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Abstract. In this study we apply a simple and reliable
method to derive recent changes in glacier area and volume
by taking advantage of high resolution LIDAR (light detection and ranging) DEMs (digital elevation models) from the
year 2006. Together with two existing glacier inventories
(1969 and 1997) the new dataset enables us to quantify area
and volume changes over the past 37 years at three dates.
This has been done for 81 glaciers (116 km2 ) in the Ötztal
Alps which accounts for almost one third of Austria’s glacier
extent. Glacier area and volume have reduced drastically
with significant differences within the individual size classes.
Between 1997 and 2006 an overall area loss of 10.5 km2 or
8.2% occurred. Volume has reduced by 1.0 km3 which accounts for a mean thickness change of −8.2 m. The availability of three comparable inventories allows a comprehensive
size and altitude dependent analysis of glacier changes but
lacks a high temporal resolution. For the comparison of rates
of changes between the two different periods (1969 to 1997
with 1997 to 2006) we propose two approaches in this study:
a) to estimate mean overall rates of changes (including a period of advance) and b) to extract periods of net-retreat by
using additional information (length change and mass balance measurements). Analysis of the resulting acceleration
factors reveals that the retreat of volume and mean thickness
changes has accelerated significantly more than that of area
changes.

1

Introduction

For the past decades a general glacier mass and area loss
has been observed all over the world with few exceptions
(e.g. Lemke et al., 2007; Oerlemans, 2005; Dyurgerov and
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Meier, 2000; Haeberli, 1999) and especially in the Alps
(Lambrecht and Kuhn, 2007; Citterio et al., 2007; Kääb et
al., 2002). In order to document the glacier extent, various
national glacier inventories have been produced using different remote sensing techniques, such as photogrammetry
(e.g. Kuhn et al., 2009; Lambrecht and Kuhn, 2007; Schneider et al., 2007), satellite data (e.g. Paul et al., 2002a; Andreassen et al., 2008) or LIDAR (e.g. Knoll and Kerschner,
2009). In Austria, two complete glacier inventories exist on
the basis of analogue (1969) and digital (1998) airborne photogrammetry, respectively. The first one (1969) was compiled by Patzelt (1980) and Groß (1987) and later digitised
during the compilation of the second Austrian inventory (data
acquisition: 1996 to 2002). The data acquisition year of
the second inventory for the Ötztal Alps was 1997 (Kuhn et
al., 2009; Lambrecht and Kuhn, 2007). Paul (2002b) investigated glacier changes of sub-regions of Tyrolean glaciers
with Landsat data. Detailed maps of selected glaciers in the
study area were produced between 1969 and 1997 (e.g. Hintereisferner: Kuhn, 1979, or Vernagtferner: Heipke et al.,
1994; Endres, 2001).
The strong area and volume loss of the last decade raised
interest in an updated glacier inventory. Based on LIDARDEMs this was developed for the glaciologically well investigated southern part of the Austrian Ötztal Alps and is presented in this study. Besides forming an important source for
the determination of glacier extent as its main purpose, periodically updated glacier boundaries are a necessary input
for accurate mass balance studies (e.g. Elsberg et al., 2001;
Fischer et al., 2009) and modelling of the future glacier extent. A sequence of glacier inventories allows for the quantification of the accelerated glacier change in the context of a
changing climate.
Our first aim in this study is thus to present area and volume changes that occurred in the Ötztal Alps during the last
decades, derived from LIDAR-DEMs in combination with
former inventories. We also include size as well as altitude
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Winter temperatures (DJF) show a larger inter-annual variability (standard deviation: 1.3◦ C) than mean annual (standard deviation: 0.6◦ C) and summer temperatures (JJA, (standard deviation: 0.9◦ C) but no significant trend. A temperature increase was observed in the summer temperatures: the
extraordinarily hot summer of 2003 marked the maximum of
the period studied. The annual average temperature during
the 37 years is 1.7◦ C.
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Data
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3.1 Glacier inventory data
The Ötztal Alps are located in a central-alpine dry region at
around 47◦ N and 11◦ E (Fliri, 1975). Their Austrian part is
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the northern
of the main 2000
alpine divide.
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ure 1 shows the study area with the glacier extent of all Ausof area and volume changes of the past four decades. The
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metry. The results for all Austrian glaciers were then temmountain range (1997: 151 km2 ) and represents approx. 27%
porally homogenized for the year 1998 (Kuhn et al., 2009;
of the whole Austrian glacier area (1998: 470 km2 ).
Lambrecht and Kuhn, 2007). The DEMs of the Ötztal Alps
Figure 2 shows the climatic conditions of the study area at
for the second inventory have been acquired on the basis of
the example of the valley station Vent at 1900 m a.s.l. (data
orthophotos (acquisition date: 11 September 1997), therefore
from the Institute of Meteorology and Geophysics, Univerwe refer to this date further on. The vertical accuracy of these
sity of Innsbruck). In the period 1997–2006, annual precipDEMs in general is better than ±1.9 m, according to Lamitation showed an interannual variation between ca. 500 mm
brecht and Kuhn (2007) and better than19±0.71 m according
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to Würlander and Eder (1998). Only in extreme cases can
errors exceed this value (Abermann et al., 2007).
Several studies show that LIDAR or ALS (airborne laser
scanning) is a powerful tool to generate DEMs from glacier
covered as well as glacier-free areas (e.g. Kennett and Eiken,
1997; Baltsavias et al., 2001; Geist et al., 2005; Geist and
Stötter, 2007; Kodde et al., 2007). The DEMs of 2006 were
acquired by high resolution airborne LIDAR undertaken by
the Regional Government of Tyrol between 23 August 2006
and 9 September 2006 with vertical errors of ±0.1 m. The
acquisition dates make them closely comparable with the
data of 11 September 1997 both being around the date of
minimum snow extent. Details about the technical specifications of the DEMs used including general remarks on glacier
boundary delineation from DEMs are summarized in Abermann et al. (2009).
3.2

