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Abstract: The analysis and interpretation of remote sensing data facilitates investigation of land
surface complexity on large spatial scales. We introduce here a geometrically high-resolution data
set provided by the airborne High Resolution Stereo Camera (HRSC-A). The sensor records digital
multispectral and panchromatic stereo bands from which a very high-resolution ground elevation
model can be produced. After introducing the basic principles of the HRSC technique and data,
applications of HRSC data within the multidisciplinary Research Training Group 437 are presented.
Applications include geomorphologic mapping, geomorphometric analysis, mapping of surficial
grain-size distribution, rock glacier kinematic analysis, vegetation monitoring and three-dimensional
landform visualization. A final evaluation of the HRSC data based on three years of multipurpose
usage concludes this presentation. A combination of image and elevation data opens up various
possibilities for visualization and three-dimensional analysis of the land surface, especially in
geomorphology. Additionally, the multispectral imagery of the HRSC data has potential for land
cover mapping and vegetation monitoring. We consider HRSC data a valuable source of high-
resolution terrain information with high applicability in physical geography and earth system science.
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I Introduction

The high complexity of the land surface
represents a challenge to researchers in
physical geography and earth system sciences.
This complexity is expressed by a highly
differentiated spatial arrangement of objects
and a complex interaction between its
components. The analysis and interpretation
of remote sensing data facilitates investigation
of land surface complexity on large spatial
scales. The geometrical, spectral and temporal
resolution of this data determines what level of
complexity we can observe. Remote sensing
techniques and data interpretation methods
have constantly evolved for several decades,
increasing the spatial, temporal and spectral
resolution of the information and providing a
continuous (complete) spatial coverage of the
planet’s land surface. Generally, remote sens-
ing data are useful for area-wide monitoring
and for monitoring of areas that are difficult to
access and that have a global dimension.
Increasing spatial and temporal resolution and
decreasing costs make these data increasingly
useful for physical geography.

We introduce in this paper a geometrically
high-resolution data set provided by the air-
borne High Resolution Stereo Camera
(HRSC-A). The HRSC-A system is an air-
borne digital pushbroom (linear array CCD)
scanner. From one single campaign the user
receives multispectral data and can derive
very precise elevation information. High-
resolution digital elevation data comparable
to the HRSC technique, with a geometrical
resolution between 0.Im and Im, can be
obtained by airborne laser scanning (LIDAR),
satellite-based radar (InSAR) or by stereo-
scopic imagery techniques. Comparable
multispectral data is obtained by high-resolution
satellite sensors (lkonos, QuickBird) or by
multispectral airborne imagery sensors (eg,
ADS40, UltraCam-D, DMC).

High geometrical resolution data is applied
in a broad range of subjects in physical geogra-
phy. Digital elevation data derived from air-
borne LIDAR is increasingly used in
geomorphology. Glacier monitoring (Kennett
and Eiken 1997; Baltsavias et al., 2001; Geist

et al., 2003; Tamburini et al., 2005), recon-
struction of relict glaciation patterns (Kovanen
and Slaymaker, 2004), analysis of debris flow
depositional patterns (Staley et al., 2006), the
characterization of landslide morphology and
activity (McKean and Roering, 2004; Glenn
et al., 2006; Staley et al., 2006) are some
examples of LIDAR data applications in geo-
morphology. Hydrological research applies
LIDAR data to analyse erosion and deposition
of river systems (Lane et al., 2003) and for
hydrologic modelling (French, 2003). In bio-
geography LIDAR is used for vegetation struc-
ture detection (Ni-Meister, 2005; Kimeset al.,
2006). InSAR data is applied in glacial and
periglacial hazard assessment (Kaéb et al.,
2005), detection of mountain periglacial creep
(Strozzi et al., 2004) and slope movement
studies (Squarzoni et al., 2003; Metternicht
et al., 2005; Saroli et al., 2005; Singh et al.,
2005). An overview of digital terrain models
(DTM) derived by satellite stereo images
with, for example, QuickBird, lkonos or
EROS is given in Toutin (2004).

