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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 exist-
ing glacier inventories (1969 and 1997) the new dataset enables to quantify area and
volume changes over the past 37 years at three dates. This has been done for 81
glaciers (1 16km2) in the Otztal Alps which accounts for almost one third of Austria’s
glacier extent. Glacier area and volume have reduced drastically with significant dif-
ferences within the individual size classes. Between 1997 and 2006 an overall area
loss of 10.5 km? or 8.2% occurred. Volume has reduced by 1.0 km?® which accounts for
a mean thickness change of —8.2m. The availability of three comparable inventories
allows a comprehensive analysis of glacier changes over all size classes but lacks a
high temporal resolution. We therefore used glacier length as well as mass balance
measurements from all available glaciers within the study area to analyse the potential
temporal course of glacier changes in terms of area and volume which allows a rough
estimation of mean annual area and volume changes and thus acceleration trends.
Comparing the net retreating period between 1969 and 1997 with the period 1997 to
2006, the analysis reveals that mean annual absolute area losses have remained con-
stant. Relative area losses have accelerated slightly whereas volume as well as mean
thickness losses have accelerated significantly.

1 Introduction

For the past 40 years a general trend of glacial mass and area loss has been observed
all over the world with only minor exceptions (e.g. Lemke et al., 2007; Oerlemans,
2005; Dyurgerov and Meier, 2000; Haeberli, 1999) and especially in the Alps (Lam-
brecht and Kuhn, 2007; Citterio et al., 2007; Kaab et al., 2002). In order to document
the glacier resources, various national glacier inventories have been produced in recent
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years using different remote sensing techniques (e.g. photogrammetry (Lambrecht and
Kuhn, 2007; Schneider et al., 2007), satellite data (Paul et al., 2002; Andreassen et al.,
2008) or LIDAR (Knoll and Kerschner, 2009)). In Austria, two complete glacier inven-
tories exist on the basis of analogue (1969) and digital (1998) airborne photogram-
metry, respectively. The first one (1969) has been compiled by Patzelt (1980) and
Grof3 (1987) and has later been digitised during the compilation of the second Austrian
inventory 1998 (Lambrecht and Kuhn, 2007). Between these dates only maps of se-
lected glaciers in the study area have been produced (e.g. Hintereisferner: Kuhn (1979)
or Vernagtferner: Heipke et al. (1994), Endres (2001)).

The strong area and volume loss of the last decade raised the interest in an updated
glacier inventory. Based on LIDAR-DEMs this was developed for the glaciologically
well investigated southern part of the Austrian Otztal 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 (Elsberg et al., 2001), as well as any future glacier
extent modelling approach.

A sequence of glacier inventories provides information on area and volume evolution
between the respective datasets. However, it is not directly possible to extract trends
of changes in a higher temporal resolution out of glacier inventory data directly (e.g. on
a decadal basis). This is especially true, if, as in this study, a period of general area
and volume loss was interrupted by a glacier advance around 1980 (Patzelt, 1985).

Therefore we used all available length change as well as mass balance measure-
ments within the study area that have been measured annually during the whole in-
vestigation period to approach a higher resolution of area and volume changes. This
information, however, is not directly convertible into area and volume changes and only
exists for several glaciers that are not always representative for the study area.

Our first aim in this study is thus to present area and volume changes that occurred in
the Otztal Alps during the last decade, derived from LIDAR-DEMSs in combination with
former inventories, including altitude-dependent trend considerations. Secondly, we
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use the glacier inventories, with a high spatial but comparably low temporal resolution,
in combination with the existing length and mass balance records (low spatial but high
temporal resolution) to quantify higher resolved trends of glacier changes in terms of
relative and absolute area, volume and mean thickness changes. The approach to
relate the length and mass balance evolution to the area and volume trends allows a
size-dependent analysis that covers all glaciers in the study area.

2 Study area

The Otztal Alps are located in a central-alpine dry region at around 47°N and 11°E
(Fliri, 1975). Their Austrian part is situated on the northern slope of the main alpine
divide. Figure 1 shows the study area with the glacier extent of all Austrian Otztal
glaciers in 1997 (grey) and all updated glaciers in 2006 (red). In total, 81 glaciers of
all size and exposition classes were remeasured, chosen simply by the extent of the
DEM used, covering all well studied glaciers in this area. This new inventory accounts
for 84% of the glacier area in this mountain range (1997: 151.2 km2) and represents
approx. 27% of the whole Austrian glacier area (1998: 469.7 km2).

