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Abstract  
 

Satellite imagery, with its repeated acquisition, represents a unique opportunity to 

quantify spatial and temporal changes affecting glaciers world-wide. Glacier velocity 

has been measured from satellite scenes for decades now, yet a range of satellite 

missions, feature tracking programs, and user approaches has made it a laborious, and 

sometimes, subjective task. Up-to-date, there has been no tool developed that would 

allow a user to obtain displacement maps of specified glaciers simply by establishing 

the temporal and spatial parameters. This thesis presents development of a unique, 

semi-automatic, open-source processing toolbox for retrieval of displacement maps 

with application to obtaining glacier surface velocities. 

 

The TN toolbox combines the download, pre-processing, feature tracking, and post-

processing of highest resolution Sentinel 2A & 2B satellite images into an automatic 

toolbox, leaving a user with a set of rasterized and georeferenced glacier flow 

magnitude and direction maps for their further analyses. The solution is freely 

available to everyone in the community and is tailored so that non-glaciologists and 

people with limited GIS knowledge can benefit from it. The system can be used 

further to provide the community with a regional and global set of ice velocity change, 

but can also be modified in a way to detect changes in glacier and snow extent, for 

instance. Equally, it can be used for observations of mass movement events such as 

landslides.  
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1. Introduction 
 

With the increase of freely available high resolution satellite imagery from Landsat 

and Sentinel missions (Li and Roy, 2017), obtaining surface displacement 

measurements through image matching has become popular. The ability to process a 

large volume of satellite imagery efficiently, and retrieve ice displacement with 

understanding of errors involved is key for understanding past, present, and future 

changes in ice dynamics. Mountain glaciers and ice caps are sensitive to climate 

forcing and are thus relevant indicators of past and present global climate change 

(IPCC, 2013). Satellite imagery, with its repeated acquisition, and global coverage, 

represents a unique opportunity to quantify spatial and temporal changes affecting 

mountain glaciers and ice caps (Dehecq et al., 2015), but also other large scale mass 

movements such as landslides, given that the events are observable. 

 

Feature-tracking of repeated satellite acquisitions lets us get an insight into ice 

velocity evolution over time and space. Beginning of feature tracking of satellite 

images with the aforementioned goal can be dated to the start of the last decade of the 

twentieth century (Bindschadler et al., 1994; Scambos et al., 1992). Since then, cross-

correlation of the images and feature tracking have been employed by multiple studies 

over ice sheet and mountain glaciers alike (Kääb, 2002; Kääb, 2005; Joughin et al., 

2010).  

 

Until now, computing displacement maps from satellite imagery has been a lengthy 

process involving individual sub-challenges in the selection, download, organisation, 

processing and visualizing stages. Equally, the process of computing displacement 

maps is usually time consuming, laborious and one that must be repeated for each 

area. To date, no tools or systems have been developed to address systematic and 

automatic updates of the dynamics of glaciers world-wide, in particular using optical 

imagery. The recent launch of the Sentinel 2B satellite and formation of the Sentinel 

2A – 2B constellation is a major stepping stone for the development of an automatic 

processing system for surface displacement maps, using imagery of the highest 

possible resolution. The system may not be exclusively used to estimate ice 
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displacement maps but may be implemented in other branches of Earth Science. Such 

a system can be used further to provide community with a regional and global set of 

ice velocity change over specified timeframes and be later modified for analyses of 

future higher resolution imagery. As the system will be designed in modules, it may 

also be divided in a way that download and processing steps are separated hence 

enabling a user to match other type of remotely sensed images, e.g. UAV imagery.  

 
 
1.1. Research aims and objectives 
 

To date, there has been no toolbox developed that would allow a user to obtain 

displacement maps of glaciers simply by defining the temporal and spatial boundaries.  

 

The aims of this research are to:  

 

1) Build a freely available, easy-to-use, semi-automatic toolbox for retrieval of 

displacement maps from currently highest resolution optical satellite imagery 

with specific application to e.g. glacier movement.  

 

2) Test the performance of the system and explore any potential limitations of 

the proposed solution. 

 

To achieve aim 1, the project will: 

 

- Combine and integrate all necessary steps to produce rasterized, georeferenced 

maps (i.e. download, pre-processing, feature tracking, and post-processing of 

highest resolution satellite scenes available) into a single toolbox. 

 

- Create a solution that is to be freely available to everyone in the Earth Science 

community. The user input will be kept to minimum, while maximizing the 

system functionality. The system will be tailored for use by glaciologists and 

non-glaciologists alike and easy to use so that people with limited GIS 

knowledge can benefit from it as well. 

 



 3 

To achieve aim 2, the project will: 

 

- Perform analysis using a range of spatial, temporal and feature tracking 

parameters to list and quantify the sources of error.  

 

- Provide analysis using multiple sites, focusing on understanding the error via 

performance over the non-moving targets such as deserts and demonstrating 

functionality over the moving targets such as glaciers. 

 

1.2. Report outline 
 

Chapter 1 establishes the research context and provides summary of the research aims 

and objectives as well as the brief report outline.  

 

Chapter 2 aims to review optical remote sensing of ice movement, and provide a brief 

summary of the evolution, use, and challenges in the usage of remotely acquired 

imagery within glaciology, with a focus on estimation of displacement maps.  

 

Chapter 3 outlines the methodology of development, structure, and input requirements 

of the toolbox, as well as the toolbox output. Additionally, the technicalities are 

explained in detail.  

 

Chapter 4 introduces the results of the toolbox performance on specific targets and 

study areas. In order to understand performance of the system over moving targets 

such as glaciers, the system is initially tested over the areas of stable ground. 

 

Chapter 5 aims to interpret and explain the results presented in the chapter 4, and 

critically evaluate the performance of the toolbox. All interpretation and explanation 

is presented in the wider context of research detailed in the chapters 1, 2 and 3. 

 

Chapter 6 provides a summary of the research findings and potential for further work 

and additional development of the system
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2. Review of the state-of-art optical remote sensing of glaciers 
 
 
Remote sensing of glaciers has become more and more prominent with the recent 

advent of freely available satellite imagery. Remote sensing is irreplaceable mainly 

because it offers observations at an unprecedented spatial and temporal scale of 

remote areas, many of which can only be accessed with great difficulty. Remotely 

sensed imagery enables Earth scientists to study a variety of surface processes in Earth 

sciences. Such processes can include changes of glacial extent and snow cover 

changes, ice velocity, but also earthquake induced terrain displacement. This chapter 

reviews the history of optical remote sensing over glaciers, applications of satellite 

glacier monitoring, satellite mission fundamentals as well as basics of optical image 

matching and existing sources of error during processing.  

 

 

2.1. Glacier monitoring, relevance and applications 
 

At present, we are surrounded by a wealth of data and knowledge on glacier dynamics, 

from glacier distribution to changing ice coverage and glacier velocities. The further 

back in time one gets, the less data is found. A global collection of information 

regarding glacier changes was initiated in 1894 with the foundation of the 

International Glacier Commission in Zurich (Kargel et al., 2014). These initial efforts 

focused primarily on collection of frontal positional changes, expanded to include 

glacier mass balance series (Haeberli, et al., 2007). In early days of glaciology, the 

data was collected predominantly by theodolite surveying and ground reconnaissance. 

In the 1970s, a world glacier inventory was planned, resulting in the compilation of 

detailed and preliminary regional inventories that form a significant baseline for the 

world’s glaciers (Kargel et al., 2014). Since then, the World Glacier Monitoring 

Survey (WGMS), currently residing in Zurich, has continued to collect and 

disseminate data through a network of affiliated collaborators. Together with the U.S. 

National Snow and Ice Data Center (NSIDC), and the Global Land Ice Measurements 

from Space (GLIMS) initiative, they are currently the most important archives of the 

glacier change (WGMS, 2018). 
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Glacier velocity (or other mass movements such as landslides) as well as its 

dimensions can be acquired from both the ground and remote measurements. As far 

as ground measurements go, the use of theodolites and glacier stakes have now been 

replaced primarily by more accurate mapping and surveying techniques through either 

the use of global navigational satellite systems and sensors deployed on the surfaces, 

or time-lapse cameras installed in the vicinity of the glaciers. Alternatively, a 

combination of stake fields and global positioning system measurements can be used. 

With the exception of time-lapse cameras (e.g. Messerli and Grinsted, 2015), ground 

velocity surveys usually require field campaigns of long duration requiring substantial 

funding and personnel time. While ground based surveying of ice velocity can provide 

results of temporally high resolution, the main drawback is the limiting spatial 

coverage and increased financial and organisational need. Using aerial and satellite 

sourced photography enables researchers to focus on much larger areas with greater 

efficiency. 

 

While optical satellite data can offer superior spatial coverage, there are limitations to 

consider. The quality of the data aimed to be extracted from the images depends 

largely on a) cloud cover conditions, b) seasonal snow conditions, c) extent of debris 

cover, d) shadowing in the mountainous regions. Each of these points may need to be 

addressed depending on the nature of research and questions being answered. The 

focus of a developed system is on the retrieval of surface displacement (e.g. ice 

movement). Though, there are other variables being attributed scientific interest. 

These include but are not constrained to: a) glacier outline / delineation, and glacier 

terminus positional changes, b) glacier volume and elevation change, c) supraglacial, 

and periglacial hydrology changes (e.g. supraglacial ponds), d) debris cover extent 

mapping and others. These are expanded on below: 

 

Glacier spatial extent: Delineating same glaciers from different times can yield useful 

information on changes in their spatial extent. Thus, the area as well as the retreat and 

advance of glaciers can be observed. The most up to date version of the Randolph 

Glacier Inventory now holds a complete collection of glacier outlines world-wide. 



 6 

Many studies have been looking to create smaller scale, independent inventories, and 

establish correct pathways to do so (e.g. Racoviteanu et al., 2009). 

 

Glacier volume and elevation: Quantification of glacier elevation change together 

with glacier spatial extent change form a prerequisite for understanding fluctuations 

in ice mass volume. Glacier elevation change can be quantified by using repeated 

Digital Elevation Models (DEMs). Elevation change is then utilised for mass balance 

calculations (e.g. Berthier et al., 2014; Andreassen et al., 2015).  

 

Glacier hydrology: Playing a vital role in the glacier hydrological system, supraglacial 

lakes have a potential to act as temporary reservoirs for meltwater that can lead to 

crevasse formation via ice fracturing and associated ice flow speedups or ice 

disintegration (Selmes et al., 2011; Phillips et al., 2013). Using remote sensing, the 

depth (e.g. Pope et al., 2016) and extent (Liang et al., 2012) can be quantified. Linking 

supraglacial ponding of water with the basal ice dynamics has been debated in relation 

to the Greenland Ice Sheet, where such ponds have been occurring. Drainage of 

supraglacial water from land terminating glaciers can form glacier outburst floods 

(also known as jökulhlaups).  

 

Debris cover: Debris cover extent, pattern, thickness and composition can all alter the 

surface energy balance of the glaciers. It has been shown that satellite imagery can be 

used to delineate and isolate the debris cover area (e.g. Paul et al., 2004) and provide 

thickness, and compositional pattern information in combination with rigorous 

fieldwork (e.g. Mihalcea et al., 2008).  

 

 

2.1.1. Aerial and UAV glacier monitoring 
 

Aerial photography as a technique of remote sensing has enjoyed a long-lasting 

application (Tadesco, 2014) Using aerial acquisitions has continued to be perceived 

as superior over smaller alpine glaciers, especially prior to advent of satellite missions 

such as Landsat 7 in 1999, which massively improved previous sensor’s resolution 

(Pellikka and Rees, 2009). Even now, the highest possible resolution of free, publicly 
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available satellite imagery is 10m (Sentinel 2) and so aerial campaigns can still be 

useful. The main advantages of using aerial photography are considerably improved 

spatial resolution, independent temporal and spatial flight planning as well as certain 

degree of control over cloud conditions. Studies such as the one of Rostom and 

Hastenrath (2007) have highlighted possibility of aerial campaigns in assessing 

length, areal and volume change in small alpine glaciers.  

 

The past decade has seen a rise of new phenomenon – drones or Unmanned Aerial 

Vehicles (UAVs). The UAVs have transformed potential for high resolution imagery 

acquisitions and using either multirotor (usually 4 or more rotors) or fixed wing 

systems has become increasingly popular in the community. The main advantages of 

deploying UAVs are similar to the advantages offered by aerial acquisitions. Of 

special importance to the application within the field of glaciology are: good 

geolocation accuracy, flexible flight altitude potentially maximizing ground 

resolution, independency of deployment, and relatively low cost of operation 

(Bhardwaj et al., 2016). UAVs can be used multiple times in a day and can crucially, 

be used to construct Digital Elevation Models (DEMs) of glaciers with a short 

turnaround (Bhardwaj et al., 2016). As the cameras, sensors and vehicles evolve over 

time, it can be expected that UAVs will be able to cover larger areas, in higher 

altitudes and at a better resolution as their development and use is not constrained 

solely to glaciology but also to wider Earth Science community worldwide. 

 

 

2.1.2. Satellite glacier monitoring 
 

While undoubtedly having numerous benefits, aerial acquisitions (from planes and 

UAVs) cannot compete on a spatial level with spaceborne imagery. The first satellite 

imagery used for glaciological purposes came from the strategic reconnaissance 

Corona satellites, which provided 2-8m resolution imagery from 1960 to 1972 

(Pellikka and Rees, 2009). Initially classified Corona images have been used in studies 

with an aim of extending the time series of observations by 10 – 12 years (e.g. Bolch 

et al., 2011; Wilson et al., 2016). While it may be impractical to use Corona imagery 

for velocity mapping due to projection issues, it remains a valuable tool for glacier 
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delineation and feature mapping thanks to its high resolution. Corona imagery has 

been successfully compared with recent Landsat and ASTER imagery proving the 

possibility of volumetric change calculations at the Khumbu Glacier, in Nepal (Bolch 

et al., 2008). 

 

One of the objectives of the Landsat satellite mission, which started in 1972, was 

glacier monitoring, but it was more than a decade later when the full potential of 

working with digital data began to be realized (Kargel et al., 2014). With the 

availability of higher spatial resolution data in six spectral bands from the Thematic 

Mapper (TM) sensor in 1984, an important step forward was achieved for spaceborne 

glacier monitoring as the instrument demonstrated that snow and ice were spectrally 

distinguishable from clouds, and automated glacier mapping at a global scale became 

feasible, yielding a large number of studies in the following years concerning 

glaciological applications such as mapping of outlines and terminus changes, snow 

and ice zones, and flow velocities (Kargel et al., 2014). The spatial resolution of 30m 

improved to 15m for panchromatic band of the Terra ASTER and Landsat 7 ETM+ 

acquisitions starting in 1999. This resulted in multiple studies being published in the 

following years (e.g. Berthier et al., 2004). 

 

The most recent of the Landsat missions (Landsat 8) was launched in 2013. Landsat 

8 with its improved radiometric resolution, half-pixel geolocation accuracy, image 

and acquisition rates (currently 16 days) enabled previously unachievable quality and 

quantity of the satellite scenes for glaciological use (Fahenstock et al., 2016). 

Following the Landsat 8 launch, two Sentinel missions were released to orbit in the 

following years. Sentinel 2A (launched in June 2015) and Sentinel 2B (launched in 

March 2017) are now forming a constellation of two satellites, 180 degrees apart with 

an individual revisit time of 10 days and a combined revisit time of 5 days at the 

equator and considerably less in higher latitudes, where the individual orbits overlap 

(Figure 2.1) (Paul et al., 2016). Both Sentinel 2A and 2B satellites are equipped with 

modern multi-spectral high-resolution scanners, 13 spectral channels, highest 

resolution of 10m and the swath width of 290 km (Szostak et al., 2018). Detailed 

information regarding aforementioned satellite missions is summarised in the Table 

2.1. It is worth noting that there have been many more privately funded satellite 
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missions launched into orbit such as Ikonos, SPOT 5, or WorldView 1 and 

WorldView 2. These tend to offer imagery of substantially better resolution, however 

the commercial nature of missions makes these products expensive for most of 

academic research. Nevertheless, studies have used this type of imagery (e.g. 

Armstrong et al., 2016) utilised Worldview 1 and 2 imagery with the pixel size of ~ 

0.5 m. 

 
Figure 2.1: Representation of revisit time (in days) of Sentinel 2A – 2B constellation 

A) across the world, B) across the central Europe and Scandinavia. Adapted from 

Kääb et al. (2016). 

 

 

 
Table 2.1: Overview of the optical satellite sensors used in Landsat 4, 5, 7, 8 and 

Sentinel 2 missions. Adapted from: Kargel et al. (2014). 
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Images from each satellite band are sensitive to properties of the atmosphere as well 

as of snow and ice. There are two principal ways of detecting glacier velocity; feature 

tracking and satellite radar interferometry. This thesis further discusses only the 

application of feature tracking and the use of the optical sensor system, hence it is 

beyond the scope of work to explain differential interferometry and Synthetic 

Aperture Radar (SAR) system in detail. The main difference between SAR and optical 

sensors is the illumination source. The SAR sensor generates its own illumination and 

performs well also in night time. Radar system is also able to penetrate through the 

clouds. Several studies have used radar based intensity or coherence tracking of 

glacier velocities successfully (e.g. Luckman et al., 2003; Quincey et al., 2009, 

Joughin et al., 2010). In brief, interferometric synthetic aperture radar (InSAR) works 

on the principle of detecting the phase change of the radar beam that is returned to the 

radar after being emitted towards the Earth. Given that beam geometry stays the same 

(emission happens from the same place at the orbit), the change in the phase can be 

translated into the movement of the ground and quantified (Eldhuset et al., 2003). 

Subtracting at least two interferograms and accounting for topography can provide ice 

velocity in the direction away or towards the sensor (Luckman et al., 2007). Given 

that phase coherence is maintained and appropriate postprocessing applied, final 

displacement can be on the order of centimeters (Tadesco, 2014). Loss of coherence 

is often encountered and may result from the very fast flow of glaciers and changes 

to features (e.g. crevasses), as well as water content, which is often changeable during 

the melting season (Wangensteen et al., 2005). The biggest advantage of using InSAR 

remains the ability to provide measurements regardless of the time of the day and 

weather conditions. This is useful in many glaciated areas as the clouds can often 

inhibit the quality of optical imagery. 
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2.2. Satellite mission fundamentals 
 

Satellite sensors are similar to the modern-day phone cameras, as they record the 

reflected intensity of electromagnetic energy in several portions of the 

electromagnetic spectrum, and group them in separate bands of variable width (Figure 

2.2). Each band corresponds to different position in the spectrum and has a 

characteristic resolution, with the panchromatic band being the one with the highest 

spatial resolution in Landsat 8 and Sentinel 2A-2B missions (Table 2.2).  

 

Radiometric resolution of imagery is a property determined by the number of bits used 

to digitize the radiance signal, where an 8-bit system distributes signal into 256 levels 

(digital numbers), and 12-bit system can redistribute the same signal into 4096 levels, 

making 16-bit system such as the one of Landsat 8 superior to 8-bit system of Landsat 

7 ETM+ mission (Tadesco, 2014). In practice, this means improved detail of the 

feature signal in the more recent system. 

 

The Sentinel 2A and Sentinel 2B carry the Multi Spectral Instrument (MSI), which 

provides 13 reflective wavelength bands; four 10m visible and near-infrared (NIR) 

bands, six 20m near-infrared and short wave infrared (SWIR) bands, and three 60m 

bands (Figure 2.2) (Drusch et al., 2012; Zhang et al., 2018). The Landsat 8 carries the 

Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) and has 9 

reflective wavelength bands designed for land use, with the highest panchromatic 

band resolution of 15m, compared to Sentinel 2A-2B constellation’s 10m (Figure 2.2) 

(Irons et al., 2012; Loveland and Irons, 2016). Global combination of the Sentinel 2A-

2B constellation yields an average of an observation every 4.6 days, whereas 

combination of Sentinel constellation and Landsat 8 results into a global average 

revisit time of 2.9 days (Li and Roy, 2017). Glacier features such as crevasses or ash 

layers can be on the order of few meters and therefore using the bands with highest 

possible resolution is beneficial. In the case of Sentinel 2 constellation and Landsat 8, 

it is the panchromatic band with 10 and 15m resolution respectively. However, many 

studies have shown the advantage of combining band ratios (e.g. Paul, 2002; 

Racoviteanu et al., 2009). That may come at a cost of decreased resolution, or 

misinterpretation due to interpolation of the pixel size.  
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Figure 2.2: Sentinel-2 and Landsat 8 spectral bands. The coloured area indicates 

the wavelength range where the atmosphere is transparent. The vertical placement 
of the rectangles indicating the individual bands is arbitrary. 