Spectral images of QuickBird or lkonos
satellites and airborne sensors like ADS40 are
increasingly used for environmental investiga-
tions. Research focuses mainly on monitoring
vegetation or land use in different regions and
in varying vegetation types. For instance, veg-
etation mapping in topographically complex
hills (Zhang et al., 2006a), estimation of vege-
tation fraction (Chen and Chen, 2005) and
density measurements of forest trees
(Keramitsoglou et al., 2005) become possible
with highly geometrical and spectral resoluted
remote sensing data. Many habitat mappings
and land use classifications were realized using
QuickBird or Ikonos data (see, for example,
Bock et al., 2005; also with HRSC, Kobler
et al., 2006). For agricultural applications,
especially precision farming, the new sensors
are promising tools, eg, for the detection of
site-specific damage in cultivation systems
(VoB3, 2004), for biomass and yield estimation
(Yang et al., 2004; Heinzel et al., 2005) or for
predicting nitrogen in leaves (Zhang et al.,
2006b). Hydrologic and geomorphologic
investigations also use the new sensors, eg, for
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detecting floods (GlaBer and Reinartz, 2005),
measuring river discharges (Xu et al., 2004),
monitor shrinking processes and groundwater
processes in discontinous permafrost
(Yoshikawa and Hinzman, 2003) or detecting
landslides (eg, Delacourt et al., 2004;
Metternicht et al., 2005; Nichol and Wong,
2005) and slope failures (Kawamura et al.,
2003). Among others, snow and ice monitor-
ing is performed with support by lkonos
images, eg, in order to detect snow cover vari-
ation (Budkewitsch et al., 2004) or to analyse
rock/ice avalanches (Huggel et al., 2005).
Test flights with the ADS40 produced prom-
ising results for the application of the airborne
digital camera in future environmental projects
(Borner and Reulke, 2001; Cramer, 2005).
The data and applications presented here
are from the work of the Research Training
Group (RTG) 437 — ‘Landform — a structured
and variable boundary layer’, which is a multi-
disciplinary graduation program funded by the
German Research Foundation (DFQG)
(http://www.giub.uni-bonn.de/grk/).
Landform as the boundary surface between
different components of the earth system is
investigated in this programme within a range of
disciplines ranging from geoscience (geomor-
phology, hydrology, climatology, geodynamics,
meteorology, pedology) to biology, mathemat-
ics, computer science and remote sensing. The
HRSC data is applied within the Alpine cluster
of'the RTG 437 and covers a 120 km? large area
of high Alpine relief in southern Switzerland
(Turtmann valley, Valais, Swiss Alps). We intro-
duce here the basic principles of this data type
and give examples of applications and visualiza-
tions of these data within the scope of the RTG
437 research. Applications include geomorpho-
logic mapping, geomorphometric analysis, map-
ping of surficial grain-size distribution, rock
glacier kinematics analysis, vegetation monitor-
ing and 3D landform visualization. A final dis-
cussion of our evaluations of the HRSC data
based on three years of multipurpose usage
concludes this presentation. We consider the
HRSC data a valuable source of high-resolution
terrain information with high applicability in
physical geography and earth system science.

J.-C. Otto et al.: HRSC-A data 18l

Il The HRSC-A camera and data set
The HRSC was originally developed for the
mission ‘Mars Express’ by the German
Aerospace Centre (DLR). First airborne
experiments on Earth with HRSC-A
(A = airborne) showed good results in map-
ping and in photogrammetry. For this reason,
two additional airborne cameras (HRSC-AX
150, HRSC-AXW 47) were developed in
2000 (Neukum, 2001).

The HRSC-A sensor (Table 1) is a multi-
spectral and stereo scanner containing nine
bands: one blue band, one green band, one
red band (tending to near infrared), one near
infrared band and five panchromatic bands
covering the green and red spectrum. It is a
pushbroom scanner consisting of CCD sen-
sors in nine lines. The sensors scan line by line
(nine lines at a time) along the flight path
(Figure 1). Each CCD line scans another
band, each with another viewing angle. The
geometrical resolution depends on the flying
altitude and starts at 10 cm upwards.

In September 2001 a flight campaign cov-
ering the entire Turtmann valley was success-
fully completed after scanning 13 overlapping
parallel tracks from a mean flight altitude of
6000 m (3000-4000 m over ground) using the
HRSC-A system. Limited by the lateral field
of view (FOV) of the sensors (Table 1), sev-
eral parallel tracks had to be recorded and
mosaiced for each colour and stereo band
separately during on-ground processing.

After data processing at DLR including
combined determination of position and atti-
tude, geometric correction of image data,
image matching, DTM generation, orthoim-
age generation and mosaicing (Hauber et al.,
2000; Scholten et al., 2002), we received a
large data set of several Gb consisting of mul-
tispectral, stereo data as well as a digital ter-
rain model that includes vegetation. Image
and DTM data are referenced to the standard
Swiss map projection (CHI1903). Image data
have a radiometric resolution of 8 bits, while
the terrain model is coded in 16 bits resolving
a height difference of 10 cm. The spatial reso-
lution is 50cm and | m for image data and
DTM, respectively. Multispectral data tend
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Table 1 Technical data on the HRSC sensors
HRSC-A HRSC-AXI150 HRSC-AX047
Focal length [mm] 175 151 47
Numbers of CCD lines 9 9 5
Numbers of sensors per line 5184 12.000 12.000
Sensor size [wm] 7 6.5 6.5
Radiometric resolution[bit] 8 12 12
Muiltispectral viewing angle [°] 15.9 (R)
3.3 (B)
-3.3(G)
—15.9 (nIR)
Stereo viewing angle [°] +18.9 +20.5 *14.4
+12.8 +12
0
Field of view [°] +11.8 +29.1 +79.4
Flight altitude for 20 cm 5000 4700 1500
geometrical resolution [m]
Spectral resolution [nm]
Blue 395-485 450-510 -
Green 485-575 530-570 475-575
Red 730-770 635-685 570-680
Near infrared 925-1015 770-810 -
Nadir (panchromatic) 585-765 520-760 515-750
Stereo forward/backward 585-765 520-760 515-750
(panchromatic)
Photometry forward/backward 585-765 520-760 -
(panchromatic)
Maximum line frequence 450 1640 1640
per band [Lines/s]
Platform stabilized Zeiss T-AS-Plattform
Data recording SONY high speed data recorder
Weights: camera [kg] ~32 ~70 ~70
adapter [kg] ~40 ~40 ~40

