




Abstract
The cryosphere is defined as the areas of the Earth where water is found frozen.
The notion of cryospheric processes relates to glaciers, ice caps, ice sheets, ice
shelves, sea ice and permafrost. Cryospheric processes are often used as indicators
of a changing climate since they respond relatively fast to climate change: sea ice
extent decreases, ice shelves and glaciers retreat, permafrost thaws...Therefore,
understanding these processes is critical to the understanding of the causes and
effects of climate change.

Photogrammetry, the science of making geometric and radiometric measure-
ments using photographic imagery, has a century-long history of providing data
for geoscience research. Indeed, it is an incredible tool to produce data for the
study of processes of interest, in the form of digital elevation models to study
their geometry, or in the form of orthoimages to study their texture. If imagery
data of the same scene can be acquired at different moments in time, it is possible
to create time series. Series of measurements allows for the study and understand-
ing of the evolution of a process through time.

This thesis presents work done in the development and application of lead-
ing edge photogrammetric methods to the measurement of cryopsheric processes,
going through the different scales at which these processes are active, starting at
the largest scale with the camera closest to the ground for the study of the meter
scale and gradually getting a larger view. Close range photogrammetry was used
for the study of the meter scale permafrost process of sorted circles, light airborne
imaging was used for the study of a small glacier called Midtre Lovénbreen and
its periglacial area, historical heavy airborne survey was used for a more regional
survey of Prins Karl Forland and a satellite imaging processing workflow was
developed to allow for the study of global scale changes. Thanks to recent devel-
opments in photogrammetry, including those presented in this thesis, data quality
is on the rise. The key conclusions of this work are that (1) it is possible to push
the limit of the precision of the elevation data obtained from imagery by applying
modern, improved methods, and (2) that, with these methods, all sorts of image
sources can be exploited in order to acquire data on various processes of interest.
We used images that we acquired ourselves using consumer grade tools, images
found by digging through historical airborne survey archives, and images obtained
using spaceborne instruments. That second objective is complemented with the
open-source availability of the software and methods developed in the context of
this PhD in order to facilitate their use by the scientific community.
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Chapter 1

Introduction

1.1 Motivation
All science relies on observations. Understanding the observed processed requires
the processing of raw data into products that can be analyzed. Photogrammetry
is a tool that transforms raw imagery into digital elevation models (DEM) and
orthorectified imagery (the images projected into a map reference) or into 3D
models. In cryospheric sciences, we can derive important information from the
geometry and texture of an object, and from the measurement of their changes.
Therefore, photogrammetry has been invaluable in mapping cryosphere environ-
ments in the past, enabled significant findings in the field and continues to provide
important records about a changing cryosphere in a time of climatic change.

The main data that photogrammetry provides for glaciology is differential di-
gital elevation models (dDEM) over glaciers [Nuth and Kääb, 2011]. From these,
we can compute the geodetic mass balance (GMB) of glacier, and also identify
dynamic anomalies such as phases of surges. But dDEMs are also used to study
snow depth and distribution [Nolan et al., 2015; Bühler et al., 2015] and the de-
velopment of palsas, pingos, rock glacier, cliffs, soliflucting ground and patterned
ground [André, 2009; Kääb et al., 2014]. The simultaneous texture information
provided by photogrammetry in the form of orthoimages, much richer than what
laser scanning or RADAR based data provide if not fused with additional data
[Buckley et al., 2013], can also be used for classification and horizontal move-
ment detection (deriving for instance velocity fields [Scambos et al., 1992; Her-
man et al., 2011]).

Photogrammetry-compatible image data has been acquired on the cryosphere
for over a century (and still is) but often only processed into topographical maps
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with the tools available at the time. It is possible to get some incredible added
value by revisiting the available goldmines of historical image data with modern
tools to produce better, more accurate, more precise, more complete and higher
resolution products. Developing new tools to acquire data in cheaper and/or easier
ways is also an axis of development that will help provide a wealth of data on
cryospheric processes.

The ICEMASS project, that funded this PhD, primarily aims at providing a
global glacier mass budget from remote sensing. The work done throughout this
work interfaces with the project by improving the use of photogrammetric meth-
ods in the cryosphere, therefore improving the data onto which that global glacier
mass budget can be estimated.

1.2 Aims and objectives
Photogrammetry is a great tool to produce data for cryospheric research, but the
precision of some data product is not sufficient to detect some processes or to
provide proper quantification. The focus of the work presented in this dissertation
is to remedy to this short coming by exploring the use of the most modern pho-
togrammetric methods on a variety of under-performing data sources. The two
research axes of this dissertation are the following:

• Bringing modern photogrammetric acquisition methods and paradigms to
the cryosphere in order to maximize the return on investment from field
campaigns.

• Push the limits of the information that can be extracted from previously
gathered data by improving state of the art processing methods or adapting
them to new cases.

1.2.1 Field method development

Acquiring data in the field is a costly and time consuming task. However, even
if satellite remote sensing can alleviate the need for some fieldwork, the study
of some processes still requires it. Bringing modern photogrammetry to the field
can help the efficiency of data acquisition, enabling the measurement of a greater
number of processes. The precursor work of this thesis [Girod, 2012] that resul-
ted in Paper I, presented in Section 4.1, and conference presentations [Girod et al.,
2016a,b] showed that it was possible to measure displacement of amplitudes in the
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order of a millimeter with high precision by using Structure-from-Motion photo-
grammetry (SfM) on images of a permafrost process called sorted circles. The
work that resulted in Paper II and conference presentations [Girod et al., 2014,
2016d] showed that even basic equipment (a GoPro action camera and a Garmin
GPS tracker) attached to aircraft not specifically flown for photogrammetric pur-
poses could enable the acquisition of highly precise elevation data and associated
orthoimages. These provide estimates of the annual mass balance of a glacier
as well as collect some data on the periglacial processes in the surrounding area.
Both papers revolve around the development of easy to use, cheap and efficient
methods of data acquisition in the field and the associated processing.

1.2.2 Reprocessing data archives

Data has been acquired for topographic measurement for over a century, and was
usually processed shortly after acquisition with the technology available then.
Even if the acquisition itself was optimized for the state of the art technologies
of the time, more modern methods can still be used on such data sources, improv-
ing the accuracy, precision and resolution of the resulting products. For instance,
the 1936 photogrammetric survey of the Svalbard archipelago yielded the first
1:50000 scale map with contour lines at a 50m interval while the work presented
in Paper III yielded 5 m GSD DEMs and orthoimages, a much higher resolution
product. The second example presented in this thesis is the work done on improv-
ing the quality of the DEMs produced from ASTER satellite data (acquired from
January 2000 on). MMASTER, the method presented in Paper IV, increased the
precision of the DEMs from an error standard deviation of ≈ 20m to ≈ 5m. Such
improvements allow for a much better quantification of elevation change and for
the detection of processes previously hidden by noise or the low resolution of the
data.

1.2.3 A commitment to open-source and open-access

Free open-source software is software distributed for free to users, with the source
code, so it that can then be studied, modified and redistributed forwards, without
keeping algorithms or methods secret for commercial profit.

Throughout the work for this thesis, primarily open-source software was used.
In particular, all photogrammetric processing, as well as the implementation of the
methods developed in this work, was done in MicMac [Pierrot-Deseilligny et al.,
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2017; Rupnik et al., 2017]. This is motivated by both a philosophical standpoint
on the need of science and scientific tools to be accessible to all and the fact that
it is the most efficient way to offer the methods presented in the papers to the
scientific community, saving the time, hassles and hazards of re-implementation,
a costly chore that does not bring anything to science.

1.3 Outline
The overview of this thesis (Part I) is divided in five chapters, the first one being
this introduction. Chapter 2 presents the principles of photogrammetry, its history
and its products. Chapter 3 explores the different scales of data acquisition and
how they can all provide data that would bring insight into some processes active
in the cryosphere. Chapter 4 gives a synthesis of the results presented in the
papers published during the period of work of the thesis. Chapter 5 concludes the
overview of the thesis, and provides an outlook and insight about the future work
that may be built on this foundation. The bibliography is found after that chapter.

The following Part II contains the papers presented in Chapter 4. It is fol-
lowed by Part III, the appendices, referencing the additional scientific contribu-
tions done during the time of the PhD program: publications as co-author, con-
ference presentations (as first author or co-author), supervised work from interns
and master students, and outreach material.
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Chapter 2

Principles of Photogrammetry

Photogrammetry : from the greek photos meaning light, gramma meaning
something drawn or written, and metron meaning to measure, it is the science
of making measurements from photographs [McGlone et al., 2004].

2.1 Main principle

The idea behind photogrammetry is to use the difference in perspective in im-
ages taken from two different positions to compute 3-dimensional information,
mimicking the human depth perception.

The fundamental concept is simple (shown in Fig. 2.1). Suppose you have two
images (Im1 and Im2), and you have information on (1) the internal characterist-
ics of the camera(s) used to take them, (2) the location from where the pictures
were taken (CameraPosition1 and CameraPosition2), and (3) how the camera was
oriented in space then. If it is possible to identify, manually or automatically, an
object A in both images (points a1 and a2), you can obtain the 3D position of the
object by computing the coordinates of the intersection of the projective rays from
each image corresponding to the image of object A ((a1 −CameraPosition1) and
(a2 −CameraPosition2)). By applying this principle to all identifiable points, it
is possible to reconstruct the three-dimensional shape of a photographed object or
scene.
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Figure 2.1: Fundamental concept of photogrammetry.

2.2 Elements of photography

The first imaging systems were developed in the mid 1800s (see Fig. 2.2, [Niépce,
1839]) and consisted of a box with a pinhole and a surface coated with light-
sensitive chemicals (often silver based). The invention of lens cameras and the
use of more sensitive chemicals for films – and later digital sensors – improved
dramatically the amount of light the systems could capture in a relatively short
time, hence making the process of photography a very practical way of "capturing
a slice of reality".

2.2.1 Architecture of a modern camera

The fundamental structure of cameras has not changed much in the last decades,
except for the replacement of the photographic film by a digital sensor . The key
elements composing a modern camera are shown in Figure 2.3. The characteristics
of each element affects the camera parameters (see Section 2.2.2) hence the image.

12



Figure 2.2: Left: The first working camera used by Nicéphore Niépce. Right:
“Point de vue du Gras” - The first picture ever taken - Nicéphore Niépce - 1826-7.

Figure 2.3: Simplified diagram of a camera with an object in the focus plane.
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2.2.2 Camera lens and sensor parameters

Modern cameras have increasingly complex optical systems, using various types
of glass and glass coating, combining a number of lenses of different type (conver-
gent, divergent, aspherical...) to obtain increasingly polyvalent optics, with lower
levels of geometric and chromatic distortions. The following sections will explore
the effect of the camera parameters on the images taken.

2.2.2.1 Perfect camera optical parameters

A camera has four critical parameters:

• The focal length Foc (in mm). It influences the zoom level: a longer focal
(Foc is a larger number) will result in a narrower field of view (see Figure
2.4).

• The aperture (or f number). It influences both the amount of light going
through the lens and the depth of field (see Figures 2.5 and 2.6). It also
influences the vignetting (fall-off of the brightness away from the image
center).

• The exposure time. It is the time duration during which the light can reach
the film/sensor.

• The sensitivity, also typically called ISO. It is a measure of how reactive the
film/sensor is to light stimulation, a higher ISO number indicates that less
light is needed to obtain the same brightness in the image, but also comes
with increased noise.

In Figure 2.6, the three images have the same level of luminosity, since the
exposure time was changed along the aperture. The brightness of an image follows
the following formula:

Brightness ∝
ExposureTime∗ ISO

Aperture2
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Figure 2.4: Images taken from the same point with increasing focal lengths, show-
ing more, respectively less, of the scene with lower, respectively higher, levels of
detail.

Figure 2.5: Diagram of the effect of aperture on Depth of Field – top: wide open
(small f number) ; bottom: closed aperture (high f number) – 1: point farther
than focus plane ; 2: point in focus plane ; 3: point closer than focus plane ; 4:
diaphragm ; 5: sensor/film. (Figure from Wikimedia).
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Figure 2.6: Example of the effect of aperture on Depth of Field. Note that the
exposure times compensate for the different amount of light let through by the
aperture blades to provide similar brightness.

2.2.2.2 Distortion

Distortions are divergence from the perfection of a theoretical camera. There are
two types of distortion:

• Geometric distortion result of the imperfection of the optical system and
flatness of the sensor. It is more visible in zoom lenses (variable focal) and
is extreme in fish-eyes. The most noticeable effect is the abnormal curvature
of straight lines (see Figure 2.7).

• Chromatic distortion, resulting of the variation of refractive index depend-
ing on the wave-length (higher for blue than red, see Figure 2.8).

Figure 2.7: Radial geometric distortion of a regular grid. Left: pincushion – Right:
barrel.
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Figure 2.8: Example of chromatic distortion with green and purple fringes in
sharply contrasted areas.

2.2.3 Digital camera sensors

Historically, the light was captured on film (mostly silver based solutions), but
the first digital sensors was developed in 1975 by [Lloyd and Sasson, 1978] at
Eastman Kodak, and had a resolution of 100*100 pixels.

A sensor is a matrix of light sensitive cells called photo sensors, that convert
the light that strikes them into electrical current. The current stored in each cell
is then converted into digital information. Different technologies with different
advantages and disadvantages exist. CCD used to be prominent but is only found
in very big sensors these days, being replaced by CMOS type sensor and variants.
CMOS offers faster readout time, lower power consumption and are less expensive
to produce.

An array of photo sensitive sensors only creates a black and white picture,
so additional systems are required to get coloured images. The most common is
the Bayer matrix (see Fig. 2.9, left): a layer of colour filters is laid on top of the
sensor so each photo sensitive cell only receives a certain range of light frequency.
There is twice as many green tiles as blue or red because the typical human eye
(not affected by colour-blindness or quadri-chromatism) is more sensitive to green
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(see Fig. 2.9, right) and therefore the higher accuracy in the green wavelength
is beneficial to the perceived image quality. Then the colour for each pixel is
interpolated from the neighbouring pixels.

Figure 2.9: Left: Typical Bayer matrix; Right: sensitivity of the different receptors
(S, M and L) of human eyes (from Wikimedia).

Other patterns exist (like on the Fujifilm X-trans sensors) as well as other type
of sensors like the Foveon X3 that is using several layers of sensors to capture
full resolution images in each of the wavelength bands. Some systems are even
using colour separating prisms to send different wavelength to separate sensors, or
different lenses for each colour, and fuse the resulting images together in software.

2.2.4 Sensors capturing a wider range of the electromagnetic
spectrum

Cameras were first developed to capture images of the world as humans see it.
However, the electromagnetic spectrum is not limited by human biology, and the
observation of other wave lengths can provide additional information. For in-
stance, the near infra-red wavelength (NIR) is very useful to identify vegetation
because plants reflect it strongly. A great way to detect vegetation is through the
normalized difference vegetation index (NDVI), a combination of the red and near
infra-red bands. Fig. 2.10 shows the section of the electromagnetic spectrum used
in optical remote sensing.
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Figure 2.10: The part of the electromagnetic spectrum used in optical remote
sensing with indications of the typical subdivisions, as well as indications of the
discrete limits of the bands from the ASTER and LandSat ETM+ instruments (see
Section 3.4.2). In the background is the standard atmospheric transmission of
signals in each wavelength. Figure from [Kääb, 2005].

2.2.5 Video cameras

Soon after the invention of photography came cinema. A video camera is simply
a camera that can take pictures in fast succession (the typical rate for cinema is
24 frames per second, for TV 25 or 29.97 depending on the standard, but other,
higher values are available today).

2.2.6 Pushbroom cameras

Pushbroom cameras, also called digital scanners are cameras that replace the
bi-dimensional sensor of typical cameras with a mono-dimensional, linear one
[Gupta and Hartley, 1997]. The image is then acquired by moving the camera in
the direction perpendicular to the linear array of sensors. This affects the geo-
metry of the image in a number of ways, the most notable one is the perspective
and distortion that are not radial anymore, but in a repeating pattern for each line
of data (see Fig. 2.11).
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Figure 2.11: Foreshortening for a frame camera (left) and for a pushbroom camera
(right).

2.2.7 Stereo cameras

If most camera systems take a single image at a time, some can take multiple.
This idea is usually implemented in camera systems composed of several cameras
rigidly linked together (possibly in the same camera body), pointing in the same
direction, hence creating an instantaneous (multi-)stereo image set. Another kind
of system can also be called stereo by some: stereo camera taking images sim-
ultaneously, but pointing in different directions. Here the idea is that the camera
system is in movement and that the area imaged by one of the cameras a time t1 is
going to be imaged by an other camera at time t2: this is the kind of camera used
for along-track stereo imaging (see Section 3.4.2.3).
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2.3 A short history

Photogrammetry is a fairly modern science that developed in parallel with photo-
graphy. If the word photogrammetry itself was used in print for the first time in
[Meydenbauer, 1867], the science itself started nearly half a century earlier with
the works of Aimé Laussedat, a colonel in the French Army Corps of Engineers
[Laussedat, 1854]. The first use of photography for the acquisition of topography
was through terrestrial photography, images taken from the ground, as a mean to
enhance and increase the density of the data acquired with theodolites. Photo-
grammetry did however quickly take to the skies with the use of kites and hot air
balloons at first, and then with the invention of airplanes.

As the photography related technologies – optics and film chemistry – evolved,
photogrammetry evolved as well, with better tools leading to easier and more ac-
curate methods to extract the data from the imagery. Specific instruments for
photogrammetry were developed, such as Poro’s photogoniometer (1865), Dev-
ille’s stereo-planigraph (1896) or the first purposed designed planned mounted
camera by the Brock brothers (1914). In 1921, Fairchild created a mosaic of 100
images over the island of Manhattan, before inventing the gyro-stabilized camera
[Fairchild and Morton, 1928]. More efficient tools to derive cartography (more
specifically contour lines for topographic maps) were developed in the form of
stereoplotters (see Fig. 2.12) starting in the 1930s, gradually gaining complexity
and precision, as well as improving the ease of use. The use of photogrammetry
for military reconnaissance and general topography only grew in popularity going
forwards [Saint-Amour, 2011].

2.4 Computer enabled photogrammetry

The computer revolution had a large impact on every aspect of photogrammetry,
from acquisition, processing, storage and even possible data product with the de-
velopment of gridded digital elevation models (DEMs, see Section 2.6.2) and or-
thorectification (see Section 2.6.4).

The first step consisted in bringing the data captured by stereoplotters into the
computer for an easier storage and data manipulation. Then, the images them-
selves were brought into the computer, first through scanning and then through
digital photography, allowing for faster and more streamlined visualization and
interaction (changing the visualized couple of images would take a simple click
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Figure 2.12: Autograph Wild A7 photogrammetric stereoplotter (Image courtesy
of the Technical Museum Vienna).

instead of a complicated manipulation off the stereoplotter). Relative and abso-
lute orientation data (position and viewing angles of the camera) could then also
be solved analytically by imputing the positions of tie points (TPs) and ground
control points (GCPs) and solving the systems of equations.

The development and availability of highly precise and accurate ground Global
Navigation Satellite Systems (GNSS) systems, such as the GPS, first allowed for
an easier process for gathering GCPs, and then, with embarked GNSS systems,
for a gradual decrease in the amount of GCPs required for georeferencing.

The automation of a number of processes came quickly afterwards. In mod-
ern photogrammetry, the detection of tie points (through algorithms such as SIFT
[Lowe, 2004]) as well as the computation of elevation data (through dense cor-
relation) is fully automated. Professional photogrammetric surveys (such as those
presented in Section 3.3) are now processed with no human input after the acquis-
ition of the image and orientation data.

In parallel, photogrammetry became more accessible to non-experts and com-
patible with non-specialized, relatively cheap hardware. A lot of this advance-
ment can be attributed to the process of Structure-from-Motion (SfM) presen-
ted by [Koenderink and Van Doorn, 1991] and first implemented into efficient,
publicly available code by [Snavely et al., 2006; Snavely, 2010] in the Bundler
package. SfM allows for the automatic computation of both the relative external
orientations (positions and view angles in a relative space) and internal orienta-
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tions (also called camera calibration, the information about the cameras’ optics
and sensors) of a group of images without a priori knowledge when tie points
can be identified (also automatically). The information provided by SfM can then
be used for multiview stereo to robustly and automatically compute accurate and
dense 3D models [Furukawa and Ponce, 2010]. Better and faster implementations
have since been developed, both in the form of commercial software (for instance
Agisoft Photoscan [Agisoft LLC, 2017] or Pix4D [Pix4D SA, 2017]) and in the
form of open-source projects such as MicMac [Pierrot-Deseilligny et al., 2017;
Rupnik et al., 2017], the software used throughout the works presented in this
thesis.

2.5 The photogrammetric processing chain

The modern, computerized, structure-from-motion (SfM) enabled photogrammet-
ric process can be divided in different steps, as shown in the figure 2.13.

2.5.1 Image acquisition

There are two main methods of acquisition in photogrammetry, the convergent
method (see Section 2.5.1.1) and the parallel method (see Section 2.5.1.2).

2.5.1.1 The convergent method

In this first method, pictures are taken aiming at the same point in space. The
primary picture in the middle will take advantage of the secondary ones to get
multi-stereoscopy, and therefore 3D information. A simple setup is seen in Fig.
2.14A.

If a single point of view is not sufficient to see the whole object, it is possible
to take other sets of images to cover the scene. Fig. 2.14B shows an example
of setup for a single plane 360 degrees view of an object, and a setup with sev-
eral circles taken from different altitudes is the logical next step. Having linking
images ensures a robust geometrical link between the different points of view.

The angle between two lines of view must be at the same time sufficient
to provide stereoscopy (very small angles create higher incertitude) and small
enough for both the computation of tie points and correlation to work. A rule of
thumb is that a good value is between 10 and 15 degrees.
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Figure 2.13: The SfM photogrammetric workflow - Input data and products are in
grey and processes in green.
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Figure 2.14: A: Simple convergence method. B: Convergence method with mul-
tiple points of view.

2.5.1.2 The parallel method

The parallel method is useful when the scene of interest is approximately planar,
like a wall, cliff or even part of the Earth’s surface (see Figure 2.15). In that case,
none of the pictures will represent the whole scene. On the contrary, every image
is a tile of the scene. Images are taken sequentially and each covers parts of the
other images around it to ensure that every point of the scene is seen at least twice.

One of the most important thing to consider when planning a survey using
the parallel method is the overlap between images. Two kinds of overlap are to
be considered: the sequential overlap (also called along-track overlap, see Figure
2.15) between successive images of the same band (or line) of images and the
cross-track overlap, between images of different bands.

To ensure that each point is seen at least three times on a single band, the
overlap must be over 67%. As a measure of security, and to cope with the actual
variations of the terrain/scene, an overlap of 80% is preferred. Inter-band overlap
is necessary to link images together, but is less important. It still provides an
additional point of view and can help with hidden parts (behind buildings for
instance. It is therefore preferred to have a 60% overlap for similar reasons (ensure
an actual overlap > 50%).
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Figure 2.15: Diagram of the important parameters showing the acquisition of two
images along-track.

2.5.1.3 Important parameters

For most surveys using the parallel method, the most obvious requirement is that
the end product has a given Ground Sampling Distance (GSD, in m), also called
ground resolution, the size of a pixel projected on the surface of the scene. It is a
parameter that depends on a multitude of other parameters, and/or will influence
the settings of parameters (see also Figure 2.15):

• The camera’s sensor pixel matrix spacing SzPix (in mm) (=Widthphysical/Widthpixels).

• The camera’s focal length Foc (in mm).

• The flight height or distance to the scene H (in m).

From this, we get the formula:

GSD =
H ∗SzPix

Foc
(2.1)

For the parallel method, other parameters are to be taken into account to com-
pute the overlaps:

• The distance between two consecutive pictures (called Base) B (in m).

• The size of the sensor in the direction of the flight SzY (in pixels).

• The distance between two lines of acquisition (called cross-track base) D
(in m).
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• The size of the sensor across the direction of the flight SzX (in pixels).

The overlaps are then:

Overlapalong−track = 1− B
GSD∗SzY

(2.2)

Overlapcross−track = 1− D
GSD∗SzX

(2.3)

B can be computed (or set up) using:

• The velocity of the aircraft V (in m/s).

• The frequency of acquisition (time between two pictures) Freq (in Hz).

B =
V

Freq
(2.4)

Of course, most parameters can be influenced by choosing different hardware,
or configuring it in different ways. However, some other parameters need to be
taken into consideration. For instance, the cameras themselves have limits other
than their resolution, affecting the amount of light reaching the sensor (aperture f,
exposition time ExpTime) and the sensitivity of the sensor (ISO). For a camera
embarked on a plane, long exposition times cannot be used because of motion
blur. To avoid it, the following condition must be satisfied (with AcceptableBlur,
the amount of blur considered acceptable in pixels, usually < 1/2):

V <
Res

ExpTime
∗AcceptableBlur (2.5)

2.5.2 Tie points

To be able to use several images in a set, it is necessary to know how they are
related. To estimate that, tie points (TP) are required. It is possible to gather
tie points manually, but it is a slow and tedious task. Exponentially increasing
computing power and the development of automatic tie point detection algorithms
such as SIFT [Lowe, 2004] , SURF [Bay et al., 2008], ASIFT [Morel and Yu,
2009] and others allowed for the automatic search of tie points in unorganized set
of images. The number of tie points that are then available is orders of magnitude
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Figure 2.16: Tie Points detected with SIFT on a pair of images from a drone.

higher and potential outliers (mismatch) can be filtered out. Figure 2.16 shows the
tie points for an image pair and a group of obvious outliers.

The process of automatic tie point collection is divided in three steps:

• The identification of remarkable points. The remarkable quality is defined
differently by different algorithm.

• Assigning a descriptor to these points. The descriptor is usually given in a
vector space quite different from the image grid of value.

• The descriptors of points from different images are matched together to
define the tie points.
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2.5.3 Camera calibration and orientation

Once the images are acquired, they need to be oriented (also called aerotrian-
gulated), that is put together in a unique geometric coordinate system, and the
camera(s) need to be calibrated. Using TPs, Both these operations can be done
independently or together through the structure-from-motion (SfM) method [Sna-
vely, 2010].

The orientation of an image for perspective cameras (function O) can be de-
scribed by the general equation 2.6. It describes the transformations required to
convert the coordinates of a point in a given 3D coordinate system (called the
Relative Space, rs, in Eq. 2.6) into its coordinate in one in the images.

(
iL,K
jL,K

)
= OK

rsxL
rsyL
rszL

= I

(
π

(
RK ∗

(rsxL
rsyL
rszL

−CK

)))
(2.6)

Where:

• L is an object.

• K is an image.

• (rsxL; rsyL; rszL) are the coordinates of the object L in Relative space co-
ordinates.

• CK is the coordinates of the optical center of the camera K in Relative space
coordinates.

• RK is the rotation matrix from Relative space coordinates to Camera co-
ordinates.

• π is the function projecting points in Camera coordinates to a canonical 2D
space.

• I is the function of the camera parameters (Focal, distortions, sensor size
(in mm and pixels)...) converting canonically projected points into Image
coordinates.

• (iL,K, jL,K) are the pixel coordinate of the object L in image K.
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For satellite pushbroom sensors (also called digital scanners, see Section 3.4.2),
an other formulation is necessary. Formulations similar in spirit with the one for
perspective cameras exist and associate each line of the image to an individual
function, but the solution preferred in modern software and by satellite data pro-
viders is the Rational Polynomial Coefficient functions RPC, also called Rational
Function Models RFM [Tao and Hu, 2001]. The direct RPC computes the trans-
formation from image to geographical coordinates (see Equations (2.7), (2.8) and
(2.11) and the inverse RPC computes the transformation from geographical to im-
age coordinates (see Equations (2.9)–(2.11); they are rational function polynomial
equations of the normalized image and geographical coordinates (scaled to a unit
cube), defined as:

Lonnorm =
P1(Colnorm,Rownorm,hnorm)

P2(Colnorm,Rownorm,hnorm)
(2.7)

Latnorm =
P3(Colnorm,Rownorm,hnorm)

P4(Colnorm,Rownorm,hnorm)
(2.8)

Colnorm =
P5(Lonnorm,Latnorm,hnorm)

P6(Lonnorm,Latnorm,hnorm)
(2.9)

Rownorm =
P7(Lonnorm,Latnorm,hnorm)

P8(Lonnorm,Latnorm,hnorm)
(2.10)

with:

Pi(X ,Y,Z) =C1 +C2X +C3Y +C4Z +C5XY +C6XZ +C7Y Z +C8X2 +C9Y 2 +C10Z2

+C11XY Z +C12X3 +C13XY 2 +C14XZ2 +C15X2Y
+C16Y 3 +C17Y Z2 +C18X2Z +C19Y 2Z +C20Z3

(2.11)

2.5.4 Georeferencing

Once all the cameras are oriented relatively to each other, we almost always want
an “absolute” referencing (either to a cartographic system, or to a local system for
scale). To be able to georeference a DEM, orthoimage and/or 3D model through
absolute orientation, some geodetic information about the scene is required. This
can be achieved through Ground Control Points (GCP), points visible in the im-
agery with known coordinates in the desired coordinate system, either collected
through GNSS surveying or other topographic surveying method, or by using
other georeferenced products (previously generated DEM and orthoimage, or a
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map for example). The minimum mathematical requirements to achieve georefer-
encing are:

• Find at least 3 non-collinear points that are seen in at least 2 images (optical
ray intersection will give their position in relative space coordinates).

