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SUMMARY

SUMMARY
Stereoscopic airborne remote sensing is able to generate high-resolution digital elevation models in
very remote areas or areas of extreme terrain. Monotemporal and/ or multitemporal digital
elevation information can be used to analyze relevant structures and processes within geosystems.
Multitemporal data generates information about varying process rates and dynamic changes of
landsurface features. Potential hazardous processes can be detected and monitored by high
resolution digital elevation products.
Within this study three different camera systems (HRSC-A, RC30 and Leica ADS40) are compared and
evaluated against a high precision geodetic dataset and an airborne lasers can. Different quality
parameters are developed to assess the absolute and relative accuracy of such elevation products in
a high-alpine, periglacially-formed environment. Absolute global and local accuracy measures are
necessary for quantifying processes and interpreting changes in geosystems.
The results show that the vertical accuracy of digital elevation products depends strongly on the
inclination of the sampled terrain. The photogrammetric methods face difficulties when performing
in steep terrain. The ADS40 system shows the best performance in high alpine areas. The biggest
systematic and random errors were identified for the HRSC-A. The findings are discussed due to their
relevance in permafrost-related applications and the results of this study contribute to the further
application of the sensor systems and their products.
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Introduction

1 Introduction
“It is the mark of an educated man to look for precision in each class of things just so far
as the nature of the subject admits”
Aristotle
Nicomachean Ethics I

1.1 Motivation
Mountainous geosystems cover over 25% of the global land surface and provide home and living
space for 26% of the world’s population (Diaz et al., 2003). Mountains have been identified as
“essential to the survival of the global ecosystem” (UNCED, 1993, Chapter 13) by the United Nation
Conference on Environment and Development (UNCED) in Rio de Janeiro in June 1992. Therefore,
the assessment and the understanding of these systems is a major objective to the earth system
sciences.
Many studies suggest that high alpine environments comprising glaciers, snow, permafrost
(permanently frozen ground for two or more consecutive years (French, 2007)), water and the
uppermost limits of vegetation and other complex life forms are among the systems most sensitive
to climatic changes occurring on a global scale (Diaz et al.; 2003; Beniston, 2003).
High alpine areas describe in this study the geosystems above the tree line which are defined by
steep terrain gradients, rocky terrain and the presence of snow and ice. There are several
classifications for high mountain systems but this study combines the classifications of Troll, 1973
who defines the alpine region as the region between the upper tree line and the snow line and
(Caine and Barsch, 1984) where the mountainous areas are classified by geomorphological
parameters.
Temperature induced changes in high alpine areas cannot only influence the behavior of the local
geosystems but also influence the lowlands by supplying more sediment or changing the water
supply. Another often discussed topic concerning high alpine areas are hazardous processes which
pose threats to human life or property. There is “high confidence” that climate change will influence
high alpine processes (IPCC First Joint Session of Working Groups I and II, 2011) which might alter the
frequency or magnitude of potential hazards (Smith, 2004; Haeberli, 1992, ).
In order to assess and monitor the impacts of climate change and its possible influences on
potentially hazardous processes, routinely and regular observations of sensitive areas should be
undertaken (Kääb et al., 2005). Remote sensing is particularly well suited for regular and rapid
observation in remote and inaccessible areas. Kääb, 2008 gives an overview of remote sensing
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methods applied to permafrost and glacier-related hazards whereas Metternicht et al., 2005 apply
remote sensing to landslide assessment in high mountain environments.
Digital elevation products derived by remote sensing are repeatedly used for the analysis of land
surface features and processes (Tarolli et al., 2009a). Remote sensing methods can produce digital
elevation products (DEPs) for various scales, locations and applications depending on the sensor
systems but their analytical possibilities depend strongly on the quality of the data.
Lane, 1998 states that “many users accept DEMs uncritically” (p. 8) despite the fact that the
applicability of digital elevation products (DEPs) depend on their accuracy. Especially when using
multitemporal data the accuracy of the particular elevation product must be known to quantify
changes within the separate time steps.
The present study generates DEPs from three airborne camera systems and evaluates their absolute
and relative accuracy in a high alpine area (the Hungerlitälli in the Turtmann valley). Further analysis
and correction of the raw data improves their performance and can therefore be used for further
analysis.

1.2 Objectives
High alpine environments need to be regularly monitored in order to assess dynamic features and
processes which help to understand the controlling variables and mechanisms. DEPs derived from
remote sensing are a powerful tool to produce high resolution data over large areas.
The Hungerlitälli in the Turtmann valley represents a high alpine area with several dynamic features
which have been intensely monitored in previous studies (von Elverfeldt, 2002; Roer et al. 2005a;
Roer et al., 2005a). The high alpine hanging valley was chosen as research area because various
stereoscopic imagery is available and yearly geodetic measurements have been conducted and was
also available for this study.
The goal of this study is to evaluate for the first time the vertical accuracy of DEPs derived by three
different stereoscopic aerial camera systems (HRSC-A, RC30 and ADS40). Several global and local
accuracy measures are used to evaluate the performance of the sensor systems in a high alpine area.
Global quality measures have the advantage to describe the whole area of interest with a few
parameters only, on the other hand local ones describe the quality of a DEP at a higher level of detail
(Papasaika and Baltsavias, 2010). Both approaches will be applied and discussed in this study. The
absolute accuracy will be estimated by using elevation data of superior quality as reference data. The
reference data is supplied by an airborne laser scan (ALS) and geodetic measurements.
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1.3 Conceptional Background
The Turtmann valley has a long tradition of geomorphological and permafrost related research.
Dikau, 1978 used geophysical methods already in 1978 to assess the distribution of permafrost and
the structure of rockglaciers1. Further studies were promoted in this area such as van Tatenhove and
Dikau, 1990, von Elverfeldt, 2002 or Roer et al., 2005a regarding periglacial systems. Especially within
the Research Training Group ‘Landform – a structured and variable boundary layer’
(Graduiertenkolleg 437) research activity and data acquisition were intensified in the Turtmann
valley. Extensive field surveys and new technological methods led to great amounts of geospatial
data which are published in several dissertations and studies (Nyenhuis et al., 2005b; Otto et al.,
2009; Otto et al., 2007; Rasemann, 2003; Roer, 2005; Roer and Nyenhuis M. 2007 and Rasemann,
2003). One of the innovations within these research projects was the realization of an aerial flight
campaign with the High Resolution Stereo Camera – Airborne (HRSC-A) which acquired stereoscopic
multispectral imagery. The imagery was used to produce a highly resoluted digital elevation model of
the entire Turtmann valley which was thoroughly analyzed within the studies mentioned above.
This study is to be seen in the tradition of these former permafrost related work. The geodetic data
provided for this study was originally meant to assess the horizontal velocities of the rockglaciers in
the Hungerlitälli, a hanging valley of the Turtmann valley. Furthermore the provision of the HRSC-A
data is also enabled by the Research Training Group 437. This study continues the research activities
in the Turtmann valley by preparing the groundwork for further analysis of remotely sensed data.
Different other airborne sensor systems have been used to survey the Turtmann valley but they have
never been checked for their vertical accuracy in this particular kind of environment. The main focus
of this study is the evaluation of the vertical accuracy of DEPs derived by the HRSC-A, RC30 and
ADS40 aerial camera systems. In order to link to the foregoing permafrost related research in the
area, the last Chapter will be dedicated to detecting and assessing the vertical changes of three
selected rockglaciers in the Hungerlitälli.
The present study will give a general introduction into the concept of remote sensing (Chapter 2)
before focusing on the possibilities to generate DEPs in high alpine areas (Chapter 3). The methods of
DEP generation used in this study will be thoroughly discussed in Chapter 4 and how to assess their
accuracy in Chapter 5. The research area will be introduced in Chapter 6. A detailed description of
the sensor systems, the reference data and the optimized generation of DEP in the Hungerlitälli will
be given in Chapter 7. The data introduced in Chapter 7 will then be evaluated regarding their
1

The phenomenon rockglacier can be referred to as ‘rock glacier’ or ‘rockglacier’. This study follows the
terminology in Barsch, 1996 where the term is written in one word.
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vertical accuracy in Chapter 8. The results will be discussed and summarized in Chapter 9 before a
short example of possible applications of these particular datasets will be given in Chapter 10. The
study ends with perspectives and conclusions in Chapter 11 and 12.

2 Introduction to remote sensing in earth surface assessment
Remote sensing has become the major source of multi-scale assessment of earth´s or other planetary
surfaces (Neukum et al., 2004). Enormous improvements in the technologies, sensor systems and
processing techniques have dramatically increased the amount and the quality of available terrain
information within the last two decades (Tarolli et al., 2009b). Therefore, different kinds of data are
now available for almost every corner of the earth, ranging from space-based hyperspectral imagery
to digital elevation models derived by airborne laser scanning.
In the following a general overview of the current sensor systems and methods to generate
topographic earth surface information will be given. Since this study deals with remotely sensed
digital elevation products in high alpine environments the further explanations will focus on the
generation of digital elevation products in these areas.

2.1 Remote sensing systems and their properties
Remote sensing broadly defined as the “science and art of obtaining useful information about an
object, area or phenomenon through the analysis of data acquired by a device that is not in contact
with the object, area, or phenomenon under investigation” (Lillesand and Kiefer, 2000, p. 1) finds its
application in a great number of fields. It stretches from the traditional interpretation of aerial
photography to medical imaging, such as SPECT (Single Photon Emission Computed Tomography) or
PET (Positron Emission Tomography) scanners who use gamma rays to depict processes and
structures in the human body. In order to narrow the concept of remote sensing to a degree of which
it is useful in the field of earth system assessment and therefore also within this study, Albertz, 2007
adds the notion, that remote sensing only implies processes which
•

use electromagnetic radiation as a source of information

•

use airborne or space based carrier systems for the receiving unit (mainly aircrafts and
satellites) and

•

observe the surface of planetary bodies with all its objects or the atmosphere.

This study follows the definition of Albertz, 2007 which includes the sensor’s platform and the
observation of the land surface.
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Remote sensing systems can be roughly distinguished by their carrier systems (airborne vs. space
based), their radiometric properties (to what portion of the electromagnetic spectrum they are
sensitive to) and their spatial and temporal resolution. It is obvious that the different sensor systems
can be mounted on different carrier systems although differences in their altitude and stability can
lead to very different image properties (Richards and Jia, 2006).
Active systems, such as radar or laser scanning systems illuminate the feature of interest by their
own source of energy whereas passive systems sense the naturally available energy of the sun
(Lillesand and Kiefer, 2000).
Multispectral sensor systems
The most fundamental differentiation between the individual sensor systems originates from their
radiometric resolution. Multispectral (also known as optical) sensors capture image data at specific
frequencies within the visible part of the electromagnetic spectrum. They record the wavelengths
inheriting red (450-515nm wavelength), green (520-590 nm), and blue (630-690 nm) and, depending
on the system, some portion of the near infrared (NIR, 750-900 nm) information. The values given for
the wavelengths can vary depending on the setup of the sensor system. The imagery can be stored
physically on film which is the case for older generation of aerial photographic systems (e.g. RC30,
see Chapter 7.1.3) or digitally, which is true for all satellite systems and the current versions of digital
airborne cameras such as Leica’s ADS40 or the HRSC-A (Cramer, 2005). The use of monoscopic,
monotemporal and multispectral imagery allows for the discrimination of different types of
vegetation, rocks and soils, clear and turbid water, and man-made materials and objects.
Stereoscopic images allow deriving three-dimensional information from the imagery. This particular
type of sensor systems will be further discussed in Chapter 4.1.
High resolution black and white images are normally produced with either panchromatic or infraredsensitive sensors. The spectral sensitivity of panchromatic system extends over sensor-specific parts
of the visible portion of the spectrum, e.g. the HRSC-A camera system in Chapter 7.1.1 collects
panchromatic data over the green and red spectrum. Infrared-sensitive panchromatic sensors
capture information about the visible portion and the near-infrared part of the spectrum (Lillesand
and Kiefer, 2000). Panchromatic imagery is often used in photogrammetry given that the high spatial
resolution and distinct information of such images allow a very good performance of image matching
processes and of the reconstruction of geometric image properties.
Hyperspectral sensor systems
Hyperspectral remote sensing acquires spectral information in many, very narrow, contiguous
spectral bands throughout the visible, near-infrared, mid-infrared and thermal portions of the
electromagnetic spectrum. One scene usually consists of over 200 or more bands of data. These
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systems can discriminate between surface objects that have
diagnostic spectral properties over narrow wavelength intervals.
This information might get lost within the relatively coarse spectral
resolution of multispectral images. Large scale coverage with
hyperspectral data becomes difficult due to the huge amounts of
data being collected. Figure 1 visualizes the hyperspectral imagery
of a coastal area in the USA. The front face of the cube is a color
image made from the reflectances associated with three narrow

Figure 1. Hyperspectral Cube. (NASA,

spectral bands in the visible region. On the top and right front 2011)

sides are the external edges of the thin planes representing each narrow band. The top corresponds
to the low end of the spectrum and the bottom the high end. The reflectances for those pixels
located along the top and right lines of the cube have been color-coded to indicate various intensity
ranges. Black through purple and blue are assigned to low reflectances. Yellow through red and then
white denote high reflectances.
Within the last decade extensive research has been carried out in the field of hyperspectral remote
sensing. Several commercial airborne hyperspectral imagers such as CASI and HyMap and the space
based system Hyperion supply the database for extensive application in the fields of water resource
management, agriculture and environmental monitoring (Hunter et al., 2010; Mewes, 2010).
Radar sensor systems
Radar (Radio Detection and Ranging) systems are active sensors which send and record wavelengths
between 1mm and 1m, so called microwaves. The imaging process of these sensors involves
transmitting short “bursts”, or pulses of microwave energy in the direction of interest and recording
the strength and orientation of the “echoes” or reflections received from the objects within the
sensors field of view. The long wavelength of emitted pulses allows the system to “see” through
clouds, smokes and some vegetation, which makes the system independent of the weather situation.
Also being an active sensor, radar systems can
operate during day and night. There are
disadvantages, such as the non-unique spectral
properties of the returned radar signal. Unlike
infrared data that help to identify different
minerals or vegetation types from reflected
sunlight, radar only shows the difference in the Figure 2. Principle of repeat pass interferometry (left) by the
surface roughness and geometry and moisture ERS-1 and ERS-2 sensor systems and the SRTM InSAR (right)
(Albertz, 2007)

content of the ground (the complex dielectric
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constant). Radar and infrared sensors are complimentary instruments and are often used together to
study the same types of earth surfaces (Richards and Jia, 2006).
Airborne and space-based radar systems collect data looking off to one side (SLR – side looking radar)
because radar systems measure the time that it takes for the signals to go from the antenna to the
ground and back. This system property produces a delay between the emitted signal and the return
signal. This time delay can be measured and, similar to laser altimetry (see Chapter 4.2) topographic
information of the surface can be derived (Ryerson, 1998).
The synthetic aperture radar (SAR) concept in radar remote sensing allows the simulation of a much
larger antenna size than actually deployed. This results in a smaller footprint of the antenna which
returns a higher resolution of the image since the footprint is inversely proportional to the size of the
antenna, i.e. the longer the antenna, the narrower the footprint, the higher the resolution.
Additionally, the SAR setup allows the analysis of one radar signal received by two antennas located
at different positions in space. As the return signals travel different distances to the receiving
antennas the signals will be out of phase. If the distance between the two receiving antennas is
known, the phase difference can be used to locate the coordinates of the reflecting point (Lillesand
and Kiefer, 2000). This method is called radar interferometry. If the sensor is a SAR unit then the
method is called SAR interferometry (InSAR) and its principle is depicted in Figure 2. The data
gathered by either interferometric application can be used to generate valuable digital elevation
products.
One of the most prominent applications of InSAR is the datasets created by the SRTM (Shuttle Radar
Topography Mission). This mission generated the most complete high resolution digital topographic
database of the earth covering over nearly 80% of the land surface with a resolution of 90m (Farr et
al., 2007). The most current application of repeat-pass interferometry is ESAs TanDEM X mission
where two identical satellites (TerraSAR-X and TanDEM-X) equipped with SAR instrumentation are
generating a high resolution digital elevation model of the world with a horizontal resolution of 12m
(Krieger et al., 2007).
Laser Scanning
Airborne laser scanning, like radar, is an active remote sensing system.
This technology involves the use of the pulse of laser light directed
towards the ground and measuring the time of the pulse return. From
the travel time of the pulse the distance between sensor system and
various surfaces of the ground can be calculated. The principles of
airborne laser scanning (ALS) will be discussed more detailed in Chapter Figure 3. Principle of ALS
4.2. and 7.3.1. Just as the other remote sensing sensor systems, any (Lillesand and Kiefer, 2000)
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carrier system can be mounted with a laser scanner but the most common application is on an
aircraft. Nevertheless NASA’s ICESat had a laser system onboard to monitor ice sheet mass balance,
cloud and aerosol heights, as well as land topography and vegetation characteristics (Schutz, 2005).
Another space-based laser system was the MOLA (Mars Orbiting Laser Altimeter) of the NASA Mars
global Surveyor mission (Zuber, 1992).

