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Österreichische Forschungsförderungsgesellschaft.
Special thanks go to the Institute of Meteorology and Geophysics at the
University of Innsbruck (Austria), particularly to Dr. Andrea Fischer for the
mass balance reference data.
Furthermore, I would like to say thank
members, who introduced me to the
supported me during data preparation
Sailer, Andreas Jochem, Michael Vetter,
Martin Rutzinger.

you to the “Monday’s Laser Group”
airborne laser scanning technology and
and analyses: Patrick Fritzmann, Rudi
Christian Georges, Volker Wichmann and

Preparing a Master Thesis in the office would not be fun without having the right
colleagues, but I luckily had them and would like to say thanks to you for the good
time: Patrick Fritzmann, Christin Haida, Oliver Sass, Rudi Sailer, Max Spross and
Lorenzo Rieg.
Another big thank you goes to my proofreaders Vroni Ebe and Patrick Fritzmann
for the fast and conscientious proofreading and constructive criticsm.

iv

A huge thank you goes to all my friends who supported me actively during my
studies at the university, and inactively by giving me a great time outside of the
university - You made that all a great time !
Thanks a lot to Kjersti for the constructive criticism, good discussions and the overall support during the preparation of my master thesis - simply for being at my side.
Last but not least my parents and family: During the preparation of my master
thesis, my whole studies at university, and far beyond you supported me in any
manner - Thank you so much !

v

vi

vii

Abstract
In this study the total net mass balance of Hintereisferner is calculated by applying
the geodetic method on regular raster digital elevation models (DEMs) with 1 m
spatial resolution derived from airborne laser scanning (ALS) point data. The total
geodetic net mass balance is determined on an interannual time-scale as well as over
the whole investigation period from 2001 - 2008. Results are compared to values
from the direct glaciological method.
The height accuracy of the input DEMs was determined in a first step to evaluate
their influence on the geodetic mass balance. The DEMs showed an error range
between 9 cm and 12 cm depending on the surface roughness and slope angles of
the glacier. On an interannual time-scale, the calculated total geodetic net mass
balance (glacier-ice density (0.9 gcm−3 )) resulted in negative values for all mass balance years within the investigation period. This corresponds with results from the
direct glaciological method. However, the magnitude of mass losses calculated by
the two methods differed within a range from -37.6 % to +82.1 %. Smallest deviations were found to be 13.6 %. Regarding the cumulative total net mass balance,
a general trend of declining deviations between the two methods from initially 60.2
% to 27.8 % was found. This general trend is interrupted by two glaciological years
where mean glacier surface elevation lowerings were biggest. Density studies revealed, that particularly on interannual-time scales a glacier-ice density assumption
for the conversion of volume changes to mass changes can be erroneous. The results furthermore suggest, that the direct glaciological method might be confronted
with problems to determine mass changes in the accumulation area for years with
extraordinary high ablation rates. A change detection study based on a multitemporal glacier surface classification showed the potential of ALS intensity values
to improve the interannual results of the geodetic method by providing information
for better density assumptions.
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Zusammenfassung
In dieser Arbeit wird die Gesamtmassenbilanz des Hintereisferners unter Verwendung der geodätischen Methode bestimmt.
Als Inputdaten dienen aus
flugzeuggestützen Laserscanningdaten abgeleitete digitale Geländemodell mit einer
räumlichen Auflösung von 1 m. Die geodätische Gesamtmassenbilanz wird sowohl
auf Jahresbasis, als auch kumulativ über den gesamten Untersuchungszeitraum von
2001 - 2008 bestimmt. Die Ergebnisse werden mit den Massenbilanzwerten der
direkten glaziologischen Methode verglichen und diskutiert.
Um den Einfluss der digitalen Geländemodelle auf die geodätische Massenbilanz zu
bestimmen, wurde zunächst deren Höhengenauigkeit ermittelt. In Abhängigkeit von
der Oberflächenrauhigkeit und Hangneigung des Gletschers liegt die Fehlerspanne
zwischen 9 cm und 12 cm. Auf Jahresbasis ergab die geodätische Gesamtmassenbilanz (Gletschereisdichte (0.9 gcm−3 )) negative Werte für alle Massenbilanzjahre
des Untersuchungszeitraums. Dies stimmt mit den Ergebnissen der direkten
glaziologischen Methode überein. Es wurden allerdings große Abweichungen
zwischen den Ergebnissen der beiden Methoden erkannt, welche in einem Bereich
zwischen -37,6% und 82,1 % liegen. Die kleinsten Abweichungen betrugen 13,6
%. Hinsichtlich der kumulativen Gesamtmassenbilanz wurde ein Tendenz von
zunehmend kleineren Abweichungen zwischen den beiden Methoden von 60,2 % auf
27,8 % erkannt. Die Tendenz wird von zwei glaziologischen Jahren unterbrochen.
Es handelt sich um die beiden Jahre, für die die mittlere Höhenabnahmen der
Gletscheroberfläche am größten waren. Dichtestudien zeigten, dass besonders auf
Jahresbasis die Annahme von Gletschereisdichte zur Berechnung der geodätischen
Massenänderung fehlerhaft sein kann. Des Weiteren deuten die Ergebnisse darauf
hin, dass die direkte glaziologische Methode im Akkumulationsgebiet fehleranfällig
ist, besonders dann, wenn außerordentlich große Ablation stattfindet. Eine auf einer
multitemporalen Gletscheroberflächenklassifikation basierende Change Detection
Studie zeigte das Potential von ALS Intensitätswerten zur Verbesserung der Ergebnisse der geodätischen Methode auf Jahresbasis, da sie zusätzliche Informationen
über anzunehmenden Dichtewerte liefert.
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Chapter 1
Introduction
In the context of global change studies alpine glaciers are considered to be sensitive
and valuable indicators for changes in regional climate (Oerlemans 1994). Over the
last years glaciers have come to the focus of scientific as well as public awareness
again, not at least triggered by the extraordinary hot summer of 2003, which caused
the most significant annual mass losses in the records of many alpine glaciers in the
European Alps (Fink et al. 2004, Schär et al. 2004). Furthermore, the monitoring
of glacier behaviour is important for many fields of applications, such as tourism
(e.g. glacier ski resorts), agriculture (need of water for irrigation), hydropower
production and natural hazards forecasting.
The mass balance of a glacier is an important indicator for glacier monitoring
as it reacts fast to climate (temperature and precipitation) changes. Glacier
length changes also play an important role in glacier monitoring. However,
length changes show an adjustment to changed climate conditions and mass
balance rates with a time delay of a few years to centuries, depending on topographic and dynamic characteristics of the glacier (Lemke et al. 2007, WGMS 2008).
The traditional methods of in-situ measurements for mass balance calculations
allow for limited spatial coverage of point measurements and are both labour and
time intensive. However, up to now the direct glaciological method is considered
to be the most accurate method to determine the mass balance of a mountain
glacier (Kaser et al. 2003). Recent developments in satellite and airborne remote
sensing methods showed the potential for accurate measurements and observations
in glaciated areas. Hence, the application of various remote sensing techniques
for glacier monitoring have been explored and remote sensing has become a very
valuable tool for documenting the fast response of glaciers to the changing climate
(Bamber and Rivera 2007, Kääb et al. 2007).
Airborne laser scanning is a remote sensing technology for the acquisition of
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topographic information with high accuracy and high spatial resolution. To date,
airborne laser scanning for glaciological studies has been widely and successfully
applied in various glaciated regions (see Section 4.2).
At Hintereisferner, Ötztal Alps, Austria, first airborne laser scanning data acquisition campaigns were carried out in 2001 and up to now a world-wide unique
data-set of 18 airborne laser scanning flight campaigns is available. The potential of
this multitemporal data set for the detection and quantification of surface elevation
and volume changes of Hintereisferner has already been shown (Geist 2005, Geist
et al. 2003, Geist and Stötter 2007).

1.1

Research goals

On time spans of about one decade and longer it has been shown, that results
on the net mass balance of Hintereisferner determined by the geodetic method is
in very good accordance with the sum of the yearly net mass balances derived
from the direct glaciological method. Over the time period from 1953 to 1962 the
geodetic method resulted in a net ablation of Hintereisferner 5% greater than direct
glaciological method (Kuhn et al. 1999). For the period from 1953 to 1964 the
deviation of the net balance values detemined by the two methods is even smaller:
again, the geodetic method showed a net ablation of Hintereisferner which is 3%
greater than the one from the direct glaciological method (Kuhn et al. 1999, Lang
and Patzelt 1971). Regarding the mean specific mass balance, Kuhn et al. (2009)
showed for the period between 1969 and 1997 that values on the mean specific mass
balance calculated by the geodetic method were only 0,2% more negative than
those derived from the direct glaciological method. Thus, for time spans bigger
than one decade, the two methods seem to result in more or less equal values for
the net mass balance of Hintereisferner.
The available data-set of 18 airborne laser scanning flight campaigns allows
the calculation of the mass balance of Hintereisferner on time spans less than one
decade and even on an interannual basis, which has not been done before.
Therefore the main objectives of this study are:
1. Quantify the height accuracy of the airborne laserscanning data and derivated
digital elevation models
2. Determine spatio-temporal glacier surface elevation changes
3. Calculate the total net mass balance of Hintereisferner on an interannual time

1.2 Thesis outline
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scale using the geodetic method and evaluate it with results from the direct
glaciological method
4. Calculate the cumulative total net mass balance of Hintereisferner using the
geodetic method and evaluate it with results from the direct glaciological
method
5. Investigate the influence of denstiy assumptions on the net mass balance of
Hintereisferner

1.2

Thesis outline

The main body of this Master Thesis is devided into seven Chapters.
Chapter 1 is the introduction. Chapter 2 introduces the reader to the study
area of the Hintereisferner region. Chapter 3 discusses the mass balance of alpine
glaciers and components influencing the mass balance. Furthermore, the two relevant methods used in this study, the direct glaciological and the geodetic method
will be described in detail, with their advantages, disadvantages and accuracy. In
Chapter 4 the reader will be introduced to the principles of airborne laser scanning
(ALS) and an extensive state-of-the-art literature review on the application of ALS
for glaciological questions is provided. Chapter 5 deals with the ALS data used in
this study: data acquisition and data management will be presented. In addition,
an ALS data quality check and accurcay determination is performed. In Chapter 6 the calculation and the results of glacier surface elevation changes as well as
the determination of the glacier mass balance is provided and discussion. Finally,
a conclusion on the main results of this study and an outlook will be provided in
Chapter 7.

1.3

ALS-X Project

This Master Thesis was embedded in the ALS-X Project and supported by the
project partners. The main objective of the project is the glaciological and snow
hydrological analysis and evaluation of time synchronous airborne laser scanning
data and TerraSAR-X satellite data. Therefor, four laser scanning data acquisition
campaigns were carried out at Hintereisferner and Kesselwandferner (Tyrol) on the
relevant glaciological dates. From this data, high resolution digital elevation models
(DEM’s) and surface classification maps were calculated, compared and evaluated
with relevant TerraSAR-X data products. In-situ data from field campaigns during
the earth observation data acquisition were used to validate the results. Furthermore, concepts for an efficient monitoring strategy with integrated airborne and
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satellite earth observation data were developed, with particular consideration of
end-user requirements (glacier ski resorts, power authorities).
Project Partners were the Institute of Geography at the University of Innsbruck
(Lead Partner), the Institute of Meteorology and Geophysics at the University of
Innsbruck (Austria), the Institute of Geography at the University of Tübingen (Germany) and the alpS-Center for Natural Hazard and Risk Management (Innsbruck,
Tyrol).

Chapter 2
Study area
This chapter gives an introduction to the study area. It contains descriptive information on the location of Hintereisferner within the Alps, on topographic characteristics of the glacier and its hydrologic catchment and on the LiDAR data acquisition
area. Furthermore some climatological information and a short summary of historic
research activity at Hintereisferner are provided.

2.1

Location and topographic aspects

Hintereisferner is a typical mid-size alpine valley glacier located in the catchment
area of the upper Rofen Valley, Ötztal Alps, Austria (Kuhn et al. 1999, Geist and
Stötter 2007). With its location at 46◦ 48’N and 10◦ 47’E, the glacier is situated
right at the main ridge of the Eastern Alps. At this point, the Alps expand for
about 300 km in north-south direction.
Surrounding mountain ranges
The Ötztal Alps are surrounded by several high elevation mountain ranges. South
of the study area, the Ortler-Group (Ortler peak at 3.899 m a.s.l.) and the
Adamello-Group with its highest peak Adamello at 3.554 m a.s.l. are situated.
Towards north, on the northern side of the Inn Valley, the Tyrolian Kalkalpen
(Lechtaler Alpen and Wettersteingebirge) follow up the Ötztal Alps. In the west
the Silvretta- and Sesvana-Group rise up with peaks around 3.400 m a.s.l. (Piz
Linard 3411 m a.s.l.) (Schrott 2006). The Stubai Alps are north-east of the study
area. The highest peak of the Stubai Alps is Zuckerhütl with 3.507 m a.s.l. and
severals peaks are higher than 3.300 m a.s.l..
These surrounding mountain ranges in combination with the central location
of Hintereisferner at the main ridge of the Alps have to be kept in mind when
investigating local weather and climatological conditions at the glacier, because
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they alter the synoptic conditions of that area.
Catchmet area
Topographic characteristics of the catchment area of the upper Rofen Valley around
Hintereisferner and the glacier itself are illustrated in Figure 2.1.

Figure 2.1: Study area Hintereisferner and the catchment of the upper Rofen Valley. E=Egg (3.217 m), TE=Teufelsegg (3.227 m), SSJ=Steinschlagjoch (3.282 m),
HJ=Hintereisjoch (3.471 m), WK=Weißkugel (3.739 m), LJS=Langtaufererjoch Spitze
(3.529 m), HFW=Hoch Vernagl Wand (3.435 m), HHS=Hint. Hintereisspitze (3.486 m).
The overview map illustrates the location of the study area within the Alps.

The highest peak of the catchment area is Weißkugel with 3.739 m a.s.l. at
the western part of the glacier. Starting from the Weißkugel, a mountain ridge
generally higher than 3.000 m a.s.l. elevation, expands in south-west to north-east
direction. Several peaks of that ridge rise up to around 3.500 m a.s.l.. Some of
the most pronounced peaks are Langtaufererspitze, Hochvernagelwand, Hintere
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Hintereisspitze and Vordere Hintereisspitze. This ridge separates the accumulation
area of Hintereisferner from those of Langtauferer Ferner and Gepatschferner (see
Figure 2.1). The ridge bordering Hintereisferner in the west and south is slightly
lower than the one on its northern side. Here peaks tend to be around 3.200 m
a.s.l. (Hintereisjoch, Steinschlagjoch, Teufelsegg and Egg).
Definition Hintereisferner
In the literature the term Hintereisferner as a definition of the spatial extent of the
glacier is not used uniformly (Geist and Stötter 2007, Markl et al. 2008, WGMS
2008).
In this study Hintereisferner is defined as it is done by the Institute of Meteorology
and Geophysics at the University Innsbruck for mass balance studies (Kuhn
et al. 1999). Mass balance results published by the World Glacier Monitoring
Service (WGMS 2008) result from the same definition for Hintereisferner. Thus,
Langtaufererjochferner, Stationsferner and Hintereisferner are handled as one
glacier called Hintereisferner. This aggregation of Langtaufererjochferner (LJF)
and Stationsferner (SF) to the main body of Hintereisferner has historic reasons,
because the lower parts of LJF and SF were once connected to the tongue of
Hintereisferner.
Topographic characteristics of Hintereisferner
Langtaufererjochferner (LJF) is a small corrie glacier, which is situated on the
orographic left side of the valley and coveres an area of about 1.27 km2 (calculated
for the year 2008). The glacier extends from its highest point at Langtauferer
Spitze (3528 m a.s.l.) down to about 2.750 m a.s.l..
Stationsferner (SF) is the smallest of the three glaciers regarded as Hintereisferner.
It is situated south of Langtaufererjochferner. In 2008 the glacier covered an area
of about 0.22 km2 . Stationsferner is connected to Hintereisferner at their firn areas,
south of Langtauferer Spitze at around 3.400 m a.s.l. elevation, but they form
discrete glacier bodies with individual flow lines.
Hintereisferner (here, as an exception, the name Hintereisferner referes to the
main glacier body of Hintereisferner as it is indicated in Figure 2.1) is the largest
glacier in the study area. In 2001 the glaciated area of Hintereisferner covered an
area of 6.2 km2 . For 2008 an ice-covered area of 5.6 km2 was calculated. From
the Weißkugel at 3.739 m a.s.l elevation the glaciers flows down to 2.500 m a.s.l.
elevation (calcualted for the year 2008). In 2008, the length of Hintereisferner along
its central flowline, starting from the Weißkugel down to the glacier snout, was
about 6.7 km.
The different aspects of Hintereisferner are visualised in Figure 2.2 a). In the accu-
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mulation area, especially in its northern parts in the area south of Langftauferer
Spitze, the glacier is exposed to the south and southeast. Two more, mainly
southeast facing, “stripes” are identified southeast of the Weißkugel. The other
partes of the accumulation area are generally exposed to the east or northeast. The
main part of the glacier tongue faces towards east and northeast and just some
smaller parts, especially at the part of terminus east of the meteorologic station
is north to northeast exposed. The slopes on the southern side of the tongue
(between Steinschlag Joch and Egg) tend to be west to northwest facing. The ice
field northnortheast of Egg is predominantly west exposed.

