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Abstract. In this study we apply a simple and reliable Meier, 2000; Haeberli, 1999) and especially in the Alps
method to derive recent changes in glacier area and volum@.ambrecht and Kuhn, 2007; Citterio et al., 200788k et
by taking advantage of high resolution LIDAR (light detec- al., 2002). In order to document the glacier extent, various
tion and ranging) DEMs (digital elevation models) from the national glacier inventories have been produced using dif-
year 2006. Together with two existing glacier inventories ferent remote sensing techniques, such as photogrammetry
(1969 and 1997) the new dataset enables us to quantify arg@.g. Kuhn et al., 2009; Lambrecht and Kuhn, 2007; Schnei-
and volume changes over the past 37 years at three dateder et al., 2007), satellite data (e.g. Paul et al., 2002a; An-
This has been done for 81 glaciers (116%rm the Otztal  dreassen et al., 2008) or LIDAR (e.g. Knoll and Kerschner,
Alps which accounts for almost one third of Austria’s glacier 2009). In Austria, two complete glacier inventories exist on
extent. Glacier area and volume have reduced drasticallyhe basis of analogue (1969) and digital (1998) airborne pho-
with significant differences within the individual size classes. togrammetry, respectively. The first one (1969) was com-
Between 1997 and 2006 an overall area loss of 105&m  piled by Patzelt (1980) and GroRR (1987) and later digitised
8.2% occurred. Volume has reduced by 1.Gkwhich ac-  during the compilation of the second Austrian inventory (data
counts for a mean thickness change-82 m. The availabil-  acquisition: 1996 to 2002). The data acquisition year of
ity of three comparable inventories allows a comprehensivethe second inventory for th@tztal Alps was 1997 (Kuhn et
size and altitude dependent analysis of glacier changes buwl., 2009; Lambrecht and Kuhn, 2007). Paul (2002b) inves-
lacks a high temporal resolution. For the comparison of rategigated glacier changes of sub-regions of Tyrolean glaciers
of changes between the two different periods (1969 to 199#vith Landsat data. Detailed maps of selected glaciers in the
with 1997 to 2006) we propose two approaches in this studystudy area were produced between 1969 and 1997 (e.g. Hin-
a) to estimate mean overall rates of changes (including a petereisferner: Kuhn, 1979, or Vernagtferner: Heipke et al.,
riod of advance) and b) to extract periods of net-retreat by1994; Endres, 2001).
using additional information (length change and mass bal- The strong area and volume loss of the last decade raised
ance measurements). Analysis of the resulting acceleratiofnterest in an updated glacier inventory. Based on LIDAR-
factors reveals that the retreat of volume and mean thickneseEMs this was developed for the glaciologically well inves-
changes has accelerated significantly more than that of areggated southern part of the Austriddtztal Alps and is pre-
changes. sented in this study. Besides forming an important source for
the determination of glacier extent as its main purpose, pe-
riodically 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 ex-
For the past decades a general glacier mass and area 10§t A sequence of glacier inventories allows for the quan-
has been observed all over the world with few exceptionst'f'ca“(?n of 'Fhe accelerated glacier change in the context of a
(e.g. Lemke et al., 2007; Oerlemans, 2005; Dyurgerov and-hanging climate.

Ouir first aim in this study is thus to present area and vol-
ume changes that occurred in téztal Alps during the last

Correspondence tal. Abermann decades, derived from LIDAR-DEMs in combination with
BY

(jakob.abermann@uibk.ac.at) former inventories. We also include size as well as altitude
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Fig. 1. Study areatztal Alps (grey: glacier extent 1997 of the

glaciers in theDtztal Alps that have not been updated in our study, . -
red: updated glacier extent 2006, dashed: glaciers with Iengthand 1000 mm with a mean of 660 mm and a standard varia

measurement records in the study area, black rectangle: extent é'fon of 119 mm. A seqqence of positive preC|p|tat|.0n anoma-
Fig. 6). HEF, KWF and VF refer to three glaciers with mass balance!l€S occurred in the mid-1970s followed by relatively aver-

records (Hintereisferner, Kesselwandferner and Vernagtferner). Thé@gde 1980s and 1990s. Around 2000 there were some strongly
valley station Vent, where the climate data from Fig. 2 derives from, POsitive precipitation anomalies followed by drier years since
is indicated by a black circle. 2003.
Winter temperatures (DJF) show a larger inter-annual vari-