Glacier length change measurements

Variations of glacier lengths are determined annually by the
length change measurement service of the Austrian Alpine
club for a large number of glaciers with the results published annually in the club’s magazine (until 2003/2004:
e.g. Patzelt, 2005; from 2004/2005: e.g. Patzelt, 2006).
Within the study area length change measurements have
been performed annually on 16 glaciers since 1969. Glacier
names, size and location of these glaciers are summarized in
Table 1.
3.3

Mass balance measurements

To estimate annual averages of volume and mean thickness
changes between the inventories we used the temporal course
of the available mass balance series. On three glaciers within
the study area direct mass balance measurements are performed annually. They are performed by the Institute of
Meteorology and Geophysics, University of Innsbruck, on
Hintereis- and Kesselwandferner (Fischer and Markl, 2009;
Kuhn et al., 1999). On Vernagtferner the Commission for
Glaciology, Bavarian Academy of Sciences and Humanities,
performed the measurements (Glaciology, 20091 ).

4

Methods

4.1

Area and volume changes

Abermann et al. (2009) proposed a method to delineate
glacier boundaries by using hillshades of high-resolution
DEMs as a primary data source and including information
of multi-temporal DEMs as well as orthophotos to increase
accuracies in ambiguous areas. Applying this method, we
updated the glacier boundaries of 2006 on the basis of the
inventory from 1997.
1 Available at: http://www.glaciology.de/.
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Table 1. Name, area and coordinates of the glaciers for which annual length change measurements are available for the whole investigation period (1969–2006).
Name

area 2006
[km2 ]

Diemferner
Gaißbergferner
Gepatschferner
Großer Guslarferner
Hintereisferner
Hochjochferner
Kesselwandferner
Langtalerferner
Mutmalferner
Niederjochferner
Rettenbachferner
Rofenkarferner
Sexegertenferner
Taschachferner E
Vernagtferner
Weißseeferner