• Know the position of these points in the targeted, “Absolute/World” co-
ordinate system.

• Find the 7 parameters of the transformation between the two systems (3
rotations (wRrs), 3 translations (wCrs) and scaling (λ ) – see Equation 2.12).

wL = λ ∗wRrs ∗ (rsL−wCrs) (2.12)

For the convergent method, reference points should uniformly surround the
scene and be visible in the images.

For the parallel method (e.g. for typical aerial survey), the equipment in refer-
ence points should be as follows:

• Surrounding the area of interest (zones outside of the reference polygon rely
on extrapolation).

• Some points inside of the area of interest (to avoid a “dome” or “banana”
effect [James and Robson, 2014]).

• It is best to have XYZ for every point, but some points can be Z only or XY
only.

• Having more points than strictly necessary is always preferable, and unused
GCPs can be used as check points to evaluate the precision and accuracy of
the data.

An other way to obtain information on the position (and possibly orientation)
of the camera for each pictures is through camera- or system-integrated GNSS
(and possibly an inertial measurement unit IMU) systems (see the use of such a
system in Paper II, presented in Section 4.2). This information can be used as a
first approximation, as complementary data or, if of sufficient quality, on its own.
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Figure 2.17: Position of the minimal amount of reference points for an aerial
survey.

2.5.5 Dense correlation

Once the position, orientation and camera parameters of each image are known,
the final reconstruction of the 3D information can start. This process, called dense
correlation or dense multiview stereopsis [Furukawa and Ponce, 2010], exploits
image correlation to compute the geometry of the scene. Using the internal and
external orientation of cameras, it is possible to project points in the 3D space in
the photographed scene back into the images, or a pixel in an image into an optical
ray in the 3D scene. This allows for the search of homologous points in several
images (see Fig. 2.18). Strategies to find these homologous points are described
in Sections 2.5.5.2 and 2.5.5.3.

Figure 2.18: Intersecting optical rays coming from homologous points in two
images.
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2.5.5.1 Image correlation

The principle of image correlation is to find a common template in several images
by scoring the resemblance between the different excerpts. A match is identified
by the best score. It is best to look for normalized patterns so that a global bright-
ness change will not affect the results. The following formula gives the normalized
cross correlation score between a k-by-k correlation window (with k = 2∗n+1)
of an image and a template of the same size:

Corr(x,y) =

n
∑

u=−n

n
∑

v=−n
( f (x+u,y+ v)− f x,y)(t(u,v)− t)√

n
∑

u=−n

n
∑

v=−n
( f (x+u,y+ v)− f x,y)

2
n
∑

u=−n

n
∑

v=−n
(t(u,v)− t)2

(2.13)

Where:

• t is the template from the master image (its center is t(0,0)).

• t is the mean of the template.

• f is the slave image.

• f x,y is the mean of f in the region f (x±n,y±n).

Note that this function is not applicable to 1-by-1 correlation window or to
constant templates (this case would result to a 0/0 result). This is usually not an
issue because:

• A 1-by-1 correlation window would not give useful information (for ex-
ample, in an 8 bits grey scale image, only 256 different “windows” would
be possible).

• A constant template does not have any feature to help correlation, so correl-
ation is set to 0 in that case.
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2.5.5.2 Convergent method

For the convergent method (see Fig. 2.19), images are grouped into subsets that
cover the same zone of the scene, and the image at the center of the group is
defined as the master image.

Figure 2.19: Different 3D solutions along the epipolar line.

For each pixel of the master image:

• we project an optical ray into “world coordinates”.

• for different distances on the ray, we compute the position of the potential
points.

• we project the points into the other images (the points on the images are on
the Epipolar Line).

• for each point in each image we compute the correlation score.

• the distance yielding the best compounded score gives the position of the
point.

2.5.5.3 Parallel method

For the plane method (see Fig. 2.21), we do not have a master image but rather
an area of interest and a target planar resolution. The combination of these para-
meters creates a bi-dimensional grid of points for which the altitude needs to be
determined.
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Figure 2.20: Projection in two images of the same planar point given four different
altitudes.

For each point (x,y) of the grid:

• we project points (x,y,z) with Altimin < z < Altimax into the images.

• we get templates from around each projected point, grouped by the z value
that generated them.

• we score the correlation of all groups of templates (see Figure 2.21).

• the group yielding the best score gives the position of the point (see Figure
2.20).

2.5.5.4 Multi-resolution pyramidal correlation

A popular method to increase both quality and speed of the processing is multi-
resolution pyramidal correlation [Remondino et al., 2013]. The idea is to perform
the correlation at a low resolution first, getting a rough model. Then the resolu-
tions of both the model and the steps between candidate points on the projective
ray/epipolar line are progressively refined, using the previous result as a guide to
limit the search space (range of values tested along the epipolar line for example).
Not going through the full search space at full resolution is primarily making the
process faster, but also helps reduce noise, as potential mismatches are filtered
out.
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Figure 2.21: Mean correlation score of each group of templates for a given alti-
tude. The best score determines the recorded altitude for that point; here, 8 m with
a correlation score of 0.98.

2.5.6 Orthorectification

Orthorectification is the process of correcting an image of its optical, terrain and
pointing angle distortions. It is however easier to proceed backwards: for each
point of the map, we want to have radiometric information. The orthorectification
of an image can be done by applying the following algorithm for each point (X,Y)
of the target grid (illustrated in Fig. 2.22):

1. Use a DEM to get the elevation value (Z) associated with (X,Y), using a
geometric interpolation if the DEM grid is not the same as the target grid.

2. Project this 3D point (X,Y,Z) in the image to get image coordinates (i,j)
through the function O (see Section 2.5.3).

3. Interpolate the radiometric value (RGB or Greyscale for instance) for the
query point (i,j) in the image.

4. Record this value in the orthoimage (X,Y,Colour).
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Figure 2.22: Schema for orthorectification. The image on the right is used to
colour the grid map on the left.

2.5.7 Mosaicing of orthoimages

Once individual orthoimages are computed, they need to be mosaicked into a
single image of the whole area of interest. Since they are all in the same geometry,
the mosaicking is quite straightforward as a first approximation: go through the
cartographic space and average the values of the images available for all query
points. An other common method is to use a Voronoï diagram [Voronoï, 1908;
Okabe, 2016]: the image closest to the query point is chosen to give the colour.

However, both methods have limitations. For a number of reasons (most ma-
terials do not present a Lambertian reflectance so their bidirectional reflectance
distribution function (BRDF) cannot be assumed to be constant), the same point
in the terrain might not be the same colour in all images. This will create un-
wanted seams at the boundary of the areas covered by individual pictures. To
come around these issues, the seam between two pictures can be defined as fol-
lowing a natural boundary in the images (a line with strong contrast for instance).
An other option is to fit corrections close to the seams to smooth the transitions.
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2.6 Output products
Photogrammetry can produce a number of different products for different applic-
ations, a few examples are described in this section.

2.6.1 Topographic maps

Creating topographic maps was the first aim of photogrammetry. Using stereo-
data, contour lines could be drawn, creating invaluable cartographic information
for a number of applications, most notably military.

2.6.2 Digital Elevation Models

A Digital Elevation Model (DEM) is a georeferenced grid associating height val-
ues to each position of the grid. It is the logical evolution of topographic maps in
the digital age, presenting a much higher density of directly accessible informa-
tion. A very common file format to store DEMs is a variation on the raster graphics
format tiff, the GeoTiff. This format is simply adding geographic metadata to a
tiff file.

Several sub-categories of DEM exist (see Figure 2.23 for a graphical view):

• A DSM (Digital Surface Model) represents the terrain variability and the
objects (or superstructures) on top of it.

• A DTM (Digital Terrain Model) is a sub-product of a DSM where all the
building, trees and small objects are removed to only represent the terrain .

• A full 3D description of the terrain also describes information about the
potential overhangs such as the terrain bellow a bridge or an overhanging
cliff, as well as the facades of buildings. Such data cannot be stored in a
single layer grid.

2.6.3 Differential Digital Elevation Models

A Differential Digital Elevation Model dDEM is the comparison of two DEMs
showing the difference in elevation between the two. They can be used to assess
the quality of one of the DEMs when compared to validation data, to be a first
estimation of a georeferencing bias, or to investigate change in the topography
(see Fig. 2.24) caused by e.g. glacier thinning or landslides.
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Figure 2.23: Illustration of the difference between DSM and DTM.

Figure 2.24: dDEM between two SPOT-5 HRS DEM from 2007 and 2014 (ac-
quired for the SPIRIT program [Korona et al., 2009]) over the Daugaard-Jensen
outlet glacier in eastern Greenland showing elevation change due to the thinning
of the ice.
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2.6.4 Orthoimages (“pseudo” or “true”)

An orthoimage is an image geometrically corrected (through a process called or-
thorectification) for scale variations induced by topography (see Figure 2.25). It
is usually projected into a map reference system and therefore overlay-able to a
map.

Figure 2.25: Illustration of the scaling problem in non-rectified images.

We call an orthoimage “true” when it is made using a full resolution DSM,
allowing for the geometric correction of buildings and other superstructures but
running the risk of having data voids if some part of the ground was not imaged
at least twice because of occluding objects. A “pseudo” orthoimage is computed
using a DTM to correct the images, creating images with visible foreshortening
and hidden parts by the ignored superstructures.
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2.6.5 Thematic maps

Since an orthoimage is overlay-able to a map, it is possible to create a thematic
map out of an orthoimage and add topographic data from a DEM. The orthoimage
is used to identify roads, buildings, fields, forests, rivers and other features of
interest that will then be added to the map. This process can be done manually or
automatically by using remote-sensing and computer visions methods to classify
the image.

2.6.6 3D models

By using the convergent method (see Sections 2.5.1.1 and 2.5.5.2) or the combin-
ation of nadir and oblique aerial photography (see Section 3.3 and Fig. 3.7), it is
possible to compute a textured full 3D model of a scene. Fig. 2.26 shows such a
3D model as well as some of the pictures used in the computation.

Figure 2.26: Sample images for the computation of a 3D model of a miniature
house and resulting model - from [Girod and Pierrot-Deseilligny, 2014].

2.7 Videogrammetry

The field of videogrammetry has seen a development in the last few decades
[Gruen, 1997] and is starting to be accessible [Rupnik and Jansa, 2014]. It is
based on the principle of close range photogrammetry but uses the high frame
rate of video from several cameras to reconstruct the position of points across the
duration of the video.
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Video can also be used in photogrammetry to increase the acquisition rate
of a camera (the Panasonic GH5 can for instance capture 60 frames per second
at a resolution of 3840*2160 pixels). Frames are then extracted from the video
and create a very coherent flux of imagery for 3D modeling. Such a flux can be
used for the creation of geometrically and temporally smoothed time-lapses called
hyper-lapses [Kopf et al., 2014], or to reconstruct the 3D environment captured
by the video. Movies not shot with this in mind can still be exploited in some
cases, and the available video archived could be used to collect time-series of
morphological data or archaeological information on lost buildings (similar to
what was done by [Silver et al., 2016] on the cultural heritage of Syria), or simply
for fun (see Fig. 2.27).

Figure 2.27: 3D model of the Millennium Falcon from the end scene of Star Wars:
Episode V - The Empire Strikes Back (1980).
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Chapter 3

The different scales of
photogrammetric application to the
cryosphere

The cryospheric sciences encompass various processes that occur at vastly differ-
ent scales, both geometric and temporal, and their understanding requires obser-
vations to be made with adequate levels of precision and frequency. Photogram-
metry can be used to collect data on a large swath of scales, with resolutions going
from sub-millimeter to tens of meters per pixel, making it an versatile tool for data
gathering in the cryosphere. This chapter progresses through the geometric axis of
the scales of acquisition, starting from the large scale (high resolution) coverage
of small areas with close-range photogrammetry to small scale coverage of large
areas with satellite photogrammetry, taking the camera progressively further from
the ground. For each scale, a section presents the specific hardware, acquisition
methods and processing approaches.

A second dimension in which the sections are progressing is precision: the
measure of the noise and internal geometric coherence in the produced data. This
is the key aspect that the works presented in this thesis focus to improve in the data.
The final precision of the photogrammetric data depends on a large number of
factors: the hardware, the geometry and planning of the acquisition, the software
and the methods used to generate the data. This latter factor is where this thesis
hopes to bring new developments.

The hardware itself, as the basis of the whole process, will affect the quality
of the final product, as a bad camera will take bad images. A bad image may
result from a number of causes: high noise levels created by a high gain setting in
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a sensor that is not light sensitive enough, strong rolling shutter effect (the whole
image is not acquired at the same time, but progressively line by line, sometimes
slow enough to create a visible distortion in images taken from a moving plat-
form [Meingast et al., 2005]), high distortion (or even fish-eye lens) that is not
easy to calibrate, unstable calibration caused by loose, malleable or moving vi-
bration compensating elements in the camera system, and so on. The acquisition
geometry and, when applicable, the flight planning (flight path, frequency of ac-
quisition, and georeferencing equipment) are also critical, as insufficient along-
and cross-track overlaps and insufficient location data can cause issues in the pro-
cessing, as well as lead to biases [James and Robson, 2014]. The last family of
factors influencing the precision and accuracy of the data is the processing. As we
showed in Papers II [Girod et al., 2017a] and IV [Girod et al., 2017b] (presented
in Chapter 4), careful processing of the data, even with imperfect data sources,
can lead to significant improvements in the quality of the results, reducing the
standard deviation of the error in the elevation by a factor of 2 (Paper II) and up to
10 (Paper IV). Such improvements allow for a more accurate quantification of the
magnitude of some processes, and even for the detection of processes previously
obscured by noise.

Although most of the challenges related to the use of photogrammetry in the
cryosphere are shared with the rest of the geosciences, it is important to note that
working on images of ice and snow adds a specific hazard: both (1) the lack of
contrast of soft snow and (2) the potential sensor saturation caused by the high
brightness and albedo of snow and ice creates areas without any contrast in im-
ages. This creates data voids in the results as it is not possible to successfully
perform image correlation on featureless data. This happens especially in the ac-
cumulation area of glaciers and leads to potential biases in the evaluation of the
geodetic mass balance since only the ablation area is correctly represented in the
data [McNabb et al., 2017].

3.1 Close-range photogrammetry
The largest scale (highest resolution) data is produced through close-range pho-
togrammetry. This method has its roots in the earliest form of photogrammetry,
terrestrial photogrammetry, where the images are taken from the ground. While
[Laussedat, 1854] used terrestrial photogrammetry for cadastral work, other forms
of photogrammetry have supplanted it for that purpose. Nowadays, close range
photogrammetry is used to cover areas of usually a few square meters maximum,

46



reaching sub-millimeter resolutions. That approach usually uses consumer or
prosumer grade cameras (see Fig. 3.1), ranging from smartphones to high end
Digital Single Lens Reflex (DSLRs) that are either used handheld or with a tri-
pod or tripod-like contraption such as fixed frames [Galland et al., 2016] (see Fig.
3.2A) or a ladder [Kääb et al., 2014] or pole like in [Girod et al., 2016b] (see
Fig. 3.2B). Performed with adequate equipment, with a well designed geometry
of acquisition, and with proper processing, a survey can yield data with a preci-
sion better than the GSD. In [Galland et al., 2016], we showed that, following our
method, the standard deviation of the error in our data at 0.1mm GSD was about
5.8∗10−2mm, or about half a pixel.

Figure 3.1: Smartphone – Compact – DSLR

Figure 3.2: Examples of close range acquisition systems. A: fixed frames used in
[Galland et al., 2016]. B: pole used in [Girod et al., 2016b].
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In the cryosphere, such methods are used to collect data on very local phenom-
ena, such as the patterned ground [Kääb et al., 2014]. It could also be implemented
in laboratory settings in a way similar to the work of [Galland et al., 2016] on the
modeling of volcanic uplift or of [Balaguer-Puig et al., 2017] on small scale soil
erosion. While single camera based object tracking method have been used (for
example [Burton et al., 2012] for the study of capsizing icebergs, or [Yamagishi
and Matsuoka, 2015] for the formation of patterned ground), records of the use of
laboratory photogrammetry in the cryosphere is yet to appear in the literature.

3.2 Light airborne photogrammetry

With airborne cameras, photogrammetry is able to cover more ground. This can
be achieved with either light/very light aircraft embarking relatively standard cam-
era equipment, unmanned (see Section 3.2.1) or manned (see Section 3.2.2), or
through heavy, purpose-design photogrammetric airplanes embarking specialized
equipment (see Section 3.3).

3.2.1 Unmanned light airborne systems

Lightweight aerial camera systems have experienced rapid development in the re-
cent years. First with balloons and kites carrying light camera equipment [Smith
et al., 2009], and then with the development of easy to use and affordable sys-
tems colloquially referred to as drones. Drones are more appropriately called
Unmanned Aerial Vehicles (UAV) or Unmanned Aerial Systems (UAS), and are
officially named Remotely Piloted Aircrafts (RPA) by the International Civil Avi-
ation Organization (ICAO). It can be simply defined as an aircraft without a hu-
man pilot aboard. They can either be flown manually by maintaining a clear line
of sight or though video link, or follow a predetermined flight plan. To enable their
use in photogrammetry, they also have a remotely triggered camera on board, and
increasingly embed GNSS systems.

The use of UAV for scientific research is currently booming in geosciences
[Eltner et al., 2016], including in the field of the cryosphere. This boom can be
attributed to both (1) the unprecedented opportunities it offers for independent
surveying of selected areas of interest (at a high spatial and temporal resolution)
[Whitehead et al., 2013] and (2) the fact that drones offer a cheap medium to ac-
quire data at an intermediary resolution between close-range data and more heavy
and costly aerial platforms (discussed in section 3.3). VTOL (Vertical Take-Off
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Figure 3.3: Examples of UAV systems. A: DJI Phantom 4 quadcopter (image
courtesy of DJI). B: SenseFly eBee fixed wing (image courtesy of senseFly).

and Landing) drones such as quad-copters (like the popular DJI Phantom series
used by [Bernard et al., 2017] on the moraine of a glacier in Svalbard, see Fig.
3.3A) or larger hexa- or octo-copters systems can cover areas up to a square kilo-
meter at a few centimeter resolution with relative ease. HTOL (Horizontal Take-
Off and Landing) systems such as fixed wing systems (like the senseFly eBee used
by [Immerzeel et al., 2014] over a debris covered glacier tongue in the Himalayas,
see Fig. 3.3B) can cover slightly larger areas but are harder to deploy and more
likely to experience damage during landing.

3.2.2 Manned light airborne systems

To be able to cover more ground, camera systems can be embarked on light air-
craft, able to fly higher, using more or less complicated mounting systems. At the
simplest, one may use for example the fastening system intended to fix a GoPro
action-camera to a bike handlebar, to attach the camera to the undercarriage of
an helicopter as done in Paper II ([Girod et al., 2017a], see Section 4.2). More
advanced systems can be custom designs fixing more firmly and in a more con-
trolled position a system that also hosts a more capable camera. For instance the
FoDAR system [Nolan et al., 2015] hosts a professional DSLR (NIKON D800E
and a Nikkor 24 mm lens) and a dual-frequency GNSS receiver (Trimble 5700)
and is attached to a light aircraft (Cessna 170B or Piper Lance). That system was
used to map snow depth and to measure the height of mountain peaks in the US
Arctic [Nolan and DesLauriers, 2016]. Another example is the IceCam system
[Divine et al., 2016], carrying a pair of DLSRs (Canon 5D Mk2 and Canon 20mm
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lens) and a laser range-finder in an enclosure at the end of an arm, linked to a
single-frequency GNSS receiver, both of them mounted on an helicopter. That
system was designed to map sea ice topography, but was also used for mapping
crevasses over a tidewater glacier [Nuth et al., 2016] and for small alpine glacier
mapping, used as validation data in [Girod et al., 2017a].

3.3 Heavy airborne photogrammetry

Before light platforms were available at a competitive price and quality, larger
airplanes were commonly used in photogrammetry, and still are, because they
both offer the ability to cover much larger areas (the French geographical institute
(IGN) runs “departement” wide – 3000 to 10000 km2 – campaigns using airplane
platforms, see Fig. 3.4), and profit from decades of technological developments
guaranteeing a high and well controlled data precision and accuracy.

The Norwegian Polar Institute (NPI) uses such systems to produce the DEM,
orthoimage and cartography of Svalbard (accessible as data at https://data.
npolar.no and as an interactive portal at http://toposvalbard.npolar.
no) that is used as the baseline data for most of the research done in the region.

Figure 3.4: IGN (Institut Géographique National) Beechcraft 200 King Air F-
GMGB with belly openings for instrumentation.
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3.3.1 Historical aerial photogrammetry

3.3.1.1 Nadir surveys

The most common form of data acquired for photogrammetry is nadir (looking
straight down) imagery with a target overlap of 60% / 20% in the along- and
cross- track direction respectively (see Fig. 3.5A). This ensured that even with
significant terrain, each point in the ground will be imaged by two images, hence
ensuring stereo, and that neighbouring lines of flights will have some overlap
to help aerotriangulation of the images using the tie points at the Von Gruber
locations [von Gruber et al., 1932] (see Fig. 3.5B).

Figure 3.5: A: illustration of along- and cross- track overlaps. B: position of the
Von Gruber locations.

Image pairs could then be visualized in stereoplotters by topographers and
manually processed into topographic maps, each pair of consecutive along-track
images covering a tile of the ground corresponding to their overlap.

Such data can be reprocessed today to obtain historical DEMs and study the
change in topography by comparing that data to more modern data and comput-
ing dDEMs. From this information, long term analysis of movement can be per-
formed.
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3.3.1.2 The case of oblique photogrammetry

An other approach to aerial photogrammetry is oblique imagery. Imagery is called
oblique when the optical axis has been intentionally tilted more than 10° off nadir.
Imagery can be high oblique or low oblique, respectively if the horizon is visible in
the images or not. It was especially popular for the cartography of yet unmapped
areas because it is much easier for humans to identify a scenery with such a point
of view. It also offers a view extending to infinity and therefore a view of iden-
tifiable landmarks in the background. The absence of previously mapped points
to use as GCPs is indeed an issue here. Significant surveys were conducted in the
Arctic, for example in Svalbard in 1936 and 1938 [Nuth et al., 2007; Couderette,
2016; Girod et al., 2016e; Nielsen, 2017; Midgley and Tonkin, 2017; Mertes et al.,
2017].

Working with such data is not as streamlined as with nadir data for two main
reasons:

• the footprint of each image is not very well defined as it extends very far
from the camera (to infinity for high oblique imagery) in a cone shape and
does not include part of the ground occluded by the terrain in the forefront.
Therefore, the term viewshed is employed here instead of footprint [Nuth
et al., 2007].

• the resolution of the imagery is dependent on (1) the distance from the cam-
era (the further away from the camera, the lower the resolution) in a much
bigger way than nadir imagery (here, the variation in the camera-to-ground
distance can vary severalfold!) and (2) the slope of the terrain (slopes fa-
cing the camera will have a very large amount of points per horizontal unit
of surface).

The processing of such data is discussed in the paper presented in Section 4.3,
where the standard deviation of the error in the elevation data is in the order of 2m
from images taken a 3000 a.s.l. at a 70° off nadir angle.

3.3.2 Modern aerial photogrammetry

Modern professional photogrammetric setups carry heavy camera systems (see
Fig. 3.6A) that often include both nadir and oblique cameras to image the side of
buildings and cliffs, specifically in order to produce full 3D models (see Fig. 3.7).
The nadir camera is often divided into several cameras covering different parts of
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the light spectrum (typically Panchomatic, Red, Green, Blue, and Near Infra-Red).
The overlaps are now higher (up to 80% / 60%) to ensure better and more robust
automatic correlation by having at least three views of each point in the ground.
Theses systems are linked with very high precision GNSS and IMU systems to
ensure in-flight georeferencing. Push-broom cameras (see Section 2.2.6 and Fig.
3.6B) are also used in this context.

Figure 3.6: Professional photogrammetric cameras. A: multi-camera with nadir
and oblique sensors (Vexel Ultracam Osprey Mark 3 Premium, image courtesy of
Vexcel). B: Push-broom camera (Leica ADS100, image courtesy of Leica).

Figure 3.7: Full colour meshed 3D model of the Hohensalzburg fortress and
Salzburg cathedral, image courtesy of Vexcel Imaging GmbH.
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3.4 Spaceborn photogrammetry

The use of satellites to acquire imagery offers unique opportunities. It indeed
offers the possibility to collect data in the whole world, even from areas hard to
access (for geographic or political reasons), while covering large areas with only
a few images. If 2-dimensional data is used extensively to map glacier extent
and compute velocity fields, stereo imagery from satellite proved to be a great
tool for geodetic mass balance [Kääb, 2002; Korona et al., 2009; Berthier et al.,
2010; Nuth and Kääb, 2011; Wang and Kääb, 2015; Berthier et al., 2016; Brun
et al., 2017]. Even with the most modern and highest resolution satellite system,
the applications of satellite photogrammetry in the cryosphere are still limited to
relatively large elevation change (at least in the order of a meter) experienced by
glaciers and rock glaciers and do not include the lower amplitude changes that
result from the action of permafrost.

3.4.1 The birth of satellite photogrammetry

The idea to use satellite to acquire imagery came very quickly in the space age
(pictures were taken on October 24th 1946 from a V2 rocket). The CORONA
program [CIA, 1995] was the first satellite program that aimed at providing carto-
graphic data (and more specifically, for enemy territory) and started in June 1959.
The satellite embarked stereo capable panoramic cameras and ejected film cart-
ridges from space back to Earth that had to be caught in huge butterfly nets carried
behind airplanes (see Fig. 3.8). The data from the CORONA program and its suc-
cessor HEXAGON were made available to the public in the 1990s and early 2000s
and were used to compute DEMs [Meszaros et al., 2008], including over glacier
in order to extract geodetic mass balance [Pieczonka et al., 2013; Maurer et al.,
2016; Goerlich et al., 2017].

Flying cameras in space with the intention to produce DEMs made its way
to civilian science through the (human operated) Earth’s Terrain Camera (ETC)
experiment onboard SkyLab-D in 1974 that produced the first along-track stereo-
viewing images from space. Its data was processed into DEM by [Mott and Chis-
mon, 1975] who reported an rms. error of 120m. More metric camera systems
were developed by the USSR, the ESA and NASA through the 1970s and 80s
[Toutin, 2001], but the quality of the derived product was not satisfactory. Ac-
cording to [Ducher, 1985] the operational DEM production from such data did
not happen because of:
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Figure 3.8: Film recovery for the CORONA program.

• the limited distribution of the data with respect to the amount of acquired
images.

• the experimental nature of the data and system, and the lack of decision to
make it fully operational and repetitive.

• the relatively poor quality of the data.

3.4.2 Digital scanner satellite systems

Digital scanners (see Section 2.2.6) were then developed for space imagery with
the first civilian satellite with the sole purpose of studying and monitoring the
planet, Landsat-1, that was launched on July 23, 1972 and decommissioned on
January 6, 1978. Instead of having a frame camera, digital scanners have either
a linear array (or a system simulating one with several cameras to compensate
for the spacecraft movement), called a push-broom sensor, or a single detector
swinging in the cross-track direction called a whisk broom sensor. Landsat-1
produced imagery though its MSS whisk broom sensor in the green, red and two
near infra-red bands at 80m GSD for scenes covering an area of 170∗185km.
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The Landsat family of satellite was not designed to offer stereo capabilities,
however adjacent-track stereo (see Section 3.4.2.1) was still attempted, with mod-
erate success. The B/H ratio of the Landsat MSS camera (used by [Welch and Lo,
1977] and [Simard, 1984]) was only 0.1 so 4000m of relief was needed to create a
5 pixels parallax, while the TM camera (used by [Simard and Slaney, 1987]) had
a slightly larger B/H of 0.18.

