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Glaciers in Switzerland are shrinking rapidly in response to ongoing climate change. Repeated glacier inventories are key to monitor such changes at the regional scale. Here we present the new Swiss Glacier Inventory 2016 (SGI2016) that has been acquired based on sub-meter resolution aerial imagery and digital elevation models, bringing together topographical and glaciological approaches and knowledge. We define the process, workflow and required glaciological adaptations to compile a highly detailed inventory based on the digital Swiss Topographic Landscape model. The SGI2016 provides glacier outlines (areas), supraglacial debris cover and ice divides for all Swiss glaciers referring to the years 2013–2018. The SGI2016 maps 1,400 individual glacier entities with a total surface area of 961 ± 22 km2, whereof 11% (104 km2) are debris-covered. It constitutes the so far most detailed cartographic representation of glacier extent in Switzerland. Interpretation in the context of topographic parameters indicates that glaciers with moderate inclination and low median elevation tend to have highest fractions of supraglacial debris. Glacier-specific area changes since 1973 show the largest relative changes for small and low-elevation glaciers. The analysis further indicates a tendency for glaciers with a high share of supraglacial debris to show larger relative area changes. Between 1973 and 2016, an area change rate of –0.6% a−1 is found. Based on operational data sets and the presented methodology, the Swiss Glacier Inventory will be updated in 6-yr time intervals, leading to a high consistency in future glacier change assessments.
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INTRODUCTION
Grosser Aletschgletscher is known to be the largest glacier in the Alps (Jouvet and Huss, 2019; GLAMOS, 1881-2020). Glacier length or ice volume are data to support this claim, but intuitively the easiest and most accessible measure is surface area – which amounts to 78.49 km2 for Grosser Aletschgletscher. However, where does this number come from? How has this value been derived, and to which point in time does this glacier size correspond to? Such questions may be answered with a glacier inventory that provides “a detailed record of attributes of the glaciers in a region” (Cogley et al., 2011).
Repeated inventories are a key task to monitor the totality of glacier changes for an extent beyond a single glacier (Haeberli, 2004; Zemp et al., 2014) and provide detailed information on the glacier extent and additional important parameters such as area, elevation range, slope, aspect etc. for a given point or period in time (Paul et al., 2009). With increasing anthropogenic greenhouse gas emissions and corresponding global warming, glaciers in Switzerland are shrinking rapidly as in many mountain ranges on Earth (Zemp et al., 2015, 2019; Haeberli et al., 2019; Wouters et al., 2019; Hugonnet et al., 2021). Detailed information on glacier coverage is not only needed to quantify glacier area, but is also required for a wide range of glaciological and hydrological applications ranging e.g. from glacier-change assessments, mass balance and ice volume estimates, past, present and future runoff as well as projections of glacier mass loss to sea-level rise (Jacob et al., 2012; Bliss et al., 2014; Eis et al., 2019; Hock et al., 2019; McNabb et al., 2019; Grab et al., 2021). A frequent update of glacier inventories is required to respond to these fast changes in order to track rapid current and future glacier changes (Haeberli and Barry, 2006; Zemp et al., 2014).
Satellite images with sufficient spatial resolution (e.g. 30 m Landsat Thematic Mapper (TM)) have been widely used to map glacier extents in various parts of the world, partly using automated mapping of bare ice from multispectral image band ratios (Raup et al., 2007). The so derived glacier outlines were collected in the Global Land Ice Measurements from Space (GLIMS) database (Kargel et al., 2005) and often constituted a first initial representation of the glacier extent. The free availability of orthorectified Landsat images in 2008 (Wulder et al., 2012) enhanced mapping of glacier extents over increasingly large regions, often also including change assessment (e.g. Andreassen et al., 2008; Bolch et al., 2010; Paul et al., 2011; Rastner et al., 2012). These studies were accompanied by tutorials (Raup and Khalsa, 2010) and guidelines (Paul et al., 2009; Racoviteanu et al., 2009) to have some consistency in the generated data sets and the estimate of uncertainties (Paul et al., 2013). A first complete vector data set of glacier outlines worldwide was achieved with the Randolph Glacier Inventory (RGI) (Pfeffer et al., 2014) as a baseline for climate change impact assessments in IPCC AR5 (Vaughan et al., 2013). Since then, the RGI was repeatedly updated and improved in quality (RGI Consortium, 2017). Automated mapping of bare ice with multispectral classification methods is reliable, but outlines for debris-covered parts of glaciers still are mostly delineated manually (Paul, 2017). Despite the high workload, new data sets are constantly produced (mostly based on Landsat TM data and more recently with Sentinel-2 images) and made available via GLIMS (e.g. Nuth et al., 2013; Kienholz et al., 2015; Nuimura et al., 2015; Earl and Gardner, 2016; Barcaza et al., 2017; Meier et al., 2018; Mölg et al., 2018; Carrivick et al., 2020). Correct delineation of debris-covered glaciers is decisive for detecting glacier changes (Scherler et al., 2011) and information on debris extent should thus be included in large-scale glacier inventories, also providing a key to enhanced process understanding (Kraaijenbrink et al., 2017; Scherler et al., 2018; Herreid and Pellicciotti, 2020; Rounce et al., 2021).
