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ABSTRACT

In the last century and a half, average summer
temperatures have slowly been rising worldwide. The
most observable consequence of this is the change
in glacier sizes. For monitoring glacier area and
volume, various measuring techniques exist—from
measurements with a measuring tape and geodetic
measurements to remote sensing and photogrammetry.
A comparison of different measuring techniques on two
Slovenian glaciers (the Triglav and Skuta glaciers) and
two Austrian glaciers (the Gossnitzkees and Hornkees
glaciers) is made. A long-term glacial retreat trend is
presented for the Gossnitzkees, Hornkees, and Triglay
glaciers because these glaciers can be monitored
throughout the entire twentieth century by means of
archival data. Despite their different sizes, the annual
trend of glacial retreat was approximately the same in
the period between 1929 and 2006.
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1 INTRODUCTION

Klasifikacija prispevka po COBISS-u: 1.02
1ZVLECEK

V zadnjem stoletju in pol se globalne povprecne letne
temperature stalno dvigajo. Ena od vidnih posledic
tega je spreminjanje velikosti ledenikov. Za spremljanje
povrsinskih in prostorninskih sprememb ledenikov
obstajajo stevilne metode, od meritev z merskim
trakom, klasicnih geodetskih izmer do daljinskega
zaznavanja in fotogrametrije. Uporaba nekaterih
je predstavljena na dveh slovenskih (Triglavski
ledenik, Ledenik pod Skuto) in dveh avstrijskih
ledenikih (Gossnitzkees in Hornkees). Predstavijen
je tudi dolgorocen trend zmanjsevanja ledenikov
Gossnitzkees, Hornkees in Triglavskega ledenika,
ki ga na podlagi razlicnih arhivskih podatkov lahko
spremljamo Ze od zacetka 20. stoletja. Ceprav so
obravnavani ledeniki razlicno veliki, izkazujejo
primerljiv letni trend zmanjSevanja v obdobju med
letoma 1929 in 2006.

KLJUCNE BESEDE

mali alpski ledeniki, geodetska izmera,
fotogrametricna izmera, Avstrija, Slovenija

Alpine glaciers are an important part of hydrological and geomorphological natural heritage,

and they also represent a source of drinking water and are important tourist destinations (Zéngl

and Hamberger, 2004). They can be used to monitor short-term climate changes in the Alps,

and the study of their accumulation forms also reveals information about older environmental

changes (Kuhn, 1979; Haeberli et al., 2007).

Measuring glaciers usually involves measuring the retreat of the glacial terminus, the reduction in



the glacier’s area or volume, or the speed of its movement. In the Alps, where glaciers are found
in high-elevation areas, fieldwork is more difficult and so the first measurements were primarily
made by hand, using a tape measure and compass. As early as 1878 regular measurements
with a tape measure were made to measure the retreat of the terminus of the Pasterze Glacier
(Pasterze am GrofSglockner) in Austria, the longest glacier! in the Eastern Alps (Kienast and
Kaufman, 2004; Lieb, 2004). Regular measurements of small Slovenian glaciers (the Triglav
and Skuta glaciers) started being made with a tape measure in 1946 (Natek and Perko, 1999;
Gabrovec, 2002, 2008).

Soon the glaciers started being measured using standard geodetic means. For example, in 1928
the standard tachymetric geodetic method was used to measure five profiles of the Pasterze
Glacier. Reference points were set up on the northeastern part of the glacier, and at the opposite
end of the glacier the endpoint of the profile was marked with paint on the rock. Large stones
to aid measurement were placed between the reference point and the endpoint. Most of the
stones were able to be used in the following years for new measurements. Each profile was
measured using its own local coordinate system and so these data were not directly applicable
for studying the glacier’s reduction in volume. The data were not converted into a common
coordinate system until 1996, when the first measures of the reference points and endpoints of
the profiles were carried out using a global navigation satellite system (GNSS measurement)
(Kienast and Kaufman, 2004).

In the last few decades, alpine glaciers have mostly been measured using various remote sensing
methods: from terrestrial (obligue) and aerial photogrammetry to processing satellite images
and using terrestrial and aerial laser scanning data (Kienast and Kaufman, 2004; Avian and
Bauer, 2006; Bolch and Kamp, 2006; Haeberli et al., 2007; Kaufmann and Ladstadter, 2008a;
Kaufmann and Ladstadter, 2008b; Hagg et al., 2008; Knoll and Kerschner, 2009; Abermann et
al., 2009). Thus, for example, the retreat of the Pasterze Glacier from 1984 to 1990 has already
been determined with the aid of Landsat satellite images (Bayr et al., 1994).