Stereo data can be obtained from such sensors in several ways, described in
the Sections 3.4.2.1, 3.4.2.2, 3.4.2.3 and 3.4.2.4, and Figs. 3.9, 3.10 and 3.11.

Technological development pushes to launch ever-better, higher geometric res-
olution systems into orbit. Table 3.1 lists a number of stereo-capable satellite
systems with some information on their abilities.

3.4.2.1 Adjacent-track stereo

Adjacent-track stereo is a geometry where the overlap between two nadir acquis-
itions from neighbouring orbits is exploited (see Fig. 3.9). It is the first method
that was tried, using satellites that were not designed for stereo but that still offered
overlap in the acquisition from one orbit to another. This was a side effect of the
need for full coverage of the earth surface at the equator, as sun-synchronous or-
bits are distant from one another there. For example, for the Landsat MSS system,
the overlap between adjacent orbits was of 10% at the equator, reached 45% at
50°latitude and 85% at 80°latitude.

Figure 3.9: Geometry of adjacent-track stereo.

56



Data source Stereo type GSD (m) B/H DEM error rms (m)

Landsat MMS Adjacent-track 80 0.1-0.2 100-300
Landsat TM Adjacent-track 30 0.1-0.2 45-70

IRS-1A Adjacent-track 72 0.1 35
SPOT-(1/2/3/4) HRV-P Cross-track 10 0.6-1.0 5-15

IRS-1C/D Cross-track 6 0.8-1.0 10-30
MOMS-2 Along-track 13.5 0.8 5-15

MOMS-2P Along-track 18 0.8-1.0 10-30
JERS OPS Along-track 20 0.3 20-40

ASTER Along-track 15 0.6 5-20
SPOT-5 HRG Cross-track 2.5/5 0.6-1.0 2-5
SPOT-5 HRS Along-track 5/10 0.8 3-5
Formosat-2 Along-track 2 1.0 2-3
Cartosat-1 Along-track 2.5 0.58 5-7

ALOS-PRISM Along-track 2.5 1.0 5-7
IKONOS Agile 1 – 2.5
EROS-A Agile 1.8 – 2
EROS-B Agile 0.7 – 1

QuickBird Agile 0.6 – 2
Geo-Eye Agile 0.5 – 2

Pleiades 1A/B Agile 0.5 – 0.5-1
SPOT 6/7 Agile 0.5 – 1

Worldview 1/2 Agile 0.5 – 0.5-2
Worldview 3/4 Agile 0.3 – 0.25-0.6

Table 3.1: Table adapted and completed from [Toutin, 2001] and [Ramachandran
et al., 2010] summarizing the results obtained by various authors on the generation
of DEMs from VIR spaceborn digital scanners. Variations in the values for a
single system is due to the numbers being reported from different studies or for
different terrain types. Two values in image resolution indicates that the resolution
is not the same in the cross- and along-track directions. The B/H column is empty
for agile satellite since they do not have a fixed (or even limited) B/H.

The quality of DEMs computed using only adjacent-track stereo images is
not sufficient for the quantification of glacier geodetic mass balance, even with
the ETM+ 15m GSD sensor embarked on Landsat-7 [Toutin, 2002]. However,
[Altena and Kääb, 2017] showed that, using sets of images taken from different
orbits that were rectified using a faulty DEM, the DEM bias can be reconstructed
fairly accurately from the measurement of lateral orthorectification offsets.
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3.4.2.2 Cross-track stereo

Cross-track stereo is a geometry in which the satellite, or at least the section where
the camera is attached, is steered so that two or more acquisitions cover the same
area from two or more different orbits, with at least one of the images acquired
off-nadir (see Fig. 3.10). The SPOT 1-5 HRV sensor is an example of system
that was used in this way to provide stereo data. In [Berthier et al., 2007], the
SPOT-5 HRG sensor is used in cross-track stereo mode (1 day delay between the
two acquisitions and B/H of 0.61) to compute a DEM over the Himachal Pradesh
(Western Himalaya, India). Comparison with the SRTM DEM was used to per-
fect georeferencing and to remove artifacts linked to imperfect attitude estimation
from SPOT-5, and then to compute a dDEM and measure the glaciers’ specific
mass balance.

Figure 3.10: Geometry of cross-track stereo.

3.4.2.3 Along-track stereo

Along-track stereo is a geometry where images are acquired during the same orbit,
the satellite embarking two or more sensors pointing in different angles in the
along track direction (see Fig. 3.11). This mode allows for near simultaneous
acquisition of the two images (typically under a minute of delay).

EOS-1 Terra, the first civilian satellite carrying a fixed dual camera system,
the ASTER sub-system, was launched by NASA and JAXA in December 1999.
The ASTER sub-system being an integral part of the work presented in Paper IV,
it is presented in more details in Section 4.4.
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Figure 3.11: Geometry of along-track stereo, here with a double camera system
pointing at nadir and in the aft direction (like the ASTER bands 3N and 3B).

In May 2002, the SPOT-5 satellite was launched by the French space agency
CNES and SPOT Image. It carried the HRS subsystem [Planche et al., 2004], a
stereo camera with for- and aft-looking telescopes (±20° off nadir in the along
track direction), providing images at 10m cross-track and 5m along-track GSD
for scenes covering an area of up to 120∗600km, distributed as processed DEMs
and orthoimages. The SPOT-5 HRS subsystem was used for the IPY-SPIRIT data
gathering initiative [Korona et al., 2009], providing DEMs and orthoimages at
40m GSD over the coastal regions of Antarctica, the margins of the Greenland
ice sheet, and small glaciers and ice caps that surround the Arctic Ocean and
Antarctica. SPOT-5 stopped functioning on March 31, 2015.

In January 2005, ALOS was launched by JAXA embarked the PRISM (Pan-
chromatic Remote-sensing Instruments for Stereo Mapping) subsystem [Osawa
et al., 1998], a 2.5m GSD tri-stereo (aft/nadir/for images) imaging system. It was
used to create a global DEM, ALOS World 3D [Tadono et al., 2014], but could
also be used for single scene DEM generation for dDEM analysis, for instance
over glacier on the Tibetan plateau [Ye et al., 2015]. ALOS stopped functioning
on May 12, 2011.

Even with the great success of these three missions (and of some other), multi-
camera systems are not as popular anymore with the arrival of agile systems of-
fering cheaper, lighter and overall more capable solutions. A replacement for
ASTER is not currently planned, and the proposed tri-stereo and laser altimeter
Z-Earth satellite [Dewez et al., 2013] was not funded.
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3.4.2.4 Agile stereo

Agile satellites have the ability to point in any direction on command (Pleiades
1A, shown in Fig. 3.12A, was even flipped over to take images of the moon),
which means that the stereo (of multi-stereo) set of images can be cross- or along-
track, or a combination of both depending on the acquisition schedule. Users can
order data from such satellites with more or less strict requirement on the B/H
ratio and/or maximum off-nadir angle, an order with more restrictions usually
being charged a higher price.

The need of a single camera compare to fixed multi-camera systems allows
for a more complex system and the resolution of the cameras embarked on agile
satellite is usually much higher: IKONOS, the first very-high resolution agile
civilian satellite, launched on the 24th of September 1999, embarked a camera
producing 1m GSD imagery, while the ASTER system launched in December the
same year, had a 15m GSD system.

Figure 3.12: Examples of agile satellite. A: Pléaides 1A (image courtesy of
CNES). B: Worldview-4 (image courtesy of DigitalGlobe).

The high quality of the DEMs obtained by processing agile satellite stereo (or
multi-stereo) data is leading a large number of scientists to compute up to annual
geodetic mass balance (GMB) with them. [Berthier et al., 2014] used Pleiades
1A/1B data to compute GMB for five different areas (The Agua Negra glacier in
the Andes, the glaciers in the Mont Blanc area of the Alps, the Tungnafellsjökull
icecap in Iceland, the Mera glacier in the Himalaya and the Astrolabe glacier in
Antarctica), while [Belart et al., 2017] use both Pleiades 1A/1B and WorldView-2
data to assess the GMB of the Drangajökull icecap in Iceland.
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3.4.3 The CubeSat revolution and the renaissance of satellite
frame cameras

CubeSats (U-class spacecraft) are a class of very small satellites, typically weight-
ing less than 3kg and about the size of a football. They are usually carrying
relatively cheap, simple, off-the-shelf equipment and can be launched in swarms.
Companies like Planets [Planet Labs Inc, 2017] are building such CubeSats (called
Doves, see Fig. 3.13), specifically some that have an embarked frame camera that
can take images of the Earth at a 5m GSD. The size of the swarm (over 200) of-
fer the ability to image the whole planet on a daily basis, cloud cover allowing
[Strauss, 2017]. The incredibly high temporal resolution of such data will make
it a great source for the study of fast moving processes, and for fast response
after natural or man made catastrophes [Kääb et al., 2017]. If the acquisition of
photogrammetry usable data is not yet performed, the potential is clearly visible.

Figure 3.13: Scale accurate model of a Dove CubeSat shown by Prof. Andreas
Kääb (right) and Bas Altena (left). Photo by Gunhild M . Haugnes/UiO, CC BY
4.0.
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Chapter 4

Summary of Publications

This chapter gives an extended introduction to the papers published as part of the
PhD work. Similarly to Chapter 3, they are presented following a geometric axis,
from the very high resolution and small footprint data offered by close-range pho-
togrammetry to the lower resolution, large footprint of satellite data. The over-
arching highlight of these papers is the clear focus on the improvement of data
precision by the development of better processing methods.

4.1 Paper I : Surface kinematics of periglacial sor-
ted circles using structure-from-motion techno-
logy [Kääb et al., 2014]

Sorted circles are an example of pattern ground process found in periglacial en-
vironments. They consist of strikingly regular patterns of circles, typically a few
meters wide, made up of an inner domain of fine grain soil and an outer ring of
larger gravels rising above the inner domain. [Hallet, 1990] describes the mech-
anics of the formation and evolution of the circles, demonstrating the convection
cell-like behavior with the inner domain material erupting from the center of the
circles and migrating to the edge before sinking down again, and the larger rocks
of the outer rim erupting at the top of the ridge and sliding down to the edge of
the inner domain before sinking (see Fig. 4.1, taken from the paper). Using a
collection of sensors installed between 1983 and 1997, [Hallet and Allard, 1998]
measured the displacement of elements of both domains of circles, bringing a
validation to the theory.
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Figure 4.1: Generalized surface cross section and findings regarding changes over
2007–2010 on the stone circles of this study. The topographic profile shown is
approximately a southwest–northeast cross section over the centre of the middle
circle. The solid line indicates the year 2007, and the dashed line 2010. Black
arrows indicate soil surface movement, and the white vertical arrows surface el-
evation changes. Vertical exaggeration is five-fold.

In this paper, built on the data processed in [Girod, 2012], we showed an
application of close range photogrammetry in the cryosphere. Pictures of three
sorted circles (≈ 80m2) were acquired on 9 August 2007 (63 images) and on
14 August 2010 (104 images) from the top of a ladder with a Canon EOS 10D
camera with a resolution of 3072×2048 pixels and a fixed focal length of 20 mm.
Processing these two sets of images through a SfM photogrammetric pipeline (im-
plemented in MicMac), it was possible to reconstruct 1mm GSD DEMs with a
precision in the order of ±6mm and orthoimages and obtain a displacement field
of the soil and rocks for the full area of the three circles. This data allows for
an improved quantification of the displacement and allow for further validation of
the theory put forward by [Hallet, 1990].

An additional survey of the phenomena was conducted in 2015 [Girod et al.,
2016a,b] with a more modern camera (NIKON D5300 and 20mm fixed lens)
mounted on top of a 6m long pole (shown in Fig. 3.2B). The 176 images yiel-
ded a DEM and orthoimage at 0.5mm GSD with an increased precision (±1mm).
The analysis of these products confirm further the findings of the paper.
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4.2 Paper II : Terrain changes from images acquired
on opportunistic flights by SfM photogrammetry
[Girod et al., 2017a]

Going up the scale ladder, we show here an application of light airborne pho-
togrammetry: the idea of taking advantage of transport flights to acquire photo-
grammetric data. Nowadays, all kinds of aircraft fly around the world everyday
and their flight path often goes over areas that are of interest to science. If a
camera system, even simple, could be attached to an aircraft, useful data could
be acquired at a close to nothing cost, especially if the need for GCPs could be
eliminated. If that statement is true for all kind of aircraft, for the paper, we ex-
perimented with the use of a GoPro action camera and a Garmin GPS Tracker
mounted on an helicopter (see Fig. 4.2) during flights in September 2014 and
2015 taking scientists to fieldwork and, on its way, flying over Midtre Lovén-
breen, a small glacier (≈ 5km2) in North-western Svalbard. The area covered by
the surveys is ≈ 35km2, covering the glacier itself, as well as the surrounding
peaks and ridges, and the pro-glacial area down to the shore.

Figure 4.2: Equipment for the test survey of Paper II: GARMIN GPSmap 60CSx
– Eurocopter AS350 (picture taken in Ny Ålesund, right before take-off in Sept
2014) – GoPro H3+BE

The method that was developed relies on the, nowadays standard, SfM-photogrammetry
pipeline, but uses a novel way to link the imagery with the GNSS data acquired
simultaneously on board the aircraft even without an electronic link with the cam-
era, improved from the work of [Welty et al., 2013]. The key step of the method
is the interpolation of the position of the camera along the flight path given by
the GNSS data. Since the camera’s clock is neither accurate (there is a constant
time delay between the GNSS time and the camera time) nor precise (the camera
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does not record images precisely at the 1 image per second rate set up, and does
not record the acquisition time with sub-second precision), direct interpolation to
the GNSS timed position data is a source of error. However, first interpolating
the lapse rate in the camera time space and then looking for the minimum of the
residual of the absolute orientation process through an incremental search in the
DelayGNSS−Camera space gives much better results. The DEM data resulting from
our method showed significantly reduced visible biases (see Fig. 4.3), and an er-
ror standard deviation on glacier surface improved from 1.19m to 0.47m. This
method allowed for the productions of DEMs and orthoimages of the glacier and
its surrounding that could then be compared with each other and with a 2010 base
dataset from the NPI, providing valuable information on the retreat of the glacier
and the development of the periglacial terrain (moraine and rivers).

Figure 4.3: dDEM between simultaneous IceCam [Divine et al., 2016] and GoPro
surveys of 2015: top row without refined camera times and bottom row with re-
finements. Histograms of the differences, after removal of outliers (dH>10 m),
are shown to the right for the whole scene and for the glacier only. Significant
improvement due to our processing is clearly visible.
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4.3 Paper III : Precise DEM extraction from oblique
imagery of Svalbard in 1936 [Girod et al., 2017c]

The evolution of photogrammetry in the last decades makes it possible to repro-
cess the huge amount of archived image data from photogrammetric surveys into
higher resolution, higher quality products than were designed for at the time of
acquisition. Some of this data was acquired in order to provide cartographic in-
formation for areas that had not been properly mapped before, and in such cases,
high oblique imagery was deemed a better approach, since it maximizes the abil-
ity to recognize the landscape from a human perspective. Processing such data is
not as straightforward as the processing of typical nadir imagery since the GSD
is not consistent through the images, the images’ footprint is not a finite polygon
but a cone extending to infinity, and a lot of the terrain is obstructed by any the
foreground terrain.

In the summers of 1936 and 1938, Norwegian expeditions lead by Docent
Adolf Hoel went to Svalbard to photograph the area from the air. Using a cam-
era mounted on a small aircraft, high oblique imagery was acquired and the first
1:50 000 scale topographic map of about two thirds of Svalbard was created. In
this paper, based on the developments presented in [Couderette, 2016; Girod et al.,
2016e; Nielsen, 2017], we present a semi-automated workflow to reprocess this
imagery into high quality DEMs. The workflow first normalizes the images to
compensate for the scanning geometric irregularities using the fiducial marks, then
uses SfM to compute the camera calibration and relative orientations. GCPs are
then used to both georeference the images and as a forcing for the calibration dur-
ing a secondary bundle adjustment. Afterwards, the images are split in triplets
and points clouds are computed for each one. The point clouds are then rasterized
into individual DEMs and orthoimages that are mosaicked together in a final step
using a Voronoï diagram approach.

As an example area, we chose Prins Karl Forland, off the west coast of the
main island of Svalbard (see Fig. 4.4). The area was photographed in two main
flight lines looking at the western and eastern coasts of the narrow landmass re-
spectively. The two flight lines presenting such different point of views, they
could not be processed together and the 72 images used in our processing where
divided in two groups of 43 and 29 images for the west and east costs respectively.
The final products are a 5m GSD DEM and associated orthoimage covering over
95% of the selected area. Comparison with more modern data over stable ground
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showed that our elevation product’s standard deviation was in the order of 2 m.
Comparison over non stable terrain (e.g. glaciers) allowed for the measurement of
the retreat and geodetic mass balance of glaciers over more than 80 years, as well
as the fine geometric details of the degradation of rock glaciers.

Figure 4.4: Left: Map of the example area with the positions of the camera and
their pointing direction. Right: map of Svalbard with the position of the images
taken in 1936, from [Luncke, 1936]. Bottom, example of a triplet of images.
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4.4 Paper IV : MMASTER : improved ASTER DEMs
for elevation change monitoring [Girod et al.,
2017b]

The first civilian satellite carrying a fixed dual camera system, Terra, was launched
by NASA and JAXA in December 1999 and, through its ASTER sub-system. It
itself consists of three sub-systems: a thermal infra-red (TIR) camera with 5 bands
at 90m GSD, a short wave infra-red (SWIR) camera with 6 bands at 30m GSD,
and a visual and near infra-red (VNIR) dual camera with 3 bands at nadir and 1
band (NIR) oriented 27.6° off-nadir, all at 15m GSD. The two NIR bands (3N
and 3B) cover the same spectral range (0.760 − 0.860µm) and form an along-
track stereo pair (see Section 3.4.2.3) with a B/H of 0.6 [Yamaguchi et al., 1998]
that can be used for DEM generation. All subsystems have a 60 km swath, and
the data is distributed in 60 km long scenes at different processing levels, from the
least processedASTER L1A Reconstructed Unprocessed Instrument Data to DEMs
and orthoimages off all bands in the AST14DMO (On Demand Digital Elevation
Model and Registered Radiance at the Sensor - Orthorectified) product. The stereo
capability was most famously used to create the ASTER GDEM [Tachikawa et al.,
2011], a global DEM at 30m GSD using stacks or individually processed stereo
scenes. As of August 2017, Terra is still mostly operational (the SWIR subsystem
of ASTER stopped functioning in late April 2008).

The standard single scene AST14DEM (ASTER Digital Elevation Model V003)
[Fujisada et al., 2005] is of fairly poor quality, presenting high noise level (DEM
error standard deviation of 20m) and significant bias induced by inaccurate space-
craft attitude measurement due to high frequency jitter. These data quality issues
make the estimation of elevation change, useful for instance for glacier geodetic
mass balance, imprecise. Therefore, investing time into creating an improved
product seemed worthy. The MMASTER processing method was developed and
presented first in the InProceedings papers [Girod et al., 2015] and [Girod et al.,
2016c] and then in Paper IV [Girod et al., 2017b].

The MMASTER method, laid out in Fig. 4.5, uses the L1A metadata to com-
pute RPC models (see Section 2.5.3) and correct the images from radiometric
striping. Then, it estimates, models and corrects the effect of the cross-track jit-
ter on the imagery, which not only introduces a bias in the elevation data, but
negatively affects the image correlation process. The DEM is then computed us-
ing the correlator implemented into MicMac [Rupnik et al., 2017]. If the scene
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present some stable, non-changing terrain, the computation of dDEM allows for
the removal of the along-track jitter as well and the use of the data for elevation
change measurement. MMASTER is able to produce dDEMs with significantly
reduced biases (as the attitude measurement errors are accounted for) and noise
level. Indeed, in ideal cases (no clouds, well contrasted ground, soft topography),
the standard deviation in the elevation change error is improved down to 2.5m. In
more challenging conditions, the value is still a much improved ≈ 5m. Such an
improvement allows for much better estimates of elevation change and for the de-
tection of processes previously hidden in the data. The paper presents applications
over a number of topics: sea ice, mountainous areas and river erosion, the effect
of volcanic eruptions of the surrounding land, earthquake induced displacement
in all dimensions, deforestation, and glacier elevation change.

Figure 4.5: Graphical abstract for Paper III. Left: general diagram of the MMAS-
TER process. Right: An ASTER DEM over fast sea ice (a virtually flat surface)
without (top) and with (bottom) MMASTER’s jitter corrections.
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Chapter 5

Conclusions and Outlook

5.1 Conclusion

After presenting the science of photogrammetry in Chapter 2, we have seen in
Chapter 3 that it can provide a wealth of observations on which the study of cryo-
spheric processes can rely. The decision to explore the widest possible range of
cases where photogrammetry can provide data from which insightful observations
can be made on cryospheric processes resulted in the wide variety in methods and
acquisition systems presented in Chapter 4. Throughout this thesis, an emphasis
on the development and application of leading edge photogrammetric tools pushed
the boundaries of the state-of-the-art methods of acquisition and processing. This
led to the availability of data on a number of cryospheric processes with a higher
level of precision than what was expected from the data sources.

Structure-from-Motion photogrammetry revolutionized and popularized the
use of photogrammetry in geosciences [Westoby et al., 2012] and played an im-
portant role in this work. It is a recent development in the field consisting of an
automated way to estimate the position, orientation and calibration of cameras in a
dataset without a priori knowledge. The method offers the possibility to use more
varied, less organized and non-normalized imagery, taken with even the simplest
camera, in a mostly automated photogrammetric process while still delivering
high quality products. In this work, it was possible to use SfM photogrammetry
out of the box in Paper I to successfully process images that were acquired in a
non-nadir, non-systematic way from the top of a ladder. The resulting data led
to the first recorded measurement of a full high resolution displacement field of
the surfaces of sorted circles. In Papers II and III, some additional layers of pro-
cessing had to be designed and implemented to achieve optimal results. Indeed,
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even if SfM is often able to deal with relatively unorganized data, when the level
of precision required to obtain usable information from the data is in the order of
the ground sample distance, taking some precautions is necessary. As shown in
Paper II where cheap equipment was used to collect imagery over a small glacier,
using the raw GNSS and camera clock data would lead to significant biases in
the resulting data (in the form of a visible warp in dDEMs). A more advanced
combination of the image based relative orientation of the images and the GNSS
based positioning of the camera was developed, leading to the generation of a
precise DEM and showing that smarter tools can overcome the challenges created
by sub-optimal data. In the processing of archived imagery done in Paper III, we
showed that accurate normalization of scanned imagery and careful camera calib-
ration using GCP forcing could lead to a higher precision compared to previous
work simply trusting the raw software. The realization that old imagery can in
fact provide high quality data reveals that the wealth of archived data constitutes
an amazing treasure for centennial studies of environmental change.

SfM photogrammetry is not the only branch of photogrammetry that shows
great prospects according to our research. In particular, Paper IV focuses on the
processing of ASTER imagery and relies on RPC models computed from navig-
ation data to define the imaging geometry. The MMASTER method showed that,
even without external data, it was possible to estimate the high frequency jitter of a
satellite system and correct the images of its effect. By redeveloping a processing
chain from the ground up, we were able to improve the precision (or, in other
word, reduce the noise) of ASTER DEMs by nearly an order of magnitude while
also removing low frequency elevation biases. This achievement makes ASTER
elevation data both more precise for applications it was already used for previ-
ously, and usable for numerous applications where it could not be used before,
both within and outside the cryosphere.

In all cases, the proposed improvements allowed for a unprecedented precision
in the quantification of the magnitude of the studied cryospheric processes, bring-
ing a better quantification of the geodetic mass balance of glaciers for instance. In
some case, the improvements enabled the detection of some small sub-processes
and adjacent processes previously hidden in the data, such as the detection of river
erosion and melting debris covered ice.
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5.2 Outlook

The amount of data that photogrammetry can bring for the cryosphere fields of
research is huge and the data sources are not getting scarce. On the one hand,
more and more imaging systems are being developed at all levels: better handheld
cameras, better and easier to use UAVs, and a multiplicity of satellite observation
systems, from very complex high end systems like WorldView-4 to huge fleets of
hundreds of micro-satellite like the one from Planet, imaging the whole planet on
a daily basis [Strauss, 2017] (however without much stereo capabilities yet). On
the other hand, modern methods allow for the reprocessing of over a century of
archived data into high quality, high resolution products; both aerial imagery, as
seen in Paper III, and satellite imagery, as seen in Paper IV, are available.

Research in photogrammetry needs to continue to offer the best possible data
to geoscience. As imaging technologies such as UAV become easier to operate, an
increasing number of scientists is starting including photogrammetry in their work
and bring challenges to the community: data acquisition requirements must either
be made less strict or embedded into acquisition systems, and data processing
workflow have to be made more automatic and more user friendly. An example of
available data with challenging processing method is the archived data from the
Corona and Hexagon missions (declassified intelligence satellite photographs):
it may be possible to process it with photogrammetric tools, but the currently
published methods rely on significant manual work and expensive commercial
software. In many cases, a simplification, or even automation, of the workflows
would significantly increase the attractiveness of data sources and the extracted
information would then be very valuable to the community.

Another challenge, in an environment where data sources are not scarce and
the processing methods are adequate, is the efficient use of the wealth of inform-
ation. Proper archiving (complete metadata, quality indicators and so on) and
distribution of processed data need to be set up to optimize their analysis. If this
is not only true of photogrammetric data, the large file size of photogrammetric
products, making any sharing platform complex, has until now been a strong de-
terrent for individual scientists willing to share their data. Large institutions are
now providing more and more Earth observation data to the users, but often in a
unprocessed form.

One certainty, brought in by the work produced through this PhD, is that pho-
togrammetry is set to keep its status as a key tool in geoscience research in general
and particularly in the cryosphere.
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5.3 DREAM
The DREAM (Dream Repeat Elevation Acquisition Machine) satellite is what I
would propose to be the successor of ASTER and other (multi-)stereo acquisition
satellites. Since ASTER has already surpassed its 6 years life expectancy by 11
years, ALOS-PRISM has been decommissioned, Ziyuan III-01 is nearing its end-
of-life, and Z-Earth [Dewez et al., 2013] development was canceled, the wish-list
is still open for the specification of their replacement. The recent developments
in optical Earth observation satellites in the form of Landsat-8 and Sentinel-2, as
well as the upcoming IceSat-2, are potential sources of inspiration for DREAM.
DREAM could be a single satellite merging a triplet of simplified Sentinel-2 sys-
tems (less bands), acquiring tri-stereo data at nadir and 5° angled off-nadir aft/for
telescopes. It could have an IceSat-2 like altimeter system, adding some valid-
ation data to the image correlation based DEMs. A slightly different approach
for DREAM would be to use the advances in CMOS camera sensors to embark a
triplet of frame cameras, hence offering a much more photogrammetrically stable
acquisition geometry than pushbroom sensors offer. DREAM could also move
away from the large satellite paradigm and instead be a swarm of micro satellite
not dissimilar to the Planet Doves, but not only pointing at nadir. One major at-
tribute of any DREAM system would of course be an open free data access policy.
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Abstract. Sorted soil circles are a form of periglacial pat-
terned ground that is commonly noted for its striking geo-
metric regularity. They consist of an inner fine domain bor-
dered by gravel rings that rise some decimetres above the
fine domain. Field measurements and numerical modelling
suggest that these features develop from a convection-like
circulation of soil in the active layer of permafrost. The re-
lated cyclic burial and exhumation of material is believed to
play an important role in the soil carbon cycle of high lati-
tudes. The connection of sorted circles to permafrost condi-
tions and its changes over time make these ground forms po-
tential palaeoclimatic indicators. In this study, we apply for
the first time photogrammetric structure-from-motion tech-
nology (SfM) to large sets of overlapping terrestrial pho-
tos taken in August 2007 and 2010 over three sorted circles
at Kvadehuksletta, western Spitsbergen. We retrieve repeat
digital elevation models (DEMs) and orthoimages with mil-
limetre resolution and precision. Changes in microrelief over
the 3 yr are obtained from DEM differencing and horizontal
displacement fields from tracking features between the or-
thoimages. In the fine domain, surface material moves radi-
ally outward at horizontal rates of up to∼ 2 cm yr−1. The
coarse stones on the inner slopes of the gravel rings move
radially inward at similar rates. A number of substantial de-
viations from this overall radial symmetry, both in horizon-
tal displacements and in microrelief, shed new light on the
spatio-temporal evolution of sorted soil circles, and poten-
tially of periglacial patterned ground in general.

