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1. Executive Summary 
 

This document is the Algorithm Theoretical Basis Document version 0 (ATBDv0) of the 

Glaciers_cci project. It focuses on the algorithms to create the three products glacier area, 

elevation change, and velocity. For each of the products it describes the problems that the 

algorithms address, the scientific background and mathematics of the algorithms, their 

expected or known accuracy and performance, input and output data, error budgets, and 

practical considerations for their implementation. 

 

For glacier area, the document concentrates on band-ratio based algorithms. These were 

shown in a number of previous studies to be most robust and highly automatic. For glacier 

elevation change, radar and lidar altimeter based methods are included, as well as DEM 

differencing. For DEM differencing, the document focuses on the co-registration of the DEMs 

as this is identified as the major generic error source for this kind of elevation change 

measurements. For glacier velocities, the document focuses on tracking-based algorithms 

(SAR and optical) as these have the highest potential for automation and large-scale 

applicability. Radar interferometry is applied for validation purposes within the Glaciers_cci 

project and thus shortly explained as well. 
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2. Introduction 
 

2.1 Purpose of this document 
This is the Algorithm Theoretical Basis Document version 0 (ATBDv0) of the Glaciers_cci 

project. It is the third deliverable of Task 2 (D2.3). The ATBD gives an overview of potential 

algorithms to generate FCDRs and the derived ECV data products required by the end-users. 

The ATBDv0 is a ólightô version of the ATBD óproviding a high level description of the 

scientific background to an algorithm and a functional description of what the algorithm doesô 

(SoW). 

 

This document explains, discusses and reviews satellite-based remote sensing methods for 

glacier area mapping, glacier elevation change and glacier surface velocity measurements. 

Since these three tasks are very different in terms of input data, processing and results, the 

document is mainly structured along these three tasks, and Glaciers_cci product types. Each 

of the according chapters gives:  

¶ a scope of the problem that the algorithm addresses, 

¶ the scientific background,  

¶ description of processing chains and algorithms,  

¶ a review of expected accuracy and performance differences between the algorithms 

listed, and others, 

¶ the type and specifications of the input data required, 

¶ the output data, 

¶ error budget estimates, and 

¶ practical considerations for implementation.  

 

2.2 Background to the approaches 
Using satellite data to derive glacier outlines over large regions or on a global scale from 

automated image classification techniques is a key recommendation (Tier 5) of the tiered 

glacier monitoring strategy of GTN-G (e.g. Haeberli, 2006). In view of the demand to further 

transform these outlines (contiguous ice masses) into a glacier inventory (individual glaciers 

with topographic attribute information), the application of modern geoinformatic techniques 

(using a GIS and DEMs) is required for efficient data processing (e.g. Kääb et al., 2002; Paul 

et al., 2002). With the free availability (and in the case of Landsat already accurately 

orthorectified) satellite data from USGS combined with the free DEMs from SRTM, the 

ASTER GDEM, or national DEMs (NEDs), the principle accomplishment of this task is 

feasible (Paul, 2010). As clearly expressed in the URD (Glaciers_cci, 2011a), the most 

important task is to complete the global glacier inventory. Since the required technical 

specifications for the sensors used is described in the DARD (Glaciers_cci, 2011c), we here 

focus on the data processing algorithms and what is required to understand their physical 

background. The major post-processing steps are detailed in section 3.5. 