(a) Aspect of Hintereisferner.

(b) Slope of Hintereisferner.

Figure 2.2: Aspect and slope angles of Hintereisferner.

Topographic characteristics of Hintereisferner are summarised in Table 2.1.

Table 2.1: Summary of topographic characteristics of the investigated glaciers. HEF =
Hintereisferner, SF = Stationsferner, LJF = Langtaufererjochferner. *HEF, SF and LJF
were treated as one glacier. **Values are calculated for an estimated central flow line.
***Values represent calculations for HEF.
Feature
Area
Length along central flowline
Highest elevation [m a.s.l.]
Lowest elevation [m a.s.l.]
Mean altitude [m a.s.l.]
Mean slope angle along central flowline
Mean slope angle of tongue
Aspect of tongue
Aspect of accumulation area

HEF
SF
LJF
HEF WGMS*
2
2
2
5.6 km 0.22 km
1.27 km
7.49 km2
6.7 km 1.1 km** 2.1 km**
6.7 km***
3.709 m 3.468 m
3.503 m
3.709 m
2.449 m 2.896 m
2.790 m
2.449 m
3.015 m 3.170 m
3.106 m
3.037 m
◦
◦
◦
10
23 **
17 **
10◦ ***
6.5◦
6.5◦ ***
NE
E
NE
NE***
S, SE, E
SE, E
SE, E, NE see HEF, SF, LJF

2.1 Location and topographic aspects
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Figure 2.2 b) shows slope angles of Hintereisferner. The glacier tongue is relatively
flat with an average slope angle of about 6◦ to 7◦ . The accumulation areas are
generally steeper, and values of between 20◦ to 30◦ dominate. Only at the glaciers
steepest parts, which represent a very small proportion of the glacier surface, slope
angles of 40◦ or greater occur.
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ALS data acquisition area

The ALS data acquisition area contains the catchment of the upper Rofen valley in
the Ötztal Alps, Austria. The regional extent of the data acquisition is defined by
the project polygone (shown in Figure 2.3) which covers an area of approximately
36 km2 . During each flight campaign, the project polygone is scanned with several
overlapping flight strips.

Figure 2.3: Data acquisition area as it is defined by the project polygone. The glacier
boundary of Hintereisferner and the flight strips are from the data acquisition campaign
09.09.2008 (hef16). Background: Shaded relief with 5 m raster cell size

2.3 Climatic situation
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Climatic situation

Fliri (1975) made a climate classification of the Tyrol based on spatial characteristics of physical-climatological structures. His analysis of climatological elements
showed, that in principal four generally different structural types, influencing
the climate of the Tyrol, can be distinguished. These analytical-climatological
structural types are a) sturctures which are more or less parallel to the relief of the
main ridge of the Alps (e.g. decline of precipitation from the margin of the Alps
towards the main ridge), b) inverse-relief-parallel structures like global incoming
radiation, c) structures which are in linear correlation with height above sea level
(air pressure and resulting parameters as e.g. air temperature) and d) vertical
structures which show an alteration in north-south direction, independent from
altitude (e.g. the distribution of the variability of precipitaion amounts within one
year or within one winter).
Based on that classification scheme, the Hintereisferner region falls into a modest
moist (1.000 - 1.500 mm annual precipitaion) area with relatively constant interannual precipitation variablity and a summer precipitation maximum. The mean
daily maximum temperature for July is below 5◦ C.
The climate classification of Fliri (1975) attempted to classify the whole of Tyrol
which makes some generalisations indispensable. Especially in high mountain areas,
where diverse topography with relief dependent energy balance and resulting local
wind systems may alter the synoptic conditions. Hence, certain variations from
that generalised classification may be expected.
However, the findings of Fliri (1975) on the climatological conditions at the Hintereisferner area are in generally good agreement with results based on in-situ measurements at Hintereisferner published by Markl et al. (2008) and Schrott (2006).
Following Markl et al. (2008), the mean annual precipitation over the time period
1992/93 - 2001/2002 at the Totalisator Hintereisferner (2.889 m.a.s.l, 46◦ 47’51” N,
10◦ 45’40” E) is 1.496 mm. A summer precipitation maximum (June/July) could
be observed, but furthermore a second order precipitation peak in October. Stuefer (1994) states, that precipitaion distribution within one year at Hintereisferner
correlates very well with data from the climate station at Marienberg, South Tyrol.
The station at Marienberg also shows a precipitaion maximum in summer which
underlines the results from Fliri (1975) and Markl et al. (2008).
Figure 2.4 illustrates the distribution of mean annual precipitation for the Tyrol.
Mean precipitation amounts were calculated from a 20 year time period (1980 2000). The mean annual precipitation at Hintereisfener is somewhere between
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1.200 mm and 1.600 mm and it becomes obvious, that the glacier is located in a
comparably dry inneralpine area between the dry Vinschgau, the Ötztal Valley and
the Inn Valley.

Mean Annual Precipitation
<= 600 mm
> 600 - 800 mm
> 800 - 1000 mm

N

> 1000 - 1200 mm
> 1200 - 1400 mm
> 1400 - 1600 mm
> 1600 - 1800 mm
> 1800 - 2000 mm

Innsbruck

> 2000 - 2300 mm
> 2300 mm

Landeck

STUDY AREA

Bolzano

260 km

Figure 2.4: Mean annual precipitation for Tyrol. The values show means of annual
precipitation for the time period 1980-2000. The red box indicates the location of the
Hintereisferner study area. (TirolAtlas 2009).

.

2.4 The role of Hintereisferner for glaciological studies

2.4

13

The role of Hintereisferner for glaciological
studies

In 1899 Blümcke and Hess (1899) stated, that Hintereisferner has not obtained
much scientific attention up to that date. Since then, the situation has changed
dramatically, and today, Hintereisferner is one of the worlds best investigated
glaciers.
First scientific observations at the glacier were carried out in 1847/1848 where the
position of the terminus, ice thickness changes and flow velocity were investigated.
Ever since, ice thickness changes, front variations of the glacier and velocity have
been measured annually with some minor exceptions during the two world wars
(Blümcke and Hess 1899, Span 1993, Span et al. 1997).
In 1952 intensified research, carried out by the Institute of Meteorologie and
Geophysics at University of Insbruck, began and since then the mass balance of
Hintereisfener has been determined on at least an interannual time scale using the
direct glaciological method (Kuhn et al. 1999, Bortenschlager 2006, Markl et al.
2008).
In the year 1959 a combination of the geodetic and the direct glaciological method
for mass balance calculations at Hintereisferner began and in 1953/54 this work
was supported by runoff measurements in the valley (Bortenschlager 2006).
In the course of the International Hydrological Decade from 1964 to 1974 several
investigations at Hintereisferner were incorporated into a global research initiative
and research was further intensified (Hoinkes 1968).
In 2001 first airborne laser scanning data acquisition campaigns were carried out
within the OMEGA project and up to date 18 ALS datasets covering Hintereisferner
and some neighbouring glaciers (e.g. Kesselwandferner) are available (OMEGA
2009). This world wide unique data set has been analysed in several aspects including glacier surface segmentations (Höfle et al. 2007), horizontal ice flow velocity calculations (Bucher 2005), spatial distributions of snow heights (SalihovicMulaomerovic 2004) and glacier surface elevation and volume changes (Geist et al.
2003, Geist 2005, Geist and Stötter 2007).

14

Study area

Chapter 3
Mass balance of a valley glacier
Chapter 3 aims to give some general information on the mass balance of a glacier.
The first part introduces the reader to processes influencing and governing the mass
balance. In part two the direct glaciological as well as the geodetic method for
glacier mass balance calculations are explained. These two are the relevant methods
for this study and their understanding is essential for the interpretation of the results
presented in Chapter 6.

3.1

Introduction and terms

Glaciers form when in the course of a typical year more snow is depostited than is
wasted, that is, when accumulation exceeds ablation. The mass balance of a glacier
is the proportion of mass gains to mass losses over a specific time period (Paterson
1994).
Mass balance studies are concerned with the calculation of changes in the mass
of that glacier and the distribution of these changes in time and space (Paterson
1994). The mass gain and mass loss terms in the glacier’s budget are represented
by accumulation respectively ablation.
Accumulation and ablation processes
Accumulation includes all processes by which water in its solid state is added to
the glacier. Normally snow is added to the glacier mass, which is then slowly
transformed to ice. In the Alps the transformation from snow to ice generally
takes a bit longer than one decade (Paterson 1994). An intermediate stage in this
transformation process is firn. Firn can be defined as wetted snow that has survived
at least one ablation period without being transformed to ice (Hooke 1998). Some
other accumulation processes are avalanches, rime formation, and freezing of rain
within the snowpack. Accumulation normally takes place near or at the glacier
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surface.
Ablation includes all processes by which ice, firn or snow is lost from the glacier.
Melting followed by run-off, evaporation and the removal of snow by wind or
avalanches are examples. Ablation occurs almost completely at the glacier surface
or, in the case of calving, at the glacier terminus. Melting followed by refreezing at
another part of the glacier surface is not defined as ablation, because the glacier
does not lose mass. In contrast to that, water which runs off the glacier surface is
assumed to be lost. In reality however, some of the water which flows into crevasses
or moulins may be stored within the glacier for weeks or longer. This water, which
cannot be detected by surface measurements, is not considered to be part of the
mass of a glacier. Almost all of the ablation on a glacier takes place at its surface.
However, some glaciers may lose mass by melting at their bases,but unless the ice
is floating, the amount is usually negligible compared to surface ablation (Paterson
1994). However, at Hintereisferner the amount of mass loss that results from basal
melting should not be neglected (Fischer 2009).
Surface melting is controlled by the available energy (Hooke 1998). If it is
assumed, that melting processes at the surface of a glacier are the only processes
influencing ablation rates of a glacier, then ablation rates can be used to build a
P
link between the mass balance of a glacier and its energy balance
Q. Components which determine the energy balance are net radiation R, latent heat flux (V),
sensible heat flux (H), as well as energy fluxes which are required for melting (M)
and warming or cooling of the snowcover or ice (W). The energy balance has the
dimension energy per time per area (e.g. MJ m−2 d−1 ).

X

Q = 0 = R + V + H + M + W.

(3.1)

Values are positive when energy flows onto the surface, whereas they are negative
when energy flows away from the surface. Thus, the sum of all fluxes is zero (Kuhn
1980).
Accumulation area, ablation area and equilibrium line
A glacier can be separated into areas where accumulation processes respectively
ablation processes prevail. That area of a glacier where annual accumulation exceeds ablation is called accumulation area. From the accumulation area, ice can be
transported by gravitational forces towards areas, where ablation processes exceed
accumulation processes (Finsterwalder 1897). This area, where ablation dominates
is called ablation area. Here, all of the winter snow and some of the underlaying firn
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and ice can melt during the summer.

Figure 3.1: Cross section of a typical valley glacier showing the relation between accumulation area, equilibrium line, ablation area and ice dynamic processes of a glacier
(Hooke 1998, p.14).

The theoretical line separating the accumulation area from the ablation area
at the end of a melt season is called equilibrium line. At the equilibrium line mass
loss during the just ended summer exactly equals net mass gain during the previous
winter (Hooke 1998). The location of the equilibrium line is determined by the
occuring climatic conditions and it responds without time delay to changes of the
climate (Kuhn 1980).
A schematic explanation of the relation between the accumulation area and the
ablation area as well as ice dynamic processes is given in Figure 3.1. Ice dynamic
processes transport glacier mass from the accumulation area to the ablation area of
a glacier (Finsterwalder 1897).

3.2

Theoretical considerations on mass balance
calculations

Theoretical considerations on mass balance calculations are essential for the understanding of the practical workflows which are applied to calculate mass balance
parameters of a glacier. Furthermore, the understanding of the theory behind
mass balance calcualtions is relevant to understand the differences, advantages and
disadvantages of different methods (e.g. between the direct glaciological method
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and the geodetic method) that can be carried out to calculate the mass balance of
a glacier.
Net mass balance of a point on the glacier
In a first step of mass balance calculations, generally the net mass balance at a
specific point on the glacier surface b(P) is calculated:
If ḃ(P) is the mass balance rate, expressed in length units of water equivalent [w.e.]
and unit time at any point P (x, y, z) on the glacier surface, its integration over time
gives the net mass balance at that specific point on the glacier

Z
b(P ) =

ḃ(P )dt

(3.2)

t

in meter of water equivalent [m we].
Total net mass balance of a glacier
By spatial integration of b(P ) over the glacier surface area dS the total net mass
balance of a glacier B can be calculated

Z Z
B=

ḃ(P )dtdS = ρdV
t

(3.3)

S

in [m3 w.e.] or [kg], which equals the volume change dV multiplied by the
density ρ of glacier ice. In practice, the glacier surface area corresponds to the
horizontal projection of the entire glacier SG (Kaser et al. 2003). In most cases, the
area SG changes with time. Thus, it has to be determined for each glaciological year.
Mean specific mass balance
Often it is interesting to compare the mass balance of individual glaciers. However,
B is not an appropriate parameter for that comparison, because it is influenced
by the spatial extent of each glacier. Therefore, to compare the mass balance of
different glaciers, the mean specific mass balance b̄ can be calculated as

b̄ = B/SG = ρ∆V /SG = ρ∆h

(3.4)

which links the geometric units of volume change ∆V and the mean altitude change
∆h (Kaser et al. 2003).
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Vertical mass balance profile
If B and subsequently b̄ are calculated for individual altitude bands of the glacier,
the mean specific mass balance can be depicted as a function of altitude, b(z),
showing the vertical mass balance profile (VBP) of a glacier. In contrast to
the glacier mass balance, which changes from year to year, the VBP typically
exhibits the same shape and only its intercept changes. The VBP characterises the
climate-glacier regime. The altitude where the VBP is zero indicates the ELA.
Point thickness changes
Beside the calculations of mass change, as explained above, point thickness changes
at any specific point on the glacier can be calculated. The change with time of the
thickness of a column of ice at a given point on the glacier, ḣ, can be expressed by
the continuity equiation

~q
ḣ = ḃ/ρ − O

(3.5)

~ q the horizontal
in which ḃ is the mass balance rate, ρ the glacier ice density and O
gradient of ice flux. If equation 3.5 is integrated over the entire area of the glacier
~ q becomes zero and the mass balance can be expressed by the thickness
surface, O
change multiplied by the glacier density.
This approach, is the basis for the application of the geodetic method. The geodetic
method aims to measure the surface elevation of a glacier at two different times. If
the two glacier surface elevations are subtracted from each other and the volume
change is multiplied by the density of the glacier material which has changed, the
mass change is obtained.