In Switzerland, topographical mapping has a long-standing tradition (Rickenbacher and Just, 2012). The Swiss national topographic maps in different scales produced by the Federal Office of Topography (swisstopo) are famous for their precision, level of detail and temporal consistency. Starting from the Dufour Map (1844–1864) to the Siegfried Map (1870–1926) and all the following releases of national topographic maps (swisstopo, 2020d), swisstopo always sought to generate high precision topographical and geospatial information covering entire Switzerland, based on the latest technologies. Of course, also the glaciers have been mapped by swisstopo (Rastner et al., 2016; Freudiger et al., 2018), since the 1940s based on aerial images which can easily be examined online (swisstopo, 2020b).
Glacier monitoring in Switzerland goes back to the time of the earliest topographic maps (Siegfried map). Thereafter, topographic map sheets have been used for various glaciological studies and fieldwork. The need of glacier area data and the availability of the first complete detailed map series resulted in two early planimetric assessments of glacier coverage in the Swiss Alps (Jegerlehner, 1902; EAW, 1954). Based on the topographical maps and aerial images acquired by swisstopo, the Swiss Glacier Inventories (SGIs) SGI1850 (Maisch et al., 2000), SGI1973 (Müller et al., 1976) and SGI2010 (Fischer et al., 2014) were produced. Even though these past inventories are derivatives from swisstopo data, they have so far not been co-produced by topographers and glaciologists. The compilation of Swiss Glacier Inventories was not an institutionalized task, rather was based on research projects and individual initiatives (Müller et al., 1976; Maisch et al., 2000; Paul, 2004; Fischer et al., 2014; Freudiger et al., 2018).
Since 2016, the task to regularly produce updated glacier inventories was assigned to Glacier Monitoring in Switzerland (GLAMOS www.glamos.ch). Within defined time intervals (3–6 yr), swisstopo acquires high-quality aerial images, digital elevation models (DEMs) and topographical maps. These products include mapping of all ground surface types, including “glaciers” and “debris” (also on glacier ice), are available to GLAMOS, and serve as a basis to compile repeated and high-resolution glacier inventories for Switzerland.
Paul et al. (2011) presented a glacier inventory for the entire Alps compiled from Landsat satellite images acquired within a period of 6 wk in summer 2003. This data set is methodologically and temporarily consistent and represents the glacier outlines of the Alps in the latest version of the RGI (RGI Consortium, 2017). On a national level, detailed glacier inventories were compiled from high-resolution data sets (aerial photographs, airborne laser scanning). These national inventories refer to the periods 2008–2011 for Switzerland (SGI2010, Fischer et al., 2014), 2004–2011 for Austria (Fischer et al., 2015a), 2006–2009 for France (Gardent et al., 2014) and 2005–2011 for Italy (Smiraglia et al., 2015). Based on satellite imagery from Sentinel-2 and the national inventories as a guideline for interpretation, Paul et al. (2020) compiled a new inventory for the Alps referring to the year 2015 based on semi-automated mapping. The alpine-wide glacier inventories of 2003 and 2015 are methodologically consistent, and an overall change assessment reveals an area loss of 300 km2 or 15%, but a glacier-by-glacier comparison was not possible (Paul et al., 2020). Half of the alpine-wide area change (–151 km2) during this 12-yr period can be assigned to Swiss glaciers. For the time of the end of the Little Ice Age, the SGI1850 reports a total glacier surface area of 1,788 km2 (Maisch et al., 2000) that decreased to 1,311 km2 as mapped within the SGI1973 (Müller et al., 1976). Fischer et al. (2014) reported a glacier area of 944 km2 for the SGI2010, leading to an area change of –367 km2 for the time period 1973–2010. All these inventories for the Swiss Alps (SGI1850, SGI1973 & SGI2010; Alps-2003 & Alps-2015) are accessible via the GLIMS glacier database.
The extent of debris-covered glacier surfaces is difficult to be detected with automated procedures and was not specifically mapped in any of the previous Swiss Glacier Inventories. Whether using satellite images or aerial photographs, compiling glacier inventories is a challenging task with a high workload (e.g., Barcaza et al., 2017; Mölg et al., 2018). Even if there is additional information (e.g., coherence images, Frey et al., 2012) or elevation differences (e.g., Abermann et al., 2010; Thompson et al., 2016; Mölg et al., 2019, 2020) that help delineating parts of glaciers that are covered by supraglacial debris, manual interaction is indispensable, requires expert knowledge and is still challenging, above all when only mapping in 2D-views (Herreid and Pellicciotti, 2020). Therefore, the accuracy of resulting glacier inventories is highly dependent on the quality and spatial resolution of data sources used, mapping tools applied, and finally based on subjective decisions taken by the operator (Fischer et al., 2014). In addition, “the on-going glacier decline also results in increasingly difficult glacier identification (under debris cover) and topologic challenges for a database (when glaciers split)” (Paul et al., 2020).