to be slightly blurred in the flight direction due
to their smaller filter bandwidth (see Table I)
compared to the more panchromatic filters of
the stereo bands. This results in longer
exposure times. Nevertheless, sharpening
can be achieved by using HSI transformation
with the very sharp Nadir band as the inten-
sity component.

IIl Study area

The Turtmann valley is an Alpine catchment
located in the southern mountain range of the
Pennine Alps between the Matter valley and
the Anniviers valley in Switzerland (Figure 2).

The main stream of the valley, a tributary of
the Rhone River, drains a 110 km2 catchment
at altitudes between 620 m and 4200 m a.s.l.
The Turtmann valley is a high Alpine valley
with a typical glacial relief covered by
paraglacial and periglacial landforms. The val-
ley is 20 km long and the main glacial trough is
orientated from south to north. The trough is
up to 300 m wide and there are 15 hanging
valleys to the west and east. Ground levels of
the hanging valleys rise from 2300m to
2600 m a.s.l. In addition to small glaciers in
some of the hanging valleys, the Turtmann
and Brunegg Glaciers at the valley head cover
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Figure 1 HRSC-A imaging principle
Source: Wewel et al. (2000).

approximately 14% of the valley surface. The
hanging valleys are characterized by more
than 80 recent and relict rock glaciers.
Lithologies include palaeozoic schists and
gneisses and mesozoic dolomites, limestones,
and marbles of the penninic nappe Siviez-
Mischabel. The inner Alpine location of the
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Turtmann valley is characterized by conti-
nental climatic conditions. Mean annual air
temperatures are between 8.5°C in the
Rhone valley (Sion) and 3.8°C at 1825m
(Evolene). Mean annual precipitation is about
500-600 mm (surrounding stations) (data
from www.meteoschweiz.ch).

IV Review of application of HRSC data
in physical geography

| Terrestrial application of HRSC data in
physical geography

Terrestrial commercial application of HRSC
data includes disaster management, hydrology,
agriculture, forestry, coal mining, urban
mapping and telecom. Experiments on active
volcanoes and on glaciers have demonstrated
the potential of the camera system for mapping
rugged terrain for example in high Alpine envi-
ronments (Gwinner et al., 1999; Hauber et al.,
2000). There have been only few research
projects applying the terrestrial HRSC data so
far. Most of them investigated vegetation by

Figure 2 View across the glacial trough of Turtmann Valley into the western

hanging valleys
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mapping biotopes or classifying land cover at
small scales. For instance, Ehlers et al. (2003)
developed an automated analysis of HRSC
data for biotope mapping in northern Germany.
Their hierarchical classification approach com-
bined stepwise multispectral bands, vegetation
indices (NDVI), texture measures and the
DTM of the HRSC to separate more than 20
biotope classes. Providing very high geometrical
resolution and position accuracy and with four
multispectral bands, HRSC-AX data delivered
even better biotope mapping results than the
analysis of aerial photographs. According to
Ehlers et al. (2003), the red band, near infrared
band and particularly the NDVI ((nIR + R)/
(nIR-R)) were useful to distinguish vegetation
from non-vegetation and to differentiate vege-
tation types. Texture measures like variance
filters were calculated to separate smooth (eg,
grassland) and rough vegetation (eg, shrubs,
reeds). The DTM improved the division of
high-growing vegetation like trees and short
vegetation like grassland. Besides, landform
parameters derived from the DTM as addi-
tional information about the abiotic environ-
ment can improve vegetation mapping. Leser
(2003) and Bocket al. (2005) succeeded in clas-
sifying habitats semi-automatically at a local
scale. Bock et al. (2005) first segmented the
HRSC data and then developed the habitat
classification method. As assessment, classify-
ing and documenting vegetation with digital
data is united in one procedure, vegetation
mapping is more time-efficient and less error-
prone than with aerial photographs. Moreover,
low repeating rates and the transferability of
classification methods to multitemporal data
permit monitoring of vegetation using time
series. Lehmann et al. (1998) fused data of the
very high geometrical resolution HRSC with
the very high spectral resolution HyMap sensor
to extract trees in urban areas automatically.
Both spectral and textural information led to a
precise classification of urban vegetation.