3 Digital elevation products in high alpine areas - possibilities and
restrictions
High mountain areas have been identified by the Intergovernmental Panel on Climate Change (IPCC)
as highly sensitive to climate change and are likely to experience increasing impacts in reduced
snowfalls, increasing rock falls and retreating glaciers (Parry, 2007). Within this context, increased
attention has also been paid to alpine natural hazards such as destructive mass movements (rock fall,
landslides, debris flows, etc) or fluvial hazards (flash floods, glacier lake outburst floods, etc ) (Smith,
2004).
Representing one of the most dynamic environments on earth, high mountain areas need to receive
a great amount of attention in order to monitor environmental variability, assess natural hazards and
understand mass-transport systems (Kääb, 2002). In particular glacial and periglacial systems have
been recognized by the IPCC as priority climate indicators and receive therefore increased attention
by the research community (Houghton et al., 2001).
Remote sensing techniques, especially the generation of digital elevation models represent a
powerful tool to assess the structures and processes within inaccessible high alpine environments.
The multitemporal analysis of digital elevation models is well suited for identifying and quantifying
processes within these areas (Abermann et al., 2010).
Within the following chapter, the possible application of remote sensing in high mountain areas will
be discussed. Since this study assesses mainly digital elevation products produced by airborne
methods, the focus of this Chapter lies on the systems and methods to generate these products.
Digital elevation products derived by remote sensing can be generated by a number of methods and
sensor systems. Typically the product is a grid based digital elevation model (DEM), which is the
“digital and mathematical representation of an existing object and its environment, e.g. terrain
undulations within a selected area” (Kasser and Egels, 2002, p. 159). Besides referring to the
elevation of the ground, a DEM also inherits any layer above the ground such as canopy or buildings.
Several filtering mechanisms can be applied to eliminate the non-ground objects to generate so
called digital terrain models (DTM). DTMs contain only information about the elevation of any
ground or water surface. If the DEM has the information of the ground and all the layers above
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ground then the DEM is called a digital surface model (DSM). In order to assess high mountain areas
where the vegetational canopy is very low and buildings are negligible this differentiation is not
necessary. The only problems may arise from snow and ice cover, but these errors can minimized by
acquiring the remote sensing data in the late summer when there is almost no snow and the ice
cover is at its minimal extent. To avoid notional confusion, DEMs, DSMs and DTMs will be responded
to as digital elevation products (DEPs) in this study. Another reason to address the DEPs as such
instead of DEM is that the term DEM already implies a certain kind of interpolation to generate a
regularly spaced grid. But this study only deals with non-interpolated, “raw” digital elevation
products which manifests in the term DEP.
Airborne remote sensing in high mountain areas
Airborne remote sensing systems can be used to assess high mountain environments. Flight surveys
usually cover a few or a few tens of km² by one scene. The costs range between some €/km² for the
digitalization of old imagery to hundreds of €/km² for in situ data acquisition. Airborne systems are
very dependent on the weather and on the flight restrictions set by the responsible air traffic control
(Kääb et al., 2005). Several sensor systems can be used to obtain digital elevation information:

•

The photogrammetric assessment of digital or analogue stereoscopic multispectral imagery
from frame cameras or line pushbroom scanners is a well established technique for the
generation of high resolution digital elevation products (see Chapter 4.1). The DEPs can be
used to detect vertical changes or horizontal movement of material and the additional
optical data is well suited for detailed interpretation (Baltsavias et al., 1996; Kaufmann and
Ladtstädter, 2003; Kääb, 2002). The resulting orthophotos present also an important tool to
assess remote geosystems.

•

Hyperspectral data is not suited for the generation of DEPs but the data would allow for a
detailed spectral analysis of the ground surface considering lithology, vegetation and
hydrology (Keller et al., 1998; Dozier and Painter, 2004). Unfortunately, hyperspectral data
has very rarely been used in high mountain areas due to the high costs of data acquisition
and the expertise needed to interpret the data.

•

Airborne laser scanning (ALS) is also a very useful tool to generate digital elevation
information. Currently it is considered the most accurate method to gather digital elevation
data (Baltsavias, 1999a; Vosselman and Maas, 2010). A more detailed discussion on ALS can
be found in Chapter 4.2.

•

The use of airborne synthetic aperture radar (SAR) also holds the possibility to assess surface
characteristic but is rarely used in high mountain areas due to the topographic and technical
restrictions (Kääb et al., 2005).
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In general airborne remote sensing faces several challenges in high mountain areas due to the special
terrain properties. Lemmens, 1999 identifies three reasons why remotely sensed elevation products
are influenced by terrain characteristics:
•

Micro-relief

•

Slope

•

Homogenous areas and reflectivity

Micro relief refers to the fluctuations in height values within the region for which the height value of
the sample point is assumed to be representative for. Therefore, the point measurement in itself
inherits a certain error, this holds especially true for high mountain areas where micro relief
structures are very distinct. This source of inaccuracy applies for all remote sensing techniques and
cannot be quantified besides increasing the resolution of the sampled data.
Slope is probably the main reason for error in DEPs. It causes two types of errors: The first type refers
to errors in the horizontal position of the sample points. Errors in the planar coordinates produce
height errors of which the value depends on the slope angle. For airborne laser scanning data such
types of errors can be introduced by pointing jitter, i.e. the pointing accuracy of the scanning mirror.
Another type of error depends on the slope within the region of measurement. When applying image
matching, errors may occur when the slope within the region of measurement is not adequately
incorporated in the matching model (van Bolstad and Stowe, 1994). Especially three line camera
systems with wide viewing angles between the lines may generate significantly different spectral
information of the same sample region between the forward, downward and backward looking
imagery due to slope.
Automatic terrain extraction methods in photogrammetry rely on the surface texture in the imagery
to find correlating matching points. Homogenous regions such as snow, sand or water bodies may
require sophisticated signal enhancement strategies to produce sufficient texture for the matching
algorithms to work. The reflecting characteristics of the sampled area can also disturb the
generation of digital elevation data by for example absorbing the laser pulses of an ALS system (e.g.
water bodies) or reflecting the pulse away from the receiving instrument.
Fisher and Tate, 2006 argue that the terrain characteristic micro relief is not really an error of a DEP
and should rather be considered an uncertainty “resulting from the characteristics of the terrain
surface being modeled in relation to the representation of the DEM.”(Fisher and Tate, 2006, p. 472).
From the challenges mentioned by Lemmens, 1999 the two most important for mountainous regions
are slope the textural homogeneity of the surface (the later especially in case of snow or ice covered
areas).
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Spaceborne remote sensing in high mountain areas
Several space based sensor system are suited and designed for the generation of DEMs. An overview
of digital terrain models (DTM) derived by satellite stereo images with, for example, QuickBird,
Ikonos or EROS is given in Toutin, 2004. A very commonly used and free of charge global elevation
model is the InSAR derived SRTM DEP (Farr et al., 2007). Space based sensor systems operate with
the same methods as airbased systems. For example the SRTM, TanDEM and RADARSAT missions
generate digital elevation with the help of interferometric SAR technology. The IKONOS, SPOT, ASTER
and most currently the WorldView 2 systems are equipped with multispectral instruments which are
capable of stereoscopic imagery. The systems mentioned represent only a selection of all sensor
systems capable of DEM generation.
Space based systems face the same restrictions in mountainous areas as airborne systems and due to
their larger footprint may even intensify the problems. Additionally, satellite systems have to cope
with sensor-innate challenges such as atmospheric corrections or radiometric calibration (Lillesand
and Kiefer, 2000). At this point DEM generation from satellite based systems shall not be further
discussed but additional information can be found in Krieger et al., 2007, Lillesand and Kiefer, 2000
or Richards and Jia, 2006.

4 Generation of digital elevation information
There are different approaches to acquire digital elevation information by the means of remote
sensing as already specified in Chapter 3. Aerial stereo-photogrammetry is the oldest and most
traditional technique to obtain three- dimensional information about objects or surfaces.
Accordingly, the methods and applications of stereo-photogrammetry are very well developed.
Airborne Laser scanning (ALS) is a younger but increasingly important instrument to assess spatial
elevation information. The main common application between photogrammetry and ALS is the three
dimensional assessment of surfaces and objects. ALS systems only rely on the measurement of the
geometric properties of surfaces; however, newer laser systems can also collect differences in the
intensity of the reflectance (Vosselman and Maas, 2010). Contrary, photogrammetric systems
acquire stereoscopic multispectral and/or panchromatic data without measuring the geometric
properties of the surface directly. Common aspects between photogrammetry and ALS are the
crucial role of GPS information for the exact orientation of the imagery, the methods for processing
the raw data such as filtering and thinning out, the identification and removal of non-DTM objects
and the detection of breaklines (Baltsavias, 1999a).
This study uses digital elevation information derived from ALS in order to assess the vertical accuracy
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of several elevation products acquired by stereo-photogrammetry. The elevation products of two
digital pushbroom scanners (HRSC-A, see Chapter 7.1.1 and ADS40, see Chapter 7.1.2) and an
analogue frame camera (RC30, see 7.1.3) are the subject if this investigation. In order to assess the
elevation products, the fundamentals of (stereo-) photogrammetry and laser scanning have to be
addressed.
In this section the principles of photogrammetry and airborne laser scanning will be introduced. The
methods will be discussed to an extent which will lay the ground for understanding the explanations
in the following sections.

4.1 Photogrammetry
Photogrammetry is the practice of reconstructing the geometric properties of objects or surfaces
from photochemically (conventional photography) or photoelectrically (digital photogrammetry)
acquired imagery. The term photogrammetry is derived from the Greek words phaos meaning light
and graphein translating into writing (Kraus, 2004). A broader definition is given by the American
Society for Photogrammetry and Remote Sensing (ASPRS): “Photogrammetry is the art, science, and
technology of obtaining reliable information about physical objects and the environment, through
processes of recording, measuring, and interpreting images and patterns of electromagnetic radiant
energy and other phenomena” (Bethel et al., 2004, p. 2) or shorter “any measuring technique
allowing the modeling of a 3D space using 2D images”(Kasser and Egels, 2002, p.1). These definitions
are perfectly suitable for any type of 2D acquisition device such as radar or laser scanning. Hence
photogrammetric processes are basically independent of the image type. Besides the traditional and
most common application to produce geodata from aerial imagery, photogrammetry is used for
cartographic and geographical applications. Typical photogrammetrical products are:
•

Coordinates of individual points in a three dimensional coordinate system.

•

Geometrical models of objects or surfaces within a coordinate system.

•

Analogue or digital images, most commonly geometrically corrected (orthorectified) images,
so-called orthophotos.

Photogrammetry is increasingly used in architecture, civil engineering, medicine, biology and robotics
due to the increasing possibilities of computer vision and pattern recognition (Kraus, 2004). In order
to avoid confusion, the term photogrammetry will in the following be applied to the assessment of
airborne multispectral imagery if not mentioned otherwise.
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Usable digital pictures in airborne photogrammetry may originate from three possible sources:
digitized traditional silver halide pictures and digital images from airborne matrixes or linear CCD
(coupled charge devices) cameras. The photochemically produced silver halide pictures are the
oldest medium of imagery. Light, or better photons, is recorded by a light sensitive material –in this
case silver halide. The result in the photographic emulsion is an invisible latent image, which is later
chemically developed into a visible image, either negative or positive depending on the purpose of
the photographic material and the method of processing. A negative image on film is traditionally
used to photographically create a positive image on a paper base or can be digitized by using
photogrammetric scanners (Kasser and
Egels, 2002; Kraus, 2004).
Digital aerial cameras use so called coupled
charge

devices

electromagnetic

(CCD)

to

information

store
of

the
the

perceived light. The incoming photons
create electrical charges proportionally to
their amount in the CCDs and these charges

Figure 4. Working principle photographic CCDs (Kraus, 2004,)

are transformed into the optical information of the image (see Figure 4). The stream of photons can
be filtered to only measure a certain wavelength of light and the information of the CCDs represents
therefore a certain color. If the CCDs are arranged in a matrix the camera system is called a CCD
matrix camera. The dimension of the largest matrix systems currently are 4096 x 4096 CCDs resulting
in a resolution of 16mil. CCDs. The process of taking an image is similar to an analogue camera. The
system possesses a shutter which opens for predefined time and exposes the CCD array to the
incoming light. After the shutter is closed the generated charges in the CCDs are stored and
transported to the internal memory of the camera. Shutter time and exposure depend on the speed
of the airplane and demanded quality of the image.
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Figure 5. Principle of a line camera (left) and a three line camera (right). a, b and c represent the three lines of CCDs and x
and y the planar coordinate system (Kraus, 2004, modified).

In order to increase the resolution of the image which depends on the number of CCDs, newer
camera systems use single lines of CCD instead of matrixes. These sensor systems are called CCD
pushbroom line scanners. The square or rectangular array of CCDs is exchanged by a single line of
CCDs holding up to 20 000 CCDs. This single line records constantly the incoming light as the aircraft
moves along. This demands high performance of the data processing chain (moving and storing the
information of charges per unit time). The principle of such a line pushbroom scanner is shown in
Figure 5, where h is the flying height, c the focal length, ∆x and ∆y the ground sampling distance
(GSD) and ∆η and ∆ξ the dimensions of the CCDs. Figure 5 also demonstrates the relationship
between the GSD and the size of the CCDs which is:
ℎ
𝑐

∆x = ∆𝜉

ℎ
𝑐

∆y = ∆𝜂

As shown the CCD lines are placed perpendicular to the speed vector of the sensor system on the
focal plane. It is therefore the movement of the aircraft that allows the dimensions of the image to
be described. The turbulences of the air
cause small but permanently changing
movements in roll (x), pitch (y) and yaw
(z) during flight that have to be
monitored and recorded for the three
axis of the sensor. In fact the three
coordinates of the orientation of the

Figure 6. The three line scanner principle (Fricker, 2001)

sensor have to be measured as precise as possible during the whole flight by using a GPS system on
board (Kasser and Egels, 2002). While this holds true for all digital camera systems pushbroom
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scanner store the orientation data of every single line so that in the post-processing every line can be
georectified with its very own orientation data. Pictures obtained with these devices can be acquired
in very long continuous strips and show almost no artifacts or splices in the image parallel to the axis
of flight.
Figure 5 also shows CCD line sensor following the so called three line concept. The three-line concept
results in views forward from the aircraft, vertically down and looking backward (Figure 6,
represented as a, b and c in Figure 5). The imagery from each scan line provides information about
the objects on the ground from different viewing angles assembled into strips. With three lines, there
are three possible pairings for stereoscopic analysis – strips 1 and 2, 2 and 3, and 1 and 3. The gaps
between the 3 CCD lines in the focal plane can be filled with further CCD lines to be used for
multispectral imaging (realized by the Leica ADS40 sensor system, see 7.1.2) (Fricker, 2001).
The position and orientation of digital aerial cameras during flight is estimated by an internal
measuring unit (IMU) connected to an onboard GPS system which tracks the orientation information.
Airborne analogue film cameras do not necessarily need an IMU/GPS system because the orientation
of the single pictures can be accomplished manually or digitally during the postprocessing of the
data. Digital linescanner however rely on the IMU to store the orientation data of every single line of
the image. Therefore, the orientation and speed of the whole camera system has to be monitored as
precise as possible.
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Generation of three dimensional data
The generation of 3D information can be
performed by using stereo image pairs. (Stereo-)
Photogrammetry supplies the instruments to
extract 3D data from oriented image pairs where
the offset between two images is used to calculate
the position of the measured object/surface. So
called aerotriangulation uses matching points in
the overlapping area of the two images of the
stereo pair to identify the position of the imagery
in a global coordinate system. The interior and
exterior orientation of the images have to be
known for successful aerotriangulation. The
interior orientation describes the geometrical and
physical setup of the camera system. In the

Figure 8. Parameters of exterior orientation. (Kraus, 2004)

simplest way this is only the distance between the lens and the focal plane, in general aerial cameras
this might be numerous parameters. The parameters of the exterior orientation are shown in Figure
8. The exterior position places the projection center of the image into a 3D coordinate system (XYZ)
and describes the position of the image relatively to this center using the three rotational angles ω
(pitch), ϕ (yaw) and κ (roll). The thorough monitoring of the position of the sensor system constitutes
a crucial role in determining the rotational angles as precisely as possible. Slight inaccuracies here
can lead to major error in the exterior
orientation. The rotational angles (if
positive) describe the counterclockwise
rotation about their respective axis. Using
the three angles, the relationship between
the image space coordinate system (x, y,
and z) and ground space coordinate
system (X, Y, and Z or x’, y’, and z’) can be
determined. The mathematic formulas
concerning the rotation and orientation
matrices are defined in Kraus, 2004 and
Bethel

et

al.,

2004.

The

classical

aerotriangulation (or aerial triangulation

Figure 7. Space forward intersection (Kraus, 2004)

(Bethel et al., 2004)) is performed for stereo image pairs. The main advantage of airborne
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photogrammetric data is the possibility to cover huge areas where the imagery is either taken by
many individual (digital and analogue frame cameras) or in continuous stripes (line scanner).
Aerotriangulation for this imagery has to find matching points in the overlapping areas in order to
register the pictures on one another and
locate their position in a global coordinate
system. Bundle block adjustment serves as a
common and most accurate procedure to
assess a large number of aerial images. In
order to locate the imagery correctly and to
find matching points between combined
pictures

(bundles),

an

individual Figure 9. Principle off bundle block adjustment (Kraus, 2004,
mathematical relation between the global p. 300).
coordinate system, the camera system and several “bundles” is developed. Conditional for this
process is that the pictures have at least a 60% overlap in flight direction and a 20% overlap between
the stripes. Both of the requirements are met by modern aerial camera systems such as the HRSC-A
and the ADS40.
The completion of the triangulation allows the subsequent extraction of precise three dimensional
geospatial information. 3D information is generated by space forward intersection between two or
more images based on known interior and exterior orientation parameters. Figure 7 shows the
principle of space forward intersection. Once all internal and external orientation parameters are
known and the pictures have been aerotriangulated, the ground point P can be transferred into the
XY system and a Z value can be assigned.
Usually, the generation of digital elevation models is a highly automated process on digital
photogrammetric workstations. The standard approach of automated terrain extraction (ATE)
identifies matching points by hierarchical correlation using progressing through successfully higher
resolution layers of an image pyramid. Once the conjugating points are identified, the forward
intersection process defines the coordinates of the point and a geospatial dataset is created. Most of
the time the result is a DEM in grid form where matching points in equal distances are identified and
attributed. Problems arise when not enough correlating points can be identified because of
insufficient structures in the image or significant changes within the two images (Bethel et al., 2004).
To fill the data gaps, individual interpolation algorithms have to be used considering the origin of the
problem. Most digital photogrammetry workstations provide different interpolation methods which
take the topography of the image object (urban, steep or homogenous spectral information) in
account to fill the missing values.
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4.2 Airborne Laserscanning
System properties
Before discussing the specifics of airborne laser scanning and the different kinds of scanning systems,
the term laser scanning shall be explained. Laser scanners are active opto-mechanical sensing

Figure 10. Airborne laser scanning principle (Vosselman
and Maas, 2010, p.21)

Figure 11. Onboard components of ALS (Vosselman and
Maas, 2010, p.22)

systems using a laser beam as information carrier. All laser scanning systems measure in general the
distance between the sensor and the illuminated spot on the ground by stopping the time between
the emission of the laser beam and the reception of the reflected parts (see Figure 11). Figure 11
shows the key units of any airborne laser scanner (Vosselman and Maas, 2010):
•

Scanner assembly: comprising of laser, scanning mechanics and optics

•

Airborne GPS antenna

•

Inertial Measuring Unit (IMU): the IMU is either fixed directly to the laser or close to it on a
stable platform. The movement of the scanner assembly is combined with the information of
the GPS allowing the reconstruction of the flight path to an accuracy of better than 10cm.