Hence, trying to assess individual and region-wide glacier changes asks for repeated, highly accurate and consistent glacier inventories that are based on defined methodologies and guidelines. A digitization with professional tools (3D-mapping) and trained topographers assures a high reproducibility. Storing a glacier inventory in a topological database with systematic, defined unique identifiers (IDs) allows tracing the evolution of parent glaciers after splitting into individuals and enables the derivation of glacier-specific area changes. Moreover, when mapping glaciers and supraglacial debris in different topological classes, the information on debris coverage can be added to the glacier inventory as additional spatial information. Swisstopo has the capacities, resources, methodologies, knowledge, tools and the official task to create layers of various geographical, topographical and topological information from high-resolution aerial photographs and DEMs, which are subsequently combined for the creation of topographic maps, where glacierized surfaces are represented too. However, a further control by glaciologists is required to derive a glacier inventory that fits glaciological criteria (e.g. glacier definition) according to Cogley et al. (2011).
In this study we present the new Swiss Glacier Inventory SGI2016, created based on high-resolution aerial imagery and digital elevation models. Glacier outlines of the SGI2016 were derived in close cooperation with swisstopo and GLAMOS, bringing together topographical and glaciological knowhow. The new and highly detailed data set is based on swisstopo’s object class “glacier” and additionally provides spatial information about debris cover by the intersection with the object class “debris” from the digital Swiss Topographic Landscape Model (swissTLM3D). This allows analyzing, for example, the dependencies between topographic parameters and debris-cover fraction for individual glaciers. Furthermore, adoption of the same unambiguous coding scheme as applied in earlier Swiss Glacier Inventories allows detailed change assessments and, hence, insights into the processes driving changes of individual glaciers. The workflow developed for the creation of the SGI2016 is reproducible and will be applied again for the creation of future Swiss Glacier Inventories. The SGI2016 is the first step towards a consistent and accurate data product of repeated Swiss Glacier Inventories in 6-yr time intervals, which allows a high comparability of individual glaciers and glacier samples and will be available via the GLIMS database after publication.
STUDY REGION AND DATA SETS
Study Region
In Switzerland, the Alps cover about two thirds of the country’s total area. They are thus a defining element of the landscape and an important factor for the identity of the people. The majority of the Swiss glaciers is located in the Valais, Bernese and Central Swiss Alps. The Eastern Swiss Alps harbor fewer glaciers, with exception of the southern Grisons Alps (Maisch et al., 2000). The SGI2010 reports a total of 1,420 glacier entities resulting in a total glacierized area of 944 ± 24 km2 (Fischer et al., 2014).
Runoff from the Swiss Alps (and glaciers) feeds into five major European river catchments (Figure 1): Rhine, Rhone, Po, Adige and Danube, draining into the North Sea, the Mediterranean Sea, the Adriatic Sea and the Black Sea (Viviroli and Weingartner, 2004). The Swiss hydrological catchments with the highest glacierization contribute to an important extent to runoff to the two rivers Rhone and Rhine (Huss, 2011). Most of the glaciers in number are located in the Rhine catchment (including the tributary catchments of Aare, Reuss and Linth/Limmat), whereas in the Rhone catchment the glacierization is highest in absolute and relative terms. The very small part of the Adige catchment in Switzerland has no more any glacierization.
[image: Figure 1]FIGURE 1 | Overview of glacierization and main hydrological catchments in Switzerland. The Swiss contribution to the five major European streams Rhine (A, green), Rhone (B, blue), Po (C, red), Adige (D, yellow) and Danube (E, orange) is illustrated. The catchment borders are marked with a white line. The glacierization is illustrated by the new SGI2016 (this study), and colors refer to the year of acquisition of the aerial image used for glacier mapping. The sample of 100 glaciers used for a re-assessment of the SGI2010 (crosses) and the 15 glaciers used for the accuracy assessment (circled crosses) are indicated. The small rectangles show the extents enlarged in Figures 2, 5.
The size class distribution of Swiss glaciers is spatially variable and inhomogeneous. The number of glaciers is dominated by small and very small glaciers. In terms of total glacierization, these glaciers are of minor importance compared to the much less frequent, but larger mountain and valley glaciers (cf. Fischer et al., 2014).
Previous Inventories of Swiss Glaciers
Several inventories have been created for Swiss glaciers based on different methodologies and data sources. All of these data sets are as accurate as possible, reflecting the possibilities and technologies available at the time of their establishment. In principle, the data sets can be divided into two classes: inventories based on 1) maps, aerial images and manual digitization of glacier outlines, and 2) satellite images and semiautomatic mapping (Figure 2). The two classes also differ in their spatial resolution, which is generally coarser for 2).
[image: Figure 2]FIGURE 2 | Compilation of glacier outlines from previous inventories available in digital format of Swiss glaciers for the example of Triftgletscher, Central Switzerland. Glacier outlines are in general either based on (a) maps, aerial images and manual digitizing, or (b) satellite images and semi-automated mapping. In the background, a SWISSIMAGE orthophoto acquired in 2018 is shown. The location within Switzerland is indicated in the inset (red rectangle).