 

Multi -temporal satellite elevation data provides an effective approach to continuously monitor 

glacier surfaces. Glacier elevation changes are often used to characterize glacier mass 

balance variations, especially in remote areas where field measurements are difficult. Indeed, 

it is the large spatial and temporal coverage of satellite-derived elevation changes that 
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increase the desirability and potential of this method for glacier monitoring. Elevation change 

of a glacier surface is, however, not directly transferrable into mass changes because the 

surface change is the result of both surface mass balance processes (accumulation, ablation or 

firn layer variability) and dynamical ice flux components: general downward flow, 

submergence in the accumulation area, and emergence in the ablation area. This makes the 

interpretation of short-term glacier elevation changes complicated. Therefore, the products 

created by Glaciers_cci will focus on uncorrected elevation change measurements as 

requested in the URD (Glaciers_cci, 2011a). However, a mean elevation change value per 

glacier entity is a product that is also requested and will thus be generated as well. Elevation 

changes are derived by two general approaches; (1) repeat altimetry (radar or lidar) with a 

focus on repeat track measurements that have small spatial offsets, and (2) DEM differencing 

with a focus on the pre-processing of the DEM pairs. In both approaches, the detection of bias 

is essential and required corrections should be determined. The details for each of the two 

methods are presented in chapters 4 and 5, respectively. 

 

The generation of glacier velocity measurements from repeat satellite data is highly desirable 

in the glaciological community to better characterize glacier dynamics and potential changes 

in the dynamic behaviour of glaciers. Since in-situ measurements of velocity are limited in 

space due to logistical constraints of deploying GPS instruments, satellite derived velocities 

provide an significantly larger spatial data set, both in terms of the number of glaciers that can 

be measured but also providing the spatial distribution of velocity within an individual 

glacier. Tracking methods based on repeat optical or SAR satellite images, and radar 

interferometry are efficient approaches to derive surface displacements on glaciers. Tracking 

algorithms applied include normalized cross-correlation, cross-correlation operated in the 

Fourier domain, least squares matching, phase correlation, orientation correlation, etc. In 

addition to the performance of the algorithms themselves, their implementation (e.g. search 

template sizes, search windows, search strategy), data pre-processing (e.g. interest operators) 

and post-processing of the results (e.g. outlier filters) are of equal importance.  

 

2.3 General remarks 
A major guideline for the algorithms and processing chains included in this document is a 

high potential for automation. However, it should be mentioned that in many cases at least 

some degree of human interaction is required in order to derive glaciologically meaningful 

and reliable data of glacier areas, elevation changes and velocities. For instance, automatic 

glacier outlines have to be checked and corrected for debris-covered glacier parts, or some 

remaining velocity outliers have to be corrected manually, depending on the purpose of 

application. In these cases, the goal of the algorithms and processing chains included here is 

to minimize the degree of human interaction to support this interaction as much as possible. In 

the round robin, some of these manual processes are evaluated for their accuracy as well. 
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3. Glacier area  
 

3.1 Introduction 
Compared to the use of aerial photography for glacier mapping in the World Glacier 

Inventory (WGMS, 1989), the application of satellite data has the special advantage of the 

much larger area covered combined with a sensor in the shortwave infrared (SWIR) that 

allows the automated classification of clean to slightly dirty (i.e. optically thin) glacier ice 

(e.g. Paul and Kääb, 2005). Of course, the spatial resolution is an order of magnitude lower 

(10 to 30 m) compared to aerial photography (about 1 m), but the smallest glacier entitiy that 

can still be called glacier (about 0.01 km
2
 in size according to Paul et al. (2009)) can still be 

mapped under good conditions (Andreassen et al., 2008). So in times of rapidly shrinking 

glaciers the gain in processing speed is really an asset. Under special circumstances it might 

even be possible to map nearly all glaciers of an entire mountain range within a few weeks, 

like for the Alps in the summer of 2003 (Paul et al., in revision) or for the western Himalaya 

within 3 years (Frey et al., in revision). Compared to the 30-year time span that was required 

to map all glaciers in the Alps in the previous inventory (Zemp et al., 2008), this is an 

important benefit, in particular for large scale hydrologic modelling (e.g. Zappa and Kan, 

2007; Huss, 2011). So the most efficient means for repeat mapping of glaciers on a global 

scale is indeed provided by satellite data. 