ability (standard deviation: 1°€) than mean annual (stan-
dependent trend considerations. Secondly, we derive overaliard deviation: 0.8C) and summer temperatures (JJA, (stan-
acceleration trends of glacier changes by comparing meagard deviation: 0.9C) but no significant trend. A tempera-
annual area and volume changes between the two periodgre increase was observed in the summer temperatures: the
investigated (1969-1997 and 1997-2006). To estimate th@ytraordinarily hot summer of 2003 marked the maximum of

formation to extract periods of net-retreat (length change andhe 37 years is 1°T.

mass balance measurements).

2 Study area 3 Data

The Otztal Alps are located in a central-alpine dry region at3.1 Glacier inventory data
around 47 N and 12 E (Fliri, 1975). Their Austrian part is
situated on the northern slope of the main alpine divide. Fig-Two existing inventories were used for the determination
ure 1 shows the study area with the glacier extent of all Aus-of area and volume changes of the past four decades. The
trian Otztal glaciers in 1997 (grey) and all updated glaciers infirst one was established using aerial photographs from the
2006 (red). In total, 81 glaciers of all size and aspect classegear 1969 (Patzelt, 1980; Grof3, 1987) and was digitized later
were remeasured, chosen simply by the extent of the DEMon (Lambrecht and Kuhn, 2007). In the years 1996-2002 a
used and covering all well studied glaciers in this area. Thisnew inventory was produced by means of digital photogram-
new inventory accounts for 84% of the glacier area in thismetry. The results for all Austrian glaciers were then tem-
mountain range (1997: 151 Krand represents approx. 27% porally homogenized for the year 1998 (Kuhn et al., 2009;
of the whole Austrian glacier area (1998: 470%m Lambrecht and Kuhn, 2007). The DEMs of tBéztal Alps
Figure 2 shows the climatic conditions of the study area atfor the second inventory have been acquired on the basis of
the example of the valley station Vent at 1900 ma.s.l. (dataorthophotos (acquisition date: 11 September 1997), therefore
from the Institute of Meteorology and Geophysics, Univer- we refer to this date further on. The vertical accuracy of these
sity of Innsbruck). In the period 1997-2006, annual precip-DEMSs in general is better tha#t1.9 m, according to Lam-
itation showed an interannual variation between ca. 500 mnbrecht and Kuhn (2007) and better th&0.71 m according
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to Wrlander and Eder (1998). Only in extreme cases Calfraple 1. Name, area and coordinates of the glaciers for which an-

errors exceed this value (Abermann et al., 2007). nual length change measurements are available for the whole inves-
Several studies show that LIDAR or ALS (airborne laser tigation period (1969—2006).

scanning) is a powerful tool to generate DEMs from glacier
covered as well as glacier-free areas (e.g. Kennett and Eiken, Name area 2006  lon lat
1997, Baltsavias et al., 2001; Geist et al., 2005; Geist and km2] [°E] [°N]
Stitter, 2007; Kodde et al., 2007). The DEMs of 2006 were

acquired by high resolution airborne LIDAR undertaken by D|e_mferner 234 1107 46383
- Gail3bergferner 1.03 11.02 46.78
the Regional Government_of Tyrql between 23 August 2006 Gepatschferner 16.62 10.95 4681
and 9 S_eptember 2006 with vertical errors468.1 m. T_he GroRer Guslarferner 140 1091 46.79
acquisition dates make them closely comparable with the Hintereisferner 749 1086 46.77
data of 11 September 1997 both being around the date of Hochjochferner 6.07 10.82 46.79
minimum snow extent. Details about the technical specifica- Kesselwandferner 3.82 10.76 46.80
tions of the DEMs used including general remarks on glacier Langtalerferner 2.62 10.79 46.84
boundary delineation from DEMs are summarized in Aber- Mutmalferner 0.56 10.80 46.85
mann et al. (2009). Niederjochferner 1.87 10.82 46.88
Rettenbachferner 1.48 10.88 46.88
3.2 Glacier length change measurements Rofenkarferner 114 10.93  46.93
Sexegertenferner 1.96 10.76 46.85
Variations of glacier lengths are determined annually by the \T/Zfr‘]:;‘gt‘;z:iger E 85'3721 1100&'3751 4‘;6;?)5
length change measurement service of the Austrian Alpine WeiRseeferner 250 10.80 46.89

club for a large number of glaciers with the results pub-
lished 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 e kept ice divides constant during the delineation since

been performed annually on 16 glaciers since 1969. Glaciefhey have not significantly changed over the past 40years
names, size and location of these glaciers are summarized i#Pmpared to the strong changes in the ablation area and thus