2 Extraterrestrial application of HRSC data

The nominal mission of the Mars Express
was fulfilled on 30 November 2005 after 2418

orbits round Mars. During highly elliptical
polar orbits, the HRSC camera operated
most of the time only near the periapsis,
when it approached c. 250 km above the Mars
surface. Thus, a resolution of 20 metres/pixel
was attained for 28% of Mars’s surface while
41% were covered with a resolution of 30
metres/pixel (Hauber and Neukum, 2006).
A number of new research findings were
made possible by higher-resolution, improved
spectral information and larger contiguous
coverage of the HRSC data set. Above all,
refined dating possibilities, based on a high-
resolution survey of impact crater size and
frequency, brought a number of new research
applications into being and revitalized existing
ones (Neukum et al., 2004). The disciplines
that profited profoundly from the HRSC data
include geology, mineralogy, hydrology and
climatology, as well as volcanic (peri-)glacial
and fluvial geomorphology.

The extraordinary huge volcanic landforms
were the first that were observed during the
approach of the Mariner 9 cameras to Mars in
1971. Ever since, much attention has been
paid to understanding and dating the volcanic
history of Mars. The better dating possibilities
of the HRSC data set and a resolution
suitable for the mapping of lava flows and
pyroclastic deposits helped to establish a
more accurate chronology of the volcanic
activity on Mars (Neukum et al., 2004). Prior
missions detected glacial and periglacial land-
forms, mostly in the latitude belts 30-70° in
both hemispheres. The HRSC data uncov-
ered a number of previously unknown occur-
rences in all latitudes including some of very
limited spatial extent in extraordinary topo-
graphic settings such as volcano craters
(Neukum et al., 2004; Hauber et al., 2005;
Head et al., 2005; Helbert et al., 2005;
Murray et al., 2005). Fluvial and lacustrine
geomorphologic features witness the pres-
ence of water and have, therefore, always
received special attention. Fluvial channels
can be tracked for more than 100 km in length
in the HRSC data (Hauber et al., 2005;
Jaumann et al., 2005; Hauber and Neukum,
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20006). The study of long-term hydrological
fluctuations profited much from the improved
dating methods and a spatial resolution that
supports the detection of near-surface water
and ice (Helbert et al., 2005; Ivanov et al.,
2005; Reiss et al., 2005). Enhanced under-
standing of the phases of fluvial activity now
suggests a series of environmental changes
rather than a unique period of enhanced flu-
vial activity. More evidence for the existence
and importance of water is provided by min-
eralogical deposits. Even if hydrated alter-
ation minerals (hydrated sulphates and
phyllosilicates) were detected mainly with the
aid of the OMEGA spectrometer of the Mars
Express Mission (Arvidson et al., 2005;
Gendrin et al., 2005; Poulet et al., 2005),
HRSC imagery can decipher the dip direction
and angle of dip of rock layers in complex geo-
logical settings and thus contribute to the
geological understanding and mapping of
Mars (Basilevsky et al., 2005; Korteniemi
et al., 2005). The high scanning frequency of
the same ground position (four days) and the
timelag between the forward-looking stereo
sensor and other bands (several minutes)
makes HRSC data even attractive for the
observation of rapidly changing environmen-
tal systems. Thus, it was applied to the analy-
sis of climatologic processes on Mars and in
some case even yielded information on the
speed and direction of wind systems (Hauber
and Neukum, 20006).

V Applications of the HRSC data
within RTG 437

I The use of HRSC data in geomorphological
mapping and geomorphometric land

surface analysis

The complexity of the land surface originates
from its three-dimensional spatial character
and its four-dimensional time-dependent
nature (Lane et al., 1997). Mapping of geo-
morphological landforms is the traditional
technique to decompose land surface com-
plexity into structural patterns, landforms and
landform elements, often providing the data-
base for further geomorphological research.