 

So far,ôsatellite dataô refers to optical data with a number of multispectral bands in various 

parts of the electromagnetic spectrum (from the visible to the thermal infrared). Though the 

SWIR band (e.g. TM5 on Landsat) allows discrimination of snow from clouds, none of the 

optical bands can penetrate through clouds, i.e. apart from seasonal snow cover, clouds are a 

major bottleneck in the operational application of satellite data for glacier mapping. If a scene 

has clouds over the glaciers to be analysed, the scene has to be excluded or can only partly be 

processed. In the latter case, the use of multi-temporal datasets might help, as usually the 

clouds in two, otherwise very good images are often not located at the same position. This 

gives the possibility to merge two data sets to get a (more or less) cloud free coverage (e.g. Le 

Bris et al., 2011). Indeed, when cloud boundaries cover only parts of a glacier the issue can 

get rather complicated as the outline of one glacier entity might then refer to different years. 

 

The other bottleneck is debris cover on glaciers that has the same spectral properties as the 

surrounding terrain and can thus not be discriminated from multispectral data alone. Though a 

number of techniques for debris-cover mapping have been developed in the recent past (e.g. 

Paul et al., 2004; Shukla et al. 2011), they all require manual post-processing to give 

sufficiently accurate results. With microwave data cloud penetration is not a problem, but the 

dielectric properties of ice and snow are not sufficiently different from other terrain to 

precisely map glacier extent automatically (e.g. Hall et al., 2000). However, the recent 

application of coherence images from ALOS PALSAR acquired during the summer months 

have revealed new possibilities to precisely delineate debris-covered glaciers in regions where 

image contrast is poor (e.g. Strozzi et al., 2010; Frey et al., in press). For a part of Alaska even 

the entire delineation of glaciers from PALSAR coherence worked largely automatically 

(Atwood et al., 2010). 

 

So in regard to clouds and debris-cover there is still potential for important algorithm 

improvements by considering also microwave data. When seasonal snow is present (and 
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hiding parts of the glacier perimeter), the only feasible option is to use a scene from another 

date. In some regions of the world this reduces the number of useful satellite scenes 

considerably (Paul et al., 2011), but in our experience product quality would otherwise be 

below acceptable standards. 

 

Indeed, the best algorithms for automated classification of snow and ice produce results that 

are only different at the level of individual pixels (e.g. Paul and Kääb, 2005; Paul and 

Hendriks, 2010). The quality of the generated outlines does thus largely depend on the 

experience and qualification of the analysts responsible for the post-processing. Errors 

introduced by the wrong interpretation of debris cover, snow fields, or glacier parts in shadow 

are much larger than differences in the algorithms (Gjermundsen et al., 2011). For this reason 

a major task towards improved product quality and consistency is the generation of illustrated 

guidelines for the analyst. This should not exclude further advances in the automated 

classification and hence reduce the required post-processing, but in the end the analyst has to 

decide whether a glacier outline is acceptable or not. Statistical tests or standard error 

assessments do not provide this information. So the round robin for the glacier area product 

has a special focus on this issue. 

 

3.2 Scientific background  
In the following we focus on the main-processing stage, i.e. the glacier mapping algorithm to 

be applied. To find a most suitable algorithm, one has to be aware of what a glacier looks like, 

i.e. the spectral properties of the typical surface characteristics as seen from space. As glaciers 

result from the metamorphosis and compression of snow, their spectral properties are very 

similar to snow (e.g. Hall et al., 1988). Of course, dust, debris and liquid water on the surface 

alter the spectral response and can be found nearly anywhere on the glacier (Fig. 3.1). In this 

regard the spectral information of a satellite image pixel (in the 10-130 m range) is in most 

cases a mixed signal with the respective deviations from a pure (laboratory) signal. In Fig. 

3.2a and 3.2b a comparison of the spectral reflectance for snow of varying grain size from 

theoretical considerations (Dozier, 1989) with field-based measurements from Qunzhu et al. 