Table 1. played a somewhat negligible role in our considerations. Fur-
thermore, we address overall changes in ice cover rather than
3.3 Mass balance measurements changes of individual glaciers, therefore a shift of an ice di-

vide does not change the results. We also remained consis-
To estimate annual averages of volume and mean thicknegent with the former inventories by including dead ice bodies
changes between the inventories we used the temporal coursend debris-covered areas to the glacier area. If it was not pos-
of the available mass balance series. On three glaciers withisible to decide whether adjoining snow and firn areas cover
the study area direct mass balance measurements are péce or rocks, we included them to the glacier area as proposed
formed annually. They are performed by the Institute ofin UNESCO (1970) and Paul et al. (2009). The resulting
Meteorology and Geophysics, University of Innsbruck, on glacier masks were identified according to the nomenclature
Hintereis- and Kesselwandferner (Fischer and Markl, 2009;0f 1969 which is based on a systematic numbering within
Kuhn et al., 1999). On Vernagtferner the Commission for drainage areas. Thus, glaciers have not been relabelled, even
Glaciology, Bavarian Academy of Sciences and Humanitiesjf they have disintegrated since the last inventory.
performed the measurements (Glaciology, 2009 For the calculation of volume changes we first resampled

all DEMs to the same cell size & m). This is done to avoid

errors introduced by interpolation. Then we subtracted one

4 Methods DEM from the other and multiplied the elevation difference
per cell with the cell size (&5 m) to obtain volume changes.
4.1 Area and volume changes The calculation of the mean thickness change has been

erformed by dividing the total volume change by a mean

Abermann et al. (2009) proposed a method to delineatéc)lrea for the respective period, which gives

glacier boundaries by using hillshades of high-resolution

DEMs as a primary data source and including information A 7,96 1997 = AV1969-1997 1)
of multi-temporal DEMs as well as orthophotos to increase 0.5- (A1969+ A1997)

accuracies in ambiguous areas. Applying this method, wefor the period 1969-1997, or

updated the glacier boundaries of 2006 on the basis of the A V19972006

inventory from 1997. A Z1997-2006 = 2
y 0.5- (A1997+ A2006) @)

Lavailable at:http:/Avww.glaciology.de/ for the period 1997-2006.

www.the-cryosphere.net/3/205/2009/ The Cryosphere, 3,21%2009


http://www.glaciology.de/

208 J. Abermann et al.: Changes in glacier area and volume in the AuStzgal Alps

Abermann et al. (2009) estimated the standard error of the
applied method to be:1.5% of the total area for glaciers
larger than 1krA and up to+5% for smaller glaciers.
Ground truthing of selected glaciers reveals absolute hori-
zontal deviations of less than 4 m for 80% of the sample

(Abermann et al., 2009). -200

4.2 Estimating acceleration trends -400

It is challenging to compare different periods with differing

glacier changes. Whereas the first period contains a signifi-
cant 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 accelerationFlg' 3. Cumulative length change for all glaciers that cover the

fact the basis of th hole | tioati iods. i entire period (crosses) and the arithmetic mean over these curves
actors on the basis of the whole Investigation periods, In(solid). Arrow 1 indicates the derived onset of the advance period

-600

cumulative length changes
mean

cumulative length change since 1969 [m]

—-800

1970 1980 1990

year

2000

Sect. 4.2.2. we undertake a temporal reduction to obtain aCr1976), arrow 2 the state where the same cumulative length as in 1

celeration factors of periods of net-retreat only.