J.-C. Otto et al.: HRSC-A data 185

The accuracy of digital landform mapping,
whether transferred from previously acquired
field data, or genuinely digitized on screen,
depends on the resolution of the topographic
base data and the visual perception of the
virtual land surface morphology on a
two-dimensional screen. In RTG 437, large-
scale geomorphologic mapping and geomor-
phometric land surface analysis are applied in
several subprojects. Rasemann (2004; see
also Rasemann et al., 2004) characterized
Alpine landforms at different spatial scales
taking a geomorphometric approach.
Nyenhuis (2005) mapped rock glaciers in
order to model the permafrost distribution in
the Turtmann valley. Otto and Dikau (2004)
created a qualitative sediment budget model
of the valley based on a detailed geomorpho-
logical map at a scale of 1:25,000. Otto
(2007) mapped the sediment storage land-
forms in order to asses the role of storage
within the sediment budget of the valley.
Figure 3 depicts different visualization tech-
niques for geomorphological mapping using
the HRSC data set of the Turtmann valley.
High-resolution aerial photographs are the
ordinary basis used for mapping. However, a
simple, two-dimensional bird’s-eye-view visu-
alization of imagery data restricts the percep-
tion of landforms to strong contrasts and
large objects. Derivatives of elevation can be
used to accentuate morphology changes and
break lines in the land surface (Smith and
Clark, 2005). For example, relief-shading
(Figure 3a) is commonly used for visualiza-
tions; however, it is prone to biasing due to
the variable azimuth of the lighting source
(Smith and Clark, 2005). A simple slope map
(Figure 3b) does not contain such biasing and
depicts land surface changes very clearly as
well, at least in regions of strong slope
variability. By combining imagery and eleva-
tion data (Figure 3c), a three-dimensional
visualization further enhances the recogni-
tion of landforms, as our natural three-dimen-
sional perception is simulated on the screen.
The high geometrical resolution of the eleva-
tion data enables the recognition of small
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Figure 3 Visualization of HRSC data for landform mapping purposes. The scene
depicts the northern part of the Hungerlitaelli hanging valley, showing active and
relict rock glaciers, talus slopes and block slopes. (a) Relief-shaded DTM. (b) Slope
map. (c) Relief~-shaded DTM including altitude information (3D scene). (d) Aerial
photograph of the same scene. The colour version (see online publication) of this
image reveals the shift of the red band towards near infrared in the HRSC-A data

that enhances the vegetation reflection

scale landforms or landform structures, often
superimposed on larger ones. Small solifluc-
tion lobes forming on non-vegetated slopes
may not be clearly distinguishable when the
surrounding slope is of the same material. A
visualization using elevation data, though,
would single out the form, for example by the
rise of the lobe front above the talus slope sur-
face. Additionally, multispectral image data
enables the distinction of vegetated and non-
vegetated surfaces, thus revealing process
activity on certain landforms, such as talus
slopes (Figure 3d).

The parameterization and characterization
of the land surface structure of Alpine regions

represents a key issue for high mountain geo-
morphology and geomorphometry. In general,
geomorphometric analysis of the land surface
aims at providing quantitative data on geomet-
rical and topological characteristics of the land
surface (Pike and Dikau, 1995; Schmidt and
Dikau, 1999). Geomorphometric parameters
are derived by analysing DTM data or direct
measure of simple parameters such as alti-
tude, slope or aspect in the field.

To analyse geomorphometric structure of
single microscale landforms, DTMs with
appropriate geometrical resolution and accu-
racy are required (Rasemann, 2004;

Rasemann et al., 2004). The HRSC DTM
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provides a good basis for the analysis of
microscale geomorphological forms such as
rock glaciers on a regional scale. Nevertheless,
the resolution of the DTM has to be adjusted
to an appropriate level of detail. In order to
quantify curvature and form elements at the
surface of rock glaciers, Rasemann (2004)
developed a variable Gaussian filter to resam-
ple and smooth the DTM. A comparison of
curvature classifications based on the original,
non-smoothed DTM with smoothed data
proved the necessity of object adapted DTM
resolution (Rasemann, 2004).

To illustrate the potential of the HRSC
technology for land surface structure visuali-
zation and analysis, a relict rock glacier and its
surrounding area are shown in Figure 4. After
smoothing of the DTM with a Gaussian filter,
nine different landform elements, each char-
acterized by homogenous curvature, have
been classified according to the geomorpho-
graphic land surface model developed by
Dikau (1989). The rock glacier can be differ-
entiated from other neighbouring landforms
such as talus slopes or moraine ridges by its
typical surface structure. The surface struc-
ture of the rock glacier is characterized by
regularly distributed ridges (landform
elements X/X) and furrows (landform ele-
ments V/V). These structures are associated

g
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with the flow field of the rock glacier and are
orientated in accordance with the internal
stress field (Haeberli, 1985; Barsch, 1996).
Longitudinal and transverse wall structures
indicate zones of former extending and com-
pressing flow. Pronounced collapse structures
in the centre of the rock glacier denote the
disappearance of permafrost ice and the relict
age of the landform.

The HRSC data proved to be a valuable
source of information for detailed geomor-
phologic mapping and geomorphometric land
surface structure analysis at micro to meso
scales in this geosystem.

2 Deriving surficial grain-size distribution
from HRSC data
An important part of the Alpine sediment
cascade is the storage of sediment within the
system. Thus a variety of sediment storage
types, such as talus cones, moraines and rock
glaciers form the landscape. Especially in high
mountain geosystems, where wide areas are
unvegetated, the surficial grain-size distribu-
tion allows inferences about the formative
processes. Hence different sediment storage
types can be detected by identifying different
grain-size patterns.