Among the approximately 900 Austrian glaciers, we decided to compare the two Slovenian
glaciers to two of them that, like the Slovenian glaciers, have been subject to multiple decades
of continuous standard geodetic and photogrammetric measurements and have already been
monitored for a number of years by the coauthors of this paper. Emphasis is placed on presenting
the methods for measuring the glaciers, and there is also a brief presentation of local trends in
the retreat of small glaciers in the southeastern Alps.

2 SLOVENIAN GLACIERS

Slovenia has two small glaciers: the Triglav Glacier (Figures 1, 3, 4, 5, 6) and the Skuta Glacier
(Figures 2, 7, 8). In comparison to larger alpine glaciers, both glaciers are located at relatively
low elevations. The Triglav Glacier is located at an elevation between 2,400 to 2,500 m, and the
Skuta Glacier between 2,020 and 2,120 m. The Skuta Glacier is an example of a cirque glacier

"'In 1850 Pasterze was 11.4 km long, whereas in 2002 it was 8.4 km long and in the same time span its area had decreased from 2,650 ha to
1,850 ha (Avian and Bauer, 2006).
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in a distinctly shady area all year round that conserves it. Most of the glacier’s surface is covered
with debris. In contrast, the Triglav Glacier is in a sunny position. The size of the glacier at its
last maximum extent during the Little Ice Age around 1850 can be judged from the remnants
of moraines (Sifrer, 1963; Pavsek, 2007).

Today among the glacial features which can be found on the two glaciers is just glacial ice; the
other glacial features created by the movement of ice can no longer be seen on them. During the
interwar period, for example, the Triglav Glacier was still crisscrossed by many deep transverse
glacial crevasses testifying to the movement of ice (Figure 1). In the first years of systematic
measurement (measurements began in 1946) until around 1955 small crevasses running parallel
with the glacier’s movement could still be seen in the Triglav Glacier. The greatest crevasse
depth was 8.6 m in 1950 and did not reach to the bottom of the glacier. Meze (1955) described
these as very meager cracks, but from today’s perspective their depth is considerable. Individual
shallow longitudinal crevasses in the central part of the glacier were still observed in 1973,
especially where it later proved that the glacier was the thinnest and ice had moved across a
large bulge in the rock.

In the summers from 1954 to 1962 the Triglav Glacier also fed small glacial lakes. In 1954 most
of the lakes were several meters wide and long (4 to 10 m) with a depth of up to 90 cm. The
largest among them measured approximately 100 m? (Meze, 1955).

Figure 1: Transverse crevasses on the Triglav Glacier in 1924 (Kunaver, 1949) (photo: Josip Kunaver).

The Skuta Glacier also had crevasses. They were first mentioned in a report on a mountain
accident in 1913 (Figure 2); they were between 10 and 15 m deep. On the upper, steepest
part of the Skuta Glacier some transverse crevasses were still observed in 1973. According to



Figure 3: Ground markings (years) to help measure
the vertical retreat of the Triglav Glacier with a tape
measure (photo: Matija Zorn).

Figure 2: Transverse crevasse on the Skuta Glacier

in 1913 (Kunaver, 1913) (photo: Josip Kunaver).

measurements in 1961, the largest transverse crevasse was about 60 m long and had a maximum
depth of 7 m; in 1966 the same crevasse was only 28 m long and 5 m deep (Meze, 1955; Sifrer
and Kosir, 1976).

2.1 Measurement of the Triglav Glacier

Regular annual measurements of the Triglav Glacier started in 1946. They are carried out by the
Anton Melik Geographical Institute of Scientific Research Centre of the Slovenian Academy of
Sciences and Arts (Table 1). Initially annual measurements were taken manually at the end of
the melting period using a tape measure, rope, and compass. They measured the retreat of the
glacier or snow from the lines and points marked on the rock around the glacier. Initially they
measured the vertical retreat of the glacier from these marks, thus determining the thinning of
the glacier. When the glacier started thinning more rapidly and the lower part started to collapse,
they also drew lines on the rocks around the glacier showing how far the glacier had reached
in a particular year (Meze, 1955; Sifrer, 1963). Many of the marks are still visible (Figure 3).