•

Control data and recording unit: the heart piece of the system is responsible for the time
synchronization and the control of the whole system. The data from GPS/ IMU and Scanner
are stored. Modern laser scanner (mostly pulse laser) generate up to 300 000 laser pulses per
second accumulating up to 20 GB of ranging data per hour

•

Operator laptop: the performance of the whole system is monitored by an onboard
operator.
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As mentioned above, the distance between the laser and the surface is calculated by measuring the
time-of-flight of the light pulse.
eq. 1

Pulse Laser:

eq. 2

CW Laser:

𝑅

𝑡𝐿 = 2 𝑐
1 𝑐

𝑡𝐿 =4𝜋 𝑓 𝜑

Equation 1 shows the travelling time of the light pulse from a pulse laser with 𝑡𝐿 being the distance

between the ranging unit and the object surface, c the speed of light. From equation 1 the range
resolution ∆R can be directly derived because∆R is directly proportional to ∆ 𝑡𝐿 , the time resolution
of the light pulse:

eq. 3

Pulse Laser:

eq. 4

CW Laser:

1

∆R = 2 𝑐∆𝑡𝐿
1 𝑐

∆R = 4𝜋 𝑓 ∆𝜑

Equations 1 to 4 show that once the measurements are taken it is quite easy to calculate the distance
between the sensor and the object surface (Baltsavias, 1999b). Difficulties arise when assessing the
accuracy of the data. This will be discussed later in this unit. The
approach showed in equation 1 and 2 can be used for laser pulse
ranging systems where only one pulse of light is emitted and
received. CW (continuous waving) ranging systems transmit a
continuous beam which is modulated with a sinusoidal signal. The
time delay 𝑡𝐿 can be calculated by taking the phase difference in
the sinusoidal signal into account (see eq. 2 and 4). Figure 12

shows the measuring principles of pulse and CW range laser where
𝐴𝑇 and 𝐴𝑅 are the amplitudes of the transmitted and received

signal. The first and the third figure show the transmitted, the
second and fourth the received signal. The retrieval of the 𝑡𝐿

information for pulse and Range laser systems is also depicted.

Pulse and range systems face different kinds of restrictions.

Figure 12: Measuring principle of CW

Considering equation 2 it becomes clear that, when using a pulse and pulse laser (Wehr, 1999)

system, the resolution of the produced point cloud depends on the resolution of the time
measurement interval thus the sensor limits are determined by the performance of the receiving
part of the control unit. However, in practice, the time counters are accurate enough and the real
restrictions come from energy losses during travel and other external restrictions (Wehr, 1999). With
CW ranging systems the resolution of measurements is determined by the frequency of the
sinusoidal signal (see eq. 4). Therefore, these systems usually have multifrequency systems to
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achieve high resolution and long unambiguous range.

Scanning
The acquisition of dense terrain data with a single laser beam requires a mechanism to move the
laser beam over the surface of the object. Basically the scanning process is performed by a rotating
mirror which deflects the laser beam in defined patterns. The dimension and the resolution of the
scan depends on the flying height of the airplane,
the resulting field of view, the velocity of the
airplane and the repetition frequency of the pulse
signal for pulse scanners or the measurement
frequency for CW-scanners. The field of view is
determined by the divergence of the laser beam
and the swath width on the scan angle (see Figure
13). The spatial resolution of the measurements
relies mainly on the flying height and the flying

Figure 13. Swath width and laser footprint (Vosselmann,
2010 )

velocity. Low height and low flying velocity result in a very high density of the point cloud of
measurements on the surface but complicates flight campaign and reduces the area that can be
covered during one campaign.
Position and orientation system
The Laser scanning systems itself only measures the line-of-site vector from the laser scanner to the
point on the object surface. In order to equip this vector with spatial coordinates in a three
dimensional space the position of the whole scanning system has to be known at any time or at least
at any laser pulse in reference to a known coordinate system. Thus, obtaining accurate range
measurements in a given coordinate system requires a laser scanner equipped with a position and
orientation system (POS) consisting of an internal measuring unit and a DGPS. Laser scanning systems
have a potential range accuracy of better than 1dm therefore the according POS should allow at least
a similar accuracy (Wehr, 1999).
POS and ALS data are linked by the synchronization of their internal clocks so that for every laser
scan point there is accordant spatial information in the POS resulting from the DGPS data. Time
synchronization of better than 10µs can be achieved.
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Processing of laser points
After

the

flight

postprocessing

campaign

there

are

within
two

the

datasets

available: The POS data and the data of the
laser scanner consisting of the positioning
vectors of the laser points. These vectors
consist of their range information and roll,
pitch and yaw angles with respect to the
platform fixed coordinate system.
In order to transfer the local IMU coordinate
system to the global DGPS coordinate system
(most common x,y,z in WGS84) another
calibration dataset has to define the relation
between these two datasets. These calibration
data are available from different laser
scanning surveys and are usually provided by
the operator or provider of the ALS system. Figure 14. From ALS to DEM (Wehr, 1999)
Figure 14 shows the typical processing steps for an ALS dataset. The POS data, the measurements
and the calibration data are combined to transfer the laser points in a global coordinate system (here
WGS84). From there the now georeferenced data points can be projected into any locally used
coordinate systems (Kraus, 2004). The processing chain depicts the creation of a digital elevation
model where after projection of the data into the desired coordinate system, the data is sorted and
then filtered to distinguish between ground and non-ground points. The last step produces either
digital surface model or a digital terrain model. For this task different filter algorithms and
procedures are applied. The filtering methods are very well elaborated and have a high degree of
sophistication (Vosselman and Maas, 2010). The filter can be applied either with the raw point data
or with a regular interpolated grid, the latter already implying interpolation errors. The last step to
DEM creation is the calculation of a regular grid. The interpolation methods to create a Grid are also
of high sophistication and reach from simple weighing algorithms to hierarchic robust interpolation
methods (Pfeifer et al., 2001; Sithole and Vosselman, 2003). Within the process of interpolating the
Grid gaps have to be bridged where valid laser points are missing (Wehr, 1999).
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5 Accuracy assessment of digital elevation products
Digital elevation products form a
fundamental dataset in the assessment
of geospatial information. Especially in
highly

complex

terrains

such

as

mountainous regions the methods of
obtaining digital elevation information
face several challenges and inherit
numerous uncertainties (Chapter 3, p.
8) leading to significant differences in
the quality of the derived data. In
remote sensing there are two types of
accuracy criteria: location accuracy and
classification

or

thematic

accuracy

(Congalton and Green, 1999). Location

Figure 15. Comparisons of a profile through a DEM and the occurrence

accuracy refers to how precisely data of error. (A) The occurrence of error with bias; (B) the occurrence of
points

are

located

in

a

systematic error; (C) the occurrence of spatially autocorrelated error

three (the normal situation); (D) the occurrence of random error (no spatial

autocorrelation). In each instance the upper diagram shows the

dimensional coordinate system relative ground surface as a thick line and the ground surface with the error as

a thin line, and in the lower diagram the error alone. (Fisher and Tate,

to their “true” location on the ground. 2006)
Thematic accuracy describes how exact

a condition of the earth (e.g. spectral information) is reflected in the sampled data. The discrepancies
between the sampled data and the “true” data are referred to as errors. This study is only concerned
with the assessment of location accuracy and in particular with the height accuracy of digital
elevation products therefore the term accuracy will in the following only be referring to the vertical
dimension (z-value) of location accuracy.
According to Cooper, 1998, errors can be categorized into three groups: gross blunders, systematic
errors and random errors. Gross blunders can be the result of user error or equipment failure and
are relatively rare due to high production standards of DEPs. Systematic errors result from
deterministic bias in the data collection or processing. They can be defined as “the result of a
deterministic system which if known may be represented in some functional relationship” (Thapa and
Bossler, 1992), thus systematic errors can be identified and quantified and the sampled data even be
corrected. Random errors accrue from a great variety in measurements of operational tasks in
producing DEP. They are incidental variations around the true reference value.
The term accuracy describes the properties of the entity of errors within one dataset. Different
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statistical measures have been introduced by several authors to describe the accuracy of datasets
whereas the most common are the root mean square error, the mean value and the standard
deviation of the error distribution (Congalton and Green, 1999; Li, 1988; Li et al., 2005; Kraus et al.,
2004). The accuracy of a DEP is usually described by the means of only one global accuracy
parameter for the whole dataset. Kraus et al., 2006 state that using one single parameter to address
one entire dataset is insufficient because errors might correlate significantly with different types of
surface characteristics (e.g. flat, hilly or mountainous areas). Therefore, the authors claim that the
spatial distribution of the error has to be taken into account when describing geospatial datasets
(Karel and Pfeifer 2006; Kraus et al., 2006; Höhle and Höhle, 2009; Thapa and Bossler, 1992).
In the following Chapter the concept on how to address accuracy of DEPs will be explained before
this study’s approach of accuracy assessment is introduced.

5.1 How to assess accuracy
The simple question for the accuracy of a DEP at a specific point cannot be answered in general since
the question has to be defined more precisely. As stated above, it is insufficient do describe a whole
digital elevation datasets with only one global statistical value such as the mean value, the standard
deviation or the RMSE. These global accuracy measures are generated by calculating the difference
between the dataset and some source of control data with a superior accuracy (most commonly
ground control points (GCP) derived by differential GPS). Numerous publications exist on the topic of
global DEP quality compiling all well established approaches (Li, 1988; Li et al., 2005).
Accuracy assessment which is carried out by the means of reference data (called GCPs or
checkpoints), is regarded as defining the exterior quality (Kraus et al., 2004). Maune, 2007 states that
the accuracy of the reference data should be at least three times more accurate than the DEP values
being evaluated. Additionally, the temporal offset between the test and the reference data should be
as small as possible to make sure, that the area of interest is sampled under most similar
circumstances. According to Höhle and Höhle, 2009, GCPs should be distributed randomly over the
entire research area and should not be positioned at sudden slope changes, break lines, steep slopes
or close to building because the comparison with the reference data my result in large errors.
The commonly used accuracy assessment regarding height information calculates the difference in zvalue ∆h between the digital elevation data and the reference data. If a normal distribution of the
errors is assumed and there are no outliers present or have been removed, the following accuracy
measures are usually used to describe the DEP globally (Höhle and Höhle, 2009):
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eq. 5

Root mean -square error:

eq. 6

Mean error:

eq. 7

Absolute Mean error:

eq. 8

Standard deviation:

1
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AME= ∑𝑛𝑖=1|𝛥ℎ𝑖 |

1
∑𝑛 (∆ℎ𝑖
𝑛−1 𝑖=1

SD= �

− 𝜇)²

Where ∆ℎ𝑖 is the difference between the dataset of interest and the reference data, n is the number
of samples and 𝜇 the mean error.

Höhle and Höhle, 2009 claim that the previous assumption of a Gaussian distribution of the errors
and no outliers does not hold true for numerous DEP, thus accuracy measures have to take into
account that outliers may exist and that the distribution of errors might not be normal. They
introduce the measure of the absolute mean error (AME) as the DEP evaluation is interested in the
direction of the errors but especially in their magnitude. An approach to deal with outliers is to
remove them by applying a threshold. Höhle and Putockova, 2006 select a threshold for eliminating
outliers of three times the RMSE. The RMSE value is calculated from an initial assessment of the ∆hi
data. This approach classifies a ∆hi value as an outlier if |∆ℎ𝑖 | > 3 ∗ 𝑅𝑀𝑆𝐸. Another similar approach
for outlier detection is the so called three sigma rule where the threshold is set be three times the

standard derivation (Maune, 2007) (outlier if |∆ℎ𝑖 | > 3 ∗ 𝑆𝐷). Despite these methods not all of the

outliers can be identified and the accuracy measures might therefore be flawed. Höhle and Höhle,
2009 introduce robust statistical methods (methods which are not influenced by outliers) to assess
the accuracy of DEPs. If the data reveals non-Gaussian distribution the authors propose the following
measures to describe the properties of the dataset:

Accuracy measure

Error type Notional expression

Median (50% quantile)

∆h

Q∆h (0,5)= m∆h

Normalized median absolute deviation ∆h
68.3% quantile
95% quantile

|∆ℎ|
|∆ℎ|

NMAD=1,4826*medianj (�ℎ𝑗 − 𝑚∆ℎ �)
𝑄|∆ℎ| (0,683)
𝑄|∆ℎ| (0,95)

Table 1. Accuracy measures for DEPs as proposed by Höhle and Höhle, 2009

The quantiles state that a certain percentage of the absolute errors (68,3% and 95% as proposed by
Höhle and Höhle, 2009) is found in a certain range of values. The normalized median absolute
deviation (NMAD) is proportional to the median of the absolute differences between errors and
median error. It generates a value similar to the standard deviation but more resilient to outliers. The
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measures above help to describe the properties of the accuracy of DEP datasets beyond the typical
measures of accuracy assessment (ME, RMSE and SD).
Besides comparing the data with external data of superior quality, Kraus, 2004 and Kraus et al., 2006
have developed empirical formulas that allow for the estimation of DEP accuracy in height, basically
a posteriori. The formulas have been fitted especially for photogrammetrically derived DEP and DEPs
from ALS. In his textbook, Kraus, 2004 introduces the following formula to assess the vertical
accuracy of photogrammetrically derived digital elevation information:
eq. 9

∆ℎ𝑝ℎ𝑜𝑡𝑜𝑔𝑟𝑎𝑚. = ± �0,15‰ ℎ +

0.15
𝑡𝑎𝑛 𝛼�
𝑐

Where tan 𝛼 is the terrain slope, c [in mm] is the focal length of the camera and h is the flying

altitude. With this empirical formula the approximate accuracy of a DEP can be estimated before the
actual data is even produced or the flight parameters can be determined in order to meet the
requirements of a certain DEP.
A similar equation for airborne laser scanning has been empirically developed in Kraus, 2004 and
modified in Kraus et al., 2006:
eq. 10

∆ℎ𝐴𝐿𝑆. (𝑐𝑚) = ±�

6

√𝑛

+ 30 𝑡𝑎𝑛 𝛼�

Where n (points/m²) describes the point density and tan α the terrain slope. Kraus et al., 2006 state
that the flying altitude is not contained in the formula, as it does not have any influence on the
accuracy of the data. The authors claim that the evaluation by external data of superior quality is
often too costly and too spatially restricted (because it is point data) for area-wide application.
Instead their empirical approaches should be considered when assessing the accuracy of either ALS
of photogrammetrically derived DEP because it can be applied to any environment and any sensor
system.
This study uses the method introduced in Höhle and Putockova, 2006, where reference data of
superior quality is used to assess accuracy and the 3*RMSE threshold is applied to the dataset for
outlier detection. The resulting outliers are removed before calculating further statistics. The RMSE,
ME and SD are used to describe the vertical accuracy of the dataset as a global measure but also as a
spatial distribution within the research area. Additionally, the data will be tested on normal
distribution and if the errors are not distributed normally the measures discussed in Table 1 will be
applied to describe the data. The results will provide information about the spatial accuracy within
the research area and will help to quantify features and processes within the area.
In another approach the empirical accuracy assessment as formulated by Kraus, 2004 and Kraus et
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al., 2006 will be applied and the outcome will be tested on its applicability for the present sensor
systems in high mountain areas.

6 The Hungerlitälli in the Turtmann valley
The Hungerlitälli in the Turtmann valley was chosen as the main study area. The research area
extends over 6km², covers almost all expositions and fulfills the requirements of a high alpine
environment as defined in 1.1. In order to investigate all expositions the research area extends

Figure 16 The Hungerlitälli in the Turtmann valley (right). On the left the location of the Turtmann valley in Switzerland
and the digital elevation model of the Turtmann valley are depicted (HRSC-A/GRK 47). Underlying topographic map
(©SWISSTOPO, 2011a). Active, inactive and relict rockglaciers are also depicted.

beyond the watershed of the Hungerlitälli. Most of the geomorphic features are formed by glacial
and periglacial processes which have already been investigated in Roer, 2005; Nyenhuis et al., 2005a
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and Rasemann et al., 2004. These studies focused on the occurrence and development of mainly
periglacial landforms and already named most of the surface features. Within this study the
nomenclature of geomorphic features will be influenced by the authors mentioned above.
In the following a short introduction of the Turtmann valley will be given and then the Hungerlitälli
and its features will be introduced.

6.1 The Turtmann valley– a general overview
The Turtmann valley is located in the Canton of Valais in southern Switzerland. It stretches from the
Rhone Valley at around 620m a.s.l. in the North for about 15km to the valley head in the South which
is confined by the summits of Les Diablons (3609m a.s.l.) and Bishorn (4135m a.s.l.).
In the West, the Turtmann valley is defined by the Anniviers valley and in the East by the Matter
valley. The valley head is shaped by two glaciers, the Brunegg and the Turtmann glacier which still
dominate the southern part of the valley. Figure 16 shows the location of the Turtmann valley in
Switzerland as well as the structure of the valley. The main part of the valley is formed by a glacial
trough descending from the glaciers to the valley mouth at the Rhone valley. Above the trough
shoulder, the slopes of the main valley are subdivided into several small catchments, so called
“Tällis”. These small hanging valleys are characterized by mainly periglacial forms and structures
(Roer, 2005; Albertz et al., 1992). Prominent summits in the valley are the Signalhorn (2911m a.s.l.),
the Barrhorn (3610 m a.s.l.), Les Diablons, the Brunegghorn (3833m a.s.l.) and the Tête de Milon
(3676m a.s.l.)
Climate
The climate of the Turtmann valley is mainly controlled by the local topography. The enclosed
position and the N-S orientation of the valley block the precipitation which predominantly comes
from the West. Due to the lack of precipitation and cloudiness an inner-alpine continental-type
climate could develop.
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Geology
Geologically, the Turtmann valley is part of the Siviez-Mischabel nappe (Labhart, 2001, Figure 17).
The southern Valais region persists of the penninic nappes of Bernhard and Monterosa. During the
compression and folding of the penninic nappes, parts of the crystalline base were mobilized and are
now interlaced with the metamorphic and sedimentary rocks of the penninic nappes. As a result the
main occurrences of metamorphic rocks such as two mica gneisses and muscovite phyllades can be
found superimposed by sedimentary rocks such as lime- and sandstones.