4.2.1 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 over-

all time period between the inventories for both periods
(e.g.Atgg_g7=28 years Atg7_os=9 years). Out of these rates
of changes we are able to derive the following acceleratio
factors:

AAg7-06
At97-06_overall

AAgg-97
Atg—97_overall

Fa_overall = (3)

’

AAY97_06
Atg7_06_overall
AA%s9-97
Atg9-97_overall

Fav_overall = (4)

El

AVy7-06
Atg7_06_overall

AVeg-97
Ateg—97_overall

Fy_overall = (5)

’

AZ97-06
Atg7-06_overall
AZeg-97
Atg9-97_overall

(6)

Fz_overall =

4.2.2 Temporally reduced acceleration factors:

Area changes

n

has been reached again (1989).

(Fy _retr, Fz_retr)- INn contrast to the above factors (Egs. 3 to 6)
that we interpret as describing altered glacier evolution, the
temporally reduced factors are intended to reveal information
on accelerated glacier retreat, as described below.

All length change measurements within the study area
which cover the whole investigation period (16 glaciers, for
details see Table 1) are plotted in Fig. 3. The solid line shows
their arithmetic mean. Individual glaciers respond very dif-
ferently to climatic condition change: some, which have re-
sponded with a decreased rate of negative length change,
have shown continuous retreat since 1969; others, which
have advanced significantly, had not reached their initial state
before 2003. Kuhn et al. (1985), using two glaciers within
the study area as examples, examined the different glacier
behaviour that results from different glacier characteristics
(e.g. area-elevation distribution, vertical balance profile or
aspect). As the sign of length change correlates well with the
sign of area change, we used the temporal course of the arith-
metic mean to define the mean onset of the general glacier
advance (1976, indicator 1 in Fig. 3). Furthermore, we de-
fined the year in which the same length as recorded at the
beginning of the advance was reached again (1989, indica-
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 inventoriea 4/ Ateg—_97_retr)
we therefore divided the absolute area changes by 15 which
is the number of years with net length (and probably area)

Area and volume reduction of the first period has occurredreduction.

only during a part of the overall time period due to the signif-
icant glacier advance around 1980 (Patzelt, 1985). Therefor

For the period 1997-2006 a continuous length reduc-
#on occurred. Therefore we derived estimates for mean

we decided to perform a temporal reduction on the basis ofinnual area change by dividing the overall changes by 9
length change measurements for acceleration factors relateld\ A / Atg7—o6_retr)-

to area change${_retr, Fa% _retr) @nd of mass balance mea-

Changes in length and area are not to be compared be-

surements for acceleration factors related to volume changetsveen two different periods directly since they do not refer

The Cryosphere, 3, 20215 2009
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to the same absolute length/area. For this reason we assess
relative area changes by subtracting the average annual area
change value A A/ Atgg_97_retr and A A/ Atg7_o6_retr) from
the initial glacier area for each time-step (year). In this way
we can calculate a mean annual percental area change, refer-
ring to a shrunken absolute value for each year. This has been
performed with all individual size classes during both investi-
gated periods again considering the same periods of net-area
loss and results itk A%/Atg7_o6_retr aNd A A%/ Atgg_97 retr.

Out of these rates of net-retreat we were now able

++++ Hintereisferner

cumulative mass balance based on 1969 [m]

—20ff . .
to calculate Fs_rerr and Fao, rerr, analogously to Egs. (3) Z _52?;2%"{?;?@””

and (4) but with a reduced: for the period 1969-1997 s —— Mean

(A7 o6.ren=15years). 1970 1980 o0 2000

Volume and mean thickness changes Fig. 4. Cumulative mean specific mass balance of the glaciers Hin-

tereisferner, Kesselwandferner and Vernagtferner and their mean
Figure 4 shows the temporal evolution of the cumulative refering to 1969. It is pure coincidence that the cumulative balance
mean specific mass balance of three glaciers within the studyalues of the mean and of Vernagtferner follow almost exactly the
area and their arithmetic mean. To estimate average annuakme temporal course. Arrow 3 indicates the year when an overall
volume and mean thickness change values we extracted tHgass gain starts (1973) and by the year 1985 (arrow 4), the same
year of the onset of mean mass gain (1973, indicator 3 involume was reached again.
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 ta@7_og.retr Otztal Alps as yvell as .th.e rel_atlvely Iarge argas that are avail-
of 16years (16 out of 28 years contributed to the observeddble for potential glaciation in these high altitudes.
volume loss). For the second period (1997—2006), one year The absolute area changes (Fig. 5b) show that for both pe-
(2001) showed a positive sum of specific mass balance whickiods the strongest area loss occurred at about 3000 ma.s.l.
leads to aArg7_os rerr Of 8 years and analogously to Eq. (5) There are, however, some significant differences consider-
we calculatedFy e Since the mean thickness change is ing the distribution over the entire altitude range. Up to ap-
directly connected with the volume loss (Eq. 1), we usedProximately 2900 ma.s.l. both periods show similar values of
the same lengths of intervals to derive mean annual valuegbsolute area changes, while in higher elevations the area re-
of Az/Ates—97 retr and Az/Atg7_06.retr, @and consequently —duction 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.
5 Results Figure 5c¢c shows the vertical distribution of relative area