1 Introduction

The term patterned ground describes a range of small-scale
(of the order of 0.1–10 m) landforms, such as polygons,
stripes and circles, found in periglacial environments (Wash-
burn, 1980). Patterned ground develops in frost-susceptible
soils due to repeated freezing and thawing (Hallet, 1990).
These landforms are considered an excellent geomorphic ex-
ample of self-organization and emergence in complex sys-
tems (e.g. Kessler et al., 2001; Kessler and Werner, 2003).
The most prominent forms of this type are found in the ac-
tive layer of Arctic or Antarctic lowland permafrost, where
the permanently frozen subsurface confines water and creates
hydrological conditions favourable for ice growth in the over-
lying layer of seasonal freezing and thawing, the so-called
active layer.

The most conspicuous type of patterned ground is sorted
circles, or stone circles (Hallet, 2013). They consist of a core
of fine-grained material (here termed fine domain), reaching
a depth of at least the active layer, surrounded by a much
coarser circular border or ridge of open-work fabric that ex-
tends 1–5 dm above the centre surface (here termed gravel
rings) (Figs. 1–3). Typical diameters for the fine domains are
1–3 m, whereas the gravel rings may be 0.5–1 m wide. Much
smaller forms are also found (e.g. Matsuoka et al., 2003). The
surface material in the centre domain shows a radial outward
movement of the order of 0.01 m yr−1 (Schmertmann and
Taylor, 1965; Hallet and Prestrud, 1986; Washburn, 1989;
Hallet, 2013), and from measuring the tilt of inserted rods
similar movement extends to a depth of decimetres (Hal-
let, 1998, 2013). For mass continuity reasons, this suggests
that the soil within the fine domains follows a displacement
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Figure 1.Photo of site and sorted circles studied. The darker, inner
parts of the circles have a diameter of around 1.5 m on average.
View is to the north.

pattern similar to a convection cell. This burial – and later
resurfacing – of material in patterned ground is an impor-
tant element within the soil carbon cycle of high latitudes
(e.g. Bockheim, 2007; Horwath et al., 2008) as well as soil
development (e.g. Bockheim et al., 1998). It also highlights
that precise knowledge about patterned-ground dynamics has
implications far beyond the geomorphic interest in process–
form relationships – especially with respect to the effect of
warming air and ground temperatures on soil carbon stocks.
Moreover, patterned ground is considered a potential palaeo-
climatic indicator based on the general relation between pat-
tern size and permafrost conditions such as active layer depth
(Hallet and Prestrud, 1986).

A variety of mechanisms have been suggested for the ori-
gin of sorted circles and other patterned-ground landforms
(cf. Washburn, 1980), but recent work has focussed on dif-
ferential frost heave (e.g. Peterson, 2008), and its feedback
with progressive sorting (e.g. Kessler et al., 2001; Kessler
and Werner, 2003; Hallet, 2013). Scientific progress within
this field comprises thorough field investigations, laboratory
work and theoretical studies (Hallet, 1998, 2013), as well
as numerical models of the development of unsorted cir-
cles (Peterson and Krantz, 2008), sorted circles and other
sorted patterned-ground landforms (Kessler et al., 2001;
Kessler and Werner, 2003). In the model of Kessler and
Werner (2003), two main feedback mechanisms determine
the development of circles from the starting point of a nearly
uniform stone layer overlying fine-grained soil. First, soil and
stones are transported in opposite directions normal to the
freezing front during freeze–thaw cycles, with an increasing
lateral component because the freezing front reaches deeper
under stone accumulations. The relief of the freezing front
thus increases with increasing stone clustering. Second, as
stones are sorted through time, they form elongated regions,

Figure 2. Sketch map of the study site and stone circles investi-
gated. The grey pattern shows gravel rings and ridges extracted from
a high-resolution satellite image of June 2012. The inset map indi-
cates the site location on Svalbard.

and the stone domains are progressively squeezed by the fine
domains during winter freeze-up, when the rapidly cooling
stone domain causes lateral frost heave within the fine do-
main. Pattern types change in model runs due to increasing
slope (causing stripes to develop), decreasing stone concen-
tration (leading to stone labyrinths and stone islands) and in-
creasing lateral confinement (favouring polygonal patterns).

The model of Kessler and Werner (2003) can be con-
sidered a hypothesis for the main mechanisms involved in
patterned-ground formation. It provides specific predictions
about the dynamics of central and border domains. Whereas
existing empirical data of sorted circle dynamics consist only
of point measurements (e.g. Hallet and Prestrud, 1986; Hal-
let, 1998, 2013), measurements of the three-dimensional sur-
face displacement fields and microtopography are feasible
today – even over short timescales. Such data would be
considerably better suited to test these predictions than the
sparse data currently available. A comprehensive benchmark
of present-day dynamics would aid research on the influence
of changes in the underlying frozen ground on circle dynam-
ics, which is linked to the potential importance of cryoturba-
tion and differential frost heave in the global carbon cycle.
Ultimately, better understanding of the processes involved
in the dynamics of patterned ground and their changes over
time would facilitate their use as an indicator for present and
past environmental conditions in cold regions. Our objective
is thus to test a methodology for deriving the 3-D surface
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Figure 3.Generalized surface cross section and findings regarding changes over 2007–2010 on the stone circles of this study. The topographic
profile shown is approximately a southwest–northeast cross section over the centre of the middle circle. The solid line indicates the year 2007,
and the dashed line 2010. Black arrows indicate soil surface movement, and the white vertical arrows surface elevation changes. Vertical
exaggeration is five-fold.

kinematics of sorted stone circles, and to analyse our initial
data with respect to predictions from conceptual and numer-
ical models.

To quantify the surface kinematics of selected sorted cir-
cles we apply structure-from-motion (SfM) technology to
a multi-temporal set of terrestrial images to derive vertical
and horizontal components of change over time. SfM com-
bines well-established photogrammetric principles, in par-
ticular bundle adjustment and image matching, with mod-
ern computational methods to arrive at a powerful and user-
friendly software environment that is able to extract a three-
dimensional model from a set of images, which then forms
the base for a range of further products, among them digital
elevation models (DEMs) and orthoimages. SfM technology
has already proven to be very powerful for a range of geo-
scientific applications, such as geological and glaciological
studies, coastal erosion, river morphology, volcanic activity
or landsliding (e.g. Girod, 2012; James and Robson, 2012;
Westoby et al., 2012; Fonstad et al., 2013).

2 Method

2.1 Study site and data collection

For our study we selected a series of three adjacent sorted cir-
cles at Kvadehuksletta, Brøggerhalvøya, western Spitsbergen
(Figs. 1 and 2). The circles lie∼ 130 m south of the Geopol
hut, and∼ 10–20 m south of a lake to which the terrain is
slightly sloping. The sorted circles at Kvadehuksletta are,
to the best of our knowledge, among the best developed of

their kind on Earth, and comparably easy to access, located
∼ 10 km to the northwest from the Ny-Ålesund research sta-
tion. As a result, these circles have been subject to a number
of earlier investigations (Hallet and Prestrud, 1986; Ander-
son, 1988; Hallet et al., 1988, 1998, 2013; Etzelmüller and
Sollid, 1991; Putkonen, 1998), and a detailed geomorpho-
logical map is also available (Tolgensbakk and Sollid, 1987).

Kvadehuksletta is a wide strandflat, covered with beach
deposits of Holocene age and older. Our study site is situated
above the Holocene marine limit. The overall elevation of the
circles studied is∼ 53 m a.s.l.Bedrock in the area consists
of dolomite, and most of the beach-ridge stones are of lo-
cal origin. Due to weathering of the dolomite and subsequent
eluviation, a frost-susceptible silty fine-grained soil has de-
veloped (Etzelmüller and Sollid, 1991), which facilitates de-
velopment of sorted circles. Large areas between the beach
ridges are covered by such sorted circles, grading in some ar-
eas towards sorted polygons and more irregular sorted forms
as well as stripes on slopes (Tolgensbakk and Sollid, 1987).
The fine domains of the circles often have a variable cover
of vegetation, mainly dominated by cryptogamic crust, that
gives the inner circle a dark appearance, but sometimes also
with higher plants such as sedges and salix. The vegetation
tends to be densest close to gravel ridges, and shows evidence
of the surface movement pattern. Salix is also on some gravel
rings.

Climatic data are available from Ny-Ålesund, where the
mean annual air temperature is−6.3◦C and mean annual
precipitation is 385 mm for the normal period, 1961–1990.
Recent warming in the Arctic areas suggests that these values
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Figure 4. Upper panel: mean monthly air temperature in Ny-
Ålesund for the 1961–1990 normal period (solid line). Tempera-
ture anomaly for all months calculated as a mean of monthly devia-
tions from normal during the 1991–2010 period (triangles). Middle
panel: air temperature in Ny-Ålesund during the September 2006–
December 2010 period. Degree-day sum during summers of 2007–
2010 displayed within the graph; sum at the time of photography in
2007 and 2010 below. Lower panel: ground temperatures from the
shallow Janssonhaugen borehole. Photography dates indicated by
arrows. Air temperature data downloaded from eKlima, Norwegian
Meteorological Institute. Ground temperature data from K. Isaksen
(personal communication, 2013).

may no longer be fully representative (Isaksen et al., 2007a,
b), and in Fig. 4 the mean monthly anomaly from the normal,
calculated for the period 1991–2010, provides a more real-
istic picture of the present climatic situation at the site. The
anomaly is most pronounced in winter. Figure 4 also displays
air temperatures during the study period and melting season
degree-day sums, and near-surface temperatures for 1999–
2010 (7-day running mean) from the 15 m deep Janssonhau-
gen borehole in bedrock near Longyearbyen (K. Isaksen, per-
sonal communication, 2013). Details about the Janssonhau-
gen site can be found in Isaksen et al. (2001). The recent
warming causes warmer ground and a deeper active layer at
the Janssonhaugen site, and this is presumably also the case
at Kvadehuksletta. Apart from the unusual warm winter of
2005–2006 (Isaksen et al. 2007a), no extreme events likely
to influence our measurements are recorded in these data.

Field visits were undertaken in August 2007 and 2010.
We used a∼ 3 m high ladder in different positions to col-
lect a large number of overlapping images over the adja-

Figure 5. Shaded relief (hillshade) of the 2007 DEM, resampled
to 2 cm resolution, over the three sorted circles with colour-coded
elevation superimposed. Black dots indicate the positions of the
ground control points used. The larger rectangle in the south-
western part of the northern circle outlines the location shown in
Fig. 6, and the smaller rectangle that shown in Fig. 10. Note the soil
cracks on the gravel ring tops and on the inner domains.

cent three circles studied. For both acquisition campaigns,
a Canon EOS 10D camera with a resolution of 3072× 2048
pixels was used with a fixed focal length of 20 mm. On 9
August 2007 63 images were taken; 104 were taken on 14
August 2010.

As ground control points, 10∼ 10 cm long metal bolts
with a round metal plate mounted on top of them were
pushed into the ground until the top plate was level with the
ground. The points were well distributed over the site imaged
(Fig. 5). Vertical and horizontal changes between the 2007
and 2010 images were analysed as relative displacements,
because the setup for absolute georeferencing turned out to
be insufficient to capture the three-dimensional changes of
the ground control positions over 3 yr accurately enough.
Nevertheless, we briefly outline here our surveying proce-
dure in order to indicate potential future improvements. At
both campaigns, in 2007 and again in 2010, the position of
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Figure 6.Section of the 2010 orthophoto (left) and DEM hillshade (right). South-western part of the northern sorted circle; for location see
Fig. 5. The contour interval is 2 cm (white lines).

the control points was surveyed using differential global nav-
igation satellite systems (GNSS, a group of systems includ-
ing GPS) relative to a mark in a rock close to the Geopol
hut (Fig. 1). In 2010, the bolt plates were heaved by a few
centimetres and had to be pressed back down to ground level
in order to be stable enough for placing the GNSS antenna
on them. The GNSS network adjustments suggest a relative
accuracy of the control points of a few millimetres. How-
ever, the fact that (i) the bolts had to be fixed again before
the 2010 measurement, that (ii) GNSS elevation is often less
well determined than horizontal GNSS position (in particular
in high latitudes with low satellite altitude angles), and that
(iii) the reference rock at Geopol hut is not bedrock and its
position was thus also expected to be affected by frost pro-
cesses prevents the drawing of sound conclusions from the
GNSS positions between 2007 and 2010, and thus for ab-
solute horizontal and vertical displacements of the studied
circles as a whole.

2.2 Image processing

For both campaigns separately, the ladder images were com-
bined to a three-dimensional model using SfM technology
(see Introduction and, for example, James and Robson, 2012;
Westoby et al., 2012; Fonstad et al., 2013). SfM does not re-
quire the position and looking direction of the camera, or al-
ternatively the 3-D position of control points, to be known
before constructing a point cloud based on a set of over-
lapping images. Independent 3-D positions of control points
recognizable in the point cloud are, however, in a later step
necessary to enable the absolute orientation. Here, we used
the software MicMac (Pierrot-Deseilligny and Clery, 2011,
2012; MicMac, 2014), and processing consisted of the fol-
lowing, mostly fully automatic steps:

1. Finda set of corresponding points (tie points) between
images using the SIFT algorithm (scale-invariant fea-
ture transform), of the order of 103 points per image;

2. compute the position and orientation of the view-
points, as well as the camera’s internal parameters (fo-
cal length, distortion, etc.) from the tie points through
bundle adjustment.

3. Record the position of the GCPs (ground control points)
in the images (2-D coordinates in pixels) and transform
the GCP absolute coordinates into an Euclidian pro-
jection system (a local tangential coordinate system is
commonly used).

4. Perform scaling and rotation of the viewpoint positions
and orientations using the information of steps 2 and 3.

5. Perform a dense correlation based on the data from step
4. This correlation computes the 3-D positions of each
point of a 1 mm spaced regular grid that can be seen in
two or more images through the intersection of projec-
tion rays. The result of this step is a georeferenced depth
map.

6. Project the images on the depth map, producing an or-
thoimage and a point cloud of the scene.

This process was used for the image sets of 9 August 2007
and 14 August 2010. From the resulting point clouds of ap-
proximately 30 million points each, DEMs and orthoimages
of 1 mm horizontal resolution were produced (Figs. 5 and
6). For most analyses, however, the DEMs and orthoimages
were resampled to 2 mm resolution to speed up computations
and display. For visualization and some analyses, 1, 2 and
5 cm versions were also produced.

Vertical differences between the 2007 and 2010 DEMs
were obtained by simple subtraction. The two point clouds
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Figure 7.Left: elevation change 2010–2007 on the northern (top) and middle circle (bottom). Two-centimetre contour lines are indicated
in black. Right: hillshades of 2 cm resolution DEM of 2007. The highest parts of the fine domains coincide well with the largest rates of
relative surface heave in the fine domain, and the deepest parts with the strongest surface lowering. Note that the horizontal plane of zero
elevation change is uncertain due to insufficient absolute georeference; therefore the elevation changes can be interpreted as relative changes
in microrelief only.

turned out to be vertically deformed to each other by a few
centimetres at the eastern and southern margins (approxi-
mately from the top of the gravel rings eastwards and south-
wards towards the model margins). This deformation could
not be repaired in the photogrammetric processing, mainly
due to insufficient image coverage and constellations at the
eastern and southern model margins. Rather, this effect was
in part compensated for by applying a very coarse low-pass
filter to the elevation differences and removing the filter re-
sults from the raw differences. Nevertheless, elevation differ-
ences towards to eastern and southern model margins must
be interpreted with care. Further, as an effect of this filter,
and in addition to the three-dimensional transformation of
the two point clouds onto each other based on the GCPs, the
two DEMs are vertically co-registered so that their overall
elevation difference roughly equals zero.

Horizontal displacements between the two orthoimages
were determined through offset tracking. Using the free soft-

ware CIAS (Correlation Image Analysis Software; Kääb and
Vollmer, 2000; Heid and Kääb, 2012; Kääb, 2014) and its
normalized cross-correlation and orientation correlation al-
gorithms, a 5 cm spaced grid of displacements was measured
based on 10 cm sized image templates. This large template
size, compared to the high image resolution of the order of
millimetres, turned out to be necessary to cope with the of-
ten individually moving, rotating, or tipping stones that led
in part to low visual coherence between the two images. The
DEM deformations mentioned above also had an effect on
the orthoimages at the southern margin of the photogrammet-
ric model, but only a small effect towards the eastern model
margin. As a result, the displacements on the southernmost
circle were measured separately from the other two circles
after independent co-registration of the two orthoimages us-
ing a large number of corresponding points distributed all
over the top of the gravel ring where horizontal displace-
ments are assumed minimal. As for the DEM differences,
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Figure 8.Horizontal surface displacements 2007–2010 on all three
circles. Chaotic vectors or groups of vectors are typically caused by
individual stones that slide or tip, but could in some cases also be
mismatches. Measurements with very low correlation coefficients
have been removed. Linear vector scale with maximum vector mag-
nitude of 2.5 cm yr−1. See Supplement for animated GIFs of the
2007 and 2010 orthoimages.

however, the displacements towards the eastern and southern
model margins must be interpreted with care as they could
be affected by model distortions of low spatial frequency.

From the displacement field we also compute strain rates
in order to map and quantify the degree of soil divergence
and convergence at the surface. For that purpose we follow
the method outlined by Nye (1959) and use its implementa-

Figure 9. Northern circle. Maximum correlation coefficients (left)
and signal-to-noise ratio (SNR, right) of the image matching of
Fig. 8. SNR is defined as the ratio between the maximum corre-
lation coefficient and the average correlation coefficient for each
individual match. Transition between fine domain and surrounding
gravel rings indicated in red.

tion by Kääb and Funk (1999), who derive horizontal strain
rates for each point of the displacement grid based on the
displacement rates at this position and its four nearest neigh-
bours. As a derivative of the displacement field, strain rates
are sensitive to errors in the underlying displacements and
thus tend to be considerably more noisy than the original dis-
placement field. Deriving strain rates from five points – the
centre and four neighbours – leads to a redundant equation
system, and the resulting residual for each strain rate tensor
can be used to identify outliers.

3 Results

3.1 Elevation models and differences

The 2007 and 2010 DEMs offer a large level of detail
where, for instance, individual stones can easily be recog-
nized (Figs. 5 and 6). Using some control points that have not
been used for absolute orientation as check points, we obtain
a standard deviation for elevation of±6 mm (±2 mm yr−1),
which we consider to be a reasonable estimate for the vertical
accuracy of the DEMs.

The lowest areas of the entire site imaged are the outer-
most zones of the fine domains, i.e. the fine–coarse border
(Figs. 3 and 5). The circle centres are up to∼ 10 cm higher
than these lowermost zones. The gravel rings have maxi-
mum heights of∼ 20–25 cm above the fine–coarse bound-
aries. The northern circle lies roughly 8 cm lower than the
middle circle and 13 cm lower than the southern circle, mea-
sured as differences between maximum elevations of the fine
domains (approximately their centres). This overall gradient
is in line with the terrain sloping towards the lake to the north
of the circles studied (Figs. 1 and 2).

The 1–2 mm resolution of the DEMs enables recognition
of features which are otherwise difficult to detect and map,
for instance the cracks that are found both on the inner
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Figure 10.Section of orthoimages for years 2007 and 2010 in the southwestern part of the northern circle. See Fig. 5 for location. Positions
of selected stones in 2007 are marked by white dots (left and right), and positions of the corresponding stones in 2010 by black dots (right).
Stones 1–3 are in the process of being incorporated into the base of the gravel rings. Stones 4 and 5 move outwards from the circle centre.
Stones 6 and 7 fall or slide down the gravel ring. See Supplement for an animated GIF of the 2007 and 2010 orthoimages of the section.

domains and ridges (Fig. 5). Cracks are only found on rather
flat sections.

Relative to the overall elevation level of∼ 53 m a.s.l.,
as defined by the control points, and to the vertical co-
registration of the two DEMs, the highest zones in the circle
centres are stable in elevation or rise by up to 0.7 cm yr−1

during the measurement period (Fig. 7). Most zones of the
fine domain, in particular its outer margins, as well as the
lower parts of the inside flanks of the gravel rings, lower con-
sistently, by up to 1.5 cm yr−1. The gravel ring tops are sta-
ble in elevation or rise by up to 1.5 cm yr−1. For most cracks,
both on the gravel rings and in the fine domains, slight eleva-
tion losses indicate opening of the crack centre.

3.2 Orthoimages and displacements

The 2007 and 2010 orthoimages enable a variety of quali-
tative and quantitative analyses. The diameters of the inner,
fine-grained domains are∼ 1.8 m,∼ 1.6 m and∼ 1.5 m for
the northern, middle and southern circles, respectively. Typi-
cal stoneb axes on the gravel rings range from 1 to 3 cm, but
both smaller and larger ones can be found. The larger stones
tend to be found at the foot of the inner slope of the gravel
rings, whereas the smaller ones dominate the ring tops, where
finer, sandy material is also exposed (Fig. 6). The material
on the gravel rings appears freshly exposed with no signs of
stone stability on the surface such as lichens or weathering.
The surface of the inner domains consists mainly of fines,
with scattered stones of typical diameters∼ 1 cm.

Accurate repeat mapping of the fine–coarse boundary be-
tween fine domains and gravel rings, which is the clearest
type of boundary on the circles, does not reveal any system-
atic changes between 2007 and 2010. The definition uncer-
tainty of this boundary turned out to be much higher than

potential changes within 3 yr, as its local changes are mainly
governed by moving or tipping stones.

The strikingly high success rate of image correlations over
the inner circle parts points to a very coherent deformation
over the 3 yr observational period. This is confirmed by flick-
ering the 2007 and 2010 orthoimages, which also suggests
a high visual coherence between both data sets (see Sup-
plement). Maximum horizontal surface displacement rates
reach 2 cm yr−1 for the fine domain of the northern circle,
1 cm yr−1 for the middle circle, and only 3–4 mm yr−1 for the
southern circle (Fig. 8). Overall, for the fine domains of all
three circles, the point displacement is radial and outwards.
For the northern and middle circles, velocity magnitudes in-
crease away from the centre. The displacement field of the
middle circle has one clear centre with zero displacements.
Such a centre is less clear for the northern circle, which has,
in contrast to the middle circle, two zones with highest eleva-
tions, separated by a crack. The displacements on the south-
ern circle are too small to accurately identify the centre of the
radial displacements. The centres of the radial displacement
fields do not seem to coincide exactly with the highest ar-
eas of the fine domains; they are horizontally offset by∼ 20–
30 cm (Fig. A1; see Appendix). The inner part of the northern
circle shows a less homogeneous radial displacement field
than the middle circle, with scattered zones of comparable
high speeds (Fig. A2).

Constructing streamlines through the velocity fields (Kääb
et al., 1998) gives surface travel times (approximate surface
ages) between the circle centres and the fine–coarse bound-
ary of up to approximately 100 yr.

The ratio between speed and the surface slope is for large
zones of the fine domains several times larger than for the
ring flanks, typically 2–3 times as large, up to 20 times for
the western part of the northern circle (Fig. A3). In other
words, for a given slope the surface displacements are in
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general much larger in the inner parts of the circles than for
the outer rings. As this ratio varies by an order of magnitude
even within the fine domains, there is, however, in essence
no correlation between speed and slope for these areas.

The displacement field on the gravel rings is much less co-
herent than on the fine domains. Maximum horizontal speeds
on the gravel rings reach 1.5–2.5 cm yr−1, roughly towards
the direction of steepest descent (Fig. A4). Speeds are lowest
on the ring tops (Figs. 8 and A2).

3.3 Surface coherence

The image matching procedure used here to measure hori-
zontal displacements operates by extracting a 10cm× 10cm
large template for each displacement position from the 2007
orthoimage and moving it in pixel-by-pixel steps over a
larger search area of the 2010 orthoimage. For each of these
steps, the correlation coefficient is computed between the
2007 template and the overlapping image section of 2010,
and the maximum correlation coefficient over the search area
is assumed to indicate the most probable displacement. Both
this maximum correlation coefficient and the average (back-
ground) correlation coefficient for a search area are recorded
together with the displacement data.

On average, the maximum correlation coefficients are
clearly higher on the fine domains than on the gravel rings
(Fig. 9). This indicates highly coherent surface deformation
on the fines vs. less coherent deformation on the gravel. Or-
thoimage animation (flickering; see Supplement) confirms
that displacements on the gravel rings are often due to sliding
or tipping stones (Figs. 8 and 10). The signal-to-noise ratio
(SNR) of image matches, i.e. the ratio between the maximum
correlation coefficient and the average (background) corre-
lation coefficient for each displacement location, is roughly
equal for the gravel rings and the fine domains. This reflects
that the lower correlation on the gravel rings affects equally
maximum and average correlation values (Fig. 9). However,
the transition between fine domains and gravel rings exhibits
strikingly low SNRs, indicating that the correlations in this
zone are much more weakly defined than on other parts of the
circles. Image flickering confirms that the most pronounced
visual surface changes are in fact concentrated at this inter-
face, with stones falling from the ridge flanks and being de-
posited there, stones tipping over, and stones from the surface
of the fine domain being incorporated into the ridge (Fig. 10;
see Supplement).

3.4 Strain rates

Figure 11 shows the sum of the horizontal strain rates.
Horizontal extension indicates soil divergence and horizon-
tal compression soil convergence. Divergence dominates on
much of the inner parts of the fine domains, and conver-
gence on the outer parts. Strain rates on the gravel rings are
noisy, but it seems that divergence dominates on their upper

parts, and convergence on their lower parts. Maximum sur-
face strain rates are of the order of 0.1 yr−1.

Net vertical soil transport upwards has to compensate for
divergence, and vice versa, in order to keep the microrelief
stable. Neglecting material compression or density changes,
which is not necessarily valid for the soil investigated, a
strain rate of 0.1 yr−1 would, for instance, have to be com-
pensated for by 0.01 m yr−1 vertical material transport for a
10 cm thick layer, or 0.02 m yr−1 for a 20 cm thick layer (cf.
Hallet , 2013, for the choice of thickness). We note that, even
if the above neglects are not entirely realistic, the vertical soil
motion indicated by these scenarios is on the same order than
the elevation changes found over 3 yr.

Table 1 lists some further estimates about vertical soil
fluxes for the three fine domains, based on the horizontal
strain rates. The total horizontal strain rates were classi-
fied into positive and negative ones (divergence and conver-
gence), the respective areas (columns 3 and 6) and averages
(columns 4 and 7) computed, and multiplied to arrive at ver-
tical soil fluxes needed to compensate for horizontal strain of
a layer with a given thickness (columns 5 and 8). The results
of Table 1 are discussed below in the Discussion section.

4 Discussion

4.1 Method

For extracting the 3-D surface displacement field of sorted
circles, we used a highly automatic time-lapse ground-based
photogrammetric approach that yielded point clouds with
a spatial resolution of about 1–2 mm. The method proved
to be very successful for measuring vertical and horizontal
changes over 3 yr, but also suffers from some problems.

First, the differential GNSS measurements of ground con-
trol points were less accurate than the precision of the point
cloud by an order of magnitude. Errors in ground control
point positioning caused problems with absolute orientation
of the final models, and in particular inhibited interpretation
of absolute elevation changes and of the dynamics in areas of
particularly small displacements. In future similar campaigns
we thus suggest (i) using much longer metal rods as control
points, or accurately survey some camera positions if possi-
ble; (ii) using a device to fix the GNSS receiver on the control
points instead of holding it by hand as done here; (iii) com-
plementing the GNSS measurements with optical levelling
for millimetre-precision elevations; and (iv) using a stable
bedrock outcrop as a local reference (can be found∼ 1.5 km
from the site).