SGI1973 and SGI1850
The first Swiss Glacier Inventory was derived from aerial photographs taken in September 1973 based on a stereo-photogrammetry interpretation where glacier boundaries were transferred by hand on paper to topographic map sheets at a scale of 1:25,000 (CH-INV73, Müller et al., 1976). Based on map sheets and glacier outlines from 1973, a homogenous reconstruction of glacier outlines for the end of the Little Ice Age (Dufour map, around 1850, accuracy 150–780 m) was carried out first for the glaciers of Grisons (Maisch, 1992) and later for entire Switzerland (Maisch et al., 2000). Thereby also an updated coding system for tracking individual glaciers was introduced and digitization of the outlines for 1973 and 1850 was started (Maisch et al., 2000). Paul (2004) finally provided a finalized digital version of these two Swiss Glacier Inventories (SGI1973 and SGI1850). Recently, the homogeneity and the consistency of the glacier-IDs over time have been thoroughly re-assessed and a final quality-checked version of the inventories has been published (GLAMOS, 2020a; 2020b). Transferring analogue glacier outlines from map sheets to a digitized vector format is a considerable amount of work and may imply errors for the following reasons: 1) wrong outlines on map sheets, 2) inaccurate digitizing, and 3) insufficient geo-referencing of maps (for related estimated errors, see Paul, 2004).
Inventories Based on Historical Map Series
Two first assessments of the glacierization in the Swiss Alps are available from the planimetric evaluation of the two first complete and detailed map series of Siegfried map (Jegerlehner, 1902) and the first edition of the national map 1:50,000 (EAW, 1954). They represent the glacierization of late 19th century (Siegfried map, approx. 1870–1895, 1:50,000, accuracy 35–75 m) and the 1920s–1940s (National map, 1:50,000, accuracy 5–15 m). However, these two studies only provide area values of individual glaciers but no outlines and are not attributed to unique glacier IDs. In order to fill the time gap between SGI1850 and SGI1973 with valuable information on the Swiss glacier extent mainly for the purpose of hydrological modelling, Freudiger et al. (2018) manually digitized glacier outlines from historical topographic maps (Siegfried maps, swisstopo, 2020c) for two periods around 1900 (Siegfried-1900) and 1935 (Siegfried-1935) and thereby found large regional differences in the accuracy of glacier representation on the map sheets. The accuracy of the digitized glacier outlines was assed visually and quantitatively with the inventories from 1850, 1973, 2003 and 2010 and revealed that at least 70% of the digitized glaciers and 88% of the total glacier area were comparable in shape and area (Freudiger et al., 2018). Thus, the inventory was judged a reliable representation of glacierization for the selected points in time.
SGI2000
For an update of the previous inventories (SGI1850, SGI1973), a new Swiss Glacier Inventory (SGI2000) fully based on satellite remote-sensing was created by Paul (2004). Thereby, Landsat TM satellite imagery (mainly from 1998 to 1999) and a semi-automated method (applying a band ratio and manual correction, automated generation of glacier inventory parameters) were used (Kääb et al., 2002; Paul et al., 2002). When not manually corrected, the glacier outlines reflect the spatial pixel resolution of the satellite imagery used for automatic classification or, in the case of the SGI2000, the cell size of the DEM (25 m) used for orthorectification of the scenes.
Alps-2003
Using the same semi-automated methodology as in Paul (2004), Paul et al. (2011) compiled a new glacier inventory for the entire European Alps (Alps-2003) from ten Landsat TM scenes acquired within a 2-mo period in the hot summer of 2003. Mapping conditions for this inventory were ideal (no seasonal snow outside of glaciers). This glacier inventory is a methodologically and temporally consistent data set for the entire Alps, as required for alpine-wide applications (e.g. Kotlarski et al., 2010), and forms the regional contribution to the global Randolph Glacier Inventory (versions 1.0–6.0, cf. Pfeffer et al., 2014; RGI Consortium, 2017) as the basis for numerous large-scale studies on glacier changes (e.g. Hock et al., 2019; Zemp et al., 2019). Due to the limited spatial resolution of the satellite data (30 m), the glacier outlines might be considered less detailed compared to glacier inventories derived from aerial photography, particularly for small and debris-covered glaciers (Paul et al., 2011; Fischer et al., 2014). The accuracy of mapped glacier areas is ±5–10% according to Paul et al. (2011). Both the inventories SGI2000 and Alps-2003 have not been attributed to the previous inventories via temporally consistent glacier-IDs, which complicates the determination of area changes at the glacier-specific level.
SGI2010
The SGI2010 was manually delineated by a single expert based on high-resolution (0.25–0.50 m) aerial orthophotos (SWISSIMAGE) acquired between 2008 and 2011 (Fischer et al., 2014). The SGI1973 was used as a reference data set to not miss any glaciers. The same hydrologically-based coding system was applied and allowed a glacier-specific change assessment over the period 1973–2010. A direct comparison between the inventories Alps-2003 and glacier outlines for 2003 of 412 glaciers in eastern Switzerland, derived based on SWISSIMAGE orthophotos and the same methods as used for the SGI2010, revealed that for glaciers smaller than 0.5 km2 the semi-automated classification approach used by Paul et al. (2011) based on satellite imagery with a limited spatial resolution (30 m) misclassified more than 25% of the glaciers smaller than 0.5 km2. Fischer et al. (2014) report an uncertainty in mapped glacier area of less than ±5% for glaciers larger than 1.0 km2. A homogeneous and quality-checked digital version of this inventory is available online (GLAMOS, 2020c) and is used in this study for all further analyses related to the SGI2010.