3 Data
3.1 Glacier inventory data

Two existing inventories were used for the determination of area and volume changes
of the past four decades. The first one was established using aerial photographs of the
year 1969 (Patzelt, 1980; Grof3, 1987) and has been digitized later on (Lambrecht and
Kuhn, 2007). In the years 1996—-2002 a new inventory has been produced by means
of digital photogrammetry. The results for all Austrian glaciers were then temporally
homogenized for the year 1998 using a degree-day approach (Lambrecht and Kuhn,
2007). The DEMs of the Otztal Alps for the second inventory have been acquired on
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the basis of 1997 — orthophotos (acquisition date: 11 September 1997), therefore we
refer to this date further on. The vertical accuracy of these DEMSs in general is better
than +£1.9 m, according to Lambrecht and Kuhn (2007) and Eder et al. (2000). Only in
extreme cases accuracies can 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 glaciated as well as non-glaciated areas (e.g. Kennett
and Eiken, 1997; Baltsavias et al., 2001; Geist et al., 2005; Geist and Stotter, 2007;
Kodde et al., 2007; Geist and Stotter, 2009). The DEMs of 2006 were acquired by high
resolution airborne LIDAR. The survey flights have been undertaken by the Regional
Government of Tyrol between 23 August 2006 and 9 September 2006. This makes
them well comparable with the data of 11 September 1997 both being close to the
minimum snow extent. Details about the technical specifications of the used DEMs
including general remarks of glacier boundary delineation out of 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 measure-
ment 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
are performed annually on 16 glaciers since 1969. Glacier names, size and location of
these glaciers are summarized in Table A1 (Appendix A).

3.3 Mass balance measurements

To estimate annual averages of volume and mean thickness changes between the in-
ventories we used the temporal course of the available mass balance measurements.
On three glaciers within the study area (Hintereisferner, Kesselwandferner and Ver-
nagtferner) direct mass balance measurements are performed annually.
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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 1997-inventory.

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, there-
fore 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 ar-
eas cover ice or rocks, we included them to the glacier area as proposed in UNESCO
(1970). 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 renamed, 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 (5m). This is done to avoid apparent accuracies. Then we subtracted one DEM
from the other and multiplied the elevation difference per cell with the cell-size (5x5m)
to obtain volume changes.

The calculation of the mean thickness change has been performed by dividing the
total volume change by a mean area of the respective period, which gives

= AVig9-1997
Az = 1
199971997 ™ 0.5+ (A1969 + At997) w
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for the period 1969-1997, or

- AVi997_2006
A Z41997_2006 = )
0.5 (Ayg97 + Az006)
for the period 1997-2006.
Abermann et al. (2009) estimated the accuracy of the applied method to be +1.5%

of the total area for glaciers larger than 1 km? and up to £5% for smaller glaciers.

4.2 Estimating mean annual changes
421 Mean annual area changes

All length change measurements within the study area which cover the whole investi-
gation period (16 glaciers, for details see Table A1, Appendix A) are plotted in Fig. 2
(crosses). The solid line displays their arithmetic mean. Individual glaciers respond
very differently to changes in the climatic conditions: there are glaciers that have not
reached the initial state of 1969 before 2003 after a period of significant advance and
others that only responded with a decreased rate of negative length changes but show
a continuous retreat since 1969. The temporal course of the arithmetic mean has been
used to define the mean onset of the general glacier advance (1976, indicator 1), as
well as the year in which the same length as at the beginning of the advance has been
reached again (1989, indicator 2). This has been done because for an application
to the glacier inventory data covering longer periods we are interested in a net loss.
To estimate the mean annual area loss in the period between the first two inventories
(1969 and 1997) we divided the absolute area changes by 16 which is the number of
years with net area reduction.

For the period 1997-2006 a continuous area loss occurred. Therefore we de-
rived estimates for a mean annual area change by dividing the overall changes by

9(AA/ Atz o6 _retr)-
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Changes in length and area are not to be compared between two different periods di-
rectly since they do not refer to the same absolute length/area. For this reason we also
assess relative area changes by subtracting the average annual area change value
(AA/Atgg_g7 rerr @and AA/Atg;_o6 o) from the initial glacier area for each timestep
(year). This gives the opportunity to calculate a mean annual percentile 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 AA/dtg7_og_retr o @and AA/Dtgg_g7 retr o-