Second, the image constellation chosen in the field was not
optimized for SfM (the technique had not yet been widely
established in 2007) and sharp contrasts in the 2007 images
from solar shadows also caused some problems for the pho-
togrammetric model computation, in particular the SIFT al-
gorithm.
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Table 1. Surface strain rates and areas on the three circles. Horizontal extension (divergence) at the surface is an indicator for upwards
material transport (+), and vice versa (−).

1 2 3 4 5 6 7 8 9
Fine Total Area of Mean Vertical Area of Mean Vertical Total strain
domain area horizontal compression soil flux∗ horizontal extension soil flux∗ rate over

(m2) compression (yr−1) (cm3 yr−1 cm−1) extension (yr−1) (cm3 yr−1 cm−1) fine domain
(m2) (m2) (yr−1)

northern 2.9 1.3 −0.029 −377 1.6 +0.027 +432 +0.003
middle 2.4 1.1 −0.022 −242 1.6 +0.022 +286 +0.001
southern 1.6 0.9 −0.021 −189 0.7 +0.019 +133 −0.004

∗ Thevertical soil flux in column 5 corresponds to the area of horizontal compression, the flux in column 8 to horizontal extension. Vertical soil flux is given per centimetre of
thickness of the horizontally moving layer and under the assumption of stable microrelief and the absence of density changes.

Figure 11.Sum of horizontal strain rates from the 2007–2010 dis-
placement field. Computation has been based on the filtered dis-
placement field (Fig. A1; see Appendix) and further filtered based
on residuals of a redundant strain rate algorithm (see text). Blue
colouring indicates horizontal extension (divergence); red indicates
compression (convergence). The fine–coarse boundary is indicated
in white, and the cracks in black. Note that, in order to highlight
variations, the colour scale of strain rates is not linear. Background:
hillshade of 2007.

Compared to the alternative solution of using a terres-
trial laser scanner (TLS), photogrammetry offers somewhat
higher resolution and precision, requires less equipment to be
brought into the field, and is much cheaper – but is more de-
manding with respect to data processing (cf. Westoby et al.,
2012). TLS would require several scan positions in order to
image outside/inside of sorted circles margins. Direct com-
parison of field data acquisition and DEM quality has been
done by Westoby et al. (2012) and James and Robson (2012),
who find SfM technology to be faster in the field and of simi-
lar quality. However, TLS could have provided similar results
as SfM in our study. Kociuba et al. (2014) provide a good
impression of TLS results that can be achieved over stone
circles.

4.2 Microrelief

While interpreting our results about the surface kinematics
of three sorted circles, two significant uncertainties regard-
ing temporal scale have to be considered, and these apply to
this entire discussion. First, we observe these kinematics over
3 yr, which is a short time period compared to the evolution
timescale of the circles (e.g.> 100 yr from our streamline
estimate). Thus, it is unclear to what extent the 3 yr devel-
opment measured is representative of the processes forming
and maintaining the circles at longer timescales. Second, our
change detection is based on photographs taken at two dates
in Augusts, when the active layer is not at its deepest – judged
from the degree-day sum at the time of photography com-
pared to the total sum of the respective years (Fig. 4). The
states of the surface of the study circles when photographed
in 2007 and 2010 are therefore not representative of aver-
age annual conditions or even of average August conditions,
and they may differ from one another. Short-term dynamics
directly related to seasonal fluctuations in topography (from
frost heave and thaw settlement processes) as well as stochas-
tic variations in weather conditions are not picked up by our
measurements.

With these restrictions, the initial geophysical finding in
our study is that the microrelief of the circles is not stable
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through time. We observe an increase in relief, i.e. the eleva-
tion difference between the highest and lowest points, during
the measurement period of on average∼ 1.5 cm yr−1, with
increasing (∼5 mm yr−1) or stable elevation in the centres of
the fine domains and on parts of the gravel rings, whereas
large areas of the fine domains, and especially the conflu-
ence between the coarse and fine domains, subside at rates
of up to 1–1.5 cm yr−1 (relative between 2007 and 2010).
This observation is counterintuitive with respect to the sim-
ilar visual appearance of the sorted circles with highly dif-
fering ages across different areas on Kvadehuksletta (Hallet
and Prestrud, 1986), and is in disagreement with the basic as-
sumption of long-term stable microrelief on which previous
works (Hallet and Prestrud, 1986; Hallet et al., 1988; Hallet,
1998) have based their calculations of vertical soil veloci-
ties. As a steadily increasing microrelief is not sustainable
in the long run, this suggests that, on shorter timescales of
several years, the microrelief is able to change of the order
of cm yr−1 but seems to be systematically regularized over
longer timescales.

Our data cannot determine whether the changes in mi-
crorelief could be caused by stochastic variations in year-
to-year climatic conditions or are part of a long-term trend.
There are no special events in the weather data from Ny-
Ålesund during this period or in permafrost temperature data
from Janssonhaugen in Adventdalen, close to Longyeardalen
(Fig. 4). The degree-day sum at the time of photography,
however, was larger in 2007 than in 2010. As the microre-
lief decreases from the onset of thawing (snowmelt) from
its maximum freezing inflation (Hallet, 2013), this could
indicate that the microrelief was already more degraded at
the time of photography in 2007 than in 2010. Active-layer
monitoring data from Svalbard suggest that increasing active
layer thickness during the recent decade (Christiansen et al.,
2010; Marsz et al., 2013) and the extremely warm winter–
spring of 2005–2006 (Isaksen et al., 2007a) could also have
altered ground conditions for years.

Also, the observed increase in slope within the inner do-
main, which is associated with the increase in microrelief,
could, for instance, be compensated for over time by in-
creased outward transport during high soil moisture con-
ditions, or changes in the magnitude and pattern of frost
heaving and settling. Our findings suggest significant spatio-
temporal variations of the controlling processes within a
timescale of a few years.

The general agreement between displacement direction
and surface aspect (Fig. A4, Appendix) together with the lack
of correlation between displacement rates and slope on the
fine domains (Fig. A3) suggest, at least over our observation
period, that gravitation can only explain to a limited extent
the motion pattern found on the fine domains and that the
slope there is thus not, or only to a limited extent, a driver of
surface motion. In fact, it is the upwelling of soil that governs
horizontal surface displacements and microrelief/slope. This

is in agreement with the basic concepts behind the Kessler
and Werner (2003) model.

4.3 Horizontal displacement field

The general surface velocity fields revealed in our data are
similar to those derived from the existing point-based data
(Hallet and Prestrud, 1986; Hallet et al., 1988; Hallet, 1998)
and from the model by Kessler and Werner (2003). How-
ever, there are two important deviations. First, Kessler and
Werner (2003) model fine-domain surface displacements as
proportional to surface slope. The displacement fields of the
three fine domains we investigate are, however, not closely
related to slope (Fig. A3). In some sections, velocity vec-
tors even point slightly upslope (Fig. A1). These deviations
from predictions could easily be due to our slopes being un-
representative of the slopes when lateral soil displacements
are largest early in the thaw period, and due to the large sea-
sonal changes in microrelief and slope during the thaw sea-
son. Hallet (1998, 2013) report frost heave during autumn of
up to 10 cm in the centre of the fine domain, and differential
frost heave could then easily invert part of the relief during
winter and early summer.

Second, the difference we find in dynamic behaviour be-
tween neighbouring circles (of similar visual appearance) is
striking and unexpected. In the southern circle, fine domain
displacement is mainly at the lower detectable limit. The
middle circle best displays surface velocity vectors point-
ing radially outwards from roughly the centre, in accor-
dance with model predictions, but this origin of displace-
ments surprisingly does not coincide with the highest topog-
raphy within the fine domain (Fig. A1). Again, the August
2007 and 2010 elevation models are not likely to be repre-
sentative of the topography during the period when largest
seasonal displacements take place.

The general increase in displacement rates on the fine do-
mains from the southern (∼3–4 mm yr−1) to the northern cir-
cle (∼2 cm yr−1) correlates with the proximity of the circles
to the lake (Figs. 1 and 2) and could thus be due to higher
soil moisture and water availability. In fact, in the study area
(Fig. 2), circles closer to the lake are larger and partially
joined with neighbouring ones, which might point to higher
activity of these circles compared to those at a greater dis-
tance to the lake.

For the fine domain of the middle circle we find, by aver-
aging all displacement vectors, an overall trend towards east
(∼ 3 mm yr−1) and thus net surface mass transport in this
direction. The fine domain of the northern circle, however,
has velocity vectors generally pointing towards south-west
(∼ 5 mm yr−1). (Uncertainties of absolute georeference, un-
certainty of displacements on the gravel rings, and the speeds
on some zones of the fine domain are all too high in order to
be able to compute a meaningful overall displacement of the
three circles.)
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Considerable complexity is evident in the 3 yr lateral dis-
placements; given the roughly circular geometry of the pat-
terned ground, the considerable motion in non-radial direc-
tions is surprising. For example, along the western gravel
ring of the northern circle, displacements parallel the border,
and displacements in the fine and gravel domains converge
almost at right angle. A similar convergent displacement field
is found on the western side of the middle circle. Our obser-
vations that, in places, stones move downslope at an angle to
the maximum slope suggest significant border-parallel dis-
placements (see also Fig. A4), which is consistent with the
model by Kessler and Werner (2003).

Hallet (2013) found that over a period of 9 yr, displace-
ment rates on the fine domains increase radially from the
circle centre but decrease again after roughly two-thirds of
the radius towards the fine–coarse boundary (cf. Washburn,
1989). At many sections of the fine domains, our results also
show such a radial pattern, but clearly with strong spatial
variations (Fig. A2). It is important to note, however, that the
measurements by Hallet (2013) were based on stiff rods an-
chored at a depth of 0.2 m, whereas we measure pure surface
displacements.

4.4 Soil convergence/divergence

The strain rate computations (Fig. 11, Table 1) enable scenar-
ios about the soil motion processes. Assuming that zones of
horizontal divergence indicate zones of soil upwelling, and
vice versa, surface areas of both types of vertical soil motion
are roughly equal for the fine domains. The average horizon-
tal extensions or compressions on the fine domains are∼ 2–
3 %. The sum of strain rates for each of the three fine domains
is remarkably close to zero (Table 1, column 9). This means
that the associated soil fluxes are roughly in balance for the
fine domains (cf. Washburn, 1989) when neglecting soil den-
sity changes over time and spatial variations of the thickness
of the horizontally moving layer.

Further under these above assumptions, the northern fine
domain seems to have the largest soil turnover, the south-
ern one the smallest. For a 10 [20] cm thick horizontal layer
moving with surface velocities (cf. Hallet, 2013), the north-
ern, middle and southern circles have a soil volume turnover
of ∼ 4000 [8000] cm3 yr−1, ∼ 2500 [5000] cm3 yr−1 and
∼ 1500 [3000] cm3 yr−1, respectively. On average over all
three fine domains, these numbers equal to a vertical soil vol-
ume turnover of∼ 0.12 [0.25] m3 m−2 100yr−1. For a 25 cm
thick horizontally moving top layer and a total depth of con-
vecting soil of 1 m (Hallet, 2013), we estimate an average
cycling time of soil of∼ 300–400 yr, slightly lower than pre-
vious estimates (Hallet, 2013). Assuming a decrease of hori-
zontal displacement with depth, as in fact observed from the
tilt of vertical rods (Hallet, 2013), would, however, decrease
the soil volume turnovers and increase the cycling times es-
timated. For horizontal speeds decreasing linearly to zero at
20 cm depth (i.e. average speed is half that of surface speed),

the above scenario of a 10 cm block-like lateral surface mo-
tion might thus be a realistic one for the circles studied, and
more than doubles the cycling times to∼ 800 yr.

Due to the more erratic movement of stones on the gravel
rings, strain rates cannot be computed reliably enough for
significant parts of them. However, based on some sections,
we estimate a similar rate of volume turnover compared to
the fine domains, and thus the above estimates for turnover
per m2 and century also hold roughly for the entire circle
areas observed.

The two general positions of cracks on the circles – those
on the gravel ring tops and those on the fine domains – are
mostly in areas of extensive flow, as was expected (Fig. 11).
As was also expected, the orientation of the cracks on the
gravel rings is perpendicular to the direction of maximum ex-
tension. There is, however, no such clear relation on the fine
domains, where some cracks are perpendicular to the direc-
tion of extension and some not. This could be a further hint
that the 3 yr horizontal displacement field on the fine domains
in particular is not fully representative of average long-term
displacements. Also, the cracks on the fine domains could be
related to vertical processes that are not directly reflected in
our 3 yr displacements and elevation changes, such as frost
heave and subsidence, or upwelling of material. The same
cracks are visible both in 2007 and 2010, and should thus
reflect processes operating on a timescale larger than 3 yr.

5 Conclusions

We apply for the first time structure-from-motion technol-
ogy (SfM) to periglacial patterned ground based on repeat
terrestrial photography. This way we measure horizontal and
vertical components of 3 yr surface displacements over three
sorted soil circles at Kvadehuksletta, Spitsbergen, with an ac-
curacy of a few millimetres. Our results confirm the consid-
erable potential of SfM for in situ studies of cryospheric and
geomorphological surface processes, and specifically that it
is possible to extract high-resolution 3-D surface displace-
ment patterns of patterned-ground features, even over rela-
tively short timescales. The error estimates for vertical preci-
sion of the models are of the order of±6 mm, which is well
below the actual relative displacements revealed for large
parts of the investigated area.

Our results for horizontal displacements with rates of up
to 2–3 cm yr−1 for both the fine domains of the circles and
the gravel rings around them overall confirm previous point-
based observations and inferences (Hallet et al., 1988), and
model predictions (Kessler and Werner, 2003) of a radial
convection cell-like circulation of inner parts and comple-
mentary circulation in the outer rings (Fig. 3). Also in agree-
ment with prior observations and results from this model,
high values of image correlation between the two measure-
ment epochs, as well as visual inspection of the repeat or-
thoimages, point to highly coherent surface deformation on
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the fine domains; in contrast, image correlation values on the
gravel ridges are lower due to stones or groups of stones slid-
ing or tipping individually. However, over the observational
period the velocity pattern found is less homogenous than ex-
pected from past observations and model results. Consider-
able complexity is evident in the 3 yr lateral displacements.
Given the regular round geometry, which is often the strik-
ing characteristic of sorted circles, the considerable motion
in non-radial directions is somewhat surprising. On the other
hand, it would help account for asymmetric development of
circle shapes, as indeed also found in nature (Figs. 1 and
2). The asymmetric displacement fields, in particular on the
northern circle, are the only potential sign of convergence be-
tween neighbouring circles that we find. The uncertainty in
absolute georeference of our measurements and in defining
the boundary between fine domains and gravel rings, even
on the centimetre level, turned out to be too large to detect
changes in circle shapes at a statistically significant level.

Microrelief on the circles is larger in 2010 than in 2007,
with relative elevations stable or slightly rising by up to
0.7 cm yr−1 in the circle centre and on the inner slopes
of the gravel rings, but lowering by up to 1.5 cm yr−1 at
the outer parts of the fine domains and the directly adja-
cent lower portions of the gravel rings (Fig. 3). The short-
term change in microrelief found cannot be sustained over
longer timescales as slopes would soon oversteepen and
the relief would quickly diverge from the relatively consis-
tent, low relief characteristic of sorted circles. Thus, the ob-
served changes in topography suggest transient complexi-
ties in space and time in addition to a longer-term stable
convection-like circulation of material. Our observation pe-
riod is too short to allow further conclusions to be drawn
about these complexities.

The sum of horizontal strain rates on the fine domains av-
erages to approximately zero, roughly confirming that the
soil convection within the stone circles is in equilibrium. Re-
lated soil turnover is roughly 0.1–0.2 m3 m−2 100 yr−1 with
a cycling time of the total soil volume of several hundred
years, in line with earlier estimates.

Our measurements confirm model findings by suggesting
that the soil convection drives the horizontal surface dis-
placements and the microtopography. The areas where the
relative elevation rises are areas where modelled soil move-
ment has an upward component (Kessler et al., 2001). Ac-
cording to this model, increasing surface relief is consistent
with increasing the rate of soil convection within the sorted
circles. Such an acceleration in soil circulation may have im-
portant implications, as it may tend to increase sequestration
of soil organic carbon (Bockheim, 2007) and thus act as a
negative feedback in a global warming scenario. Our calcula-
tions also show that the vertical soil motions associated with
the convergence–divergence pattern measured at the surface
are of the same order as the changes in microrelief found, and
that increasing surface strain associated with increasing soil
turnover is thus able to again regularize previous changes in
microrelief.

The notable changes in microrelief of the investigated
sorted circles as well as the inhomogeneous horizontal dis-
placement field suggest that our study should be followed
up, using the same methodology, by both more long-term
year-to-year monitoring and more short-term measurements
within freezing and thawing seasons. Ideally, these measure-
ments should be complemented by supporting observations
on subsurface conditions and motions, such as those by Hal-
let (2013). Such observations could include the vertical pro-
file of lateral displacements, vertical soil motions, moisture
conditions, soil thermal conditions, and spatio-temporal vari-
ations in active layer depth and freezing front. Also, the vari-
ations in displacement fields at scales larger than a single cir-
cle suggest that such monitoring should include a larger area.
Drawing conclusions about absolute horizontal and vertical
changes of the circles requires better georeference accura-
cies than were achieved in this test study, which can be done
using centimetre-precision instruments and surveying strate-
gies, and/or longer observation times.
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Appendix A

Figure A1. Details of displacement field and topography of north-
ern (left panel) and middle (right panel) fine-domain centres. Fine–
coarse boundaries appear only in corners of the sections shown. El-
evations are colour-coded (2007 elevations; 2010 elevations give a
similar picture) and in addition indicated by 1 cm contours (white
lines). Elevation range in both sections∼ 10 cm. Displacement vec-
tors have 5 cm spacing and magnitudes of up to 2 cm yr−1. Back-
ground: hillshade of 2007 DEM. Displacement vectors point ups-
lope in some areas, and they cross some of the cracks, indicating
partial advection of cracks.

Figure A2. Displacement magnitude 2007–2010 on all three cir-
cles. Erratic displacements have been filtered out following Heid
and Kääb (2012). Background: hillshade of 2007. See Supplement
for animated GIFs of the 2007 and 2010 orthoimages.

Figure A3. Ratio between displacement magnitude (cm yr−1) and
tangent of slope. Typical ratios on the inner slopes of the gravel
rings are 1–3; typical ratios on the fine domains and the ring tops are
around 7 (green colours); at places ratios of 20 to 50 are found (red
colours). Furthermore, would yellow colours not be around 15 or
so? It is not clear what the relation to 7 is. Please make this clearer.
The data illustrate the low correlation between slope and displace-
ment magnitude on the circles.

Figure A4.Displacement direction vs. DEM aspect on middle and
northern circles (fine domains and gravel rings). Trend indicated by
dashed line (R2 = 0.69). The missing data in the corners are due to
the ambiguity in differences that occur at the transition from 359 to
360◦ = 0◦. Differences larger than 180◦ have been subtracted from
360◦ to arrive at angles smaller than 180◦.
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Abstract. Acquiring data to analyse change in topography
is often a costly endeavour requiring either extensive, poten-
tially risky, fieldwork and/or expensive equipment or com-
mercial data. Bringing the cost down while keeping the pre-
cision and accuracy has been a focus in geoscience in recent
years. Structure from motion (SfM) photogrammetric tech-
niques are emerging as powerful tools for surveying, with
modern algorithm and large computing power allowing for
the production of accurate and detailed data from low-cost,
informal surveys. The high spatial and temporal resolution
permits the monitoring of geomorphological features under-
going relatively rapid change, such as glaciers, moraines, or
landslides. We present a method that takes advantage of light-
transport flights conducting other missions to opportunisti-
cally collect imagery for geomorphological analysis. We test
and validate an approach in which we attach a consumer-
grade camera and a simple code-based Global Navigation
Satellite System (GNSS) receiver to a helicopter to collect
data when the flight path covers an area of interest. Our
method is based and builds upon Welty et al. (2013), show-
ing the ability to link GNSS data to images without a com-
plex physical or electronic link, even with imprecise cam-
era clocks and irregular time lapses. As a proof of concept,
we conducted two test surveys, in September 2014 and 2015,
over the glacier Midtre Lovénbreen and its forefield, in north-
western Svalbard. We were able to derive elevation change
estimates comparable to in situ mass balance stake measure-
ments. The accuracy and precision of our DEMs allow detec-
tion and analysis of a number of processes in the proglacial
area, including the presence of thermokarst and the evolution
of water channels.

1 Introduction

High spatial and temporal resolution surveys produced by
structure from motion (SfM) photogrammetric techniques
are emerging as powerful tools for studying geomorphologi-
cal objects such as glaciers, moraines, and landslides. Mod-
ern software and large computing power allow us to produce
accurate and detailed data from relatively low-cost surveys
that can be conducted with little planning. In this study, we
present a method to take advantage of light-transport flights
to collect imagery for precise digital elevation model (DEM)
and orthoimage generation, to be used in geomorphological
analysis.

The typical SfM pipeline (Fig. 1) produces a georefer-
enced DEM and orthoimage from input imagery and geolo-
cation data (Snavely et al., 2008; Niethammer et al., 2010;
Westoby et al., 2012; Kääb et al., 2014; James and Robson,
2014; Ouédraogo et al., 2014; Tonkin et al., 2015; Nolan
et al., 2015; Galland et al., 2016; Eltner et al., 2016). Typ-
ically, the camera’s intrinsic parameters (sensor and optics)
are determined first, along with the relative camera loca-
tions and pointing angles from the photogrammetry itself.
Then, by combining this information with surveyed camera
position (from embedded GNSS data) and/or ground con-
trol points (GCPs), an accurate georeferenced reconstruction
of the terrain is generated through dense multi-view stereo
matching.

Our method exploits the malleability of SfM photogram-
metry, compared to classical photogrammetry, regarding
flight path and aircraft stability. In this study, we test and val-
idate an approach to attach simple cameras and consumer-
grade GNSS devices to an aircraft on other missions, with
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Figure 1. Standard SfM photogrammetry processing workflow.
Green boxes are processing steps and grey boxes are products.

the aim of collecting data when the flight path is over an area
of interest. This paper is motivated and grounded in the con-
cepts introduced in “Cameras as Clocks” (Welty et al., 2013)
and herein we aim to present a practical, hands-on applica-
tion, assessment, and improvement of these concepts within
SfM photogrammetry. In addition, we aim to generate accu-
rate DEMs without the use of GCPs, as these may not be
available at high enough precisions over regions covered by
opportunistic flights. The novelty in the method lies in the
way the GNSS information is connected to the imagery, with-
out the physical or electronic link typically found in high-
precision purpose-built hardware. The virtual absence of as-
sociated costs allows for failed trials and the collection of a
surplus of images that could also be used for other projects if
properly archived.

We first present our generic method and then our test area
and the specific survey (data acquired, specific equipment
used, data processing, and additional data sets for compar-
ison). We use this method to generate two DEMs from our
low-cost equipment. The accuracy of the generated DEMs
is analysed based upon comparisons with professional sur-
veyed DEMs. DEMs are compared in regions considered
stable and statistics are used for quantifying their accuracy.
In summary, we aim to show the improvements gained by
including a few additional steps within the common SfM

pipeline. We close with a brief initial geomorphological anal-
ysis and interpretation conducted from our products.

The geomorphological research goals are to detect and
quantify surface changes of glacial and pro-glacial sur-
faces. In particular, the measurement of glacier geodetic bal-
ance from glacier elevation changes complements traditional
in situ measurements of mass balance (e.g. Zemp et al., 2010;
Andreassen et al., 2016), for instance by detecting bias in
the in situ estimates and providing basis for calibrating or
correcting such biases (Zemp et al., 2013). Associated with
glacier wastage and climatic change, a number of other ge-
omorphological processes occur in the pro-glacial environ-
ment, for example related to buried ice, frozen ground, and
hydrological processes. In this study, we present methods for
easily collecting DEMs over glaciers and the surrounding ter-
rain, for example, combined with annual mass balance sur-
veys that often require helicopter or fixed wing transport.

2 Generic method

2.1 Acquisition hardware and flight plan

The first step is data acquisition, following the general prin-
ciple that it should allow opportunistic data gathering. The
associated hardware list and flight path recommendation pre-
sented below is not specific; rather, it includes the key char-
acteristics that should be satisfied. The actual equipment used
for our study is described in Sect. 4.1.

Cameras: the cameras and lenses used should be easy to
attach to any potential aircraft (or come with mounting kits),
be weather-resistant, have good battery life, have good image
quality (reasonably sharp, good dynamic range, and low elec-
tronic noise), and have an integrated time-lapse function. The
characteristics of a specific camera might make it adapted for
a certain survey and not another.

GNSS: a low-cost consumer-grade code-based GNSS re-
ceiver can be used for this method (e.g. a Garmin-style hand-
held hiking GPS). It must be able to log positions at a rela-
tively high frequency (1 Hz is an acceptable value).

Aircraft: by definition, control over the type of aircraft is
limited in our opportunistic method. The aircraft just needs
to have space to securely attach the camera in an adequate
position (i.e. the camera should look straight down, and have
a free view to the survey object), and there should be a place
for the GNSS tracker where signal reception is acceptable.

Flight trajectory: for this method to work, the flight trajec-
tory cannot be a straight line at constant speed. Indeed, the
process described in Sect. 2.3 is based on the fitting of two
independent estimate of the trajectory of the flight and fitting
a line to a line has a degree of freedom that cannot be solved.
If a typical photogrammetric flight path composed of several
lines of flight is not an option (because of legal restrictions or
time constraints for instance), a zigzag in the trajectory or a
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couple of gently banked turns should give enough geometry
to the acquisition for the method to perform.

2.2 Data processing workflow

Once data are acquired, they are processed through a typ-
ical SfM photogrammetric pipeline (see Fig. 1). We use
the free and open-source integrated photogrammetric library
MicMac, developed at the French National Institute of Ge-
ographic and Forest Information (IGN) (Pierrot-Deseilligny
and Clery, 2011; Pierrot-Deseilligny et al., 2016; Pierrot-
Deseilligny, 2016). MicMac is a highly versatile tool in
which the user is in control of the processing parameters
and can check intermediate results, such as the calibration of
the cameras, the relative camera positions, and the residuals
of the absolute orientation transformation. Such capability
is crucial for our method because the georeferencing infor-
mation acquired by the (not quite embedded) GNSS system
needs to be linked to the images through the non-trivial pro-
cess discussed below.

2.3 Link between the cameras and the GNSS tracker

To estimate absolute camera positions, each picture must be
linked to the GNSS track. This should be possible to do
by using the time tag in the images’ metadata and match-
ing it with the position recorded in the GNSS log for that
time. However, camera clocks are neither precise nor accu-
rate (Welty et al., 2013). Typically, time is only recorded
with a 1 s precision (some higher-end cameras do embed a
tag called SubSecTimeOriginal that provide sub-second time
stamps, with varied level of precision).

2.3.1 Existing solution to the problem

In Welty et al. (2013), the issue of absolute accuracy
(GNSSTime 6= CameraTime) is tackled by assessing the time
offset between the GNSS tracker clock and the camera clock
(DelayGNSS-Camera) :

Timei = DelayGNSS-Camera+TimeEXIFi, (1)

where Timei and TimeEXIFi are, respectively, the estimated
time of acquisition and the recorded EXIF time tag of im-
age i. The parameter DelayGNSS-Camera can be easily esti-
mated by taking a picture of the screen of the GNSS receiver,
by comparing the time displayed on the GNSS receiver im-
age to the time stamp in the image metadata, or by setting
the camera time as accurately as possible shortly before the
flight, such that DelayGNSS-Camera ≈ 0. Of course, both meth-
ods only yield an approximate value that is, for instance, only
as accurate and precise as the GPS receiver display. The ac-
tual value needs to be refined further.

This refinement is performed by minimizing the root-
mean-square (RMS) difference between the fitting of the
camera’s relative positions, as solved from the SfM pho-
togrammetry, to the simulated camera positions along the

GPS track assuming different values of DelayGPS-Camera. For
each set of such simulated positions, a seven-parameter trans-
formation is computed:

wL= λ×wRrs×
(rsL−wCrs

)
, (2)

where wCrs, wRrs, and λ are the translation vector, rotation
matrix, and scaling factor between the relative and absolute
coordinate systems, and rsL and wL are the coordinates of a
point in the two systems. The parameters computed through
least-square adjustment provide the best fit between the two
trajectories, and the distances between the simulated posi-
tions and the positions resulting from the adjusted transfor-
mation provide an estimate of the accuracy of the simulated
positions. The fitting error between the position of each point
in the time-fitted GPS data and the final estimated camera po-
sition is used as the quality indicator and the solution yielding
the lowest error provides the value of DelayGPS-Camera.