Adapted from: Kääb et al. (2016). 

 

 

 
Table 2.2: Table of satellite mission characteristics (on board instruments, spatial 

resolution, swath and time of operation). From Tadesco (2014); NIR=Near Infrared, 

PAN = Panchromatic, SWIR = Short wave infrared, VNIR = Visible and near 

infrared. 
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2.3. Review of surface displacement estimation techniques in glaciology  
 

Matching of images to detect change has become popular with the advent of powerful 

computer technology and is now commonly used not only in the field of Earth 

Sciences (e.g. tectonic movement, sea ice monitoring, mass wasting events, ice 

velocity), but also in other branches of sciences such as medical imaging, facial 

detection, or video processing. The wealth of freely available optical imagery 

nowadays is enabling community to undertake research at higher spatial and temporal 

scale than ever before.  

 

When first used, satellite image matching was done by manually looking for 

displacement of features at the Byrd Glacier in Antarctica (Lucchitta and Ferguson, 

1986). This process was later automated and first appeared in a work by Bindschadler 

and Scambos (1991), which used a normalized cross-correlation method as first 

described by Bernstein (1983), and applied it to the movement detection of the Ice 

Stream D and Ice Stream E in the West Antarctica.  In the following two decades, 

new methods have been explored and introduced. These include e.g. the orientation 

correlation (e.g. Fitch et al., 2002) and the phase correlation methods (e.g. Michel and 

Rignot, 1999). Different methods have been compared with a focus on glacier velocity 

mapping (e.g. Heid and Kääb, 2012). The first software used to retrieve ice velocities 

via feature tracking was IMCORR (Fahenstock et al., 1992). Since then, other 

software packages for feature tracking have been developed and are used in the 

glaciological community. The most used ones include COSI-Corr (Leprince et al., 

2007), and ImGRAFT (Messerli and Grinsted, 2015). Each of the correlation methods 

(e.g. normalized cross correlation) offers benefits and can be superior to other method. 

Some of the approaches involved in processing have been described and summarised 

in the recent review by Heid and Kääb (2012). Over the past 27 years, image matching 

has been used on small mountain glaciers and ice sheets alike (e.g. Joughin et al., 

2010). Image matching has been performed on smaller spatial and temporal scale, 

such as on single glaciers (e.g. O’Neel and Pfeffer, 2005) – the Columbia Glacier, but 

it has been equally demonstrated on spatiotemporally larger datasets with success (e.g. 

Dehecq et al., 2015; Fahenstock et al., 2016). Larger datasets can include mountain 
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ranges (Himalaya, Karakoram, Pamir) (Dehecq et al., 2015), or the Antarctic and 

Greenland Ice Sheets (Fahenstock et al., 2016). 

 

 

2.3.1. Image choice and parameter choice for feature tracking 
 

There are several criteria to keep in mind when selecting images for optical matching.  

 

1) Trackable features must be present on the glacier surface. The features most 

often seen on the surface of glaciers include ogives, crevasses, ash layers, 

eroded debris, lateral moraines, medial moraines, reintroduced englacial 

debris, erratic boulders, vegetation, or manmade structures (e.g. automatic 

weather monitoring station). The appearance of features in optical images is 

largely dictated by the ground resolution of the image. A 1m thick ash layer 

and a boulder of 1m diameter will not be distinguishable in pixels with 10 or 

15m resolution but will stand out in some higher resolution UAV-acquired and 

WorldView imagery. As the image is composed of pixels, with each having a 

specific value, features tend to impose differences in the patterns of digital 

numbers (values of intensity). It is not possible to use feature tracking on snow 

covered parts of the glaciers or ice sheets due to lack of differences in intensity 

values. This is the primary reason why optical imagery from the winter 

seasons is not used to detect ice displacement. It is necessary to point out that 

the snow cover may not be deep enough to mask all the features at the glacier 

surface and some with certain features remaining visible. That can be the case 

in imagery acquired after the first snowfalls following the summer melting 

season. Overall, most glaciers do have features to be tracked in the non-snow 

covered parts. Increased resolution improves the tracking potential. It is 

important to point out that features such as medial and lateral moraines that 

are stretched in the flow direction of glaciers are usually hard to track even 

with the best Sentinel 2A-2B or Landsat 8 resolution, as features within the 

moraines are usually too fine to distinguish in the neighbouring pixel values. 

On the other hand, crevasses, ogives, and often the layers of ash appear 
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perpendicular to the flow of the glacier and if detected, these offer potentially 

good tracking targets.  

 

2) The time span between the two matched images must be long enough to 

observe displacement, yet short enough for the features such as ash bands or 

ogives not to change and maintain similarity. Due to differing nature of glacier 

velocity, there is no single correct time span. The ideal time window choice 

must be chosen after carefully considering the average speed of the glacier. If 

the average velocity is known to be 0.5m per day and the single pixel ground 

resolution is 10 or 15m, comparing images with a time span of 6 days will not 

yield correct matches. In general, time spans at the lower end of the spectra 

(e.g. 1 month) are more likely to give accurate results. Large time windows 

(time spans between the two matched images) may result in decorrelation of 

the features through shearing, change of extent, or complete disappearance 

due to snow. Commonly, time windows are on the order of weeks and months 

for fast moving glaciers and months to a year or two for slower moving 

glaciers. Though, they can be significantly more for very slow moving glaciers 

and imagery of lower spatial resolution (e.g. Haug et al., 2010). On the other 

hand, using the satellite imagery with ground resolution of less than a meter 

or UAV missions with the ground accuracy of less than 10 centimetres can 

result in daily or sub-daily velocity maps (e.g. Ryan et al., 2015). When 

comparing imagery on a yearly scale, it is ideal to use images from similar 

periods of the year as same features tend to become visible on the surface at 

certain time during season. Additionally, the illumination and shadowing in 

the mountainous areas will differ throughout the year. 

 

3) The resolution of imagery determines detail of ground observations. High 

resolution UAV imagery usually comes with additional fieldwork costs and 

spatial challenges. Commercial imagery such as WorldView 1 and 2 is usually 

expensive for academic research. For any large scale studies, highest possible 

freely available imagery is currently (August 2018) provided by Sentinel 2A-

2B constellation at 10m resolution. The higher the resolution, the more data 

storage and computing power is necessary, especially when dealing with 
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larger areas (e.g. mountain ranges). When matching 2 images with an aim of 

detecting displacement, it is ideal to match two images of the same ground 

resolution and avoid interpolation introduced by downsampling or upsampling 

of the image in the pair, such as when comparing Sentinel 2A-2B 10m bands 

with the Landsat 8 panchromatic band 8 of 15m resolution.  The two images 

being matched must have the same dimensions in both x and y axis.  

 

4) Cloud cover can pose as much of a problem as the snow cover over the 

glaciers. Satellite observations with no snowfall are mostly restricted to late 

spring until early autumn period. Lack of features in the winter time leads to 

relying on image pairs with a ~ 1 year temporal baseline for any information 

on movement in the given period. Manual selection can be laborious but 

remains the best alternative for smaller scale studies, where inspecting each 

scene is not extremely time consuming. However, for the large scale studies, 

set thresholds are often used. Using automatic selective thresholds for cloud 

cover percentage runs a risk of omitting potentially good images, with high 

cloud cover area, but relatively little or no cloud cover over the glaciers of 

interest.  

 

5) Lastly, the important parameter for the feature tracking is the size of the 

reference and search window. Reference and search windows are subsets 

within the reference and search image within the image pair. Subset from the 

first image is being found in the second image in a row-wise manner, with 

each position returning a value – strength of the correlation. The highest value 

forming a peak at the cross-correlation surface is adopted as the resulting 

displacement. Size of the reference and search windows is an important 

control on the result. Firstly, the reference window must be larger than the 

search window. Secondly, the difference in pixels between the reference and 

search window, divided by 2 is the maximum possible displacement that can 

be tracked. 
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2.3.2. Correlation algorithms 
 

Out of several cross-correlation algorithms, the normalized cross correlation is the 

one most frequently used when retrieving the velocity of glaciers (Heid and Kääb, 

2012). Normalized cross correlation was the first method for velocity retrieval 

employed by Bindschadler and Scambos (1991) and Scambos et al. (1992). It is also 

the algorithm that was implemented into the IMCORR feature tracking software (Heid 

and Kääb, 2012). The basic prerequisite for correlating is two co-registeresd images. 

The first image is taken as the reference image, and a template from this image is 

searched for in the second image (the search image). The centred cross correlation 

surface CC (Figure 2.3) is given by the following: 

 

 
 

where (i, j) indicates the position in the search area, (k, l) the position in the reference 

area, r the pixel value of the reference chip, s the pixel value of the search chip, µr the 

average pixel value of the reference chip and µs the average pixel value of the search 

chip (Heid and Kääb, 2012). While the peak of the cross-correlation surface indicates 

the displacement between the images, the cross correlation is normalized, which has 

two effects; firstly, the images with different illumination conditions can be better 

compared, and secondly, the correlation coefficient from different correlation 

attempts can be compared. The most common alternative to normalized cross-

correlation is orientation correlation, which is a fast, statistically robust and 

illumination invariant method that works by correlating orientation images, where 

every pixel in an orientation image is a complex number representing the orientation 

of intensity gradient (Fitch et al., 2002). As angles of gradient orientation are matched, 

it is independent of the level of illumination. 
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Figure 2.3:  Schematic sketch of the cross-correlation surface and resulting terrain 

displacement from pairing of the orthoimages 1 and 2. Adapted from: Kääb (2005). 

 
 
 
 
 
 
 
2.4. Known sources of error in satellite image matching 
 

Considering the importance of even sub-pixel movement in exploiting the time-series 

of ice velocity, co-registration error between the two compared images has a 

detrimental effect on accuracy. Obtained glacier velocity fields are always subjected 

to errors. Considering areas with no cloud nor snow cover, the errors in image 

matching for glaciological application can be subdivided into two main areas. First, 

there are the jitter, geolocation accuracy, rotation, transformation and shifts. 

Secondly, errors that stem from the orthorectification.  
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2.4.1. Co-registration error 
 
 
Satellite platform vibration induced by the onboard dynamic components and exterior 

perturbation deteriorates platform stability and causes attitude jitter, resulting in 

image distortion and geometric accuracy degradation (Liu et al., 2016). The Multi 

Spectral Instrument of the Sentinel constellation operates with a push-broom concept, 

where the push-broom sensor works by collecting rows of image data across the 

orbital swath and utilises the forward motion of the spacecraft along the path of the 

orbit (ESA, 2016). With 12 push-broom modules covering each swath, the 

misregistration of the push-broom data can lead to bias and characteristic stripe 

pattern of the images. Each swath is approximately 290km wide (ESA, 2016) and this 

pattern can therefore be visible in orbit direction mimicking the orbit track each 

~24km. The L1C data for Sentinel 2A-2B constellation is provided in geo-located 

tiles (109 x 109km) in the Universal Transverse Mercator map projection (Zhang et 

al., 2018). Each tile has a corresponding five digit alphanumeric code, with the first 

two numerals marking the UTM projection zone. Operating with the data from two 

different tiles can incur additional errors due to inaccuracies in projection. The co-

registration accuracy of the Sentinel L1C products has improved since the first 

acquisitions in summer 2015 and can be now expected to be up to 10m (Stumpf et al., 

2018). Correction of the Sentinel 2A yaw bias after the 15th of June 2016 had improved 

the co-registration accuracy that could have reached 18m before that date (Stumpf et 

al., 2018). Errors caused by jitter resulting in stripe pattern in cross track direction 

have been eliminated after the 15th of June 2016. However, it is worth noting that this 

error did not affect all scenes up to the 15th of June 2016. According to ESA (2018), 

the relative co-registration accuracy of the two images should at the moment be less 

or equal to 1.12 pixel size (11.2 meters for the 10m bands). Co-registration error will 

often manifest itself as a homogeneous translation with uniform or almost uniform 

displacement magnitude and displacement vector direction. When using imagery from 

the same orbit, the co-registration error often manifested as a uniform translation will 

be the main source of error. To correct for it, the displacement fields in x and y 

direction can be first filtered for outliers by applying the threshold dictated by standard 

deviation and subsequently have median values subtracted, therefore eliminating the 

large component of the error. 



 20 

2.4.2. Orthorectification error 
 

Orthorectification is the process of removing the image distortion caused by variations 

in topography. Sentinel 2A-2B scenes are provided as orthorectified L1C products. 

The most important quality prerequisites for orthorectification are knowledge of 

camera position, camera viewing direction and crucially use of a DEM with high 

ground resolution and small error. Two types of errors contribute to vertical offsets 

between the terrain and its approximation by a DEM: a) measurement or production 

errors where DEM elevation does not agree with terrain elevation at the time of 

acquisition of the elevation data; and b) changes in terrain elevation over time 

between elevation measurement and satellite scene acquisition (Kääb et al., 2016). 

To quantify glacier displacement over time, the latter error is the most prominent 

one, often encountered as the glaciers can lose tens of meters of elevation between 

the DEM acquisition date and the date a satellite scene is ingested and 

orthorectified. Equally, the first error type can be also prominent, especially in 

glaciated regions with the steep mountainous terrain where elevation of the slopes 

immediately bordering the glaciers can affect the elevation detected, depending on 

the ground resolution and terrain ruggedness. 

 

When co-registering the images from the same relative orbit, the DEM effects will 

be eliminated. Using imagery from two different relative orbits may amount to error 

of:  

 
 

where Δd (max) is the maximum possible displacement using Sentinel 2 (S2) imagery, 

and Δh is the elevation difference between the DEM and present, or when the satellite 

image has been orthorectified (Figure 2.4). The magnitude of the orthorectification 

error can reach tens of meters at the glacier termini. The denominator in the equation 

is calculated using the maximum 2 half-swath widths of Sentinel 2 satellites of 145km 

each, the orbital altitude of 786km and ~ 11° angle through which the furthest points 

of the swaths are observed.  
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Figure 2.4: Vertical errors Δ h in a DEM used for orthoprojection of satellite scenes 

translate into horizontal orthoimage offsets from the true location of point P. These 

cross-track offsets depend on the magnitude of Δh and the off-nadir cross-track look 

angle of the sensor towards point P. Compared to true ground, coordinates of point P 

the horizontal offsets P–Pi, P–Pj, or P–Pk become effective, while the offsets Pi–Pj, 

or Pi–Pk appear when comparing two orthoimages from different orbits. View in 

orbit plane. From: Kääb et al., (2016). 

 

 

Co-registration accuracy of the images from two different, usually immediately 

adjacent orbits will be influenced by the orthorectification as well as co-registration 

errors. Orthorectification error will reach its maximum in steep mountainous areas, 

where the terrain itself induces errors in the DEM, and over the ablation zones of 

alpine glaciers, especially glacier tongues where extensive melting may have occurred 

in the time gap between the DEM acquisition and satellite image orthorectification. 

Sentinel 2A-2B constellation imagery has been orthorectified using the Planet DEM 

90, and other non-specified DEMs for the areas outside the SRTM coverage (North 

of 60° latitude) (Kääb et al., 2016). The SRTM itself is of 90m resolution, is based on 

Planet DEM 90, and has been acquired in February 2000.  There is very limited data 
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on the Planet DEM 90 and other DEMs used for the orthorectification. The uncertainty 

of the Planet DEM 90 has been listed as 16m (2σ) (Stumpf et al., 2018). Unavailability 

of the Planet DEM 90 makes it hard to understand exact magnitude of DEM errors as 

well as mechanisms used to fill in the voids left in the SRTM data.  

 

Matching the image pairs with images from different orbits almost always carries a 

risk of additional displacement due to orthorectification error. While this should be 

avoided when possible, studies have investigated efficient combining data from 

neighbouring orbits with an aim of extending and making denser time series. 

Sometimes, this approach may be necessary in areas with prominent cloud cover and 

long time span between cloudless image acquisitions, such as northern latitudes (e.g. 

Iceland). Before the Sentinel 2 release, the 16-day revisit time of Landsat 7 and 8 

missions was the highest temporal resolution freely available. Given the snow 

conditions in areas such as Skeiðarárjökull in Iceland, the time window with no snow 

cover over the glacier is ~ 2-4 months, which has limited a potential number of useful 

acquisitions to ~ 6-8 in the first place. The ability to combine the data from different 

orbits and account for additional orthoprojection error can make for denser velocity 

time series, albeit at a cost of managing further errors. Therefore, knowing the 

elevation data of the original DEM, the orthoporojection discrepancy can be corrected 

and velocity field subsequently adjusted for it (Altena and Kääb, 2017).  

 

If Sentinel 2 imagery will continue to be orthorectified by Planet DEM 90, which is 

mostly based on the SRTM acquired in 2000, the orthorectification error component 

will still be present and will increase assuming continued glacier thinning. However, 

depending on the velocity of the glacier, and tracked displacement, the pairs can still 

be useful. The orthorectification error component can in theory be minimized, if the 

non-orthorectified raw data was available for orthorectification using a DEM with a) 

better ground spatial resolution compared with current 90m, b) improved uncertainty 

of a DEM compared to current uncertainty of 16m (2σ). Thanks to improved repeat 

acquisition time of the Sentinel 2 constellation, there is now less reliance on using of 

the imagery from neighbouring orbits.  
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2.5. Outcomes of the review 
 

The aim of this chapter was to provide a review of the state-of-art optical remote 

sensing of glaciers, applications of satellite glacier monitoring, satellite mission 

fundamentals as well as basics of optical image matching and sources of error 

involved in image matching. Chapter 2 illustrated necessary considerations for 

development of the toolbox, most importantly the technical details of image choice 

and parameter choice for feature tracking, use of particular satellite missions and 

known sources of error. 

 

1) Of particular importance for the toolbox design is the use of specific satellite 

missions. Global combination of the Sentinel 2A-2B constellation yields an 

observation every 5 days, which makes the Sentinel 2 constellation superior to 

other missions such as Landsat 8 with longer revisit time. Sentinel 2A and 2B 

satellites currently provide highest resolution free imagery of 10m ground pixel 

resolution. Due to superior temporal density of observations and higher spatial 

resolution of Sentinel 2A and 2B to other satellite missions, the Sentinel 2 

constellation forms ideal basis for the toolbox. Python 3.6, IMCORR and Sentinel 

2 imagery are all free to public and therefore make ideal building blocks of the 

toolbox. 

 

2) Cloud cover, time span of the image pair, extent of cloud cover, and size of the 

feature tracking parameters are main parameters to consider when pairing the 

images with an aim of obtaining displacement field. Therefore, they are the 

parameters, which must be controlled by a user of the toolbox. 

 

3) The two main sources of known error are the co-registration error and 

orthorectification error. Co-registration error of Sentinel 2 L1C products is up to 

1 pixel. Orthorectification error is present when using imagery from same and 

from different relative orbits and in the latter case, its magnitude can reach tens of 

meters depending on the change in elevation of the surveyed surface between the 

date of acquisition of a DEM used for orthorectification and ingestion of the 

satellite imagery.  



 24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 25 

3. Methodology, toolbox setup and development 
 

 

The TN toolbox has been built to be a freely available, easy-to-use, semi-automatic 

toolbox for retrieval of displacement maps from the highest resolution satellite 

imagery data currently available with specific application to glacier surface 

displacement. This chapter aims to introduce the toolbox building, setup, user input 

requirements, and the toolbox output. Furthermore, the necessary technicalities are 

explained in detail. To date, this is the only tool enabling automatically obtaining 

glacier velocity fields using imagery of currently highest possible resolution, simply 

through specifying areal and temporal parameters alone. The advantage of the tool for 

science community is that it comes at no cost and that it can be made functional with 

relative ease, given basic familiarity with the computing system. Step by step 

installing instructions are given in the supplementary toolbox text files and briefly 

discussed in the 3.1. section. The toolbox has had 2 previous testing versions (v1_0 

and v1_1), which both helped as building blocks for the current up to date version 

v1_2. Figure 3.1 presents a workflow chart of the toolbox detailing involvement of 

every part of the toolbox.  

 

The toolbox can be separated into installation and 3 main parts: download, processing 

and output presentation and visualization (Figure 3.1). Installation involves the 

download of the toolbox and installation of individual components in line with given 

instructions. Data download involves creating a text file specific to each study, and 

initiating the download of all imagery adhering to criteria specified in the input text 

file. Processing is dominated by establishing the pairs, performing feature tracking, 

and calculating displacement magnitude and azimuth of all pairs adhering with the 

conditions set in the download part. Output involves rasterizing and storing of the 

results in a format so that they can be visualized in a GIS software.  
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                            Figure 3.1: Workflow diagram of the TN toolbox. 
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The toolbox v1_2 (Figure 3.2) is composed of: 

 

A) Python scripts in the ‘Scripts’ and functions in the ‘Lib’ folders.  