3.3

Methods for mass balance calculations

Several methods, like the direct glaciological method, the geodetic method, flux
methods, the hydrological method, modeling from climate records and indirect methods diverted from the glaciological method exist to determine the total net mass
balance of a glacier (Hoinkes 1971, Jansson et al. 1999, Kaser et al. 2003, Kuhn
et al. 1999, Paterson 1994).
In the following, the direct glaciological method as well as the geodetic method will
be investigated in more detail, because these are the methods used and compared in
this study. They will not only be discussed theoretically, but furthermore with respect to their application at Hintereisferner. Comparisons between the two methods
on other glaciers have been carried out by e.g. Andreassen (1999), Cox and March
(2004), Krimmel (1999) or Ostrem and Haakensen (1999).
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The direct glaciological method

Following Kaser et al. (2003) the glaciological method is the only method which is
based on in-situ measurements on the glacier. The method is considered to be the
most accurate method up to now and provides the most detailed information on
the spatial variation of mass balance changes and magnitudes.
To apply the glaciological method, the change of glacier surface level, as well as
glacier density, at a number of points between two dates has to be known, thus
have to be surveyed in the field.
At Hintereisferner, point measurements are done in a net work of ablation stakes
and snow pits which was first set-up in the beginning 1950s. First mass balance calculations using data from that network were done for the glaciological year 1952/53
by the Institute of Meteorology and Geophysics at the University of Innsbruck (Kuhn
et al. 1999, Lang and Patzelt 1971, Markl et al. 2008). The network of snow pits
and ablation stakes at Hintereisferner is illustrated in Figure 3.2.

Figure 3.2: Network of snow pits and ablation stakes for mass balance calculations
(Markl et al. 2008, p. 15).

It has to be critically mentioned, that not all of the snow pits shown in Figure
3.2 are investigated every year (Markl et al. 2008).
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Following Paterson (1994) the patterns of ablation and accumulation on most
glaciers show some interannual consistency, even though values vary widely. Thus,
in a continuing study, the number of points can be reduced after a few years, once
the measurements have shown which points appear to be typical for a specific area.
At Hintereisferner the network of ablation stakes and snow pits has undergone some
changes and improvements during the last half century. At the beginning of the measuring campaigns in the 1950s many snow pits, spread over the glacier, were dug.
With ongoing analysis of the received snow profils some good correlations between
different snow pits concerning snow depth and density were found. Therefore, the
number of snow pits could be reduced to locations which are representative for snow
depth distribution characteristics on the glacier (Matzi 2004, Markl et al. 2008).
Snow pits are dug down to a reference surface (for calculations of the annual net
balance the layer of the previous summer surface is used) and snow density is
measured at different depths. Snow pits are the most reliable method to receive
density information, but they are very time consuming. Density can also be
measured from cores taken with a drill (Kaser et al. 2003).
To get a better idee about the accumulation characteristics at the end of the
glaciological year, snow depth soundings can be done. These soundings can
be calibrated regarding density using characteristics of the snow profiles from
appropriate neighbouring snow pits.
To receive a change in mass over the given time period, the difference in level (loss
or gain) obtained from snow pits and ablation stakes, multiplied by near-surface
density values, yields an estimate of the mass balance at that point (Equation 3.2).
Density values for glacier ice are generally assumed to be constant at 0.9 g cm−3 .
To calculate the mean specific mass balance of Hintereisferner, point measurements
from the network of ablation stakes and snow pits are used to draw a contour map
representing areas with equal mass change. For the drawing of those contour maps
a good sense for the field conditions and a sound knowledge on topographic aspects
of the glacier is essential. Over the last years, such contour maps of Hintereisferner
were drawn by Dr. Andrea Fischer and Dr. Gerhard Markl, who know the glacier
very well. During their long lasting work and experience at Hintereisferner, they
gained a wide knowledge on mass balance characteristics of the glacier.
Error sources, limitations and accuracy
The accuracy of mass balance measurements from the direct glaciological method
is difficult to assess. Paterson (1994) states, that the main source of inaccuracy
lies in the problem of sampling. Measurements can be made at only a limited
number of points. Therefore the accuracy mainly depends on the number of point
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measurements, the representativeness of these measurements for the area around
that point and on the representativeness of the point network for the glacier as a
whole. Furthermore, lack of precision in measuring thickness changes and density
of layers may at times produce appreciable errors (Benn and Evans 2002, Paterson
1994).
However, measurements at Hintereisferner and following calculations of net mass
balance are regarded not to be influenced by any systematic errors so far. This
results from studies, where the change of volume of the Hintereisferner determined
by the geodetic method (for the period 1953 - 1962 respectively 1953-1964) were
compared to the sum of the yearly balances derived from the glaciological method.
For above mentioned time periods a good agreement of the results from both
methods with a difference of 5% respectively 3% was found. Results on the net
balance derived from the geodetic method were somewhat smaller than those from
the glaciological method (Lang and Patzelt 1971). Furthermore, Kuhn et al. (2009)
compared the mean specific balance of Hintereisferner, calculated with the direct
glaciological method and the geodetic method, for the time period 1969 to 1997.
They calculated a difference between the two methods of 1 mm w.e. a−1 . For that
period, the mean specific balance determined by the direct glaciological method
was found to be -501 mm w.e. a−1 and from the geodetic method -502 mm w.e.
a−1 .
Kuhn et al. (2009) state, that a realistic accuracy of the direct glaciological method
at Hintereisferner is about ± 100 mm a−1 for the mean specific mass balance of the
glacier.

3.3.2

The geodetic method

The geodetic method is based on volume changes which can be calculated by
subtracting the glacier surface elevation of a given glacier extent at two different
dates. It is traditionally applied using topographic maps, digital elevation models
obtained by aircraft and satellite imagery as input data (Kaser et al. 2003). If the
near surface density at different parts of the glacier is known, the volume change
can be converted into mass change (see Equation 3.5).
The method is generally applied to calculate the net mass balance over longer
time periods (e.g. one decade). Then, to obtain mass changes, the density of the
changed volume has to be approximated. Over longer time periods the density of
glacier ice 0.9 g cm−3 is normally used (Hoinkes 1971). The assumption of 0.9 g
cm−3 for the density of the volume change becomes more and more realistic, the
longer the time intervalls between the two dates of the topographic input data
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sources is. This is especially true, for periods, where high volume loss of the glacier
was obtained, because then, it is most likely that the biggest part of the volume
loss results from ice loss.
With the upcome of airborne LiDAR, a new data source with so far never achieved
spatial resolution and accuracy is provided for input to the geodetic method. The
high resolution and accuracy may allow an application of the geodetic method on
even shorter time steps than it has been doen traditionally (Geist et al. 2003).
Error sources, limitations and accuracy
The application of the geodetic method has several limitations. According to
equation 3.5 the geodetic method has to be applied over the entire glacier surface.
In the past precise area-wide topographic data sampling was a major problem.
Accurate and area-wide in-situ data sampling on a glacier is nearly impossible, e.g.
because of steep, crevassed areas. Modern remote sensing techniques provided some
improvements and simplifications for the topographic data acquistion of a glacier
surface, but some technologies like optical remote sensing do have problems in the
accumulation zone where insufficient surface definition can lead to significant errors
in estimating the glacier surface elevation (Bamber and Rivera 2007, Kaser et al.
2003).
However, airborne laser scanning overcomes these problems, because it is suitable,
and up to date the best method, for area-wide topographic data sampling with
high spatial accuracy. But, using ALS data as input for the geodetic method still
introduces errors into mass balance calculations of a glacier: At first, errors are
introduced from erroneous surface height measurements of the ALS system. The
occuring error range of the ALS measurements will be quantitatively assessed in
Chapter 5.4.5. More problematic than the accuracy of ALS height measurements
are missing density informations on the material lost or gained by ablation and
accumulation processes on the glacier. This is because densitiy information cannot
be gatherd by the ALS technology and thus has to be estimated. Possible errors in
the mass balance of Hintereisferner resulting from wrong density assumptions will
be assessed and discussed in Chapter 6.
Summarising, two main errors sources on the correctness of the geodetic method
are a) errors in surface height information of the input data, and b) wrong density
assumptions for the accumulated or ablated material. Furthermore, the method
is only suitable to calculate correct values for the total net mass balance. If the
method is applied on individual parts of the glacier, e.g. individual altitudinal
bands, results have to be erroneous. This is because the method can not account
for ice dynamic processes occuring in an individual part of a glacier, because the
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Chapter 4
Airborne Laser Scanning
This chapter deals with the airborne laser scanning (ALS) technology. In the first
part the reader will be introduced to the principles of airborne laser scanning technology, its characteristics and related components. The second part gives an extensive, state-of-the-art literature review on applications of ALS in glaciology with an
emphasis on work which is relevant for laser glacier mass balance studies.

4.1

Principles and data acquisition

Airborne laser scanning (ALS) is an active remote sensing method, using a laser
beam as the sensing carrier, for the acquistion of 3D point data representing the
earth surface or objects on that surface. In contrast to optical remote sensing
methods, the main goal of ALS is not the acquisition of optical images, but the
measurement of point data, which geometrically represents the ground surface with
high accuracy and high point densities. Beside the geometrical information in form
of x, y, z-coordinates, which is up to date the most valuable information from ALS,
intensity values can be obtained from an ALS-campaign. Intensity values represent
the amount of backscattered energy from the illuminated spot on ground in relation to the emitted energy from the laser device (Wehr and Lohr 1999, Albertz 2007).
Components of an ALS system
An airborne laser scanning system is a multi sensor system existing of three individual components (Baltsavias 1999a;b) which are mounted on an aerial platform,
most often on aircrafts or helicopters but drones may also be used as carrier (see
Figure 4.1). The standard setup consits of:
1. A laser scanner. It consists of a laser range finder which measures the distance
from the sensor to a reflecting surface via the two way travel time by the known
speed of light, and a device (e.g. a mirror) that periodically deflects the laser
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beam perpendicular to the flight direction of the aircraft. The deflection of
the emitted laser beam results in a typical zig-zag-pattern (see Fig. 4.1) of the
point sampling on the surface.
2. A Global Positioning System (GPS) receiver which is used for the positioning
of the laser scanner in a 3D-Coordinate system, e.g. WGS84. As the necessary accuracy in location cannot be determined with one single GPS receiver,
differential GPS (dGPS) systems have to be used. This is generally done by
using a fixed ground station in combination with the moving receiver on the
aircraft.
3. An Internal Measurements Unit (IMU). The IMU, or sometimes referred to as
Internal Navigation Uni (INU), determines the orientation of the laser scanner
using the three angles roll, pitch and heading (Wehr and Lohr 1999).

Figure 4.1: Schematic illustration of the components of an airborne laser scanning system: Laser scanner, dGPS system, IMU (Vetter 2008, p.15).

The three components of the laser scanning system have to be time synchronised to make the converison of the measured polar coordinates into a national or
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local coordinate system possible. The measuring frequency of the IMU and the
dGPS is generally inconsistent with a lower frequency of the dGPS. Therefore the
position of the aircraft which is measured by the dGPS has to be interpolated to
adjust the dGPS measurements to the IMU measuring frequency. A comprehensive
overview on the synchronisation process of laser scanner data and the navigation
data as well as quality issues is given by Favey (2001).
Measurements Principles
All laser systems measure by some means the distance between the sensor, which
emits the laser beam, and the illuminated spot on ground (Wehr and Lohr 1999).
This is done by determining the time-of-flight of a laser pulse by measuring the
travel time between the emitted and received pulse. The traveling time tL of a laser
pulse is calculated as

tL = 2

R
c

(4.1)

where R is the distance between the laser scanner and the object on the surface and
c the speed of light. R is generally the unknown variable, so equation 4.1 has to be
solved for R. Thus, the distance between the illuminated spot on ground and the
laser scanner is calculated as

1
R = c ∗ tL .
2

(4.2)

(Baltsavias 1999a, Wehr and Lohr 1999). Following Kraus (2004) the group speed
which is about 0.03% smaller than the speed of light in a vacuum should be used for c.
Foot print and beam divergence
The footprint of a laser beam describes the diameter [cm] and the shape of an area
on ground that is illuminated by the laser beam. The emitted laser beam is conical
shaped, which is beacause of the beam divergence γ [mrad] that widens the diameter
of the laser beam when traveling through the atmosphere. The size of the footprint
AL depends on the following components and can be calculated with

AL = D + 2R ∗ tan
and

γ 
2

(4.3)
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γ = 2.44

λ
D

(4.4)

where R is the distance between the laser scanner and the illuminated spot on
ground, γ the beam divergence, λ the wave length of the laser beam and D the
aperture of the laser unit.
Only in the case of a laser beam which is emitted in nadir, and if the illuminated
spot on ground is a horizontal plane, the footprint is circularly shaped (Baltsavias
1999a, Wehr and Lohr 1999). In reality, this situtaion probably never exists.
Therefore, it is assumable, that each footprint has got its individual shape and size.
Typical values for an airborne laser scanning setup might be: R = 1.000 m, D =
10 cm, λ = 1064 nm and γ = 1 mrad (Baltsavias 1999a). This would result in a
footprint on a flat plain in nadir of the laser scanner of about 13.5 cm in diameter.
First and last echoes
As explained above, a laser beam can be regarded as a conical light beam of a
certain diameter. Different parts of that laser beam can be backscattered from
distinct objects on the earth surface and from the earth surface itself. Figure 4.2
schematically illustrates two typical situations on a glacier which result in two echoes
of one emitted laser beam - a first and last echo (often the first and last echos are
referred to as first and last pulses).
As it can be seen, one part of the emitted laser beam is backscattered on
the glacier surface (left) respectively on top of a boulder (right). When crevasses
appear on a glacier, the first pulse is backscattered from the glacier surface. As the
footprint of the laser beam covers the crevasse only partly, the remaining part of the
laser beam descends into the crevasse. Thus it is backscattered from the crevasse
wall, causing a stretched echo signal. A similar situation occurs with boulders on
the ice surface. In this case, there are two distinct reflections: one on the rock and
a second one on the glacier. These two reflections are received by the laser scanner
as a first and a last pulse (Kodde 2006).
Full wave laser scanning
Standard pulsed laser systems are able to detect one or more reflections per emitted
laser beam. Recently, multi-pulse and so-called full waveform laser scanning systems
have gained more importance. Those systems record the strength of the returning
pulse as a function of time, which gives information on the vertical distribution of
reflecting objects within the footprint (Wagner et al. 2006).
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Figure 4.2: Schematic illustration of multiple echos resulting from crevasses and boulders
on a glacier (Kodde 2006, p.13).

Scan strips and point densities
In ALS systems mounted on an aircraft the emitted laser beam is deflected
by an oscillating mirror perpendicular to the flight direction of the aircraft.
Deflection angles are generally between 0◦ and +- 20◦ . Thus, the ground is
scannend in a stripe wise manner along the flight path of the aircraft. Depending
on the deflection angle, the pulse repetition frequency, height above ground,
relief characteristics, flight speed of the aircraft and the proportion of overlapping flight strips to non-overlapping areas, the point density is affected (Geist 2002).
Backscattered energy: Intensity values
Intensity values have often been considered as a side-product of an ALS-campaign,
but they can be a very valuable complementary data source to be used in further
processing steps or visual analysis (Kodde 2006).
When the energy of the emitted laser beam hits the ground surface, a proportion
of the emitted energy is backscattered to the receiver of the laser scanning system
and can be stored for each echo. The amount of backscattered energy depends on
the angle of incidence and surface characteristics like wetness, roughness and on
the wavelength of the emitted laser pulse.
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Especially in mountainous regions, a correction of intensity values has to be applied (Kodde 2006). Following Höfle and Pfeifer (2007), three main factors namely
spherical loss, topographic and atmospheric effects influence the backscatter of the
emitted laser. They developed a data-driven as well as a model-driven approach for
the correction of the laser scanning intensity. Lutz et al. (2003) made a quantification of contributing effects (geometry and surface type) on laser scanning signal
intensity and they found, that the primary cause of peripheral decreases in the intensity values, i.e. gross-path fading, is geometry-dependant. In the same context
Arnold et al. (2006) suppose that the backscattered intensity depends on three elements: the surface type, the range R and the orientation of the surface as it controls
the angle of incidence of the laser beam. Univariate and bivariate linear regression
analyses for four surface types (bare ice, snow, bare rock and moraine areas), using
range, slope, and range and slope as the independant variables, revealed, that the
range is the most important explanatory variable for intensity.
Corrected intensity images have been successfully used for glacier surface segmentations by Höfle et al. (2007). They clearly distinguish between glacier ice, firn and
snow surfaces. In a study by Fritzmann (2010) a laser scanning intensity correction,
normalisation and classifaction process based on the Hintereisferner multitemporal airborne laser scanning data set is performed with promising results regarding
surface classification of high mountain regions and glacier surfaces.