2.3.2 Improvement of the method

An additional consideration is that even if we could expect a
camera time-lapse mode to take pictures regularly, it is hardly
the case. We performed in-lab measurements on a static Go-
Pro H3+BE pointed at a 60 Hz screen displaying a timer with
0.01 s precision, using a sufficiently fast memory card to pre-
vent the camera’s buffer from filling, and found a 0.1± 0.1 s
variation in the actual lapse time between two pictures, for
the constant lapse time programmed in the camera. If the
memory card is not fast enough to write a constant flow of
images, the buffer of the camera often gets filled, yielding
additional irregular delays on the time between images (up to
one extra second in our case). Plotting TimeStampexpected vs.
TimeStampEXIF–TimeStampexpected (the deviation from the
expected time stamp) shows jumps of 1 s every time the ac-
cumulated delay exceeds 1 s (visible in the red line in Fig. 3)
as well as irregularly spaced jumps when the buffer gets filled
(visible in the blue line). The method presented by Welty
et al. (2013) does not solve for sub-second variations or error
in the EXIF time stamp, which can lead to local strains on
the solution proportional to the flight speed.

Given that the EXIF time stamps can not be trusted, an
estimate of the delay between the camera clock and the GPS
clock for the first image (DelayGPS-Camera0) as well as the
actual lapse times are needed to approximate the time stamp
Timei at sub-second precision for each picture. We therefore
need to find the parameters in

Timei = DelayGPS-Camera0+TimeEXIF0+ T0−i, (3)

where TimeEXIF0 is the camera clock for the first image
and T0−i the time between the acquisition of the first pic-
ture and the ith picture. T0−i need to be estimated robustly
in cases where the lapse times are inconsistent. By per-
forming a piecewise linear regression in the ImageNumber
vs. TimeStampEXIF space, we can estimate the drift of the
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Figure 2. Mean residuals in x, y, and z and Cartesian distance D of differences between raw GPS positions and SfM-reconstructed relative
positions, as a function of different start-time DelayGPS-Camera0 offsets between GPS and camera. Search area (a) from −3.5 to +3.5 s in
0.5 s increments and (b) from 1.5 to 3.0 s in 0.1 s increments. The best value is found at ≈ DelayGPS-0 = 2.3s. Note that the z coordinate is
nearly independent of DelayGPS-Camera0 because the flight used here was mostly at a constant altitude.

sub-second camera time between each image. The value of
DelayGPS-Camera0 is then estimated in the same way as in
Welty et al. (2013). Figure 2 shows the mean residuals of
such a fit as a function of different DelayGPS-Camera0 values
in our 2015 survey (Sect. 4).

3 Study area

Our study area is in the vicinity of the Ny-Ålesund research
base, in northwest Svalbard (78◦53′ N–12◦03′ E; Fig. 4).
Ny-Ålesund is characterized by a comparatively mild but
nonetheless Arctic climate, with a mean annual temperature
of≈−6 ◦C (Førland et al., 2012), and continuous permafrost
up to ca. 400 m thick (Liestøl, 1977; Humlum et al., 2003).
Glaciers cover ca. 60 % of Svalbard’s land area and com-
prise a variety of ice caps, tidewater glaciers, valley glaciers,
and cirque glaciers. Svalbard glaciers are typically polyther-
mal (Björnsson et al., 1996), with a temperate accumula-
tion area and cold marginal areas, where the ice is frozen to
the bed. This thermal regime gives rise to glacier–marginal
land systems in which the glacier’s forefield is underlain
by permafrost and remnants of glacier ice from previous
glacier advances (e.g. Etzelmüller and Hagen, 2005). Ice-
cored moraines predominate and are at present in different
stages from stable to areas experiencing downwasting and
thermokarst processes (e.g. Etzelmüller, 2000).

Our study site is Midtre Lovénbreen, a well-studied glacier
with a wealth of historic data. It is ≈ 5 km2 and is situated in
a north-facing catchment on the Brøggerhalvøya peninsula.
Midtre Lovénbreen has one of the longest continuous mass
balance records in the High Arctic (Hagen and Liestøl, 1990;
Kohler et al., 2007). As part of the long-term mass balance
monitoring, the glacier has a system of stakes frozen into
the ice. Precise positions of these stakes have been measured
using dual-phase GNSS equipment biannually since 1999.
The glacier forefield of Midtre Lovénbreen comprises a large

Figure 3. Differences between expected time stamps of pictures for
a 30 min period with a lapse time of 1 s and the EXIF time stamp re-
covered from the first 1800 images of a GoProH3+BE. Results are
either for a relatively slow micro-SD card (64 GB SanDisk Ultra
microSDXC Class 10 UHS-I) or a fast card (32 GB SanDisk Ex-
trem Plus microSDHC UHS-I/U3). The fast card diverges by only
2 s after 30 min, while the slow card diverges by 134 s at a visibly
irregular rate.

moraine system, with some parts potentially underlain by ice
(Tonkin et al., 2015). The study area provides an ideal test
site for our work since a helicopter is required to access other
glaciers nearby and is typically available in late summer and
early autumn. Thus we are able to hitchhike on these flights
with our simple camera set-up, described in detail below.

4 Data and methods specific to the case study

4.1 Data acquisition

Two test surveys (15 and 3 September 2015) were conducted
over the glacier and its forefield during routine helicopter
flights to other nearby areas. Having surveys on 2 consecu-
tive years allowed us to check the repeatability of the method
as well as its ability to detect annual changes.
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Figure 4. Location of Midtre Lovénbreen on Svalbard (map from http://toposvalbard.npolar.no/) and a 2010 orthoimage of the area.

Figure 5. Sample images from our surveys (left: 2014; right: 2015).

The two surveys were conducted under very different
weather conditions, which led to distinctly different glacier
surfaces (Figs. 5 and 9):

– In 2014, there is a thin layer of fresh snow on the ice
and ground. There are long, sharp shadows due to clear
skies and the low sun angle of late September at this
high latitude.

– In 2015, there is no snow yet, so the images show bare
ground and ice. There are no shadows due to overcast
conditions on the day of the survey.

The different light conditions led to different camera set-
tings. The surface brightness during the 2014 flight made the
camera choose an average exposure time of 1/1500 s, while
the darker conditions in 2015 led to an average exposure time
of 1/500 s. It is questionable whether this was sufficiently

fast to avoid motion blur, and thus the 2015 survey images
may contain a slight rolling shutter distortion; that is, images
are stretched in the y axis, corresponding to the flight direc-
tion.

The aircraft used was an Eurocopter AS350 helicopter.
The camera is easily attached to the cargo swing with stan-
dard action-camera accessories (green marker in Fig. 6). We
acquired data by making a detour on flights going to a neigh-
bouring glacier. The 2015 acquisition was performed in par-
allel with an IceCam survey (Sect. 4.4.2). The surveys took
about 10 min each, flying at average altitudes and speeds of
1500 m and 35 m s−1 in 2014, and 1100 m and 50 m s−1 in
2015.

For our camera, we used a GoPro Hero 3+ Black Edition.
At a relatively low price, it offers durable construction, de-
cent image quality, and a variety of accessories for attaching
to an aircraft’s under-body, landing gear, carrying latch, or
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Figure 6. Garmin GPSmap 60CSx, Eurocopter AS350 (picture taken in Ny Ålesund, right before take-off in September 2014), and GoPro
H3+BE.

Table 1. Statistic summary of the image parameters.

Parameter 2014 survey 2015 survey

Focal 2.8 mm (35 mm eq : 15 mm) – fish-eye

Aperture f/2.8

ISO 100

Exposure time 1/1774± 1/426 s 1/596± 1/289 s

Mean GSD 0.56 mpixel−1 0.40 mpixel−1

Blur 0.07± 0.03 pixel 0.63± 0.27 pixel

other locations. In addition, it offers a wide field of view that,
at the cost of fish-eye distortion, ensures good coverage of
the whole area of interest. Fish-eye lenses are typically hard
to calibrate simultaneously within the SfM process from in-
flight nadir images; however, one can perform a calibration
separately (e.g. in the lab or under more suitable geometric
ground conditions) and input it into the orientation step. In a
case such as this study where the topography is very rugged
and its variation is more than half of the flight height, simul-
taneous in-flight calibration (also called auto-calibration) is
actually possible. It should also be noted that the calibration
of a camera is temperature sensitive (especially lower-end
models), which pushes the balance in favour of in-flight cali-
bration. Figure 5 shows sample images from the surveys and
Table 1 gives a statistic summary of the image parameters.
The camera was set in Protune mode and the images do not
display saturation. For both surveys, the camera was set to
take a picture every second.

The GNSS system was a hand-held consumer-grade hiking
GPS device, the Garmin GPSmap 60CSx. After installing the
camera on the helicopter and initializing image acquisitions,
we acquired pictures of the Garmin GPS display showing the
time for about 1 min. Then, prior to take-off, the GPS receiver
was placed in the front of the nose of the helicopter, close to
the lower front window (see red marker in Fig. 6). After the
flight, we again acquired pictures of the GPS time display in
order to calibrate the image acquisition times.

4.2 Processing

Once the images and GPS track were obtained, a visual check
confirmed that the data were good and ready for process-
ing. Because the helicopter flew higher than expected on
both surveys, we were able to crop the image to keep only
the 2500× 2500 pixels around the centre of the GoPro im-
ages, where image quality is best and distortion is mini-
mized, while nonetheless maintaining sufficient overlap be-
tween images. The first part of the SfM photogrammetric
process (automatic tie-point identification, followed by auto-
calibration and computation of camera relative positions and
orientations) was then performed.

Using the methods of Sect. 2.3, a piecewise linear re-
gression estimated the T0−i values measured and the seven-
parameter transformation residual minimization method re-
sulted in estimated values for DelayGPS-Camera0 of 4.7 and
2.3 s in 2014 and 2015, respectively.

Calibration errors are common when performing auto-
calibration using nadir images and may lead to a high-order
bias (or doming effect; e.g. James and Robson, 2014) affect-
ing the precision of the DEM. Therefore, we refined the auto-
calibration through GNSS-guided bundle adjustment using
the camera coordinates computed from DelayGPS-Camera0 and
all the T0−i to constrain the x, y, and z axes, with higher
weights on the z axis since it is the most sensitive to calibra-
tion errors. The z coordinates also vary smoothly along the
flight, and a strong temporal coherence in the GNSS data can
therefore be expected for that component. The residuals for
all images before and after that step are presented in Fig. 7.
From this final orientation and calibration, DEMs and or-
thoimages with 2 m (2014) and 1 m (2015) ground-sampling
distance (GSD) were extracted using the MicMac software.

4.3 DEMs and orthoimages

The above processing resulted in the creation of DEMs and
orthoimages over the glacier and its moraine. However, light
snow cover on the surface during the 2014 flight, especially
in the upper glacier and combined with the bright sunshine
and long shadows, create a high global radiometric dynamic;
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Figure 7. Residuals of the fit between the GNSS-extracted positions and the relative SfM-based orientation of the images, before and after the
GNSS-guided bundle adjustment for the 2015 flight. There is a systematic error in the z axis coming from a misestimated focal length (each
of the four “bumps” in the blue line representing the residuals in the z axis in the upper panel corresponds to a line of flight; Fig. 9). Right-
hand panels show the DEM differences to a reference DEM from 2010. The non-compensated DEM (upper-right panel) has a significantly
stronger dome-shaped distortion pattern. After correction, the magnitude of the doming is less than the precision of the GPS.

Figure 8. Correlation scores for 2014 (left) and 2015 (right) GoPro flights. White indicates perfect correlation, shades of grey imperfect
correlation, and black no correlation. For both surveys, the accumulation area presents lower correlation scores (correlation even failed for
the 2014 survey).

this lead to a limited local dynamic range in the images cap-
tured by the camera. An absence of coherent features made
the correlation phase fail in the upper regions of the glacier
(Fig. 8) for the 2014 survey.

4.4 Additional data sets

To validate our data and perform surface elevation change
analysis, we gathered two additional data sets from differ-
ent sources. Table 2 compiles the key information and Fig. 9
shows the orthoimages and flight paths of all data sets.

Table 2. Characteristic of the products.

Method UltraCam GoPro IceCam

Year 2010 2014/15 2015

GSD 0.25 m 2 m/1 m 0.5 m

Product DEM+Ortho DEM+Ortho DEM+Ortho
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Figure 9. Orthoimages produced for the UltraCam data of 2010 (left), GoPro 2014 (middle), and GoPro 2015 (right). Flight lines are indicated
in red.

4.4.1 UltracamXP 2010

In 2010, the Norwegian Polar Institute (NPI) commissioned
photogrammetric flights over the study area, as part of a
Svalbard-wide photogrammetry campaign. The camera sys-
tem used was a Microsoft Vexcel UltracamXP digital aerial
mapping system (Microsoft, 2016) with a 60/20 overlap.
This professional photogrammetric system is fully integrated
and outputs pan-sharpened images at 0.25 m GSD, with asso-
ciated GPS/INS information. We processed the images with
MicMac to create a DEM and an orthoimage, using the in-
flight GPS information for georeferencing.

4.4.2 IceCam 2015

The IceCam system (Divine et al., 2016) was designed to re-
trieve small-scale sea ice topography. It was flown in Septem-
ber 2015 to assess its use for larger-scale land surveys. The
hardware component of the system comprises two Canon 5D
Mark II cameras, a combined Novatel GPS/INS unit, and a
laser altimeter mounted in a single enclosure outside the he-
licopter. The altimeter has a limited range and could not be
used for this survey. The images were also processed with
MicMac in a similar way as the UltracamXP 2010 data set,
creating a DEM and an orthoimage, using the in-flight GPS
information for georeferencing.

5 Results and interpretations

5.1 DEM comparisons

First, all DEMs were compared to each other, focusing on
areas with assumed stable terrain (i.e. off-glacier). Because
of the low absolute accuracy of the low-cost code-based
GPS tracker and the remaining errors in the modelled cam-
era capture times, DEM differencing reveals patterns related
to translations and rotations between the DEMs. We co-
registered the DEMs using a modified version of the algo-
rithm of Nuth and Kääb (2011), which incorporates rotations

about the x and y axes, in addition to the 3-D translation:

dh= a× cos(b− aspect)× tan(slope)+ c+ d × x
+ e× y, (4)

where dh is elevation difference, a and b describe the trans-
lation vector amplitude and direction respectively, c is the
mean vertical difference, and d and e are the rotation param-
eters describing a linear plane rotated about the x and y axes.
Translations were typically on the order of a few metres.

To assess the quality of our products and evaluate the im-
provement that can be attributed to the camera time refine-
ments, we compared two 2015 GoPro products with the 2015
IceCam DEM, which is made from images acquired on the
same flight. The first product (Fig. 10, top) is computed with-
out the camera time refinements presented in Sect. 2.3 while
the second (Fig. 10, bottom) includes the refinements. These
differences reveal a standard deviation after co-registration
of for the whole scene of 3.87 and 1.93 m, respectively, for
the unrefined and refined method, after removal of obvious
outliers. These values are however still affected by the re-
maining doming effect mostly seen at the edges of the survey
area, most likely resulting from the imperfect camera calibra-
tion (Figs. 7, 10, left panels). In the lower glacier area, where
correlation is good in both data sets and where the doming
effect only minimally affects the data, the standard deviation
is 1.19 and 0.47 m, respectively, for the unrefined and refined
method. It is quite obvious in the top left panel of Fig. 10 that
the strains imposed by the inaccurate EXIF time stamps cre-
ates a distortion in the model: the DEM difference shows er-
rors in Z coherent with errors inXY in different directions in
different area of the model with a boundary along the centre
of the scene (with negative errors in Z moving from southern
slopes to northern slopes).

We then co-register and difference the 2014 and 2015
DEMs with each other and with the 2010 DEM. A num-
ber of features are visible in our difference maps but the two
main geomorphological phenomena visible in the data are the
thickness change of the glacier and thermokarst processes at
the western lateral glacier moraine. Figure 12 shows profiles
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Figure 10. DEM differences between simultaneous IceCam and GoPro surveys of 2015: top row without refined camera times and bottom
row with refinements. Residual doming is evident even in the refined GoPro survey, as well as areas where either the IceCam or the GoPro
surveys failed to produce useful data because of a lack of texture in the images (fresh snow, for instance). Histograms of the differences, after
removal of outliers (dH> 10 m), are shown to the right for the whole scene and for the glacier only.

of the DEMs and DEM difference maps for both phenomena
(see positions of the profiles on Fig. 11).

5.2 Glacier elevation changes

As part of the Midtre Lovénbreen mass balance program con-
ducted by the NPI, in situ glacier stakes are surveyed and
measured biannually. Differential dual-phase GNSS is used
to measure elevations of the tops of stakes, which are frozen
into the ice surface. Distances to the local ice surface are
measured using a tape from the stake top to a pole lying on
the uneven ice surface, oriented in two positions, to yield an
average elevation of the ice surface in the immediate vicinity
of the stake. The difference between two such measurements
made in autumn represents the change in the ice elevation
over a year, as well as an additional component due to the
movement of the stake downslope. We estimate and remove
the latter by using the horizontal annual velocity multiplied
by the tangent of the slope at the stake, as determined from
the 2010 DEM.

Typically, during glacier retreat, greatest ice loss is at the
glacier tongue, and decreases upglacier. From 2010 to 2015,
the tongue of Midtre Lovénbreen lost up to 14 m of ice thick-
ness. Our 2014–2015 differences reveal significant annual
changes of up to −3 m. Comparison of the DEM differences

Figure 11. DEM difference map of the tongue of the glacier be-
tween 2010 and 2015. In red are the two lines from which profiles
were extracted: “a” for the ice-cored moraine and “b” for the glacier
terminus.
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Figure 12. Profiles extracted from the 2010, 2014, and 2015 DEMs, and DEM differences associated with them. Top is profile “a” from
Fig. 11 and bottom is profile “b”. Blue lines are DEM differences (scale on the left axis) while red and orange are the DEM values (scale on
the right axis; red is the older of the two DEMs).

at the position of the stakes with the stake measurements pro-
vides a completely independent evaluation of the quality and
reliability of our method. Figure 13 shows the position of the
stakes and the observed bias in height difference. The bias
between the 2010 reference data and the 2015 data that we
produced (computed for stakes 1–11) is 0.08± 0.19 m yr−1

while the bias between the 2014 and 2015 flight (computed
for stakes 1–4 only) is −0.61± 0.46 m yr−1. The residual
bias is a combination of the remaining doming of the DEMs
from the imperfect camera calibration (±0.46 m) as well as
the bias from the glaciological stake measurements, esti-
mated to be 0.28 myr−1. The observed trend in bias with ele-
vation in the 2010–2015 difference (Fig. 13) is coherent with
the submergence/emergence of ice with about 0.2 m yr−1 on
the tongue, 0 myr−1 at the dynamic ELA, and −0.2 m yr−1

in the accumulation area.
Since the whole glacier is covered by our 2015 survey,

we can estimate an average glacier-wide elevation change
between 2010 and 2015. The mean elevation change over
5 years at the stake positions is −3.06± 0.46 m with our
method and −3.51± 1.42 m from the stake measurements.
The mean elevation change over the entire surface covered
by the two DEMs is−2.85± 0.46 m. The similarity in point-
based and area-based mean elevation change indicates that

the glacier stake measurements are good representatives of
the changes occurring over the whole glaciers.

5.3 Pro-glacial area

To evaluate the performance of the DEMs produced and
make geomorphological interpretations for the pro-glacial
area of Midtre Lovénbreen, we focus on the following zones:
the left (western) lateral ice-cored moraine, the proglacial
dead-ice area, and the main glacier runoff channel (Fig. 14).

The most prominent elevation differences between the
2010 and 2015 DEMs in the proglacial area can be found
along the left lateral moraine (Fig. 14b). This moraine is,
like many similar ones on Svalbard, ice-cored (Etzelmüller,
2000) and thus potentially subject to thermokarst processes
(Kääb and Haeberli, 2001). In fact, strongest elevation losses
of up to 2 myr−1 occurred at thermokarst lakes and ice fronts
where substantial ice loss occurred over the 5-year period
is observed. Even between the 2014 and the 2015 DEMs
ice melt at the margin of thermokarst lakes and retreat of
ice fronts can be detected, both on the left lateral ice-cored
moraine and at other thermokarst lakes on the proglacial
dead-ice area (Fig. 14b).

Also, other sections of the ice-cored moraine without
clearly visible thermokarst depressions show surface lower-
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Figure 13. Top: position of mass balance stakes overlayed on the DEM difference for 2010–2015 (left) and 2014–2015 (right). Bottom:
height variation at the stake positions according to the DEMs (x axis) versus according to the stake measurements (y axis).

ing of up to 1 myr−1 and more (Fig. 14b). This points to
the fact that the debris cover over the ice deposits is thin-
ner than the local permafrost active layer so that the an-
nual zero-degree isotherm reaches the ice and is able to melt
substantial amounts of it (Etzelmüller, 2000; Tonkin et al.,
2015). The enhanced lowering rates 2010–2015 on the ice-
cored moraine area give a clear spatial pattern, suggesting
that ground-ice contents or debris-cover characteristics could
well be mapped and investigated from elevation changes such
as derived in this study (cf. Tonkin et al., 2015). For this
purpose we also see no difference, regardless of whether the
2015 GoPro or the 2015 IceCam DEM is used. Both reveal
similar results because the actual elevation changes clearly
exceed the combined uncertainty of the respective DEM dif-
ferences to the 2010 UltraCam DEM.

The maximum lowering rates seen over intact debris-cover
on the ice-cored moraine exceed values found by Tonkin
et al. (2015) for 2003–2014 on the lateral moraine/dead-ice
area at neighbouring Austre Lovénbreen, hinting to higher
ice content or thinner debris cover for the western lateral
moraine of Midtre Lovénbreen. Our DEM area also covers
the dead-ice/ice-cored moraine area investigated by Tonkin
et al. (2015) for 2003–2014, and we find a similar pattern and
similar lowering rates as found by these authors (not shown
in Fig. 14).

We also assess changes over the (potential) dead-ice areas
in front of Midtre Lovénbreen (Fig. 14c and d). Besides some
thermokarst lakes growing in the glacier forefield, in which

local lowering rates are up to 1 myr−1 due to expanding lake
shores, surface lowering rates elsewhere seem to be close to
or within the uncertainty of the DEM differences and can be
seen as residual zonal DEM shifts, long-wavelength vertical
distortions, or image stripe patterns. We thus choose to only
interpret local variations in elevation changes that should not
be affected by the above errors with longer wavelengths.

There seem to be not only sections with lowering rates of
up to around 0.1 myr−1 over 2010–2015 but also areas that
seem to change little. Most of the local patterns of eleva-
tion changes coincide with spatial variations in landforms.
For instance, the borders of some (thermokarst?) depressions
seem to erode and thus produce elevation loss. Also, where
the glacier forefield has a rough topography with depressions
and small hills typical for thermokarst areas, a spatially vari-
able pattern of elevation changes is visible. In contrast, where
the glacier forefield topography is more smooth, the eleva-
tion changes also display less spatial variations. In one area
of the forefield there was surface icing present in both 2010
and 2015; DEM differencing showed that the ice accumula-
tion is 1.5–2 m lower in 2015 compared to 2010 (Fig. 14c).
In sum, there is a contrasting pattern of mostly stable or
lowering surface elevations of up to about −0.1 m yr−1 over
the proglacial area that seems to reflect patterns in ground-
ice loss and erosive processes. A detailed quantitative anal-
ysis with the DEMs produced and over the time period in-
vestigated, however, is difficult as a pattern of higher-order
DEM biases of the same order of magnitude overlays the
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Figure 14. (a) Hillshade of the glacier forefield from the 2015 GoPro-derived DEM. Rectangles (b–d) indicate the location of respective
panels of the lower row of the figure. (b) Elevation changes 2010–2015 over a section of the lateral ice-cored moraine with the position of
thermokarst lakes indicated. (c) Elevation changes 2010–2015 over a section of the central forefield with icing. (d) Elevation changes 2010–
2015 over proglacial channels; glacier terminus to the lower left; elevation changes underlain by the hillshade to better indicate channel
positions.

geomorphological signals related to most of the dead-ice
processes present in the glacier forefield investigated. Et-
zelmüller (2000) also investigated elevation changes on ice-
cored moraines and dead-ice areas, but not on Midtre Lovén-
breen. Elevation change rates from 1970 to 1990 are fully in
agreement with our above findings.

As a third landform example we describe elevation
changes 2010–2015 over the main glacier runoff stream
(Fig. 14d). Over its entire reach in the forefield there are el-
evation losses exceeding those on the surrounding areas, of
up to 6 m over the 5-year period, at places where the stream
cut a new path through the moraine material. Lateral chan-
nel erosion of up to 5 m over the 5-year period can be seen
at the margins of steep stream flanks (Fig. 14d). Also, where
the stream area gets wider and more braided in the forefield
we find elevation loss of about 0.5 m over the 5-year period,
more than on the surrounding, roughly stable terrain, and a
loss that is probably due to stream bed erosion during periods
of high discharge. Outside of the glacier forefield, imagery
shows some sediment fan accumulating with new deposits.

Elevation gains at these locations are some tens of centime-
tres, with a spatially consistent pattern, although the change
is not statistically significant with respect to the combined
accuracy of our DEM differences.

6 Conclusions

We present a method to derive high-resolution DEMs and
orthoimages using simple, inexpensive off-the-shelf cameras
and code-based hand-held GNSS receivers mounted on air-
borne platforms. The core of the method is synchronizing
the inaccurate photograph capture times with the GNSS re-
ceiver clock during the SfM processing. By doing so, we re-
frain from requiring accurate GCPs and can generate DEMs
fully automatically without human intervention (i.e. no need
to manually define GCPs). We illustrate this approach over
an Arctic glacier, Midtre Lovénbreen on Svalbard, using op-
portunistic helicopter flights performed for other purposes. In
our case study, we are easily able to detect glacier thickness
changes over a 5-year period, but also over 1 year, although
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the latter results are more sensitive to the small biases result-
ing from the imperfection of the photogrammetric solution.
In comparison to the stake-derived in situ elevation differ-
ences, the higher-order DEM biases are most significant over
1 year but are reduced dramatically when differencing over
many years.

Our results show the potential to derive accurate DEMs
of a glacier from opportunistic flights, for example, as com-
bined with in situ mass balance surveys of the glacier in our
study site. In this manner, the acquisition of DEMs and sub-
sequent DEM differences for deriving geodetic glacier mass
balance is simpler and more easily acquired for those moni-
toring these glaciers. Our methods can help further the ap-
plication of photogrammetry to non-experts needing high-
quality terrain products. As one application scenario, pho-
togrammetric DEMs could be easily acquired as a byprod-
uct whenever helicopter flights are needed to reach a study
glacier or any other field sites.

The strongest limitation to detecting subtle elevation
changes over our 5-year observational period are higher-
order vertical and horizontal biases in the DEMs and thus in
the DEM differences derived. These biases restrict the sta-
tistical significance of the elevation differences to a range
of 0.5–1.0 m, although local patterns of elevation differences
seem significant to values as low as 0.1 m.

Thermokarst processes and general ice loss on the lateral
ice-cored moraine investigated are evident in our results and
can be valuable to map potential and degrading ground-ice
content or potential thicknesses of its debris cover (Tonkin
et al., 2015). Furthermore, other processes such as icing or
erosion in and at the margins of stream channels can be quan-
tified. Small elevation changes in other parts of the forefield
show reasonable spatial patterns and change rates, but quan-
tification of these changes is complicated by the aforemen-
tioned higher-order DEM biases.

Most of the high-order biases visible, such as the doming
effect discussed by James and Robson (2014), can be blamed
on the GoPro fish-eye lens: its calibration is challenging and
the low-quality GNSS data were not sufficient to completely
remove the observed biases. However, the GNSS data still
helped significantly (Fig. 7). It must also be noted that even
if the lens’s field-of-view resulted in a very wide swath, it is
impossible to use the whole image. This is because the view-
ing angle to an object on the side of an image is so different
to that in the middle of an image that it is recognizable nei-
ther in the matching algorithm (which leads to the absence
of tie point detection) nor in the correlation step (which fails
in its area). Our study uses one of the worst types of cam-
era system for photogrammetry, thereby exemplifying some
of the worst-case accuracies that, if already good enough for
some analysis, could be improved with better fitted cameras.
We therefore recommend using a camera with a more con-
ventional lens with less distortion (i.e. a non-fish-eye lens).
Cameras from the Olympus Tough series, Panasonic FT se-
ries, or Nikon AW series are good examples of field-worthy

cameras that can produce better images (for our purpose)
than a GoPro. Even better, higher-end cameras (such as full-
frame DSLR or hybrids like the Sony A7S) are of course
also available, but their use is subject to the willingness of
the owner/user to strap them more or less precariously to an
aircraft.