In a Diploma thesis associated with the
RTG 437, the HRSC data was used for a

Curvature classes

profile [ plan curvature
[ xix
Waix
Avix
| x/c
[mR<l]
@mvic
M| x/v
HaGiv
Wviv

Figure 4 Land surface classification of a hanging valley location. The surface struc-
ture of the rock glacier (centre) and surrounding areas indicate surface characteristics
typical of this landform. Note the longitudinal and transversal furrows and ridges that

indicate the former rock glacier dynamics
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straightforward remote sensing approach to
determine the grain-size distribution at the sur-
face of different landforms. The Nadir band
was especially useful. Texture analysis of the
aerial data can provide information about sur-
face roughness and thus grain size. While
smaller grain sizes result in a comparatively
homogenous texture, bigger rocks cast shad-
ows and lead to a more irregular texture as
darker shadows are located next to lighter
rocks. One way to quantify the texture is the
standard deviation (Haralick et al., 1973). Here
we used a moving window of 10X 10 pixels,
which showed the best results compared to
the field data. The real grain sizes of rocks at
the surface were determined at 46 test sites
in the Turtmann valley. Using a multiple linear
regression analysis, the grain sizes were then
assigned to the results of the texture analysis.
With this method a coefficient of determina-
tion (R?) of 0.78 could be reached (Konig,
2006). Thus area-wide grain-size information
was obtained (Figure 5).

Related to sediment storage types different
grain-size patterns have been detected. Talus

%% K
RS TRHRIAK,

sheets and talus cones show a longitudinal
sorting in which grain size decreases towards
the head wall. This is due mainly to fall sorting
and a sieving effect in the lower section
(Church et al., 1979). Lateral sorting is also
observed on these landforms, a pattern pro-
duced by secondary processes on the talus
surface such as debris flows, dry debris slides or
snow avalanches (Perez, 1998). Rock glaciers
in contrast show a complete different pattern
in the Turtmann basin. Their surface is very
coarse with mean grain sizes between 0.5m
and |.Im. Fine sediment is found only at the
front and in very active parts. Figure 5 displays
a transition zone between a sorted talus sheet
and a blocky rock glacier complex. Other sedi-
ment storage types such as moraines or debris
cones do not show a typical pattern but can be
distinguished by their mean grain size. The
detection of different sediment storage types is
only one application of area-wide grain-size
information. They can further be used for a
more detailed description of talus genesis and
the processes involved. Permafrost models also
could be improved by incorporating grain-size
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Figure 5 Surface sediment distribution derived from HRSC image analysis on
various landforms on a north-facing slope. Note the grain-size increase between
talus slopes and rock glacier. The talus cones show a distinct sorting pattern. The
rock glacier front is clearly distinguishable by smaller grain sizes
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information (Gorbunov et al., 2004; Nyenhuis,
2005). The accuracy and high geometrical res-
olution of the HRSC data facilitated grain-size
estimation in this environment.

3 Rock glacier kinematics using digital
photogrammetry on HRSC data

Rock glaciers and their current state of activ-
ity are important indicators for the recent or
former occurrence of permafrost in high
mountain environments. The activity of
the creeping mass is commonly described
and measured by the application of geodetic
surveys (GPS, total station) or by the com-
parison of multitemporal aerial photographs.
Since rock glaciers are often situated in inac-
cessible terrain, use of remote sensing gives
considerable advantages.

To describe rock glacier kinematics, geo-
metrical changes of the landforms are meas-
ured; therefore multitemporal data are
required. Since rock glacier creep rates of
some decimetres per year are expected
(Barsch, 1996), a relatively long timespan is
needed between the data sets to determine
changes at a significant level. For this reason,
the HRSC imagery of the year 2001 was
combined with aerial photos from the years
1975 and 1993. Hence, the HRSC data set
(DTM and orthophoto) was applied for the
first time for the measurement of rock glacier
movements (Roer et al., 2005a).

A DTM with 10 m spacing and orthophotos
with 0.5 m ground resolution were generated
from small-scale aerial stereo-photography.
The absolute RMS accuracy of the data is
roughly estimated to lie within a range of two
pixels (ie, here £ Im) (Roer et al., 2005a).
Regarding the HRSC data, the automated
digital photogrammetric processing system
delivered a DTM with a horizontal ground
resolution of | m and multispectral orthoim-
ages with a resolution of 0.5 m. For both data
sets, steep terrain or low contrast (due, for
example, to snow cover) lower the accuracy
of the data. Differences between the two
data sets arise both from recording and
processing (Roer et al., 2005a).
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Quantification of movement was obtained
by the tracking of single blocks at the rock gla-
cier surface using the software CIAS (Kaab
and Vollmer, 2000) to give the two-dimen-
sional horizontal component of movement.
Vertical movements were quantified by the
comparison of multitemporal DTMs using a
standard GIS. A detailed error assessment is
given in K&éb and Vollmer (2000) and in Roer
et al. (2005a).