Figure 17. Geological profile of the southern Valais (Labhart, 2001 in Roer, 2005)
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6.2

A closer look at the Hungerlitälli

Figure 18. The research area including active, inactive and relict rockglaciers. (underlying is an RGB orthophoto
(SWISSTOPO 2011a)

The Hungerlitälli is a glacially and periglacially formed hanging valley of the Turtmann valley. It covers
around 3 km² in area and reaches from about 2400m a.s.l. at the shoulder of the glacial trough to
3278m a.s.l. at the Rothorn peak.
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The geomorphic features of the valley are dominated by glacial and periglacial processes. The
appearance of the hanging valley is characterized by one glacier, the Rothornglacier, several
moraines of different age and multiple rockglaciers. Rockglaciers are “lobate or tongue-shaped
bodies of perennially frozen unconsolidated material supersaturated with interstitial ice and ice lenses
that move downslope or downvalley by creep as a consequence of the deformation of ice contained in
them and which are, thus, features of cohesive flow” (Barsch, 1996, p.176). Rockglaciers can only
develop under periglacial conditions and are one of the few visually detectable indicators for
permafrost conditions. The dynamic
behavior of rockglaciers can use as a
proxy to analyze changing permafrost
conditions. Ikeda and Matsuoka, 2002
distinguish between active, inactive
and

relict

rockglaciers.

Inactive

rockglaciers still have an ice core and
show permafrost conditions but have
stopped moving whereas in relict
rockglaciers the entire ice content has
vanished and all movement has
stopped. Figure 19 shows the internal
structures of active, inactive and relict
rockglaciers. Additionally, the mean Figure 19. Structure of active inactive and relict rockglacier (Ikeda and
annual surface temperature (MAST) Matsuoka, 2002). The active layer describes the layer that thaws in
and the bottom temperature of the

summer and refreezes during winter.

winter snow cover are given to describe under which thermal conditions each rockglacier type is
found. Roer, 2005 identifies 7 active, 3 inactive and 3 relict rockglaciers in the research area which
are depicted in Figure 18. The vertical dimension of the research area (black frame in Figure 18)
ranges from 2273m a.s.l. to 3278m a.s.l. with a mean value of 2753 m a.s.l. The altitudinal data was
derived from an ALS in 2005 (see Chapter 7.3.1, p. 47). The same data was used to calculate the slope
values of the area: a mean slope of 25.12° with a maximum value of 75° was identified although it is
very likely that there are slopes with more than 75° which were not detected by the sensor.
The Hungerlitälli itself can be subdivided into two different geomorphological units. The flanks of the
Hungerlihorli are dominated by two rockglaciers, Huhh1 and Huhh3, several talus cones which
develop into protalus ramparts (in the sense of Haeberli, 1985) and extensive block fields. Figure 18
and Figure 16 show the existence of a small ice body, the Rothorn glacier, in the SE cirque. A big
Pleistocene moraine runs in W-E direction through the whole valley, marking the maximal extent of
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the Pleistocene glaciers. This moraine is broken through by two relict rockglaciers which are also well
distinguishable in Figure 18. A very thorough mapping of the geomorphological properties of the
slopes around the Hungerlihorli can be seen in Figure 20. The south exposed slope of the valley
differs significantly from the slopes of Hungerlihorli. This side of the valley is not as steep and has
more consolidated material which promotes the growth of alpine vegetation. The block size of the
rockglaciers on this slope differs from the southern slope as the material is considerably coarser.
Most likely the difference in insolation results in more vegetation on this side of the valley which also
becomes clear in Figure 18. In the valleyhead of the northern part, another highly active rockglacier,
the Furggwanghorn rockglacier, can be identified. The state of the rockglaciers, their extent and
volume and the existence of permanently frozen ground was determined by geomorphological
mapping, a network of temperature loggers, yearly geodetic measurements, the photogrammetric
analysis of historic and current orthophotos and the geomorphometric evaluation of high resolution
digital elevation models (Roer, 2003; Roer et al., 2005b; Roer et al., 2005a; Roer and Nyenhuis M.;
2007). The rockglaciers Huhh 1 and Huhh 3 have been identified to move horizontally with an annual
rate of 0,3 m to 3 m, whereas the nearby located Furggwanghorn rockglacier shows signs of a
destabilization by moving surge-like several meters a year (Roer et al., 2008). The dynamics of the
rockglaciers are not completely understood but seem to be predominantly controlled by external
climatic factors (e.g. summer air temperature, development of the seasonal snow-cover)(Delaloye et
al., 2010).

Figure 20. Geomorphological map of the northern slopes of the Hungerlihorli (Roer, 2003)
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Four airborne systems have been used to obtain digital elevation information over the whole
research area. An airborne laser scan (ALS) was acquired in 2005, the HRSC-A campaign was flown in
2001, digital imagery was taken with the RC30 in 2005 and the ADS40 dataset was acquired in 2008.
The temporal difference has to be acknowledged when assessing the vertical accuracy of the data.
Additionally to the remote sensing data, yearly geodetic measurements of very high accuracy were
provided by the DFG bundle project SPCC in order to verify the digital elevation information. All of
the used datasets will be introduced in the following section. Each one will be discussed and former
studies will be briefly presented. The data will be distinguished by the three stereo photogrammetric
sensor systems and the verification datasets of the ALS and the geodetic dataset.

7.1 Description of the photogrammetric sensor systems
Three stereo photogrammetric sensor systems were used to obtain digital elevation information:
7.1.1

HRSC-A

The HRSC-A sensor is a further developed airborne version of the HRSC which was designed by the
German Aerospace Center (DLR) for the exploration of the planet mars within the international mars
mission Mars96 (Albertz et al., 1992). Unfortunately, the carrier rocket did not work properly and the
probe assembly of the mission, including the HRSC sensor re-entered the earth´s atmosphere and
was destroyed. In 2003 the European Mars Express mission operated by ESA has successfully
launched another HRSC system and is currently orbiting and mapping Mars (Neukum and Jaumann,
2004; Wilson, 2004; Neukum et al., 2004). Airborne experiments on Earth with the HRSC–A showed

Figure 21. The HRSC-A: Imaging principle and design (Scholten and Wewel, 2000)

good results for the application in photogrammetry and other earth bound investigation thus two
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further developments by the DLR were undertaken, resulting in the HRSC-AX and the HRSC AX047
sensors (see Table 2)(Scholten and Wewel, 2000).
The HRSC-A sensor is a multi-line pushbroom scanning instrument with 9 CCD line detectors
mounted parallel on the focal plane of the camera. Image information is acquired by 5 panchromatic
channels covering the green and red spectrum under different observation angles and four color
channels (red, green, blue and near infrared). The imaging principle and the orientation of the line
detectors can be seen in Figure 21 and Figure 6. Table 2 shows the technical details of the HRSC
sensor systems.

Table 2. Technical data of the HRSC sensor systems (Otto et al., 2007, p. 182)

Besides the objective to gather multispectral imagery of planetary surfaces the HRSC-A is designed to
acquire the needed data to produce digital elevation models. The sensor is able to produce imagery
with very high geometrical resolution of 10 cm as the smallest GSD and is very well suited for the
automatic generation of high resolution digital elevation models.
A flight campaign covering the entire Turtmann valley was successfully completed in September 2001
resulting in 13 overlapping stereoscopic parallel tracks which led to a digital surface model covering
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the entire valley. The campaign as well as the processing of the data was done by the DLR in
cooperation with the Technical University of Berlin. The processing at DLR included the combined
determination of position and attitude, geometric correction of the image data, image matching,
DTM generation, orthoimage generation and mosaicing (Otto et al., 2007; Scholten et al., 2002). In
the end an orthophoto covering the whole valley and a digital surface model with a spatial resolution
of one meter were delivered. The DTM was provided in 16 bit radiometric resolution resolving a
height difference of 10cm (Otto et al., 2007).

Former Work
The HRSC-A´s main task is the generation of high resolution multispectral imagery and the according
digital elevation information. Within this study the objective is to evaluate the accuracy of these
elevation products. Besides the applications of the HRSC sensor to map the planetary surface of Mars
(Jaumann et al., 2007; Wilson, 2004; Guarnieri et al., 2009; Neukum and Jaumann, 2004) several
terrestrial applications have been accomplished.
The HRSC development team around Gerhard Neukum tested the HRSC-A and all its predecessors on
the DLR test sites in Berlin and Brandenburg (Neukum, 2001). The analysis of the digital elevation
products resulted in a planimetric accuracy of 10-15cm and 15-20cm vertical accuracy for image data
obtained at 3000m flying height and GSD of about 10cm.
Wewel et al., 1998 describe different HRSC-A datasets acquired 1998 in Berlin and Brandenburg at a
flying height of 3000m above ground and a ground sampling distance of 15cm. Comparing the
elevation data with 120 ground reference point the authors are able identify a horizontal accuracy of
±15cm and a vertical accuracy of ±20cm.
Hauber et al., 2000 used the HRSC sensor to map an alpine area of the Hohe Tauern mountain range
in Austria enclosing some of the most intensively analyzed glacier (Stubacher Sonnblickkees) in the
Alps. The research area in this study consists of complex high mountain topography with steep slopes
and stretches from 1200m a.s.l. to 3600m a.s.l. The quality analysis for this study showed similar
values as Scholten and Wewel, 2000 stating an absolute accuracy of ± 18cm for planimetry and ±
21cm for height.
Similar accuracy values were produced by Hoffmann and Lehmann, 2001 who analyzed the digital
elevation information of a HRSC-A dataset of the city of Berlin.

The HRSC-A data presented here is from the work of the Research Training Group (RTG) 437 –
‘Landform - a structured and variable boundary layer’ which is a multidisciplinary graduation
program funded by the German Research Foundation (DFG). This particular dataset has been used in
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several studies in order to assess different research questions such as rockglacier kinematics (see
Roer, 2005) rockglacier mapping (Nyenhuis et al., 2005a), geomorphometry in alpine geosystems
(Rasemann et al., 2004; Rasemann, 2003) and the quantification of sediment storage(Otto et al.,
2009).
7.1.2

ADS40

The Airborne Digital Sensor 40 (ADS40) is part of the first commercially available digital large format
airborne survey systems. It was presented to the public on the occasion of the XIX ISPRS congress in
Amsterdam in July 2001 and is therefore still a rather young instrument (Fricker, 2001). The
technological development and the production of the sensor system was carried out by the DLR in
Berlin and Leica Geosystems in Switzerland and has been applied all over the world since then with
more than 25 units sold worldwide (Fricker, 2001 and Rohrbach, 2005).

Figure 22. Three line scanner system. (Leica Geosystems AG, 2008a)

Figure 23. Layout of the focal plane (Leica
Geosystems AG, 2008a).

In 2007 two additional sensor heads SH51 and SH52 (also known as the second generation ADS40)
were added to the sensor system. Further improvements in the system setup and recording
technology led to the third generation ADS80 which is currently one of the most advanced aerial
camera systems (Sandau, 2005). The data used in this study was generated by an ADS40 of the
second generation equipped with a SH52 sensor head. Therefore, the further introduction of the
sensor system will focus this particular version of the sensor system. The basis of the design of the
ADS40 is the three-line-scanner principle as described in Chapter 4.1 whereby linear arrays on the
focal plane capture imagery looking forwards, downwards (nadir) and backwards from the aircraft.
Every portion of the ground surface is imaged multiple times during one overflight (see in
Chapter4.1). The setup of the SH52 sensor head allows the multispectral data to be captured in the
nadir and backward looking direction (see Figure 21 and Figure 22). The imagery is captured by a
total of 12 CCD lines of which four collect panchromatic information and the remaining eight red,
green, and blue and near infrared data. Figure 23 shows the arrangement of the CCD lines on the
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focal plane. Each line consists of 12000 CCD with a pixel size of 6.5 x 6.5 µm. The nadir panchromatic
line is arranged in a pair, one member of the pair staggered laterally from the other by half a pixel
(3.5µm) as to double the resolution (Sandau, 2005). Especially for photogrammetric applications, the
staggered panchromatic lines improve the performance of matching algorithms whereas the RGB
and NIR channel provide useful imagery for remote sensing application (Reulke et al., 2006). The
multispectral imagery is also stereoscopic and can be used for image matching and the extraction of
3D information. A complete novelty compared to all line sensor cameras is the usage of the so-called
Trichroid (ADS40 first generation, Figure 24) and the Tetrachroid (second generation ADS40 and
ADS80, Figure 25). These devices split the irradiated energy onto several detectors for red, green and
blue and in the case of the Tetrachroid also on the panchromatic detector with a minimum of energy
lost and produce co-registered RGB multispectral images and in case of the Tetrachroid even coregistered RGBN channels (Sandau, 2005).
This

technology

allows

the

production of uncompromised, coregistered, equal resolution, five
band imagery for the second
generation

ADS40.

Detailed

information of the ADS40 sensor
system is depicted on in Table 3.If
all lines are active, the ADS40
generates over 100GB raw data per
hour

and

enormous

acquires

therefore

computational

Figure 24. Cross section
through the Trichroid energy
beam splitter (Sandau, 2005)

Figure 25. Tetrachroid beam splitter
(Sandau, 2005).

effort

until the final products are generated. To optimize the workflow, the Leica Geosystems AG provides a
holistic system to process the data from the raw data to the final orthophotos and digital elevation
products. The first step in the workflow is downloading the data from the on-board storing system
and adding the geo-positioning information using data supplied by the Internal Position and Attitude
System IPAS 10/20 (the IMU) and the IPAS Pro Software. The georeferenced images are then rectified
to a plane to create stereo-viewable and geometrically corrected Level 1 images (Sandau, 2005).
Several commercial Software packages such as ERDAS LPS (Leica Photogrammetry Suite) or BAE
SocetSet are able to process the Leica level 1 images in order to produce orthophotos or digital
elevation products.
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Former Work and quality assessment
The simultaneous acquisition in four resolved spectral bands (including near infrared) allows the
monitoring and mapping of vegetation (Ecker et al., 2010; Heikkinen et al., 2011), e.g. the Swiss
National Forest Inventory uses the ADS40 to monitor forest attributes such as canopy heights in
Switzerland (Brändli, 2010; Waser et al., 2008). Waser et al., 2008 incorporate the digital elevation
information to classify different tree species. For the assessment of natural hazards and mountainous
regions Bühler et al., 2009 used the ADS40 data to detect avalanche deposits in Switzerland, Guo et
al., 2010 used the remotely sensed data to map damage consequences after the Wenchuan
earthquake in China in 2008.
The geometric quality of the ADS data, which is of particular interest for this study has also been
repeatedly addressed. The Leica Geosystem AG states in their description of the ADS40 sensor (SH52
sensor head) an RMSE between 0,5 m and 2,5 m for horizontal mapping accuracy at a ground
sampling distance of 50 cm and different map scales (Leica Geosystems AG, 2008b).
(Casella et al., 2008) used a test site in Pavia/Italy where they used the same sensor system as this
study to assess the geometric accuracy of the ADS40. They used 45 GCPs to assess imagery flown at a
height of 2000m and a GSD of 20cm. For the directly georeferenced imagery (the data level of this
study) they observed an RMSE of ~13cm for the planimetry and 22cm altitude, in GSD units this
presents 0.65 units in xy-dimension and ~1.1 unit in z-direction.
Hu et al., 2008 generated three dimensional data from three ADS40 survey with different GSDs in the
ShanXi province in China. The datasets were each flown at different heights and three kinds of
ground sampling distances were gathered: 50cm, 20cm and 6cm. The evaluation of the data was
performed by GCPs and resulted in a RMSE of 80cm in xy-dimension and 90cm in altitude for the
50cm GSD dataset, 25cm (xy) and 18cm (z) for the 20cm GSD set and 6cm RMSE for the dataset with
the 6cm GSD. Unfortunately the authors do not describe the study area topographically but due to
their findings it is safe to assume that the study was conducted in a rather flat area.
Similar values are presented by Mills et al., 2006, who evaluated the ADS40 system in a region of
Bristol using a high resolution ALS dataset as reference. Their imagery was collected at 2400m flying
height (resulting in GSD 20cm) and the resulting elevation products were not manually edited. The
authors present in their findings the difference in altitude between the ALS and the ADS DEM. They
find an RMSE of 0.58m for “flat” terrain, 0,60m for “hilly” and 1,66 m for “urban” terrain.
The three studies above show that obviously the ADS40 performs quite differently in terms of
geometric accuracy. It shall be mentioned that Mills et al., 2006 was the only one in this selection
who did not interfere with the triangulation algorithms and only relied on the performance of the
sensor system and the software (BAE SocetSet) itself. Hu et al., 2008 and Casella et al., 2008
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introduced manually ground control points within the block bundle adjustment and changed
therefore the performance of the ADS system in a way that they introduced independent terrestrial
data (GCPs) which was not part of the initial ADS campaign. In order to assess the performance of the
ADS40 system in inaccessible areas, such as high mountain regions, additional data cannot be used to
improve the ADS40 data since there is no such data available.