Alps-2015
Based on Sentinel-2 satellite imagery with a spatial resolution of 10 m and the high-quality national glacier inventories as a guideline for interpretation, Paul et al. (2020) compiled an alpine-wide glacier inventory for 2015 (Alps-2015). They designated a “high demand to compile a 1) new, 2) precise and 3) consistent glacier inventory for the entire Alps, with data acquired under 4) good mapping conditions in 5) a single year” (Paul et al., 2020). Using the standard methodology for remote sensing-derived glacier inventories, the criteria could be met, except for criterion 5) due to some partly cloud-covered glaciers. As the alpine-wide glacier inventories from 2003 to 2015 are methodologically consistent, a change assessment was possible, but due to differences in interpretation and the lack of a consistent coding system, a glacier-by-glacier comparison of area changes was not performed. The uncertainty assessment revealed a large variability in the interpretation of glacier extents when conditions are challenging (e.g. debris cover, shadow, clouds, snow; Paul et al., 2020).
Swisstopo Data Sets
The new SGI2016 is based on different data sets produced, regularly maintained and updated by the Federal Office of Topography (accessible via swisstopo’s map browser: http://www.map.geo.admin.ch).
Digital Image Strips – Aerial Photographs
The landscape is scanned in strips with a linear push-broom scanner (Leica Geosystems ADS100) mounted on an aircraft in black and white, color (RGB) and infrared, with a lateral overlap of at least 30% (swisstopo, 2020g). These images are used for photogrammetric 3D evaluation to derive the higher-level products of the orthophoto mosaic (SWISSIMAGE), the digital elevation model of the terrain (swissALTI3D) and ultimately the topographic landscape model with individual feature classes (swissTLM3D). Every year about a third of Switzerland’s area is scanned. Since 2017, the mean ground resolution is 0.1 m in lowland areas and main alpine valleys and 0.25 m over the Alps (swisstopo, 2020g). From 2005 to 2016 the mean ground resolution was 0.25 m in lowlands and 0.5 m in the Alps. The used scanners and the different flight levels of 2,400 m and 6,000 m over ground for lowlands and Alps, respectively, are the reason for the difference in resolution. The flight strips for the aerial photographs have been historically based on rectangular blocks corresponding to the update-cycle of the topographical map sheets (Weidmann et al., 2019). Since 2017 the flight planning to produce high-resolution aerial imagery is based on administrative borders that mainly correspond to the main hydrological catchments (swisstopo, 2020f).
SWISSIMAGE – Orthophoto Mosaic
The orthophoto mosaics derived from the aerial images described above are available as different products of SWISSIMAGE (swisstopo, 2020f). Consequently, resolutions and flight dates of SWISSIMAGE are the same as the respective Digital Image Strips.
swissALTI3D – Digital Elevation Model
SwissALTI3D is a highly accurate digital elevation model based on photogrammetrical techniques, describing the surface topography of Switzerland. Individual DEM tiles are updated in 6-yr cycles (swisstopo, 2018). It is available at 2 m resolution, below 2000 m a.s.l. the vertical accuracy is estimated as ±0.5 m, above 2000 m a.s.l. the stated accuracy is ±1–3 m. With the additional temporal meta data layer (i.e. acquisition dates for measurement points) (Weidmann et al., 2018), the swissALTI3D is a very valuable data set for glaciological applications.
swissTLM3D – Topographic Landscape Model
The Topographic Landscape Model swissTLM3D is produced based on current aerial images. The various objects are digitally recorded and stored with the aid of photogrammetric 3D evaluation. The swissTLM3D is a central element of the geodata production in Switzerland and includes natural and artificial features shaping the landscape digital in three-dimensional form. Swisstopo is responsible for recording, processing, managing and updating these data (swisstopo, 2020a). The accuracy of well-defined objects such as buildings and roads is in the decimeter range, whereas for landscape features (such as forests or glaciers) the position accuracy is about ±1–3 m, whereas the error due to image orientation is one pixel, i.e. ± 0.1–0.25 m. These accuracies correspond to all three dimensions (position and height, swisstopo, 2020h). Based on vector data, the swissTLM3D contains different topographical objects with different attributes, including the object class “glacier.” Obviously, the latter is a very promising product to establish glacier inventories directly from the swissTLM3D, as these objects are derived professionally (by topographers), independently, following strict guidelines, are regularly updated within defined 6-yr cycles, and are maintained and stored safely.
swissTLM3D Object Classes “Glacier” and “Debris”
During development of the swissTLM3D, Swiss glacier monitoring in the frame of GLAMOS was closely involved in defining requirements for the swissTLM3D object class “glacier” (swisstopo, 2021). These requirements have been shaped in an iterative process between GLAMOS and swisstopo and include 1) the separation between perennial snow and ice, 2) a division of glacier areas along ice divides, 3) a systematic and unambiguous numbering of glaciers with SGI-IDs according to the SGI1973, 4) river-level codes according to hydrological catchments, and 5) the acquisition date of the aerial image used for mapping. At a workshop in 2016, swisstopo topographers were trained by GLAMOS staff to map glaciers (Weidmann et al., 2019). The combination of adapted guidelines and the training of operators in mapping glaciers guarantees a consistent and homogeneous quality for the object class “glacier” throughout Switzerland. Using 3D-views, old and current aerial orthophotos, true- and false-color images and elevation changes, the professional swisstopo topographers manually digitized glaciers and related object classes (Figure 3).
