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                    The main objective of the Glaciers CCI project is to contribute to the efforts of creating a globally complete and detailed glacier inventory as requested by GCOS.
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                    Why do we care about glaciers?
Glacier changes are recognized as one of the best natural indicators of climate change as glaciers only respond to more long-term climatic trends. The analysis of their changes through time is thus providing insights into past climatic fluctuations as well as on the impacts of current climate change. Glaciers are a major contributor to global sea-level rise and a precious resource of fresh water in many arid regions around the world (for human consumption and agriculture), a source of natural hazards, an important factor for hydro-power production and run-off, as well as for recreation and tourism. The monitoring of glacier changes is thus an important component of the global climate observing system (GCOS) and vital for many aspects of human life.
The field-based monitoring of selected glaciers started in 1894 with the regular observation of glacier length changes (or terminus fluctuations) and provides one of the longest climate data records we have. Since a few decades, satellite data provide globally more complete and complimentary information on glacier changes through time. In particular, changes in glacier extent and volume are mostly determined from satellite data these days, but also surface flow velocities are regularly derived for many of the 215,000 glaciers globally. These three variables (glacier extent, elevation change and velocities) are also investigated by the Glaciers CCI project.
An important dataset to spatially constrain calculations and determine glacier-specific changes is a globally complete glacier inventory, that provides outlines of each glacier in a vector format (shape file), supplemented by attribute information providing glacier characteristics. Such a dataset (the Randolph Glacier Inventory) was created by a major community effort in 2012 to improve global-scale calculations for IPCC AR5 and has been updated and improved several times since. The Glaciers CCI project and its pre-cursor GlobGlacier contributed substantially to this effort by providing glacier inventories for key regions.
A study (=> link) by Glaciers CCI team members analysed elevation changes across glaciers in High Mountain Asia (HMA) and revealed for the first time the high spatial variability of glacier response to climate change in this region. Subsequent studies revealed a very dense picture of very unusual glacier changes in the region. Our elevation change observations in HMA were complemented by local-scale to region-wide flow velocity maps, of which the latter are also derived in several other regions of the world for several points in time (e.g. Arctic Islands) using historic EO data. A related study revealed that flow velocities of numerous glaciers have significantly increased over the past decades, despite pre-dominantly negative mass balances.
Of particular interest these days are so-called surge-type glaciers that suddenly start to transport large amounts of mass from a higher reservoir zone towards the terminus, sometimes advancing over several kilometres in a few months or years. The erratic behaviour of these glaciers is still poorly understood, largely decoupled from climate forcing, related to natural hazards (outbursts of lakes that follow blocking of rivers) and contributing large amounts of ice mass to the ocean that are not yet properly accounted for in models determining future sea-level rise. There is thus some need to further strengthen research on this special type of glaciers, which is the main focus of the current Glaciers CCI+ project.
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The main products are glacier outlines and inventories, elevation and mass changes, and maps of flow velocities. They can be downloaded from a dedicated website hosted by ENVEO. Apart from creating datasets, a major effort has been and is spent on publications that are providing in-depth information about several of the produced datasets, the algorithms applied and the lessons learned. The studies range from change assessment over large regions to detailed investigations of individual glaciers. Below we shortly describe the methods used to generate the datasets. Further details can be found in the ATBD.



                  
                    



  
  
  
    
      

  
    1. Glacier Outlines and Inventories
We are using multispectral optical satellite data (mostly Landsat and Sentinel-2) and a simple band ratio with a threshold to create binary maps of clean ice. This method works very well as glacier ice and snow have large differences in spectral reflectance in the visible and near infrared (VNIR) compared to the shortwave infrared (SWIR). The binary maps are converted from raster to vector format and are edited manually by visual inspection using a range of colour composites of the same image in the background. The main issues are that debris-covered ice is not mapped but should be included (omission errors) whereas ice bergs, sea ice or turbid water is included but should not (commission errors). For a better identification of debris-covered glaciers, we also consider coherence images from SAR sensors (ALOS PALSAR, Sentinel-1) that often reveal the moving parts of a glacier with extraordinary clarity.
Once outlines are corrected, they are digitally intersected with drainage divides derived by watershed modelling from a digital elevation model (DEM). The same DEM is finally used to determine for each glacier polygon a series of topographic parameters (e.g. minimum, maximum and median elevation, mean slope and aspect) as required for a glacier inventory. The finalized dataset is then submitted to the GLIMS glacier database. Current research has a focus on a more automated mapping of debris-covered glaciers and cloud-based processing of image stacks to avoid scene-by-scene processing and laborious mosaicking of results (e.g. in regions that are often cloud-covered).
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2. Elevation Changes
We utilize several methods to determine elevation changes of the glacier surface. These include repeat altimetry from optical (e.g. ICESat) and radar (e.g. Cryosat-2) sensors, comparison of altimetry data to a DEM (e.g. SRTM) or differencing of DEMs from two points in time (e.g. TanDEM-X – SRTM). Current techniques (=> link ) use stacks of multiple DEMs generated automatically from stereo sensors to derive more robust trends in elevation change for each DEM cell. Three critical points to consider before volume changes of entire glaciers can be derived from the datasets are (1) proper co-registration (a pre-processing step), (2) handling of artefacts and outliers and (3) spatial interpolation of data voids and uncovered regions (both post-processing steps). Whereas for issue (1) automated methods are in place (=> link ), issues (2) and (3) have to be solved individually by considering the highly variable nature of these issues. Many studies use filters (an elevation change threshold) to remove outliers and mean values of elevation changes as derived for specific elevation bands to extrapolate data voids (=> link).
However, these methods are not standardized so that different authors would obtain slightly different results for the same dataset. Another issue requiring attention is radar penetration when using DEMs obtained from InSAR (e.g. SRTM or TanDEM-X). Penetration into dry snow and firn varies with the band (e.g. is stronger for C than for X band) and the specific dielectric properties of the surface (e.g. moisture content). As the latter are generally unknown and can be locally highly variable, a standard correction might not provide the best results. Current research aims at a better determination of radar penetration, improved artefact handling and data void interpolation as well as completing global coverage.