B) ‘External’ folder where compiled IMCORR binary file is placed. 

C) The ‘kml’ folder with Sentinel 2 tiling in kmz file.  

D) ‘Example output’ with sample images of the Skeiðarárjökull glacier velocity 

field. 

E) ‘TNtoolbox_CONFIG bash’ file. 

F) ‘00_readme.txt’ file with instructions for installation of the toolbox and 

individual components. 

G) ‘01_requirements.txt’ file with a list of additional necessary Python packages. 

H) ‘02_GetStarted.txt’ file with instructions for the toolbox input. 

I) ‘03_example_init’ example input text file. 

J) ‘04_imcorr’ adapted text file with complete details on the IMCORR feature 

tracking software. 

K) ‘License’ for the use of the toolbox. 

 

 

 
Figure 3.2: Internal structure of the TN toolbox v1_2. 
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There are 6 python scripts (Figure 3.3):  

 

A) TNtoolbox.py initiating the run of the software. 

B) Main_script.py initiating parameter specified download via sentinelhub. 

C) Combinations.py creating image pairs and running the IMCORR software. 

D) Geo_reference.py georeferencing and vectorising the IMCORR ascii 

formatted output; calculating magnitude and direction of displacement. 

E) Rasterize.py rasterizing post-processed IMCORR output. 

F) Nomenclature.py establishing output naming and storing pathways. 

 

 
Figure 3.3: Internal structure of the ‘Scripts’ folder of the TN toolbox v1_2. 
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There are 4 built-in functions (Figure 3.4):  

 

A) Time_difference.py assessing date input and image pairing condition 

validity. 

B) Sentinel.py downloading satellite imagery corresponding to spatial and 

temporal requirements; building a list of image pairs based on relative orbit 

number criteria. 

C) Extract_date.py extracting date substrings from downloaded imagery, 

returning date output in desired format. 

D) Coord_ransformation.py transforming input coordinates from the World 

Geodetic System (WGS) 84 with European Petroleum Survey Group (EPSG) 

code 4326 into area specific WGS / EPSG system. 

 

 
Figure 3.4: Internal structure of the ‘Lib’ folder of the TN toolbox v1_2. 
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3.1. Installation and toolbox requirements 
 
Recent efforts by the European Space Agency (ESA) and the European Union (EU) 

to provide scientists with freely available imagery for land monitoring from the 

Sentinel 2A-2B have helped systems such as sentinelhub to flourish and provide the 

basis for the toolbox functionality. Installation of the toolbox is a one-time action, 

illustrated in Figure 3.5. The toolbox has been created using Python 3.6 as the 

language of choice due to its free world-wide availability. Equally, it seems that 

Python has become a popular language in the wider Earth Sciences community and 

unlike Matlab, it does not carry a burden of license with it. The requirements and 

installation instructions are provided in detail as a part of the ‘00_readme.txt’ file in 

the TN toolbox.  

 

To run the toolbox, the user is firstly required to have the Python 3.6 console installed 

(e.g. with anaconda). Anaconda is an open soure python distribution, which includes 

preinstalled libraries for many user applications. Secondly, the IMCORR feature 

tracking software needs to be compiled individually. The instructions guide the user 

through the compilation step by step, and the process is straightforward. It may not be 

necessary to download and change the compiler due to specific compilers installed in 

the user’s operating system. The system has been developed and tested with Mac OS 

Sierra 10.12.1 but the three main components: IMCORR, Python 3.6., and sentinelhub 

can be used with both Linux and Windows operating systems.  

 

There are several packages that are necessary for the toolbox to run. The building 

block of the system is the sentinelhub package developed by the ESA, allowing users 

to make web requests to download and process satellite images within Python 3.6. 

scripts, supporting amongst other sources the Sentinel 2 L1C imagery. After the 

installation of the sentinelhub python package, user is required to create a trial 

account. The free trial account lasts for 30 days and it allows a user to download 

unlimited number of scenes world-wide. After the initial trial, pricing is at a very low 

end and currently costs 16.6 euros per month for academic use, which is drastically 

lower than the costs of a single high-resolution image scene provided by commercial 

satellite missions such as WorldView2. However, the toolbox is set up for efficient 
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processing resulting in quick area processing turnover, hence enabling to perform 

analysis in a matter of hours, depending on the selected spatiotemporal details. The 

‘00_readme.txt’ file further explains in detail the sentinelhub account setup process. 

The current version of Python 3.6 comes with preinstalled packages such as ‘os’ or 

‘sys’ that are used as parts of the scripts. Additional packages that must be installed 

by a user separately in python are listed in the ‘01_requirements.txt’ file. Last, an 

internet connection is necessary for the toolbox to run.  

 

 
Figure 3.5: Schematic sketch of the workflow for the ‘Installation’ part of the 

toolbox. 
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3.2. Data download and input parameters 
 
To make the system efficient and user friendly, one of the original goals was to limit 

the number of user specific input parameters. This has been kept to a minimum that 

still allows for the full versatility of the TN toolbox. Given that the installation of the 

elements from the section 3.1. is completed, the toolbox only requires a text file input 

(‘init.txt’) composed of 21 lines to be run (Figure 3.6).  

 

 
Figure 3.6: Example of the ‘init.txt’ input file for Rhone Glacier (Rhonegletscher) 

located in the Swiss Alps, used to obtain all displacement fields with the temporal 

difference of 5 – 60 days in the period 2017/07/03 – 2017/09/03, using Sentinel 2 

imagery with less than 50% cloud cover. 

 

Input parameters can be subdivided into user and site specific. There are two user 

specific variables: the user ID; and the band ID. Both are acquired through step by 

step instructions in the ‘00_readme.txt’ file account set up section. Once copied into 

the text file, these do not change regardless of spatial or temporal surveying 

constraints. In addition, in the line 13, user specifies the path to the working folder 

location (path to working directory). This may or may not change across the project. 

The other 18 parameters in the text file are study specific meaning that each user’s 

project will have a different site and time of interest. The lines 1-15 of the ‘init.txt’ 

file govern the download of the imagery (Figure 3.7).  The lines 16-21 have 

parameters directing the subsequent processing of the data (Figure 3.8). The input 
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parameters can be further subdivided into spatial, temporal, cloud cover, and feature 

tracking parameters.  

 

 
Figure 3.7: Schematic sketch of the workflow for the ‘Data download’ part of the 

toolbox. 

 
Figure 3.8: Schematic sketch of the workflow for the ‘Processing’ part of the 

toolbox. 

 

3.2.1. Spatial parameters  
 

The spatial parameters determine the extent of the matched area and coordinate 

system for registration of the imagery as well as final rasterized output maps.  

 

The first parameter in line 1 is the EPSG code for the chosen site of study. The EPSG 

code must always be composed of 5 numeric characters. The code always starts with 

‘32’ and is followed by ‘6’ for Southern and ‘7’ for Northern hemisphere. The last 



 34 

two numbers are in a range from ’01’ to ’60’. Given this, there are 120 possible input 

variations to choose from. To find the combination of the last two numbers, the 

‘sentinel_tile.kml’ file located in the ‘kml’ folder is to be opened and two numbers of 

illuminated tile name (appearing in the middle of the tile) while a mouse cursor is over 

the glacier of interest should be input as the last two numbers in the line 1. If a glacier 

is at the boundary of the tiles with differing first two numbers (e.g. 27WRS and 

28WMP), only the tile covering all or the larger part of the glacier should be 

considered. This only occurs in a minority of cases. Additionally, the width of the 

overlap area between the tiles is usually sufficient, on the order of tens of kilometres 

to ‘fit’ the entire glacier into either of the tiles (Figure 3.9). This can be illustrated on 

a case of e.g. Miage Glacier. The second input line only requires one numeral, either 

6 or 7 to be plugged in for Southern and Northern hemisphere respectively. The third 

line should always stay as 10, when following the guidelines establishing the Sentinel 

2 band 8 (with highest ground resolution) as a band of the choice. Line 11 requires 

the input of the last two numerals from line 1 into a format UTM_xxN for the Northern 

hemisphere or UTM_xxS for the Southern hemisphere. The line 15 must have ‘S’ as 

an input, given that current version only exploits Sentinel sourced satellite images.  

 

 
Figure 3.9: Google Earth images of the Sentinel 2 tiling overlap area (in orange) 

with Miage Glacier (in yellow box) over the European Western Alps. To the left is a 

31TGL tile (in green). To the right is the 32TLR tile (in green). The overlap area 

reaches the width of ~ 35 – 55 km. 
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Lines 4 – 7 delineate the area of interest (Figure 3.10). Lines 4 and 5 correspond to 

longitude and latitude of the lower left corner of the site of interest. Lines 6 and 7 

correspond to longitude and latitude of the upper right corner of the surveyed area. 

The coordinates are required to be in the WGS84 (EPSG 4326) coordinate reference 

system, with the latitudes becoming negative in the Southern hemisphere and the 

longitudes becoming negative in the Western hemisphere. The 2 coordinate pairs are 

enough to delineate the rectangle, within which feature tracking will be performed. 

The coordinate pairs can be read in directly from the supplied Google Earth ‘kml’ file 

with minutes input as decimals, using 1 minute = 1.67 conversion rate. The lower left 

and upper right corner coordinates should allow gaps of ~ 0.5 / 1 minute at the edges 

to account for correlation image empty margins (Figure 3.10). Currently, the 

maximum size of the downloadable image through sentinelhub is 50x50km 

(5000x5000 pixels with the Sentinel band 8).  This condition satisfies the vast majority 

of glacier sizes. Dimensions of a box around the glacier should not exceed 50x50km. 

As an approximate guide for most glaciated areas of the world difference between 

latitudes (line 5 and line 7) should not be larger than 0.35. The difference between 

longitudes (line 4 and 6) should not be larger than 0.9. This is to ensure that the 

download can be performed. Sizing does not pose an issue when focusing on single 

glaciers as even the largest glaciers e.g. Bering Glacier fit within the limit. This 

requisite is only to keep in mind if the aim is to focus on a larger glaciated area with 

many individual glaciers in focus. Furthermore, even the largest European glacier 

outside Greenland, Skeiðarárjökull satisfies the condition.  
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Figure 3.10: Google Earth image of Aletsch Gletscher in the Swiss Alps with the 

image margins depicting approximate ~0.5 – 1 minute margins between the 

surveyed area and glacier edges. 

 

 

3.2.2. Temporal parameters 
 

One of the goals for the toolbox functionality has been to exploit as long a time span 

of imagery as possible. It has been more than 3 years since the launch of the Sentinel 

2A satellite into an orbit on the 23rd of June 2015. Given that the toolbox is currently 

restricted to the use of Sentinel 2A and 2B data, there are 3 or 4 summer season 

datasets to be exploited right now, with more data in years to come. The start data and 

end date of acquisitions that are to be analysed are specified in the lines 9 and 10 

respectively. After the launch of the Sentinel 2B satellite on the 7th of March 2017, 

the wealth of data has doubled and therefore imagery collected after this date can be 

utilized for denser velocity observations. As discussed in the section 2.4.1, jitter error 

affects some images collected prior to June 2016. For the majority of glaciers of the 

Northern hemisphere, up to this date, the summer melt seasons of 2016, 2017 and 

2018 can now be looked at in detail.  
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3.2.3. Cloud cover parameter 
 

The system downloads all imagery within the specified timeframe that adheres to the 

maximum cloud cover threshold. The condition serving as a selection criterion is 

useful as it helps to eliminate imagery that may not be useful for the analysis. The 

maximum cloud cover is calculated with respect to the whole scene (entire Sentinel 

109 x 109km tile) not a sub-scene specified by the toolbox. As the sub-scene can only 

reach maximum dimensions of 50 x 50km, in theory even scene cloud cover of ~ 75 

- 80% may leave the sub-scene cloudless. However, cloud cover tends to spread more 

evenly and therefore while even values of 0.7 or 0.8 can yield reasonably clear 

imagery, it is advised to use lower thresholds, depending on overall cloudiness of the 

researched area. For instance, the threshold of 0.5 corresponding to maximum cloud 

cover of 50% is often a good enough threshold for generally cloudier areas in higher 

latitudes. Using the thresholds of 0-15% will likely limit the available imagery in 

higher latitudes to a minimum. Though, it is advised to run the software multiple 

times, each time with a varying cloud threshold to achieve optimal set of results.   

 

 

3.2.4. Feature tracking parameters 
 

Once the satellite images have been through spatial and temporal selection, they can 

be paired up and feature tracking can be performed. The following parameters need 

to be accounted for: 

 

1) The time difference condition for pairing is specified in lines 19 and 20. In 

line 19, the low time threshold condition is stated. The requisite sets the 

minimum number of days below which pairing of images will not occur. In 

line 20, the high time threshold condition marks the equivalent upper limit. 

The threshold parameters are area specific, and depend predominantly on 

expected displacement of the glacier. Setting the low threshold needs to be a 

trade-off between known regional velocities and co-registration error. Setting 

a low time threshold may result in glacier movement not being distinguishable 

from the error itself.  
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The high time threshold condition is a trade-off between maximizing the 

temporal scale of observation and loosing coherence due to change of pattern 

of the features because of uneven ice movement, sheering, crevassing, melting 

and exposing ice at depth, or changing snow conditions. The very fast moving 

maritime glaciers can alter the feature pattern rapidly, in dozens of days, while 

it may take a few years for the very slowest glaciers to lose feature coherence. 

Hence, both time conditions are subjective to the area in question. For the 

majority of glaciers in the European Alps however, the thresholds of 15 – 120 

would give good indication of seasonal velocity pattern. There is no lower or 

upper limit on the threshold. In theory, it is possible to obtain useful velocity 

data with an image pair of the very fast moving maritime outlet glaciers such 

as the ones in Western Alaska and Western Greenland that can move tens of 

meters a day, given that orthorectification error stemming from the use of data 

from different orbits can is accounted for.  

  

2) Dimensions of the search and reference window, and grid spacing directly 

impact the speed of feature tracking. The grid spacing is given in line 16 in 

pixels. The grid spacing of 16 pixels would result in centring the search and 

reference windows on points separated by 16 pixels, which is in case of 

Sentinel 2 160m. The smaller the number, the denser the output grid, and 

longer processing time required. The grid density itself is the key parameter 

that directs the speed of the feature tracking between image pairs. Doubling of 

the parameter effectively results in feature tracking being performed in 1/4th 

of the original time. Ideally, the grid parameter can be equal to the size of the 

reference chip to avoid oversampling the area, however for thinner glaciers 

(e.g. Fox glacier in New Zealand), the denser grid of 3, and 6 pixels has 

provided superior, smooth results compared to larger grid spacing. 

 

The search window size provided in line 17 must be larger than the reference 

window size and must be less than or equal to 256. The search area of 32 

corresponds to a search chip of 32 x 32 pixels. It is within this chip that a 

match for the smaller reference chip in its centre is being found. The size must 
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be at least 16 pixels and can increase in increments of 16. The minimum size 

of 16 corresponds to a minimum reference window size of 8, leaving only the 

4 pixels for a minimum of maximum observable displacement to be detected. 

IMCORR border zone of 2 pixels within the edges of the search chip further 

limits the possible detectable displacement to 2 pixels (Figure 3.11). The 

maximum values for the reference and search window size are dictated by the 

IMCORR software and cannot be manually changed.  

 

The reference window size in the line 18 is a size of the smaller chip (e.g. A1 

in Figure 3.11). The reference chip must be smaller than the search window 

size; must be equal or larger than 8 and equal or less than 128. Values of the 

chips are to increase in increments of 16.  

 

While the window sizes are subjective and depend in part on the velocity of 

the surveyed glacier and expected displacement, the difference between the 

reference and search chip should be kept to minimum that still allows for a 

general margin outside the best displacement estimate. Hence if analysing a 

glacier with expected displacement of 1.5m/day over a period of 90 days, it is 

necessary to have a difference of at least 31 pixels between the search and 

reference chip. This number is calculated by obtaining the maximum possible 

expected displacement of 135m, adding a 20m margin for the IMCORR run, 

and multiplying by 2. For this case having a search window size of 64 by 64 

pixels and the reference chip of 32 x 32 pixels will work best. It is 

recommended to use the 64 -32 sizing for most of the intra-annual pairings, as 

the melt season with good acquisitions usually lasts no more than 3 months 

and a typical average speed of terrestrial mountain glaciers does tend to stay 

under or around 1.5m per day. Additionally, the grid spacing equal to the size 

of reference chip can be used not to oversample or downsample the image. 

Having the grid spacing equal to the reference chip size results in equal 

coverage of the feature pattern searched for. This is illustrated in Figure 3.11, 

where reference chips A1-A6 form an orderly pattern. Minimum and 

maximum observable displacement for a range of different window sizes is 

depicted in Table 3.1.  
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Figure 3.11: Schematic sketch depicting tracking feature tracking parameters and 

minimum of maximum observable displacement. 

 

 

Satellite 

mission 

Highest 

resolution 

Minimum 

OD: all 

Maximum 

OD: 32-16 

Maximum 

OD: 64-32 

Maximum 

OD: 128-64 

Maximum 

OD: 256-128 

Sentinel2 10m 2m 80 / 60m 160 / 140m 320 / 300m 640 / 620m 

Landsat8 15m 3m 120 / 90m 240 / 210m 480 / 450m 960 / 930 m 

 
Table 3.1: Minimum observable displacement (Minimum OD) and maximum 

observable displacement (Maximum OD) of Sentinel 2 and Landsat 8 highest 

resolution bands for a range of reference and search window sizes using. OD is 

given in standard form and IMCORR specific form (with a margin of 2 pixels).  
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3.3. Toolbox output 
 
The main goal of the project has been to provide a software with the ability to 

automatically generate georeferenced displacement maps, which can be visualized in 

with a GIS software (Figure 3.12). This is ultimately achieved, however, there are also 

other output sub-products that are generated alongside the final displacement maps.  

 

 
Figure 3.12: Schematic sketch of the workflow for the ‘Output’ part of the toolbox. 

 

The output folder contains 6 folders and 1 text file (Figure 3.13). All the georeferenced 

rasterized final results are located in the ‘Final tiff results for (specified area)’ folder. 

The remaining 5 folders host the intermediate results in text format and original, non-

georeferenced images. Of importance is also the ‘pair_file.txt’ file that lists all valid 

pair combinations from the same relative orbit. Nomenclature of the folder is unique 

for each area, time bounds and glacier name. 

 
Figure 3.13: Internal structure of the output folder. 
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Inside the ‘final tiff results’ folder are: 

 

A) Displacement magnitude map. 

B) Direction of displacement vector map (azimuth). 

C) Displacement magnitude maps in x and y direction. 

D) Correlation strength map. 

E) Georeferenced satellite images of the specified area. 

 

These maps are generated for all possible pairs regardless of the relative orbit of 

acquisition of either image and regardless of the 2A – 2B acquisition satellite mission. 

The maps are therefore generated for every possible pair adhering with areal, 

temporal, cloud and feature tracking temporal parameters as described in the 3.2. 

section. The files can be imported into a GIS system, such as QGIS (QGIS, 2018), 

where they can be processed further, and details can be enhanced through adding 

colour schemes. As the maps are already registered to a corresponding WGS /EPSG 

system, there is no need for reprojection to be done.  The nomenclature of each of the 

resulting tiff files is specific to a matched pair. 

 

Correlation strength and vector direction maps can be used alongside the magnitude 

of displacement to remove the erroneous matches and filter the final velocity field 

down the line. Removing outliers can be done manually for smaller scale studies, 

while it may be necessary to implement more sophisticated threshold algorithms for 

studies of larger spatial extent.  

 

The ‘pair_file.txt’ is a text file containing a list of pairs where both paired images have 

been acquired from the same relative orbit. Sentinel 2A-2B acquires imagery along 

143 orbits. The intra-orbital spacing decreases towards the poles. With a swath of 

~290km, it becomes clear that some areas will be more densely imaged due to closer 

spacing between the orbit paths. This is illustrated well by the Figure 2.1, depicting a 

progressively lower revisit time towards the poles. As glaciers tend to be present 

mostly in the higher latitudes, regions such as Iceland or European Alps will likely be 

imaged from more than one orbit. This can be demonstrated by Figure 3.14 showing 

relative distances (in green and brown) of the Aletschgletscher (dot) to the two orbits 
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(in yellow). The left half of the 290km swath of the relative orbit no. 65 corresponding 

to 145km is shown in light blue.  