[image: Figure 3]FIGURE 3 | The highly debris-covered tongue of Unteraargletscher in the Bernese Oberland as seen on the digital aerial images and used for mapping in 3D-views by swisstopo topographers. The combination of (A) infrared and (B) true color (RGB) combined with swissALTI3D elevation differences (yellow to red colors) results in (C) swissTLM3D object classes. The blue line in all panels indicates the swissTLM3D object class “glacier.”
One of the biggest challenges in glacier mapping is the correct handling of debris-covered glacier parts (e.g. Paul et al., 2013). Delineation of debris-covered glaciers is difficult especially when limited structures (e.g. due to debris cover, shadow, clouds, snow) are present for interpretation in an optical view. As swisstopo performs data evaluation on the basis of aerial images from different years, spectral infrared information, the additional help of surface elevation changes from consecutive swissALTI3D DEMs and the stereo-metric 3D acquisition technique used to map swissTLM3D objects, glacier outlines are much easier to define compared to a two-dimensional snapshot only (Weidmann et al., 2019). Moreover, as for the swissTLM3D not only glaciers are mapped, but many different types of ground cover (e.g. water bodies, debris, rock) that may overlap each other. The object class “debris” (swisstopo, 2021) is implicitly included in the data product. Within reference areas of 625 m2 (i.e. 25 × 25 m), swisstopo topographers manually map debris cover on glaciers if its coverage exceeds estimated 80%. The decision however remains to be partly subjective and different degrees of debris coverage, or the thickness of the debris layer are not resolved. In Supplementary Table S1 interactive links providing examples for different aspects of debris-cover classification are given. Hence, an overlay of the object classes “glacier” and “debris” leads to “debris-covered glaciers” (Figure 3).
During production and for updates of the swissTLM3D, Swiss glaciers are recurrently mapped based on high-resolution data on a long term. After processing the data, swisstopo sends yearly updates of the swissTLM3D to GLAMOS. The glacier outlines stand out by having a very high level of detail and homogeneity. By 2019, all Swiss glaciers have been mapped according to the new guidelines for the first time, serving as highly valuable basis to produce a new glacier inventory.
METHODS
The swissTLM3D object class “glacier,” here referred to as TLMglac, is the essential baseline data set for the compilation of the new SGI2016. This data set has been digitized by professional swisstopo topographers under the framework of swissTLM3D as a topographical land-cover data set, but requires further adaptations to meet the needs of a (glaciological) glacier inventory.
Expert Workshop to Define the Requirements for the new SGI2016
After the first complete swissTLM3D “glacier” object class extract was available, a 1-day glaciological expert workshop was held to examine and discuss the data set. Thereby, the methodological differences between the TLMglac and the previous Swiss Glacier Inventories, some difficulties of the TLMglac for glaciological applications (e.g. glacier definition, seasonal snow, dead-ice bodies) and related required adaptations were discussed. Using all the previous work and data available and discussing specific examples, a common understanding of adaptations to the TLMglac needed from a glaciological point of view was formulated to complete the new SGI2016. The expert workshop revealed that the data set TLMglac is generally mapped on an extremely high level of detail (e.g. shape of the glacier margin digitized at about a scale of 1:5,000–10,000, i.e. with a distance of 0.5–50 m between vertices). However, for a number of locations, entities were found that do not strictly belong to a glacier per definition (e.g. perennial snow patches and avalanche deposits at glacier margins, strongly debris-covered dead-ice bodies, permafrost features in very few cases). These objects have to be removed for the creation of a glacier inventory and are attributed to the object class “snow and dead ice” in the swissTLM3D. As an outcome of this expert workshop, a reference guideline summarized below was produced to further process and edit the TLMglac data set towards the new SGI2016.
Definition of a Glacier
The polygons of the TLMglac represent the state of glacierization and, in many cases, perennial snow on the latest aerial images used for digitization by the swisstopo topographers. In principle, the glaciers were mapped according to the definition by Cogley et al. (2011), i.e. a glacier is defined as “a perennial mass of ice, and possibly firn and snow […] showing evidence of past or present flow” (Cogley et al., 2011 p. 45). However, especially for very small mapped entities, expert knowledge is required to judge if it is (still) a glacier or not. Leigh et al. (2019) suggested a scoring system to identify and map very small mountain glaciers. For the glacier classification in this study (yes/no) we also put an emphasis on the evidence of flow (crevasses, flow and deformation features, visible ice; cf. Table 4 in Leigh et al., 2019), and cross-checked with aerial images from previous years, to confirm if the size and shape of the mapped entity persists under different conditions. Even though we were able to rely on a guideline and a common understanding among the experts, judging the individual cases remains subjective. However, cross-checks between all experts’ results showed a high correspondence.