During the first years, researchers also tried to measure the movement of the glacier, but without
success. In 1948 they placed two stones on the glacier whose positions were measured with a
tape measure from fixed points around the glacier. The following year they found the stones
again, but in dubious positions. They tried again in 1951, using four iron rods driven into the ice
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instead of stones. A month later they found only one of the iron rods in the snow. They added
three more rods, but the next year they found none of them (Meze, 1955).

The first geodetic measurement using a theodolite was made in 1952, and the next one was not
until 1995. In 1999 regular geodetic tachymetric measurements of the glacier and the control
points around the glacier began for the needs of photogrammetric measurement of the glacier
every two years (carried out by associates of the Geodetic Institute of Slovenia). In 2001 and
2005 to the tachymetric measurements the GNSS measurements were added. In 1999, 2001,
and 2003 manual aerial photography of a small portion of the glacier from a helicopter and
terrestrial photogrammetry using a Rolleiflex 6006 metric camera were carried out. In 2005
standard aerial photogrammetry of the broader area around the glacier was also carried out using
a large-format Leica RC 30 photogrammetric camera. After 2007, tachymetric measurement
with supplementary terrestrial photogrammetry using a Rolleiflex 6006 camera was carried out
every year on the glacier. The results of the geodetic and photogrammetric measurements are
presented at a scale of 1:1,000 (Triglav Cekada and Gabrovec, 2008; Triglav Cekada, 2012).

In 1976 the glacier started being photographed regularly (approximately once a month) with a
panoramic non-metric Horizont camera (Triglav et al., 2000) from two fixed reference points
in the vicinity of the Triglav Mountain Hut on Kredarica (7riglavski dom na Kredarici). The
reference points were stabilized with iron rods, the ends of which have a flat camera holder.
The camera was calibrated in a test field at the Vienna University of Technology in 1999. The
calibration data are necessary for resampling photos in the central projection. The selection of
resampled photos showing the glacier at the end of the melting period was processed with the
help of an interactive method of orientation of detailed digital terrain model on an individual
photo. The digital terrain model used, with a 2 m x 2 m grid cell size, was created with the help
of photogrammetric acquisition based on special aerophotogrammetric imaging of the glacier
in 2005. The results of the acquisition were three-dimensional edges of the glacier, which are
used for calculating the glacier’s area and volume (Triglav Cekada et al., 2011; Triglav Cekada
and Gabrovec, 2012).

Glacier data are also obtained from stereo pairs from the Cyclic Aerial Survey of Slovenia
(CAS) produced using a large-format metric aerial aerophotogrammetric imaging; photography
has been carried out by the Surveying and Mapping Authority of the Republic of Slovenia since
the 1970s. The usual scale of the photography is 1:17,500. Because the glacier is not always
photographed at the end of the melting period, the photos are only partially useful for studying
the glacier (e.g., only the stereo pairs for 1975, 1992, 1994, and 1998). The extent and area of
the glacier were photogrammetrically acquired only using stereo pairs for 1975 and 1992. Both
stereo pairs were absolutely oriented in the national coordinate system using a Gauss-Kriiger
projection based on control points measured from the CAS 2003 stereo pair. In the 1975 stereo
pair the glacier is heavily shaded by Triglav, what hinders the stereo acquisition greatly (Triglav
and Gabrovec, 2008).

The contour lines of the glacier were vectorized from the 1:25,000 national topographic map of 1937.

The thickness of the glacier was measured in 1999 and 2000 using ground-penetrating radar



measurements. The greatest thickness of the glacier was 9.5 m in its central part, and the thickness
did not exceed 3 m on the sides. Based on these measurements, the volume of the glacier was
estimated at around 35,000 m? (Verbi¢ and Gabrovec, 2002).

Many archival non-metric photos made with various cameras from various reference camera
stations and at various times of year are still awaiting processing. Regular photographing of the
glacier from nearly fixed camera stations was already anticipated by Meze (1955) because in 1954
he marked two places near the glacier from which the glacier terminus could be photographed
every year. Sifrer (1963) also reports on several fixed camera stations for photography?, of which
one—Mount Begunjski vrh—is still being used every year for standard photography of the Triglav
Glacier using various cameras (Figure 4).

One of the first photos of the Triglav Glacier, which is also still waiting to be processed, is the
photo of the Dezman Mountain Hut (Deschmann-Haus) taken between 1887 and 1889 (Figure 5).
Today the Valentin Stani¢ Mountain Hut (Dom Valentina Stanica) stands at this site (2,332 m).