Table 3. Datasheet of the ADS40 sensor system (Leica, 2008a).
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7.1.3

RC30

The Leica RC30 is an aerial film camera system which has been used from 1998 to 2005 to produce
the nationwide coverage with color orthophotos in Switzerland (Simmen and Bovet, 2007). Pictures
were available with RGB, near infrared and/or
panchromatic information. Due to a 60% overlap
between the individual pictures they are also
suitable for stereoscopic assessment. Figure 26
shows the overlapping principle of the RC30 system
in Switzerland.
The

RC30

can

be

equipped

with

two

Figure 26. Overlapping Aerial photographs principle

interchangeable lenses offering different coverage (SWISSTOPO - Bundesamt für Landestopografie, 2007)

and resolution. Aperture is up to f/4 and the shutter speed ranges from 1/100 to 1/1000 per second.
Also at high flying speeds the forward motion compensation (FMC) unit minimizes blurring and other
errors in imaging (Leica Geosystems AG, 2010). The sensor produces single pictures of 23x23cm
format which are digitized by a photogrammetric scanner and then processed in a photogrammetric
workstation. Image orientation, triangulation, digital orthoprojection, extraction of orthophotos and
the generation digital elevation products is then completed within the photogrammetric workstation.
The accuracy of the data depends on a number of factor ranging from the structure of the image
object over the performance of the photogrammetric scanner to the matching algorithms within
triangulation. The Swiss Federal Office of Topography SWISSTOPO states for the vertical accuracy of
the RC30 data a standard deviation of ±0,25 m in plane areas and ± 3-5 m in mountainous regions
(SWISSTOPO, 2011b).
The aerial photos used in this study were acquired on the 17th of August 2005 with an aperture of
f/4.0 and an exposure time of 1/550. It was printed and scanned at a scale of 1:27800. Figure 27
shows the scan of one image of the stereo pair from RC30 sensor. On the upper and lower edge the
detailed information of the image is depicted.
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Figure 27. Analogue RC30 image of the Hungerlitälli. (SWISSTOPO, 2011c)

Former Work
Unfortunately there were no studies available explicitly discussing the vertical accuracy of the RC30
DEP.
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7.2 The generation of digital elevation products in the Hungerlitälli
The aim of this study is to evaluate different digital elevation products derived by photogrammetry in
a high alpine environment. The sensor systems under investigation are the formerly described HRSCA, the ADS 40 and the RC30.
In case of the HRSC-A, the digital elevation product (1m - DEM grid) was provided by the Research
Training Group "Landform- a structured and variable boundary layer" (Graduiertenkolleg 437) and
formerly processed by the DLR in Berlin. Further details about processing of HRSC-A data including
determination of position and attitude, geometric correction of image data, image matching, DEM
generation and mosaicing can be found in Hauber et al., 2000; Albertz et al., 1992 and Wewel et al.,
1998. The aerial imagery was flown at an altitude of 6000m and had a ground sampling distance of
~10cm which resulted in a DEM resolution of 1m.

Figure 28. Stereo Image pairs of the research area from the ADS40 looking nadir (right) and backward (16° viewing angle,
left) (SWISSTOPO - Bundesamt für Landestopografie, 2011a)

The ADS40 and RC30 (SWISSTOPO, 2011a) imagery, which was used to create the DEP, was provided
as stereoscopic aerial imagery by the SWISSTOPO AG and processed at the remote sensing
laboratories at the Swiss Federal Institute for Forest, Snow and Landscape Research (WSL) in
Birmensdorf/Switzerland. Both sensor systems sampled data with a GSD of 50cm. While the RC30
system flew at a height of 6324m, the ADS40 carrier system gathered its imagery at a height of
7500m. Figure 28 shows the RGB stereo image pair from the ADS40 sensor. Digital elevation products
were generated using the commercial remote sensing software SocetSet© of BAE Systems. This
Chapter elaborates the generation of digital elevation products within the SocetSet© NGATE
application. The commercial functionality of the software was extended by a self-developed
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workflow using the commercial software MATLAB of MathWorks. This is discussed in more details in
the following paragraphs.
The digital elevation products from ADS40 and RC30 systems were generated using the NGATE
application of the SocetSet© 5.6 software. NGATE stands for Next Generation Automatic Terrain
Extraction and uses stereo image pairs to produce digital elevation products, orthophotos and terrain
maps. As any other photogrammetric software, NGATE uses image matching algorithms to identify
correlating points in the image pair. As stated in Zhang et al., 2006 the special feature of NGATE is
that matching takes place for every pixel and uses area-matching and edge-matching in order to
identify matching points. Additionally, NGATE is capable of multi-image matching, whereby the
optimum stereo pair is selected for each area, based on the nature of the terrain and the overall
geometry of the sensor positions and orientations with respect to it (Devenecia et al., 2007). NGATE
offers several output formats such as TIN (triangular irregular network) and lets the user define
which resolution/grid spacing the output is supposed to have. Since NGATE computes an elevation
for every pixel, the spacing is used to resample the internal NGATE DEP to the desired density.
Additionally to the vertical value, NGATE calculates the so called Figures Of Merit (FOM) for every
pixel, which is a numerical value between 0 and 99 that serves as a measure of how well the image
matching algorithm performed. For values lower than 33 no automatic correlation could be
performed and the height value is interpolated. Each value <33 is a code which indicates why the
automatic measurement was questionable and how an alternative value was assigned (e.g. inter- or
extrapolated, lake filled, manually edited, etc (BAE Systems, 2011)). Besides the desired output
resolution the user is required to set a so called strategy which defines the properties of the
matching algorithm. There are different types of strategies, each one designed for a particular
surface, e.g. mountainous areas, urban areas, hilly, sandy or ice covered regions. This study chose
two strategies: one for steep areas in general and one for urban areas which was chosen to assess
sudden changes in terrain because the urban strategy focuses on edges in the terrain for identifying
building and other man-made objects.
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How to generate the optimal DEP
The ADS40 data was provided as stereoscopic RGB, NIR
and panchromatic imagery and automatic terrain
extraction was executed with each combination in
SocetSet©’s NGATE. The stereoscopic RGB data can be
viewed three dimensionally with the help of stereoscopic
red-green

glasses

in

Figure

33.

As Figure 23 shows, NIR and RGB imagery are only
available in the nadir and backward viewing angle
resulting in an angular offset of 16° which might be
considered a relatively small value. The panchromatic
imagery was unfortunately only available in backward
and forward looking angle, resulting in quite a large
angle (43°) between the stereo image pairs.
Figure 29 shows the processing chain of the stereo

Figure 29. Processing of the NGATE elevation data.

imagery. The NIR, RGB and PAN stereo pairs were
separately processed in NGATE using the steep and urban strategy. Due to the different spectral
information and the varying textures the matching algorithm performed differently. Accordingly,
each matching product had some data points with different FOM and elevation values.
In order to generate an optimized DEP, that means where all values with the highest FOM from each
DEM are combined, a program was written in MATLAB to merge the data points with the highest
FOM value. In a first step the MATLAB code identified the points with the highest FOM comparing
the DEPs produced with the steep and urban strategies for each stereo image pair and created a new
DEM containing the highest FOMs of the two strategies (NIR; RGB and PAN DEM in Figure 29).
Afterwards it compared the now spectral-specific DEPs with each other and selected again the data
points with the highest FOM to merge one final DEP with the highest FOM of all combinations.
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Detailed analysis showed that the panchromatic image pair resulted in the lowest FOM values,
probably being the result of the large offset between the image pairs. Especially in complex terrain
the wide viewing angle leads to great discrepancies in the spectral information. It shows that the
surface features in the Hungerlitälli are too complex and too diverse on a small scale that the wide
angle between the panchromatic channels is not well suited for stereo image matching. The NIR
channel showed the best results in FOM values. The NIR information depicts vegetation especially
well and produces well structured textures in the imagery (as seen in Figure 30). The DEP processing
showed that the NIR information is the best suited for digital elevation extraction in this high alpine
environment. Just the optical comparison between Figure 30 and Figure 28 shows the textural
differences between the images and that the NIR image contains more texture and contrast.
Two final DEMs were produced: one with a resolution of 1 m and one with a resolution of 2 m. First
assessments of the data by analyzing the FOM values of both datasets showed that the 1m DEM
performed worse concerning the FOM values and especially concerning the number of data points

Figure 30. NIR image pair of the ADS40 system (SWISSTOPO - Bundesamt für Landestopografie, 2011a)

with a FOM value <33 (meaning that no correlation was possible and the missing data point had to
be interpolated). The processing of the RC30 data showed similar results. Since the imagery was a
scanned RGB image no spectral specific DEM was available for choosing the higher FOM value but
the comparison between a 2m and 1m DEM also showed that the 2m performed better resulting in
higher FOM values and less values <33.
The approach introduced above resulted in one DEP for each sensor system with a resolution of 2m
and the elevation information resulting from the best correlation values Figure 31 and Figure 32).
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Figure 31. Hillshade generated from the RC30 DEP

Figure 32. Hillshade generated from the ADS40 DEP

A three-dimensional illustration of the ADS40 DEP can be examined in Figure 33. This figure also
exemplifies the stereoscopic principle of stereo-photogrammetry as described in Chapter 4.1. In the
following the generated DEPs are evaluated against reference data of superior quality derived by
different methods. The reference datasets and the circumstances of their acquisition will be
described in the following chapter.
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Figure 34 shows an anaglyph image
of the research area. The anaglyph
image was generated by RGB
imagery of the ADS40 system
(SWISSTOPO 2011a) using the
SocetSet software. The 3D effect can
be produced by using green-red
glasses.
Anaglyph images consist of two
superimposed color layers but offset
with respect to each other. This
produces a three dimensional effect
when viewed with special color
coded anaglyph glasses. This
particular image consists of a green
and red layer and accordant glasses
can be found at the end of this print
version.
The so called visual cortex of the
human brain fuses the stereoscopic
image into the perception of a three
dimensional composition.
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7.3 Reference Data
The reference data as depicted here represents the data against which the photogrammetrically
derived elevation information (as discussed in Chapters 7.1.1, 7.1.2 and 7.1.3) is verified.
7.3.1

The Airborne Laser Scan

The Swiss Federal Office of Topography (SWISSTOPO)
initiated a campaign in the year 2000 in order to
generate highly accurate digital elevation products on a
national level. Field surveys had shown that the
cadastral maps, e.g. dynamic natural borders (forests,
watercourses, settlements, etc…) were out of date or at
least not sufficiently up to date to serve as basis for
legal transactions, official evaluation of properties or
the management of surface dependent subsidies

Figure 34. The spatial distribution of the five data
acquisition in Switzerland (Artuso et al., 2003a)

(Artuso et al., 2003a). In the context of the LWN (Landwirtschaftliche Nutzflächen) project to
determine the correct agricultural surfaces in Switzerland, the SWISSTOPO initiated five campaigns
from 2000 to 2007 to cover the whole national territory (see Figure 34) with a digital surface model
(DSM) and a digital terrain model (DTM). The realization of Range

1600m

these campaigns was executed by five different companies

1,95 cm

each one covering one area in a different year. The digital

Resolution of distance
measurement
Scan angle

14,3°

elevation products in the Canton Valais were executed in 2007 Line rate

653 Hz

by the TopoSys GmbH located in Biberach/Germany who used Laser pulse rate

83 000 Hz

the pulse system TopoSys Falcon II to create the digital
elevation information (see Table 4 for technical details of the
laser system) (SWISSTOPO, 2007). The Turtmann valley in

Effective measuring rate 83 000 /sec
Wave length

1560nm

Data

First return,
Last return,

particular was covered in May 2007. The resulting products
were the digital surface model DOM-AV and the digital terrain

Intensity
Table 4. Technical parameter of the Falcon II

model DTM-AV (SWISSTOPO, 2005 and SWISSTOPO, 2007). The system (TopoSys, 2010)

initial concept of the measuring campaigns was only to generate elevation information up to an
altitude of 2000m a.s.l. but fortunately in the Turtmann valley, SWISSTOPO decided to cover the
whole area up to 4000m a.s.l. Therefore, there are a DTM and a DSM available covering the whole
area of the Turtmann valley which presents a unique and highly valuable situation in the entire Alps.
Project management, verification and the examination of the quality requirements of the digital
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elevation products remained the task of SWISSTOPO and were applied right after the field
campaigns. The technical characteristics of the DOM-AV and DTM-AV according to SWISSTOPO are
(Artuso et al., 2003a, SWISSTOPO, 2007):
•
•
7.3.2

Height accuracy from ± 50cm in open and flat terrain to 1,5m in complex surfaces such as
forests, mountainous regions and buildings (SWISSTOPO, 2005).
Point density better than 1 point / 2m². Detailed assessment of the point density in the
Turtmann valley show an average value of 0.75 points/m².
Geodetic Field Survey

In order to assess the accuracy of digital elevation information, it is necessary to use data which is
more accurate than the test data (Li et al., 2005; Karel and Pfeifer, 2006; Meyer, 2010). These
datasets are usually very accurate point measurements generated by dGPS (differential Global
Positioning System) or geodetic surveying. The latter approach is also used here. Geodetic surveys
with a total station (in this case, a Leica TCL 1202 was used) allow high accuracy measurements
(about 1cm in horizontal coordinates and 2cm in elevation) even in extreme areas such very steep
slopes and rock walls (Delaloye et al., 2010, Roer, 2003).
Since 2001, yearly field surveys have been carried out in the research area to monitor the kinematics
of the rockglaciers. Initially, the point measurements on the rockglaciers were carried out by a PhD
project of the Research Training
Group ‘Landform – a structured
and

variable

boundary

(Graduiertenkolleg

437;

layer’
Roer,

2005). In order to secure the
consistency of the measurements
beyond that project and into the
future, the yearly measurements in
the

Turtmann

valley

were

implemented into the Permafrost

Figure 35. Terrestrial Survey in the Hungerlitälli. The Leica total station

Monitoring Switzerland initiative TLS 1202 on the left and the setup of a mirror screwed to the ground
(PERMOS) (Vonder Mühll et al.,

(right).

2008). The PERMOS network gathers permafrost related data such as ground temperatures,
geophysical data of permafrost sites and geodetic and photogrammetric surveys to assess the
velocities of permafrost creep in high mountain areas (Vonder Mühll et al., 2008; PERMOS, 2011).The
terrestrial surveys in the Hungerlitälli from the years 2001, 2005, 2007 and 2008 were provided by
Dr. I. Gärtner-Roer who is responsible for the consistent realization of the measurements. The
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surveys have been taking place every year during the last week of September as to get a full year of
information (Delaloye et al., 2010). The total station is capable of measuring distances between the
target (the prism) and the total station up to 1000m with a standard deviation of 2mm (Kahmen,
2006). It uses an optoelectronic distance meter and an electronic angle scanner to measure the
position of the target relative to station. If the coordinates of the station are known, the instrument
is able to transfer the target data directly into the global coordinate system. Since the position of the
total station and the reference points were set accurately by dGPS measurements it has been
possible to assess the exact position of the targets right in the field. Figure 36 shows all GCPs in the
area from 2001 to 2008 that are used as reference data in this study.
A field survey is accomplished by at least two persons: One operating the total station and the other
taking the prism from one target point to the next one. Figure 35 shows the setup of the target prism
and the position of the total station in the research area.
As stated above, the location of the point measurements is designed to monitor the kinematics of
the rockglaciers. Therefore, most of the points are located on the rockglacier surface. The only points
on stable, non-permafrost ground are the positions of the total station and the reference points on
the lateral moraine. The observation points were fixed on blocks embedded in the matrix of the
rockglacier and in order to remeasure the same point every year, steel dowels were drilled into the
boulders where the prism can be screwed into.
Figure 38 and Figure 39 show the points of each year. It becomes obvious that not the same points
were measured every year because financing varied and the research questions differed between the
several field surveys.
Still, the data acquired can be used as ground control points in order to assess the digital elevation
information of the photogrammetric products.
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Figure 36. The location of the geodetic reference points in the research area (SWISSTOPO 2011a).
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8 Evaluation of the digital elevation products in the Hungerlitälli
This study’s intention is to evaluate different digital elevation products in a high alpine environment.
The research area has been introduced in Chapter 4, and its high alpine characteristics have been
highlighted. The sensor systems were discussed in Chapter 7 and the methods to generate digital
elevation data introduced in Chapter 4. Chapter 5 presented the methods to assess accuracy of DEPs
and in the following Chapter this study’s approach to evaluate the digital elevation data will be
introduced and the results presented.
Figure 37 shows all the datasets which are used
within this study according to sampling year and
application (blue boxes indicate reference data).
Three approaches will be used to assess the
accuracy of the DEPs: The first evaluations follow
the conventional approach to evaluate the test
data (here the photogrammetric DEPs) against
reference data of superior quality. The yearly
geodetic measurements and the ALS data from the
year 2007 serve as reference data. The terrestrial

Figure 37. Available datasets for the research area. The

geodetic data fulfills the requirement of being at blue boxes show the reference data.

least three times more accurate than the test data (Maune, 2007) and all the geodetic dataset are
produced within at least 6 weeks of the aerial survey. The geodetic measurements were all taken on
the last week of September, the HRSC-A data was flown on September 14th 2001, the RC 30 on
August 17th 2005 and the ADS40 dataset was generated on August 29th 2008. It is safe to assume that
the changes in terrain properties within the time span between aerial surveying and geodetic
measurements are not significant enough to introduce a relevant bias in the estimated accuracy.
A second approach is the comparison of the DEP to the digital elevation data derived by ALS. Thus
the ALS data is not three times more accurate than the photogrammetric data (see 7.3.1) and the
time gaps between the particular DEPs are several years, it is reasonable to assume that the
geomorphological processes act slow enough to secure a comparability between the DEP of each
year. Single highly active features such as the rockglaciers have to be excluded from the statistical
analysis. This analysis follows the approach used in Höhle and Höhle, 2009 where the authors also
used an ALS to verify a photogrammetrically derived DEP.
The third approach uses the empirical relations introduced in Kraus, 2004 and Kraus et al., 2006 to
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approximate the accuracy of the height values. This approach has been introduced thoroughly in
Chapter 5.1. and will be applied globally with the mean slope of the area.