 

 
Figure 3.14: Google Earth image of the Swiss Alps depicting the position of 

Aletschgletscher and 2 relative orbits (in yellow) it is imaged from with the 

schematic sketch of the Google Earth image illustrating the distances (in green and 

brown) from glacier (dark blue dot) to orbits (in yellow) and 145km wide half-swath 

width of the orbit no. 65 (in light blue). 

 

While some areas in the European Alps will be imaged from two different orbits 

(Figure 3.15, in purple), others will be surveyed from a single orbit (Figure, 3.15, in 

blue and red). At the latitude of 46°, the space between the orbits is ~190km. With a 

half-swath width of 145km, the overlap area will be ~100km wide. This corresponds 

to ~53% of all coverage.  Doubling the number of acquisitions means a potential for 

better time series and more useful imagery to be matched. At the latitude of European 

Alps, there is therefore approximately 50% chance of having an opportunity to work 

with data from different orbits.  
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Figure 3.15: Depiction of 2 half-width swaths of each orbit (in blue and red) adapted 

from Figure 3.14 with the overlap area is in purple. 

 

Considering the previously discussed orthorectification error as a major drawback, 

the ‘pair_file.txt’ file outputs a list of image pairs, where the two images come from 

the same orbit. In case of the Aletschgletshcer, feature tracking is performed on image 

pairs where the two images can come from orbits 65 and 108 respectively. While the 

quality and value of the result may be spurious, it is up to a user to decide on the 

usefulness of such pair. Orthorectification errors can be less of an issue with very fast 

moving glaciers, where the error magnitude is only a fraction of the total 

displacement. Regardless, by providing the list of images from same orbit, pairs with 

orthorectification can be separated. 
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4. Results: Analysis of uncertainty on estimated displacement 
maps using the TN toolbox 
 
 

A summary of the toolbox setup, input requirements and output structure was 

provided in Chapter 3. This chapter aims to introduce the toolbox functionality by 

testing performance of the toolbox on real example cases. To understand performance 

of the system over moving targets such as glaciers, the system is initially tested over 

the areas of stable ground (non-moving terrain). The toolbox is employed over areas 

of the stable ground as there is expected minor or no movement of terrain. It is vitally 

important to fully understand the errors and uncertainties associated with the software 

image pairing system to provide an all-round software tool. Performance of the 

toolbox is assessed over stable area in section 4.1., which is subdivided into specific 

case studies (areas of stable ground). The results of the toolbox runs over the glacier 

(moving target) are presented in the section 4.2.. 

 

 

4.1. Performance of the TN toolbox over stable area 
 

Initially, the system is run over the stable ground as any calculated displacement over 

the stable ground is thought to be error, provided that there is no expected movement 

of the stable ground. The toolbox is run over the stable ground in Iceland, Libya, and 

Australia. Sections are presented in the form of displacement maps, and tables with 

data statistics of the surveyed areas. Terrain parameters and the DEM of the stable 

area in Iceland are presented as maps. Effect of the terrain parameters on the 

uncertainty and magnitude of the estimated displacement is investigated using the 

stable area in Iceland. Effect of Sentinel satellite combinations on the estimated 

displacement magnitude is initially looked at using imagery from Iceland. Stable areas 

in Libya and Australia are used to further investigate the effect as they provide a 

substantially larger amount of useful imagery. The stable area in Libya is also used to 

investigate the: effect of temporal evolution of the sensor health; effect of feature 

tracking parameter choice; and effect of temporal separation of image pairs on 

displacement magnitude estimation. 
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4.1.1. Stable area – Iceland 
 

The system is applied over the stable ground in Iceland immediately West of the 

Skeiðarárjökull glacier (Figure 4.1B) with the aim of using the stable area in Iceland 

to establish the effect of a possible number of conditions that could affect the 

performance of the proposed methodology: 

 

A) Effect of the terrain parameters on the uncertainty of the estimated 

displacement. 

B) Effect of the terrain parameters on the estimated displacement magnitude and 

when using images from same and/or different relative orbits. 

C) Effect of Sentinel satellites combinations on the estimated displacement. 

 

The stable area (Figure 4.1A) in Iceland is located west of the Skeiðarárjökull glacier 

in Iceland, the largest outlet glacier in Europe, outside Greenland. The area is ~ 16 x 

16km large and falls entirely within the single 27WXM Sentinel tile. The same tile 

covers the entirety of the Skeiðarárjökull glacier, presented in the section 4.2.. 

 

 

 
Figure 4.1: A) The Sentinel 2A satellite image of the stable area from 06/09/ 2017. 

B) The view of the Western portion of the Vatnajökull Ice Cap with the stable area 

for analysis highlighted in yellow, bordered in East by Skeiðarárjökull. 
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To choose the temporally suitable season, all 4 summer seasons spanning from 2015 

to 2018 with Sentinel 2 coverage were considered. The years 2015 and 2016 had no 

useable cloudless acquisitions and only have the Sentinel 2A mission coverage. The 

summer season 2018 has only started by the time of writing this thesis. The melt 

season 2017 (July – October) on the other hand provides a good amount of useful 

imagery with favourable snow and cloud conditions and coverage of both 2A and 2B 

satellite missions. Particularly clear images come from the following dates: 31/07 

(Figure 4.2), 20/08 (Figure 4.3), 22/08 (Figure 4.4), 06/09 (Figure 4.5), and 11/09 

(Figure 4.6). The area is observable from 3 relative orbits (no. 38, 95, 138). The orbits 

and missions of the scenes are summarised in Table 4.1 below. Absence of imagery 

acquired from the orbit 38 is due to the swath of the orbit 38 not covering entire area 

of interest as well as unfavourable cloud conditions.  

 

 

Date Orbit Satellite mission 

31/07 138 S2A 

20/08 138 S2A 

22/08 95 S2B 

06/09 95 S2A 

11/09 95 S2B 

 

Table 4.1: Date of acquisition, relative orbit numbers, and acquiring satellite 

missions of the used imagery from the melt season 2017. 
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Figure 4.2: Satellite image of the stable area (Iceland) from 31/07/2017 with 

prominent cloud cover in the southern part of the image and snow-filled fissures in 

the central and western part of the image. 

 

 
Figure 4.3: Satellite image of the stable area (Iceland) from 20/08/2017. 

The sub-scene of pair 4 is highlighted in yellow. Minor cloud cover is present in the 

western part of the image.  
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Figure 4.4: Satellite image of the stable area (Iceland) from 22/08/2017 with little to 

no snow and cloud cover.  

 

 

 
Figure 4.5: Satellite image of the stable area (Iceland) from 06/09/2017 with little to 

no cloud and snow cover. 
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Figure 4.6: Satellite image of the stable area (Iceland) from 11/09/2017 with minor 

cloud cover in the NE and SW corner of the scene. 

 

Using 5 images from table 4.1, pairs are formed. As discussed in section 2.4., the 

orthorectification error is present when performing feature tracking on imagery from 

different relative orbits. When using the imagery from the same relative orbits, results 

are still subjected to error. The goal for the image pairing is to establish the pairs, to 

exploit all combinations of data from the same orbit. Firstly, the pair I1 (‘I’ for 

‘Iceland’) has 2 images from the same orbit, acquired with different satellite missions 

(Sentinel 2A and 2B). The pair I2 images both come from the same S2B mission and 

from the same relative orbit. The pair I3 scenes are both from the S2A mission, and 

have the same orbit. Secondly, the pair I4 has the same satellite mission source, but 

imagery from the 2 different orbits (Table 4.2).  

 

Pair no. Date Mission combination 

I1 22/08-06/09 S2B-S2A 

I2 22/08-11/09 S2B-S2B 

I3 31/07-20/08 S2A-S2A 

I4 20/08-06/09 S2A-S2A 

Table 4.2: List of tested pairs for the stable area in Iceland. 
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Pair I1 (22/08 -06/09) 

 

Visual inspection of the map of vector direction (Figure 4.7B) makes it apparent that 

most of the displacement is in the North direction at ~ 345 – 15 °. The individual x 

and y displacement components (Figure 4.7C & 4.7D) confirm that most of the shift 

is in the y component at ~ 1 pixel (~8-12m). The resulting total displacement field 

(Figure 4.7A) is relatively uniform with mean displacement of 10.741m and median 

displacement of 10.548m (Table 4.3).  

 

 
Figure 4.7: For the pair I1, the maps of: A) Total displacement magnitude, B) 

Displacement vector direction, C) Displacement magnitude in x-direction, D) 

Displacement magnitude in y-direction. 
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Pair I2 (22/08 -11/09) 
 

In terms of cloud cover both images are clear with minor cloud cover in the lower left 

and upper right quadrants of the 11/09/2017 scene (Figure 4.6). The mean of direction 

vector is ~ 204° (Figure 4.8B). The homogeneous appearance of the direction vector 

surface suggests uniform translation in co-registration. The total displacement 

magnitude map is also very homogeneous with displacement of ~ 2-4m (Figure 4.8A). 

Statistical data for the pair I2 is summarised in table 4.3.  

 

 
        Figure 4.8: A) Map of the total displacement magnitude of the pair I2. B) Map      

             of the magnitude vector direction of the pair I2. 
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Pair I3 (31/07 -20/08) 

 

Two scenes (Figure 4.2 & 4.3) both have cloud coverage of less than 15% with the 

31/07 acquisition having some snow cover in the fissures in the centre and west of the 

centre of the image (Figure 4.2). The mean of the vector of displacement is ~182° 

(Figure 4.9A) suggesting a dominant shift in the South direction and minimum shift 

in the East/West direction. The movement is unilateral. The total displacement 

magnitude map is also very homogeneous with displacement of ~ 1-5m (Figure 4.9B). 

The location of cloud coverage and snow is accompanied by the presence of erroneous 

matches and data voids, where feature tracking failed (Figure 4.9B).  Statistical data 

for the pair I3 is summarised in table 4.3. 

 

 
 
         Figure 4.9: A) Map of the magnitude vector direction of the pair I3. B) Map of  

              the total displacement magnitude of the pair I3. 

 

Changing cloud cover and snow cover reduces the likelihood of feature tracking 

returning reliable matches. To illustrate the decline in performance of feature tracking 

over areas with changing snow and cloud cover, a subarea (Figure 4.10) from the West 

of the scenes of the pair I3 is looked at in detail. Change in snow cover in the central 

part of the sub-scenes is likely due to melting as the snow in fissures on the latter 
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image from 20/08 is limited. Apparent change in extent of snow cover (like in the case 

of shadowing) results into output results with outliers and data voids (Figure 4.11B). 

The map of the movement vector direction shows uniformity over the ground with no 

snow or cloud cover, but also a noisy background, linked to outlier presence (Figure 

4.11A).  

 

 
Figure 4.10: The sub-scenes of the satellite images of the pair I3 form A) 31/07, B) 

20/08. 

 

 
Figure 4.11: A) The map of the movement vector direction B) The map of the total 

displacement magnitude over the sub-scenes of the pair I3.  
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Pair 4 (20/08 – 06/09) 
 

Pair I4, unlike other pairs I1-I3 is composed of imagery acquired from 2 different 

orbits (no. 138 and 95). The two scenes offer good conditions with minimal cloud 

cover. The displacement field is non-uniform and patterns of larger displacement 

occur over high relief features such as ridges in the SW, and valley slopes in the SE 

(Figure 4.12). The direction of magnitude vector is not uniform and some of the areas 

with a shift of ~ 30° correspond to areas of larger displacement (Figure 4.13). 

Statistical data for the pair I4 is summarised in table 4.3. 

 

 
Figure 4.12: Map of total displacement magnitude of the pair I4. 

       
Figure 4.13: Map of displacement vector direction of the pair I4. 
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Pair no. Mean(m) Std(m) Median(m) Mad(m) 

I1 10.548 2.272 10.741 1.165 

I2 3.6235 2.572 3.020 1.265 

I3 4.530 4.532 3.119 1.399 

I4 6.731 9.581 4.361 2.303 

 
Table 4.3: Statistical analysis of pairs I1 - I4. Pair no. – pair number; Std – 1 

Standard deviation. Mad – 1 Median absolute deviation. All data is provided in 
meters (m). 

 
 
Terrain profile of the area 
 

To understand the terrain characteristics of the area, the Mapzen DEM with 10m 

ground pixel resolution is used (Figure 4.14). The DEM is provided by ESA and can 

be acquired via the sentinelhub python package. The DEM is free of data holes and 

offers superior resolution to publicly available ASTER DEM over the same area. The 

date of acquisition of the Mapzen DEM is not known. The DEM is necessary to 

visualize the topography in 3D (Figure 4.16) and calculate the slope angle (Figure 

4.17), terrain ruggedness index (Figure 4.18), and the hillshade index (Figure 4.19). 

 
Figure 4.14: The original 10m Mapzen DEM with 10m ground resolution of the 

stable area in Iceland. 
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For the terrain parameters to be comparable with the displacement standard deviation 

and magnitude, the DEM must be of the same resolution and areal extent as the 

observed displacement magnitude and standard deviation. To achieve this, a 10m 

Mapzen DEM is resampled (changed in size) to match the resolution of the output 

displacement result (Figure 4.15). The 3D visualization (Figure 4.16) can further help 

to visualize the terrain. Terrain is versatile with flat sections as well as steep slopes 

reaching up to 45° (Figure 4.17). Elevation is in a range of ~ 200 – 1000m above sea 

level. Having a versatile terrain is helpful to perform the terrain–displacement 

statistical analysis as it maximizes the range of values for each of the terrain 

parameters.  

 

 
Figure 4.15: Mapzen DEM 10m of the stable area in Iceland, resampled to pixel 

resolution of 160 x 160m. 
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Figure 4.16: A) 3D view representation of the elevation profile of the stable area 

with a NW viewing geometry. B) 3D representation with a N viewing geometry. 

 

 

 

 
Figure 4.17: Slope angle distribution (in degrees) of the stable area in Iceland.   
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Figure 4.18: Terrain ruggedness index (dimensionless) of the stable area in Iceland. 

 
 
 

Figure 4.19: Hillshade index map of the stable area in Iceland using azimuth and 
altitude of the Sun from 22/08/2018. 
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Coarsening of the DEM has an effect on the representation of terrain parameters as 

slope angle magnitude changes (Figure 4.20). The lower the grid resolution, the less 

prominent and more homogeneous terrain representation gets. Figure 4.20 shows 

difference in the slope angle magnitude between the slope calculated from a DEM 

resampled to ground resolution of 320m (Figure 4.20A) and 640m (Figure 4.20B). 

The effect becomes even more obvious when compared to slope angles resampled to 

160m ground pixel size (Figure 4.17).  

 

QGIS uses GDAL DEM utility (QGIS, 2018b) to calculate the slope, terrain 

ruggedness and hillshade index. The parameters are described by QGIS (2018b) as 

following: Slope, given in degrees, is calculated as the maximum rate of change in 

value of the central pixel to surrounding neighbouring pixels; terrain ruggedness 

index, also given in degrees, is a measure of terrain heterogeneity and is calculated as 

the mean difference between a central pixel and its surrounding cells; unlike in cases 

of slope and terrain ruggedness calculations, it is necessary to know the Sun azimuth 

and altitude so that the QGIS software can generate a representable map of hillshade.  

 

 

 
Figure 4.20: A) Recalculated slope angle from the DEM resampled to resolution of 

32 pixels, and B) Recalculated slope angle from the DEM resampled to resolution of 

64 pixels.  
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4.1.2. Stable area – Libya 
 

The stable area in Libya (Figure 4.22) is located in the Ghat region, immediately East 

of the border between Libya and Algeria. The area is ~ 25 x 25km large and falls 

entirely within the 32RPN Sentinel tile (Figure 4.21). The imagery is acquired from a 

single orbit (no. 79). The area is dominated by a series of valleys cutting through the 

rugged terrain, with minimal extent of the homogeneous sand cover. There is a 

prominent change in elevation as the area is plateauing at ~5km from the Western 

edge of the scene (Figure 4.22). 

 

 
Figure 4.21: Google Earth image of the stable are (in blue), located by the Algerian 

Libyan border (yellow). The area is surveyed from orbit 79 (orange) and falls 

entirely within the 32RPN Sentinel tile (in green). 

 

 
 

Figure 4.22: The Sentinel image of the stable area from 02/07/2018. 
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The arid areas in Libya and Australia have been chosen as they offer superior quality 

due to good visual contrast, richness of terrain features, no expected terrain changes, 

no snow, low probability of cloud cover and remoteness from inhabited areas, or 

worked farmland. The coverage of potentially moving targets such as rivers, and 

coverage of homogeneous surfaces such as pure sand has been minimized and 

eliminated by visual inspection where possible. 

 

The goal for analysis over stable ground in Libya and Australia is to quantify the: 

 

C) Effect of Sentinel satellites combinations on the estimated displacement. 

D) Effect of temporal evolution of the sensor health on displacement estimation. 

E)  Effect of feature tracking parameters on displacement estimation. 

F) Effect of temporal separation of image pairs on displacement estimation. 
 

Data statistics are provided in table format with the mean, median, standard deviation 

and mean absolute deviation data of the displacement. To quantify error for all but the 

temporal separation analysis (case F), only image pairs with a temporal spacing of 10 

days (for the same satellite mission) and 5 days (for a combination of satellite 

missions) were used. This minimized the effect of varying lighting conditions, hence 

minimizing the error due to shadowing changes.  
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C) Effect of Sentinel satellites combinations on the estimated displacement. 

 

The data is normally distributed and the close similarity between median and mean 

values suggests a good spread of data. The mean of mean error in Table 4.4 is 2.811m 

and 2.779m in Table 4.5. The histogram representation (Figures 4.23 & 4.24 & 4.25) 

helps to visualize the spread of the error for each of the cases. 

 
Pair no. Pair Mission Mean Median 1 Std 1 Mad 
1 09/03 – 19/03 B 3.835 3.857 0.683 0.512 
2 17/06 – 27/06 B 2.574 2.533 0.605 0.417 
3 27/06 - 07/07 B 2.261 2.239 0.432 0.284 
4 07/07 – 17/07 B 2.575 2.610 0.518 0.377 

Table 4.4: Table representing the mean, median, standard deviation and mean 
absolute deviation (all in meters) of pairs 1-4, using images acquired by Sentinel 2B 

mission in 2018. 
 
 
 
Pair no. Pair Mission Mean Median 1 Std 1 Mad 
5 04/03 – 14/03 A 6.705 6.736  0.625 0.403 
6 23/04 – 03/05 A 1.583 1.540 0.530 0.365 
7 02/07 - 12/07 A 1.802 1.781 0.405 0.292 
8 12/07 – 22/07 A 1.031 0.996 0.494 0.320 

Table 4.5: Table representing the mean, median, standard deviation and mean 
absolute deviation of pairs 5-8 (all in meters), using images acquired by Sentinel 2A 

mission in 2018. 
 

 
 
Figure 4.23: Histogram representation of error distribution of pairs 1-8. The pairing 

– colour coupling for the upper histogram: 5 - purple, 6 – yellow, 7 – orange, 8 – 
blue; lower histogram: 1 – purple, 2 – yellow, 3 – orange, 4 – blue.  
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To evaluate the displacement errors for combined image pairs from 2A – 2B missions, 

the temporal difference has been kept to a minimum – 5 days. Only imagery with less 

than 1% cloud cover has been considered for the analysis. The mean of the means is 

6.534m, and the mean of medians is 6.503m (Table 4.6). The errors are normally 

distributed (Figure 4.24). 

 
Pair no. Pair Mission Mean Median 1 Std 1 Mad 
13 17/07 – 22/07 A-B 7.821 7.819 0.430 0.318 
14 12/07 – 17/07 A-B 8.800 8.772 0.570 0.375 
15 02/07 - 07/07 A-B 7.370 7.254 1.059 0.500 
16 27/06 – 02/07 A-B 4.600 4.561 0.499 0.370 
17 03/05 – 08/05 A-B 6.984 6.957 0.718 0.481 
18 18/04 – 23/04 A-B 6.828 6.803 0.556 0.390 
19 09/03 – 14/03 A-B 6.429 6.469 0.636 0.426 
20 04/03 – 09/03 A-B 3.441 3.396 0.591 0.381 

 
Table 4.6: Table of error for the mission combined displacement of pairs 13-20 with 

minimal 5-day temporal difference (all in meters), using imagery acquired by 
Sentinel 2A and Sentinel 2B missions in 2018. 