In the study presented here, 30 rock gla-
ciers were investigated by the methods
described before. One example is given in
Figure 6, showing the annual horizontal
velocities during 1975-93 and 1993-2001 of
one rock glacier in the Turtmann Valley. As
expected, most of the rock glaciers showed
clear movement rates of several decimetres
per year. Furthermore, all actively creeping
rock glaciers indicate a distinct increase in
their movement rates during the period
1993-2001, in comparison to the period
1975-93 (Figure 6). It is supposed that this
acceleration is related to the general increase
in air temperature in the Alps and the related
increase in ice temperature (Roer et al.,
2005b; Kaab et al., 2007).

Owing to possible hazards related to per-
mafrost creep (Kaab et al., 2005) and the
reaction of rock glaciers to climatic changes
(Roer et al., 2005b; Kaab et al., 2007), future
investigations will continue and expand the
monitoring of rock glacier kinematics.

4 HRSC potentials for monitoring vegetation
There have been only a few projects concern-
ing the terrestrial application of HRSC data
(cf. section IV.1). Most of them investigated
vegetation monitoring by mapping biotopes or
classifying land cover at small scales.

The HRSC sensor has an enormous
potential in vegetation mapping at small
scales, particularly the HRSC-AX with its
red band introduced for terrestrial observa-
tions. Because of the geometrically very high-
resolution data, even single objects, eg, trees
or shrubs, can be detected (Figure 7). But
contour blurring caused by different viewing
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Annual horizontal velocities (m/a) 1975-1993
A 0-0.15 A 016-03 A 031-05 ﬁ 0.51-0.84

Annual horizontal velocities (m/a) 1993-2001
A 0-015 A016-03 A 031-05 [ 051-1 f11-2  fooi-2s

Figure 6 Results of the photogrammetric analyses: annual, horizontal velocities
during 1975-93 and 1993-2001 on one rock glacier in the Turtmann Valley, Swiss Alps
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Figure 7 Trees and shrubs in the
Turtmann valley, HRSC-A bands 3 (R),
2 (G), 1 (B). Different light effects
demonstrate the contour blurring
caused by different viewing angles

angles and shadow effects decrease the exact
identification in some cases. Of particular
importance is the combination of multispec-
tral bands with a digital surface model.
Textural measures and DTM derived param-
eters, for instance, provide high potentials for
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detection of small-scaled heterogeneity of veg-
etation, vegetation patterns, biodiversity
measures and their relations to the abiotic
environment. Figure 8 shows similar structures
in texture derived by the HRSC-A data and a
vegetation map of the Turtmann valley created
by Horsch (2003) on the basis of Landsat TM,
IRS LISS and colour-infrared aerial photo-
graphs. Without going into detail, forests,
grassland and debris vegetation can be distin-
guished approximately from a first visual inter-
pretation. In particular, the structure of forests
and shrubs can easily be identified in the vari-
ance filter image generated with a 3 X 3 kernel
from the HRSC image. Vegetation research
with the HRSC optical data in the Turtmann
valley was not carried out as the acquisition
date in the year was too late for vegetation
monitoring and some regions were already
covered by snow (the very light to white parts
of the texture image in Figure 8a).

However, the geometrically very high-
resolution sensor is recommended for small-
area mapping of plant communities or
biotopes. HRSC-AX evolved from HRSC-A
and is preferable for terrestrial research. In the
future, sensors with the same precise ground
resolution should provide a better spectral res-
olution; hyperspectral data will augment spec-
tral differentiation of vegetation types.

Figure 8 Texture measures and a vegetation map show similar coarse patterns in a
small part of the Turtmann Valley. (a) Variance filter of the HRSC-A bands 2 (R), 3
(G), I (B). (b) Vegetation map of Horsch (2003). Dark green = forest; purple = shrubs,
light green = alpine grassland; grey = debris and debris vegetation
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5 Three-dimensional visualization of very
large DTM data sets

Efficient interactive visualization of large-
textured terrain models is of increasing interest
in scientific visualization, virtual reality applica-
tions and GIS. What makes it a challenging
problem is the sheer size of the raw data sets
that easily exceeds the capabilities of current
hardware in respect of memory requirements
and rendering throughput.

Even with the application of compression
techniques, large data sets do not fit com-
pletely into the main memory and most of the
data must reside on the orders of magnitude
slower hard disk. Therefore, the use of suit-
able caching strategies is indispensable.
Although rendering throughput in modern
graphic processing units (GPU) has surpassed
100 million triangles per second, large DTMs
often contain billions of triangles, far too
many to render interactively by brute force.
Thus, the graphics rendering load must be
controlled by reducing the number of
rendered primitives using hierarchical-level-
of-detail (HLOD) techniques, which reduce
the amount of detail used to render small or
distant parts of the visible terrain without
sacrificing visual quality. Terrain textures
often have an even higher ground resolution
than the corresponding DTM. Hence, com-
pression and level of detail (LOD) generation,
ie, downsampling to lower resolutions, is just
as important here.