8.1 The geodetic measurements
The geodetic measurements were acquired during several field surveys to monitor the rockglacier
kinematics in the Hungerlitälli (Roer, 2005; Roer and Nyenhuis M., 2007). In 2001, the rockglacier
Huhh1 was sampled with 23 points, from 2005 on yearly measurements focused on rockglacier
Huhh3 which was equipped with 28 points. The point data was acquired by terrestrial geodetic

Figure 38. GCPs by geodetic measurements from 2005 to
2008 The box in the upper left corner shows the position in
the whole research area (Basic map: 1:25.000 (©Swiss
Federal Office of Topography box map shaded relief from
ALS SWISSTOPO - Bundesamt für Landestopografie, 2011a)

Figure 39. GCPs derived by geodetic measurements from
2001. The box in the upper left corner shows the position
in the whole research area (Basic map: 1:25.000 (©Swiss
Federal Office of Topography), box map shaded relief from
ALS (SWISSTOPO - Bundesamt für Landes

surveys discussed in Chapter 7.3.2. Figure 38 and Figure 39 show the distribution of the GCPs (red
points) in the whole research area. The geodetic data inherits the highest accuracy of the datasets in
use and is therefore well suited not only to assess the accuracy of the photogrammtric data but also
for the ALS DEP.
The photogrammetric DEPs and the geodetic reference data are both available as point features (the
DEP as a regular grid of points and the reference data as randomly distributed points). The vertical
accuracy of the DEPs is determined by first identifying the horizontally nearest DEP point to the
geodetic point and then calculating the height difference as described in eq. 11. The entity of
differences can then be described statistically and the statistical measures used to describe the
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accuracy. The accuracy measures used here are the absolute mean error (AME, eq. 12) and the root
mean square error (RMSE, eq. 13):
eq. 11

∆ℎ𝑖 = ℎ𝑔𝑒𝑜𝑑 − ℎ𝑝ℎ𝑜𝑡𝑜
1
𝑛

AME = ∑𝑛𝑖=1|𝛥ℎ𝑖 |

eq. 12

1
𝑛

RMSE = � ∑𝑛𝑖=1 𝛥ℎ𝑖 ²

eq. 13

Where ∆hi is the difference between the reference data (geodetic data hgeod) and the elevation

data (photogrammetric or ALS data hphoto). As suggested in Höhle and Putockova, 2006 the

threshold for eliminating outliers is selected as 3*RMSE from the initial calculation of the error
dataset. To eliminate positive and negative outliers the absolute value of the error is considered
within the outlier elimination. This method allows obvious blunders and outstanding random errors
to be removed from the data set.
Evaluation of accuracy using geodetic reference data
The

results

of

the

comparison

of

the Sensor Systems AME (m) RMSE (m)
photogrammetrically derived DEPs with the HRSC-A
0.39
0.42
0.65
0.85
geodetic reference data are depicted in Table 5. RC30
ALS
0.45
0.55
The analysis shows the highest accuracy for the
ADS40
0.68
0.88
HRSC data but also the most outliers. This may

n Outlier
23
4
32
2
32
2
32
3

Table 5. Accuracy assessment of the DEPs by means of the

suggest that the HRSC dataset is the most geodetic reference data.
accurate and should be used to verify the other

DEPs spatially. Nevertheless the small population (n) and the even further reduction of useable GCPs
by the elimination of 4 outliers lessen the validity of this result. Additionally, Kraus, 2004 states that
the accuracy of measurements of stereo-photogrammetry is generally worse than the accuracy of
laser scanning, in particular ALS. Therefore, it is reasonable to use the ALS (which still has an accuracy
almost as good as the HRSC) as reference data to make the spatial analysis of the accuracy of the
DEPs.
The low population does not allow statistically reliable conclusions about the data. Also, the
distribution of the GCPs is biased as they are not randomly located within the entire research area
but are clustered on the rockglaciers. Therefore, the location of the GCPs only represents a northern
exposition and depicts not the whole spectrum of possible slopes. It is not possible in this approach
to check for normal or non normal distribution since the number of reference points is too small in
respect to the research area.
The results are nevertheless useful to serve as a first measure of accuracy in order to give an idea of
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what can be expected from further analysis. The results from Artuso et al., 2003b and SWISSTOPO,
2005 state a vertical accuracy of ±50cm supporting the results in this chapter.

8.2 The Airborne Laser Scan

Another method to assess the vertical accuracy of the photogrammetric DEPs is to use an ALS as
reference data (Mills et al., 2006). Even though the ALS does not fulfill the requirement of being at
least three times more accurate than the test data (Maune, 2007), it offers the opportunity to
evaluate the accuracy of the DEPs spatially.
The properties of this particular ALS dataset have already been described in former studies
determining a vertical accuracy of ±50cm to ± 1,5m depending on the surface properties (Artuso et

al., 2003a; SWISSTOPO, 2005). The point density

has been determined as 0.75pts/m² and the ALS
dataset has therefore a much higher information

1,5m

density than the photogrammetric products.
The ALS approach is similar to the validation with
the geodetic data: For each photogrammetric data
point the horizontally nearest (in x-y direction)
ALS point is identified and the height difference
∆ℎ𝑖 between the two points calculated. Figure 40

shows the theoretical setup of the spatial

relations between the two data sets. The black
lines identify the nearest point.
Just as with the geodetic measurements the
3*RMSE approach has been used to identify and

Figure 40. The photogrammetric digital elevation points
(grey) with the nearest ALS datapoint (black) (according
to Kraus et al., 2006). The black lines identify the
nearest point, the dotted blue lines the maximum
search radius for nearest points

eliminate outliers. Table 6 shows the RMSE calculated from the initial dataset of the errors. These
Sensor systems
HRSC
RC30
ADS40

RMSE (m)
7,50689
7,56581
7,50096

Table 6. The RMSE of the data
including outliers

values are used for the according dataset to detect outliers. In
general, one can state that all error values greater than 22,5m and
smaller than -22,5m (3*RMSE) are considered outliers and do not
contribute to the statistical analysis. It has to be considered that the
analysis is performed in an area which is characterized by steep

slopes and sudden changes in terrain. Therefore, short horizontal offsets can lead to great
differences in elevation which might lead to incorrect ∆hi estimates. To minimize this source of error

Kraus et al., 2006 suggest considering only reference points within a certain distance. The authors set
a radius of seven times the DEP grid resolution to search for the nearest reference data point. A
radius of seven times the grid width (which is 2 m) would mean for this study a radius of 14 meters.
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Considering a mean slope of 33° in the research area, a 14m horizontal distance might result in a
vertical offset of ~9m which is not acceptable to be still considered an error. It is more likely that this
offset results from the natural inclination of the terrain. An acceptable search radius for the nearest
reference point is 1.5m which might result in a 1m height difference at most, due to the natural
inclination of the terrain. This value has been deducted from simple trigonometry calculated with the
tangent of a rectangular triangle with α= 33° (the average slope of the research angle) and a length of
the opposite leg of 1m which represents the maximum of an acceptable ∆hi. Following this argument
the nearest point of the reference data was only considered when it was within a distance of 1.5m
(see Figure 40).
Evaluation of accuracy using ALS reference data
This approach uses the difference between the photogrammetrically derived point and the nearest
ALs point to it and assesses the measures spatially and statistically. ∆hi is calculated by
eq. 14

∆ℎ𝑖 = ℎ𝐴𝐿𝑆 − ℎ𝑝ℎ𝑜𝑡𝑜

The spatial distributions of ∆hi in the research area are shown Figure 41, Figure 42 and Figure 43. The
black signatures indicate the parts that are excluded from the dataset because they have been
identified as outliers or the distance between the ALS data point and the DEP point exceeded 1.5m. It
becomes obvious in all three illustrations that the excluded areas are mainly located in steep slopes.
This is reasonable because in steep slopes, the airborne laser system has the lowest point density
due to the terrain and sampling properties. The distance between the ALS point and the DEP points
can therefore exceed 1.5m. Steep terrain also implies a huge vertical difference within a relatively
short horizontal distance so that error measurements can be identified as outliers if the slope
gradient is too steep. As the maps show, the amount of excluded data points is negligible for all three
datasets by being less than 1% of the entire data points.
When interpreting the figures one has to be aware that there is a temporal difference between the
test data of the DEPs and the ALS reference data. The ALS data was acquired in 2007, the HRSC in
2001, the RC30 in 2005 and the ADS40 in 2008. Besides the intrinsic error resulting from the sampling
methods, there is also a ∆hi resulting from the vertical changes of the dynamic features identifiable in
the data. The vertical changes of the rockglaciers Furggwanghorn, Grueob1, Huhh1 and Huhh3 as
well as the mass loss of the Rothorn glacier are detected by this assessment. In the case of the
Furggwanghorn rockglacier, even the horizontal advance of the rockglacier front in NW direction can
be identified in the figures. The ∆hi caused by the movement of the dynamic features should not be
implemented in the statistical analysis of the accuracy analysis of the DEP but can be useful in terms
of the assessment of geomorphological processes in the area. The values of the dynamic features
have been excluded in this study.
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Figure 41. Spatial illustration of ∆hi of the HRSC data. The dynamic features (glacier and rockglaciers) are clearly visible.
The black signatures identify the outliers and the areas where the horizontal distance of 1.5m between DEP and ALS
point is exceeded.
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Figure 42. ∆hi of the RC30 DEP. The dynamic features (glacier and rockglaciers) are clearly visible. The black signatures
identify the outliers and the areas where the horizontal distance of 1.5m between DEP and ALS point is exceeded
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Figure 43. ∆hi of the ADS40 DEP. The dynamic features (glacier and rockglaciers) are clearly visible. The black signatures
identify the outliers and the areas where the horizontal distance of 1.5m between DEP and ALS point is exceeded.
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Global accuracy assessment
The global accuracy is traditionally described by the mean error (ME), the absolute mean error
(AME), the root mean square error (RMSE) and the according standard deviation of the vertical
errors (Höhle and Höhle, 2009). The vertical errors for each DEP are calculated by subtracting the
reference height of the ALS from the DEP height:
eq. 15

∆hi (HRSC) = hHRSC - hALS

eq. 16

∆hi (RC30) = hRC30 - hALS

eq. 17

∆hi (ADS40) = hADS40 - hALS

The results of the global accuracy assessment for the three datasets are depicted in Table 7:
Sensor system
HRSC-A
RC30
ADS40

ME (m) AME (m) RMSE (m) SD (m)
n
1,996
2,062
2,459
1,437 1474632
0,334
0,885
1,600
1,565 1358956
-0,813
1,090
1,445
1,195 1467992

Table 7. Results of the global accuracy assessment

The mean error (ME) shows that the HRSC-A dataset in general overestimates the elevation of the
research area by ~2m whereas the ADS40 data produces a negative average deviation of 0,8m. In this
first assessment, the RC30 data seems to deliver the best results. A similar result is presented by the
AME which also has the lowest value for the RC30 and the highest for the HRSC-A. Contrary to these
values, the RMSE and the standard deviation show the best results for the ADS40 DEP. Although the
ME and AME of the ADS40 are not as accurate as the other two sensor systems, the ADS40 performs
best when it comes to the whole dataset. RMSE and SD describe the properties of the distribution of
the entire dataset and are especially sensitive to outliers. They are measures for the width of the
distribution. The width of error distributions indicate random errors which are difficult to correct.
The results inTable 7 show therefore the greatest random error for the RC30 and the lowest for the
ADS40. ME and AME are not well suited for qualitative description of global parameters because they
do not consider the properties of the error distribution. RMSE and SD take the characteristics of the
∆hi distribution into account and testify the best performance for the ADS40 system
Following the approach of Höhle and Höhle, 2009, the extracted data is tested for normal
distribution by comparing the observed and theoretical distribution of ∆hi. This is done by visually
analyzing the histogram and the quantile-quantile-plot (QQ-plot) of the error dataset. The histogram
depicts the frequency of the errors within a certain predefined interval. It gives a first impression of
the normality of the data distribution. Here, the entity of the ∆hi errors is depicted in 100 equally
spaced intervals in Figure 45. Superimposed on the error histograms are the expected counts from a
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normal distribution with mean and variance estimated from the ∆hi data using eq. 6and eq. 8 (red
line). The Figure 45 and Figure 44 allow a comparison between the observed distribution of ∆hi and
the expected theoretical normal distribution with mean and standard deviation estimated from the
observed data.
The QQ plots show the quantiles of the distribution of the error data plotted against the theoretical
quantiles of their normal distribution. In case of a normal distribution the QQ plot should yield a
straight line which is depicted as the red line in Figure 44.
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Figure 44. QQ plot for the distribution of ∆hi

Figure 45. Histograms of the ∆hi errors in
meters. Superimposed on the histograms are
the expected values from a normal distribution
with mean and variance estimated from the
actual error distribution. The histogram is
truncated at 8m and -8m for better
visualization.
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Figure 45 shows that the ∆hi distributions of all datasets are not distributed normally which means
according to Höhle and Höhle, 2009 that additional measures are necessary to describe the accuracy
of the data sufficiently. The proposed measures (Table 1) are applied and the results are shown in
Table 8.
Sensor system Median (m) NMAD (m) Q(0,683) (m) Q(0,95)(m)
HRSC-A
1,84
0,98
2,35
4,10
RC30
0,23
0,74
0,81
2,49
ADS40
-0,68
0,71
1,25
2,53
Table 8. Results of the robust measures for non-normal error distributions.
(according to Höhle and Höhle, 2009)

The robust accuracy measures show in conformity with the non-robust measures the most accurate
values for the RC30 for the median and the quantiles. The ADS40 product has the lowest variance of
the three datasets therefore the lowest NMAD value. The NMAD is proportional to the median of the
absolute differences between errors and median error and can be considered as an estimate for the
standard deviation more resilient to outliers. The measures show that the HRSC-A data performs
worst of the three systems.
Although the QQ-plots and histograms visualize a non-normal distribution, they still show almost
symmetrical distributions of ∆hi which means that the non-normality originates from heavy tails and
kurtosis, not from skewness. Thus, the dataset can still be analyzed by the means of non-robust
measures (eq. 5 to eq. 8) and it is therefore appropriate to describe the data with the measures in
Table 7 and the robust parameters.
The frequency distributions of all three datasets are shown in Figure 46. Their positions on the x-axes

Figure 46. Frequency distribution of the HRSC-A, RC30 and
ADS40 including the systematic error ∆hi.

Figure 47. The corrected frequency distribution ∆hi corr
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depict that the distributions possess an inherent bias. The error distributions are shifted by their
mean value which means in order to correct this systematic error in the data, the mean has to be
subtracted from the population:
eq. 18

1
𝑛

∆hi corr = ∆hi – ∑𝑛𝑖=1 𝛥ℎ𝑖

It is possible to improve the performance of the DEPs significantly by assessing the systematic error
in the data. The reference dataset against which the DEPs were evaluated and the inherent bias
identified by, does not consist of a small population of measurements but on approximately eight
million data points derived by ALS. Therefore, it is feasible to assume that the systematic error is
rooted in the DEP data generation and/or processing and not an artifact due to an insufficient
reference database. The correction given in eq. 18 adjusts the inherently biased values (Figure 46) in
a way that the corrected data shows improved accuracy measures and positions of the frequency
distributions are shifted to a narrower und more accurate value range (Figure 47). Table 9 and Table
10 show the non-robust and the robust accuracy measures of the corrected data:
Sensor system
HRSC
RC30
ADS40

ME (m) AME (m) RMSE (m) SD (m)
n
0,000
0,939
1,437
1,497 1474632
0,000
0,831
1,565
1,565 1358956
0,000
0,740
1,253
1,254 1467992

Table 9. Accuracy measures of the corrected data

Sensor system Median (m) NMAD (m) Q(0,683) (m) Q(0,95)(m)
HRSC
0,16
0,98
1,02
2,51
RC30
0,10
0,74
0,80
2,40
ADS40
0,07
0,71
0,75
2,21
Table 10. Robust accuracy measures of the corrected data.

As expected, the accuracy measures improve significantly. The most outstanding feature after the
systematic error correction is that the RC30 is no longer the most accurate DEP concerning ME, AME
and Median. In the traditional as well as in the non-robust measures the RC30 is outperformed by
the ADS40 which now inherits a RMSE of 1,25 and an NMAD of 0,71. Also the performance of the
HRSC-A improves but does not reach the accuracy of the other two sensor systems. The subtraction
of the mean ∆hi naturally puts the ME to 0 but the other measures are still significant. Most notable
is that the AME of all three datasets is below 1m and the RMSE less than 1,5m. The 68.3% quantile
now shows that in all three sensor systems two thirds of the measurements are within an accuracy of
1m. The NMAD parameter has also improved to ~0,7 m for the RC30 and ADS40 and ~1 m for the
HRSC-A which means that the random error in the datasets has also significantly lessened. Although
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the number of random errors within the data cannot be eradicated, the correction of the dataset has
decreased its value.
With the new improved values resulting from the assessment and correction of the systematic error
the accuracy values can again be analyzed spatially by mapping the distribution of ∆hi

corr

in the

research area. Figure 48, Figure 49 and Figure 50 show the now more accurate maps of the DEP
accuracy in the research area.
It is important to note that in this study the systematic error could only be identified due to the
availability of the ALS data. In cases where there is only one dataset or two datasets of similar quality
available, appropriate reference data has to be sampled to assess the absolute accuracy.
Recommendations on how to sample reference data and how many reference samples suffice can be
found in ASPRS Lidar Committee, 2004, Höhle and Höhle, 2009 and Congalton and Green, 1999.
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Figure 48. Spatial distribution of ∆hi corr derived from HRSC-A and ALS in the research area. The black arrow marks
systematic errors due to processing. The HRSC-A data was acquired in 2001, the ALS in 2007.
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Figure 49. Spatial distribution of ∆hi corr derived from HRSC-A and ALS in the research area. The black arrow marks
systematic errors due to processing. The HRSC-A data was acquired in 2001, the ALS in 2007.
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Figure 50. Spatial distribution of ∆hi corr derived from ADS40 and ALS in the research area. The black arrow marks
systematic errors due to processing. The HRSC-A data was acquired in 2008, the ALS in 2007.
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Local Accuracy assessment
The local variance of the quality of vertical digital elevation information derived from stereo
photogrammetry can result from various sources: processing errors during flight and postprocessing,
the complexity of the terrain, illumination effects such as shading and areas with spectrally
homogenous areas leading to low texture in the imagery. The properties of these sources have been
discussed in Chapter 3. Inaccuracies arising from flight processing can unfortunately not be assessed
by the data provided in this study. Extensive information about the IMU and the dGPS data during
the flight surveys would be required to analyze their possible influence on the DEP.
Terrain morphology (slope) has been identified as the most important influencing factor of DEP
accuracy (Aguilar et al., 2005, Fisher and Tate, 2006). As stated in Chapter 6, this study’s research
area is characterized by highly complex terrain and therefore the evaluation of the DEPs should
include an investigation focusing on morphological parameters.
Slope was chosen to serve as the most influencing morphological parameter. The ALS reference data

Figure 51. Absolute mean error ∆hi corr (in m) of the DEPs
depending on slope. The grey bars show the frequency of
sample points at any given slope (y-axis on the right) The
values on the x-axis are in degree (°).