changes that occurred in the respective period. The solid
Glacier area, all other glacier inventory attributes, abso-line (1969-1997) refers to the absolute value of 1969, the
lute and relative area changes, as well as absolute volumdashed line to the absolute value of 1997. Thus, the same rel-
and mean thickness changes were determined and calcative change (%-value) reflects a larger absolute change for
lated for each individual glacier within the study area for the second period because the reference value is smaller al-
the year 2006 (81 glaciers, 116 K Three out of originally ~ ready. The lowest elevation band has disappeard®0%),
84 glaciers (1997) in the study area shrank in size from theand up to an elevation of about 3000 m relative changes in
smallest class in 1997 (between 0.01%and 0.1km) be-  the second period are more negative than in the first period
low the minimum size of 0.01 kfin 2006 to be accounted with a reversing sign above. Above 3650 m positive relative
for as a glacier (UNESCO, 1970; Paul et al., 2009). area changes occur, although this fact should not be over-

Figure 5a shows the area-altitude distribution of all up- interpreted since it represents only a very small area (about

dated glaciers for 1969, 1997 and 2006. Areas with thel ha at elevations higher than 3650 m).
largest ice cover are between 3100 and 3200ma.s.l. The Figure 6a shows an example of area changes for Rotmoos-
minimum altitude of ice cover rose from 2060 ma.s.l. to and Wasserfallferner in the southédtetal Alps. The glacier
2120 ma.s.l. between 1969 and 2006. It is worth noting thatooundaries of the three dates (1969, 1997 and 2006) are plot-
the elevation of maximum ice-cover for the study area, asted over the hillshade. Large rock outcrops developed on
shown in Fig. 5a, is about 200 m higher (approx. 3200 m)Rotmoosferner between 1997 and 2006. In 2005 the two
than of all Austrian glaciers (Lambrecht and Kuhn, 2007, glaciers separated, a phenomenon that is observed on various
Fig. 3). This is due to the central-alpine dry climate of the alpine glaciers during the glacier retreat of the past decades

Fz retr
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3800

caused this slight gain in surface elevation of this relatively
high situated glacier.

The quantitative results for area, volume and mean thick-
ness changes are summarized in Table 2. For this purpose
the glaciers are divided into size classes based on their area
in 2006. An overall absolute area change-df7.6 kn? be-
tween 1969 and 1997 and10.5kn? for 1997—-2006 has
been derived. This corresponds to a relative area change
of —12.2% for 1969-1997 (referring to 1969) ar®.3%
for 1997-2006 (referring to 1997). The respective values
for the volume changes for these periods ate3 kn? and

0 5 areakm? ° 15 —1.0km? and —9.5m and—8.2m for the mean thickness
changes. In general our results are similar but slightly more
3800t negative than the values that are derived by Knoll and Ker-
3600 | T]ggg:;isé schner (2009) for the South Tyrolean glaciers (mean thick-
ness change 1997-20067.0 m). In the period 1969-1997
the relative area loss decreases with increasing glacier size
as plotted in Fig. 7. The largest values are observed for
the smallest class<0.1kn?, —52.2%). The second pe-
riod shows the strongest relative area losses for glaciers that
are between 0.1 and 0.5 Krin area (-16.5%). Very small
glaciers 0.1 kn?) still lost a considerable fraction of their
area in the second period-11.8%) but the rates of changes
2200 have decelerated compared to the first period, where 52.2%
= 15 0 205 0 05 of the overall area were lost. Changes in this size class in
absolute area change [km”] neighbouring South Tyrol are slightly less negativer (7%
between 1997 and 2006 according to Knoll and Kerschner,
2009).