2.34
1.03
16.62
1.40
7.49
6.07
3.82
2.62
0.56
1.87
1.48
1.14
1.96
5.71
8.32
2.59

lon
[◦ E]

lat
[◦ N]

11.07
11.02
10.95
10.91
10.86
10.82
10.76
10.79
10.80
10.82
10.88
10.93
10.76
10.71
10.85
10.80

46.83
46.78
46.81
46.79
46.77
46.79
46.80
46.84
46.85
46.88
46.88
46.93
46.85
46.85
46.90
46.89

We kept ice divides constant during the delineation since
they have not significantly changed over the past 40 years
compared to the strong changes in the ablation area and thus
played a somewhat negligible role in our considerations. Furthermore, we address overall changes in ice cover rather than
changes of individual glaciers, therefore a shift of an ice divide does not change the results. We also remained consistent with the former inventories by including dead ice bodies
and debris-covered areas to the glacier area. If it was not possible to decide whether adjoining snow and firn areas cover
ice or rocks, we included them to the glacier area as proposed
in UNESCO (1970) and Paul et al. (2009). The resulting
glacier masks were identified according to the nomenclature
of 1969 which is based on a systematic numbering within
drainage areas. Thus, glaciers have not been relabelled, even
if they have disintegrated since the last inventory.
For the calculation of volume changes we first resampled
all DEMs to the same cell size (5×5 m). This is done to avoid
errors introduced by interpolation. Then we subtracted one
DEM from the other and multiplied the elevation difference
per cell with the cell size (5×5 m) to obtain volume changes.
The calculation of the mean thickness change has been
performed by dividing the total volume change by a mean
area for the respective period, which gives
1V1969−1997
1 z1969−1997 =
(1)
0.5 · (A1969 + A1997 )
for the period 1969–1997, or
1V1997−2006
1 z1997−2006 =
0.5 · (A1997 + A2006 )

(2)

for the period 1997–2006.
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Abermann et al. (2009) estimated the standard error of the
applied method to be ±1.5% of the total area for glaciers
larger than 1 km2 and up to ±5% for smaller glaciers.
Ground truthing of selected glaciers reveals absolute horizontal deviations of less than 4 m for 80% of the sample
(Abermann et al., 2009).
4.2

Estimating acceleration trends

It is challenging to compare different periods with differing
glacier changes. Whereas the first period contains a significant glacier advance, followed by a strong retreat, the second
mainly consists of strong negative area and volume changes.
We propose two ways of drawing a comparison between the
two periods: in Sect. 4.2.1. we derive overall acceleration
factors on the basis of the whole investigation periods, in
Sect. 4.2.2. we undertake a temporal reduction to obtain acceleration factors of periods of net-retreat only.
4.2.1

overall

FA%

FV

Fz

=

overall

1A97−06
1t97−06 overall
1A69−97
1t69−97 overall

=

1A%97−06
1t97−06 overall
1A%69−97
1t69−97 overall

overall

=

1V97−06
1t97−06 overall
1V69−97
1t69−97 overall

overall

=

1z97−06
1t97−06 overall
1z69−97
1t69−97 overall

4.2.2

(3)

,

,

(4)

,

(5)

.

(6)

Temporally reduced acceleration factors:

Area changes
Area and volume reduction of the first period has occurred
only during a part of the overall time period due to the significant glacier advance around 1980 (Patzelt, 1985). Therefore
we decided to perform a temporal reduction on the basis of
length change measurements for acceleration factors related
to area changes (FA retr , FA% retr ) and of mass balance measurements for acceleration factors related to volume changes
The Cryosphere, 3, 205–215, 2009
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Overall acceleration factors: area, volume and
mean thickness changes