In order to allow efficient visualization, the
raw data set has to be preprocessed into a
representation that is suitable for rendering.
In a preprocessing step a HLOD representa-
tion of the data is created. This is performed
by partitioning geometry as well as textures
into equally sized tiles that are associated
with the lowest level of the hierarchy. Tiles on
higher levels are constructed bottom-up by
geometry simplification and texture filtering
respectively. Furthermore, state-of-the-art
compression techniques are applied to the
geometry and texture tiles resulting in high
compression ratios; for example, the
Turtmann Valley data set was reduced by a

factor of 10 with a guaranteed screen space
error of | pixel.

The actual rendering is performed by tra-
versing the hierarchy and selecting tiles by
considering their visibility and detail. After
traversal the selected tiles are sent to the
GPU to be rendered. Parallelism between
CPU, GPU and the 1/O subsystem is
exploited in two places during rendering.
While traversal is still running, already
requested tiles are loaded from the hard disk
in parallel. During rendering on the GPU tiles
that are likely to be visible in subsequent
frames are preselected and cached in main
memory in order to accelerate their future
retrieval. Using the technique described, it is
possible to visualize the Turtmann Valley data
set at real-time frame rates. Figure 9 shows a
screenshot of the three-dimensional visuali-
zation of the HRSC data. It is important to
note that the number of tiles to be rendered is
generally constant and therefore perform-
ance is not limited by the amount of input
data, but depends only on the complexity of
the visible data and on the available hardware.

A major challenge for future research is the
augmentation of the terrain with additional
data from various sources, eg, vector data as
used in common shape files. There also exist
many 3D data sets and models about the
earth interior, but less effort has been spent
on the realization of combined real-time visu-
alization of three-dimensional volume and
terrain data sets.

VI Conclusion

Summarizing all research activities, HRSC is a
very useful sensor for geomorphological sur-
face structure mapping, surface sediment
detection, landform kinematics analysis, and
vegetation mappings on a micro to meso scale,
because of'its very high geometrical resolution
and accuracy combined with four multispec-
tral bands. The combination of image and ele-
vation data is one of the greatest advantages
of'this data set, opening up various possibilities
for visualization and three-dimensional analy-
sis of the land surface. The high repeating rate
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Figure 9 Screenshot of the three-dimensional visualization engine using the
Turtmann Valley HRSC data. The colour table of the original image data (see online
version for colour image) has been slightly adjusted to represent real colours

compared to field campaigns and the transfer-
ability of methods to time series is useful for
large-scale multitemporal analysis, eg, moni-
toring landform movement or vegetation. On
the other hand, production costs are very high
compared to satellite remote sensing data, but
they are similar to airborne multispectral data
or LIDAR. Processing of the data, compilation
of orthoimages and DTM is done by the DLR
and to a certain extent is not reproducible by
the user. The HRSC data used in RTG 437
was recorded during the development phase
of the HRSC-A camera and unfortunately
includes some non-random errors in the DTM
data. Errors are represented by regular
fabric-like structures along the swath
boundaries that rise 10-30cm above the
surface (Rasemann, 2004). Consequently,

geomorphological and geomorphometrical
analysis can be biased by these errors.
Additionally, the recording date affects the
quality and applicability of the image data.
Acquisition of the RTG 437 HRSC data took
place in late September 2001. The image
recording is affected by early autumn snow
and the late summer vegetation state. Snow
covers large areas above 2900 m (100 m lower
in shaded areas). Shaded areas are quite
extensive due to a high solar incidence angle.
Snow and shadow both influence the genera-
tion of the DTM and cause DTM errors in
two heavily shaded areas and in some locations
with intensive white snow coverage. These
errors also need to be considered for DTM
analysis. The HRSC-A sensor lacks the red
band that, combined with the late acquisition
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date of the data, reduced the applicability of
the HRSC-A data for vegetation mapping
within RTG 437. The HRSC-AX camera is
recommended for applications in biogeogra-
phy. However, because of reduced outline
sharpness of the spectral images, edge detec-
tion of vegetation and thus tree identification
is sometimes difficult. Compared to the
HRSC image, digital satellite images provide
reflectance information of each spectral band
that permit atmospheric correction band by
band. For image comparisons in time series
(eg, to detect changes) adjustment for differ-
ent atmospheric conditions is necessary.

In conclusion, the combination of high-
resolution air photo and DTM lends the
HRSC data to application in multidisciplinary
research in geosciences.
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