The two methods of comparing the rates of glacier changes
of the two periods are quantitatively summarized in Tables 3
and 4. A direct comparison of the acceleration factors as de-
rived by two different methods is plotted in Fig. 8a and b.
The bars represent the respective factors and their distribu-
tion throughout the size-classes. These factors allow for in-
vestigation of glacier area and volume evolution within size
classes and permit trends in absolute area change with rela-
2200} TS c tive, volume and mean thickness changes to be contrasted.

= : ) An acceleration factor larger than 1 means that mean an-

-100 -80 -60 —-40 =20 0 20 . . .

relative area change [%] nual changes have increased, comparing the second period

: . o . with the first period. Considering the overall periods (includ-
Fig. 5. Area-altitude distribution in 50 m-intervals of all updated ing the period of advance), acceleration factors vary between
glaciers for 1969, 1997 and 20Q#&) and absolute area changes of 9 P ' y

the 50 m-intervals for the periods 1969-1997 and 1997—Zb06 0'34_ (Fa_overan for the smp&-rslIESt Clr??ss) and 3'9%_(°Vera” for
Figure 5¢c shows the vertical distribution of relative area changesdlaciers between 0.5kimand 1knt). Acceleration factors

referring to 1969 (solid) and to 1997 (dashed). for the overall periods and the sum of all size classes lie be-
tween 1.86 for absolute are&{ overal) and 2.67 £ _overal)
for mean thickness changes.
(e.g. Knoll and Kerschner, 2009; Paul et al., 2004). Elevation For a quantitative interpretation of the individual acceler-
changes between 1997 and 2006 are plotted in Fig. 6b. Amtion factors we focus on the ones derived for periods of net-
interesting detail is the slightly positive thickness change onretreat in the following. The general distribution over the
Wasserfallferner, indicating the contrast of a glacier with asize 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; F4_retr Shows that the mean absolute annual area changes
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) havecompared with 1969 to 1997. Only in the three largest classes

3600
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3200
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11°2'E 11°3'E 11°4'E

Fig. 6. 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-@0)06

Table 2. Summary of glacier covered area of each size class (1969, 1997 and 2006), absolute and relative area changes, volume and mea
thickness changes for the periods (1969-1997 and 1997-2006).

Class Count06 A69 A97 A06  AA69-97 AA97-06 AV 69-97 AV 97-06 AZgg g7 AZ97_06
[km?] [km?] [km?] [km2] [km?] % [km2] % *105m3] [*108m3] [m] [m]
10-20 1 180 172 166 -08 -44 -05 -31 -129 —78 —74 —46
5-10 7 645 578 532 -67 -104 -46 —80 —688 —554 —112  -100
1-5 15 387 343 313 -44 -114 -30 -87 -331 —239 -9.1 -73
0.5-1 1 101 8.2 73 -18 -182 -09 -109 -57 —-61 -6.2 -7.8
0.1-0.5 25 101 7.8 65 -24 —233 -13 -165 -63 -52 —-7.0 74
0.01-0.1 22 2.8 1.4 1.2 -15 -522 -02 -—11.8 -19 -7 -9.3 -5.1
All 81 1442 1266 1161 —-17.6 -12.2 -105 -83 —1286 —990 -95 -8.2

(>5km?) an acceleration of 13 to 15%§ _ex=1.13 to 1.15)
occurred. This means that for large glaciers the absolute

0 | area loss is slightly stronger in the time period 1997 to 2006
‘ \ | | | | than for the 15years with net area reduction (within a to-

tal of 28 years) before. The very small glaciers have decel-
erated significantly in terms of mean absolute annual area
200 1 changes K4 _retr=0.18). We point out that a direct compar-

ison of absolute values of area changes is doubtful. Their
relative impact on overall glacier changes depends on the ab-
solute glacier extent they refer to, which may have changed

~10}F

relative area change in area class [%]
I
w
o
i

a0} , : | between the two periods.
-ggj-;gg; Therefore we propose the use of relative area changes
50} d (Fau% _retr) in order to enable a comparison between time pe-

riods and also between size classes. In contrast to absolute
area changedds retr=1.00) that did not accelerate, the mean
annual relative area change increased by about 10% between
the two periods K49 _ret=1.11) due to the reduced remain-
Fig. 7. Relative area changes for the period 1969-1997 (blue) andng area. The lowest values &% _retr are observed for the
1997-2006 (orange) for the individual size classes. smallest glaciersHau retr=0.29). The strongest increase in
relative annual glacier area l0sBAb, retr=1.27) occurs for

the glaciers between 5 and 10kin size.