4.2.2 Mean annual volume and thickness changes

Figure 3 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). The gain in mass during the positive mass
balance years was finally compensated in 1985 by several negative years (indicator 4).
Therefore we divided the overall volume changes for the period 1969-1997 by 17 years
(17 out of 28 years contributed to the observed volume loss). For the second period
(1997—-2006) only one year has shown a sum of positive specific mass balance (2001).
Therefore we divided the overall volume change for this period by 8, to derive mean
annual values of the volume reduction within the respective period (AV/Atg7_o6 retr)-
Since the mean thickness change is directly connected with the volume loss (Eq. 1),
we used the same length of intervals to derive mean annual values of Az/Atgg_g7 retr
and Az/Atg7_o6_retr-
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5 Results

Glacier area, all other glacier inventory parameters, absolute and relative area
changes, as well as absolute volume and mean thickness changes have been de-
termined 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
have shrunken below the minimum size of 0.01 km? to be accounted for as a glacier
(UNESCO, 1970).

Figure 4a 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 ma.s.l. The
minimum altitude of ice cover has risen from 2060 ma.s.l. to 2120ma.s.l. between
1969 and 2006. It is worth noting, that the elevation of maximum ice-cover of the
study area, as shown in Fig. 4a, 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 Otztal Alps as well as due to the comparably large areas that are
available for potential glaciation in these high altitudes.

The absolute area changes (Fig. 4b) show that for both periods the strongest area
loss occurred at about 3000ma.s.l. There are, however, some significant differ-
ences considering the distribution over the entire altitude range. Up to approximately
2900 ma.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 a similar absolute area
change has occurred within the last decade as it was observed within the 28 years
before.

Figure 5a shows an example of area changes for Rotmoos- and Wasserfallferner in
the southern Otztal 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
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(e.g. Knoll and Kerschner, 2009; Paul et al., 2004). Elevation changes between 1997
and 2006 are plotted in Fig. 5b. An interesting detail is the slightly positive thickness
change on Wasserfallferner which could be due to changed glacier dynamics after the
separation.

The quantitative results are summarized in Table A2 and A3 (Appendix A). For this
purpose the glaciers are divided into size classes based on their area in 2006. An
overall absolute area change of —17.6 km? between 1969 and 1997 and —10.5 km? for
1997-2006 has been derived. This corresponds to a relative area change of —12.2%
for 1969—-1997 (referring to 1969) and —8.3% for 1997-2006 (referring to 1997). The
respective values for the volume changes for these periods are —1.3 km® and —1.0 km®
and —-9.5m and -8.2m for the mean thickness changes. In general our results are
similar but slightly more negative than the values that are derived by Knoll and Ker-
schner (2009) for the south Tyrolean glaciers (mean thickness change 1997-2006:
—-7.0). In the period 1969-1997 the relative area loss decreases with glacier size as
plotted in Fig. 6. The largest values are observed for the smallest class (<0.1 km2,
-52.2%). The second period shows the strongest relative area losses for glaciers that
are between 0.1 and 0.5km? in area (—16.5%) whereas the smallest class lost signifi-
cantly less in this second period (-11.8%).

To compare trends of area and volume changes we propose scaled parameters de-
fined by

A’497—06,retr
F, = At97—06,retr, 3
A

A’469—97,retr

Atgg_g7_retr

AAg7_o6_retrss
F. = Atg7_06_retres 4)
A% — ’
AAsg_g7_retrss
Atgg_97_retr%
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A |/97—0(:Lretr

Atg7_o6_ret
FV - retr ’ (5)
AV69—97,re-:‘tr

Atgg_g7_retr

AZg7_g6_retr

Atg7_06_ret

FE = — retr ' (6)
Az 69-97_retr
At69—97,retr

These scaled parameters allow the direct comparison of glacier area and volume evo-
lution within size classes and enable to contrast trends in absolute area change with
relative, volume and mean thickness changes. They all refer to the net-retreating pe-
riods as derived above. A scaled parameter larger than 1 means that mean annual
area losses have increased referring to the net-retreating periods. Figure 7 shows a
size-dependent plot of the scaled parameters F,, F,%, F,, and F.

F, shows that the mean absolute annual area changes remained the same during
the retreating period 1969-1997 compared with 1997-2006. Only in the three largest
classes (>5 km2) an acceleration of approximately 10 to 20% (F,=1.1 to 1.2) occurred.
This means that for large glaciers the absolute area loss is slightly stronger in the time
period 1997 to 2006 than for the 14 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 (F,=0.2). We point out that a direct comparison
of absolute values of area changes is critical. Their relative impact on overall glacier
changes depends on the absolute glacier extent they refer to which may have changed
between two periods.