Figure 52. Corrected absolute mean error ∆hi (in m) of the
DEPs depending on slope. The grey bars show the
frequency of sample points at any given slope (y-axis on
the right). The values on the x-axis are in degree (°).

was used to calculate the slope at any given ALS data point. The elevation grid which is mandatory
for the derivation of slope was generated by linear interpolation between the data points. There are
more sophisticated interpolation methods for the generation of digital elevation grids such as inverse
distance weighting, ordinary kriging, universal kriging or multiquadratic radial basis function (Wood
and Fisher, 1993; Chaplot et al., 2006) - but since the point density of the ALS was 0.75pts/m² and the
resulting grid had a resolution 1m, linear interpolation can be considered as sufficient. Every ALS data
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point was equipped with the value of the nearest slope grid cell before the accuracy assessment as
described on page 54 was carried out. Resulting was a ∆hi dataset including the slope information at
every data point which can be interpreted depending on the slope. Figure 51 and Figure 52 show the
AME in dependency of the slope. The underlying grey bars present the frequency at the particular
slope. The slope is depicted in 5° intervals from 0°-90° inclination. Figure 51 shows ∆hi before the
systematic error was corrected and Figure 52 the corrected data. Both figures illustrate that the DEPs
generate accurate data for slope ranging from 10° to 45° inclination. Within this range the AME of
the corrected data is well beneath 1 m. All three sensor systems perform best at a terrain angle of
10° - 15° even though the number of samples is not very high. It has already been mentioned that the
mean inclination of the study area is 33° and the highest number of samples are found around this
value. The ∆hi corr in the main areas of the research area is beneath 1m for all DEPs. In areas steeper
than 50° the accuracy of the DEPs starts to decrease significantly. Especially in the very steep areas
above 70° inclination the AME increases drastically. This is either due to the difficulties in
photogrammetric image matching within steep areas or it can result from the properties of the ALS
reference data which has also problems gathering data of steep rock walls due to its steep viewing
angle. The low number of samples in steep areas additionally diminishes the validity of the accuracy
measures there.
The method presented here promotes the comparison of two nearest points where in steep areas
even a small horizontal distance between the two points can result in very high vertical discrepancy
which is then labeled as an error in the photogrammetric data. The fact has to be considered when
evaluating the data that in steep areas ∆hi does not have to be labeled as an error but can originate
from the horizontal offset between the two points. For that reason another analysis has restricted
the search radius for the nearest ALS points (see Figure 40) to 0.3 m and matches are only considered
when the slope is greater or equal to 70°. Slope and maximal distance have been chosen according to
Figure 52 and the mean horizontal distance between ALS and photogrammetry point in the entire
dataset (0,3m).Table 11 shows the results of the analysis of steep areas. The values used to calculate
the accuracy measures are ∆hi corr .
Sensor system
HRSC
RC30
ADS40

ME (m)
-0,584
-0,584
2,365

AME (m)
4,324
4,324
4,324

RMSE (m)
6,154
6,085
6,035

SD (m)
6,085
4,943
5,550

N
418
318
939

Table 11. Accuracy analysis of areas >70° slope and reference points within a 0,3m radius.

It becomes clear by values of Table 11 that the performance of the stereo photogrammetric
elevation products decreases significantly in steep areas. The RMSE increases from ~1,5 m for all
three corrected datasets to ~6 m in areas steeper than 70°. The HRSC and RC30 both show a negative
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mean error which means that both systems underestimate the elevation of high inclination. But also
these results have to be considered carefully since the populations are very small as N in Table 11
shows. Due to the analysis discussed above and the very small number of samples in steep areas the
data in the DEPs has to be considered very carefully when assessing areas of steep slope by stereo
photogrammetric methods. In contrast, the large number of samples and the very low ∆hi values
show that in areas from 5°-50° very accurate elevation information with a deviation of 1m can be
expected for all three datasets. It is worth mentioning that the HRSC-A sensor performs significantly
worse in areas with an inclination of 25°-35° than the other two systems.
Other sources of error in stereo photogrammetrically derived DEPs on a local scale are produced by
shading and other areas of low texture such as snow and ice. Figure 26 and Figure 28 show that the
stereo imagery was taken at a very high solar zenith angle and the shaded areas coincide therefore
with the steep areas assessed above. Especially on the northern and western slopes of the
Hungerlihorli, Gigihorli and Gigigrad are some shaded but also very steep areas so that their
assessment is already covered in the explanations above.
The result of shaded areas and areas of low texture is the poor performance of matching algorithms
of the stereo image analysis. Areas where the elevation information could not be extracted directly
from the imagery und height values would have been interpolated, are not considered in the further
analysis anyways. They were removed by their figure of merit (FOM, see Chapter 7.2).
HRSC-A
Additional local phenomena in the data that need to be addressed are artifacts which originate from
the digital processing within the digital
photogrammetric
Rasemann,

2003

workstations.
mentioned

already

regular “coarse cloth”-like structures in the
HRSC-A DEM (Figure 53). The origin of this
systematic error couldn’t be identified but
it is most likely rooted in the mosaicing
process in the postprocessing stage where
the different image stripes are combined
to create one entire image scene. The
author addresses linear structures which
run through the whole scene and can be
identified in Figure 48 and Figure 53. These
features range from 10-30cm in height and

Figure 53. Systematic error in the digital elevation data in the
Hungerlitälli. The black arrows show outstanding regular "cloth"-like
structures in hillshade (Otto et al., 2007).
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are therefore not significant for studies focusing on vertical changes as the range of the systematic
error is far within the overall accuracy of the DEP (see values in Table 9). Further derivatives of the
DEP used for geomorphometrical analysis nevertheless have to consider these artifacts (Rasemann et
al.; 2004). Unfortunately, as discussed in Chapter 7.1.1, the HRSC-A data processing was done at the
DLR in Berlin in 2002, thus a closer look at the postprocessing methods and properties was not
possible. The assessment of the systematic errors in the data without the processing information
cannot be accomplished and therefore this study cannot provide any further discussion of the local
accuracy in respect to the obvious systematic blunders beyond the point of description. Another
shortcoming in the HRSC-A data becomes obvious in Figure 48: the direction of ∆hi

corr

depends

obviously on the expositions on the terrain. Southern exposed slopes are clearly overestimated by
the HRSC-A DEP and slopes exposed to the North are clearly underestimated. This property is very
well illustrated at the ridges to the Hungerlihorli and Gigihorli where with the exposition the ∆hi corr
changes from positive to negative. This error cannot result from shading effects, because the areas
where the errors occur are too large as that they could have been all shaded during the aerial survey.
Besides structurally visible systematic error in the HRSC data, big blunders occur mainly in the steep
walls as depicted in Figure 48 which is in accordance with the results of Figure 52 and holds true for
photogrammetric data in general (see Chapter 4.1). When assessing Figure 48 it is important to
remember that the reference data is six years older than the DEP data and the effects of the
temporal offset are of course also visible, e.g. the Rothornglacier had more amount of ice in 2001
than in 2007 and since ∆hi corr is calculated as in eq. 15:
∆hi (HRSC) = hHRSC - hALS
The ∆hi corr value is positive even the terrain level is lower in 2007 than in 2001. The same applies for
the rockglaciers. Depending on which DEP is considered, the reference data is older or younger than
the test data which results in different directions of change for the dynamic features in the research
area (glacier and rockglaciers).
RC30
Similar to the HRSC-A data, the particular algorithms for image matching and automatic terrain
extraction were not accessible to the author since the commercial photogrammetric software did not
permit access to this level of programming. Therefore, local errors due to processing can be detected
and described but not assessed and corrected. This holds true for the RC30 and the ADS40 dataset.
The RC30 dataset shows big blunders mainly in the steep areas on the northerly exposed slopes. The
black signature in Figure 49 represents the data where ∆hi corr is greater than 3*RMSE of the raw data
or the horizontal distance between the points is more than 1.5m. These data points cluster on the
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steep walls and make up for the largest parts of the three DEPs compared. The RC30 exhibits the
largest number of significant random error and blunders within the three datasets tested. But with a
final count of 254 non -usable data points the number is negligible. Otherwise, the data shows some
linear processing errors in the eastern part of the research area. This dataset has not been derived
from a line camera data but from an analogue frame camera, therefore, the linear structure cannot
develop from erroneous mosaicing but has to be rooted in some other processing step. Furthermore,
Figure 49 confirms the results presented in Figure 52 as all the large vertical discrepancies can be
found in the steep areas of the research area. Otherwise, the RC30 dataset seems to show a rather
heterogeneous distribution of ∆hi

corr

which leads to the conclusion that other systematic errors

originating from postprocessing may not be present.
The dynamic features in the research area are analyzed within a short temporal interval since the
RC30 and the ALS are only one year apart. The vertical changes of the rockglacier surfaces are due to
their small magnitude within one year not very distinct but a closer look at the Rothorn glacier lets
assume that is has lost further ice at the glacier front but had obviously still a thicker snow layer in
the upper parts in 2007 than in 2005 because there are negative ∆hi corr values.
ADS40
The ADS40 DEP in Figure 50 shows rectangular ‘carpet’-like structures in the ∆hi corr data. This more or
less regular structure can be found all over the area but is also marked with a black arrow in Figure
50. Most likely these systematic errors are also generated by processing in the digital
photogrammetric workstation but couldn’t be further assessed due to the seclusion of the software.
The value range within the rectangular texture is around ± 0,7m and therefore, in the margin of the
overall accuracy.
In comparison to the other two DEPs the ADS40 data shows the most accurate results. Especially in
steep areas, the ∆hi corr values are significantly lower than in the other two datasets. There is also no
exposition dependent error distribution detectable. Besides the ‘carpet’-like texture the values show
a homogeneous distribution within the area.
For the analysis of the ADS40 the temporal offset between reference data and ADS40 data is only
one year but the vertical difference between ADS40 and ALS shows large negative values for the
entire Rothorn glacier and also high values for the ridge and trough structures of the rockglaciers.
This implies that the Rothorn glacier experienced a massive mass loss between the years 2007 and
2008 over the whole ice body. Interestingly, the glacier front seems not to be retreating but to be
constantly thinning.
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8.3 The empirical approach
The third and last method to assess the accuracy of the three DEPs within this study doesn’t rely on
superior reference data. Kraus, 2004 and Kraus et al., 2006 defined empirical formulas that allow for
the estimation of the accuracy in height even before the areal flight campaign. The results of the
empirical approach can be used as an a priori evaluation of the height accuracy. eq. 9 and eq. 10
describe the empirical formulas for ALS and photogrammetric products. In the case of
photogrammetric data ∆h is calculated by only using the flying height above ground, the focal length
and the tangent of the slope. In case of the ALS only the point density per m² and the tangent of the
terrain slope is required. Using these parameters an a posteriori accuracy measurement can be
applied without the use of reference data or any other kind of field work.
The empirical method will be applied to estimate the expectable ±∆hemp for the photogrammetric
and the ALS data over the whole area by using an average slope and average flying height for the
calculations. For the photogrammetric data the equations states that
∆h emp = ± �0,15‰ ℎ +

0.15
𝑡𝑎𝑛 𝛼�
𝑐

Where 𝑡𝑎𝑛 𝛼 is the terrain slope, c (in mm) is the focal length of the camera and h is the flying height

above ground. For the global accuracy assessment h is defined by subtracting the mean elevation of
the research area from the flying height. The mean elevation and the mean slope are both derived
from the ALS data which serves as reference data anyways. In case there is no reference data
available, these two parameters have to be collected in the field or from cartographic analysis.
Sensor
system
HRSC
RC30

Focal Length
(mm)
175,00
151,51

mean flying height
(m)
6000
6324

mean elevation
(m)
2753,51
2753,51

mean slope
(°)
31,58
31,58

±∆hi emp
()m
0,94
1,12

ADS40

62,50

7500

2753,51

31,58

2,58

Table 12. Variables and results of the global accuracy assessment of the photogrammetric data with the empirical
approach.

Table 12 shows the variables and the results of the global accuracy assessment using the empirical
approach. The HRSC and RC30 data match the results with the ALS assessment in Table 9 roughly. A
mean slope of 31,51°, which is assumed for the empirical approach, would yield in the local accuracy
assessment in Figure 51 and Figure 52 also for an AME around 1m. The ADS40 data however shows a
range of ± 2,58m in accuracy which is not acceptable as a reliable information. eq. 9 shows that the
empirical relationship depends on the value of the focal length and since the ADS has a rather small
focal length compared to the other two sensor systems, the result is accordant. For the global
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empirical assessment of the HRSC-A and RC30 the method produces quite acceptable results.
Kraus, 2004 developed a similar empirical formula for the assessment of ALS as well. eq. 10
introduced the formula
∆hALS emp (cm) = ±�

6

√n

+ 30 tan α�

where n (points/m²) describes the point density and α the terrain slope. From the ALS processing at
the WSL, the point density was calculated in the area and resulted in 0,75pts/m². Again the ALS
derived slope of 31,58° is put into the formula and the results are:
Sensor system point density (pts/m²) mean Slope (°) ∆hALS emp (m)
ALS
0,75
31,58
0,12
Table 13. Variables and results of the global empirical accuracy assessment of the
ALS

The results show an accuracy of 0,12m for the ALS measurements. This is of course questionable
because the mean slope doesn’t represent all the steep areas and this value is therefore very
optimistic. Still the result affirms the assumptions made in Chapter 8.2 that the ALS data is superior
to the photogrammetric data and can therefore be used as reference data.
The empirical approach produces valuable results to be used as estimations of the expectable vertical
accuracy of DEPs. In the case of photogrammetric products the results depend strongly on the focal
length of the camera system. The results in Table 12 show that the accuracy of the systems with long
focal lengths seems to produce higher accuracies than the one with shorter focal lengths. The
assessment using ALS as reference data in Chapter 7.1.2 showed that actually the ADS40 system, the
one with the shortest focal length, produces the DEPs with the highest accuracy in all expositions and
terrain inclinations. This is a good fit because the empirical formulas were developed by Karl Kraus
before the year 2000; thus, the high resolution push broom scanner like the ADS40 system were not
available at that time. Therefore, the empirical formulas have been calibrated and validated mainly
with analogue frame camera systems of large focal lengths and the results should be interpreted
under these presumptions. This approach can be used to determine the optimum flying altitude,
given the scanner model and the maximum slope.
The results for the empirical ALS assessment show a very high precision of ± 0,12m. Since other
studies have assessed the accuracy of this particular dataset used within this study of ~0.50m (Artuso
et al.; 2003b, SWISSTOPO, 2005), this seems to be too optimistic because they underestimate the
error in steep areas. The data shows still significantly higher accuracy than the photogrammetric
data, which is in line with other studies (Kraus et al., 2006) and supports this study’s assumption that
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the vertical information of the ALS data is superior to the photogrammetric data and can therefore
be used as reference data.

9

Discussion of the results in the context of other current studies

Three DEPs have been analyzed with regard to their vertical accuracy using different approaches.
Two assessments used reference data of superior quality to evaluate the vertical accuracy of the
photogrammetrically derived DEPs and the last approach relied on empirical formulas to estimate
the mean variance of the DEPs. The digital pushbroom scanners HRSC-A and ADS 40 sensor have
been repeatedly tested for their vertical accuracy.
Table 14 shows a selection of studies where the vertical and horizontal accuracy of DEPs derived
from the HRSC-A and the ADS40 systems have been assessed.

ADS40

HRSC-A

Study
(Scholten and Wewel, 2000)
(Hauber et al., 2000)
(Hoffmann and Lehmann, 2001)
(Casella et al., 2008)
(Hu et al., 2008)
(Mills et al., 2006)

Horizontal Acc (in m) Vertical Acc. (in m)
0,15
0,18
0,15

0,20
0,20
0,20

0,13 (RMSE)
0,80
-

0,22 (RMSE)
0,90
1,661 (RMSE)
1,009 (Mean)
1,322 (St Dev)

Table 14. Selection of studies where the horizontal and vertical accuracy of the
DEPs derived by the HRSC-A and ADS40 sensor have been assessed.