The retreat of the Triglav Glacier between 1952 and 2006 is shown in Figure 6.

Figure 4: The Triglav Glacier seen from Mount Begunjski vrh. Left: 1986 (photo: DuSan KosSir); right: 2006
(photo: Miha Pavsek).

Figure 5: Left: the Dezman Mountain Hut (Deschmann-Haus) with the Triglav Glacier in the background,
photographed in 1887-1889 (photo: Benedikt Lergetporer). Right: the Valentin Stani¢ Mountain Hut (Dom
Valentina Stani¢a) with the Triglav Glacier in the background in 2009 (photo: Primoz Gasperic).

2 Anticipated points for regular photography: a point near the cumulative precipitation gauge at the east end of the glacier, Mount Glava (2,426
m), the wall below the Triglav Mountain Hut on Kredarica (2,516 m), a point on the route from Kredarica to the peak of Triglav approximately
at the point where the route starts rising steeply. The last two camera stations were later selected for placement of iron rods that still serve as
fixed camera stations for the Horizont camera.
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Figure 6: Reduction in area of the Triglav Glacier between 1952 and 2003 (Table 1).

2.2 Measurement of the Skuta Glacier

Measurements of the Skuta Glacier also began in 1946. The same methods were used with
marking measuring points and using a tape measure and compass. The measuring points marked
the height that the glacier reached in a particular year. Researchers measured how much the
glacier had retreated vertically from the measuring points. In the first years of measurements the
glacier primarily grew thinner and did not decrease in area so much. Thus they often measured
the glacier’s annual reduction in height by a few meters, and in recent decades by 1 to 1.5 m
per year (Meze, 1955; Sifrer and Kosir, 1976; Pavsek, 2007).

Attempts were also made in 1946, 1948, 1949, and 1951 to measure movement of the Skuta
Glacier with the help of 2 m iron rods that were driven into the ice each year. Out of all the
attempts, in 1953 they succeeded in finding only one iron rod on the glacier’s surface, from
which it could only be concluded that the 1.7 m of snow that the iron rod had originally been
driven into had melted in the meantime. Because the measurements with the tape measure or



estimates of where the iron rod had first been driven into the snow were too imprecise, it was
impossible to determine the movement of the glacier (Meze, 1955).

In 1997 the Skuta Glacier was geodetically measured for the first time using the tachymetric
method. The next geodetic measurements were made in 2003. Since 2007, the glacier has been
geodetically measured every year. The geodetic measurements are carried out by the Karst
Research Institute of Scientific Research Centre of the Slovenian Academy of Sciences and Arts.

Reduction in the volume of the Skuta Glacier is more apparent than reduction in its area (Table
1). When measurements started in 1946, the surface of the glacier was dozens of meters higher
than it is today; this can be estimated using old measuring points that marked the edge of the
glacier. Years ago these measurement points could be reached by hand; today they are 40 to
60 m higher on the walls of the cirque (Figure 7). In 2006 the thickness of the glacier was also
measured in two longitudinal profiles of the glacier with the help of a steam drill. The average
thickness of the glacier was 7 m, and the greatest thickness was about 12 m. Using the longitudinal
profiles and transverse width of the glacier, its volume was estimated to be 80,000 m?* in 2006
(Pavsek, 2007).

Figure 7: Miha PavSek measures the vertical distance between an old measuring point from 1990 and the
surface of the glacier in 1994. The surface of the glacier is below the lower frame of the photo (photo: Katja
Kadis).

Milkael gl Cekadly, Matja Zom, Viktor Kautinam, Gerard Kard Lieh - MEASUREMENTS OF SMALL ALPINE GLACIERS: EXAMPLES FROM SLOVENA AND ALISTRA

Geodetski vestnik 56/3 (2012)

B~
=N}

9



1Z ZNANOSTI IN STROKE

Ifigure 8: The Skuta Glacier photographed from a reference point by “a larch”. Left: in 1982 (photo: Milan
Sifrer), right: in 2008 (photo: Miha Pavsek).