Finally, even with an optically satisfactory camera, there
is still the inherent problem of correlating images over the
white, contrast-free surface of a landscape covered in fresh
snow, as seen in our test survey in the upper glacier sec-
tions. This will to some extent always be a problem when us-
ing optical imagery, although solutions are being developed,
e.g. increased colour depth or cameras without infrared filters
(Nolan et al., 2015).

Data availability. The original images (ca. 4 GB) and GNSS track
log are available on request to the authors.
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Abstract: The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) system
on board the Terra (EOS AM-1) satellite has been a source of stereoscopic images covering the whole
globe at 15-m resolution with consistent quality for over 16 years. The potential of these data in terms
of geomorphological analysis and change detection in three dimensions is unrivaled and should be
exploited more. Due to uncorrected errors in the image geometry due to sensor motion (“jitter”),
however, the quality of the DEMs and orthoimages currently available is often insufficient for
a number of applications, including surface change detection. We have therefore developed a series
of algorithms packaged under the name MicMac ASTER (MMASTER). It is composed of a tool
to compute Rational Polynomial Coefficient (RPC) models from the ASTER metadata, a method
that improves the quality of the matching by identifying and correcting jitter-induced cross-track
parallax errors and a correction for along-track jitter when computing differences between DEMs
(either with another MMASTER DEM or with another data source). Our method outputs more
precise DEMs with less unmatched areas and reduced overall noise compared to NASA’s standard
AST14DMO product. The algorithms were implemented in the open source photogrammetric library
and software suite MicMac. Here, we briefly examine the potential of MMASTER-produced DEMs
to investigate a variety of geomorphological changes, including river erosion, seismic deformation,
changes in biomass, volcanic deformation and glacier mass balance.

Keywords: ASTER; jitter; orbit; attitude correction; DEM generation; RPC; geoscience; glacier;
volcano; deforestation; earthquake

1. Introduction

The analysis of the change of the Earth’s surface relies on time series of DEMs, which in
turn rely on the high quality acquisition and processing of data. The last few years have seen
an impressive expansion of the operating satellite systems—both optical, such as Pleiades or Worldview,
or microwave, such as TerraSar-X—that are able to produce very high resolution products with minimal
errors, but whose spatial and/or temporal cover is limited [1]. The Terra (EOS AM-1) satellite was
launched in December 1999 on a Sun-synchronous orbit with the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) system on board. For more than 17 years, pairs of
stereo images were collected by ASTER globally at a 15-m resolution in the near infra-red band,
making its data the largest consistent multi-temporal dataset of stereo images available worldwide.
The pairs consist of a nadir-pointing image (Band 3N) and a back-looking image (Band 3B) with
an effective 30.6◦ parallax angle. However, the data are plagued with a high frequency satellite jitter
that induces an attitude perturbation. This jitter yields at least three superimposed sinusoidal signals
in both cross-track and along-track directions in the DEM comparison between the standard DEM
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product (AST14DMO) and the ground truth [2], or between ASTER and QuickBird images [3]. The low
acquisition frequency and limited precision of the GNSS/IMU platform and star camera prevent
the on-board estimation of jitter using the metadata alone. The jitter-induced waves were estimated
by [4] as a combination of waves of 4.6-km and 34-km frequency in both cross-track and along-track
directions. The nadir axis jitter (yaw) is described as not having a significant influence (millimeters).
Proposed causes for this disturbance include the mechanical cooling system, the rotation of mirrors
and movements of the high gain antenna, but a source is yet to be formally identified.

A solution to correct the jitter in the SWIR system (pseudo-nadir, short wave infra-red band) was
proposed by [5] using the very short time delay between the acquisition of Bands S4–S9. A similar
approach was demonstrated in [6] and tested by [7] for the ZY-3 (Ziyuan 3) system. However, it cannot
be applied to correct the ASTER VNIR system (pseudo-nadir and back-looking, green, red and near
infra-red band) since “The VNIR subsystem is free from [band to band] parallax error because a
dichroic filter divides incident light into each VNIR band.” [5]. Furthermore, only one band (near
infra-red) is captured by the back-looking telescope. More recently, [8] presented a method to correct
jitter perturbations in the data acquired by the ZY-3 satellite, relying on a much more modern IMU
system that provides enough information to directly estimate jitter.

Today’s standard DEM product from ASTER is generated by NASA with the SilcAst (http:
//www.silc.co.jp/en/products.html) software and is packaged in the AST14DMO product. Other
available commercial software such as PCI Geomatica or ENVI can also produce ASTER DEMs.
However, none of these products provide a sufficient geometric quality for a number of applications
such as glacier volume change estimation over short periods, the expected change being significantly
smaller than the accuracy of the product (a few meters against ±20 m [9]; see Figure 1 for the DMO
over a sea ice (flat) scene).

Figure 1. AST14DMO product over a fast sea ice scene (AST_L1A_00307072008194108_02012009125352.hdf).
The DEM (A) should be uniformly flat in the sea ice area, but presents large, clearly interpolated
areas and high noise; the data peaks are at several hundred meters; (B) The orthorectified image
(contrast enhanced).

Our objective is to offer a processing workflow that can produce higher quality products for any
ASTER scene. This means that the method cannot rely on the use of Ground Control Points (GCPs) as
suggested by [10–12] or on a ground truth obtained by other methods on stable terrain because such
a ground truth is not consistently available or of sufficient quality (the SRTM mission only covering
60◦ N–56◦ S, for instance). To this aim, we have developed MMASTER (where MM stands for MicMac,
the photogrammetric processing library in which we implemented our work), a DEM processing tool
that does not rely on external data sources, takes into account and corrects the jitter and improves the
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quality and completeness of ASTER DEMs compared to the data included in the AST14DMO product.
The main scientific objective of MMASTER is to provide better and unbiased differences between
DEMs (dDEMs) for topographic change analysis.

In this paper, we first present the MMASTER processing chain in depth, then a number of
examples showcasing the relevance of improved topographic change measurements for a number of
scientific fields, such as landslide and soil erosion, forestry, volcanology and glaciology.

2. Methodology

2.1. General Description

Our aim here is two-fold: first, to produce the best possible DEM from a single stereo pair
(one ASTER L1A scene), then to produce the best possible difference of DEMs (one MMASTER and
another DEM, possibly MMASTER). We start by applying the radiometric corrections provided in the
image metadata. We then estimate Rational Polynomial Coefficient (RPC) models for both images of
the stereo pair. Using the RPC models and the images, we compute the parallax error in the cross-track
direction and estimate the effect of the composition of the jitters of the nadir and back-looking bands
(3N and 3B). We then correct the 3B band so that it is coherent with the 3N band and use the RPC
model and the corrected images to compute the DEM.

For the DEM differencing, the relative offset between the two DEMs and the exact parameters of
the combined jitter effect (frequencies, phase and variation in amplitude) on the DEM are estimated
using the stable terrain and removed from the DEM difference. The final product is a DEM difference
that has low high-frequency noise and is mostly free of the jitter-induced elevation bias. An outline of
this overall method is shown in Figure 2.

Figure 2. General diagram of the process from the raw data to the DEM difference. Green is the DEM
production and red the DEM differencing. Outlined in red are the key novelties.
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Throughout this section, we use the scene AST_L1A_00307072008194108_02012009125352 to
illustrate the different steps of the process. We chose this scene because it is over fast sea ice, as it is
a virtually flat type of surface ([13] reports topography reaching 3 m at most) and has high contrasts
for correlation, thus being a scenario having a perfect built-in ground truth over most of the scene and
not requiring post-processing to display the different improvements.

2.2. From the Raw Data to Images and RPCs

2.2.1. Radiometric Correction and De-Striping of the Images

Each ASTER band is delivered with a calibration of the sensors’ response that is applied to correct
the striping effect created by inconsistent sensitivity of each cell of the line arrays. The calibration
consists of three coefficients per column of each band, describing a linear function to be applied
(see Equation (1)):

Imdestriped(x, y) = β(x) ∗
Imoriginal(x, y)

γ(x)
+ α(x), (1)

where the parameters (α, β, γ) are regularly calibrated in-flight using a halogen lamp that uniformly
radiates light to the sensors [14]. The application of the calibration data is straightforward and greatly
reduces the striping in the images (see an example in Figure 3).

Figure 3. Extract of the VNIR Band 3N of an ASTER scene. (Top left) Original image. (Top right)
After destriping. (Bottom) Mean profile across the x axis for both extracts.

This process is not perfect, however, as the sensors’ response is not perfectly linear and their
aging is degrading the linearity of the response even further. Some residual striping is still present
after correction. A more pressing problem caused by these corrections is the further reduction of the
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already limited 8-bit dynamic range, resulting in important posterization in the highlights and shadows.
Many images do not use the entire available dynamic range (see Figure 4).

Figure 4. Histogram of Band 3N of the Sea Ice scene AST_L1A_00307072008194108_02012009125352.hdf.
Half of the available dynamic range is not used, making the image essentially “7 bits” rather than the
nominal 8 bits.

2.2.2. Computing the RPC

Rational Polynomial Coefficient (RPC) models [15] are functions that replace both the internal
orientation (sensor and optic calibration) and the external orientation (orbit determination and
pointing angles). When provided, they can be used by any software without the need to know
any information about the underlying acquisition system, which made them popular with both
satellite system providers keen on keeping the specification of their system private, as well as software
manufacturers keen on having a multipurpose tool.

The metadata attached to the images contains a number of records for each band of the
satellite position (from 12–16 depending on the scene and the band considered, usually more for
the back-looking image than for the nadir image), to each of which is attached a line of 11 lattice points
in image coordinates (column, row) and geographical coordinates (geocentric longitude and latitude
on the ellipsoid; see Figure 5). In order to be compatible with the coordinate transformation system
and to be able to compute the DEM in cartographic projection systems (such as UTM), the geocentric
coordinates are converted to geocentric Cartesian coordinates, then to geodetic through the algorithm
ALG0012 in [16].

The method used to compute RPCs is similar to the one described in [15,17]. For each line of sight
defined by the association of a satellite position and one of its lattice points in geographical coordinates,
we can define a collection of points at regularly-spaced altitudes. This allows for the creation of
layers of points, forming a 3D grid of points in geographical coordinates (geodetic longitude, latitude,
ellipsoid height), which are linked to points in the image (see Figure 5). Because the terrain is unknown
beforehand and the system must be defined in a first pass for all possible altitudes, grids must be
defined between −500 m (altitude of the shores of the Dead Sea) and +8850 m (summit of Mount
Everest). Grids spaced every 200 m proved to offer a reasonable vertical density. In order to optimize
these parameters, a very rough DEM is first computed to extract the minimum and maximum values
(after filtering by correlation score to remove sea and clouds) in order to define a vertical grid with
a smaller elevation range to refine and improve the RPC model fit. In the case where the maximum
and minimum altitudes are (even approximately) known a priori, these parameters can of course be
optimized directly.
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Figure 5. Satellite positions and associated lattice points in the image and the geographical coordinates
and 3D GRID created from the lattice points.

These grids are then used to estimate the direct (from the image to geographical coordinates;
see Equations (2), (3) and (6)) and inverse RPC (from geographical to image coordinates;
see Equations (4)–(6)) models for the image through least square matching, associated with
a regularization factor as suggested by [15]; they are rational function polynomial equations of the
normalized image and geographical coordinates (scaled to a unit cube), defined as:

Lonnorm =
P1(Colnorm, Rownorm, hnorm)

P2(Colnorm, Rownorm, hnorm)
(2)

Latnorm =
P3(Colnorm, Rownorm, hnorm)

P4(Colnorm, Rownorm, hnorm)
(3)

Colnorm =
P5(Lonnorm, Latnorm, hnorm)

P6(Lonnorm, Latnorm, hnorm)
(4)

Rownorm =
P7(Lonnorm, Latnorm, hnorm)

P8(Lonnorm, Latnorm, hnorm)
(5)

with:

Pi(X, Y, Z) = C1 + C2X + C3Y + C4Z + C5XY + C6XZ + C7YZ + C8X2 + C9Y2 + C10Z2

+C11XYZ + C12X3 + C13XY2 + C14XZ2 + C15X2Y + C16Y3 + C17YZ2 + C18X2Z + C19Y2Z + C20Z3 (6)

The number of original lattice points (a minimum of 146) ensures that the system is solvable,
granting that the constant component in P2|4|6|8 is fixed (C1 = 1). The 3D density of points feeding the
equations in the defined grids makes the solution robust, with residuals on the order of 10−6 in the
unitary cube unit (10−6 × (Coordmax − Coordmin), equivalent to 10−6 degrees (<0.12 m) or 10−3 pixels)
for both the direct and inverse RPC.

2.3. Computing the Cross-Track Corrections

The jitter of the satellite can be divided into three components: the cross-track (roll), the along-track
(pitch) and the rotation along the nadir axis (yaw). Since the two images of each set are taken in the
same orbit, the epipolar lines are almost parallel to the along track direction (±5 × 10−3 degrees away
from the y axis of the images). This results in a nearly perfect separation of the cross- and along-track
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components of jitter in image space, while the yaw component can be seen as a very small perturbation.
In Figure 6, we can see that the perspective ray from the nadir image can only cross the one from the
back-looking image if the cross-track attitude of the satellite is known (i.e., the ray does not intersect
with the rest of the red triangle).

The effect of the combination of cross-track components of the jitter is directly observable by
performing a bi-dimensional correlation around the theoretical epipolar lines (see Figure 7), with the
potency of the vibration in pixels equal to the distance between the point of maximum correlation
(the homologous point) and the epipolar line.

Figure 6. Effect of the jitters on the direction of the perspective ray of the back-looking image
(nadir image considered stable). We can see that the along-track jitter (blue) allows for the intersection
of the projected rays whatever its amplitude, while the across track jitter immediately creates an absence
of intersection.

Figure 7. (A) Measure of the combined across-track vibration visible in the back-looking image through
bi-dimensional correlation (sea ice scene AST_L1A_00307072008194108_02012009125352.hdf) in image
space coordinates. (B) Polynomial fit of the general pattern. (C) Added sinusoidal fit of the higher
frequency jitter (i.e., (C) is the model of the true distortion pattern in (A)). The gray area on the edge
corresponds to the area of the back-looking image where there is no corresponding nadir looking image
or no data in the back-looking image.

The effect of the along-track jitter component does not degrade correlation, but rather biases
the individual parallax measurements and is therefore not measurable in the raw line-of-site data.
In Figure 6, we can see that the perspective rays from both images are crossing for all of the possible
along-track attitudes represented by the blue triangle.
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The cross-track parallax errors are exported as a grid (see Figure 7A), representing correction
factors for each pixel in the back-looking image. This computed grid is sensitive to correlation noise,
errors and a potential lack of correlation. Therefore, it is necessary to model the parallax errors to
generate a cross-track jitter correction to be applied to the back-looking image so that the real and
theoretical epipolar lines match up.

First, the data are filtered to remove areas that returned low bi-dimensional correlation (and hence,
are dubious). The rejection mask is dilated by a 21 pixel-wide square structuring element to ensure
that lower correlation regions are not affecting our jitter model. This latter step simply improves the
robustness of the model while reducing the processing time required. The large-scale error pattern is
solved using a 7th degree polynomial in both the x and y directions (see Figure 7B and Equation (7)).
The choice of the 7th degree polynomial compared to a more gradual increase of the polynomial degrees,
stopping when the residual value stops evolving, is motivated by both an improved computational
speed and by the extensive testing showing that this value was generally the best.

CorrPoly(X, Y) =
7

∑
i=0

7

∑
j=0

CijXiY j (7)

After solving for the lower frequency errors, the smaller jitter vibration is estimated by fitting
a sum of 8 sines sliding along the y axis (see Equation (8)) on 90% overlapping 1000 pixel-wide columns
(the choice of fitting 8 sines is a result of extensive testing and ensures the robustness of the solution).

CorJitterOneBandi
(X, Y) =

8

∑
i=1

Ai ∗ sin(2 ∗ π ∗ fi ∗Y + φi) (8)

Finally, the median solution for each pixel of the stack of 10 values created by the overlaps is
selected (see Figure 7C and Equation (9)). The sliding window for the jitter estimate is necessary to deal
with extra perturbations in the data, in particular caused by a slight variation between the jitter angle
and the satellite trajectory. The corrections therein computed are then applied to the back-looking
image (see Equation (9)), warping it using bilinear interpolation.

ImageCorr(x, y) = Imageinit(x−Median10
i=1(CorrPoly(x, y) + CorJitterOneBandi

(x, y)), y) (9)

2.4. Computing the DEM

To compute the DEM, a target grid covering the scene’s coverage is first determined. The spacing
of the grid starts very large and iteratively reaches the desired value. For each point of the grid, the RPC
models are used to determine the image coordinates for different candidate altitudes (or in other
words, describing the epipolar lines). For each candidate altitude (see Figure 8), the normalized
cross-correlation score using a 5× 5 window on both images is computed, and the best candidate is kept.
Without correction, this yields DEMs of similar quality as the AST14DMO product, with significant
noise and areas that could be filtered out based on the correlation score (see the example in Figure 9A).
Since MMASTER is relying on MicMac for correlation, it is using the semi-global matching algorithm
implemented therein [18] to compute the DEM.

Correcting the back-looking image through the method described in Section 2.3 significantly
improves correlation scores over the entire area, reduces noise in the final DEM produced and,
in most cases, provides greater coverage compared to the DEM obtained from the uncorrected images
(see Figure 9B).

The standard approach is to compute the DEM on a grid with a 30-m spacing, but the user can
choose to compute the DEM at a higher resolution. A higher resolution gives some finer details,
but may also increase the noise in the data. We found that computing the DEM on a 10-m spacing grid,
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then sub-sampling it down to 30 m is a good compromise between noise and detail, but the user can
choose other parameters better suiting their needs.

Figure 8. Search for the altitude yielding the best correlation for a given position.

Figure 9. DEM product over the sea ice scene AST_L1A_00307072008194108_02012009125352.hdf.
(A) Using only the metadata; (B) After correcting the cross-track parallax; (C) After fitting cross- and
along-track corrections using a flat DEM over the sea ice area.

2.5. Correction of the Along-Track Jitter

After correcting the cross-track component of the jitter, the along-track component is still
present in the DEMs. Because of its relatively low amplitude compared to the terrain variation
in most scenes, it is not easy to detect the along-track jitter effect from the single DEM produced alone.
However, when computing dDEMs for estimating elevation change, computing the elevation difference
between two scenes largely removes the terrain signal and shows the superposition of the jitter effects
from both DEMs (if both are from ASTER data). Actual terrain change (such as glacier elevation change,
erosion or similar processes) is also added to the signal. Figure 9B shows the difference between the
DEM after a 3D co-registration using the method described in [2] and a flat DEM at 0-m elevation over
the sea ice area.

To remove this remaining effect composed of the along-track jitters of the two ASTER DEMs,
we first need to filter out the part of the terrain that cannot be assumed stable because of natural or
anthropogenic change. This can be done by thresholding (in the case of very large change), or by
masking changing terrain manually. If the changing terrain is of a known type, like glaciers, filtering can
be done by using a database of glacier areas and a buffer to account for possible glacier changes over
time or database inaccuracies, or by detecting glaciers using multispectral methods such as band
ratios [19]. This last method, while being automated, as well as not requiring external data, works on
clean-ice glaciers, but might fall short on debris-covered glaciers and other non-glacier phenomena
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such as landslides [20]. Note also that due to sensor degradation, ASTER SWIR data are no longer
available for multispectral analysis in images acquired in recent years.

With only the stable terrain remaining, post-processing corrections are made by first
co-registering [2] and then differencing the two DEMs. Three corrections are then applied stepwise.
The first is removal of a remaining bias pattern apparent in the across-track direction of the ASTER
scenes, which, in our experience, is apparent in all scenes. We also noticed that the pattern of
this bias seems to be somehow linked with latitude. To remove this bias, we fit a polynomial in
the across-track direction to solve for the bias. The order of this polynomial is chosen based on
iteratively fitting until further improvement in the Root Mean Square Error (RMSE) is not apparent.
Similarly to the across-track biases, along-track biases are apparent at two distinct frequencies [4].
We automatically check for the best fit (lowest RMSE) between a polynomial fit and a sum of up to
six sines. Often, two sums of sines are iteratively fit in the along-track direction to remove first the
long wavelength (∼34 km), larger amplitude(±10–15 m) signal and then the short jitter wavelength
(with known bounds on wavelength (4.5± 0.3 km) and amplitude (5± 5 m)). Depending on the
amount and distribution of stable terrain in the scene available for fitting, the signal might be difficult
to identify and therefore only partially corrected. Figure 9C shows the DEM after the application of
these above corrections.

After all of these corrections are applied to a “best case scenario” scene, fast sea ice (a completely
flat area with good contrast), the standard deviation of the error is significantly improved to under
3 m as compared to over 20 m in the AST14DMO product (see Table 1), and the completeness reaches
100% (see Figure 1 vs. Figure 9C). Over more challenging scenes, both of these values can be worse
(see Sections 3.1, 3.4 and 3.5).

Table 1. Statistics of the elevation of the fast sea ice depending on the data processing. All DEMs
were co-referenced to a flat DEM at 0-m elevation on the ice area (so mean elevation of the sea ice
is 0 m for all DEMs). MicMac ASTER (MMASTER) versions are: (a) without corrections; (b) with
cross-track correction from Section 2.3; (c) with cross- and along-track correction from Section 2.5.
The standard deviations are computed without cropping the outliers. Cropping the outliers at ±5 SD
returns respectively for the DMO and the MMASTER c 15.37 m and 2.70 m.

Dataset Mean SD Min Max

Expected 0 m 2 m −3 m 3 m
DMO 0 m 20.40 m −18.35 m 535.01 m

MMASTER a 0 m 20.72 m −201.82 m 212.68 m
MMASTER b 0 m 7.47 m −96.35 m 101.56 m
MMASTER c 0 m 2.77 m −74.89 m 87.01 m

2.6. Implementation

Most of our workflow is implemented in the free open source MicMac photogrammetric library
(developed at the French National Institute of Geographic and Forest Information (IGN) [18]), except
for the post-processing steps described in Section 2.5 (correction of the DEM by analysis of dDEM),
which is currently implemented as a MATLAB script. Hence, we can offer a ready-to-use software
package to produce DEMs and orthoimages from Level 1A ASTER products.

A bash script (WorkFlowMMASTER.sh) that runs the necessary MicMac and GDAL
(http://www.gdal.org/) commands to compute an MMASTER DEM and orthoimage is available
on the MicMac wiki page (http://micmac.ensg.eu/index.php/MMASTER).

Note that to compute an MMASTER DEM, it is necessary to compile MicMac from
the IncludeALGLIB branch from https://github.com/micmacIGN/micmac/tree/IncludeALGLIB.
GDAL is also used as an automation tool in the workflow linked above.
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3. Use Cases and Applications

In the following sections, we assess how MMASTER performs under different scene conditions
and demonstrate some examples of how the data created through the MMASTER process can be used
for different scientific applications. We use different external data for validation, comparison and
quality qualification. In our assessment studies and application scenarios, the focus is on investigating
MMASTER performance and not on in-depth analysis of the geophysical phenomena shown.

3.1. Mountainous Terrain and River Landforms in Alaska: MMASTER vs. DMO vs. Alaska IFSAR

Our goal for the first scenario was to test our processing in a more challenging
topographic environment, so we chose a mountainous area in northwestern Alaska where
a high-quality IFSAR DEM flown in summer 2012 was available for quality assessment (data available
from the U.S. Geological Survey; see https://lta.cr.usgs.gov/IFSAR_Alaska). The area includes neither
glaciers, nor large unstable features, so we considered the whole scene to represent stable terrain.
However, the improvement in DEM quality offered by MMASTER revealed very clear patterns of
elevation differences around the river beds.

The ASTER L1A scenes (dataset reference in Table 2) were processed as described above, using the
IFSAR (InterFerometric Synthetic Aperture Radar) DEM as the ground truth for the along-track
bias removal. Figure 10 shows the elevation change derived from a co-referenced DMO (A) and from a
processed MMASTER scene (B). The statistical distribution of the elevation change is quite similar for
both scenes (0.1± 12.0 m for the DMO and 0.1± 8.2 m for the MMASTER), because the amplitude of
the corrections made through the MMASTER process is in the same range as the remaining noise.

Table 2. Dataset references for the Mountainous Terrain and River Landforms in Alaska example.

Date 2010-07-08
Reference AST_L1A_00307082010224323_07132010140226

Date 2012-06-04
Reference AST_L1A_00306042012223657_06052012191135

Figure 10. Elevation difference after co-registration over the Alaska scene
(AST_L1A#00307082010224323_07132010140226.hdf) for the DMO (A) and the MMASTER
(B) products.

Nonetheless, the elevation change/error map reveals that MMASTER offers a better
spatially-spread distribution with reduced local bias and noise. In the MMASTER-IFSAR difference,
local patterns of elevation differences around the river beds are apparent, which are not visible in the
DMO-IFSAR difference as they are hidden by the high frequency noise (see Figure 11).
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Figure 11. Zooms from Figure 10 on an area showing river bank elevation change patterns. (A) DMO
2010 vs. IFSAR; (B) MMASTER 2010 vs. IFSAR; (C) MMASTER 2010 vs. MMASTER 2012; (D) profile
line over a river; (E) MMASTER 2010 orthoimage of the area with the position of the profile line (green).

The patterns visible around the river beds seem at first sight to be related to river erosion;
however, both their magnitude (that would reach extreme values of up to −5 m·y−1 of elevation lost)
and their distribution (sometimes far away from the actual position of the rivers between 2010 and 2012)
leads us to conclude that river erosion may not be the main source of elevation differences between
the two datasets. Further inspection of the processing of the IFSAR data (described in [21]) and
a look at higher resolution pictures of the area (taken from the ground) reveal that the patterns of
elevation change are actually somehow correlated with the presence of trees close to the river banks.
Such trees are less commonly found further away from the rivers, where the vegetation is mainly
bushes and grass, typical for the tundra environment. The dual-band IFSAR is indeed processed so as
to reveal the bare earth, while MMASTER captures the top of the canopy (up to ≈10 m high trees). It is
quite impressive to be able to detect such a clear pattern of radar penetration when the amplitude of
the phenomena is only in the order of 5 m, showing that the MMASTER DEM precision is even better.
Another factor explaining the elevation-difference pattern is that the sharpness of the terrain is much
better resolved in the 5-m posting IFSAR data than in the MMASTER, where cliffs and other steep
slopes tend to be softer, as we can see in the thin red patterns of elevation difference for very narrow
valleys (<200 m).

Comparison with an ASTER scene from 2012 does not reveal such clear patterns (see Figure 11C),
but we can still see some elevation difference around the river that correlates with visible meandering.
These patterns of a few meters of elevation change, which seem to superimpose on the apparent
elevation change measured with the IFSAR, in the actual river bed (or in what became palaeochannels)
can only be attributed to actual erosion.

Errors in steep terrain are well visible because the resulting ASTER-derived DEMs are somehow
softer (and of lower resolution) than the IFSAR DEM. Steep terrain is also affected by the stereo
configuration of the ASTER system with a large back-looking angle that creates images with limited
view on north-facing slopes (completely hidden for slopes over 60◦) and stretched out south-facing
slopes. To counteract this effect, more modern satellites designed with fixed stereo configurations use(d)
either aft and back-looking images (for example, the SPOT5 HRS system had−20◦ and +20◦ telescopes)
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or even three telescopes (aft, nadir and back-looking) like ALOS PRISM (−24◦, 0◦, +24◦). A third
factor affecting the elevation of steep terrain is that at high north (resp. south) latitude, the Sun angles
(particularly in winter) are such that north-facing (resp. south) slopes are in the shadow and therefore
present very low contrast for the correlator to grasp (see Figure 12).