4.2

Airborne laser scanning for glaciological
studies

Favey et al. (2000) state, that airborne laser altimetry has only recently been
introduced to glaciology. At an early stage, ALS has been widely and successfully
applied in Antarctica and on the Greenland ice sheet, mainly to detect ice thickening
or lowering (Abdalati et al. 2002, Krabill et al. 1995, Thomas et al. 1995). Over
the last decade, investigations on the potential of ALS for different applications on
mountain glaciers were intensified.
It has been shown that it is a promising method for the generation of DEMs on
snow-covered areas, because it can be applied independently of surface texture and
external light sources. The technology offers more accurate measurements and a
higher point sampling for glacier surface heights than any other remote sensing
technology. Furthermore, the cumbersome task to establish and maintain ground
control points, as it is necessary for photogrammetry, is not needed anymore.
Thus, ALS is suitable for regions, where conventional photogrammetric methods
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encounter serious problems (Favey et al. 1999; 2000).
The potential of ALS derived DEMs to quantify glacier geometry changes is
furthermore underlined by the work of Favey et al. (2002). They were able to detect
a volume increase of the firn area of Unteraargletscher (Switzerland) by up to 3-4
m.
Arnold et al. (2006) calculated short term geometry changes e.g. in area, surface
elevation and volume and showed, that ALS and derived DEMs are accurate enough
for these investigations. They state, that multi-temporal ALS data on annual or
semi-annual basis seem to be accurate enough for mass balance estimations for
glaciers with accumulation and ablation rates of at least 1 ma−1 . Furthermore, as
the measurement frequency, which determines the number point samplings, and
the positional accuracy of LiDAR systems continue to increase, the potential for
monitoring of glaciers becomes even greater (Arnold et al. 2006).
A comprehensive study within the frame of the OMEGA Project was carried out at
Engabreen, Norway and Hintereisferner and its adjacent glaciers. Between October
2001 and September 2003 ten airborne laser scanning campaigns were flown. An
overview on the data acquisition, data processing and data quality check as well
as results on inter- and intra-annual surface elevation changes of three glaciers in
the study area, including Hintereisferner, is given in Geist and Stötter (2007). The
study revealed the magnitude of surface elevation changes and the spatial patterns
of these changes in a manner that has not been possible before (Geist 2005, Geist
et al. 2003, Geist and Stötter 2007).
Beside the potentials of ALS for surface elevation changes, ALS derived DEMs
provide promising input data for glacier mass balance modelling. So far, such data
has been derived from either maps, often with a photogrammetric origin and with
limited spatial resolution or from other remote sensing techniques than airborne
laser scanning (Bamber and Rivera 2007).
Rees and Arnold (2007) calculated the net mass balance of Midre Lovénbreen
(Svalbard). They used ALS derived, 2 m resolution, DEMs (vertical accuracy
better than 15 cm) of the small alpine-type polythermal glacier (4 km2 ). Data
acquisition was carried out when the glacier was, except of its uppermost very small
part, free of snow and firn. They converted volume change to mass change using a
ice density of 0.9 g cm−3 . The determined the net mass balance was more negative
than -0.62 m yr−1 water equivalent. These values were about twice as high as these
from in-situ measurements. They conclude, that estimates of the mass balance
of Midre Lovénbreen, and perhaps other glaciers, from in-situ measurements may
need to be treated with caution (Rees and Arnold 2007).
However, the link between surface elevation changes, volume changes and mass
balance of a glacier is one of the main topics in the ongoing research in utilising
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airborne laser scanning for glaciological applications.
As has been shown here, several studies investigated the accuracy of ALS technology
and derived DEMs on glaciated areas. The potential of airborne laser scanning for
the detection of surface elevation changes and following mass balance investigations
are also recognised. However, ALS provides a wider range for glaciological applications.
Arnold et al. (2006) found that glacier margins can be traced and bergschrund can
be detecet from ALS data. Furthermore, they state, that ALS is suitable to reveal
linear surface features, e.g. relict and active melt water channels or crevasses.
Kodde et al. (2007) successfully detected and reconstructed shapes and depth of
crevasses on the glacier surface. Furthermore, using smoothness characteristics (beside others) of the glacier surface and its sourrounding, which were calculated from
high resolution DEMs, Kodde et al. (2007) and Kodde (2006) created a model for
the automatic delineation of a glacier. The model was successfully modified to an
semi-automated tool for the glacier delineation of greater areas by Knoll and Kerschner (2009). The tool could then be used to support the creation of a new glacier
inventory of South Tyrol, Italy.
Intensity values have often be considered as a side-product of an ALS-campaign,
but they can be a very valuable complementary data source to the 3D point cloud.
Arnold et al. (2006) applyied a range normalisation on the intensity data which
could then be used to distinguish between snow-covered areas, glacier-ice surface
and moraine material.
Corrected intensity images have been successfully used for glacier surface segmentations by Höfle et al. (2007). They clearly distinguish between glacier ice, firn and
snow surfaces. Fritzmann (2010) performed a laser scanning intensity correction,
normalisation and classification process based on a multitemporal airborne laser
scanning data set of Hintereisferner. His results show, that a surface classification
of high mountain regions based on intensity values is possible. A distinction between
different snow surfaces, glacier ice and water bodies as well as rock and vegetation
surfaces could be done.
Multi-temporal data sets furthermore provide the basis for glacier velocity calculations as has been shown by Bucher (2005). She successfully calculated horizontal
ice flow velocity fields of Hintereisferner.

Chapter 5
Data and data processing
This chapter aims to introduce the reader to the data used and analysed in this
study. It contains information on the ALS data acquisition, data preprocessing,
data management, generation of digital elevation models (DEMs), the data quality
check and error assessments. Furthermore, reference data used to evaluate results
from this study will be mentioned.

5.1

Data acquisition and data format

Full access to a data set of 18 airborne laser scanning data acquisition campaigns of
Hintereisferner was given for analysis. The first 10 flight campaigns (hef01-hef10)
were carried out within the EU-financed OMEGA-Project (OMEGA 2009). Within
the OMEGA-Project, the laser scanner flight planning was focused on the coverage
of the two glaciological years 2001/02 and 2002/03 with data acquisition at
the beginning and the end of the accumulation season and the ablation season
respectively (Geist and Stötter 2007). The OMEGA data set was extended by
three additional airborne laser scanning data acquisition campaigns which were
carried out at the end of the ablation seasons of the years 2004, 2005 and 2006
(hef11-hef13). Within the ALS-X Project four ALS campaigns were undertaken.
Three of them are included for analyses (hef14-hef16) in this analysis.
Therefore, access to a world wide unique data set is provided, which yields large
potential for glaciological questions. A summary is given in Table 5.1 and 5.2
Data acquisition
All data acquisition flights were conducted by TopScan GmbH, Steinfurt, Germany.
The scanned area is about 36 km2 in size and is defined by the project polygon as
it is illustrated in Figure 5.1. To get a complete coverage of the study area without
any gaps of point measurements, the area was scannend with several overlapping,
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parallel flight strips. In addition, one cross flight strip was flown for each flight
campaign.

Figure 5.1: Project polygon for the ALS data acquistion with flight strips of hef16.
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A summary of some relevant flight and system parameters of the first 16 airborne
laser scanner data acquisition campaigns of Hintereisferner are given in Table 5.1
and Table 5.2. These parameters will not be discussed in detail at this point, but
most of them will be of concern and are necessary for discussion in the following
chapters.
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Table 5.1: Summary of flight campaign data for the study area (project polygon) at
Hintereisferner (hef01-hef12).
Flight campaign
hef01
hef02
hef03
hef04
Flight date
11.10.2001
09.01.2002
07.05.2002
15.06.2002
Flight time [UTC]
09:43-11:01 10:30-12:40 09:00-11:10 06:20-09:00
Measuring system
ALTM 1225 ALTM 1225 ALTM 1225 ALTM 1225
Flight speed [m/s]
75
75
75
75
900
900
900
900
Flight height above ground [m]
Measuring frequency [Hz]
25000
25000
25000
25000
25
25
25
25
Scan frequency [Hz]
Scan angle [◦ ]
20
20
20
20
Strip width [m]
655
655
655
655
Strip overlap [m]
n.a.
n.a.
n.a.
n.a.
Point density [P/m2 ]
1.1
1.2
1.2
1.3
Flight campaign
hef05
hef06
hef07
hef08
Flight date
08.07.2002
19.08.2002
18.09.2002
04.05.2003
Flight time [UTC]
13:50-16:12 04:42-09:34 08:37-10:59 08:00-10:30
Measuring system
ALTM 1225 ALTM 1225 ALTM 3033 ALTM 2050
75
75
75
67
Flight speed [m/s]
Flight height above ground [m]
900
900
900
1150
Measuring frequency [Hz]
25000
25000
33000
50000
Scan frequency [Hz]
25
25
29
30
Scan angle [◦ ]
20
20
20
20
655
655
655
837
Strip width [m]
Strip overlap [m]
n.a.
n.a.
n.a.
n.a.
Point density [P/m2 ]
1.4
1.3
1.0
0.8
Flight campaign
hef09
hef10
hef11
hef12
Flight date
12.08.2003
26.09.2003
05.10.2004
12.10.2005
Flight time [UTC]
06:29-09:21 11:39-13:22 08:05-09:53 07:06-09:18
Measuring system
ALTM 2050 ALTM 1225 ALTM 2050 ALTM 3100
67
75
75
75
Flight speed [m/s]
Flight height above ground [m]
1150
900
1000
1000
Measuring frequency [Hz]
50000
25000
50000
70000
Scan frequency [Hz]
30
25
30
40
◦
Scan angle [ ]
20
20
20
20
Strip width [m]
837
655
655
800
Strip overlap [m]
n.a.
n.a.
155
400-600
Point density [P/m2 ]
0.8
1.0
2.0
3.4
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Table 5.2: Summary of flight campaign data for the study area (project polygon) at
Hintereisferner (hef13-hef16).
Flight campaign
hef13
hef14
hef15
hef16
Flight date
08.10.2006
11.10.2007
07.08.2008
09.09.2008
09:34-11:33 11:16-12:55 06:43-08:10 09:42-11:46
Flight time [UTC]
Measuring system
ALTM 3100 ALTM 3100 ALTM 3100 ALTM 3100
75
70
70
70
Flight speed [m/s]
Flight height above ground [m]
800
1000
1000
1000
70000
70000
70000
50000
Measuring frequency [Hz]
Scan frequency [Hz]
41
41
41
41
◦
20
20
20
20
Scan angle [ ]
Strip width [m]
n.a.
800
728
728
n.a.
300-600
164-792
164-892
Strip overlap [m]
Point density [P/m2 ]
2.0
3.4
2.4
2.2

Data preprocessing
After each data acquisition campaign, the acquired raw data were preprocessed by
TopScan GmbH. The preprocessing comprises the determination of the absolute
position of the laser scanner system during the flight. This is done by analysis
of the time synchronised dGPS and IMU data, calculation of the relative coordinates, the system calibration and finally the calculation of the coordinates in
the UTM/WGS84 system. To perform a differential correction of the laser sensor
position, GPS data from nearby permanent receiving stations (Patscherkofel and
Krahberg) were used. For the system calibration, the soccer field at Zwieselstein was
surveyed before and after each data acquisition campaign (Geist and Stötter 2007,
Geist et al. 2003). A more detailed overview on the preprocessing steps is given by ?.
Delivered data format: tiled and stripped data
Data sets delivered by TopScan GmbH were in two different formats: tiled and
stripped.
Tiled data means, that the point cloud of the project polygon is separated into
individual rectangles. Data of each “point rectangle” is saved within one ASCII-file.
The tiled data sets only contain information on the x,y,z-coordinates as well as on
intensity (x,z,z,i) of each returned signal.
The stripped data sets (this is where laser point measurements of individual
flight strips are saved into individual ASCII-files) encompass more information than
the tiled data. Basically, the stripped data sets can be separated in:
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1. The so called point data: For each flight strip of a data acquisition campaign,
one ASCII-file is given containing the timestamp, x,y,z-coordinates and intensity of each returned laser signal (t,x,y,z,i).
2. The so called aircraft data: For each flight campaign one ASCII-file with
information on the position of the aircraft during the data acquisition (given
by a x,y,z-coordinate), and orientation of the aircraft (given by the four angles
roll, pitch, heading and wander) is given. The aircaft data also contained a
timestamp for each positioning of the air craft.
All laser scanning raw data, as they were described above, were imported into
a database, to make them available for a multi-user working environment and to
perform analyses such as intensity corrections, which could not have been done
without the database.

5.2

Data management with LIS-database

For the storage, management and analysis of all airborne laser scanning data,
relevant components of the Laserdata-Informationsystem (LIS) were used. LIS
was developed and is provided by the company LASERDATA and is especially
designed for management and analyses of airborne laser scanning point cloud
data. Algorithms, which are implemented in LIS build on concepts, which were
developed in a collaboration between the Institute of Geography in Innsbruck and
the alpS-Center for Natural Hazard and Risk Management GmbH (Höfle 2005).
The whole LIS is a modular designed software product with four components:
LIS-Server, LIS-Webinterface, LIS-Modules and LIS-Gui (Petrini-Monteferri et al.
2007). Within the ALS-X Project, the LIS-Server component was used as database.
Data base structure
The LIS-Server component builds on a PostgreSQL database, with a PostGIS
extension which enables a direct visualisation and analyses of spatial data using
e.g. SAGA GIS or Quantum GIS (Petrini-Monteferri et al. 2007). PostgreSQL
databases perform very well with huge data sets as they result from ALS-campaigns
and theroretically no limit in terms of data storage capacity is given (Höfle et al.
2005). A fast database performance is obtained by using indices for geometry
columns (Höfle 2005, Höfle et al. 2005, Petrini-Monteferri et al. 2007). Furthermore,
the Client/Server-Architecture of PostgreSQL provides contemporaneous multi-user
access which was relevant, because it was used within the ALS-X Project by several
users.

5.3 Generation of digital elevation models
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Data import
For each flight campaign, the point data as well as the aircraft data were imported
into the LIS-database. To perform an full-automatic data import, the data sets
delivered by TopScan GmbH had to be checked and partially slightly modified. In
this context, a standard for the directory structure, folder and file nomenclature as
well as the internal data structure was defined. For import of the point data, some
already available LIS-specific routines were integrated into a perl-script, which
resulted in a full-automated data import. Existing aircraft data could be imported
into the LIS-database without any further modification.
Linking point data and aircraft data
As both, the point data and the aircraft data do have the attribute time (timestamp)
a linkage between both data sets could be achieved by using a LIS-routine. This
linkage had to be done, because it provides the basis for the intensity correction
of raw intensity values, which is essential for multitemporal intensity analyses or
multitemporal surface classifications. A given problem is the different temporal
resolutions of the time stamps in both data sets (aircraft positions are mostly
recorded in 200 Hz vs. 25.000 - 70.000 Hz for laser points). The used LIS-routine,
overcomes this problem by using a linear interpolation approach which calculates
the aircraft position for each laser point measurement (Höfle et al. 2005).
Data export and analyses
Corrected intensity values marked one export product from the LIS-database. To
perform a full-automated intensity correction, again existing LIS-routines were integrated into a perl-script. Thus, a direct LIS-databank connection was used to create
ASCII-files containing, beside other information, corrected intensity values for each
flight strip.
Beside the direct data export, the LIS-database provides possibilities for a direct
access on the ALS-data for selected software products: The usage of SAGA GIS
provided a direct way for the visualisation of stored ALS-data. This enabled a first
data check and an efficient further processing and analyses chain.