Because the hiking routes around the Skuta Glacier are not as trafficked by hikers as those
to Triglav, less historical photographic material is available from this area. The first (known)
photos of the Skuta Glacier are the photos of the 1913 accident mentioned above (Figure 2;
Meze 1955). Annual photos of the glacier using various non-metric cameras from two fixed
reference points started being made in 1962 alongside regular measurements of the glacier
at the end of the melting season (Sifrer and Kosir, 1976). Approximate positions of the fixed
points for the photos: the first is the lower edge of the Ledine Cirque and the second next to “a
larch” at the fork in the trail to the Savinjsko sedlo and Rinke (Figure 8). This material is still
waiting to be processed.
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Area (ha)
Year Triglav Measurement Skuta Measurement
Glacier Glacier
End of 19th c. > 40 estimate
1900 30 estimate
1937 27 topographic map
1946 144 tape measure 2.5-3 tape measure
1948 16.0 tape measure
1950 12.7 tape measure 2.8 tape measure
1952 12.6 geodetic measure
1959 10.9 tape measure
1964 10.3 tape measure
1973 11.9 tape measure
1982 10.9 Horizont camera
1989 6.8 Horizont camera 11 tape measure
1992 4.0 Horizont camera
1995 3.0 geodetic measure
1997 2.9 Horizont camera 1.5 geodetic measure
1999 1.1 geodetic measure
2003 0.7 geodetic measure 0.7 geodetic measure
2007 0.6 geodetic measure 11 geodetic measure

Table 1: Decrease in the area of the Triglav and Skuta glaciers and measurement methods. The table shows
the values for the years in which the glaciers were not completely covered by snow from the previous winter.
After 2007 both glaciers were regularly covered with snow during the measurement time. When Horizont
camera is listed in the table as a measuring technique the area of the glacier was estimated based on
archival Horizont photos.

3 AUSTRIAN GLACIERS

Approximately one hundred Austrian glaciers are measured each year by members of the
Austrian Alpine Society (Osterreichischer Alpenverein) using simple measuring methods. They
measure the retreat of the glacier with a tape measure every year from points marked in front
of the glacier’s terminus (Kaufmann and Ladstadter, 2004). Measurements started being made
in 1891 (Finsterwalder et al., 1891). Today the measurements are made by various societies or
individuals, and the data are collected by Andrea Fischer of Innsbruck, who also publishes an
overall summary of the measurements every year in Bergauf, the journal of the Austrian Alpine
Society (e.g., Fischer, 2012), and the data are also forwarded to the World Glacier Monitoring
Service in Zirich. Tachymetric measurements of changes in glacial thickness/area, speed of
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movement of the ice, and changes in ice density (for studying the annual mass balance of the
glacier) are carried out for only a few glaciers in Austria. They monitor the following glaciers
for this purpose: the Pasterze, Goldbergkees, Kleinfleisskees, Stubacher Sonnblickkees, and
Wurtenkees glaciers in the eastern part of the Austrian Alps, and the Jamtalferner, Hintereisferner,
Kessselwandferner, and Vernagtferner glaciers in the west. The findings are published in annual
reports (e.g., Zemp et al., 2011). Data on the annual mass balance of these glaciers are contributed
to the Global Terrestrial Network for Glaciers (GTN-G; http://www.gtn-g.org/).

Because other measurements mostly do not provide information about changes in the area and
decrease in thickness of the glaciers, two glacier inventories have been carried out in Austria; the
first in 1969 (Patzelt, 1980) and the second in 1998 (Lambrecht and Kuhn, 2007). Inventories
were made with the help of photogrammetric stereo-acquisition and semi-automatic production of
digital terrain models. As part of the first inventory, the area of Austrian glaciers was determined
for the time of their greatest extent in the period between 1850 and 1920 (Gross, 1987). Some
of the findings are presented in Table 2.

Year Number of Total area of Total volume
glaciers glaciers (km?) of glaciers
(km?)
1850 |/ 946 /
1920 / 759 /
1969 | 925 567 22.8
1998 ~900 471 17.7

Table 2: Number, total area, and estimated volume of Austrian glaciers (Gross, 1987; Lambrecht and Kuhn,
2007).

In addition to general measurements used to monitor overall ice cover in Austria, individual
institutions are also carrying out many studies (including geodetic ones) on individual glaciers
for detailed examination of changes in the glaciers. Below we present the measurements for two
glaciers that are carried out by the Institute of Geography and Regional Studies at the University
of Graz and the Institute of Remote Sensing and Photogrammetry at the Graz University of
Technology.