(1983) is shown. Besides the high reflectance of snow in the visible part (VIS) of the 

spectrum (independent of grain size), the strong reflectance drop in the near infrared (NIR) 

can be seen (Fig. 3.2a). The dependence of the reflectance on grain size is very high in the 

NIR (with smaller grains having the higher reflectance), indicating the potential to map snow 

grain size from the reflectance value in this spectral range. In the SWIR the reflectance 

increases slightly again and is still strongly dependent on grain size. On the other hand, clouds 

still have a rather high reflectance in the SWIR and thus can be easily discriminated from 

snow with a SWIR sensor (Dozier, 1989). 

 

In a spectral sense, glacier ice can be seen as snow with very large grain sizes, so that the 

spectral reflectance curve of pure glacier ice follows the curve of snow very closely. 

However, impurities in and on the ice (e.g. dust and soot) shift the curve of spectral 

reflectance downwards (Fig. 3.2b). The spectral reflectance curve of debris is based on the 

lithology of the material and can thus have any shape. 
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Fig. 3.1: Oberaarglacier in Switzerland. The picture illustrates the spectral reflectance of 

bare ice (I), debris-covered ice (D), snow (S), rock (R), vegetation (V) and turbid water (W) in 

the visible part of the spectrum. A spectral discrimination of the debris cover on the glacier 

and from the lateral moraine (in the lower left of the image) is not possible. 

 

 

  
Fig. 3.2: Modelled spectral reflectance curves of snow with three different grain sizes and 

position of TM spectral bands (left). Spectral reflectance of snow, firn, ice and dirty glacier 

ice according to field measurements (right). The data for the left figure are taken from the 

ASTER spectral library (JPL , 2002), the right figure is adapted from Hall et al. (1988). 
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Apart from the above components, shadow on the glacier surface alters its spectral response 

as atmospheric scattering (brightening these regions) is dependent on wavelength. The same 

is true for thin clouds (cirrus or fog). A high impact on the absolute reflectance values results 

from illumination differences due to the topography (i.e. the sun - target - sensor geometry) 

and to a lesser extent from atmospheric conditions. The use of absolute reflectance values for 

glacier classification therefore requires topographic and atmospheric corrections (e.g. Rott 

and Markl, 1989). 

 

The spectral reflectance of glaciers in the individual spectral bands is shown in Fig. 3.3 for the 

Landsat TM sensor (ASTER and SPOT look similar, but do not have a TM band 1 equivalent 

band in the blue part of the spectrum) and a typical high-mountain region (cf. Paul, 2002). In 

agreement with the spectral curves shown in Fig. 3.2, the high reflectance over snow in the 

VIS to NIR (VNIR) bands (TM1, TM2, TM3, TM4) and the lower reflectance over glacier ice 

can be seen. In the NIR the low reflectance of water and the higher reflectance of vegetation 

becomes obvious. The very low reflectance of glacier ice and snow in the SWIR can be seen 

in TM 5 and TM 7 (not shown here). The reflectance of water is also very low and vegetation 

and rock have a very high surface reflectance. Finally, in the thermal infrared band (TIR) of 

TM6 the digital numbers (DNs) depend on the temperature of the surface. They are thus not 

reflectance values but characterize surface emission. The higher the temperature is, the higher 

the DNs are and vice versa. Hence, glacier ice and snow (at the melting point) have rather low 

DNs, whereas sunlit mountain slopes are already warmed at the time of image acquisition and 

appear much brighter. Terrain in shadow is also cooler and thus appears somewhat darker. 

Most noticeable is the much coarser resolution (120 m) of TM band 6 (ETM+: 60 m, ASTER: 

90 m) compared to the other bands. 

 

 

 
Fig. 3.3: Visualization of reflectance values in TM bands 1 (TM1) to 6 (TM6) for a subset of a 

Landsat TM scene around Oberaarglacier in the Swiss Alps (image size is 9.5 km by 9 km). 