As a first step we introduce overall rates of changes
where we divide the overall area/volume loss by the overall time period between the inventories for both periods
(e.g. 1t69−97 =28 years, 1t97−06 =9 years). Out of these rates
of changes we are able to derive the following acceleration
factors:
FA

cumulative length change since 1969 [m]
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(FV retr , Fz retr ). In contrast to the above factors (Eqs. 3 to 6)
5
that we interpret
as describing altered glacier evolution, the
temporally reduced factors are intended to reveal information
0
on accelerated
glacier retreat, as described below.
All length change measurements within the study area
−5
which cover
the whole
period (16 glaciers, for
4
3 investigation
details see Table 1) are plotted in Fig. 3. The solid line shows
−10
their arithmetic mean. Individual glaciers respond very differently to
−15climatic condition change: some, which have responded with a decreased rate of negative length change,
Hintereisferner
have shown
retreat since 1969; others, which
−20 continuous
Kesselwandferner
Vernagtfernerhad not reached their initial state
have advanced significantly,
Mean
−25 Kuhn et al. (1985), using two glaciers within
before 2003.
1970
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2000
year
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the different glacier
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mean balance
specificprofile
massor balance
(e.g. Figure
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1985 (arrow
4), theagain
same(1989,
volume
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tor 2). The observed length change between 1969 and 1997
thus occurred within 15 years in two phases (1969–1976 and
1989–1997). To estimate the mean annual area loss in the
period between the first two inventories (1A/1t69−97 retr )
we therefore divided the absolute area changes by 15 which
is the number of years with net length (and probably area)
reduction.
For the period 1997–2006 a continuous length reduction occurred. Therefore we derived estimates for mean
annual area change by dividing the overall changes by 9
(1A/1t97−06 retr ).
Changes in length and area are not to be compared between two different periods directly since they do not refer
cumulative mass balance based on 1969 [m]
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the arithmetic mean over these curves (solid). Arrow 1

advance period (1976), arrow 2 the state where the same c

to the same absolute length/area. For this reason we assess
relative area changes by subtracting the average annual area
change value (1A/1t69−97 retr and 1A/1t97−06 retr ) from
the initial glacier area for each time-step (year). In this way
we can calculate a mean annual percental area change, referring to a shrunken absolute value for each year. This has been
performed with all individual size classes during both investigated periods again considering the same periods of net-area
loss and results in 1A%/1t97−06 retr and 1A%/1t69−97 retr .
Out of these rates of net-retreat we were now able
to calculate FA retr and FA% retr , analogously to Eqs. (3)
and (4) but with a reduced 1t for the period 1969–1997
(1t97−06 retr =15 years).
Volume and mean thickness changes
Figure 4 shows the temporal evolution of the cumulative
mean specific mass balance of three glaciers within the study
area and their arithmetic mean. To estimate average annual
volume and mean thickness change values we extracted the
year of the onset of mean mass gain (1973, indicator 3 in
Fig. 4). The gain in mass during the positive mass balance
years had been lost by 1985, after several years of negative
mass balances (indicator 4), which leads to a 1t97−06 retr
of 16 years (16 out of 28 years contributed to the observed
volume loss). For the second period (1997–2006), one year
(2001) showed a positive sum of specific mass balance which
leads to a 1t97−06 retr of 8 years and analogously to Eq. (5)
we calculated FV retr . Since the mean thickness change is
directly connected with the volume loss (Eq. 1), we used
the same lengths of intervals to derive mean annual values
of 1z/1t69−97 retr and 1z/1t97−06 retr , and consequently
Fz retr .