 
 

 
 

Figure 4.24: Histogram representation of displacement magnitude (error) for pairs 
13-20. 
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D) Effect of temporal evolution of the sensor health on displacement estimation. 
 
 
The analysis is performed for imagery acquired between June 2015 and July 2016 

(Table 4.7). Figures 4.26 and 4.27 are representative of anomalous pattern of error.  

 
Pair no. Pair Mission Mean Median 1 Std 1 Mad 
9 22/07 – 01/08 A 3.022 3.011 0.545 0.390 
10 12/07 – 22/07 A 1.417 1.394 0.440 0.335 
11 02/07 - 12/07 A 1.298 1.259 0.402 0.294 
12 12/06 – 22/06 A 2.500 2.350 1.238 0.301 

 
Table 4.7: Table representing the mean, median, standard deviation and mean 

absolute deviation of pairs 9-12 (in meters), using Sentinel 2A imagery from 2016. 
 
 

 
 

Figure 4.25: Histogram representation of error distribution of pairs 9-12. The pairing 
– colour coupling for the upper histogram: 9 - purple, 10 – yellow, 11 – orange, 12 – 

blue. 
 

 
Figure 4.26: Displacement error of pair 09/06/2015– 06/10/2015 with pushbroom 

and in-pushbroom error due to jitter. Arrows indicate pushbroom module boundary. 
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Figure 4.27: Displacement error of the pair 04/01/2016– 14/01/2016 with 

pushbroom error. Arrows indicate pushbroom module boundary. 
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E) Effect of feature tracking parameters on displacement estimation. 
 

The analysis in (C) was done with the reference window size of 16 pixels, search 

window size of 32 and grid spacing of 16 pixels (abbreviated to 16-32-16). The 

following analysis doubles the spatiotemporal parameters into 32-64-32 (Table 4.8) 

and 16-32-16 (Table 4.8) from the original 64-128-64 criteria. The mean of means of 

Table 4.8 is 3.049m and 3.826m for Table 4.9. The mean of means from the original 

analysis of pairs 1-8 is 2.796m.  

 

32-64-32 

Pair no. Pair Mission Mean Median 1 Std 1 Mad 
1 09/03 – 19/03 B 4.082 4.045 1.246 0.850 
2 17/06 – 27/06 B 2.771 2.640 1.123 0.767 
3 27/06 - 07/07 B 2.592 2.372 2.053 0.811 
4 07/07 – 17/07 B 2.863 2.680 1.847 0.843 
5 04/03 – 14/03 A 6.858 6.849 1.152 0.780 
6 23/04 – 03/05 A 1.839 1.719 1.008 0.670 
7 02/07 - 12/07 A 1.980 1.876 0.917 0.607 
8 12/07 – 22/07 A 1.410 1.229 1.167 0.654 

 
Table 4.8: Table representing the mean, median, standard deviation and mean 

absolute deviation (all in meters) of pairs 1-8 for the feature tracking parameters 32-
64-32. 

  
 

16-32-16 

Pair no. Pair Mission Mean Median 1 Std 1 Mad 
1 09/03 – 19/03 B 4.910 4.457 2.823 1.804 
2 17/06 – 27/06 B 3.487 3.056 2.332 1.525 
3 27/06 - 07/07 B 3.204 2.783 2.346 1.427 
4 07/07 – 17/07 B 3.583 3.076 3.003 1.670 
5 04/03 – 14/03 A 7.360 7.172 2.432 1.660 
6 23/04 – 03/05 A 2.823 2.390 2.147 1.405 
7 02/07 - 12/07 A 2.779 2.372 2.106 1.340 
8 12/07 – 22/07 A 2.467 2.020 2.034 1.321 

 
Table 4.9: Table representing the mean, median, standard deviation and mean 

absolute deviation (all in meters) of pairs 1-8 for the feature tracking parameters 16-
32-16. 
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F) Effect of temporal separation of image pairs on displacement estimation. 
 
 
To analyse the effect of the temporal differences for image pairing, the following 

analysis focuses on understanding the trend and error evolution for pairs with a wide 

range of temporal gaps. As the analysis (C) showed increased error when matching 

imagery across the two Sentinel missions, only the pairs from the same mission are 

considered (Table 4.10). The feature tracking parameters of 64-128-64 are used for 

the analysis.  

 

64-128-64 

Pair 
no. 

Pair TD NUP Mean Median 1Std 1Mad 1Mad 

21 04/03 – 23/04 20 2 5.804 5.919 2.895 1.440 1.080 
22 04/03 – 03/05 60 8 4.780 4.626 3.408 1.780 1.510 
23 04/03 - 02/07 120 27 5.507 4.310 6.730 3.070 1.810 
24 04/03 – 12/07 130 23 6.004 5.230 6.090 2.590 1.707 
25 04/03 – 22/07 140 13 5.787 5.059 5.130 2.299 1.485 
26 09/03 – 17/06 100 27 9.123 8.351 5.820 2.407 1.381 
27 09/03 – 27/06 110 21 6.511 5.273 7.408 3.016 1.712 
28 19/03 -17/06 90 16 6.292 5.082 7.123 2.875 1.695 
29 19/03 - 27/06 100 14 5.606 4.684 5.080 3.033 2.216 
30 14/03 – 23/04 40 1 2.888 2.651 2.251 1.17 0.847 
31 14/03 - 03/05 50 3 4.299 3.977 2.713 1.481 1.064 
32 14/03 – 02/07 110 18 2.261 2.239 0.432 0.285 0.183 
33 14/03 – 12/07 120 12 4.287 3.558 4.294 1.963 1.204 
34 14/03 – 22/07 130 6 3.937 3.175 4.734 1.877 1.059 
35 23/04 – 02/07 70 1 3.776 3.550 1.553 1.102 0.823 
36 23/04 – 12/07 80 1 2.109 1.864 1.269 0.915 0.679 
37 23/04 – 22/07 90 1 2.615 2.500 1.284 0.958 0.770 
38 03/05 – 02/07 60 2 2.811 2.682 1.267 0.963 0.796 
39 03/05 – 12/07 70 2 1.772 1.604 1.041 0.77 0.601 
40 03/05 – 22/07 80 2 2.604 2.494 1.074 0.984 0.618 
41 02/07 – 22/07 20 0 1.792 1.736 0.588 0.377 0.263 

 
Table 4.10: Table representing the mean, median, standard deviation, mean absolute 

deviation, and median absolute deviation (all in meters) of pairs 21-41. 
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4.1.3. Stable area - Australia 
 

The area is located in the Northern Territory state of Australia, ~20 km East of Alice 

Springs (Figure 4.29). The area is ~ 40 x 40km in size and falls entirely within the 

53KMP Sentinel tile (Figure 4.28). The imagery is acquired from a single orbit (no. 

45). The area is dominated by several prominent ridges, surrounded by flat and rugged 

terrain. 

 
Figure 4.28: Google Earth image of the stable are (in blue), located in the Northern 

Territory, Australia. The area is surveyed from orbit 45 (orange) and falls entirely 

within the 53KMP Sentinel tile (in green). 

 

 
Figure 4.29: The Sentinel image of the stable area from 11/05/2018. 
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To add to the analysis of the stable area in Libya, and better understand the role of 

satellite mission combination in image pairing, further analysis is undertaken. The 

goal of this analysis is to increase the volume of pairs to understand: 

 

C) Effect of Sentinel satellites combinations on the estimated displacement. 

 

Only imagery with less than 1% cloud cover is considered. This imagery is further 

manually filtered to eliminate imagery with even minimal presence of clouds. Imagery 

is paired with the same feature tracking parameters (64-128-64) as in the analysis over 

the stable ground in Libya to make the two areas statistically comparable. The 

temporal difference is kept to a minimum; 10 days for single missions (Table 4.11 & 

4.12), and 5 days for a 2A-2B mission combination (Table 4.13) to keep the influence 

of varying lighting conditions to a minimum. 

 
 

Pair n. Pair Mis. NUP Mean Median 1Std 1Mad 1Mad 
42 12/03 -22/03   A 10 2.144 1.908 1.222 0.906 0.683 
43 22/03 –01/04   A 0 1.210 1.154 0.497 0.373 0.297 
44 11/05 – 21/05      A 0 2.532 2.530 0.457 0.359 0.303 
45 10/06 – 20/06 A 8 1.872 1.817 0.675 0.361 0.252 
46 10/07 – 20/07 A 2 1.769 1.751 0.394 0.301 0.239 

 
Table 4.11: Table representing the mean, median, standard deviation, mean absolute 

deviation, and median absolute deviation of pairs 42-46 (all in meters). 
 
 
 

Pair n. Pair Mis. NUP Mean Median 1Std 1Mad 1Mad 
47 17/03 – 27/03   B 1 1.665 1.599 0.578 0.426 0.316 
48 27/03 – 06/04   B 0 1.312 1.282 0.541 0.402 0.323 
49 06/04 – 16/04      B 0 1.901 1.873 0.397 0.299 0.234 
50 06/05 – 16/05 B 1 2.343 2.322 0.416 0.321 0.261 
51 05/06 – 15/06 B 6 1.447 1.397 0.549 0.338 0.248 
52 15/06 – 25/06 B 0 1.537 1.534 0.355 0.270 0.214 
53 25/06 – 05/07 B 0 1.550 1.531 0.377 0.292 0.236 
54 05/07 – 15/07 B 1 0.612 0.566 0.329 0.245 0.191 

 
Table 4.12: Table representing the mean, median, standard deviation, mean absolute 

deviation, and median absolute deviation of pairs 47-54 (all in meters). 
 

 



 72 

Pair n. Pair Mis. NUP Mean Median 1Std 1Mad 1Mad 
55 12/03 – 17/03  AB 9 2.294 2.096 1.056 0.753 0.519 
56 17/03 – 22/03  AB 1 2.236 2.177 0.551 0.423 0.330 
57 22/03 – 27/03      AB 1 3.818 3.755 0.613 0.429 0.315 
58 27/03 – 01/04 AB 0 5.355 5.229 0.859 0.697 0.580 
59 01/04 – 06/04 AB 2 4.475 4.419 0.547 0.404 0.302 
60 06/05 – 11/05 AB 1 9.755 9.793 0.577 0.451 0.372 
61 11/05 – 16/05 AB 0 5.854 6.020 0.937 0.780 0.661 
62 16/05 – 21/05 AB 0 8.202 8.127 0.612 0.469 0.358 
63 05/06 – 10/06 AB 14 4.029 3.299 0.966 0.573 0.401 
64 10/06 – 15/06  AB 9 3.078 3.038 0.711 0.437 0.336 
65 15/06 – 20/06  AB 2 5.261 5.269 0.721 0.575 0.484 
66 20/06 – 25/06      AB 1 3.500 3.503 0.512 0.404 0.341 
67 05/07 – 10/07 AB 1 2.762 2.775 0.531 0.425 0.362 
68 10/07 – 15/07 AB 0 3.287 3.302 0.510 0.401 0.339 
69 15/07 – 20/07 AB 0 1.463 1.457 0.396 0.309 0.251 

 
Table 4.13: Table representing the mean, median, standard deviation, mean absolute 

deviation, and median absolute deviation of pairs 55-69 (all in meters). 
 
 
The mean of means for the Sentinel 2A pairs (Table 4.11) is 1.905m. The mean of 

means for the Sentinel 2B pairs (Table 4.12) is 1.546m. The mean of means for the 

combined pairing (Table 4.13) is 4.358m. The errors from single satellite acquisitions 

from the stable area in Libya reach similar values.  

 

Considering the analysis across both areas in Australia and Libya (pairs 1-20 & 42-

69), the mean value for 13 Sentinel 2A pairs is 2.222m and 1.968m for 12 Sentinel 

2B pairs. The mean of 23 combined pairs stands at 5.115m.  
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4.2. Toolbox use over moving targets (glaciers) 
 
Prior analysis has attempted to estimate the error distribution in a range of cases, with 

an emphasis on quantifying the satellite mission specific errors, and error evolution 

due to change in feature tracking and temporal parameters. The primary intention of 

the software is for it to be used over moving targets, specifically the glaciers, but also 

other mass wasting movements such as major landslides. To demonstrate the toolbox 

functionality over moving targets, Skeiðarárjökull outlet glacier (Figure 4.30), is 

selected for the analysis. 

 

 
Figure 4.30: The Sentinel image of Skeiðarárjökull glacier from 06/09/2017. 

 

The goal of this part of the thesis is, while partly reusing the pairs I1-I4 from analysis 

of the stable ground in Iceland to demonstrate toolbox performance over moving 

targets using:  

 

A) imagery from the same orbit, but acquired by different satellite mission. 

B) imagery from the same orbit and same satellite mission. 

C) imagery from the different orbits with a minimal temporal gap. 
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Results are presented as maps of displacement magnitude, vector of movement and 

displacement magnitude in the y direction for pair I1, pair I2 and pair I5 (no map of 

displacement magnitude in y direction). In addition, a detail of the displacement 

magnitude of the pair I5 over the glacier terminus is provided. 

 

 

Case A: Pair I1 (22/08 – 06/09) 
 

To assess the displacement field for the case A, pair I1 (22/08 – 06/09) is used. Images 

from both dates offer conditions with no cloud cover over the entire glacier area. The 

initial analysis of the stable area found the mean displacement magnitude of 10.741m 

(median = 10.548) with a median vector direction of ~340°.  

 

 

 
Figure 4.31: Map of total displacement magnitude of the pair I1. 
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Figure 4.32: Map of displacement magnitude in y-direction of the pair I1 with 

positive values indicating northward movement.  
 

 
 

 
Figure 4.33: Map of the glacier flow direction of the pair I1. 
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Case B: Pair I2 (22/08 – 11/09) 

 
To assess the displacement field for the case B, pair I2 (22/08 – 11/09) is used as it 

offers superior cloud conditions over the glacier compared to the pair 3. The initial 

analysis of the stable area error found the mean displacement magnitude of 3.623m 

(median = 3.020m) with a median vector direction of ~213°.  

 

 

 
Figure 4.34: Map of displacement magnitude of the pair I2. 



 77 

 
Figure 4.35: Map of the glacier flow direction of the pair I2. 

 
 
 

 
Figure 4.36: Map of displacement in y-direction of the pair I2 with positive values 

indicating northward movement. 
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Case C: Pair I5 (20/08 - 22/08) 
 

To assess the displacement field for the case C, pair I5 (20/08 – 22/08) is used as it 

offers the smallest possible time difference. This condition enables optimal 

visualization of the error when pairing the images from different relative orbits. In 

addition, the pair is composed of cloud free scenes. Pair I4 (20/08 – 06/09) is also 

composed of the imagery from different relative orbits and has favourable cloud 

conditions. Though a temporal gap of 17 days introduces a noticeable true movement 

component (e.g. 17m in sections flowing 1m/day), which directly affects the 

possibility of enhancing the magnitude of the orthorectification error.  

 

 
 Figure 4.37: Map of displacement magnitude of the pair I5. 
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Figure 4.38: Map of the glacier flow direction of the pair I5. 
 

 
Figure 4.39: Map of the displacement of the pair I5 at the glacier tongue, with the 

gradual increase of displacement towards the terminus and East lateral margin 

green line delineates the margin of the glacier from 22/08/2017 (Figure 4.40). The 

pink line delineates the glacier margin from 06/08/1999 (Figure 4.41). 
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Figure 4.40: The Sentinel 2 image of Skeiðarárjökull glacier tongue from 

22/08/2017. 

 

 
Figure 4.41: The Landsat7 ETM+ image of Skeiðarárjökull glacier tongue from 

06/08/1999. 
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5. Discussion  
 
 
This chapter aims to interpret and discuss the results presented in chapter 4. The 

interpretations and explanations are presented in the wider research context detailed 

in chapters 1, 2 and 3. A summary of the research aims and objectives is provided in 

the section 5.1., and is followed by the brief discussion of the aim 1 in section 5.2. 

and discussion of the results from the Chapter 4 in section 5.3.. Finally the summary 

of discussion points and limitations is provided in section 5.4..  

 

 

5.1. Summary of research aims and objectives 
 

The aims of this research were to:  

 

1) Build a freely available, easy-to-use, semi-automatic toolbox for retrieval 

of displacement maps from currently highest resolution optical satellite 

imagery with specific application to e.g. glacier movement.  

 

2) Test performance of the system and explore any potential limitations of 

the proposed solution. 

 

To achieve the aim 1, the project set to: 

 

- Combine and integrate all necessary steps to produce rasterized, georeferenced 

maps (i.e. download, pre-processing, feature tracking, and post-processing of 

highest resolution satellite scenes available) into a single toolbox. 

 

- Create a solution that is to be freely available to everyone in the Earth Science 

community. The user input will be kept to minimum, while maximizing the 

system functionality. The system will be tailored for use by glaciologists and 

non-glaciologists alike and easy to use so that people with limited GIS 

knowledge can benefit from it as well. 
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To achieve the aim 2, the project set to: 

 

- Perform analysis using a range of spatial, temporal and feature tracking 

parameters to list and quantify the sources of error.   

 

- Provide analysis using multiple sites, focusing on understanding the error via 

performance over the non-moving targets such as deserts and demonstrating 

functionality over the moving targets such as glaciers. 

 

 

5.2. Aim 1: Software building 
 

The TN toolbox (v1_2) has been built to provide the community with a semi-

automatic system being able to generate the displacement maps (e.g. ice velocity). 

The chapter 3 introduced the toolbox setup, user input requirements, toolbox output, 

and presented additional technicalities in detail. A priority was to create a free tool 

that could serve the entire community of geoscientists. The tool has indeed been built 

so that its use comes at no cost and can be made functional with relative ease, given 

basic familiarity with the computing system. Up to date, this is the only tool enabling 

automatically obtaining glacier displacement fields using imagery of highest possible 

resolution, simply through specifying areal and temporal parameters alone. Individual 

scripts forming the backbone of the system can be found in the appendix section of 

the thesis. To ensure the scripts are understandable, individual actions within the 

scripts are extensively commented on to ensure their understanding. Another key 

priority has been to minimize the required user input into the system. The current 

version of the toolbox has kept the user input to a minimum, giving user control over 

the key temporal, spatial and feature tracking parameters; all while maximizing the 

quality of the output. Given that the instructions are followed, the system can be made 

operational on any operating system, with an access to the Internet. The system output 

is in a form of georeferenced rasterized maps that can be immediately visualized in 

the GIS software such as QGIS. Currently, the output includes the maps of 

displacement and maps of ice flow direction.  



 84 

5.3. Aim 2: Understanding toolbox functionality and limitations 
 
It is vitally important to fully understand the errors and limitations associated with the 

toolbox to provide an all-round software tool of a good standard. To assess the toolbox 

performance, errors associated with feature tracking were tested. To understand 

performance of the system over moving targets such as glaciers, the system was 

initially tested over areas of stable ground, and its functionality was then displayed 

over the moving target – the Skeiðarárjökull glacier. 

 

 

5.3.1. Effect of the terrain parameters on the uncertainty of the estimated displacement  
 

Analysis using the stable area in Iceland is designed to find any existing link between 

the spread of error (standard deviation of calculated displacement) and terrain 

parameters such as slope, calculated from a DEM of the area. To assess the spread of 

error (displacement of the stable ground), 3 pairs exploiting all mission-combination 

based possibilities are used (Table 4.1). To my knowledge, to date, no study provided 

data on dependency of terrain parameters on the estimate of uncertainty in 

displacement magnitude. When the images come from the same orbit, the 

orthorectification offsets tend to cancel out or become minimized and shifts due to the 

geolocation co-registration accuracy should be the main source of error (Kääb et al., 

2016 & Paul et al., 2016). The orthorectification error can still be present though, due 

to satellite imagery not being taken from the same point in orbit. Repeated satellite 

orbits may be slightly off their defined tracks and/or image can be taken sooner/later 

than planned, affecting the image. Resulting in the 2 images not being co-registered 

accurately. Irregular co-registration of the 2 images resulting in 2 images capturing 

slightly different area and being orthorectified differently. In steep, mountainous 

areas, terrain ruggedness can pose an advantage but can equally introduce shadowing, 

which may negatively impact feature tracking. On the other hand, flat areas can also 

be featureless, negatively impacting the feature tracking manifested in outliers. 