Definition of the Minimal Glacier Size
The lower limit of glacier size in the SGI2016 has been defined as 0.01 km2 (cf. Kuhn, 1995; Paul et al., 2009). This applies for all polygons with an existing SGI-ID, reflecting the fact that these glacier entities have already been mapped in one of the previous inventories. The threshold for polygons without an already existing SGI-ID (new entities) has arbitrarily been set to 0.025 km2 in order to exclude also larger perennial snow patches that had not been recognized as a glacier previously.
Criteria to Identify Features Erroneously Classified as Glacier
The expert workshop revealed that the TLMglac needs to be simplified in some cases and some non-glacier features have to be removed. Considering the TLMglac data set, the previous SGIs, the SWISSIMAGE aerial photographs of the previous 5–10 yr and glaciological knowledge, problematic cases have been recognized and discussed by the glaciologists at the workshop. Features erroneously classified as glacier in the TLMglac can be attributed to the three classes 1) snow, 2) debris, and 3) other, with further subdivision (Table 1; Figure 4 and Supplementary Table S2).
TABLE 1 | Classes of the topographical glacier outline data set (TLMglac) that were removed for the SGI2016, including the reason.
[image: Table 1][image: Figure 4]FIGURE 4 | Examples of features erroneously mapped as glacier in TLMglac. The numbers and letters indicate the reason according to Table 1 why the purple features (TLMglac) have been removed for the creation of the SGI2016 (orange outlines). A list with links to zoom in at swisstopo’s map browser and investigate the details more closely and in a broader context is available in Supplementary Table S2.
Procedure and Guideline to Create Clipping Masks
The TLMglac does not leave out any potential glacier feature in the Swiss Alps, i.e. we did not find examples where glacier surfaces needed to be added, but in a substantial number of cases parts were removed from the TLMglac to create a glacier inventory fulfilling glaciological criteria. All polygons contained in the TLMglac needed to be cross-checked individually and manually by a glaciologist. We used all available SWISSIMAGE orthophotos (typically available in 3-yr intervals since about 2005) to go back in time. This is crucial, as it supported examination of the polygon mapped as glacier in the TLMglac under different snow depletion conditions, as well as different cast shadows, which is very helpful to confirm if the examined section of the polygon can actually be considered as part of a glacier or not. As a guideline to create clipping masks to cut off erroneously classified features, we used the classes and examples defined in Table 1 (cf. also Figure 4). Additionally, we formulated the following leading questions that help digitizing the clipping masks: 1) Is there some bare glacier ice present? 2) Has seasonal, old, perennial or avalanche snow been mapped? 3) Does potentially debris-covered ice exhibit visible signs of surface dynamics, which can still be attributed to the glacier? 4) Can the glacier geometry be simplified by cutting off (meter-scale) bulges?
Hydrologically-Based Coding System for Unique SGI-IDs
According to the principle already established for the SGI1850, SGI1973 and SGI2010 (Müller et al., 1976; Maisch et al., 2000; Fischer et al., 2014), the unique identifier for single entities within the Swiss Glacier Inventories are the SGI-IDs. The coding system is oriented towards a hydrological, hierarchical classification principle (river levels 0–3) and results in an alphanumeric four-digit code, where every digit refers to a hydrologically-based subdivision of the area (UNESCO, 1970). This results in a unique identifier and allows tracing back all glaciers to their parent-IDs after separation over time (Supplementary Table S3).
From the TLMglac to the new SGI2016: workflow
The workflow to create the new SGI2016 from the TLMglac consists of the following steps:
1. Application of minimal area size threshold (see above).
2. Digitizing clipping masks by experts/glaciologists: The Swiss Alps were divided into five sub-regions that were investigated by at least two of the five experts each to identify features erroneously classified as glacier in TLMglac and to digitize clipping masks according to the defined criteria, procedures and guidelines.
3. Harmonization and generalization: Clipping masks by all experts were merged and homogenized to a single clipping mask that was applied to the TLMglac. The resulting file was generalized using the Douglas-Peucker algorithm (Douglas and Peucker, 1973; QGIS Development Team, 2020) with a tolerance value of 3 m. Finally, the minimal area size threshold from step 1 was applied a second time.
4. Extracting ice divides and clipping debris cover: By extracting the shared polygon boundaries from the generalized TLMglac, the ice divides of the SGI2016 have been derived based on the current swissALTI3D and attributed with the SGI-IDs of the related glaciers. Ice divides are adjusted to the related inventory based on current ice surface elevation. In a next step, the TLMglac was also used to clip and label the swissTLM3D object class “debris” in order to get a layer of supraglacial debris cover for each entity of the SGI2016.