Therefore we propose the use of relative area changes (F,%) in order to enable a
comparison between time periods and also between size classes. The mean annual
relative area change increased by about 10% between the two periods (F;%=1.1).
This means, that an overall deceleration trend of absolute area has to be interpreted
as a moderate acceleration trend relative to the remaining glacier area. Again the
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lowest values are observed for the smallest glaciers (F,%=0.2). The strongest increase
in relative annual glacier area loss (F,%=1.3) occurs for the glaciers between 1 and
10km? in size.

The mean annual ice volume changes have increased by more than 50% (F,=1.5),
while the mean annual thickness changes by more than 60% (F=1.6). Analysing the
different size classes reveals that the strongest changes occurred for glaciers between
0.5 and 1km?, where the mean annual volume change as well as the mean annual
thickness change more than doubled (F,=2.2, F;=2.4) compared to the net-retreating
period within 1969 to 1997. Again, glaciers of the smallest size class show a decrease
in mean annual volume changes compared to the earlier period (F,=0.7). This is in
line with trends in area changes that have been highlighted earlier.

6 Discussion and conclusion

A reliable and sufficiently accurate method has been applied to derive recent glacier
area and volume changes in the Otztal Alps out of two existing glacier inventories as
well as high-resolution LIDAR-DEMs. An important prerequisite is the application of
consistent methods and decision rules (e.g. concerning ice divides, debris-covered
areas, snow and ambiguous areas), in order to create comparable inventories.

Additional information as continuous length change and mass balance measure-
ments has been used to derive estimates for the evolution of mean annual area and
volume changes. The limited number of glaciers for which this additional information
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 changes. Therefore no annual area and volume changes for a
selected year can be calculated for the entire inventory, but 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 different length
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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 the smallest class (<0.1 km2) has decelerated to retreat in terms of area
change suggests that these glaciers are now in a state closer to equilibrium than they
used to be in the previous period. Differences in area change between the two periods
are very large in this class (Table A2, Figs. 6 and 7) therefore we draw this conclusion
even though interpretation uncertainties are larger for small glaciers.

Glacier area losses in low elevations have increased stronger than in high elevation
as shown in Fig. 4b. This may be due to changes in energy balance (e.g. air temper-
ature, albedo, turbulence) and in the fraction of solid precipitation of the overall pre-
cipitation that have a stronger effect on glacier changes in low elevations since these
regions are generally closer to melting conditions. Furthermore, ice motion slowed
down significantly during recent years which slows down dynamic ice supply of glacier
tongues (e.g. Abermann et al., 2007).

The comparison of the scaled parameters discussed reveals that the parameters
connected with volume changes (F,, F;) are significantly larger than the ones con-
nected with area changes (F,, F,%). 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 in low el-
evations (a typical value for glaciers within the study area between 1 and 5 km? is 60m
at the tongue in 2700 ma.s.l., larger glaciers up to 150 m (Span et al., 2005; Fischer
et al., 2007)). This geometric constellation 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 that are within 0.5 and 1 km? where the mean relative annual area
change has not changed (F,%=1.0) but the mean annual volume change as well as
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the mean annual thickness change more than doubled (F,=2.2, /5=2.4). It can be an-
ticipated that this trend may reverse as soon as the tongues have become thin enough
to melt away and loose large areas within 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.
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Table 1. Name, size and coordinates of the glaciers for which annual length change measure- Changes in glacier
ments are available for the whole investigation period (1969-2006). area and volume in
the Austrian Otztal
size 2006 Lon Lat Alps
Name [km?] CE]  [°N]
Diemferner 234 11.07 46.83 J.sabemmanmietal.
Gaissbergferner 1.03 11.02 46.78
Gepatschferner 16.62 10.95 46.81
GrofBer Guslarferner 1.40 10.91 46.79 _
Hintereisferner 7.49 10.86 46.77
Hochjochferner 6.07 10.82 46.79 ! !
Kesselwandferner 3.82 10.76 46.80
Langtalerferner 2.62 10.79 46.84 ! !
Mutmalferner 0.56 10.80 46.85
Niederjochferner 1.87 10.82 46.88 ! !
Rettenbachferner 1.48 10.88 46.88
Rofenkarferner 1.14 10.93 46.93 ! !
Sexegertenferner 1.96 10.76 46.85
Taschachferner E 5.71 10.71 46.85 ! !
Vernagtferner 8.32 10.85 46.90
Weisseeferner 2.59 10.80 46.89 ! !
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Table 2. Summary of absolute and relative area changes as well as mean annual changes and

proportional factors, 1969—-2006.
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Count AA AA MA/AE AAJAE AA/At AA/AE