 

To analyse the relationship between the terrain and standard deviation of displacement 

(section 5.3.1.) and magnitude of displacement (section 5.3.2.), I performed a linear 
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regression analysis. The linear regression analysis is a commonly used tool for 

predictive analysis, where 2 or more variables are compared. In section 5.3.1, the 

standard deviation of measured displacement over the stable area is compared to: 

 

A) Terrain ruggedness index, hillshade index, slope angle, sub-areas with slope 

angle of 0-4°, 4-10° (calculated from a resampled DEM) 

B) Terrain ruggedness index, hillshade index, slope angle, sub-areas with slope 

angle of 0-4°, 4-15°, 15-45° (calculated by resampling calculated terrain 

parameters) 

 

The best-fitting line is used to assess the goodness of fit. The line always minimizes 

the collective differences between the fitted and observed values. The R2 is calculated 

to quantify the goodness of fit of the line for analysis between a dependent a measure 

of the strength of the relationship between the line of fit and individual points. R2 is 

in a range of 0 – 1 (0-100%), with 1 (100%) representing the perfect fit.  

 

Process of acquiring data for linear regression – case A: 

 

Firstly, displacement of the pairs I1-I3 is obtained in a matrix of 160 x 160 pixels, and 

bounds of 2 standard deviations are applied to filter out the outliers. Secondly, the 

large matrix is divided into 100 (10 x 10) smaller matrices of 16 x 16 pixels, where 

each of the subdivided matrices has a value of mean as well as of standard deviation. 

Thirdly, slope angle is calculated for the stable area, from the resampled DEM to 10 

x 10 pixel resolution. Last, dependency of the slope angle with the standard deviation 

of displacement is measured by linear regression.  

 

Process of acquiring data for linear regression – case B: 

 

Same as case A, except that slope angle is computed from the original DEM of 10m 

resolution. Then, slope matrix is resampled to 10 x 10 pixel resolution. Last, 

dependency of the slope angle with the standard deviation of displacement is 

measured by linear regression.  
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Pair I1 (22/08 -06/09) 

 

Relationship with R2 values of ~25% and 32% between terrain ruggedness index and 

slope angle respectively was observed in the case A (Table 5.1). Low slope angles of 

0-4° lead to R2 values of ~28% and ~15% for cases A and B respectively. Standard 

deviation of displacement has an increasing tendency with the decrease of slope angle 

(Figure 5.1) and terrain ruggedness index (Figure 5.2). This may be caused by absence 

of ruggedness and trackable features at the scale of the correlation windows (~ 640 

m) in the areas of low slopes causing presence of outliers affecting values of the spread 

of errors.  

 

A 

Parameter 

 

R2 

B 

Parameter 

 

R2 

TRI 0.245 TRI 0.037 

Hillshade index 0.042 Hillshade index <0.001 

Slope angle 0.324 Slope angle 0.035 

Slope angle 0-4° 0.280 Slope angle 0-4° 0.153 

Slope angle 4-10° 0.027 Slope angle 4-15° <0.001 

         Slope angle 15-45° 0.016 

 

Table 5.1: Results of linear regression analysis of the pair I1. 

 

 
Figure 5.1: Regression analysis of standard deviation and slope angle – pair I1. Each 

data point represents the local standard deviation in a 10x10 pixel area. 
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Figure 5.2: Regression analysis of standard deviation and TRI– pair I1. Each data 

point represents the local standard deviation in a 10x10 pixel area. 

 

Pair I2 (22/08 -11/09) 

 

No significant relationship with R2 values of ~6% and 2% between terrain ruggedness 

index and slope angle respectively was found in the case A (Table 5.2). Low slope 

angles of 0-4° lead to R2 values of ~14% and ~22% for cases A and B respectively. 

Albeit minimal, standard deviation of displacement has increasing tendency with 

decrease of slope angle and terrain ruggedness index. 

 

A 

Parameter 

 

R2 

B 

Parameter 

 

R2 

TRI 0.064 TRI <0.001 

Hillshade index 0.023 Hillshade index 0.017 

Slope angle 0.018 Slope angle <0.001 

Slope angle 0-4° 0.142 Slope angle 0-4° 0.224 

Slope angle 4-10° 0.015 Slope angle 4-15° <0.001 

         Slope angle 15-45° <0.001 

 

Table 5.2: Results of linear regression analysis of the pair I2. 
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Pair I3 (31/07 -20/08) 

 

No significant relationship with R2 values of ~5% and 2% between terrain ruggedness 

index and slope angle respectively was observed in the case A (Table 5.3). Other 

linear regression analyses yielded no R2 values of above 2%. Albeit minimal, standard 

deviation of displacement has decreasing tendency with decrease of slope angle and 

terrain ruggedness index. 

 

A 

Parameter 

 

R2 

B 

Parameter 

 

R2 

TRI 0.05 TRI 0.017 

Hillshade index 0.003 Hillshade index 0.004 

Slope angle 0.015 Slope angle 0.023 

Slope angle 0-4° <0.001 Slope angle 0-4° 0.015 

Slope angle 4-10° <0.001 Slope angle 4-15° <0.001 

         Slope angle 15-45° <0.001 

 

Table 5.3: Results of linear regression analysis of the pair I3. 
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5.3.2. Effect of the terrain parameters on the estimated displacement magnitude when 
using images from same and/or different relative orbits 
 

To understand the link between terrain conditions and generated displacement field 

over stable area representing the error, analysis was performed in the stable area in 

Iceland. The 3 pairs (pairs I1, I2, and I3) were established with the aim of creating the 

duos exploiting all possibilities, when combining the data from same relative orbits 

and individual Sentinel 2 missions. The fourth pair (pair I4) has been included to 

account for the error analysis of data from different relative orbits. Only imagery with 

no or low cloud coverage has been used for the analysis.  

 

Firstly, displacement fields are calculated for pairs I1-I4. The feature tracking is 

performed with the search and reference window sizes of 32 and 16 respectively, and 

the grid spacing of 16 pixels (160m). These parameters allow for calculation of 

maximum observable displacement up to 60m, which is within expected maxima of 

co-registration accuracy error and orthorectification error as defined in section 2.4. 

Secondly, as the error has a normal distribution, the outliers are removed by applying 

a bound of 1 standard deviation. Upon visual assessment, a bound of 1 standard 

deviation is deemed to be enough to remove outliers and keep a larger number of 

trusting points for further analysis. This eliminates a large portion of the erroneous 

matches, mostly induced by the change in cloud, snow and shadow conditions. Last, 

linear regression analysis is used to look for dependency of displacement and terrain 

parameters, namely slope angle, terrain ruggedness index, and hillshade index. 

 

Regression analysis has been used to statistically analyse dependency of the corrected 

displacement fields on the terrain characteristics. Values of the R2 parameter of the 

regression analysis for each of the pairs I1-I3 have not been found to be statistically 

significant (values of less than 0.02 / 2%) in all cases when analysed against each of 

the terrain parameters (Table 5.4). Hence for the image pairs from the same relative 

orbit, regardless of the satellite mission of acquisition, no significant correlation 

between the error and terrain parameters is found. Regression analyses taking into 

consideration: the terrain parameter resampling order and terrain parameter based 

areal subdivision have found to be non-significant with R2 values of < 2% in all cases. 
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As the pair 4 is composed of imagery from different relative orbits, orthorectification 

error was expected to be present. Displacement field is not uniform and there is a 

pattern in larger displacement over terrain features, such as ridges in the SW and 

valley slopes in the SE emerge (Figure 4.12). The direction of magnitude vector is not 

uniform and some of the areas with a shift of ~ 30° correspond to areas of larger 

displacement (Figure 4.13). This picture is synchronous with the orthorectification 

error portrayal and usual appearance. No statistically significant relationship has been 

found between the terrain parameters and entire displacement field (values of R2 < 

2%). Though, the nature of the orthorectification error and visual assessment has 

indicated further need of analysis where a smaller subsample of the displacement field 

was analysed. Given the size of sample, relationship has been found exclusively 

between the displacement and slope angle (R2 ~15%), and terrain ruggedness index 

(R2 ~16%), where the steeper and more rugged terrain introduces larger displacement 

magnitude (Figure 5.3). This finding agrees with the nature of the orthorectification 

error, which tends to be more prominent in steeper, more rugged areas. Absence of a 

statistical relationship between terrain parameters and displacement over the entire 

area is likely due to the area being too large and dominated by terrain with slopes of 

less than 10°. 

 

Terrain parameter R2 pair 1 R2 pair 2 R2 pair 3 R2 pair 4 R2 p.4 sub-area 

Slope angle 0.01 <0.01 <0.01 0.01 0.15 

TRI <0.01 <0.01 <0.01 <0.01 0.16 

Hillshade index <0.01 <0.01 <0.01 <0.01 <0.01 

Table 5.4: Results of linear regression of terrain parameters with magnitude of 

displacement of pairs I1-I4 and a subarea of the pair I4. 

 
Figure 5.3: Linear regression analysis of the slope angle and terrain ruggedness 

index with the displacement within the subarea.  
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To understand the link between terrain conditions and generated displacement field 

over moving targets (glaciers), analysis was performed over Skeiðarárjökull glacier 

in Iceland. The 3 pairs (pairs I1, I2, and I5) were established with the aim of creating 

the pairs using imagery from the same orbit and a) same satellite mission (pair I1) and 

b) different satellite mission (pair I2); and using imagery from the different orbit (pair 

I5).  

 

Pair I1 (22/08 -06/09) 

 

Judging by the uniformity of the stable area displacement vector field (Figure 4.7B) 

most of the displacement is attributed to a translational shift of ~ 10.5m in a ~NNW 

direction. Considering a uniform displacement in the NNW direction, as illustrated in 

Figure 4.31, the parts of the glacier flowing in SSE direction will be influenced by 

opposing vector magnitudes hence eliminating the true offset, what can be seen in the 

NW and SE part of the glacier flow (Figure 4.31). Most of the Skeiðarárjökull flow is 

in the SSW direction at ~ 200-205° along the centreline. Parts of the glacier flowing 

at centreline direction will also be subjected to error. To illustrate the effect of the 

translational shift on the velocity component (in y-direction), the displacement 

magnitude map in y-direction is split into red-blue with the positive values indicating 

movement towards the North (Figure 4.32). All but the fastest parts (light red) of the 

glacier flow centred around the flow centreline are negatively affected by the 

translational shift. Similarly, the vector direction becomes northward (bright purple 

and orange) in parts of the glacier where the translational shift’s magnitude dominates 

over the true displacement observable in the 15-day period (Figure 4.33). 

 

Pair I2 (22/08 -11/09) 

 

The uniformity of the displacement vector field (Figure 4.8) over the stable area 

suggests that most of the displacement is attributed to a translational shift of ~ 3m in 

the ~SSW/SW direction. Given that most of the Skeiðarárjökull flow is in the SSW 

direction at ~ 200-205° along its flow centreline, the portions of the Skeiðarárjökull 

flowing in the SSW/SW direction will be directly influenced by the error of ~3.2m. 

Hence, the entire displacement field (Figure 4.34) is exaggerated with additional error 
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of up to ~3.2m. From the visual perspective, the flow appears much smoother around 

the centreline with an expected gradual recession of velocity towards the lateral 

margins as well as towards the terminus of the glacier (Figure 4.34). The flow around 

the centreline is in a range of 20-25m. Compared to the pair I1 (Figures 4.31 & 4.32), 

there are no anomalies due to large error in the y-direction (Figure 4.36).  

 

When using the pairs from the same relative orbit (pair I1 & pair I2), the effect on the 

resulting displacement field will be largest in areas, where the flow of the glacier is in 

the same direction as the co-registration error component. Given that movement of 

the target (glacier) is relatively slow and has a magnitude similar to a value of co-

registration error, resulting displacement field will be affected and not useable without 

correcting for the co-registration error. 

 

 

Pair I5 (20/08-22/08) 

 

There are three main components adding to the calculated error: true movement over 

the 2 days; co-registration accuracy error; and orthorectification error. The measured 

displacement reaches magnitudes of over ~ 35m in the glacier lateral margins and 

terminus (Figure 4.37). The mean of apparent displacement of the stable area West of 

the glacier is ~6.7m. The prominent vector direction of movement in the stable area 

is ~ 180-215°, so the co-registration error shift is in the SSE direction (Figure 4.38).  

 

Considering the orthorectification error component alone, the terminal portion of the 

glacier tongue where such error is expected to be at its maximum can be looked at in 

detail. In case of the pair I5, the apparent displacement magnitude appears to gradually 

increase within 1-4 km from the terminal and East lateral glacier margins from ~16-

18m (in red) to ~35m (in blue) or more (Figure 4.39). The temporal gap between the 

SRTM acquisition in February 2000 and imagery acquisition in August 2017 is ~ 17.5 

years. In this time, the glacier has retreated up to 3 km from its position in summer 

1999 (in pink) to where it was in August 2017 (in green) (Figure 4.39). A large portion 

of the displacement seen in Figure 4.39 can be attributed to the orthorectification error 

as the areas with the highest error magnitude (in blue) are within the space where the 
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glacier has retreated over the ~18 years. The gradual nature of the error increase 

towards the terminus suggests continuous thinning with a maximum at the termini. 

Considering the movement over the 2 days in the glacier terminus as negligible, the 

orthorectification error alone is responsible for up to 40 +/- 6.7m of displacement. 

Though, the error in parts of the glacier with less elevation change over the period 

between February 2000 and date of imagery acquisition will have the 

orthorectification error component reduced. However, such magnitude of error is 

unacceptable for most of the studies and therefore using the pairs with imagery from 

the different orbit must be treated with caution. 

 

While it is beyond the scope of this work, the orthorectification error can be, under 

certain circumstances, be used to estimate the elevation loss of the glacier at its lateral 

margins or terminus. With the trend of glacier thinning and retreat over the past ~18.5 

years, the displacement maps of the glacier termini using the imagery sourced from 

different orbits will present a major source of error. Given that Sentinel 2 imagery 

will continue to be orthorectified by Planet DEM 90, which is mostly based on the 

SRTM acquired in 2000, the magnitude of apparent shifts (orthorectification error 

component) will keep increasing assuming continued glacier thinning. However, 

depending on the velocity of the glacier, and tracked displacement, the pairs can still 

be useful. Additionally, each glacier has a highly individual rate of mass loss or mass 

gain manifesting in changes in height. In case of Skeiðarárjökull, the 

orthorectification error component is smaller further North along the centreline from 

the terminus.  

 

Using imagery from the same relative orbits is preferential as it eliminates most of the 

orthorectification error (Kääb et al., 2016). Using Sentinel 2 imagery from different 

orbits to understand dependency of terrain parameters on displacement magnitude has 

been demonstrated in several studies (e.g. Altena and Kääb, 2017 & Kääb et al., 2016). 

Analysis of the orthorectification error over Skeiðarárjökull yields results similar to 

those reported by Kääb et al. (2016) for Aletschgletscher, Findelengletscher and 

Gornergletscher in the Swiss Alps, where in all cases, magnitude of displacement 

reaches tens of meters.  
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5.3.3. Effect of Sentinel satellites combinations on displacement estimation. 
 
 
The TN toolbox provides displacement fields for all image pairs adhering with 

specified temporal feature tracking parameters. The pairs with the same-orbit imagery 

are later identified and information is supplied to a user in a separate text file. Within 

the file and toolbox, there has been no distinction between the imagery from the 2A 

and 2B missions. With no up-to-date systematic review of the role of individual 

Sentinel mission’s involvement on the matching error, understanding dependency of 

magnitude of displacement on the mission combination is crucial. As only pairs with 

imagery from the same relative orbit are considered for this analysis, the co-

registration error is the main component of error, and is manifested in displacement 

fields that have characteristic uniformity in magnitude (e.g. Figures 4.7A & 4.8A & 

4.9B), and direction of movement (e.g. Figures 4.7B & 4.8B & 4.9A).  

 

To date, no study attempted to quantify the dependency of the Sentinel specific 

mission combinations on the magnitude of displacement. Stumpf et al. (2018) 

reported that ESA has been trying to improve the geolocation of images using a global 

reference image from 12m (since 06/2016) to 3m (for 95% of imagery). While this 

was forecasted to be finished by the end of 2017 (Stumpf et al., 2018), the recently 

released report (ESA, 2018) states that all imagery except for imagery from Canada, 

Greenland and unknown islands has already been validated and ready for geometric 

improvement by using a global reference image. 

 

Mean and median values of displacement of magnitude for pairs I2 and I3 (composed 

of imagery from the same satellite mission) are significantly lower than the mean and 

median of displacement magnitude of the pair I1 (composed of imagery from different 

satellite missions) (Table 5.5). Though selected pairs come from the stable area in 

Iceland subjected to changes in frequent changes in snow and cloud cover, which can 

have a detrimental effect on data statistics introducing data voids and erroneous 

matches (e.g. Figure 4.9B).  
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Pair no. Mean(m) Std(m) Median(m) Mad(m) 

I1 10.548 2.272 10.741 1.165 

I2 3.6235 2.572 3.020 1.265 

I3 4.530 4.532 3.119 1.399 

I4 6.731 9.581 4.361 2.303 

 
Table 5.5: Statistical analysis of pairs I1-I4. Pair no. – pair number; Std – 1 standard 

deviation. Mad – 1 Median absolute deviation. All data is provided in meters (m). 
 

 

Limited number of cloudless acquisitions with no or minimal snow cover over the 

stable area in Iceland is problematic and arid desert areas provide higher number of 

suitable acquisitions. Areas in Libya and Australia are selected for good visual 

contrast, richness of terrain features, no expected terrain changes, no snow, low 

probability of cloud cover and remoteness from any man inhabited area, or man 

farmed land. The main benefit of the aforementioned areas of stable ground is the 

volume of useful imagery, allowing a ‘zero-cloud’ policy for the analysis with little 

impact on the volume of useful imagery 

 

To understand dependency of Sentinel satellites combinations on the magnitude of 

displacement, displacement is quantified using: 

 

A) exclusively the Sentinel 2A pairs. 

B) exclusively the Sentinel 2B pairs. 

C) an in-pair combination of the Sentinel 2A and 2B acquisitions.  

 

To address the cases A, B and C, 48 pairs were created (pairs 1-20; 42-69), with a 

‘zero-cloud’ policy and with minimum possible temporal gaps of 10 and 5 days 

respectively. The minimum temporal gaps of 10 days (for same satellite imagery) and 

5 days (for a combination of satellites) have been used to eliminate change in lighting 

conditions, which may introduce differential shadowing interpreted as movement. 

 



 96 

For the stable ground area in Libya, the means of means for displacement in cases A 

and B were very similar; 2.811m and 2.779m respectively, suggesting no significant 

differences depending on the mission of acquisition. The mean of means of 6.538m 

for the case C suggests a significantly larger error when using 2 images from 2 

different satellite missions. 

 

For the stable ground area in Australia, the mean of means for the case A (Sentinel 

2A pairs only) was 1.905m. The mean of means for the case B (Sentinel 2B pairs 

only) was 1.546m. The mean of means for the combined pairing was 4.358m. In all 3 

cases, the values are lower than values recorded for the stable area in Libya with the 

most notable difference between the imagery from the different orbits, being 4.358m 

for Australia and 6.538m for Libya. 

 

Considering the analysis across both areas in Libya and Australia respectively (pairs 

1-20 & 42-69), the mean value for 13 Sentinel 2A pairs is 2.222m and 1.968m for 12 

Sentinel 2B pairs. The mean of means of all 25 pairs is 2.100. The mean of 23 pairs 

with combined A-B imagery is 5.115m (Table 5.6).  

 

It is obvious that values for pairs with a combination of Sentinel 2A and 2B imagery 

are higher than when using a single mission acquisitions for the pair. Median values 

of the pairs closely approaching the means confirm that the higher error is not due to 

outliers. With relatively narrow distribution shown by reasonably low values of 

standard deviation, this result is significant, however needs more robust analysis in 

the future. The result itself likely stems from involvement of 2 different co-

registration platforms for Sentinel 2A and Sentinel 2B imagery. On the other hand, 

mean values of 2.222m for Sentinel 2A pairs and 1.968m for Sentinel 2B pairs are 

very similar. In fact, removing pair 5 from analysis would result in the mean of 

Sentinel 2A imagery to drop to 1.848m. Using collective, albeit limited knowledge 

from 51 pairs across the stable areas in Iceland, Libya, and Australia, it becomes 

obvious that using pairs with imagery from the same satellite mission may be 

preferential when limiting the co-registration error. Though, larger analysis sourcing 

more image pairs from a larger number of stable areas world-wide is necessary to 

understand such trend better.  
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Libya & Australia Mean of means (m) 

Sentinel 2A pairs (12 pairs) 2.222 

Sentinel 2B pairs (13 pairs) 1.968 

Combination of 2A & 2B (23 pairs) 5.115 

Table 5.6: Mean of means of the pairs 1-20 & 42-69 subdivided for the cases A, B, 

and C using collective information from both stable areas in Libya and Australia. 