5.3

Generation of digital elevation models

Digital elevation models provided the basis for the calculation of glacier volume
changes and subsequent mass balance calculations.
Digital Elevation Models (DEMs) generated from airborne laser scanner data
have become a standard product providing a basis for spatial analyses. The majority
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of the ALS-derived DEMs are computed as regular raster grids. The grid DEM is a
simpel and very efficient format in terms of storage and manipulation. Within the
DEM, each grid cell has a constant elevation value for the whole cell. This constant
elevation value is usually obtained by interpolation or aggregation between adjacent
sample points (Liu 2008).
Of special concern is the resolution of a grid DEM. In this context, resolution refers to
the grid cell size of the DEM, expressed as ground lenght of a raster cell. The smaller
the grid size the higher the resolution, which gives a more detailed representation of
the terrain. An appropriate grid size is dependent on the density of the input data,
the terrain complexity and the kind of application (Liu 2008). McCullagh (1988)
states, that the number of grid cells should be roughly the same as the number of
point data representing the terrain area. Therefore, the grid size (S) of a DEM can
be defined by:

r
S=

A
n

(5.1)

where A is the area covered by the DEM and n the number of point measurements.
As shown in Table 5.1 and Table 5.2, the mean point density within the project
polygon is generally higher than 1 point per square meter. Thus, to achieve a high
detailed terrain representation, a raster resolution of 1 m is appropriate. Hence all
DEMs were calculated with 1m resolution.
The open-source software GRASS GIS was used to calculate grid DEMs for
the whole project polygon. With the in GRASS implemented r.in.xyz function all
last-pulse point data (for some flight campaigns more than 100 Mio. points) could
be processed to generate DEMs. The software and its available components for
data analyses worked without any problems, which is not always the case when
working with huge data amounts (Geist 2002). The r.in.xyz function is especially
designed for the processing of massive point clouds, e.g. ALS raw data, and offers a
variety of univariate statistics for the aggregation of point data to a regular raster
grid. The method trimmean with a trim-factor of 5 was used to populate raster
cells of one m resolution.
Figure 5.2 and Figure 5.3 illustrate, that, depending on the flight campaign,
some one meter raster cells do not comprise last-pulse point measurements which
would result in data gaps in the DEMs. This problem could be overcome by using the
l.fillnulls function which is an adaption of the originally in GRASS-GIS implemented
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r.fillnulls algorithm. The algorithm automatically fills no data cells by interpolation
of z-values of neighbouring cells.

5.4

Quality check

Mass balance calculations on interannual time steps calculated with the geodetic
method require high accuracy of the 3D point coordinates and the resulting digital
elevation models. Therefore the first step in the data analysis has to be to check
the accuracy of the used data sets. In that context, Lenhart et al. (2006) state,
that the reliability of airborne laser scanning in rural and urban areas is well
known and has been thoroughly investigated in many studies and applications,
but has to be investigated in a wider context for high alpine and glaciated areas.
The now available data set of Hintereisferner provides the basis for new accuracy
investigations regarding the height accuracy of DEMs, beyond the investigations
carried out so far at the glacier (Geist 2002, Geist et al. 2003, Geist and Stötter 2007).

5.4.1

Point densities

As shown in Chapter 5.3, the point density determines the raster resolution of a
digital elevation model and furthermore its quality (Kraus 2004). In Table 5.1
and Tabel 5.2 the mean point density of the whole project polygone is given as it
was determined by TopScan GmbH. The given values on the mean point density per
square meter were calculated by dividing the sum of all acquired last pulse echoes by
the spatial extent of the project polygone. Of course, these values give an idea about
the general point density of a flight campaign, but they do not give any indication
about the distribution of these points. However, it is the combination of the point
density and the distribution of these point measurements within an area of interest,
that determines the quality of a DEM. Therefore, to provide the basis for a visual
inspection of the point density and the distribution of point measurements, point
density distribution maps were generated (see Figure 5.2 and Figure 5.3). Those
maps illustrate the number of last-pulse point measurents within each raster cell
(with a raster resolution of one meter) for the project polygone. Problematic for
the DEM quality are those cells with no last-puse point measurents (red cells) and
particularly areas where clusters of these cells occur.
Figure 5.2 and Figure 5.3 as well as Table 5.3 reveal an increase of last pulse
point measurements within the project polygon in general and on the glaciated area
of Hintereisferner in specific with consecutive flight campaigns. From hef11 to hef16,
the given point density distribution is by far good enough for the generation of 1m
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(a) Point density hef01

(b) Point density hef07

(c) Point density hef10

(d) Point density hef11

Figure 5.2: Point density maps of flight campaigns relevant for mass balance calculations
for the whole project polygone (hef01, hef07, hef10, hef11). Illustrated is the number of
ALS-point measurements within each raster cell. Raster cell resolution is 1 meter.

resolution DEMs. For these flight campaigns less than 7,6% of the one meter raster
cells contain no last-pulse point measurement. Mostly only ca. 1% of the cells do
not contain any point measurement. Furthermore, no clusters of these cells can be
identified in the point density distribution maps.
Somewhat more problematic are the given point densities of hef01, hef07 and hef09
where between 29,0% (hef07) and 40,2% (hef01) of the 1m resolution raster cells do
not have point measurements. Though, the spatial distribution of these “no-datacells” over the extent of Hintereisferner is relatively equally distributed. This means,
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(a) Point density hef12

(b) Point density hef13

(c) Point density hef14

(d) Point density hef16

Figure 5.3: Point density maps of flight campaigns relevant for mass balance calculations
for the whole project polygone (hef12, hef13, hef14, hef16). Illustrated is the number of
ALS-point measurements within each raster cell. Raster cell resolution is 1 meter.

that neighbouring cells generally have point measurements, thus the interpolation
process can not result in larger errors. The inappearance of no data cell clusters
gives sound premisses for the generation of high quality DEMs even in areas where
point densities are lower.
Figure 5.4 shows the worst case scenarions of point densities that were found in the
data set.
The lowermost part of the Hintereisferner tongue for hef01 (see Figure 5.4 b)) represents the area with the poorest point density of all mass balance relevant flight
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Table 5.3: Number of ALS point measurements per square meter on the glaciated area
of Hintereisferner of flight campaigns relevant for mass balance calculations.
Flight campaign 0 points m−2
abs.
hef01
3226368
hef07
2280557
2556904
hef10
hef11
576802
82958
hef12
hef13
125527
72299
hef14
hef16
479736

1 point m−2
%
abs.
40,2 3253162
29,0 3191003
33,6 3368002
7,6 1874817
1,1 527058
1,7 860359
1,0 661659
6,7 1824769

%
40,6
40,6
44,2
24,7
7,0
11,7
9,1
25,5

>= 2 points m−2
abs.
1541710
2388617
1691795
5153828
6897111
6396288
6542148
4842705

%
19,2
30,4
22,2
67,8
91,9
86,7
89,9
67,8

campaigns. This low point density and the concentration of no data cells results
from a combination of a comparably low scanning frequency (see Table 5.1) and a
high meltwater content on the glacier surface during the data acquisition.

(a) Area in the northernmost part of the
project polygon around Kesselwandferner.

(b) Lowermost part of the tongue of Hintereisferner and its proglacial stream Hintereisfernerbach.

Figure 5.4: Detail view on areas with poor point densitiy of hef01. The location of
the detail views A and B within the project polygone are indicated in Figure 5.2 a).
In (a) a clear stripwise point density pattern becomes obvious. (b) shows the tongue of
Hintereisferner where high water contents on the glacier surface let to lower point densities.

Another area with poor point densities appears in the northern part of the
project polygone of hef01. The detail view of that area is shown in Figure 5.4
a). Clearly distinguishable are overlapping parts of adjacent flight strips and nonoverlapping parts. Of course, areas with strip overlaps result in higher point densities
than non overlapping areas. However, those non-strip-overlapping areas, as they are
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shown in Figure 5.4 a) give the worst case point density of all flight campaigns.
However, these areas still have enough neighbouring one meter raster cells which do
have point measurements that can be used for populating no data cells.

5.4.2

Accuracy of ALS point measurements

Different studies showed, that the mean absolute error of ALS point accuracy
varies with land-cover types (Cobby et al. 2001, Hodgson et al. 2003, Hodgson and
Bresnahan 2004). Hence, this part of the error assessment aims to evaluate the
ALS point height accurary on the glacier surface of Hintereisferner.
During the flight campaign of hef16 (09.09.2008) and in the morning of
10.09.2008, dGPS measurements on the glacier tongue were carried out and analysed at the Hochschule München by (Niederwald 2009, Weide 2009). Those dGPS
data were available for analyses and they were used to evaluate the height accuracy
of the ALS point measurements.
Figure 5.5 shows the location of three areas (dGPS1, dGPS2 and dGPS3) on the
glacier tongue. Area dGPS1 was surveyed with 541 dGPS points and dGPS2 with
244 dGPS points. Area dGPS3 was surveyed one day after the flight campaign
between 10:00 and 11:00 a.m. and 246 dGPS points were sampled. The achieved
accuracy of the dGPS measurements is given to be 1.7 cm (Niederwald 2009, Weide
2009).
To determine the height accuracy of ALS point measurements, the ALS point cloud
was scanned to detect the nearest horizontal neighbour of each dGPS point. Thus,
coordinate pairs consisting of a dGPS point and its nearest ALS point neighbour
were computed. These coordinate pairs were used for basic statistical calculations
to obtain the vertical deviations from the ALS points to dGPS points. The results
are summarized in Table 5.4.
Table 5.4: Deviations of z-coordinates between ALS points and associated dGPS measurements.
Deviation between mean mean abs. error STDV
hef16 and
[m]
[m]
[m]
dGPS1
-0.03
0.07
0.08
dGPS2
-0.01
0.06
0.05
dGPS3
+0.06
0.08
0.06

For the dGPS1 area, a mean value of -0.03 m for the deviation between the
z-cordiantes of dGPS measurements and ALS points was computed. A mean
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Figure 5.5: dGPS sampling areas on the glacier tongue. dGPS1 and dGPS2 were sampled
time-synchronously to hef16, dGPS3 was sampled in the morning after hef16.

deviation of -0.01 m was calculated for the area dGPS2. However, for an error
assessment regarding the height accuracy of the ALS point measurements, the
mean absolute error between the two measurement systems has to be used. The
mean absolute errore shows, that ALS point measurements on the glacier tongue
deviate from the dGPS measurements by 0.07 m for dGPS1 and by 0.06 m for
dGPS2 with a standard deviation of 0.08 m respectively 0.05 m.
Concerning dGPS3 area, a mean value of +0.06 m between the coordinate pairs
of dGPS points and ALS points was calculated. This means that the ALS point
measurements show in average values which are by 0.06 m higher than those of the
dGPS measurements. Knowing that the dGPS measurements of dGPS3 area were
sampled one day after the ALS campaign, this deviation can be explained by a
surface lowering resulting from ice melting.
Summarising, and with regard to the overall error assessment, a mean absolute
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error of ALS point heights is calculated to be 0.065 m on the flat glacier tongue of
Hintereisferner. This value represents a mean of dGPS1 area and dGPS2 area.

5.4.3

Deviations between ALS point heights and derivated
raster cell heights

As shown in Section 5.3, the height value of a raster cell is received by an aggregation
or interpolation of several ALS point measurements which lay within the spatial
extent of that raster cell. This aggregation process is schematically illustrated in
Figure 5.6. Obviously, deviations between ALS points and raster cell values occur.
Thus, each aggregation results in a generalisation and potentially introcduces an
error into the raster cell height value.

Figure 5.6: Schematical illustration of height deviations between ALS point z-coordinates
and raster cell height values. The raster cell height value represents a generalisation of
individual ALS point heights.

Theoretically, deviations between ALS point heights and raster cell heights
should be small in flat areas with low surface roughness and deviations should
increase with increasing slope angles and/or surface roughness.
Therefore, to assess the influence of different slope angles and surface roughness on
the accuracy of a raster cell height values, deviations between ALS point heights
and raster cell heights were analysed for different surface characteristics. Areas
with different slope angles and surface roughness (F1 to F4) used for difference
calculations are illustrated in Figure 5.7. Area F1 is an area with bigger boulders
on a slope with a mean slope angle of 42◦ . In F2 boulders on a medium slope of
28◦ dominate. Area F3 and F4 are on the glacier surface of Hintereisferner with
different surface characteristics: F3 shows an area on the glacier tongue with low
surface roughness and an average slope angle of 7◦ . F4 shows a highly crevassed
area on a slope of 12◦ .
In Figure 5.8 deviations between ALS point z-coordinate values and the associated raster cells are illustrated for the investigation areas F1 to F4. However, to
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(a) Investigation areas F1, F2 and F3 for error (b) Investigation area F4 for error calculations
calculations resulting from ALS point to Raster resulting from ALS point to Raster aggregations.
aggregations.

Figure 5.7: Investigation areas for error calculations resulting from ALS point to Raster
aggregations. The 4 areas represent different surface characteristics: F1) bigger boulders
on a steep slope (42◦ ), F2) boulders on a medium slope (28◦ ), F3) flat glacier surface (7◦ ),
F4) glacier surface with crevasses (12◦ ).

assess the overall accuracy of the DEMs used in this study, only area F3 and F4 are
to discuss in more detail, because these are the only two that represent characteristics of the glacier surface.
F3 shows the difference between the ALS point z-coordinates and the raster cell
on the glacier tongue with relatively low surface roughness. For this area, the mean
absolute deviation between ALS point heights and raster cells calculated over all
flight campaings is 0.04 m with a standard deviation of 0.01 m. A maximum value
of 0.06 m for hef07 and a minumum of 0.01 m for hef05 was computed.
Thus, on a relatively flat glacier surface with low surface roughness an error of 0.04
m has to be expected from ALS point to raster conversion.
Area F4 represents a crevassed area on Hintereisferner with an average slope angle
of 12◦ . The combination of higher surface roughness caused by the crevasses and
the higher slope angle results in an increased mean absolute deviation between
ALS point heights and raster cell height. The mean absolute deviation is 0.08 m
with standard deviation of 0.04 m for all flight campaigns. Thus, these surface
characteristics introduce an error which is twice the magnitude of that in a flat area
with a low surface roughness. The standard deviation of 0.04 m is relatively high
compared to 0.01 m for F3. The higher standard deviation is a result of snow which
covered and therefore smoothed the topography of the crevasses in some of the flight
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Figure 5.8: Deviations of height values between ALS point z-coordinates and derivated
raster cell values for different slope angels and surface roughnesses: F1) bigger boulders
on a steep slope (42◦ ), F2) boulders on a medium slope (28◦ ), F3) flat glacier surface (7◦ ),
F4) glacier surface with crevasses (12◦ ).

campaigns. The five greatest mean absolute deviations between ALS point heights
and raster cell values are identified for those fight campaigns which were carried out
at the end of an ablation season. This is where crevasses are most likely to be open
and snow free and therefore a high surface roughness is given.
Thus, investigating the first 16 flight campaigns carried out at Hintereisferner, an
error of 0.08 m has to be expected from ALS point to raster conversion on a crevassed
area situated on slopes with an angle of 12◦ . However, it has to be stated, that the
error would be slightly higher, if all of the 16 flight campaigns would have been
carried out when crevasses were completely snow free.
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5.4.4

Multitemporal error analysis

Kraus (2004) shows the dependency of the height accuracy of a DEM derived from
ALS data on the point density as well as on slope angles of the scanned terrain.
Empirically evaluated height accuracies of DEMs showed, that the accuracy declines
with increasing slope angles of the represented terrain.
In this section the height accuracy of the generated DEMs in dependency of terrain
slope angels is analysed using a statistical approach (Schönwiese 2000) on the
multi-temporal Hintereisferner dataset. The basic assumption of the method is
that, if no measurement errors appear, theoretically no height differences between
DEMs of different dates can occur on surfaces that have unchanging surface
heights. However, analyses showed that errors occur which are introduced to
the DEMs (see Section 5.4.2 and 5.4.3). Following the assumption, that existing
random errors of the z-coordinate within the multi-temporal DEM data set
undergo the Gaussian normal distribution, it is possible to calculate an optimum
value (a) for z-coordinates of raster cells which approximate the true value.
Knowing the optimum value for each raster cell, deviations of these optimum
values in dependence of terrain slope angles can be calculated (Schönwiese 2000).
The procedure carried out to calculate the absolute standard error of DEM
heights with respect to slope angles is given below. The technical implementation
was done using GRASS GIS in combination with R-Statistics and external scripting.
At first, areas that do not undergo surface elevation changes with time had to be
identified. Thus, all available DEMs were checked for the following features to
exclude these areas from further analyses:
• snow covered areas
• glacier areas
• dead ice areas
• permafrost areas
• gravitational mass movements
• higher vegetation
By visual inspections of calculated surface elevation changes on different time scales,
constant areas were allocated in the Hintereisferner region. The constant areas are
shown in Figure 5.9.
Out of the whole Hintereisferner dataset, 11 flight campaigns (ALS) were selected
for the multi-temporal error analyses, because no surface elevation changes could
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Figure 5.9: Areas with constant surface elevation over the investigated time period from
2001-2008.

be identified on these constant areas.
From the 11 ALS flight campaigns, 55 cross combinations (c)

r

ALS 2 − ALS
(5.2)
2
can be built for the calculation of surface elevation changes. Surface elevation
changes ∆zi of the according DEMs (with 1m raster resolution) were calculated
with
c=

∆zi = zt1 − zt2

(5.3)

where zt1 stands for height values of a DEM from date one and zt2 for height values
of a DEM from date two.
The mean absolute height difference per slope angle class (∆zj ) for each of the 55
surface height differences, is calculated with
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n

1X
∆zj =
|∆zi |
n i=1

(5.4)

where j is the slope angle class (classified in steps of 1 degree) and n the number of
raster cells within that slope class. With

c

a=

1X
∆zj
c j=1

(5.5)

the optimum value for each slope class (a) is calculated. Using

c

a0j

1X
∆zj
= aj − a = ∆zj −
c j=1

(5.6)

deviations of each ∆zj from the corresponding optimum value (a) are determined.
Knowing a0j the mean absolute standard error per slope class ±∆a can be calculated
with

v
u
c
X
u
S
1
t
a0
±∆a = ± √ = ±
c(c − 1) j=1 j
c

(5.7)

The mean absolute standard error per slope class ±∆a is the most meaningful
parameter to express the accuracy of a series of measurements (Schönwiese 2000),
in this case to express the height accuracy of the DEMs with respect to slope
angles. The results for ±∆a are visualised in 5.10.
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Figure 5.10: Mean absolute standard error per slope class.