5

Results

Glacier area, all other glacier inventory attributes, absolute and relative area changes, as well as absolute volume
and mean thickness changes were determined and calculated for each individual glacier within the study area for
the year 2006 (81 glaciers, 116 km2 ). Three out of originally
84 glaciers (1997) in the study area shrank in size from the
smallest class in 1997 (between 0.01 km2 and 0.1 km2 ) below the minimum size of 0.01 km2 in 2006 to be accounted
for as a glacier (UNESCO, 1970; Paul et al., 2009).
Figure 5a shows the area-altitude distribution of all updated glaciers for 1969, 1997 and 2006. Areas with the
largest ice cover are between 3100 and 3200 m a.s.l. The
minimum altitude of ice cover rose from 2060 m a.s.l. to
2120 m a.s.l. between 1969 and 2006. It is worth noting that
the elevation of maximum ice-cover for the study area, as
shown in Fig. 5a, is about 200 m higher (approx. 3200 m)
than of all Austrian glaciers (Lambrecht and Kuhn, 2007,
Fig. 3). This is due to the central-alpine dry climate of the
www.the-cryosphere.net/3/205/2009/
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by the year 1985 (arrow 4), the same volume was reached a
Ötztal Alps as well as the relatively large areas that are available for potential glaciation in these high altitudes.
The absolute area changes (Fig. 5b) show that for both periods the strongest area loss occurred at about 3000 m a.s.l.
There are, however, some significant differences considering the distribution over the entire altitude range. Up to approximately 2900 m a.s.l. both periods show similar values of
absolute area changes, while in higher elevations the area reduction is about one third weaker for the period 1997–2006
than for 1969–1997. This means that for lower elevations the
absolute area change within the last decade is similar to that
of the 28 years before.
Figure 5c shows the vertical distribution of relative area
changes that occurred in the respective period. The solid
line (1969–1997) refers to the absolute value of 1969, the
dashed line to the absolute value of 1997. Thus, the same relative change (%-value) reflects a larger absolute change for
the second period because the reference value is smaller already. The lowest elevation band has disappeared (−100%),
and up to an elevation of about 3000 m relative changes in
the second period are more negative than in the first period
with a reversing sign above. Above 3650 m positive relative
area changes occur, although this fact should not be overinterpreted since it represents only a very small area (about
1 ha at elevations higher than 3650 m).
Figure 6a shows an example of area changes for Rotmoosand Wasserfallferner in the southern Ötztal Alps. The glacier
boundaries of the three dates (1969, 1997 and 2006) are plotted over the hillshade. Large rock outcrops developed on
Rotmoosferner between 1997 and 2006. In 2005 the two
glaciers separated, a phenomenon that is observed on various
alpine glaciers during the glacier retreat of the past decades
The Cryosphere, 3, 205–215, 2009
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caused this slight gain in surface elevation of this relatively
high situated glacier.
The quantitative results for area, volume and mean thick3400
ness changes are summarized in Table 2. For this purpose
3200
the glaciers are divided into size classes based on their area
3000
in 2006. An overall absolute area change of −17.6 km2 between 1969 and 1997 and −10.5 km2 for 1997–2006 has
2800
been derived. This corresponds to a relative area change
2600
of −12.2% for 1969–1997 (referring to 1969) and −8.3%
2400
for 1997–2006 (referring to 1997). The respective values
2200
a
for the volume changes for these periods are −1.3 km3 and
0
5
10
15
−1.0 km3 and −9.5 m and −8.2 m for the mean thickness
area [km2 ]
changes. In general our results are similar but slightly more
negative than the values that are derived by Knoll and Ker3800
1969 − 1997
schner (2009) for the South Tyrolean glaciers (mean thick3600
1997 − 2006
ness change 1997–2006: −7.0 m). In the period 1969–1997
3400
the relative area loss decreases with increasing glacier size
3200
as plotted in Fig. 7. The largest values are observed for
the smallest class (<0.1 km2 , −52.2%). The second pe3000
riod shows the strongest relative area losses for glaciers that
2800
are between 0.1 and 0.5 km2 in area (−16.5%). Very small
2600
glaciers (<0.1 km2 ) still lost a considerable fraction of their
2400
area in the second period (−11.8%) but the rates of changes
2200
have decelerated compared to the first period, where 52.2%
b
of the overall area were lost. Changes in this size class in
−2
−1.5
−1
−0.5
0
0.5
absolute area change [km2 ]
neighbouring South Tyrol are slightly less negative (−7.7%
between 1997 and 2006 according to Knoll and Kerschner,