Class 06 A69 A97 A06 69-97 97-06 6997 retr 9706retr F, 6997_retr% 9706_retr% Fy,
[km?] km?]  [km?] [km?]  [km?] % [km?] % [km%a]  [km*/a] [%/a] [%/a]

<20 1 180 172 166 -08 -44 -05 -31 -0.1 -0.1 11 -03 -0.3 1.2
<10 7 645 578 532 -67 -104 -46 -80 -05 -05 12 -07 -0.9 13
<5 15 387 343 313 -44 -114 -30 -87 -03 -0.3 11 -07 -1.0 1.3
<1 1 1041 82 73 -18 -182 -09 -109 -0.1 -0.1 08 -1.2 -1.3 1.0
<0.5 25 101 78 65 -24 -233 -13 -165 -02 -0.1 09 -16 -1.9 1.1
<0.1 2 28 14 12 -15 -522 -02 -11.8 -0.1 -0.0 02 -43 -1.9 0.2
All 81 1442 1266 1161 -176 -122 -105 -83 -12 -12 1.0 -08 -0.9 1.1
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Table 3. Summary of volume and mean thickness changes as well as mean annual changes
and their proportional factors, 1969-2006.

TCD
3, 415-441, 2009

Changes in glacier

area and volume in

the Austrian Otztal
Alps

J. Abermann et al.

AV AV AV/At AV/At  F, - - Az/At Az/At Fs

Class 69-97 97-06  69-97_retr 97-06_retr Azgg_ g7 Azg;_ge 69-97_retr  97-06_retr

km?] [x10°m®] [x10°m®] [x10°m®a] [x10°mP/a) [m] [m] [m/a] [m/a]
<20 -129 -78 -8 -10 1.2 -7.4 -46 -05 -0.6 1.2
<10 -688 -554 -43 69 16 -112 -100 -0.8 -1.3 1.7
<5 -331 -239 -21 -30 1.4 -9.1 -73 -0.6 -0.9 1.5
<1 -57 -61 -4 -8 22 -6.2 -78 -04 -1.0 2.4
<0.5 -63 -52 -4 -7 17 -7.0 -74 -05 -0.9 2.0
<0.1 -19 -7 -1 -1 07 -9.3 -51 -06 -06 1.0
All - 1286 -990 -80 -124 1.5 -95 -82 -06 -1.0 1.6
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10°40'E

Fig. 1. Study area Otztal Alps (Grey: glacier extent 1997, red: updated glacier extent 2006,
dashed: glaciers with length measurement records in the study area, black rectangle: extent of
Fig. 4). HEF, KWF and VF refer to three glaciers with mass balance records (Hintereisferner,

Kesselwandferner and Vernagtferner).
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cumulative length change since 1969 [m]

Fig. 2. Cumulative length change for all glaciers that cover the entire period (crosses) and the
arithmetic mean over these curves (solid). Arrow 1 indicates the derived onset of the advance
period (1976), arrow 2 the state where the same cumulative length as in 1 has been reached

again (1989).
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Fig. 3. Cumulative mean specific mass balance of the glaciers Hintereisferner, Kesselwand-
ferner and Vernagtferner and their mean refering to 1969. It is pure coincidence, that the
cumulative balance values of the mean and of Vernagtferner follow almost exactly the same
temporal course. Arrow 3 indicates the year when an overall mass gain starts (1973) and by
the year 1985 (arrow 4), the same volume was reached again.
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Fig. 4. Area-altitude distribution in 50m-intervals of all updated glaciers for 1969, 1997 and
2006 (a) and absolute area changes of the 50m-intervals for the periods 1969-1997 and 1997—

2006 (b).
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11°2'E

Fig. 5. Rotmoosferner (RMF), Wasserfallferner (WFF) and their surrounding glaciers: Hillshade
and glacier boundary 1969, 1997 and 2006 (a); glacier boundaries as well as thickness change

1997-2006 (b).
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Fig. 6. Relative area changes for the period 1969-1997 (blue) and 1997-2006 (orange) for the
individual size classes.
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Fig. 7. Scaled parameters referring to mean annual area (absolute and relative) as well as
volume and mean thickness changes. The length of the periods, the means are derived with,
are extracted out of Figs. 2 and 3 as explained in 4.2.
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