Figure 5.10 generally shows an increasing ±∆a with increasing slope angles.
For slope angles smaller 35◦ ±∆a is 0.04 m with a minimum of 0.03 m at about 20◦ .
This minimum value might be explained by the geometry of the scanned valley in the
Hintereisferner region in combination with the valley-parallel flight strips (see Figure
5.1). With increasing slope angles from 20◦ on, ±∆a also increases continously and
values greater than 1 m are computed for slopes steeper than 80◦ .
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Error budget

Investigating error sources on the height accuracy of ALS derived DEMs Hodgson and Bresnahan (2004) state, that the cumulative error from independent error
sources is not a simple additive form. The investigated errors in this study, which are
errors that occur within each ALS point measurement (εALSpoint ), errors from interpolation/aggregation of ALS points to a regular raster grid DEM (εP ointtoRast ), and
the dependency of the DEM height accuracy on slope angles of the terrain (εSlope )
are assumed to be independent error sources. Therefore, to assess the cumulative
error of the DEMs (EDEM )

EDEM =

q

ε2ALSpoint + ε2P ointtoRast + ε2Slope

(5.8)

is used. Table 5.5 shows the EDEM for different surface types and slope angles that
result from Equation 5.8.

Table 5.5: Cumulative error (EDEM ) regarding the height values of the DEM raster cells.
The EDEM is computed for combinations of different glacier surface types (crevassed areas
and non crevassed areas) and different slope angles (6◦ is an average value for the glacier
tongue, 40◦ represents an extreme value).
εALSpoint
[cm]
6.5
6.5
6.5
6.5

εP ointtoRast εSlope EDEM
[cm]
[cm] [cm]
no crevasses
6◦
5.0
3.0
8.7
no crevasses 40◦
5.0
7.0
10.8
◦
crevassed
6
8.0
3.0
10.74
◦
crevassed
40
8.0
7.0
12.46

Table 5.5 illustrates the influence of surface roughness and slope angles on the
cumulative error. For parts of the DEMs that represent flat areas with low surface
roughness a cumulative error of 8.7 cm was calculated. Thus, for the biggest parts of
the glacier tongue of Hintereisferner, an height accuracy of the DEMs of better than
ca. 8.7 cm can be assumed. For steep parts of the galcier (40◦ ) with high surface
roughness (crevassed areas) an height error of 12.46 cm is computed. The combination of low surface roughness on steep slopes as well as high surface roughness on
flat areas results in cumulative errors of the DEMs of nearly 11 cm.
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Difference between ellipsoid and geoid height

As has been shown in Chapter 5.1 the ALS-point coordinates delivered by the TopScan GmbH are in the UTM/WGS84 coordinate system. However, mass balance
values of Hintereisferner resulting from the direct glaciological method are always
computed on geoid heights. Thus, without any transformation of one of the data,
results are hardly comparable. To overcome this problem, the height values of the
used DEMs were adjusted to geoid heights. The geoidundulation in the Hintereisferner region is ca. 52 m. Hence, 52 m were subtracted from the original DEM
heights.

5.6

Reference mass balance data from the direct
glaciological method

To evaluate the calculated geodetic mass balance, results from the direct glaciological method will be used. These data were provided by the World Glacier Monitoring
System database and from the Institute of Meteorology at the University of Innsbruck.
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Chapter 6
Results and Discussion
In Chapter 3 und Chapter 4 the theoretical concepts of both, the geodetic method
as well as airborne laser scanning and the derived data were discussed. Now, the
two theoretical concepts are brought together to calculate glacier surface elevation
changes and mass balance parameters on different time scales. Results will be discussed and compared with results derived from the direct glaciological method.

6.1

Glacier delineation

To calculate the mass balance of Hintereisferner, its spatial extent has to be determined in a first step. The glacier area of Hintereisferner was delineated for each
mass balance year since 2001.
For the years 2007 and 2008 the glacier boundary, as it is defined by the Institute of
Meteorology at the University of Innsbruck for mass balance calculations, was used
to get an idea on how the glacier has to be delineated. These glacier boundaries
were visualised in GRASS-GIS and compared to shaded relief maps with one meter
spatial resolution of the corresponding year. It became obvious, that shaded relief
maps can be used to delineate the glacier boundary with high accuracy. Therefore, shaded relief maps with one meter spatial resolution were calculated for all
relevant mass balance flight campaigns and the glacier outline was then manually
digitized. In Figure 6.1 the derived glacier extents at the terminus of Hintereisferner
are visualised.

6.2

Position of the terminus and area changes

Figure 6.1 reveals, that the glacier retreated from year to year from 2001 to 2008.
The absolute retreat of the glacier snout from 2001 to 2008 is about 88.4 m. This is
in good agreement with values published for Hintereisferner by the World Glacier
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Figure 6.1: Glacier outlines at the tongue of Hintereisferner for dates used for mass
balance caluculations. Background: Hillshade for hef16 with one meter raster resolution.

Monitoring Service, where a retreat of 89.6 m is given (WGMS 2008). Thus, the
visual inspection of 1 m resolution shaded relief maps seems to be an appropriate
method to delineate the extent of Hintereisferner.
Beside the decrease of the glacier length, Figure 6.1 furthermore reveals a decline
of the spatial extent of Hintereisferner. As has been shown in Chapter 3, changing
areal extents of a glacier should not be disregarded in mass balance calculations.
Hence, for all mass balance calculations carried out in this study, the spatial extent
of the glacier is always matched to the dedicated glacier area of the corresponding
year.
The area of Hintereisferner was calculated by summing-up the number of 1 m
raster cells which are within the delineted glacier area. Thus, the calculated areas
of Hintereisferner are given in km2 on a projected plane. Area changes were also
calculated for individual altitudinal bands with 50 m intervalls. Values representing
the area of the individual altitudinal bands were calculated by summing up all 1 m
raster cells that lay within the corresponding elevation range.

59

6.2 Position of the terminus and area changes

Area−altitude distribution of HEF from 2001 to 2008
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Figure 6.2: Area-altitude distribution of Hintereisferner displayed for altitudinal bands
with 50 m intervalls for 2001-2008.

Figure 6.2 shows, that the glacier area shrunk in general. However, there
are four elevation ranges where over-average areal losses are identified. These
are between 2.600 and 2.650 m a.s.l., from 2.850 to 2.800 m a.s.l., from 2.850 to
3.000 m a.s.l. and around 3.100 m a.s.l.. In the remaining areas, changes are
comparably small. The three lower elevation ranges that show noticeable area
losses lay within the ablation area on the tongue of Hintereisferner where high
melting rates are expected. The elevation range around 3.100 m is in the upper
part of the ablation area of Hintereisferner. At these altitudes generally less melting
than in the lower three areas should be expected. However, the relatively high
area losses around 3.100 m can be explained by the contribution of melting at the
lowermost parts of Stationsferner and Langtaufererjochferner. Both, Stationsferner
and Langtaufererjochferner do have the lowermost parts at around 3.100 m where
they are exposed to high melting rates. The influence of the two glaciers on the
overall area losses of Hintereisferner can also be deduced from Figure 6.5 and
Figure 6.6, where high surface elevation lowering is identified which goes along with
retreats of these parts.
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Absolute and relative values on the changing area of Hintereisferner are given in
Table 6.1.

Table 6.1: Calculated areas and area changes of Hintereisferner from 2001 to 2008. Values
are given in km2 on a projected plain.
Year
2001 2002 2003 2004 2005 2006 2007 2008
2
Area [km ]
8.02 7.86 7.61 7.60
7.5
7.38 7.27 7.15
2
Area loss from 2001 [km ] —
-0.16 -0.41 -0.42 -0.52 -0.64 -0.75 -0.87
Area loss from 2001 [%]
—
-2.0 -5.1 -5.2 -6.5 -8.0 -9.4 -10.9

In 2001 Hintereisferner covered an area of about 8.02 km2 . The glacier continously
shrunk over the investigation period and in 2008 it covered an area of about 7.15
km2 . Thus, Hintereisferner lost an area of ca. 0.87 km2 , which is about 11 % loss
over the time period of 7 years. The highest interannual area loss of Hintereisferner
occured from 2002 to 2003. This might be explained by the extaordinary warm
summer of 2003 which caused exceptional high melting rates on the glacier.
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Surface elevation changes

To determine the mass balance of a glacier by using the geodetic method, it is
necessary to calculate surface elevation or volume changes of the glacier in a first
step. In a further processing step, these surface elevation/volume changes can
be converted into mass changes by multiplying with an appropriate density, e.g.
glacier-ice density.
On the basis of 1 m raster resolution DEMs, surface elevation changes of Hintereisferner for the glaciological years 2001/02 to 2007/08 were calculated on an
interannual scale, as well as over the whole investigation period from 2001 to 2008.
Surface elevation changes were calculated by subtracting two DEMs representing
the glacier surface at the end of two different glaciological years. The raster
subtraction was carried out in GRASS-GIS and further analyses were done with
R-Statistics.
In any case, surface elevation measurements of a glacier between two determined dates can only provide net values, but never gross values of negative or
positive surface elevation changes. Surface elevation changes integrate effects both
due to mass ablation/mass accumulation and due to glacier ice dynamics. This has
to be kept in mind when interpreting the data.
The spatial extent of Hintereisferner over which surface elevation changes are
calculated is defined on the basis of the glacier delineation. To detect surface
elevation changes between two determined dates, the glacier delineation of the
older date was used. E.g. for the mean surface elevation change that occured in
the glaciological year 2001/2002, the spatial extent of Hintereisferner was defined
by the glaciers extent of autumn 2001. Thus, as the glacier area of Hintereisferner
is continiously shrinking, always the greater of the two possible spatial extents was
used.
Mean surface elevation changes
Over the whole investigation period Hintereisferner faced a mean surface elevation
change of -12.5 m, which corresponds to a mean yearly surface lowering of 1.6 m
over the 7 years period.
By splitting the whole investigation period into individual glaciological years, a
temporal more detailed behaviour of the surface elevation changes of Hintereisferner
can be identified.
The glaciological year 2002/03 shows outstanding high rates of glacier surface
lowering. For the glaciological year 2002/2003 a mean surface elevation change of
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Table 6.2: Mean surface elevation changes and volume changes on an interannual time
scale (glaciological years) and over the whole investigation period from 2001 to 2008.
Year
2001/02 02/03 03/04 04/05 05/06 06/07 07/08 01/08
Elevation
change [m]
-1.5
-4.0
-0.8
-1.2
-2.9
-1.7
-1.8
-12.5
Volume
change [km3 ] -0.0091 -0.029 -0.0043 -0.0055 -0.0207 -0.0115 -0.0111 -0.092

-4.0 m is calculated, which is by far above the investigation periods average and
represents a maximum value found in this study. This high magnitude of surface
elevation lowering is due to the prevailing glacier unfavourable weather conditions
(Patzelt 2004). In the glaciological year 2002/2003 the trend of the previous
year was continued, the unfavourable conditions for glaciers, however, became
more extreme. As on Hintereisferner, the ice decay and furthermore negative
mass balance on many glaciers on the Alps reached a magnitude that had not
been observed since the beginning of systematic measurements (Fink et al. 2004).
Melting rates on the glaciers were amplified by a significant deposition of Sahara
dust at the beginning of May. In 2003, an equilibrium line did not exist and the
entire ice-body of Hintereisferner was prone to ablation. Beside some tiny parts
on the glacier, the firn body got melted completely (Geist and Stötter 2007). The
melting of the firn body revealed crevasse zones to an extaordinary extent.
The glaciological year 2003/04 shows the smallest mean surface elevation lowering
of all years with -0.8 m. This relatively low rate can be explained by the prevailing
weather conditions. The glaciological year 2003/04 was predominantly glacier
favourable: A temperature drop at the end of September 2003 and following
extensive snow falls at the beginning of October ended the extremly warm summer
of 2003. Autumn months were generally snow rich in the mountains. Early
winter showed low precipitaion rates, but it remained cold and the typical thawing
conditions around christmas failed to appear. Late winter showed above-average
snow heights on the glaciers. The first part of the summer season was generally cool
with high precipitation rates in the mountains. In July a mixture of warm periods
and snow rich periods, which interrupted the glacier melting occured. Stronger
glacier melting happend in the first two weeks of August. A temperature drop
combined with snow falls ended the melting period at higher altitudes (Patzelt 2005).
For the glaciological year 2005/06 the second largest mean surface elevation
lowering is found with - 2.9 m. Again, weather conditions during the period

6.3 Surface elevation changes

63

were unfavourable for the glacier (Patzelt 2007). Over the winter period, fallen
snow amounts were about the long-term average. However, especially the hot
temperatures of July and warm end of summer caused snow, firn and ice melting of
exceptional magnitude. Furthermore, record sums of sun hours provided high short
wave radiation input rates for melting processes. Snow falls in August could not
balance the high down-melting, which often reached up to the bergschrund, of the
glacier (Patzelt 2007).
The remaining mean surface elevation changes of Hintereisferner are between the
maximum values found for the glaciological years 2002/03 (extremely negative
values) and the minimum value of the year 2003/04 (slightly negative values).
Mean surface lowering for the remaining years are in order of magnitude: -1.8 m
for 2007/08, -1.7 m for 2006/07, -1.5 m for 2001/02 and -1.2 m for 2004/05.
As a basis for more detailed interpretation, surface elevation changes of
Hintereisferner are documented in two ways: a) diagrams showing the specific
surface elevation change and its spatial distribution in altitudinal bands with 50
m interval (Figure 6.3 and 6.4) and b) colour coded maps, visualising the spatial
patterns of the surface elevation changes of the glacier (Figure 6.5 and 6.6).
Mean surface elevation changes per altitudinal band
Figures 6.3 and 6.4 display surface elevation changes on the temporal resolution of
individual mass balance years as well as over the whole period from 2001 to 2008.
Surface elevation changes are calculated for individual altitudinal bands with 50 m
intervals. The diagrams within each figure have the same scale and can therefore
be compared to each other directly (only Figure 6.4 d) is scaled in a different way,
because the magnitude of surface lowering is much bigger compared to the individual
mass balance years). Furthermore, the standard deviations are plotted in the graphs.
The standard devations give an indication on the spatial homogenity/inhomogenity
of the surface elevation change within each altitudinal band: The greater or smaller
the values of the standard deviation, the greater the inhomogenity or homogenity of
surface elevation change within an altitudinal band. Thus, if the standard deviation
shows big values, in some parts of that altitudinal band relatively strong surface
lowering occured wheras in other parts very low values occured or were even positive.
Small standard deviations reveal, that the spatial pattern of the surface elevation
change within the altitudinal band was relatively even distributed over its area.
It has to be stated that, the upper- and lowermost altitudinal bands of Hintereisferner comprise only a small part of the total area of the glacier (see Figure 6.2).
Thus, they have to be looked at with care (Geist and Stötter 2007).
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Figure 6.3: Mean surface elevation changes on an interannual time scale from 2001 to
2005 with standard deviations.