 

Resulting means of displacement of 2.222m and 1.968m for the Sentinel 2A and 

Sentinel 2B pairs are of ~ 2/10 of the 10m pixel size used for the analysis. Kääb et al. 

(2016) reported relative co-registration accuracy for the Sentinel 2A data on the order 

of 1/10 of a 10m pixel. This order of precision is close to the best possible matching 

accuracy (Kääb et al., 2016). Such values are not uncommon as the mean 

displacement at the order of 13-17% of the pixel size (e.g. pairs 47-54) is also found 

in this analysis. Analysis using the combination of Sentinel 2A and 2B missions yields 

relative co-registration accuracy at ~ 5/10 of a pixel size, which does not yet comply 

with the 3/10 of a pixel size set in the ESA (2018) report and in Stumpf et al. (2018). 

However, this may be due to additional challenges in registration of imagery from 2 

different satellites.  In addition it is important to point that in theory, it is possible to 

obtain mean values of more than 0, even if the x and y displacement components are 

both centred around 0. In fact calculating displacement magnitude from random, 

normally distributed x and y components centred around 0, with a standard deviation 

of 1m yields the mean of displacement of ~1.25m. This is due to the fact that 

magnitude is calculated using absolute values of x and y components. To find if this 

affects any of the results, 3 pairs from the stable area in Australia (pairs 62, 63, and 

56) with ranging mean displacement magnitude are visually analysed for the centres 

of x and y components. In no case has the centre of the x or y component been centred 

around 0, which indicates that while there is a possibility of overestimating 

displacement, it is unlikely to be the case. It is important to point out that the toolbox 

produces maps of relative displacement. Displacement observed between two images 

is relative as both images are subjected to co-registration accuracy error. Absolute 

displacement maps could only be achieved with the highest possible geo-location 

accuracy of each image, which could be achieved by using a larger number of ground 

control points as well as improved raw imagery processing strategy. 
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5.3.4. Effect of temporal evolution of the sensor health on displacement estimation. 
 

The health of the optical sensor determines the usefulness of acquired imagery. Most 

satellite imagery is obtained using pushbroom or whiskbroom systems, which can be 

subjected to jitter (Iwasaki, 2011) or sensor misalignment (Ayoub et al., 2008). 

Problems with sensor geometry had been identified in the Sentinel 2A satellite (Kääb 

et al., 2016) and were found to be present in other systems such as ASTER (Iwasaki, 

2011) but also Quickbird and SPOT satellites (Ayoub et al., 2008). Satellite imagery 

can also be subjected to data voids due to failure of the scan line corrector (SLC), as 

was the case of the Landsat 7 ETM+ mission for acquisitions since 2003. This resulted 

in ~22% of pixels not being scanned (Zeng et al., 2013). While studies have tried to 

correct for the missing or erroneous data (e.g. Iwasaki, 2011 & Zeng et al., 2013), 

other studies have taken a non-inclusive data approach, eliminating the faulty images 

(Kääb et al., 2017). 

 

Sentinel 2 data has been found to be subjected to jitter errors with a ~7-8km 

wavelength between maximum offsets in the flight direction (Kääb et al., 2016). 

Equally, some image pairs were found to be subjected to striping at ~20km width in 

the orbit direction, interpreted to be due to misalignments in the overlap areas of 12 

adjacent pushbroom modules covering the Sentinel 2 swath width of 290 km (Kääb 

et al., 2016). Jitter of the Sentinel 2A system was likely due to vibration induced by 

the onboard dynamic components and exterior perturbations deteriorating platform 

stability (Liu et al., 2016).   

 

To find dependency of temporal evolution of the sensor health on the estimated 

magnitude of displacement, recent Sentinel 2A (2018) and early Sentinel 2A (06 & 

07/2016) imagery was used, and 4 pairs for each period were analysed. No major 

difference in the values of means for 2018 and 2016 Sentinel 2A pairs 5-8 and pairs 

9 -12 is recorded (2.779m and 2.059m respectively). The high mean of the Sentinel 

2A imagery from 2018 is mainly due to involvement of pair 5. The Sentinel 2A pair 

11 from 2016 slightly outperforms the more recent pair 7 having the same viewing 

geometry and lighting conditions involved. Though the values are within 1 standard 

deviation. While further analysis using larger number of pairs is required, given the 
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available data, it seems that using imagery from after 06/2016 leads to constant results 

and that there has been no improvement in reduction of co-registration error after 

06/2016.  

 

Analysis shows presence of images with a detrimental effect on the displacement 

measurement results via jitter manifesting in bands of differential displacement within 

a single pushbroom module (Figure 4.26) as well as across more pushbroom modules 

within a single scene (Figure 4.27). The bands of differential displacement were found 

to reach magnitudes of ~ 16m and wavelengths of ~ 2.5 – 6km (Figure 4.26), which 

is different to wavelengths of ~7-8km and magnitudes of ~2m reported by Kääb et al. 

(2016). Considering the orbital speed of ~ 7km/second of the Sentinel 2A satellite 

(ESA, 2016), the jitter undulations (Figure 4.26) could have been occurring with a 

period of ~ 0.33-0.87 sec per undulation. Also, the analysis found image pairs (Figures 

4.26 & 4.27) to be subjected to striping at ~24km width in the orbit direction, which 

is close to ~20km reported by Kääb et al. (2016), and corresponds to the width of each 

of the 12 adjacent pushbroom sensor modules. Given the maximum cloud cover 

condition of 30%, only 2 images with significant jitter effect have been found for the 

stable area in Libya (06/09/2015 and 04/01/2016).  No image pairs with pushbroom 

and in-pushbroom error patterns attributed to jitter were found after June 2016, for 

either 2A or 2B mission, confirming that the jitter error has been rectified by ESA 

after that date. Stumpf et al. (2018) reported that scenes processed prior to the 15th of 

June 2016 may be subjected to the jitter error. While some imagery may be adversely 

affecting the generated displacement fields prior to June 2016, there is still a wealth 

of useful images from the time between the release of Sentinel 2A in June 2015 and 

June 2016, hence the toolbox can be used to provide displacement fields with no jitter 

effect even in the summer melt season of 2015. In this analysis, like in the work of 

Kääb et al. (2016), a minority of scenes have been found to be affected. While Kääb 

et al. (2016) do not provide a number of the affected scenes / image pairs, the most 

recent pair subjected to error is comprised of imagery from 28/11/2015 and 

08/12/2015, which approximates the date of the most recently affected image used in 

this study, which comes from 04/01/2016.  
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5.3.5. Effect of feature tracking parameters on displacement estimation. 
 
 
Size of the search and reference windows is subjective to each application and 

depends mainly on the expected maximum observable movement of the glacier. Over 

the years, individual studies have used site specific parameters (Dehecq et al., 2015), 

but studies such as Debella-Gilo and Kääb (2012) tried to implement in the locally 

adaptive window sizes. To date, no study has been dedicated to look at the dependency 

of search and reference window sizes on magnitude of displacement. To analyse 

dependency of feature tracking parameters on magnitudes of displacement 8 pairs 

(pairs 1-8) with the minimum possible temporal baseline of 10 days over the stable 

area in Libya were reused. Pairs 1-8 were recalculated using feature tracking 

parameters of 32-64-32 and 16-32-16 (reference window, search window, grid 

spacing), supplementing the original analysis with 64-128-64 parameters. The mean 

of means for the reference window sizes of 32 and 16 were 3.049m and 3.826m 

respectively. The mean of means from the original analysis of pairs 1-8 has been 

2.796m and. Hence, overall, the error has a linearly increasing tendency with 

decreasing window sizes and grid spacing / match density, confirmed by the R2 value 

of ~79% (Figure 5.4A). The mean error increases by ~0.02 ± 0.01m by every 1 pixel 

decrease in the window size. In addition, the rates of the standard deviation have 

similarly increasing trend with a decrease in the window size (R2 ~91%) supporting 

an idea that smaller window sizes will lead to noisier, more spread data (Figure 5.4B). 
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Figure 5.4: A) Linear regression analysis of the mean displacement generated with 

feature tracking parameters of 16-32-16, 32-64-32, and 64-128-64. B) Linear 

regression analysis of the mean standard deviation of the displacement generated 

with feature tracking parameters of 16-32-16, 32-64-32, and 64-128-64. 

 

 

Decreasing tendency of the mean of displacement means with increasing window 

sizes and grid spacing is likely due to elimination of a number of outliers by having 

larger search windows and grid spacing, which allow for larger templates to be 

searched for and calculating position of the correlation peak with more certainty hence 

smoothing resulting displacement fields and minimising presence of outliers. 

Regardless of the window size, displacement of up to ~ 3-4/10 of the pixel size is 

maintained as indicated by the regression analysis, but at a cost of noisier results due 

to increase of standard deviation.  

 



 102 

5.3.6. Effect of temporal separation of image pairs on displacement estimation. 
 
 
The effect of seasonality on image pairing is known (Pellikka and Rees, 2009) and 

studies (Dehecq et al., 2015; Moon et al., 2015) have underlined importance of 

keeping the temporal separation to minimum in order to avoid changes in illumination 

conditions, shadowing, snow cover, but also vegetation. However, to date, no study 

has been dedicated to quantifying the effect of temporal separation of pairing on 

displacement magnitude. Shadowing on glacier surface can be due to crevassing, large 

debris cover, ice falls, or the surrounding mountainous topography (Kargel et al., 

2014) and it is therefore vital to understand how this changes in response to changes 

in illumination conditions. Equally, changes in snow cover are very common, 

especially during the melt seasons. To analyse the effect of the temporal differences 

for image pairing, the following analysis focuses on understanding the trend and error 

evolution for pairs with a wide range of temporal gaps (20-140 days), which closely 

resemble the minimum and maximum gaps within a typical melt season, with useful 

imagery. Using the linear regression for the relationship between the temporal 

difference and displacement, the trend is, as expected, likely influenced by changing 

lighting conditions. The R2 value of ~ 14% for all pairs and 32% for all but pair 21 

and 26 indicate the change (Figure 5.5). Addition of pairs 1-8 into regression analysis 

yields higher R2 value of ~21% (Figure 5.6), becoming ~44% after omission of the 

pairs 21, 26, and 5 (Figure 5.7). R2 value of ~54% is found for the number of 

uncorrelated pixels – displacement relationship suggesting a strong correlation for a 

linear relationship between the number of uncorrelated pixels and temporal baseline 

(Figure 5.8). The number of uncorrelated pixels again likely increases due to the 

changing lighting conditions manifesting by introduced shadowing that becomes 

more extensive with larger temporal gaps.  
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Figure 5.5: Linear regression analysis of pairs 21-41. 
 
 
 

 
 

Figure 5.6: Linear regression analysis of pairs 21-41, with omission of pairs 21 and 
26. 

 
 
 

 

 
 

Figure 5.7: Linear regression analysis of pairs 1-8 and pairs 21-41 with omission of 
pairs 5, 21, 26. 
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Figure 5.8: Linear regression analysis of displacement with a number of 
uncorrelated pixels of the pairs 21-41. 

 
 
 

Using the minimum temporal gaps for pairing imagery (e.g. pairs 1-20) is 

advantageous for minimizing the error due to different viewing geometry and lighting 

conditions. To illustrate this, a subarea from the larger scene, with the steep change 

in topography at the edge of the plateau, is selected. The temporal difference is 

maximized by using the scenes from 04/03 (Figure 5.9A) and 22/07 (Figure 5.9B) 

with a temporal gap of 140 days. Both cases of feature tracking with parameters 16-

32-16 (Figure 5.9C) and parameters 64-128-64 (Figure 5.9D) lead to mismatches 

manifested in a form of outliers that range in 80 - 220m values. Changes in shadowing 

also result in a formation of voids in the output, especially when using the parameters 

at the lower end as entire reference windows can be engulfed in shadow, with no 

apparent distinction in digital numbers inside it. On the other hand, the larger window 

sizes can interpret the shadow as a feature that moves, hence measuring apparent 

shadow movement that is solely caused by the change in position of the Sun and 

satellite viewing angle. Shadowing can cause the apparent measured displacement of 

hundreds of meters, depending on the terrain and lighting conditions. 

 



 105 

 
 

Figure 5.9: A) Sentinel image of the sub-scene from 04/03, B) Sentinel image of the 

sub-scene from 22/07, C) displacement magnitude with 16-32-16 parameters, D) 

displacement magnitude with 64-128-64 parameters. 

 

Many glaciated areas are located in the steep mountainous terrain where shadowing 

can represent an issue. Shadowing can a) be misrepresented as a moving feature and 

introduce outliers (Figure 5.9) as well as b) result in complete loss of trackable 

features due to change of the pixel intensity values. The radiometric resolution of 

imagery is important and as explained in section 2.2, it varies across the range of 

sensors. TN toolbox currently uses imagery with 8-bit system for feature tracking, 

where the signal is distributed into 256 levels. Compared to the 16-bit system, this is 

disadvantageous in the areas with prominent shadowing as the differences in intensity 

values are less likely to be maintained. It is recommended that resulting displacement 

maps are visually assessed and outliers, if present, are removed.  
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5.4. Summary of discussion points and limitations 
 

Each of the dependencies discussed in the section 5.3. has an effect on understanding 

the error and limitations of the system. It is necessary to point out that analysis has 

been performed over a limited number of areas and image pairs. In the future, further 

analysis using a multitude of areas and image pairs may provide improved 

understanding of the raised points.  

 

Glaciers tend to have varying ruggedness, angle of flow, and can be subjected to 

shadowing due to surrounding terrain. The first two sections of the section 5.3. 

discussed the dependency of estimated displacement magnitude and its standard 

deviation with the aforementioned terrain parameters. Considering dependency of 

terrain parameters on magnitude of displacement, statistical relationship has only been 

found using sub-scenes of the pair I4, which is comprised of imagery from different 

relative orbits. Steeper, more rugged terrain resulted in larger displacement 

magnitude. This finding agrees with the nature of the orthorectification error, which 

tends to be more prominent in steeper, more rugged areas. Absence of statistical 

relationship between terrain parameters and displacement over the entire area is likely 

due to the area being too large, and dominated by terrain with slopes of less than 10°.  

 

Orthorectification error was shown to be of importance as it was found to be 

responsible for up to 40±6.7m of displacement alone of the pair I5 (over the 

Skeiðarárjökull glacier). Such magnitude of error is unacceptable for most of the 

studies and therefore using the pairs with imagery from the different orbits must be 

treated with caution. With the trend of glacier thinning and retreat over the past ~18.5 

years, the displacement maps of the glacier termini using the imagery sourced from 

different orbits will present a major source of error. However, depending on the 

velocity of the glacier, and tracked displacement, the pairs can still be useful.  

 

There has been no relationship found between the standard deviation of displacement 

and terrain parameters in all but pair I1. There, the increasing magnitudes of standard 

deviation with decrease of slope angle and terrain ruggedness index could be caused 

by absence of ruggedness and trackable features in the areas of low slopes causing 
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presence of outliers affecting values of the spread of errors. Spatially and temporally 

limited analysis has not found conclusive evidence for relationship between terrain 

parameters and magnitude and uncertainty (standard deviation) for pairs from the 

same orbit. This means that calculated glacier displacement maps may not be affected 

by the angle of the glacier flow and ruggedness of the glacier.  

 

The orthorectification error itself can amount to tens of meters and therefore it is 

advisable to only use image pairs from the same orbit, where co-registration error is 

the main source of error. While the toolbox does not differentiate between the data 

acquired by the Sentinel 2A and 2B missions, the analysis of the mission involvement 

found values for pairs with a combination of Sentinel 2A and 2B imagery to be higher 

(mean of 5.115m) than when using single mission acquisitions for the pair (mean of 

2.100m). The result itself likely stems from involvement of 2 different co-registration 

platforms for Sentinel 2A and Sentinel 2B imagery but can also be dependent on the 

precision of 12 overlapping pushbroom module images forming the 290km wide 

swath of Sentinel 2 acquisition. On the other hand, mean values of 2.222m for Sentinel 

2A pairs and 1.968m for Sentinel 2B pairs are very similar suggesting that registration 

of images from both satellites is equally good. Using collective, albeit limited 

knowledge from 51 pairs across the stable areas in Iceland, Libya, and Australia, it 

becomes obvious that using pairs with imagery from the same satellite mission may 

be preferential when limiting the co-registration error. Though, larger analysis 

sourcing more image pairs from a larger number of stable areas world-wide is 

necessary to understand such trend better.  

  

As for the quality of images for the use, it was found that using imagery from after 

06/2016 leads to constant results and that there has been no improvement in reduction 

of co-registration error after 06/2016. Analysis of imagery from prior to 06/2016 

found the presence of images with a detrimental effect on the displacement 

measurement results via jitter manifesting in bands of differential displacement within 

a single pushbroom module as well as across more pushbroom modules within a 

single scene. The bands of differential displacement were found to reach magnitudes 

of up to ~ 16m and be of wavelength of ~2.5 – 6km. No image pairs with pushbroom 

and in-pushbroom error patterns attributed to jitter were found after June 2016, for 
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either 2A or 2B mission, confirming that the jitter error has been rectified by ESA 

after that date. While some imagery may be adversely affecting the generated 

displacement fields prior to June 2016, there is still a wealth of useful images from 

the time between the release of Sentinel 2A in June 2015 and June 2016, hence the 

toolbox can be used to provide displacement fields with no jitter effect even in the 

summer melt season of 2015.  

 

The choice of parameters for feature tracking is essential for success of the matching 

and was explained in chapters 2 and 3. The limitations of minimum and maximum 

displacement trackable with the toolbox have been explained in the section 3.2.4. and 

put to practice (Appendix 2 and section 4.2.). While the choice of feature parameters 

affects success of the matching it was also found to affect the magnitude of 

displacement. Decreasing tendency of the mean of displacement means with 

increasing window sizes and grid spacing is likely due to elimination of a number of 

outliers by having larger search windows and grid spacing, which allow for larger 

templates to be searched for and calculating position of the correlation peak with more 

certainty hence smoothing resulting displacement fields and minimising presence of 

outliers. Though, choice of feature tracking parameters should be based on the criteria 

set in the section 3.2.4.. Increasing trend in standard deviation with a decrease in the 

window size also suggests that lower window sizes may be linked to noisier results. 

 

Using the minimum temporal gaps for pairing imagery is advantageous for 

minimizing the error due to different viewing geometry and lighting conditions. 

Equally it is helpful to avoid change in shape of the tracked features on the surface. 

Changes in shadowing can result in a formation of voids in the output, especially when 

using the parameters at the lower end as entire reference windows can be engulfed in 

shadow, with no apparent distinction in digital numbers inside it. On the other hand, 

the larger window sizes can interpret the shadow as a feature that moves, hence 

measuring apparent shadow movement that is solely caused by the change in position 

of the Sun and satellite viewing angle. Shadowing can cause the apparent measured 

displacement of hundreds of meters, depending on the terrain and lighting conditions. 

Increasing temporal difference of the pair seems to affect the displacement and the 

number of uncorrelated pixels and likely increases due to the changing lighting 
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conditions manifesting by introduced shadowing that becomes more extensive with 

larger temporal gaps. It is advisable whenever using the toolbox to keep in mind that 

using pairs with larger temporal differences will carry the risk of a) decorrelation and 

b) increase in the number of voids and outliers.  

 

Summa summarum, there are limitations that predetermine the accuracy of the 

toolbox. The user is given full control over the choice of parameters. The quality of 

the result will in the first instance depend on the choice of pairs coming from the same 

versus different relative orbit. If the pair comprised of images from the same orbit is 

used, it will be subjected to error, of which the principal component is the co-

registration error, which is larger when the Sentinel 2A and Sentinel 2B images are 

combined. In the current version of the toolbox, the user has no control over the in-

pair mission combination criteria. Images from before 06/2016 may be subjected to 

jitter error resulting in pairs of limited value. Displacement and its uncertainty is likely 

not dependent on the terrain characteristics. Quality of the displacement maps may 

decrease with the increase of temporal spacing of the pairs. Any user of the toolbox 

can employ the toolbox in areas of the stable ground adjacent to glaciers of interest to 

understand the errors involved. This can be done similarly as described in chapter 4, 

where the stable area in Iceland immediately West of the glacier of interest is used to 

understand the magnitude of error.  