3800
2009).
3600
The two methods of comparing the rates of glacier changes
3400
of the two periods are quantitatively summarized in Tables 3
and 4. A direct comparison of the acceleration factors as de3200
rived by two different methods is plotted in Fig. 8a and b.
1969
−
1997
3000
1997 − 2006
The bars represent the respective factors and their distribu2800
tion throughout the size-classes. These factors allow for in2600
vestigation of glacier area and volume evolution within size
classes and permit trends in absolute area change with rela2400
tive, volume and mean thickness changes to be contrasted.
c
2200
An acceleration factor larger than 1 means that mean an−100
−80
−60
−40
−20
0
20
nual changes have increased, comparing the second period
relative area change [%]
with the first period. Considering the overall periods (includFig. 5. Area-altitude distribution in 50 m-intervals of all updated
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the 50 Figure
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(b).
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of
all
size classes lie beandto 2006
(a) and
area changes of the 50m-intervals for the periods 1969 to 1997 and
referring
1969 (solid)
andabsolute
to 1997 (dashed).
tween 1.86 for absolute area (FA overall ) and 2.67 (Fz overall )
1997 to 2006 (b). Fig. 5c shows the vertical distribution
of relative
areachanges.
changes referring to
for mean
thickness
(e.g. Knoll
and
Kerschner,
2009;
Paul
et
al.,
2004).
Elevation
For
a
quantitative
interpretation
of the individual acceler1969 (solid) and to 1997 (dashed).
changes between 1997 and 2006 are plotted in Fig. 6b. An
ation factors we focus on the ones derived for periods of netinteresting detail is the slightly positive thickness change on
retreat in the following. The general distribution over the
Wasserfallferner, indicating the contrast of a glacier with a
size classes however, is very similar for both applied meth“healthy” accumulation zone (WFF) to a valley glacier with
ods, with the major difference being their differing absolute
a relatively thick glacier tongue (RMF). Such a behaviour is
values (cf. Fig. 8a and b).
also supported by other studies (e.g. Paul and Haeberli, 2008;
FA retr shows that the mean absolute annual
area changes
21
Pelto, 2006). One possible reason could be that the posiremained the same during the periods of retreat 1997 to 2006
tive precipitation anomalies of the early 2000s (Fig. 2) have
compared with 1969 to 1997. Only in the three largest classes
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Figure 6: Rotmoosferner (RMF), Wasserfallferner (WFF) and their surrounding glaciers:
Fig. 6. Rotmoosferner (RMF), Wasserfallferner (WFF) and their surrounding glaciers: Hillshade and glacier boundary 1969, 1997 and 2006
glacier
boundary
1969, (b).
1997 and 2006 (a); glacier boundaries as well as
(a); glacier boundariesHillshade
as well asand
thickness
change
1997–2006
thickness change 1997 to 2006 (b).
Table 2. Summary of glacier covered area of each size class (1969, 1997 and 2006), absolute and relative area changes, volume and mean
thickness changes for the periods (1969–1997 and 1997–2006).
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(>5 km2 ) an acceleration of 13 to 15% (FA retr =1.13 to 1.15)
occurred. This means that for large glaciers the absolute
area loss is slightly stronger in the time period 1997 to 2006
than for the 15 years with net area reduction (within a total of 28 years) before. The very small glaciers have decelerated significantly in terms of mean absolute annual area
changes (FA retr =0.18). We point out that a direct comparison of absolute values of area changes is doubtful. Their
relative impact on overall glacier changes depends on the absolute glacier extent they refer to, which may have changed
between the two periods.
22
Therefore we propose the use of relative area changes
(FA% retr ) in order to enable a comparison between time periods and also between size classes. In contrast to absolute
area changes (FA retr =1.00) that did not accelerate, the mean
annual relative area change increased by about 10% between
the two periods (FA% retr =1.11) due to the reduced remaining area.
The lowest
values
FA% retr
observed
for the
1969
to 1997
(blue)
andof1997
toare
2006
(orange)
smallest glaciers (FA% retr =0.29). The strongest increase in
relative annual glacier area loss (FA% retr =1.27) occurs for
the glaciers between 5 and 10 km2 in size.
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Table 3. Mean rates of changes referring to the overall periods and referring to reduced periods of net-retreat for absolute and relative area
changes. Note, that the rates of changes are displayed in ha/a whereas absolute areas (Table 2) are given in km2 .
Class