In all cases surface elevation changes of the different glaciological years of
course show most negative values at the glacier tongue. For all years, surface
lowering was greatest in the lowermost altitudinal band between 2.450 m and 2.500
m a.s.l.. From there on upwards, surface lowering rates decline with a regular
gradient up to the altitudinal band between 2.750 m and 2.800 m a.s.l.. The found
tendency is identified for all years in likewise pattern. From 2.800 m a.s.l. upwards,
the rate of decreasing surface lowering declines in general up to ca. 3.450 m a.s.l..
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Figure 6.4: Mean surface elevation changes on an interannual time scale from 2005 to
2008 and difference between 2001 and 2008 with standard deviations.

This medium altitudinal ranges represent most of the area of Hintereisferner, thus
their behaviour regarding surface elevation changes are of special concern. For some
years almost constant surface elevation changes are found within this altitudinal
range, e.g. for the mass balance years 2001/02 and 2002/03. The remaining years
show declining glacier surface lowering rates between 2.800 m a.s.l. and ca. 3.450
m a.s.l.. but the graphs tend to become steeper compared to their patterns below
2.800 m a.s.l., which indicates a tendency with reduced mean surface lowering
rates with increasing height. The discontinuity in the profile was already identified
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by (Geist and Stötter 2007). This change of surface lowering rates corresponds
well with a change in aspect of the tongue from a more northerly to a more
easterly direction (see Figure 2.2 a)). Furthermore, a comparison with ice thickness
measurements (Span et al. 2005) show a good correspondence with the transition
zone from a part of the glacier with highest ice-thickness (>200 m) to the lower
part of its tongue with a significantly smaller ice thickness.
From 3.500 m a.s.l. up to the highest altitudinal band, which is between 3.700 m 3.750 m a.s.l., the pattern of the graph representing mean surface elevation changes
varies from year to year. The uppermost areas of the glacier do not always show
strong positive surface elevation changes as it might be assumed, if positive rates
were identified in the upper part of the medium altitudinal bands. As it is visualised
in 2.2 b) the uppermost areas of Hintereisferner also represent the steepest parts
of the glacier. Thus, snow accumulation is limited as snow is blown down-slope by
wind-drift (Kuhn 1981, Obleitner 1994), or shifted by snow avalanches from the
highest altitudinal bands to the ones situated below.
The shape of the graphs illustrating the mean surface elevation change per
altitudinal band generally show the same pattern. However, for the individual
glaciological years it is shifted along the elevation-change-axis. This shift represents
the overall surface elevation change of the glacier of different years. For the years
2001/02, 2002/03, 2005/06 and 2007/08 the mean glacier surface elevation change
is negative in all altitudinal bands. Thus, a combination of melting and ice dynamic
processes led to a glacier thinning at all altitudes. Highest mean surface lowering
occured in the glaciological year 2002/03, where a mean ice thinning of about 7.3
m at the lowermost part of the glacier tongue was found. For the same year the
greatest surface elevation lowering in the upper part of the glacier of all analysed
years are identified. Even in the upper most elevation ranges of Hintereisferner
values more negative than -2 m are found. Only the glaciological years 2003/04,
2004/05 and 2006/07 show glacier thickening in their uppermost parts. Values on
increasing glacier surface elevation are generally small and they tend to be <0.5 m.
Only for the glaciological year 2003/04 a glacier thickening >0.5 m could be found
in two of the uppermost altitudinal bands.
The magnitude of the shift of the graph along the x-axis is generally bifid and
seems to depend on altitude. It is of smaller magnitude in the lowest third of the
altitudinal bands compared to the medium and higher altitudinal bands. For the
lowest third a maximum shift of ca. 2.3 m is identified, whereas the medium and
uppermore part of the graph fluctuates by about 3.8 m between the individual
glaciological years. Thus, assuming that glacier surface elevation changes identified
in this study are mainly determined by weather and climatological effects, and
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just to a minor effect by ice dynamic processes, it can be supposed that varying
climatological conditions have a greater impact regarding surface elevation changes
in the medium and upper part of Hintereisferner.
Regarding surface elevation changes over the whole investigation period (see
Figure 6.4 (d)), negative values are found at all altitudinal bands. As identified
on the basis of the individual glaciological years, the glacier thinning is most
pronounced on the glacier tongue. However, the three lowermost altitudinal bands
show a different pattern in the graph: In contrast to the individual glaciological
years mean surface lowering rates for the whole period do not show a maximum in
the lowermost band between 2.450 m and 2.500 m a.s.l.. Calculations of surface
elevation changes of the areas that became ice-free from 2001 - 2008 clearely show
an input of solid material. This solid material got eroded to a higher degree from
the deadice body on the orographic right side of the glacier tongue. Thus, a refilling
of the area that just got ice free, leads to a reduced relative mean surface lowering
compared to the values of the cumulative surface lowering rates of the individual
rates on the interannual basis.
Standard deviations are generally small for altitudinal bands in the lower
part of the tongue of Hintereisferner. This part is relatively flat and shows a
topographical homogenous area without any relevant crevasses. Therefore, the
spatial distribution of glacier thickening and thinning is also relatively homogeneously. Only the lowermost altitudinal bands between 2.450 m and 2.500 m a.s.l.
show higher standard deviations due to the inhomogenous ice decay at the glacier
terminus.
In the medium altitudinal bands standard deviations tend to be greater than in
the lower altitudinal bands, which means that surface elevation changes within
these bands are inhomogenous regarding its spatial distribution. Greater standard
deviations may result from crevasses in these areas which might be snow covered
respectively snow free in one of the DEMs used for the calcualtion of surface
elevation changes. Furthermore, small scale local snow accumulations with bigger
magnitudes result in bigger standard deviations. Such areas of distinct surface
elevation increases, just beside small scale spots which show a surface lowering
can be seen in Figure 6.5 (c) and (d) in the upper part of the main body of
Hintereisferner.
Small-scale surface elevation changes
Mean surface elevation changes shown in Figure 6.3 and 6.4 allow an investigation
of changes of individual altitudinal bands. Though, they do not show the spatial
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distribution of local spots of positive or negative elevation changes within that
band. Therefore, surface elevation change maps with 1 m spatial raster resolution
were caluculated (see Figure 6.5 and 6.6). The maps are identically colour-coded,
thus a direct comparison between individual years is possible. The map showing
changes from 2001 to 2008 has an individual colourcode. The maps provide the
basis for a detailed detection of glacier surface elevation changes.

(a) Surface elevation change 2001-2002

(b) Surface elevation change 2002-2003

(c) Surface elevation change 2003-2004

(d) Surface elevation change 2004-2005

Figure 6.5: Surface elevation changes on an interannual scale from 2001 to 2005. Background layer: Shaded relief map with 5m resolution for HEF16.

Local spots of distinct positive elevation changes on Hintereisferner are revealed
between 2.900 m and 3.000 m a.s.l. on the orographic left side of the glacier for
the years 2001/02 and 2007/08 where avalanche snow was accumulated during
the winter season. Particularly the firn areas show, beside for the years 2002/03
and 2005/06, confined areas with positive elevation changes just beside areas with
negative values. Small-scale changes of surface heights in the firn areas partly result
from moving crevasses or from crevasses that became snow-free/got snow-covered
in following years. The year 2004/05 shows some distinct areas above 3.150 m a.s.l.
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with positive elevation changes showing the spatial pattern of snow accumulations
that survived the summer season. An even more scattered distribution of araes
of positive and negative surface elevation changes are given in the firn area of the
year 2003/04. Also some smaller islands with positive values are identified in the
uppermost part of Hintereisferner for the year 2001/02.
Investigating the overall magnitude of surface elevation changes of Hintereisferner, the glaciological years 2002/03 and 2005/06 stand out with highly negative
values over the whole glacier surface. Only some tiny areas with positive values
become obvious in parts of the glacier where crevasses have moved as a consequence
of ice dynamic processes.

(a) Surface elevation change 2005-2006

(b) Surface elevation change 2006-2007

(c) Surface elevation change 2007-2008

(d) Surface elevation change 2001-2008

Figure 6.6: Surface elevation changes on an interannual scale from 2005 to 2008 and
over the whole period from 2001 to 2008. Background layer: Shaded relief map with 5 m
resolution for HEF16. The glacier outline in (d) represents the glacier area of 2008.

Figure 6.6 (d) visualises the glacier surface elevation change of the whole
investigation period from 2001 to 2008. Beside one tiny part at uppermost area
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of Langtaufererjochferner, where snow redistributed by wind-drift might play an
important role, strong negative surface elevation changes are identified. A clear
tendency of increasing surface hight lowerings with decreasing altitude is identified.
However, some smaller, distinct areas at the Bergschrund are obviuos. They
presumably result from glacier ice break-off from the rock walls.
The surface elevation changes described and discussed in this section, build the
basis for the calculation of mass changes of Hintereisferner. As it has been shown,
surface elevation changes both, of different magnitudes and with high spatial resolution could be detected. The high degree of accuracy and high spatial resolution,
which allows the detection of small-scale surface elevation changes, points out the
advantage of ALS compared to in-situ point measurements on the glacier which are
necessary for the direct glaciological method for mass balance calculations. Furthermore, detected small-scale variations of surface elevation changes as well as spatially
and temporally changing magnitude of these changes show, that the small number
of point measurements on the glacier can not provide a detailed picture of changes
that occur on the glacier surface.
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To receive the total net mass balance (B), mean surface elevation changes, as they
are calculated and described in Section 6.3, are converted to volume changes and
finally to mass changes. Mass changes are computed by multiplying the volume
changes with the glacier-ice density of 0.9 gcm−3 (e.g. Anonymus 1969, Hoinkes
1971, Lang and Patzelt 1971).
Mass balances on an interannual time scale
Table 6.3 shows the results of the interannual total net mass balance calculated
by the geodetic method and compares the results with the values derived from the
direct glaciological method.
Table 6.3: Comparison of total net mass balances of Hintereisferner derived from the
geodetic method and the glaciological method on an interannual time scale from the glaciological year 2001/2002 to 2007/2008. Values for the geodetic method were calculated by
multiplying volume changes with an assumed ice density of 0.9 gcm−3 . *Value results
from a volume change of Hintereisferner from 2001 to 2008 multiplied with an assumed
ice density of 0.9 gcm−3
Mass balance year Geodet. method [ice] Glaz. method
[Mio. m3 ]
[Mio. m3 ]
2001/02
-8.19
-5.11
2002/03
-25.82
-14.18
2003/04
-3.9
-5.0
2004/05
-4.95
-7.93
2005/06
-18.67
-11.22
2006/07
-10.37
-12.95
2007/08
-9.96
-8.77
P
-81.86
-65.17
01/02−07/08
2001-2008
-83.31*
-65.17

Difference
[Mio. m3 ]
3.08
11.64
-1.1
-2.98
7.45
-2.58
1.19
16.69
18.14

[%]
60.2
82.1
-22.0
-37.6
66.4
-19.9
13.5
25.6
27.8

As it is expected from the analyses of the mean surface elevation changes, all
glaciological years show negative values on total geodetic net mass balance. This
general tendency of negative values is also identified by the direct glaciological
method. However, the magnitude of mass losses of the individual mass balance
years calculated by the two methods differ within a range from -37.6 % to 82.1
%. For the glaciological year 2002/03 the geodetic method results in a value of
-25.82 Mio. m3 which is 82.1 % more negative than the one derived from the
direct glaciological method (-14.18 Mio. m3 ). For the glaciological year 2004/05,
the direct glaciological method results in -7.93 Mio. m3 for B which is 37.6 %
more negative than the result from the geodetic method (-4.95 Mio. m3 ). Thus,
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a consistent positive or negative deviation of B between the two methods is not given.
Smallest deviations between the two methods for B are identified for the glaciological year 2007/08 with a deviation of 13.5 %, whereas the difference was greatest for
the glaciological year 2002/03 with a deviation of 82.1 %.
Cumulative mass balance results
Theoretically, deviations of the total net mass balance between the two methods
should decline with increasing time steps (Hoinkes 1971, Lang and Patzelt 1971).
This trend is given in Table 6.4.
Regarding the geodetic method, time steps were increased by calculating surface
elevation changes between the 2001-DEM and the DEMs representing the glacier
surface at the end of the successive glaciological years. Again, volume changes were
converted to mass changes using a glacier-ice density of 0.9 gcm−3 . In any case, the
spatial extent of Hintereisferner, which defines the area for which mass changes are
calculated, was defined by the area of Hintereisferner for the year 2001. Regarding
the direct glaciological method, time steps were increased by summing-up the total
net mass balance of the individual glaciological years to derive the cumulative total
net mass balance.
Table 6.4: Comparison of cumulative total net mass balances of Hintereisferner derived from the geodetic method and the glaciological method from the glaciological year
2001/2002 to 2007/2008. Values for the geodetic method were calculated by multiplying
volume changes with an assumed ice density of 0.9 gcm−3 .
Mass balance period Geodet. method [ice] Glaz. method
[Mio. m3 ]
[Mio. m3 ]
2001-2002
-8.19
-5.11
2001-2003
-34.17
-19.29
2001-2004
-38.09
-24.3
2001-2005
-43.09
-32.23
2001-2006
-62.23
-43.45
2001-2007
-72.93
-56.4
2001-2008
-83.31
-65.17

Difference
[Mio. m3 ]
3.08
14.88
13.79
10.87
18.79
16.53
18.14

[%]
60.2
77.1
56.8
33.7
43.2
29.3
27.8

Table 6.4 reveals a general decline of the deviations of the cumulative Bs
between the two methods with increasing time steps. For the first glaciological
year (2001/02) the difference is about 60%, whereas over the whole investigation
period of 7 years, deviations are reduced to 27.8 %. However, it has to be stated,
that talking about a trend has to be treated with caution, because only a relatively
short time series of 7 glaciological years is investigated.
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The general trend of declining deviations for B from the two methods is interrupted
by the cumulative B 2001-2003 and 2001-2006. The glaciological years 2002/03
and 2005/06 are exactly these two years, for which outstanding high surface
elevation lowering rates are identified in Section 6.3 and deviations between the
two methods were greatest on the interannual basis. Thus, the mass balance calculations of these years seem to undergo mistakes in one or both of the two methods.
Table 6.4 furthermore reveals, that B calculated by the geodetic method always
results in values more negative than those from the direct glaciological method.
One reason for that might be, that for all areas on the glacier where surface lowering
was identified, a density of glacier-ice was used to convert volume to mass changes.
This is appropriate on the glacier tongue, where most likely glacier-ice got lost,
but might result in an overstimation of mass loss, when it is used for zones in the
accumulation area of Hintereisferner, where melting on the glacier surface takes
place in the snow-pack or firn. In that case, a lower density than that for glacier-ice
should be applied.
However, using glacier-ice density to calculate the total mass balance of Hintereisferner over the whole investigaion period of seven years should be a good
assumption. The total volume of Hintereisferner is calculated to be 500 x 106 m3
for the beginning of this century (Kuhn 2007). From 2001 to 2008 Hintereisferner
lost approximately 92 x 106 m3 of its volume which is a volume loss of ca. 18%.
Most of the volume got lost in form of ice at the lower parts of the glacier, which
supports the ice-density assumption stronlgy.
In Table 6.5 the total net mass balance is given for the time span 2003 to
2008 with the glaciological year 2003/04 used as the basis-year. Doing this, the
big deviation between the two methods found for the glaciological year 2002/03
is excluded. Furthermore, it is known, that the whole glacier showed bare ice in
autumn 2003. Thus, any reduction of surface elevation to a later date, has to be
caused by melted glacier-ice (if ice dynamic processes are disregarded).
Table 6.5 shows, that over the five years time period from 2003-2008 a deviation
of only -5.8 % between the two methods is given. However, this might be a result
of fortuity, because a general trend of declining deviations is not given. Anyway,
knowing that the whole glacier surface of Hintereisferner showed bare glacier-ice in
autumn 2003 it is anticipated, that the found value of -48.54 Mio. m3 has to be a
reliable value for the mass loss of Hintereisferner over the period 2003-2008.
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Table 6.5: Comparison of cumulative total net mass balances of Hintereisferner derived from the geodetic method and the glaciological method from the glaciological year
2002/2003 to 2007/2008. Values for the geodetic method were calculated by multiplying
volume changes with an assumed ice density of 0.9 gcm−3 .
Mass balance period Geodet. method [ice] Glaz. method
[Mio. m3 ]
[Mio. m3 ]
2003-2004
-3.91
-5.00
2003-2005
-8.92
-12.93
2003-2006
-27.71
-24.15
2003-2007
-38.3
-37.10
2003-2008
-48.54
-45.88