Figure 12. Extract from the bands 3N (left) and 3B (right) of
AST_L1A#00307082010224323_07132010140226.hdf. Differences in appearance of steep terrain
are well visible: north-facing slopes are much less visible because of the Sun angle (both bands) and the
view angle (Band 3B). In red, a north-facing slope (compacted in Band 3B) and in green a south-facing
slope (stretched in Band 3B).

Through this example we show the accuracy on stable terrain, the ability to detect river erosion of
about 2 m (which was impossible with AST14DMO data), the ability to evaluate vegetation penetration
compared to a radar-interferometry DTM (here, IFSAR) and the limits of the stereo configuration of
the ASTER system to evaluate north-facing slopes.

3.2. Earthquake 2D Displacement Estimation

In this scenario, the higher precision orthorectified imagery provided by MMASTER (dataset
reference in Table 3) is used to identify the position and quantify the magnitude of co-seismic slips
caused by an earthquake. The improvement of the quality of the DEM compared to the DMO product
results in better orthorectification as vertical DEM errors propagate into lateral displacement in the
orthoimages [22]. Measurement of seismic displacement using ASTER images has been attempted
previously, with varying degrees of success, for instance by [23,24].

Table 3. Dataset references for the New Zealand earthquake example.

Date 2011-02-09
Reference AST_L1A#00302092011222421_02102011200957

Date 2016-12-23
Reference AST_L1A#00312232016222458_12242016070500

On 14 November 2016, New Zealand experienced a Mw7.8 earthquake near Kaikoura. This fault
slipped by up to 10 m in certain areas, two thirds of an ASTER pixel. Subpixel displacement estimation
is not a challenge with modern software, and we exploited the integrated tool MM2DPosSism of
MicMac [25] to perform the measurements. Such displacements are easier to measure with the more
modern Landsat-8 and Sentinel-2 data, but these products have not been available for very long.
Selecting such a modern earthquake provides the ability to use them as a ground truth (data processing
and analysis was done in the studies of [26]). The vertical displacement is not of high enough
magnitude and either too spread or too local to be identified with the MMASTER product on
a point-by-point basis.

In Figure 13, we display the measurement of the movement in an Euclidean system rotated by 45◦,
where the Kekerengu fault lies roughly along one axis and the Papatea fault on the other, in order
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to emphasize the faults. On the southwest to northeast axis (Figure 13A), the displacement at the
Kekerengu fault line is measured as 8.4± 1.5 m or 0.56± 0.1 pixels. On the northwest to southeast axis
(Figure 13B), the displacement at the Papatea fault line is measured as 5.5± 1.5 m or 0.37± 0.1 pixels.
These displacements are in accordance with the values measured from the much more accurate and
modern Sentinel-2 and Landsat-8 data by [26] (respectively, 9 m and 6.5 m for the Kekerengu and
Papatea faults).

Another validation source could be data from GNSS networks (available from http://www.
geonet.org.nz/data/types/geodetic). Data from the stations in the general area of the faults for the
period surrounding the earthquake event validate the directions of the displacements, but the density
and location of the GNSS stations do not permit one to see the fine details of the displacements,
nor their magnitude in the immediate vicinity of the fault lines. Indeed, only one station is in the area
depicted in Figures 13 and 14.

Figure 13. Cumulative seismic horizontal displacements. (A) SW-NE, the Kekerengu fault is
highlighted; (B) NW-SE, the Papatea fault is highlighted.

Figure 14. (A) Post seismic vertical displacement. The three highlighted Zones A, B and C are separated
by the Kekerengu and Papatea faults. Grey areas are where the elevation change was over 30 m or not
computed because of the sea or the presence of clouds (mostly in the 2016 scene); (B) Orthoimage from
the 2011 scene.
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Using the position of the faults identified from the horizontal displacement, three zones can
be defined to compute statistics of the vertical displacement (see Zones A, B and C in Figure 14A).
Taking Zone C as the reference, Zone B was subject to an uplift in the order of +5.4 m, while Zone A
shows a −0.8 m settlement. The zonal-statistical approach is necessary here because the signal is close
to the accuracy limit of the product, and the DEMs are fairly noisy over rugged terrain.

Through this example, we show that MMASTER data can be used for sub-pixel scale (≈5 m)
displacement analysis in both planar and vertical directions. Even if the more modern systems
can provide more accurate information (at least in 2D), this opens the possibility to measure such
displacement for events that have happened further in the past ≈15 years.

3.3. MMASTER on Volcanic Processes

Active volcanic areas are known to experience significant topographic changes due to numerous
surface and subsurface processes. We generate MMASTER DEMs over the Puyehue-Cordón Caulle
volcanic complex, southern Chile, where a voluminous explosive eruption occurred in June 2011.
The eruption resulted in a number of substantial topographic changes: (1) the effusion of a massive,
30–45 m-thick rhyolite lava flow that emanated from an effusive vent on the NNW flank of the
volcano [27], (2) the shallow emplacement of a laccolithic intrusion that triggered a >200-m bulge of
the Earth’s surface and (3) the thick deposition of explosive material as a result of pyroclastic flows.
In addition, the eastward transport of the eruptive column led to thick ash and tephra deposits [28],
which considerably affected the ecosystems of the regions east of the volcano [29], including killing
the vegetation due to the toxic ash concentration. The Puyehue-Cordón Caulle volcanic complex is
thus an ideal case study for assessing the relevance of our method to quantify topography changes
resulting from volcanic activity.

For this scenario, we differenced the MMASTER DEMs from two scenes 10 years apart (dataset
reference in Table 4), the first one in 2003 (i.e., before the 2011 eruption) and the second in 2013 (i.e.,
after the end of the 2011 eruption). The comparison between both images (Figure 15A,B) clearly
highlights (1) the dark rhyolitic lava flow NNW of the summit Puyehue caldera and (2) the distribution
of thick pyroclastic deposits, in light grey. The 2013 image also displays a dark aureole surrounding
the main volcanic edifice to the north, east and south. In the 2003 image, this area corresponds to
vegetation; therefore, we interpret this dark aureole as regions where the forest was killed by the ash
deposited during the main eruption.

Table 4. Dataset references for the Cordón-Caulle volcano.

Date 2003-02-13
Reference AST_L1A_003_02132003144802_03102003194916

Date 2013-01-23
Reference AST_L1A_00301232013144702_01242013122735

Figure 15 displays two dDEM maps with distinct color scales. In the right map, the color
scale spans from 0–250 m to highlight substantial topography change at the vicinity of the main
eruptive vent. The topographic pattern displays: (1) a sub-circular feature of 200–250 m in amplitude,
which corresponds to a combination of surface bulging due to the shallow laccolith emplacement and
deposition of erupted materials, and (2) an elongated, relatively flat feature of 125 m in amplitude,
which corresponds to the rhyolitic lava flow. The topography difference calculated with MMASTER
shows the same patterns as that described by [30], computed using the ASTER GDEMv2 and
a Pleiades DEM.

Other interesting results are given by the other dDEM map, with color scale ranging from
−10 m–10 m. This map displays an aureole to the north, east and south of the volcano with average
elevation difference of −10 m. This aureole exactly correlates with the dark gray aureole in the 2013
image, interpreted as the forest (appearing red in the 2003 G-R-IR orthoimage) killed by the ash
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deposits. We thus infer that this aureole of apparent subsidence is not an artifact, and the topography
difference corresponds to the overall thickness of the vegetation cover that died after the eruption.
The map also displays a slightly more elevated (<+10 m) zone close to the summit caldera. This zone
exactly correlates with the visible light gray areas corresponding to thick ash deposits. Our product is
therefore able to detect the local, thick pyroclastic deposits produced during the eruption, though it is
not able to detect tephra deposits of a few tens of centimeter thickness observed far away from the
volcano [29].

Figure 15. (A) Orthoimage in 2003; (B) Orthoimage in 2013; (C) Elevation change 2003–2013 for the
area covered by the upper row orthoimages; (D) Zoomed-in and adjusted color scale on the elevation
change around the laccolith intrusion (area highlighted in (C)).

3.4. MMASTER on Tree Surface and dDEM

Large parts of the Earth are covered by forest, so we also aimed at assessing MMASTER
performance over forested areas. For this scenario, we show that MMASTER products can be
successfully computed over vegetated areas (using the dataset referenced in Table 5). Such data
can be used to evaluate the biomass loss by clear-cuts in the Amazonian forest since tree height is well
correlated with biomass and so is biomass change [31]. The aim of this application scenario is two-fold:
(1) to detect the clear-cut areas and (2) to provide an estimate for the average tree height. Since no
penetration of the signal is expected here, contrary to some radar-based altimeter products [32], the
data can be used as a complement or data validation.
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Table 5. Dataset references for the Amazonian forest clear-cut scene.

Date 2003-09-06
Reference AST_L1A_00309062003140554_09232003140410

Date 2010-07-23
Reference AST_L1A_00307232010140631_07282010113518

In this scenario, an extra processing step is necessary to mask the area of clear-cut that cannot
be filtered using pre-existing data. First, a dDEM needs to be produced to create a mask that can
then be applied before removing the along-track jitter and computing the final dDEM. The mask is
created by a thresholding of the uncorrected dDEM (in this case, the threshold is set at −10 m) and
then a morphological opening and dilating (5 × 5 square structuring element for both) of the result to
obtain a binary mask of the clear-cut areas to be filtered out for the along-track correction. A similar
approach is then followed to create the mask identifying clear-cut areas from the final dDEM. The final
mask is shown in Figure 16B.

Masking could also be done by identifying the clear-cut areas in the NDVI product that can be
derived from the orthorectified data (see Figure 16A,C, dark is low NDVI indicating no vegetation,
while light is high NDVI indicating the presence of vegetation), since we can expect that the NDVI
value would have dropped significantly (see for instance, the method discussed in [33]). However,
in the case of re-exploited clear-cut areas (by soybean plantations, for instance), the NDVI-based
method would fail.

A statistical analysis of the final dDEM (shown in Figure 16D) over the areas that have been
clear-cut (representing 276.9 km2 or 8.6% of the total scene) yields a mean elevation change of
−16.6± 6.6 m, while the areas not showing any cuts (2946.6 km2 or 91.4%) yield −0.21± 6.2 m. If the
standard deviation is not insignificant, it is in both cases within the expected range for soft terrain,
showing that the DEM accuracy is not significantly degraded in tree-covered areas.

Our example over the Amazonian forest suggests that tree heights, or their strong changes (here:
man-made clear-cuts) can be extracted from MMASTER DEMs. DEM extraction of the forest was
surprisingly unproblematic given the repetitive structure of forest that may lead to confusion of
the correlator. Extracting tree heights or their changes over time over large areas from ASTER scenes
might be useful for spatio-temporal combination with radar DEMs or radar/laser altimetry due to
their different penetration into the canopy or different spatial or temporal coverage.
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Figure 16. Top row: NDVI in 2003 (A) and 2010 (B). Bottom row: MMASTER clear-cut mask (C) (red is
clear-cut area) and elevation change 2003–2010 (D).

3.5. MMASTER for Large Glacier Elevation Change

For our fifth and final scenario, we wanted to demonstrate the use of MMASTER DEM differencing
over a glacier and compare it with independent validation data. We thus needed an area with two
ASTER scenes acquired at timestamps corresponding to the acquisition of independent data. We found
such an area around Daugard-Jensen glacier in eastern Greenland. It was covered by data from the
SPIRIT project (SPOT 5 HRS stereoscopic survey of Polar Ice: Reference Images and Topographies [34])
and by ASTER in 2007 and 2014 nearly simultaneously (with respectively four- and 10- day delays
between the two systems. The references and exact dates of the acquisitions are listed in Table 6).
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Table 6. Dataset references for the Daugaard-Jensen glacier.

ASTER

Date 2007-07-29
Reference AST_L1A#00307292007135727_08012007140410

Date 2014-06-12
Reference AST_L1A#00306122014141003_06132014033533

SPIRIT

Date 2007-08-02
Reference GES_08-015

Date 2014-06-02
Reference GES_14-012

The SPIRIT project used SPOT 5 HRS stereo pairs to create DEMs over selected important polar
regions at a 40-m GSD in UTM projection. The accuracy of the DEMs produced by the SPOT 5 HRS
system has been assessed at around 5 m (relative) and 10/15 m (absolute) [35]. After co-registration of
two of these products, we can therefore expect an accuracy of the elevation difference of around 7 m.

Elevation change grids were computed for each dataset with co-registered products (the SPIRIT
scenes together, on the one hand (see Figure 17B) and the two DMO scenes together, on the other hand
(see Figure 17C)), or for the MMASTER product, after application of our method (see Figure 17D).
Our analysis focuses on the part of Daugaard-Jensen glacier that is visible in both ASTER scenes.
The approximate centerline and the selected area are shown in Figure 17A.

We first extracted the 2007–2014 elevation change values over the centerline for each dataset.
The difference between the SPIRIT elevation change values (considered ground truth with a ±7
m accuracy) and both the DMO and MMASTER values are plotted in Figure 18. The MMASTER values
are for the most part (82%) inside of the ±7 m accuracy band given by the SPIRIT data (agreement of
−0.37± 6.01 m), while the DMO is significantly off (agreement of +10.95± 25.27 m, with only 30%
in the accuracy band). The DMO data show both error trends and sharp error peaks reaching 175 m,
while the MMASTER is fairly contained (max. error of 24 m). While the error trend should stem from
the long-wavelength jitter effects not accounted for in the DMO in contrast to the MMASTER DEM,
we assume that the sharp error peaks could in parts be due to the cross-track jitter not accounted for
in the DMO processing. Corresponding points in the ASTER stereo data can have a cross-track offset
from the (approximately along-track) epipolar line that is too large to match between them when using a
directional (i.e., along-track) correlation algorithm with insufficient cross-track margin.
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Figure 17. (A) Centerline (green) and area (red) considered for the quantitative analysis, overlaying the
SPIRIT 2014 orthoimage. Others: Measured elevation change from co-registered 2007 and 2014 DEMs
((B) SPIRIT DEMs; (C) AST14DMO DEMs; (D) MMASTER DEMs).

Figure 18. Difference along the centerline (shown in Figure 17A) between the 2007–2014 elevation
change from the SPIRIT data (set as the reference data and thus zero; the error bar shown in grey;
see Figure 17B) and the elevation change from our product (MMASTER, see Figure 17D) and the DMO
product (see Figure 17C).
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We then compared the volume change computed for the selected area of the main glacier
(see Table 7). For the Daugaard-Jensen outlet glacier section, it appears that while the MMASTER and
the SPIRIT data are in relative accordance with a +0.071-m difference in estimation of the mean
elevation change from the MMASTER data compared to the SPIRIT data, the DMO data show
significantly different values, as well as a +10.327-m difference in estimation of the mean elevation
change, hence concluding that the glacier is experiencing volume gain.

Table 7. Mean elevation change and volume change in the glacier tongue according to each dataset.

Zone Daugaard-Jensen

Measure Mean dH Volume change

DMO +2.157 m +0.577 km3

MMASTER −8.099 m −2.166 km3

SPIRIT −8.170 m −2.186 km3

With this example, we show that it is possible to fit corrections to the bias observed on
stable ground and produce MMASTER dDEMs that are suitable to survey glacier elevation change
with an accuracy better than ±10 m, whereas it proved challenging to obtain good data with the
DMO products. MMASTER products show good accordance with SPIRIT products (that have
themselves been proven to be adequate for mapping glacier elevation change by [34]). It must
however be noted that the glacier surface is a type of surface at risk of being contrast-free if fresh,
soft snow is present, or if the ASTER gain settings are not setup for glacier brightness (then the white
surface is saturated, and no data can be extracted).

4. Discussion

With MMASTER, a new and modernized method to produce DEMs from ASTER L1A data is
available to users. We have shown that the potential applications for the ASTER data, which were
already numerous with the AST14DMO product, are now even more varied. The increased data
quality (accuracy and coverage) also offers the ability to extract more accurate surface difference data
(reducing the error bars in dDEMs), thereby enabling applications that were previously not possible.

The main improvements of MMASTER compared to the AST14DMO are significantly reduced
local noise as a result of (1) the cross-track parallax corrections, leading to better correlation,
and (2) a more modern correlator, as well as the large-scale bias removal from both the cross-
and along-track corrections. The latter bias removal is important for a number of applications
where the actual elevation change patterns resemble in parts the typical elevation pattern caused by
the jitter. For example, elevation changes by glacier surges may look in parts similar to the elevation
changes induced jitter and, thus, lead to incorrect interpretations [36]. As a further advantage,
the improved MMASTER DEMs lead to orthoimages with reduced distortions and enable thus
improved displacement matches.

Determining the quality of either a single MMASTER DEM or of an MMASTER dDEM is
difficult to reduce into a single number. Indeed, terrain characteristics such as terrain ruggedness,
texture or even orientation can lead to abnormally noisy data. A bad gain setting of the ASTER
system during image acquisition might also reduce the contrast in the scene dramatically, leading to
substandard products. As shown in Figure 9 and Table 1, in an ideal scenario, the standard deviation
of an MMASTER DEM can fall down to better than±3 m (compared to the±20 m of the DMO product
for the same scene, coherent with the number given by [9]). Examples in Sections 3.3–3.5 show that
a standard deviation of ±5 m can be expected over terrain that is not too rugged, even with soft
ash deposits, tree cover or mostly bright glacier surfaces.

However, even with the improved processing, ASTER DEMs are still quite imperfect, and some
precautions are needed when using these data. Indeed, the accuracy reduces to ±12 m when
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a significant part of the scene is very rugged terrain (see Section 3.1), because (1) MMASTER DEMs are
fairly smooth, the correlation being done on 45 m-wide windows (three pixels) and the final product
being a DEM at 30-m GSD, and (2) north-facing slopes are badly imaged by the nadir- and back-looking
(northward looking) telescopes (see Figure 12).

Low-contrast surfaces can also be a problem, as ASTER’s VNIR sensor does not deliver very
high dynamic images (nominal bit depth is eight bits, but the histograms are rarely well distributed;
see Figure 4). Bright (like snow, ice (see, for instance, the noise over the small ice cap area just east of the
bottom of Daugaard-Jensen glacier’s tongue in Figure 17D) or sand) and dark (mostly shadowed area)
areas are often contrast-free and therefore do not provide data from correlation. In order to help the
end users to quantify the quality of the data they are using, MMASTER outputs a correlation score
map, advising to a degree on the dubiousness of the data. It is however important to notice that good
correlation is not a guarantee of good data, as even clouds sometimes yield great correlation.

Larger scale effects (jitter) are also still visible in the output DEM before either a correction with
a reference DEM or a comparison with another DEM (MMASTER or other) in order to get dDEMs
(the actual aim of the MMASTER method). Absolute accuracy is also not guaranteed as navigation data
are imperfect; it is often off by up to 50 m in XYZ (a value also reported in [9]). Thus, coregistration is
necessary for any application using the DEMs as a reference surface.

Because of the way the corrections are fitted, the fit is best when the whole scene can provide data,
which is not the case if large parts of the scene are covered by water or clouds, or are saturated or
else result in bad correlation. In these cases, the correction fit might be of lower quality and even
largely wrong over the areas where no or few data are available, leading to unrestrained behavior in
the polynomial fit. However, this is in practice not of much concern, as bad corrections over areas
that would not produce data anyways are less of a problem. Furthermore, in our testing, even scenes
with up to 70% data gaps were still processed successfully, especially if the gaps are located in a single
part of the scene (the 2016 New Zealand scene from Section 3.2 is half ocean on the east side and
has some important cloud cover over land), but the success rate may vary for other applications and
scene conditions.

The main reason behind the polynomial fit of the measured signals is that the corrections are
different from scene to scene. However, we noticed some consistencies. The main one we find is
a latitude dependency on the cross-track elevation bias (for both the DMO product and the MMASTER
product before comparison with another DEM), with the edge of the images presenting a varying
pattern: at high latitudes, the part of the DEM related to the left edge of the images bends down (as seen
in Figures 1A, 9A,B and 10A), while, close to the Equator, the right edge bends up. Close to 45◦ N/S,
this pattern is absent. We have no clear idea about the underlying reason for this latitude-dependent
scene deformation (it could, for example, be due to atmospheric refraction, orbit determination or
some other process), but once understood, MMASTER could be improved accordingly.

5. Conclusions

The ASTER data archive is a goldmine for the analysis of changes on the surface of the Earth
since 2000, including elevation change. However, previously available DEM products from ASTER,
e.g., the AST14DMO product or personally-generated DEMs from commercial software (e.g., PCI
Geomatica, ENVI, etc.), were not high enough quality for a number of applications. We have therefore
developed the open source processing chain MMASTER that takes ASTER L1A scenes in GeoTiff
format, extracts the images from the VNIR Bands 3N and 3B, as well as the necessary meta-data and
computes a DEM and orthoimage of the scene. From this baseline, we can conduct fine analysis of the
raw data and apply corrections to it.

The data produced by the MMASTER system are a significant improvement on the AST14DMO
product with the precision increasing from 20 m to 5 m. This opens up a new realm of potential
applications in a wide variety of fields as demonstrated in the second part of this paper: glacier volume
change can be estimated with a higher confidence; the effects of a volcanic eruption on its local
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environment can be better quantified; and the former tree height of a clear-cut forest can be
well estimated. The increase in quality can also help estimating radar penetration in vegetation
(as seen in Section 3.1), but also on snow and ice when compared to radar-interferometric DEMs,
a still ill-resolved issue. In addition, the quality of the orthoimages that can be computed is improved,
opening up the opportunity for better assessment of horizontal shift in terrain, as demonstrated in the
New Zealand earthquake example in Section 3.2.

MMASTER opens a range of new perspectives for the community in view of the large and over
16 year-long global-scale archive of ASTER stereo data, its recent free availability and the fact that the
ASTER stereo sensor is still operational and will continue to acquire new data in the foreseeable future.
The immediate availability of the processing chain will hopefully put this new data in the hands of
experts in a number of fields that we may not even have considered in this paper.
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Galland, O., Bertelsen, H. S., Guldstrand, F., Girod, L., Johannessen, R. F., Bjug-
ger, F., Burchardt, S., and Mair, K. Application of open-source photogrammetric
software micmac for monitoring surface deformation in laboratory models. Journal
of Geophysical Research: Solid Earth, pages n/a–n/a, 2016. ISSN 2169-9356. doi:
10.1002/2015JB012564. URL http://dx.doi.org/10.1002/2015JB012564.
2015JB012564.

Kääb, A., Girod, L., and Berthling, I. Surface kinematics of periglacial sorted circles using
structure-from-motion technology. The Cryosphere, 8(3):1041–1056, 2014. doi: 10.
5194/tc-8-1041-2014. URL http://www.the-cryosphere.net/8/1041/2014/.
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Appendix B

Conferences

B.1 Talks as first author
Note that [Girod et al., 2015, 2016c] are supported by conference papers.

Girod, L., Nuth, C., and Kääb, A. Improvement of dem generation from aster im-
ages using satellite jitter estimation and open source implementation. ISPRS - Inter-
national Archives of the Photogrammetry, Remote Sensing and Spatial Information
Sciences, XL-1-W5:249–253, 2015. doi: 10.5194/isprsarchives-XL-1-W5-249-2015.
URL http://www.int-arch-photogramm-remote-sens-spatial-inf-sci.

net/XL-1-W5/249/2015/.

Girod, L., Nuth, C., and Kääb, A. Enhanced aster dems for decadal measurements of
glacier elevation changes. In AGU Fall Meeting 2016, 2016a.

Girod, L., Nuth, C., and Kääb, A. Glacier volume change estimation using
time series of improved aster dems. ISPRS - International Archives of the
Photogrammetry, Remote Sensing and Spatial Information Sciences, XLI-
B8:489–494, 2016b. doi: 10.5194/isprs-archives-XLI-B8-489-2016. URL
http://www.int-arch-photogramm-remote-sens-spatial-inf-sci.

net/XLI-B8/489/2016/.

Girod, L., Nuth, C., Kääb, A., Etzelmüller, B., and Kohler, J. Terrain changes from im-
ages acquired on opportunistic flights by sfm photogrammetry. In Virtual Geosciences
Conference, Bergen, 2016c.

Girod, L. M. R., Couderette, F., Aas, H. F., and Nuth, C. Historical oblique images of
svalbard : Dem of the archipelago’s glaciers in 1936. In Nordic Branch IGS meeting
2016, Oct 2016d.
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B.2 Posters as first author

Girod, L., Nuth, C., and Schellenberger, T. Structure from motion, a low cost, very
high resolution method for surveying glaciers using gopros and opportunistic helicopter
flights. In AGU Fall Meeting 2014, 2014.

B.3 Talks and posters as co-author

Note that [Girod et al., 2016a] and [Girod et al., 2016b] were given by Andreas Kääb.

Child, S., Stearns, L., and Girod, L. Surface elevation change of transantarctic mountain
outlet glaciers from 1960 – 2016 using structure-from-motion photogrammetry. In IGS
- Polar Ice, Polar Climate, Polar Change - 2017, Boulder, Colorado, USA, 2017.

Galland, O., Bertelsen, H. S., Guldstrand, F. B. B., Girod, L. M. R., Johannessen, R. F.,
Bjugger, F., Burchardt, S., and Mair, K. Laboratory geodesy: Application of open-
source photogram-metric software micmac to monitoring surface deformation in labor-
atory models. In Virtual Geosciences Conference, Bergen, 2016.

Girod, L., Kääb, A., and Berthling, I. Surface kinematics of periglacial sorted circles over
8 years using sfm close-range photogrammetry. In International Permafrost Confer-
ence, Postdam, Jun 2016a.

Girod, L., Kääb, A., and Berthling, I. Surface kinematics of periglacial sorted circles over
8 years using sfm close-range photogrammetry. In Virtual Geosciences Conference,
Bergen, Sept 2016b.

Kääb, A., Treichler, D. S., Girod, L. M. R., Lefeuvre, P.-M., Schellenberger, T., Altena, B.,
Jonassen, V., Nuth, C., McNabb, R. W., and Gilbert, A. On the karakoram anomaly. In
AGU Fall Meeting 2016, Dec 2016.

McNabb, R., Nuth, C., Kääb, A., and Girod, L. The effects of void handling on geodetic
mass balances. In EGU General Assembly Conference Abstracts, volume 19, page
7570, 2017.

Nuth, C., Girod, L. M. R., Kohler, J., Bahr, K., and Karlsen, T. I. Detailed glacier crevasse
morphology mapped by helicopter. In Virtual Geosciences Conference, Bergen, 2016.

176



B.4 Internship reports and Master thesis by super-
vised students

Couderette, F. 1936 oblique images : Spreading the time series of svalbard glacier. Mas-
ter’s thesis, 2016.

Gautrais, O. Challenge of photogrammetry on moving cryospheric phenomenons. Mas-
ter’s thesis, 2015.

Nielsen, N. I. Recovering data with digital photogrammetry and image analysis using
open source software - 1936 aerial photographs of svalbard. Master’s thesis, 2017.
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Appendix C

Scientific outreach

During the time of the PhD, a YouTube channel called ClimaByte (www.youtube.com/
ClimaByte) was created and launched in cooperation with Irene Nielsen with the aim
of producing outreach videos covering the sciences and tools used by the cryosphere,
hydrology and climatology groups at the department of geosciences of the University of
Oslo. At the time of writing, seven videos have been published, including one video
abstract for [Girod et al., 2017a].

Girod, L. Terrain change and sfm photogrammetry, 2017. URL https://youtu.be/

s360cwNJ3CI.

Girod, L. and Nilsen, I. Welcome to climabyte!, 2016a. URL https://youtu.be/

AkyZ-pW0N80.

Girod, L. and Nilsen, I. What is photogrammetry?, 2016b. URL https://youtu.be/

ljGzuY6tfzk.

Girod, L., Nilsen, I., Altena, B., and Deschamps-Berger, C. What is remote sensing?,
2016a. URL https://youtu.be/o9QIH-4DLh4.

Girod, L., Nilsen, I., Altena, B., Leclercq, P., and Deschamps-Berger, C. Glaciers are
moving!, 2016b. URL https://youtu.be/E1KwnR0Lu2g.

Girod, L., Nilsen, I., Lefeuvre, P.-M., and Fallet, J. Glacier mass balance?, 2017. URL
https://youtu.be/57CEyYMIDUM.

Nilsen, I. and Girod, L. Come and go ice ages?, 2016a. URL https://youtu.be/

npT8hVfNN2g.

Nilsen, I. and Girod, L. How big were the ice sheets?, 2016b. URL https://youtu.

be/WWgwmC8WO70.
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