3.1 Measurement of the Gossnitzkees and Hornkees glaciers

The neighboring Gossnitzkees and Hornkees cirque glaciers are part of the Schober mountain
group (Schobergruppe) in the High Tauern range (Hohe Tauern). Similar to the Slovenian glaciers,
they are located at relatively low elevations and have a small accumulation area. In contrast to
the Triglav and Skuta glaciers, however, they are much larger because in 2006 they measured
58.9 and 30.6 ha. Another reason we used them as a comparison for the Slovenian glaciers is
because their size has been calculated in a similar way from various sources all the way back
to 1873, and the measurement methods are well documented. Because the glaciers are located



in an area that is not too heavily trafficked by hikers, the probability of old photos existing is
also small here. One of the oldest photos is presented in Figure 9, and Figure 10 shows a more
recent comparable combined view of the glaciers.

1Z ZNANOSTI IN STROKE

Figure 9: Terrestrial photo of the GGssnitzkees and Hornkees glaciers from 1863, taken from a camera
station near Mount Grossglockner facing the southeast (photo: Gustav Jdgermayer ©Albertina, Vienna,
http.//www.albertina.at/).

Figure 10: Terrestrial photo of the Géssnitzkees and Hornkees glaciers taken in the summer of 1997 from
Mount Roter Knopf (photo: Gerhard Karl Lieb).
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There are over thirty peaks exceeding 3,000 m in the Schober mountain group in the High
Tauern range; the highest is Mount Petzek (3,283 m). In 1969 the Schober mountain group
had twenty-nine small glaciers with an average area of 18 ha’. The G6ssnitzkees and Hornkees
glaciers are the largest glaciers in this mountain group. The Gossnitzkees Glacier is distinguished
by nearly two-thirds of its surface being covered by debris. The neighboring Hornkees Glacier
is less debris-covered, mostly only on its margins. However, its elevation distribution is more
favorable for the long-term existence of the glacier because the majority of it lies slightly higher
than the neighboring Gossnitzkees Glacier. The lowest part of the Gossnitzkees Glacier was at
an elevation of 2,465 m in 1850, and in 1997 was at 2,515 m; the highest part of the glacier is
at 3,000 m. The lowest part of the Hornkees Glacier was at 2,406 m in 1850 and at 2,600 m in
1996. The Gossnitzkees Glacier also has a glacial lake that is fed by the glacier in the summer
months. In contrast to the small glacial lakes of the Triglav Glacier from the 1960s, in 2006
the Gossnitzkees glacial lake measured 0.7 ha (Kaufmann and Lieb, 2002; Kaufmann and
Ladstédter, 2008a.)

The size of the Gossnitzkees and Hornkees glaciers in 1873 and 1929 was vectorized from old
topographic maps. The size from 1873 is dubious because the glaciers on that map were poorly
represented. The first topographic map on which the glacial contour lines were well represented
was from 1929 (Kaufmann and Ladstddter, 2008a).

Figure 11: The second measurement of GOssnitzkees glacial retreat with a tape measure in 1983, made
from the reference point stabilized in 1982. Viktor Kaufmann is standing on the edge of the glacier, which
is covered by large amounts of debris, Gerhard Karl Lieb is reading the distance on the tape measure, and
Bettina Hofer is writing in the measurement log (photo: Elmar Joura).

* At that time, the Triglav Glacier also measured approximately 15 ha.



The first measurements of the Gossnitzkees Glacier were made by Lieb and Kaufmann in 1982.
First they used a tape measure to measure the retreat of the glacier’s terminus from two fixed
measuring points that were marked with durable paint on firm rock in 1982 (Figure 11). The
coordinates of the points were calculated in a local coordinate system with trilateration. A year
later they also measured the neighboring Hornkees Glacier. Since then both glaciers have been
measured every year by associates from the Institute of Geography and Regional Studies at
the University of Graz and the Institute of Remote Sensing and Photogrammetry at the Graz
University of Technology. In 1996 the former Institute of Geodesy at the University of Graz
chose the Gossnitzkees Glacier as a test area for their alpine studies (Kaufmann, 2012).

Figure 12: Terrestrial view of the central part of the GGssnitzkees Glacier. Left: a photo from 7 September
1988 taken with a Zeiss TAL photo-theodolite (photo: Robert Kostka and Viktor Kaufmann). Right: a photo
from 20 August 2010 taken with a Nikon D300 digital camera. The photo at right also shows the glacial lake.
The photos were taken from the same reference camera station (photo: Viktor Kaufmann).