0.01-0.1 0.1-0.5 0.5-1 1-5 5-10 10-20
size class [kmz]
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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 ﬁiven in km

Class AA/At AA/At FA overall AA/At AA/At FA verr AA%IAL AA%IAt Faop overall AA%IAt  AA%IAt  Faop rerr
6997 overall 9706overall 6997retr  9706retr 6997overall  9706overall 6997retr  9706retr

[km?] [ha/a] [ha/a] [ha/a] [ha/a] [%/a] [%/a] [%/a] [%/a]

10-20 -2.8 —6.0 2.10 -5.3 —6.0 1.13 0.16 0.35 2.26 —0.30 —0.35 1.17
5-10 —-23.9 —51.6 2.15 —44.7 -51.6 1.15 0.38 0.93 2.45 —-0.73 —0.93 1.27
1-5 -15.8 -33.3 211 —-294 -33.3 1.13 0.42 1.01 243 —0.80 -1.01 1.26
0.5-1 —6.6 —10.0 1.53 —-12.2 -10.0 0.82 0.69 1.28 1.85 —-1.33 —1.28 0.96
0.1-05 -84 —14.2 1.68 —15.7 -14.2 0.90 0.91 1.98 2.17 -1.76 —1.98 1.13
0.01-0.1 -53 -1.8 0.34 —-9.8 -1.8 0.18 2,51 1.39 0.55 —4.79 —1.39 0.29

All —-62.8 —116.8 1.86 -117.2  -116.8 1.00 0.45 0.96 2.14 —0.86 —0.96 1.11

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 AV/At AV/At Fy_overall AV/At AV/At Fy retr  Az/AL Az/At Fr overall Az/At Az/At Fr rerr
69-97overall 97-06overall 69-97retr 97-06retr 69-97overall 97-06overall 69-97retr  97-06retr

[km?] [*106mda]  [*108m3/a] [*108m3/a]  [*10®m3/a] [m/a] [m/a] [m/a] [m/a]

10-20 -5 -9 1.87 -8 -10 1.20 -0.3 —-05 1.95 —-0.5 -0.6 1.25
5-10 —-25 —-62 251 —43 —69 1.61 0.4 11 2.76 -0.8 -1.3 1.78
1-5 —12 —27 2.24 —21 —-30 1.44 03 -0.8 2.50 —0.6 -0.9 1.60
0.5-1 -2 -7 3.35 —4 -8 2.16 -0.2 -0.9 3.94 —0.4 -1.0 253
01-05 -2 -6 2.61 -4 -7 1.68 -0.2 -0.8 3.27 —-05 -0.9 2.10
0.01-0.1 -1 -1 1.04 -1 -1 0.67 -03 -0.6 1.70 —0.6 -0.6 1.09
All —46 -109 2.38 —-80 —124 1.54 -0.3 —-0.9 2.67 —0.6 -1.0 1.72

| Ly
3.5 [ Fass overan
[ Loy
r|

z overall

acceleration factor
~
acceleration factor

0
0.01-0.1 0.1-05 05-1 1-5 5-10 10-20 0.01-0.1 0.1-05 0.5-1 1-5 5-10 10-20
size class [km?] size class [km?]

Fig. 8. Acceleration factors referring to mean annual area (absolute and relative) as well as volume and mean thickness clfanges. In
no temporal reduction has been performed, the overall area change has been divided by the time between the invéb)quirsoda of
net-retreat are extracted as explained in Sect. 4.2.