Scholten and Wewel, 2000 state a mean deviation of ± 0,15m for planimetry and ± 0,20m for height
by using 156 dGPS checkpoints in a 1,5 x 6,0 km area near Bedburg and the test field in
Vaihingen/Enz. Both test sites are located in moderately hilly terrain but including buildings which
result in more complex surface characteristics.
Hauber et al., 2000 also tested the performance of the HRSC-A in a high mountain environment at
the Sonnblickkess glacier in the Austrian Alps. They used the relationship between the GPS/INS
measurements and the HRSC-A camera co-ordinate system (boresight offset) and ray intersection of
identical points of adjacent image strips in order to estimate the relative and absolute accuracy of
the data. They came up with a horizontal accuracy of ± 0,18m and a vertical accuracy of ± 0,20m.
Another assessment of the HRSC-Accuracy was performed by Hoffmann and Lehmann, 2001. This
study was able to define horizontal/vertical accuracy of ± 0,15m / ± 0,20m in the city area of Berlin.
The ADS40 system has been analyzed by Casella et al., 2008 on a test site in Pavia/Italy where they
used 306 dGPS GCPs to check the data. They came up with a RMSE of 0,13m in planimetry and a
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RMSE of 0,22m in height. However, they only discussed their results for an aerial survey flown at
2000m altitude. The study states that the ADS40 is able to produce RMSE values of 0,65 x GSD in xy
dimension and 1.1 x GSD in z dimension. Applied to this study this would result in a horizontal RMSE
of 0,32m and 0,55m of vertical RMSE.
Hu et al., 2008 tested the ADS40 system in China. The evaluation of the data was performed by GCPs
and resulted in a RMSE of 0,80m in xy-dimension and 0,90m in altitude for the 50cm GSD dataset.
As mentioned earlier, Mills et al., 2006 used the same method as presented here by evaluating the
ADS40 data against an ALS. They came up with similar values of 1,66m RMSE, 1,009m mean error and
1,322m standard deviation in mountainous regions.
None of the studies above have tried to evaluate the performance of the HRSC-A in a high alpine
environment with one of the methods used in this study. The only one which uses its approach in a
high alpine environment is Hauber et al., 2000 but there, the authors use artificial reference data and
not one of the methods suggested in this study. Mills et al., 2006 also use ALS to verify the ADS40
data and come up with lower accuracies than this study for mountainous regions even though their
mountainous areas do not classify as high alpine regions.
Therefore, the results published here are one of the first who try evaluating the performance of the
HRSC-A in a high alpine environment by using reference data of superior quality. Unfortunately, this
study was not able to assess the horizontal accuracy of the data because the setup of the flight
campaigns was not designed for any sophisticated accuracy assessment. The horizontal accuracy
values from the studies above were adopted. The results introduced in Chapter 8 where the ALS was
used as reference data are altogether depicted in Table 15. The ALS assessment can be regarded as
the most precise method in this study because the ALS captures the complexity of the terrain and
inherits itself a higher accuracy than the photogrammetric data as shown in Table 5 and Table 13.
The geodetic and the empirical approach are not as reliable as they either have not enough data
points or are not designed for these sensor systems. The values in Table 15 show in general lower
accuracies for the HRSC-A data than the studies presented in this chapter. Unfortunately, it is not
possible to compare the accuracy measures in Table 15 directly with all the results of the studies in
Table 14 since some of the cited studies miss to elaborate how they calculate their measures for the
vertical accuracy. A general conclusion to be drawn is that the sensor systems perform with lower
accuracy in topographically complex high alpine terrain than in hilly or flat areas. The only two
studies where the results can be directly compared are Mills et al., 2006 and Hu et al., 2008 because
these two studies use the RMSE to assess the accuracy. Nevertheless, Hu et al., 2008 apply their
analysis in the plains of the ShanXi region in China where the flat topography complicates a
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comparison between their data and the high alpine datasets acquired here. The study by Mills et al.,
2006 is the only one where the same methods are used and data was also acquired in mountainous
regions. Their RMSE of 1.66m is higher than the RMSE in this study but it shows the range of accuracy
of the ADS40. Recognizing the accuracy of ± 0,5m in the ALS data it is possible that the actual
difference between the two results may not even be that high.
Sensor
systems
HRSC-A
RC30
ADS40

Non-robust measures
ME
AME RMSE
SD
0,00 0,94
1,44
1,50
0,00 0,83
1,56
1,56
0,01 0,74
1,25
1,25

Median
0,16
0,10
0,07

Robust measures
NMAD
Q(0,683)
0,98
1,02
0,74
0,80
0,71
0,75

Q(0,95)
2,51
0,71
2,21

Table 15. Non-robust and robust accuracy measures of the ALS assessment for the corrected DEPs (all values in meters)

The results of this study show that the DEPs derived from ADS40 imagery perform best after
correcting the systematic errors. Especially in steep terrain, the ADS40 system shows better results
than the other two even though it has a larger GSD and a higher flying height than the HRSC-A data.
The pushbroom scanner data (HRSC-A and ADS40) seem to be more susceptible to heavy tails in the
distribution as the 95% quantiles show. But the ADS40 outperforms the other two systems already in
the 68,3% quantile as shown by the robust measures. The mean error is after the normalizing on the
ALS data naturally 0 but the AME values show the absolute mean error being lowest for the ADS and
highest for the HRSC-A. However, both still remain under 1m which is a remarkable accuracy for a
high alpine dataset. The RMSE, which is generally taken as the quality measure for DEPs, ranges
between 1,25m for the ADS data to 1,56m for the RC30. Interestingly, the HRSC-A data has only a
slightly lower RMSE than the RC30 although the HRSC-A data was sampled with a 10cm GSD. RMSE
and NMAD describe the entire error distribution in respect to the width of the distribution which is
an estimate of the influence of random errors. Table 15 shows that the RMSE is heavily influenced by
outliers and the NMAD is more reliable when describing the global performance of the DEPs.
It is questionable in how far the 3*RMSE rule for outlier detection can be applied in high mountain
environments. The results show that the NMAD yields lower values as the RMSE proving that the DEP
datasets possess a certain amount of outliers which might not be detected as such by using the
3*RMSE approach. A different approach using quantiles or some factor of the maximal height
tolerance set by the user might be more useful.
The geodetic assessment is only of limited validity to generate reliable information about the whole
research area because there is only a small population of GCPs and even this small number of data
points is clustered on the rockglacier surfaces. Nevertheless, the geodetic points can be used to serve
as a first reference data for the assessment of the DEPs. For example the geodetic analysis showed
that the ALS has a higher accuracy than the photogrammetric products. Additionally, the geodetic
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assessment gives an estimate of what minimal accuracies can be expected. The comparison of the
results from the geodetic (Table 5) and the ALS accuracy assessment (Table 15) illustrate that the
approach based on the geodetic reference data produced significantly better accuracies for the
tested DEPs than the assessment based on the ALS reference data. This originates from the fact that
the geodetic GCPs are all situated on the rather flat surfaces of the rockglaciers. The maximum slope
value on the rockglaciers is 60° which is still in the range where the photogrammetric products yield
very good accuracy measures. Nevertheless, the geodetic GCPs overestimate the global accuracy of
the photogrammetric DEPs by a factor of two to three. This concludes that further studies assessing
the accuracy of DEPs by terrestrial point measurements have to make sure that the reference data is
representatively distributed in the research area and that they are of sufficient number. The GCPs
must be spatially distributed in a way that all surfaces relevant for the research question are
sampled. Then the DEP can be tested on its absolute accuracy and further analyzed. This of course is
difficult because most of the times the user of the DEP is not directly involved in the setup of the
evaluation of the elevation product and is only confronted with final global accuracy measures. In
this case, it is crucial that at least the location of the reference points is delivered with the final DEP
so that the user can at least comprehend how the global accuracy measures have been produced.
The empirical formulas to assess the accuracy of DEPs create reliable values for ALS systems and
photogrammetric systems with long focal lengths. The ∆hemp show
quite accurate values for the HRSC and the RC30 sensor systems
but are considerably too high for the ADS40. Since this is the
newest and most sophisticated sensor system of three, the
empirical findings cannot be applied to this particular sensor

Sensor system
HRSC
RC30
ADS40
ALS

±∆hemp (m)
0,94
1,12
2,58
0,12

Table 16. The results of the empirical

system since they were established before this system was assessment
available. Overall, the empirical approach cannot be recommended

for sensor systems with short focal lengths and gives only rough estimates of their accuracy.
The results of the evaluation can be used twofold. The accuracy of the three sensor systems has
independently been assessed over a large area by using different methods. The evaluation included
one ALS serving as high resolution reference data. The results of the accuracy assessment can
contribute to the interpretation of any following high alpine dataset acquired with the sensor
systems discussed. Further studies in high alpine areas know what performances they can expect
from airborne photogrammetric systems and can plan their research design accordingly.
A further result of this study is that the DEPs discussed are now available for numerous further
assessments. The correction of the systematic errors and the local analysis of the accuracy open the
opportunity to use the now very precise data for further investigation in this particular area. Several

78

Application of high resolution DEPs in permafrost research

research topics can now be assessed in the Hungerlitälli such as the assessment of multiple
periglacial processes (e.g. rockglacier kinematic or thermokarst) or the quantification of sediment
budgets within the Hungerlitälli’s watershed.
A short example for the application of DEPs within permafrost research shall be given in the next
chapter.

10 Application of high resolution DEPs in permafrost research

Figure 54. The selected rockglaciers in the research area.

Thorough assessment of complex land surfaces is a common challenge in earth system science. The
complex properties of the land surface originate from its three dimensional spatial character and its
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four dimensional time dependent nature (Lane, 1998). Geomorphic mapping is the usual tool to
structure and analyze the land surface in its entity but also to characterize individual landform
features such as glaciers and rockglaciers. Especially in high alpine areas shaped by periglacial and
glacial processes, remotely sensed data is a useful method to assess the land surface properties and
features. This study provides three multitemporal, high-resolution digital elevation datasets which
meet the requirements of thoroughly assessing complex geomorphological land surfaces and their
features.
In order to give an example of how these datasets can be used, three selected active rockglaciers will
be assessed in the following chapter (Figure 54). Therefore, the vertical changes of the rockglaciers in
the Hungerlitälli between the years 2001 and 2008 will be quantified and characterized. The vertical
changes between the year 2001 and 2008 will be assessed exemplarily to show possible application
of DEPs in permafrost research. The dynamic behavior of permafrost features has been subject to
numerous studies which also used remotely sensed data to quantify the changes (Roer et al., 2005b;
Delaloye et al., 2010 and Kaufmann and Ladtstädter, 2003). The following chapter will only focus on
the vertical changes of the three selected rockglaciers in the Hungerlitälli. As this chapter is meant to
give a short example of the application of DEPs only the elevation information itself will be
interpreted. Further analysis has of course to include the generation and evaluation of the
multitemporal orthophotos.
Figure 54 shows the selected rockglacier in the research area. Huhh1 and Huhh3 are located on the
northern slopes of the Hungerlihorli. Huhh 1 stretches from 2630m a.s.l. to 2780m a.s.l. and is about
330m long and 130m wide. Huhh3 extends over around 135m in altitude from 1515m a.s.l. to 2650m
a.s.l. measuring 310m in length and 140m in width (Roer, 2005). The highly dynamic Furggwanghorn
rockglacier is located between 2750m a.s.l. and 2893m a.s.l., having a length of 350m and a width of
160m. All three rockglaciers are situated above the 0°- isothermal line (Sonder, 2011).
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Figure 55. The RGB orthophoto (SWISSTOPO, 2011a ) of the Furggwanghorn rockglacier in 2008 (left) and the vertical
changes between 2001 and 2008 (right)

Figure 56. The RGB orthophoto ( SWISSTOPO, 2011a) of
the Huhh1 rockglacier in 2008 (left) and the vertical
changes between 2001 and 2008 (right)

Figure 57. The RGB orthophoto ( SWISSTOPO, 2011a) of the
Huhh3 rockglacier in 2008 (left) and the vertical changes
between 2001 and 2008 (right).

The vertical differences between the 2001 and 2008 DEPs are calculated and described. The years
2001 and 2008 have been chosen because vertical changes in rockglaciers occur slowly with values of
several cm to m per year and the longest possible time lag assures the highest detectable vertical
changes. Figure 56 to Figure 55 show the RGB orthophotos of the ADS40 imagery from the year 2008
and the vertical changes of the rockglaciers within the seven year period. The vertical change figures
illustrate that the rockglaciers behaved very differently despite their spatial proximity. The
assessment of the Furggwanghorn rockglacier elevation changes shows the highest change values of
the selected rockglaciers ranging between 14m and -13,2m. Additionally, the development of surface
cracks can be observed from the comparison between the orthophoto and the vertical change figure.
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Deep cracks can be identified as well as a massive advance of the rockglacier front in the elevation
data. The high positive change values at the rockglacier front depict the advance of the front into NW
direction. Simultaneously one can detect a significant mass loss at the collecting basin. The areas of
elevation gain at the rockglacier front are produced by the advance of the front and maximal values
of ~60m horizontal advance can be determined. The phenomena of high horizontal velocities, the
development of surface cracks and the distinct changes of topography and kinematic indicate the
destabilization of an active rockglacier (Roer et al., 2008). The properties of the Furggwanghorn
rockglacier have previously been described in Roer et al., 2005b and Roer et al., 2008 and the results
of the vertical change assessment presented here support their findings of a destabilized rockglacier.
The assessment of the rockglacier Huhh1 and Huhh3 show the horizontal advance of the ridges and
furrows which describe the typical topography of a rockglacier. Areas of higher and lower activity can
be detected by the vertical change analysis. An elevation gain at the ridge structures implicates
horizontal movement uphill to the ridge whereas the deepening of furrows indicates an acceleration
of rockglacier material downhill to the furrow. Therefore, varying horizontal movements within the
rockglacier can be detected from the analysis of the vertical changes.
Larger areas of elevation loss without an elevation gain downhill do not indicate movement but a loss
of ice due to melting inside the rockglacier. Such areas can be detected in the rooting zone of the
Furggwanghorn rockglacier and rooting zone of Huhh1 and Huhh3. This example shows that by
analyzing the DEP it is also possible to detect some subsurface processes. Further analysis should
include the temperature development during the seven years in the rooting zones and testing of the
ice loss and horizontal movements correlated with underground or air temperatures.
The rockglacier fronts of Huhh1 and Huhh3 show little advance but the rockglaciers themselves high
internal kinematics.
The accuracy of the DEPs has to be taken into account in order to make reliable statements about the
absolute quantification of the vertical changes. The accuracy measures in Table 15 and show an AME
below 1m and an RMSE of ~ 1.5m for the 2001 and 2008 DEPs. The average inclination of the
rockglaciers is 21° for the Furggwanghorn, 26° for Huhh1 and 27° Huhh3, thus all inherit a mean
slope where the DEPs perform very well (< 1m AME, ). In combination with the terrestrial assessment
which produced additionally an RMSE of < 1m it is safe to assume that the real values are well within
1m. Even with this vertical insecurity of approximately 1m, the dynamic behavior of the three
rockglaciers can be intensely assessed and interpreted.
The assessment of the three selected rockglaciers shows the multiple fields of use for multitemporal
high resolution DEPs. It is not only possible to describe the current state of land surfaces and terrain
features but in case of multitemporal analysis it is possible to identify and quantify surface processes,
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in some cases even processes which occur underground (e.g. the melting of ice in the underground).
The accuracy measures are crucial to the reliable interpretation of the absolute values.

11 Future prospects and perspectives
The evaluation of three DEPs derived by stereo photogrammetric methods led to a comprehensive
collection of measures describing the vertical accuracy. The non-normal distribution of the errors
required the use of robust accuracy measures in order to describe the dataset sufficiently. The three
photogrammetric datasets have been evaluated for the first time in a high alpine environment and
are now ready for further analysis.
The three additional high resolution DEPs in the Hungerlitälli extend the time interval where
remotely sensed elevation data is available until 2008 in a four to one year resolution (digital
elevation data is available for 2001, 2005, 2007 and 2008), especially the analysis of the development
of the permafrost features after the exceptional warm summers of 2003 and 2007. Delaloye et al.,
2010 call for further and more spatially detailed investigations. Figure 48 to Figure 50 provide the
foundation for spatially highly resoluted geomorphometric analysis in the research area. Due to
multitemporal data, changes and developments of land surface features can be monitored and
analyzed morphometrically (Pike, 2000).
Further analysis combining ground surface temperature and the rockglacier changes might yield
promising results. The multitemporal data can also be used for other research fields in high mountain
environments such as the assessment of gravitative mass movements or the quantification of
sediment budgets in this particular watershed.
The detailed analysis of the sensor system’s orthophotos using feature tracking will contribute to the
further understanding of dynamic processes in high alpine areas. The availability of spectral CIR-data
allows for the monitoring of vegetation within the area over a time period of seven years.
The evaluation might further be improved by following the suggestions of Papasaika and Baltsavias,
2010 where the authors apply co-registration between the reference data and the DEP before
calculating the XYZ discrepancies. Additionally, they do not only rely on the discrepancies in position
but use also derivatives of the DEP to assess the quality of the DEP. They operationalize
geomorphological criteria such as slope, aspect, roughness and DEP edges, the acquisition date and
the landcover information to characterize the DEP quality.
The approach presented in Chapter 8.2 could be extended by weighing the distance between the
photogrammetric and ALS point in the interpretation of the ∆hi .The vertical difference to farther
distant reference point would be less significant than those to closer reference points. The vertical
difference caused by horizontal distance between the reference and test data in steep areas would
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then be integrated more realistically in the accuracy assessment and the results in steep areas would
be more reliable.

12

Conclusion

This study evaluated for the first time different DEPs derived by stereo photogrammetric sensor
systems (HRSC-A, RC30 and ADS40) regarding to their vertical accuracy in a high alpine environment.
Two of the three DEPs very specifically produced for this study using an optimized workflow for
automated terrain extraction. In order to assure optimal elevation data, the DEPs were generated by
combining the results of panchromatic, RGB and NIR imagery. The results showed that the NIR
imagery is suited best for automatic terrain extraction in high alpine areas, including shaded and ice
covered surfaces. Furthermore, it was confirmed that sensor configurations with large discrepancies
in the viewing angle between the stereo image pairs do not perform well in complex high alpine
terrain. Different methods were applied to assess the vertical accuracy: DEPs were evaluated using
geodetic field measurements, collected at several field surveys and used an ALS as reference data. In
addition, an empirical approach was applied for evaluation. Geodetic field measurements and the
ALS proved to be more accurate than the photogrammetric data and could therefore serve as a
reference.
Error assessment of the DEPs showed systematic errors as well as a non-normal distribution.
Accordant global and local accuracy measures were generated which displayed the best performance
for the ADS40 derived DEP. The RC30 data showed shortcomings especially in steep areas and the
HRSC-A DEP is influenced by systematic errors resulting from the processing of the imagery
(mosaicing). Detailed local analysis identified slope as the main factor which determines the accuracy
of the digital elevation information in all datasets. Additional to the sensor intrinsic errors, processing
blunders appear in all DEPs but prominently in the HRSC data. Despite these shortcomings, all three
DEPs show accuracy measures which qualify them to assess alpine terrain in detail.
The empirical approach can roughly estimate vertical accuracies without the use of reference data
but seems only useful for camera systems with large focal lengths and ALS. Tests with the ADS40
(short focal length) showed unacceptable results due to the strong dependency of the empirical
relation on the focal length. The empirical approach cannot be recommended for modern camera
systems using a setup with a short focal length.
This study delivered optimized DEPs of the Hungerlitälli which can now be used for further analysis.
The spatial distribution of ∆hi can be taken into account when assessing local structures and
processes.
It was shown that airborne high resolution digital elevation products are a useful tool to assess high
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alpine geosystems. Monotemporal products can be analyzed geomorphometrically delivering
detailed information about the form and structure of landform surface features. Dynamic processes
and especially their changes can be monitored and assessed by multitemporal high resolution DEPs.
The results showed that analysis in steep regions faces some difficulties but with the help of local
accuracy assessment it is even there possible to analyze and quantify processes. Especially in the
context of climate change and its impact on high alpine environments, remotely sensed DEPs present
a powerful instrument to assess large areas in a high spatial and temporal resolution. Regular and
routinely monitoring of these systems is recommended to assess changes due to climate change and
possibly understand the driving factors and dynamics within the high alpine systems better.
The Hungerlitälli in the Turtmann valley poses an ideal investigation area because there is already
multitemporal and multisensoral data available for several decades and numerous studies have
assessed this area thoroughly. Further research design is needed with respect to possibilities and
restrictions of the remotely sensed data in this valley or at least similar areas.
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