Before 1954 there were no metric terrestrial or aerial photos of both glaciers made, and so
the size of the glacier for 1850 was defined based on field studies of the glacier’s terminal and
lateral moraines. The greatest extent of the glaciers can also be seen based on glacial moraines
visible in recent aerial photos. The state of the glaciers in 1954, 1969, 1974, 1983, 1992, 1997,
2002, and 2006 was measured based on aerial photogrammetry (the photos are archived at the
Austrian Federal Office of Metrology and Surveying -Bundesamt fiir Eich- und Vermessungswesen).
Additional aerial photogrammetry was carried out in 1997 and 1998. Most of the photos were
taken in September, which usually represents the end of the glacial melting period. Exceptions
include 1969 (taken in October), 1983 (taken in July), and 1998 (taken at the end of August).
Photogrammetric acquisition of all of the aerial photos from various sources was made using
the joint coordinate system of the Austrian Gauss-Kriiger cartographic projection at a scale of
1:5,000. Contour lines, break lines, ridges, watersheds, elevation points, edges of snowfields and
glaciers, and other topographic content was analyzed. In places it was difficult to delimit the
glaciers because they ware partially covered with debris. Stereo acquisition was also impeded in
places where the glacier was brightly lit by sun or was in deep shade (Kaufmann and Ladstédter,
2002; Kaufmann and Ladstadter, 2008a).

Terrestrial photos have also been taken on part of the GOssnitzkees Glacier since 1988. The
glacier is measured at its longest and thickest profile in its central part, where the thinning of
the glacier is measured using photogrammetry. Terrestrial photogrammetry was carried out in
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1988, 1997, 2003, 2004, 2005, 2006 and 2007. In the first year standard photos were taken from
two stabilized reference points, and in the following years these were joined by two additional
stabilized reference points. The reference points were stabilized with screws. The reference points
were selected such that the test section of the glacier could be seen in only one stereo pair (Figure
12). In those years they used various metric and non-metric (retroactively calibrated) cameras.
In 1988 they used a Zeiss TAL photo-theodolite with a glass plate measuring 6 cm x 6 cm, in
1997 and 2003 a medium-format Rollemetric 6006 metric camera, in 2004, 2005, and 2006
a small-formal non-metric Nikon D100 digital camera, in 2006 also a high-quality non-metric
Hasselblad H2D-39 digital camera, and in 2007 a non-metric Nikon D80 digital camera. The
non-metric cameras were set to infinity during use and calibration. They were calibrated with
the help of calibration targets included in the Photomodeler program. The first seven natural
features that were included as control points were already measured in a local coordinate system
using a photo-theodolite in 1988. It was later determined that these points were not sufficiently
precisely defined for the desired precision of photogrammetric acquisition, and so in 2003 ten
new natural features were tachymetrically measured and these were taken as control points for
absolute orientation in the national coordinate system. Based on the absolutely oriented stereo
pair from 2003, they measured an additional fifty-five photogrammetric control points. Thus
there are altogether sixty-five control points available for the absolute orientation of stereo pairs
(Kaufmann in Ladstéddter, 2004; Kaufmann and Ladstddter, 2008b).

Figure 13: Reduction in area of the Gdssnitzkees and Hornkees glaciers (Table 3).



The lower part of the Gossnitzkees Glacier has also been tachymetrically measured every
year since 1996. They measure the retreat of the glacier’s terminus, the rim of the glacial lake,
the movement of the glacier from ten stabilized points, and two profiles of the glacier up to
an elevation of 2,570 m. Above this elevation the glacier is too steep for setting up geodetic
reflectors for measuring distances every year. Based on the measurements, the speed of the glacial
movement has been determined to be between 0.2 and 0.5 m per year (Kienast and Kaufmann,
2004; Kaufmann and Ladstadter, 2004).

The area of the glaciers between 1873 and 2006 are presented in Figure 13, and Table 3 also
presents the measurement methods.

Area (ha)
Year | GoBnitzkees | Hornkees | Measurement

Glacier Glacier
1873 146.1 84.4 topographic map
1929 132.3 70.5 topographic map
1954 97.3 43.9 aerial photo stereo-acquisition
1969 93.3 42.2 aerial photo stereo-acquisition
1974 89.9 41.7 aerial photo stereo-acquisition
1983 90.1 41.3 aerial photo stereo-acquisition
1992 78.3 aerial photo stereo-acquisition
1997 75.7 36.1 aerial photo stereo-acquisition
2002 63.3 33.0 aerial photo stereo-acquisition
2006 58.8 30.6 aerial photo stereo-acquisition

Table 3: Reduction in area of the Gdssnitzkees and Hornkees glaciers and measurement methods.