The mean annual ice volume losses have increased b§ Discussion and conclusion
more than 50%Ky _retr=1.54), while the mean annual thick-
ness reductions by more than 70% (et=1.72). Analysing
the different size classes reveals that the strongest chang
occurred for glaciers between 0.5 and 1%mhere the mean

A reliable and sufficiently accurate method has been ap-
T‘)ﬁed to derive recent glacier area and volume changes in the
. Otztal Alps out of two existing glacier inventories as well
annual volume change as well as the mean annual thickz high-resolution LIDAR-DEMSs. An important prerequisite

ness chacr;?e trrT:ore tha(;w dfOUbtlga’t(re"tz.z'l(s’. tiz'ireir;égsi)g 97 is the application of consistent methods and decision rules
:om_parel 0 efpt(re]rlo 0 ”net—rg reallng er1 n q — ‘(e.g. concerning ice divides, debris-covered areas, snow and

gain, giaciers ot the smaflest siz€ class show a decrease | mbiguous areas), in order to create comparable inventories.
mean annual volume changes compared to the earlier perio

(Fv 1ex=0.67). This is in line with trends in area changes that Absolute as well as relative glacier area Ios_ses have _in-
have been highlighted earlier. creased stronger at low elevations than at high elevation

(Fig. 5b). This may be due to changes in energy balance
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(e.g. air temperature, albedo) and in the fraction of solid pre5kn? is 60 m at the tongue around 2700ma.s.l., and up
cipitation of the overall precipitation that have a stronger ef-to 150 m for larger glaciers; Span et al., 2005; Fischer et
fect on glacier changes at low elevations since these regional., 2007). This geometric arrangement results in the fact
are generally closer to melting conditions. Furthermore, icethat mean annual volume or mean thickness changes (thick
motion slowed down significantly during recent years, which glacier tongues melt down) increase strongly while mean an-
subsequently reduces dynamic ice supply to glacier tonguesual area changes do not increase significantly. This particu-
(e.g. Abermann et al., 2007). larly affects the size class of glaciers between 0.5 and4 km
Additional information such as annual length change andwhere the mean relative annual area change did not change
mass balance measurements has been used to derive egtl4y,_ret=0.96) but the mean annual volume change as well
mates for acceleration factors of net area and volume lossas the mean annual thickness change more than doubled
They have been compared with factors that would result if(Fy _ret=2.16, Fz_et=2.53). Also the two smallest classes
no temporal reduction is performed. Both methods follow ashow larger differences between the factors connected with
similar trend over the size classes with much higher valuesarea and the ones connected with volume changes. It can be
when considering the whole period (including the advance).anticipated that this trend may reverse as soon as the tongues
The relative distribution over all size classes is not signif- become thin enough to melt away and lose large areas within
icantly affected by the temporal reduction but the absolutea few years without losing a lot of volume. This point in time
values of the factors. Their absolute value though has a difis individual for each glacier and should be evaluated further
ferent meaning: we interpret the overall acceleration factordogether with ice volume data and an energy balance model.
as describing altered glacier behaviour in general, whereas A future application of this dataset could be to compare
the temporally reduced factors are intended to reveal infor-geodetically derived cumulative mass balances with glacio-
mation on an accelerated glacier retreat. logically measured ones and assess the possible causes for
The limited number of glaciers for which additional infor- these differences. Furthermore, this dataset is planned to be
mation (length change and mass balance measurements) eextended for other glacier-covered areas in the eastern Alps
ists and thus the unequal distribution over the size classes and will thus allow to extract regional differences of glacier
continuously measured glaciers allows only generalised estireaction to a changing climate.
mates for the individual periods, but no year-by-year analy-
sis of glacier retreat. Therefore no annual area and volumécknowledgementsThis study was funded by the Commission
changes for a selected year can be calculated for the entirf@” Geophysical Research, Austrian Academy of Science. The

inventory: rather longer-term trends (e.g. decadal means of! PAR DEM 2006 was acquired by the Regional Government
of Tyrol. The authors would like to thank the Commisssion for
annual changes) were compared.
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Length and area changes are linked but do not necessar'%r providing the mass balance data of Vernagtferner, C. Knoll for
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of the length change and relate them qualitatively to the ob-suggestions, which improved the manuscript considerably.
served area change we feel confident enough to do so.

The fact that for the smallest class@.1kn?) retreat  Edited by: G. H. Gudmundsson
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 tWeyatarences
periods are very large in this class (Table 1, Figs. 7 and 8)
therefore we draw this conclusion even though interpretationrAbermann, J., Lambrecht, A., and Schneider, H.: Analysis of sur-
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