3. Flow velocities
Glacier flow velocities can be derived automatically from repeat satellite imagery using offset tracking (optical & SAR) and interferometric techniques (SAR only). Synthetic Aperture Radar (SAR) data, over optical, has the advantage of being applicable all-year and in all-weather conditions. The InSAR technique has the highest accuracy, but requires satellite data from crossing orbits (e.g. ascending and descending) and usually works best only in comparably slow moving and flat terrain. The use of optical imagery requires visible surface features that can be tracked, so good contrast and limited self-similarity is essential. It is thus working better for ablation regions of glaciers than for snow-covered areas with little contrast. Unreliable data are filtered, causing data voids in the flow field that can partly be filled by processing several scene pairs and stacking them. Dynamically instable, small, fast flowing or surging glaciers are challenging for all techniques but are a key focus in this project.
Recent methodological advances and increased satellite coverage now allow for continuous retrieval of ice velocities over short periods (down to 6-12 days with Sentinel-1). This enables the monitoring of ice flow even on fast-flowing and surging glaciers, revealing precious insights into flow governing processes. Several studies by Glaciers CCI team members have investigated the related methods (=> link) and applied them to surging glaciers in HMA (=> link) or the Arctic (=> link). For the latter region SAR data are of particular importance as polar night and frequent cloud cover prevents continuous observations with optical sensors. The 6-day repeat period of Sentinel-1 is of special advantage as the short interval reduces decorrelation and provides more complete flow fields. Current methodological research has a focus on the combination of multiple sensors and a better consideration of smaller glaciers.
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Figure 1: Glacier velocity in Svalbard derived from Sentinel-1 data. Image credit: contains modified Copernicus Sentinel-1 data (2016), processed by ENVEO.
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The Glaciers project is led by the Department of Geography, University of Zurich (GIUZ) as the prime contractor.
The EO team consists of four sub-contractors from four countries. Two of these are industry partners (Enveo, Gamma) and two are from Universities (GUIO, SEEL). The climate research group is supporting the project by providing advice, independent quality assessment and application of the generated datasets in glacier models. The key personnel of the consortium are:
Scientific Lead:
Dr. Frank Paul: Department of Geography, University of Zurich, Switzerland (GIUZ)
Project Manager:
Dr. Philipp Rastner: Department of Geography, University of Zurich, Switzerland (GIUZ)
EO Science Team:
Dr. Jan Wuite; Environmental Earth Observation, Innsbruck, Austria (ENVEO)
Dr. Thomas Nagler: Environmental Earth Observation, Innsbruck, Austria (ENVEO)
Prof. Dr. Andreas Kääb: Department of Geosciences, University of Oslo, Norway (GUIO)
Prof. Dr. Andrew Shepherd: School of Earth and Environment, University Of Leeds, United Kingdom (SEEL)
Dr. Tazio Strozzi: Gamma Remote Sensing AG, Gümligen, Switzerland (Gamma)
System Engineers (SE)
Dr. Andreas Wiesmann: Gamma Remote Sensing AG, Gümligen, Switzerland (Gamma)
Climate Research Group (CRG)
Prof. Michael Zemp: World Glacier Monitoring Service (WGMS), University of Zurich, Switzerland
Dr. Bruce Raup: Global Land Ice Measurements from Space (GLIMS), National Snow and Ice Data Center (NSIDC), Boulder (CO), USA
Dr. Liss M. Andreassen: Norwegian Water Ressources and Energy Directorate (NVE), Oslo, Norway
Prof. Ben Marzeion: Institute of Geography, University of Bremen, Bremen, Germany
Dr. Etienne Berthier: University of Toulouse, LEGOS-CNRS, Toulouse, France
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