6.5

Difference
[Mio. m3 ]
-1.1
-4.01
3.56
1.2
2.66

[%]
22.0
31.0
-14.7
-3.2
-5.8

Impact of density assumptions on mass balance

As shown in Section 6.4 deviations of B were greatest for the glaciological year
2002/03. This mass balance year was characterised by extraordinary high melting
rates and corresponding extreme values on the mean glacier surface lowering of -4.0
m. Figure 6.3 (b) and Figure 6.5 (b) show, that high surface lowering rates occured
in all altitudinal ranges. From field campaigns at the end of the glaciological
year it is known, that most of the snow and firn that was once accumulated on
Hintereisferner, melted away. Of course, this has to result in an overestimation
of mass loss in these areas when surface elevation changes are converted to mass
changes by using glacier-ice density. However, it can be assumed that the direct
glaciological method also might be confronted with problems to determine mass
changes in the upper area of Hintereisferner when strong ablation takes place: In
the accumulation area of the glacier, the normally occuring snow accumulation
is measured in snow-pits. No ablation stakes are installed in these areas. Thus,
the extraordinary high mass losses of the glaciological year 2002/03 which even
occured in the uppermost part of the glacier are difficult to determine by the direct
glaciological method, which might result in wrong mass balance rates for these zones.
Figure 6.7 compares the influence of different densities on the geodetic mass
balance, based on the vertical mass balance profile (VBP) for the glaciological year
2002/03. A typical value for glacier-ice is 0.9 gcm−3 , 0.6 gcm−3 for firn and 0.3
gcm−3 for snow (Klebelsberg 1948). Resulting values are compared to the results
from the direct glaciological method.
Obviously, using a glacier-ice density of 0.9 gcm−3 , the derived mass balance
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VBP 2003: LiDAR vs Stratigraphic Method
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Figure 6.7: Vertical mass balance profile for the glaciological year 2002/03 for the direct glaciological method and for the geodetic method with density assumptions for snow
(green), firn (red) and glacier-ice (blue).

values between the geodetic and the direct glaciological method differ only slightly
in the lower part of the glacier, which represents the glacier tongue between 2.450
and 2.800 m a.s.l. Thus, both methods seem to result in a likewise pattern of mass
changes in that area. The geodetic method delivers values on the mean specific
mass balance which are between 500 and 1000 mm w.e. smaller than those from the
direct glaciological method. These deviations can be well explained by ice dynamic
processes (Schram 1966). In the lower part of the glacier ice emergence processes
contribute to the mass balance. The contribution of emergence to the overall mass
loss within an altitudinal band can only be measured by the direct glaciological
method. The geodetic method is not suitable to include the contribution of
emergence to the mean specific mass balance of an individual altitudinal band,
which leads to an underestimation of mass losses for the geodetic method.
From 2.800 m a.s.l. upwards differences between the two methods become bigger, if
glacier-ice density is used for the geodetic mass balance. As stated before, the high
negative surface elevation changes identified in the medium and uppermost parts
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of the glacier mainly result from melted snow and firn covers, where glacier-ice
density assumptions have to be erroneous. Interestingly, deviations between the two
methods for the mean specific mass balance using a firn-density-assumption are still
ca. 2.000 mm w.e., whereby the geodetic method results in more negative values
compared to the direct glaciological method. Submergence processes probably can
not cause such differences. It can be assumed, that the high surface elevation
lowering mainly results from a combination of melted snow, firn and glacier-ice.
Thus, a density assumption of 0.6 gcm−3 might be a good approximation for the
real value. Even a density of snow would not align the graphs of the VBP from the
two methods in Figure 6.7. Knowing, that a mean density of snow is an unrealistic
assumption for the melted material (Matzi 2004) and that the real value has to
be bigger, it can be assumed that the direct glaciological method is confronted
with problems to detect mass changes in the uppermore areas of Hintereisferer for
years with extaordinary high melting rates. Presumably, for the galciological year
2002/03 correct values for the mean specific mass balance for altitudinal bands
higher than ca. 3.000 m lay somewhere between the values calculated by the direct
glaciological method and the ones derived from the geodetic method with density
assumption of firn.
In contrast to the strongly negative mass balance year of 2002/03, the year
2003/04 shows the smallest mass loss of Hintereisferner within the investigation
period. In general, Figure 6.3 (c) and Figure 6.5 (c) indicate mass loss in the
ablation area, but mass gain in the accumulation area. Again, to detect the influence
of density assumptions on the mass balance and to compare results from the direct
glaciological method to the geodetic method, the vertical mass balance profile is
plotted (see Figure 6.8).
The graphs for the VBP 2004 show the same pattern regarding mass losses
in the ablation area as the VBP 2003 does, however the magnitudes of mass loss
is different: The geodetic method with glacier-ice density assumption shows by
ca. 500 mm w.e. higher values than the direct glaciological method, which is
again explainable by the ice emergence. In the accumulation area above 3.100 m
a.s.l. both methods identify accumlation. In the case of accumulation, a density
assumption of glacier-ice has to be erroneous, because accumulation mainly results
from snow falls, for which a density of 0.3 gcm−3 would be more appropriate. This
is clearly seen in the graphs in Figure 6.8, where values on mass balance, resulting
from ice-densities, overestimate mass gains. If a density of 0.3 gcm−3 is used,
which is assumable for snow, the graph is nicely aligned to the one from the direct
glaciological method.
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VBP 2004: LiDAR vs Stratigraphic Method
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Figure 6.8: Vertical mass balance profile for the glaciological year 2003/04 for the direct
glaciological method and for the geodetic method with density assumptions for snow, firn
and glacier-ice.

In summary, the density study reveals the influence of different density assumptions on the mass balance that have to be made to receive mass changes from
volume changes. Obviously, geodetic mass balance calculations can be improved by
using different densities. A simple and straight forward improvement would be to
use snow densities for areas within the accumulation area where positive surface
elevation changes are identified. Furthermore, information on long-term density
measurements (Matzi 2004) can be used to improve the results.
In addition, deviations between the two methods on the glacier tongue can indicate
the magnitude of ice emergence in that part of the glacier. Thus, an adjustment
factor might be found which can be used to correct the geodetic method by the
magnitude of ice emergence, if b̄ is calculated for individual altitudinal bands on the
glacier tongue.
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Estimation of density values from intensity
data

For longer time periods, as it is traditionally done, glacier-ice density can be used
to convert volume to mass changes. This is especially true, for highly negative mass
balances, because then the proportion of ice loss dominates the mass losses caused by
snow or firn. However, Section 6.5 showed the influence of different density values on
the geodetic mass balance results on an interannual time-scale. As it has been shown
in Section 4.1 airborne laser scanning provides information on surface characteristics.
Within the ALS-X project, Fritzmann (2010) calculated intensity rasters, which
provide valuable information on glacier surface characteristics of Hintereisferner.
He made a glacier surface classification based on intensity values, where among
others, a distinction between snow, firn and glacier-ice areas is given.

(a) hef07 (2002)

(b) hef09 (2003)

Figure 6.9: Glacier surface classification based on corrected ALS intensity values. Source:
Fritzmann (2010).

Figure 6.9 visualises the spatial distribution of snow, firn and ice areas for the
year 2002 and 2003. These raster maps can be used to obtain some information on
accumulation and ablation patterns of a mass balance year. If for example a negative
surface elevation change is detected on the glacier tongue, this surface lowering has
to result from ice-melt, because in both of the two years bare glacier-ice is exposed.
If for example in 2002 one part of the glacier is firn-covered and the same part of
the glacier shows bare glacier ice in 2003, a mixture of firn and ice melting probably
occured. Thus, a cross matrix, giving all possible changes of surface classes, was
made to improve density assumptions. If one surface class changed into another
class in the following year, a mean value for density of the two (or three) surface
types was used to convert volume to mass changes.
Using this cross matrix approach for the glaciological year 2002/03 the total net

6.6 Estimation of density values from intensity data
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mass balance of Hintereisferner changed from -25.82 Mio. m3 to -22.23 Mio. m3 .
For the same year, the direct glaciological method resulted in -14.18 Mio. m3 . Thus,
a slight reduction of the deviation between the two methods was achieved, which
indicates an improvement of the geodetic method on an interannual time-scale.
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Chapter 7
Conclusion and outlook
7.1

Conclusion

The study aimed to assess total net mass balances (B) of Hintereisferner on
interannual time-steps as well as cumulative over the time-period from 2001 to
2008 by applying the geodetic method with airborne laser scanning input data. To
evaluate the results, values derived from the direct glaciological methods were used.
If two methods are compared to each other, the accuracy of both methods
has to be considered. Thus, in a first step the quality of the ALS data and
derivated DEMs were evaluated. It was found, that the height accuracy of the
DEMs depends on the surface roughness and surface slope angles. A low surface
roughness combined with low slope angles (6◦ ) results in a mean error of about 9
cm for the DEM. With increasing surface roughness and increasing slope angles the
height accuracy of the DEM declines. For crevassed parts on the glacier with 40◦
slope angles an inaccuracy of the DEM was computed to be 12 cm. Thus, the over
all accuracy of the DEMs is by far good enough to use them as input data for the
geodetic method.
Glacier surface elevation changes on an interannual time-scale showed generally
relatively homogenous surface lowering patterns on the glacier tongue, though
the magnitudes of lowering were different. Glacier surface elevation analyses in
the accumulation area of Hintereisferner revealed inhomogenous spatio-temporal
changes. This points out the advantage of airborne laser scanning to detect
small-scale glacier surface elevation chages compared to the direct glaciological
method, where only a few point smaplings can be done in the accumulation area.
Mean annual surface elevation changes of the glacier were between -1.2 m and
-4.0 m. Form 2001 to 2008 a mean glacier surface lowering of -12.5 m was identified.
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As it was expected from the analyses of the mean surface elevation changes, all
glaciological years show negative values on total geodetic net mass balance when
volume changes were converted to mass changes using a glacier-ice density of
0.9 gcm−3 . This general tendency of negative values is also identified by the direct
glaciological method. However, the magnitude of mass losses of the individual mass
balance years calculated by the two methods differ within a range from -37.6 % to
+82.1 %. For the glaciological year 2002/03 the geodetic method results in a value
of -25.82 Mio. m3 which is 82.1 % more negative than the one derived from the
direct glaciological method (-14.18 Mio. m3 ). For the glaciological year 2004/05,
the direct glaciological method results in -7.93 Mio. m3 for B which is 37.6 %
more negative than the result from the geodetic method (-4.95 Mio. m3 ). Thus,
a consistent positive or negative deviation of B between the two methods is not
given. Smallest deviations between the two methods for B are identified for the
glaciological year 2007/08 with a deviation of 13.6 %.
The identified deviations between the two methods can not be explained by the
relatively small error that results from height inaccuracy of the used DEMs. Thus,
on an interannual time-scale, the conversion of glacier volume changes to mass
changes by using a glacier-ice density of 0.9 gcm−3 is identified to be the biggest
error source of the geodetic method.
Investigating the cumulative total net mass balance from 2001 to 2008 a
general decline of the deviations between the two methods with increasing time
steps were identified. For the first glaciological year (2001/02) the difference is
about 60 %, whereas over the whole investigation period of 7 years, deviations are
reduced to 27.84 %. This points out, that a glacier-ice density assumption is the
more appropriate the longer the time intervall between two determined dates for
mass balance calculations. The general trend of declining deviations for B from
the two methods is interrupted by the cumulative B of 2001-2003 and 2001-2006.
The glaciological years 2002/03 and 2005/06 are exactly these two years, for which
outstanding high surface elevation lowering rates are identified in Section 6.3 and
deviations between the two methods were greatest on the interannual basis. Thus,
the mass balance calculations of these years seem to undergo bigger mistakes in one
or both of the two methods.
The total volume of Hintereisferner is determined to be ca. 500 x 106 m3 for
the beginning of this century (Kuhn 2007). From 2001 to 2008 the glacier lost
approximately 92 x 106 m3 of its volume which is a volume loss of ca. 18%. It is
most likely, that most of that volume got lost in form of glacier-ice mainly at the
lower parts of the glacier. Thus, calculated total mass loss from 2001-2008 of -83.31

7.1 Conclusion
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Mio. m3 .
In the glaciological year 2002/03 strong ablation occured in all altitudinal
ranges and both methods showed the biggest mass loss within the investigaion
period. However, deviations between the two methods were also greatest. Vertical
mass balance profiles calculated with different density assumptions (glacier-ice =
0.9 gcm−3 , firn = 0.6 gcm−3 , snow = 0.3 gcm−3 ) showed, that both methods give
comperable ablation rates on the glacier tongue when using a glacier-ice density.
The geodetic method seems to underestimate ablation on the glacier tongue. This is
most likely due to the effects of ice emergence processes which can not be detected
by the geodetic method. This illustrates the good performance of both methods in
the ablation area on the glacier tongue, however with a small method-depending
error of the geodetic method. High deviations between the two methods, with
by far more negative values calculated by the geodetic method, were found in
the accumulation area when glacier-ice density was used in the geodetic method.
Knowing, that in the glaciological year 2002/03 the complete snow pack and firn
layer got melted, the glacier-ice density assumption has to be erroneous and has
to overestimate the real ablation. Interestingly, the geodetic method with snow
density assumptions, which is an unrealistic assumption for the melted material
and should actually underestimate ablation, still results in more negaitve values
than those derived from the direct glaciological method. Thus, it can be assumed
that the direct glaciological method is confronted with problems to detect mass
changes in the uppermore areas of Hintereisferner for years with extaordinary high
melting rates.
Concluding, simple glacier-ice density assumptions of 0.9 gcm−3 are problematic
and lead to wrong results of the total net mass balance of Hintereisferner on an
interannual time-scale.
To improve the necessary, but generally unknown, density information for the
geodetic method, a multi-temporal glacier surface classifaction (classes: snow, firn
and glacier-ice) provided useful information. On an interannual basis, a change
detection analysis regarding the change-over from one surface classe in the first
year into another surface class in the next year, improved the results of the geodetic
total net mass balance.
The study revealed the eligibility of airborne laser scanning technology for the
calculation of the total net mass balance of a glacier. Climate change scenarios
predict a further and amplified warming in the European Alps, which will result in
intensified glacier melting (Lemke et al. 2007). Thus, the geodetic method based
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on airborne laser scanning input data, might attain greater importance for mass
balance calculations. Therefore, as it was drafted in the Thesis title, the term

Airborne Laser Scanning Glacier Mass Balance
is suggested for further applications of this method.

7.2

Outlook

As has been shown, a problematic factor influencing the geodetic mass balance
on the interannual time-scale is the unknown density. Thus, an improvement of the
method would be to get more information on the density. Promising solutions might
be:
• the use of full-wave laser scanning to receive more reliable and higher quality
intensity data that can be used to perform a better glacier surface classification.
• the use of already available long-term density information from in-situ
measurements carried out at Hintereisferner (Matzi 2004).
• to sustain in-situ field campaigns time-synchronised to the flight campaigns
for validation of density assumptions.
The continuation of airborne laser scanning campaigns at Hinteisferner are desirable. This would provide the basis to:
• explore, if devations of the total net mass balance between the methods will
furthermore decline.
• identify the necessary time period for which the deviation between the two
methods becomes a minimum. This can give a first indication, if and on
over which time intervals, the geodetic method with ALS input data can be
applied on other glaciers. Huge potential is given due to already performed
laser scanning flight campaigns, which covered the whole Tyrol and further
Austrian federal states.
The identified deviations between the two methods on the glacier tongue, provide the basis to quantify the vertical ice-flow component on the glacier tongue.
This might be interesting to:
• improve and correct results of the geodetic method on individual altitudinal
bands.
• check and validate ice-flow models.

7.2 Outlook
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Zeitschrift für Gletscherkunde und Glaziologie, 6(1-2):37–90.
Hooke, R. (1998). Principles of glacier mechanics. New Jersey.
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