. April
started with the passage of a cold front bringing a cooling
and snow fall down to the lowlands. With the intensive
sunshine und the mild temperatures by the end of April
snow melting and rising of the snowline continued rapid-
ly. Normally, altitudes around 1500 m become snow free
between mid- and end of May. In 2003 this happened
already between mid- and end of April (Fig. 6 for evolu-
tion of the thickness of the snow pack in the Swiss Alps
during spring 2003).

In the last days of April and the first ones of May, a
second Sahara dust event occurred (the first one dating
from mid-November). This dust, mixed with pollen and
other pollution particles, led to an impressive discoloura-
tion of the snow.

6 -



Thursday, 6th March 2003 8:00
Station heights: 600 to 2800 m a.s.l.
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Wednesday, 12th March 2003 8:00
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Fig. 6. Snow heights in Switzerland in March, April and June 2003 [19]. Snow heights are interpolated on actual terrain from
automatic measurements and measurements by observing persons. Figures kindly provided by the Swiss Federal

Institute for Snow and Avalanche Research
Puc. 6. TonwuHa cHera B LLIseluapuun B mapTe, anpene v vioxe

2003 r.[19]. TonwMHa CHera UHTEPNOMPOBaHA NO AAaHHbIM aBTO-

MaTUYECKMX U PYUHbIX M3MEPEHUI C YUETOM peasibHOro pesbeda MeCTHOCTH. PucyHku niobesHo npepoctasneHbl LLsei-
LLapCK1M hbefiepasibHbiM UHCTUTYTOM UCCIeA0BaHWM CHera U NaBuH

At the station Weissfluhjoch (2540 m a.s.l.),
Switzerland, daily snow heights have been measured
since 1936 (Fig. 7). In November 2002, total snow
height reached almost the upper range of the corre-
sponding long-term measurements. On February 8th
90% of maximum snow height of the past 67 years
could still be found. The situation changed drastically
during the following months: since 1936 there had been
more snow at the end of May than in 2003 in 61 win-
ters (rank 62 of 67). On the 1st of June only 34% of the
corresponding long-term maximum snow depth were
left. Finally, the observation site became snow free on
the 14th of June. This is approximately six weeks earli-
er than on average.

After the unusually warm March and May, which in
many regions had been the warmest May since the start of
the measurements, the summer 2003 was marked by a
record-breaking heat-wave, with its centre over France
and Switzerland, that affected the whole European conti-
nent. The summer was dominated by anticyclonic influ-
ences, while clouds- and rain-bringing west winds rarely
reached the Alps.

Fig. 8a [18] shows the temperature anomaly during
the summer months June, July and August (JJA) with
respect to the 1961—1990 mean, based on ERA-40
reanalysis data and operational meteorological analysis
data. Monthly and seasonal temperature data from four
stations in Switzerland (Basel-Binningen, Geneva, Bern-
Liebefeld and Zurich) representative for the north-west-
ern foothills of the Alps were analyzed for the period
1864—2003. In 2003, temperatures in June, August and
during the three summer months (JJA) were far off the
distribution of 1864—2002 (Fig. 8b, d, ¢) [18]. The previ-
ous record holder for JJA was, for instance, 1947 with a
temperature anomaly of 7'=2.7°C (with respect to the
1864—2000 mean) [18]. The corresponding value for 2003
is T'=5.1°C and this amounts to an offset of 5.4 standard
deviations from the mean [18]. Corresponding values of
individual months are listed in Fig. 8b-e¢.

Record June temperatures at Sonnblick Observatory
(3107 m a.s.l., Austria) were between 5.8 and 6.7°C above
the mean of 1961—1990 [16]. In August, all daily mean
temperatures at that location were above the norm and
the monthly mean reached extraordinary 4.8°C [16]. In
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