 

Currently, there is no available tool that would allow for the same degree of flexibility 

as the TN toolbox. Centre for Polar Observation and Modelling Data Portal (CPOM) 

has developed a publically accessible ice sheet outlet glacier velocity service, which 

provides updated velocity maps of 5 main outlet glaciers in Greenland and Antarctica 

(CPOM, 2018). The main limitation of the service is lacking user control as well as 

lacking temporal and spatial flexibility. Up to date, TN toolbox is the only tool 

enabling automatically obtaining glacier displacement fields using imagery of 

currently highest ground resolution, simply through specifying a set of spatial, 

temporal and feature tracking parameters.  
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6. Conclusions  
 

This chapter aims to summarise the toolbox functionality and findings as well as 

provide outlook on the further work.  

 

1) The goal of building an automatic toolbox for retrieving displacement maps 

has been accomplished by creating the TN toolbox, which automatically 

downloads, and processes imagery given the set of input requirements 

specified by individual user. The toolbox uses the current highest resolution 

freely available imagery (from Sentinel 2A-2B constellation). The toolbox is 

free to use and can be applied to track the movement of glaciers as well as 

other mass movements, with sufficient magnitude of displacement.  

 

2) The key parameters that are used for the toolbox to run are: extent of the 

surveyed area, time of acquisitions, time window for pairing, and feature 

tracking parameters. The number of key input parameters has been kept to 

minimum. 

 

3) The key output are the rasterized georeferenced maps of displacement and 

direction of the movement. The system currently processes the Sentinel 2A 

and 2B imagery, with the earliest imagery acquired after June 23rd 2015. The 

amount of available acquisitions has doubled after the release of Sentinel 2B 

mission in March 7th 2017.  

 

4) The user is provided with all displacement maps and vector direction maps 

adhering to the specified temporal criteria. The text file supplied with the 

output provides a list of pairs from the same relative orbit, which should be 

the first ones to be consulted. 

 

5) There is no statistically significant relationship between displacement 

magnitude over the stable ground and terrain parameters (slope angle, 

ruggedness index, hillshade index) for the pairs with imagery acquired from 

the same orbit, regardless of satellite mission of acquisition. Therefore, the 
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system performance should not be affected by the glacier (or other mass 

movement) terrain characteristics.  

 

6) There is a statistical relationship between the slope angle, terrain ruggedness 

index and displacement magnitude in the stable ground for imagery acquired 

from neighbouring relative orbits due to the orthorectification error 

component (R2 ~ 15 & 16%). While the glaciers are subjected to 

orthorectification error due to the change in elevation of the ice, further 

orthorectification error is likely to be in play by the margins of the glacier 

flow, where the rugged terrain and sudden steepening of the slopes is present. 

 

7) There is no systematic relationship between the terrain parameters and 

uncertainty of error in the stable area for all but one investigated pair of 

images, which may be due to presence of outliers. 

 

8) The main error component of the pairs with imagery from the same orbit is the 

co-registration geolocation accuracy, which manifests as a uniform 

translational shift.  

 

9) Using the imagery from the same relative orbit, the resulting displacement 

fields will not be affected differently for image pairs composed of Sentinel 

2A, and Sentinel 2B imagery alone. For the 25 analysed pairs using the images 

from the same satellite missions, the mean displacement magnitude is 2.100m 

at the temporal baseline of 10 days. 

 

10) Using the imagery from the same relative orbit, but coming from the 2 

different satellite missions will affect the computed displacement field 

differently than in point 9. For the 23 analysed pairs, the mean displacement 

magnitude is 5.115m at the lowest possible 5-day temporal baseline. 

Therefore, the resulting error may be ~2.5 times larger than in the case of using 

the imagery from separate mission sources. 
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11) No significant difference between the error from the pairs from 2016 and 2018 

Sentinel 2A mission has been found. Hence, imagery acquired from June 2016 

onwards has no disadvantage posed by additional source of error.  

 

12) Imagery from prior to June 2016 can be subjected to a jitter effect appearing 

in a form of differential displacement at the pushbroom module boundary and 

inside the pushbroom module. As not all imagery is influenced by this error, 

useful displacement fields can still be obtained for the period prior to June 

2016, including the summer melt season 2015. 

 

13) The feature tracking parameters influence the magnitude of the error. In the     

stable areas, the error has a linearly increasing tendency with decreasing 

window sizes and grid spacing / match density.   

 

14) There is significant relationship between the temporal difference of the 

matched pair and displacement. The displacement (error) is found to have a 

linearly increasing trend with an increase in the temporal difference of the pair. 

The trend is likely caused by changing lighting conditions resulting in 

misrepresentation of changing shadowing for moving features. 

 

15) The system can be used and produce displacement results for displacement in 

a range of 2-620m.  
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6.1. Further work 
 
As for the toolbox building process itself, the current version of the toolbox 

exclusively supports the Sentinel 2 imagery, with the highest resolution of 10m. With 

the onset of future Landsat and Sentinel missions in the coming years, this may change 

as the wealth of data increases. The current version of the toolbox is not 

postprocessing the results and leaves them to open interpretation of the user. 

Postprocessing of the output is subjective to each application of the tool, but general 

thresholds with an aim of clearing the output could be added in the future versions. 

Also, the toolbox may in future be adapted to work with the UAV acquired imagery.  

 

Regarding the toolbox output, it can be used for a variety of applications. The maps 

of displacement fields and flow direction can be used to quantify intra-annual, annual, 

and bi-annual velocity changes, changes in patterns of stresses and other specific 

applications. The processing efficiency of the toolbox opens door to future analysis 

of glacier velocities with unprecedented spatiotemporal resolution. Last, the toolbox 

can in future be modified for other applications such as glacier extent delineation. 

This can be achieved thanks to the division of the toolbox into modules. Individual 

modules such as the modules dealing with feature tracking can be substituted by 

newly developed modules with an aim to delineate glacier extent, or identify 

proglacial lake changes for instance. Equally, if there will be imagery of higher ground 

resolution available via sentinelhub, only the download specific module may need to 

be altered.  
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8. Appendix 1 
 
 
Enclosed USB with the TN toolbox v_1.2 containing all parts of the system. 
 
  
 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 
 

 

 
 

 

 
 



 127 

8. Appendix 2  
 
 
Toolbox use over fast moving glaciers 
 

Fast moving glaciers pose challenges for the retrieval of displacement fields. To 

understand the limitations in obtaining displacement of the fast glacier, Jakobshavn 

Isbrae glacier has been chosen. Using the fast moving glacier is required to illustrate 

the maximum magnitude of observable displacement using the toolbox. Jakobshavn 

Isbae terminates in the Ilulissat Icefjord in western Greenland, west of Illullissat 

settlement (Figure 8.1) and is the fastest glacier draining the Greenland ice sheet (e.g. 

Joughin et al., 2014). Glacier can reach velocities of 14000-16000 m/year (Joughin et 

al., 2014). The velocities are at the highest near the terminus at the grounding line, 

where Lemos et al. (2018) reported average velocity of ~13000 m/year for period 

2014-2017, translating to maxima of ~35m/day. The glacier lies around the 69° 

latitude and has therefore a short satellite revisit time. It is observed by both Sentinel 

2A and 2B missions from 4 different relative orbits.  

 
8.1: Google Earth image depicting the location of the Jakobshavn Isbrae glacier (in 

green). 

 

When choosing the right parameters for feature tracking, there are important steps to 

consider. The most important parameters are the size of reference and search 

windows. The difference between the search and reference window determines the 

maximum observable displacement (Figure 8.2). For all feature tracking analysis, the 

difference between the window sizes should be kept to a minimum that still allows 
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for the maximum range of potential displacement as the large search window size 

slows down processing time, and because other features can be included and faulty 

displacement values indicated due to misregistration of the correlation peak. 

 

The maximum difference between the search and reference window in IMCORR is 

128 pixels. Considering that IMCORR requires the gap of 2 pixels between the outer 

limits of search and reference windows, the true minimum of maximum observable 

displacement (in brown) becomes: ((Search window size – Reference window size) / 

2) – 2).  

 

Appearance of the features on glacier surfaces can change very quickly, especially in 

the case of fast moving glaciers. As the system relies strictly on tracking the 

translational movement, decorrelation can occur in areas where the movement is 

multidirectional. Hence, to maximize the chances of good results, the temporal gaps 

for the fast glaciers should be kept to minimum.  

 

 
Figure 8.2: Schematic sketch of the maximum trackable displacement of the system. 

 

The true minimum of maximum displacement observable for the reference window 

size of 32 and search window size of 64 would become 14 pixels (140m). There is 

100% certainty that the system will create output for displacements of up to 140m. 

This case considers movement along the x and y axis (at 0, 90, 180, and 270°). If the 

movement happens in the direction of 45, 135, 225, or 315°, the true observable 
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displacement (Figure 8.2, in red) would increase and be higher than 140m. The true 

maximum of maximum observable displacement for movement in NE, SE, SW, or 

NW direction would be 197.99m (sqrt (1402 + 1402)). In most cases, displacement is 

likely to be neither along x, y axis nor at NE, SE, SW, or NW direction, but 

somewhere in between. Though, glaciers tend not to flow in a unidirectional way 

(demonstrated by Skeiðarárjökull or Jakobshaven Isbrae). Therefore, without prior 

knowledge of the glacier flow direction, it is best to rely on the true minimum of 

maximum observable displacement, in the example case – 140m. When exploiting the 

largest possible difference between the search and reference window size (128 pixels), 

the true minimum of maximum observable displacement is 620m. The true maximum 

of maximum observable displacement is 876.81m. Using the conservative estimate of 

620m, and predicted maximum average speed from literature of ~ 35mday, maximum 

temporal baseline difference between the image acquisitions would be 17.71 days. 

Considering additional error from the co-registration accuracy, as only the images 

from the same orbits are used, it is safe to round the number down to 17 days. With 

no prior knowledge of glacier flow direction, it would be recommended to use the 

maximum temporal difference baselines of 17 days.  

 

 

Jakobshavn Isbrae  
 

To assess the system performance, the 2 pairs are established. Both pair 6 (29/07 – 

03/08) and pair 7 (03/08 – 08/08) have the shortest possible temporal gap for 

acquisitions from the same orbit (5 days). In this case, all 3 images come from the 

relative orbit no. 111. Considering the maximum speed of 35m/day, the total 

displacement that should be allowed for, by the window sizes is 175m. Though 

knowing that the fastest parts of the Jakobshavn Isbrae flow in the ~NW direction 

(Figure 8.6), the window size difference of 32 will be enough as it allows 

displacement of ~198m to be calculated. Both pair 6 (Figure 8.3) and pair 7 (Figure 

8.4) display smooth signal of displacement in all, but the parts with supraglacial lakes. 

Correlation does not perform well West of the grounding line, where the appearance 

of calved ice is not maintained over 5 days. (Figures 8.3 & 8.4 & 8.5). Maximum 
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displacement at the terminus reaches ~155m translating to 31m/day for both pairs 6 

and 7. 

 
Figure 8.3: Map of the displacement magnitude of the pair 6. 

 

 
Figure 8.4: Map of the displacement magnitude of the pair 6, with a focus on the 

gradual increase in speed towards to terminus / grounding line.  
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Figure 8.5: Map of the displacement magnitude of the pair 7. 

 

 
Figure 8.6: Map of the ice flow direction of the pair 6. 
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To address the possibility of matching the images with large temporal baseline pair 8 

(21/07 – 15/08) was set up. With the temporal baseline of 25 days, and previously 

found maximum speeds of 31m/day of the pairs 6 and 7, maximal difference of 128 

pixels between the search and reference window is implemented. The reference 

window is 32 pixels, and the search window is 160 pixels wide. The signal is smooth 

but decorrelation is present around the grounding line and in areas where the ice flow 

direction changes (Figure 8.7). Maximum displacement reaches ~745m 

corresponding to 30m/day. Data voids result from decorrelation, which occurs due to 

one or a combination of the following: a) change in the direction of the ice flow 

causing decorrelation and non-translational change to feature appearance; b) size of 

the search window, which is too large, c) Too large displacement that falls outside the 

search window region. In this instant, the aforementioned case (a) plays a role, where 

the ice flow direction changes. Cases (b) and (c) can affect the region by the grounding 

line. 

 

 
Figure 8.7: Map of the displacement magnitude of the pair 8. 
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Toolbox use over narrow and debris covered glaciers 
 

To find whether the system can track displacement over the smaller and debris 

covered glaciers, Fox glacier (Figure 8.8, in green) and Tasman glacier (Figure 8.8, 

in red) have been chosen. The two well-known glaciers are located in the central part 

of the Southern Alps of New Zealand ~ 15 km South of the Franz Josef Airport. 

 

 
Figure 8.8: Google Earth image of the Fox glacier (in green) and Tasman glacier (in 

red). 

 

Tasman glacier is the longest glacier in New Zealand. It is ~ 23km long and terminates 

in a proglacial lake. Its lower half is entirely covered with debris cover (Figures 8.9 

& 8.10). Hence, to find whether the system performs well even on the debris covered 

glaciers, lower part of the Tasman glacier is ideal to implement the feature tracking. 

Both acquisitions (29/09/2017 and 11/02/2018) are cloudless and offer good 

conditions for feature tracking except for the snow cover in the higher parts of the 

glacier in the image from 29/09/2017 (Figure 8.9). Both acquisitions come from the 

same relative orbit no. 72. The pair 9 composed of the 2 acquisitions has a temporal 

difference of 135m. Despite the debris cover, the resulting displacement field has a 

smooth character with a minimum of voids, with displacement of ~15-30m in all but 

the central part of the western lateral margin where another glacier feeds into the 

Tasman glacier (Figure 8.11). Due to the snow cover change in the pair 9, only a very 

limited non-debris covered part of the glacier yields displacement results (Figure 

8.11). 
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Figure 8.9: Sentinel image of Tasman glacier from 29/09/2017. 

 

 
Figure 8.10: Sentinel image of Tasman glacier from 11/02/2018. 
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Figure 8.11: Map of displacement of the pair 9. 

 

 

To assess performance over the smaller glaciers, Fox glacier with its average width 

of ~400m has been selected. Pair 10 composed of imagery from 06/02/2018 and 

22/01/2018 offers cloudless conditions. With a temporal difference of 15 days, the 

displacement field of the pair 10 is smooth. The central part of the glacier reaches 

displacement up to 60m (4m/day) (Figure 8.12). For feature tracking, the search 

window of 32 pixels and reference window of 16 pixels were used. Unlike in all 

previous cases, the grid spacing did not equal the reference window size but was set 

to 8 pixels. Setting the grid spacing to lower values can help obtain smoother signal 

in glaciers that have widths on the order of 100s of meters.  
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Figure 8.12: Map of displacement of the pair 10.  

 

 

Performance over the fast, debris covered, and narrow glaciers 
 

The aim of this part of the analysis was to understand how does the system perform 

for the glaciers other than the example case of Skeiðarárjökull. Selection of the 

glaciers was performed to include the glaciers with the most extreme conditions (the 

fastest, very narrow, entirely covered in debris).  

 

Using the fastest glacier of Greenland, the Jakobshavn Isbrae glacier helped to 

illustrate the usefulness of prior knowledge of maximum expected displacement for 

the analysis. With a range of difference feature tracking parameters, displacement at 

the short 5-day temporal gap and longest possible 25-day temporal gap was 

calculated. The temporal difference of 25 days is believed to be the maximum baseline 

for Jakobshavn Isbrae. Smooth signal has been obtained for both sets of temporal gaps 

and search window sizes. While the displacement field was in the case of a 5-day 

temporal difference only affected by supraglacial lakes presence and changes in the 

appearance of calved ice behind the ground line, in the latter case, it is believed to 

have been affected by one or a combination of: a) change in the direction of the ice 

flow causing decorrelation and non-translational change to feature appearance; b) size 
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of the search window, which is too large, c) Too large displacement that falls outside 

the search window region. Therefore, as the specific region has a good coverage from 

4 different orbits, it is more likely to obtain smooth displacement fields using pairs 

with the shortest time gap possible (5 / 10 days). The certain true observable maximum 

of the movement of any glacier, detectable with the toolbox is 620m. This can reach 

~ 877m in cases of NE, SE, SW, and NW movement.  

 

Analysis over the Tasman glacier has found that it is possible to obtain the 

displacement field over the debris covered glacier. Given the cloudless conditions, the 

displacement field is almost complete and has a smooth appearance. Quality of the 

result over the debris covered glaciers is influenced by the distribution and appearance 

of the debris. A perfectly smooth, homogeneous debris cover will not yield any useful 

results. On the other hand, like in the case of Tasman glacier, variety in distribution 

of the debris, certain roughness of the terrain and also the presence of supraglacial 

lakes all help to form the features that are both trackable and resistant to change.  

 

To illustrate the system performance over the narrow glacier, Fox glacier has been 

selected. With the width of ~350m at its narrowest central part, it was shown that the 

decrease in the grid spacing can allow for the smoother signal. While the grid spacing 

should never be smaller than the reference window size to avoid undersampling of the 

region, oversampling can lead to smoother results. In ideal case, grid spacing should 

be equal to the size of the reference window avoid undersampling and oversampling 

alike.   
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Toolbox performance – processing time 
 
In order to assess required processing time of the toolbox, the area of Jakobshavn 

Isbrae has been selected for the analysis. The following data should only be used as 

an estimate since the download of imagery is linked to the quality of the Internet 

connection.  

 

Analysis has been performed over Jakobshavn Isbrae area of 30 x 20km (600km2) 

with a cloud threshold of 15% for imagery acquired between 28/07/2017 and 

09/08/2017; with lower and upper time thresholds of 4 and 6 days respectively. It took 

~ 1.8 minutes to obtain the final products with the window sizes of 64-32 and the grid 

density of 32 pixels. The size of originally downloaded files was 49.2 Mb and size of 

all combined rasterized and georeferenced files was ~ 422 Mb. This is representative 

of 8 downloaded images and 6 computed pairs.  
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8. Appendix 3 
 
Properties of a glacier 
 

IPCC report from 2007 defines a glacier as a mass of ice on the land surface, flowing 

downhill under gravity force, constrained by internal stress and friction at the base 

and sides. Glaciers originate and are maintained by accumulation of snow in the 

higher altitudes, balanced by melting or calving at lower altitudes. Glaciers are 

defined as perennial (present over years) and require supply of fresh snow to maintain 

their volume. As the layers of fresh dry snow accumulate, density increases and snow 

changes into firn, which in turn transforms into ice (Benn and Evans, 2014). Glaciers 

exhibiting no movement and being typically less than 0.25 km2 large are termed 

glacierets (Cogley et al., 2011). Using remotely sensed imagery, these can be confused 

with perennial or annual snow patches. 

 

Glaciers are divided into accumulation and ablation zones (Figure 8.13). The two 

zones are separated by an equilibrium line where accumulation is balanced out by 

ablation and resulting mass balance is 0. The position of equilibrium line and 

accumulation / ablation zone ratio are principal indicators of glacier vitality (Cogley 

et al., 2011). Ablation of the glacier may be in a form of iceberg calving, avalanching, 

wind erosion, and melting.  

 
Figure 8.13: Glacier zonation, facies division, equilibrium and snow line position. 

Position of the snow line in correspondence to the equilibrium line is approximate. 

Adapted from: Tadesco (2014). 
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Global ice coverage  
 

Perennial surface ice coverage represents around 10% of the Earth’s land surface, 

(Figure 8.14) with a potential of around 64m sea level rise if all ice was to melt (Table 

8.1) (Benn and Evans, 2014). Due to large volume of the two continental ice sheets 

(Antarctica and Greenland), response time of smaller alpine glaciers is thought to be 

much faster globally (Kargel et al., 2014). While the influence of smaller alpine 

glaciers on global climate is minor, they remain best indicators of changes in the 

current timeline (IPCC, 2007). Therefore, understanding the dynamics of smaller 

glacier systems worldwide is crucial for shaping ways to approach questions 

involving dynamics of the ice sheets.  

 
Table 8.1: Area, volume, and sea level rise equivalent of perennial surface ice on 

land components. Adapted from: IPCC (2007). 

 
Figure 8.14: Worldwide distribution of inventoried glaciers. The global distribution 

of surface land ice (blue) is overlain with the location of glaciers with available 

digital outlines collected within the GLIMS record (red) and the locations of the 

point coordinates of glaciers with detailed information of the WGI (WGMS green). 

Data sources: WGI data provided by the WGMS, Zurich, Switzerland; glacier layers 

of GLIMS data and of the Digital Chart of the World provided by NSIDC/GLIMS, 

Boulder, U.S.A. GLIMS Inventory date: January 2014. From: Kargel et al. (2014).  
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