1A/1t
6997 overall

1A/1t
9706 overall

[km2 ]
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Table 4. Mean rates of changes referring to the overall periods and referring to reduced periods of net-retreat for absolute volume and mean
thickness changes.
Class
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(e.g. air temperature, albedo) and in the fraction of solid precipitation of the overall precipitation that have a stronger effect on glacier changes at low elevations since these regions
are generally closer to melting conditions. Furthermore, ice
motion slowed down significantly during recent years, which
subsequently reduces dynamic ice supply to glacier tongues
(e.g. Abermann et al., 2007).
Additional information such as annual length change and
mass balance measurements has been used to derive estimates for acceleration factors of net area and volume loss.
They have been compared with factors that would result if
no temporal reduction is performed. Both methods follow a
similar trend over the size classes with much higher values
when considering the whole period (including the advance).
The relative distribution over all size classes is not significantly affected by the temporal reduction but the absolute
values of the factors. Their absolute value though has a different meaning: we interpret the overall acceleration factors
as describing altered glacier behaviour in general, whereas
the temporally reduced factors are intended to reveal information on an accelerated glacier retreat.
The limited number of glaciers for which additional information (length change and mass balance measurements) exists and thus the unequal distribution over the size classes of
continuously measured glaciers allows only generalised estimates for the individual periods, but no year-by-year analysis of glacier retreat. Therefore no annual area and volume
changes for a selected year can be calculated for the entire
inventory: rather longer-term trends (e.g. decadal means of
annual changes) were compared.
Length and area changes are linked but do not necessarily
follow exactly the same pattern. It depends on the topography of the individual glacier how length and area respond to
a climatic change but the sign of this evolution is likely to
be the same. Since we only extract the temporal evolution
of the length change and relate them qualitatively to the observed area change we feel confident enough to do so.
The fact that for the smallest class (<0.1 km2 ) retreat
has decelerated in terms of area change suggests that these
glaciers are now in a state closer to equilibrium than in the
previous period. Differences in area change between the two
periods are very large in this class (Table 1, Figs. 7 and 8)
therefore we draw this conclusion even though interpretation
uncertainties are larger for small glaciers.
Comparison of acceleration factors reveals that those connected with volume changes (FV retr , Fz retr ) are significantly larger than those connected with area changes (FA retr ,
FA% retr ). This means that mean annual volume and mean
thickness changes have increased more than mean annual
area changes across all size classes compared to the respective values for the period 1969–1997. Taking an extensive
data set of ice thickness measurements in the study area into
consideration we found that the larger valley glaciers still
have a considerable ice thickness at low elevations (a typical value for glaciers within the study area between 1 and
www.the-cryosphere.net/3/205/2009/
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5 km2 is 60 m at the tongue around 2700 m a.s.l., and up
to 150 m for larger glaciers; Span et al., 2005; Fischer et
al., 2007). This geometric arrangement results in the fact
that mean annual volume or mean thickness changes (thick
glacier tongues melt down) increase strongly while mean annual area changes do not increase significantly. This particularly affects the size class of glaciers between 0.5 and 1 km2
where the mean relative annual area change did not change
(FA% retr =0.96) but the mean annual volume change as well
as the mean annual thickness change more than doubled
(FV retr =2.16, Fz retr =2.53). Also the two smallest classes
show larger differences between the factors connected with
area and the ones connected with volume changes. It can be
anticipated that this trend may reverse as soon as the tongues
become thin enough to melt away and lose large areas within
a few years without losing a lot of volume. This point in time
is individual for each glacier and should be evaluated further
together with ice volume data and an energy balance model.
A future application of this dataset could be to compare
geodetically derived cumulative mass balances with glaciologically measured ones and assess the possible causes for
these differences. Furthermore, this dataset is planned to be
extended for other glacier-covered areas in the eastern Alps
and will thus allow to extract regional differences of glacier
reaction to a changing climate.
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