4 CONCLUSION

Comparable measurement techniques are being used on the glaciers presented; however, due to
the size differences between the Austrian and Slovenian glaciers a direct comparison is not the
most appropriate, despite the fact that certain trends are visible (Table 4). As shown in Tables
1 and 2, the measures for the Gossnitzkees and Hornkees glaciers at their smallest size in 2006
were 58.9 ha and 30.6 ha, respectively. The smallest measured area for the Triglav Glacier was
0.6 ha in 2007, and for the Skuta Glacier 0.7 ha in 2003.

Table 3 compares the reduction in size of the Triglav Glacier versus the Gossnitzkees and
Hornkees glaciers. Their accelerated reduction is apparent from the 1930s to the 1950s, when
they lost an average of a hectare per year. From the middle of the century until the 1980s, the
glacier retreat stagnated in all three glaciers, which mostly lost about 0.1 ha per year. After
1983 the glacier loss of area accelerated again. The last two periods are not directly comparable
because of the small area of the Triglav Glacier (about 1 ha).
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Annual glacial fluctuation (ha/year)
Period Gossnitzkees | Hornkees Glacier | Period Triglav
Glacier Glacier
1873/1929 -0.25 —-0.25
1929/1954 -1.40 —1.06 1937/1954 | —0.80
1954/1969 —-0.27 -0.11 1954/1967 | —0.10
1969/1974 -0.67 -0.10 1967/1973 | 0.00
1974/1983 +0.03 -0.05 1973/1983 | —0.18
1983/1992 -1.32 —0.37 (1983/1997) | 1983/1992 | —0.64
1992/1997 -0.52 1992/1997 | —0.28
1997/2002 —2.46 -0.62 1997/2003 | —0.37
2002/2006 -1.12 -0.60 2003/2007 | —0.03

Table 4: Annual fluctuation in the area of the GOssnitzkees, Hornkees, and Triglav glaciers. The annual value
is calculated by dividing the difference in area by the number of years in the given period.

The alpine glaciers share the fact that in recent centuries they reached their greatest size in the
mid-nineteenth century (Zangl and Hamberger, 2004), during one of the peaks of the Little
Ice Age (Fagan, 2000). In 1870 Alpine glaciers covered around 4,400 km? (just over 2 % of
the Alps) and their volume was about 200 km?. By the 1970s their total volume had decreased
to 140 km?, and by the beginning of the twenty-first century they had lost another one-third
of their volume (around 90 km?). Thus in just over a century and a half the volume of alpine
glaciers decreased by over half, and the area by approximately one-third (Haeberli et al., 2007;
Haeberli and Beniston, 1998; Funk-Salami, 2004; Zangl and Hamberger, 2004; Barry, 2006).
These changes are connected with various climate changes (Kerschner, 2002). For the Triglav
Glacier area it has been determined that today, in comparison with past periods, the spring
snow cover is thinner, the summer temperatures are higher, and there is more insolation during
the melting season (Dolinar, 2010). Among climate changes, attention is most often drawn to
higher average annual temperatures. At the Triglav Glacier the average summer temperature
in the mid-nineteenth century was below 5°C, and in 2010 it was around 6.5°C. According to
predictions, the trend of rising temperatures will continue, and by the end of the twenty-first
century the average annual temperature in the Alps is expected to have risen by 1.4 to 5.6°C
(Maisch, 2004). Based on these scenarios, alpine glaciers face a similar fate as before the Little
Ice Age. In the short term it is small alpine glaciers that are most threatened, especially those
at relatively low elevations (e.g., the two Slovenian glaciers), as well as small glaciers at similar
elevations but at lower latitudes; for example, in Albania (Hughes, 2010), Montenegro (Djurovi¢,
2012), or Bulgaria (Grunewald and Scheithauer, 2010), to mention only the Balkans.

In the case of the two Slovenian glaciers and the two Austrian glaciers, it can be seen that, in



addition to geodetic and photogrammetric methods of measurement for studying glaciers, in
many cases approximate measurement with a tape measure is still being used. The set of various
measurements in various time periods can indicate a detailed long-term trend of glacial retreat.
Today, however, aerial laser scanning is also increasingly being used to monitor glaciers, which
offers a more detailed impression of the surface of the glacier itself (e.g., Abermann et al., 2009).
Such measurements will also be made on the Slovenian glaciers in 2012.
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