5. Glacier inventory parameters: The compilation of the glacier inventory parameters is based on the suggestion by Paul et al. (2009) and the World Glacier Monitoring Service. Supplementary Table S4 provides an overview of all attributes compiled. The unique identifier of the single glacier entities is the SGI-ID and, if not already set from a previous inventory, a new SGI-ID was assigned to the new polygons. The glacier name corresponds to the topographic map sheets (swisstopo, 2020e), if a name is available. The acquisition date of the glacier outline corresponds to the year of acquisition of the aerial images used for glacier mapping (SWISSIMAGE). Surface area is calculated in km2 from the polygon(s) and glacier length was measured along an automatically derived center line according to an automated algorithm proposed by Machguth and Huss (2014). Minimum, median, mean and maximum elevation in m a.s.l. as well as mean slope and aspect are based on the up-to-date swissALTI3D resampled to a spatial resolution of 10 m.
6. Additional data layers: In the course of the preparation of the SGI2016, additional important data layers as location, debris cover, ice divides, center lines and a surface type raster have been produced and are contained in the SGI2016 data package.
Change Assessment and Comparison Between SGI2010 and SGI2016
Due to the fact that glaciers, separating into multiple entities over time, can be traced back to the parent glacier via unique SGI-IDs, a change assessment based on single glacier entities is possible. However, as all SGIs have been compiled based on different source data and somewhat differing methodologies, direct comparison requires caution. The area changes and time difference between SGI1973 and SGI2016 are sufficiently large that the effect of methodological differences is small in relation to the changes. A change assessment based on single glacier entities between SGI1973 and SGI2016 was thus performed. However, as between the SGI2010 and SGI2016 the time difference is relatively small and the methodological differences hamper a direct comparison, we refrained from conducting an automated change assessment based on single glacier entities, but discuss the differences between these inventories in detail below.
Approach to Compare SGI2010 and SGI2016
Comparing SGI2010 with SGI2016 reveals that glacier surface area covered by the latter is slightly higher although strong losses in glacier volume and glacier length were observed between 2010 and 2016 (GLAMOS, 1881-2020; Huss et al., 2015; Zemp et al., 2015). Even though both inventories are based on aerial photographs, the additional data, tools, resources and methodologies used by swisstopo in the frame of producing the TLMglac as the basis for the SGI2016 are beyond the possibilities available at the time of digitizing the SGI2010 (Fischer et al., 2014). It is thus obvious that professional topographers digitizing in 3D, with the help of elaborated guidelines, optical and infrared bands and detailed elevation difference grids from consecutive swissATLI3D DEMs, achieve a much more detailed cartographic representation of glacier extents in Switzerland. Especially delineating debris-covered glacier parts is much more difficult or even impossible when working only in 2D. The SGI2010 therefore seems to have a tendency to rather underestimate (especially strongly debris-covered) glacier extents. For a direct comparison, the data sets would have to be produced under exactly the same conditions and with the same methodologies.
Reference Data Set SGI2010_ref and Statistical Upscaling
As it is vital for assessing the accuracy of the new SGI2016 in comparison to the SGI2010, and to shed light on the counter-intuitive apparent slight gain in glacier area between 2010 and 2016 – which is clearly suspected to stem from methodological differences – we performed a re-assessment of selected SGI2010 glacier outlines. We thus re-mapped a representative glacier sample drawn from the SGI2010 with exactly the same knowledge and guidelines used to produce the SGI2016. The aim of this experiment is to apply the same glacier definitions as have been used in the SGI2016 to the imagery representing the basis for the SGI2010 and to investigate whether the methodological differences in glacier mapping are able to explain the positive change in overall glacier area.
A sample of 100 glaciers was selected and re-digitized in order to serve as a SGI2010 reference data set (termed SGI2010_ref henceforth). The precondition for the sample was to randomly select glaciers representing all different glacier size classes from all four major catchments. We defined seven area size classes with break values at 0.1; 0.5; 1.0; 2.0, 5.0 and 10 km2. The selected sample of 100 glaciers thus represents approximately the distribution in number and area according to the SGI2010, and is representative for the relative distribution of glaciers in the major catchments (numbers of sampled glaciers: Rhine: 35, Rhone: 45, Po: 10, Inn: 10, cf. Figure 1). The objective was to re-digitize SGI2010 outlines, “through the glasses” of the SGI2016 compilation guidelines, especially in relation to debris-covered areas, but with the same resources as for the creation of the SGI2010 (2D orthoimages). The condition for this re-digitization experiment was to not use the SGI2010 outlines, and to only rely on SWISSIMAGE aerial imagery used also by Fischer et al. (2014).
The workload of the re-digitization was distributed among the same five glaciologists that drew the clipping masks to derive SGI2016 outlines from the TLMglac. Every expert digitized the outlines of 32 glaciers randomly distributed in size and region. From the total sample of 100 glaciers, 15 glaciers from all size classes and regions were randomly selected to be digitized by all five experts. The area of the 100 re-digitized glaciers was statistically upscaled to the entire SGI2010 to estimate total glacier surface area. Thereby the differences between the 100 re-digitized and the same 100 SGI2010 glaciers, within the defined seven size classes were used, relying on area fractions of the individual size classes from SGI2010, to derive the upscaled area for 2010. Additionally, the same 100 glaciers have been selected for glacier-individual comparison and change assessment between SGI2010 and SGI2016.
Uncertainty/Accuracy Assessment
Assessing the accuracy of manually digitized glacier outlines is difficult and not straightforward, as it concerns a mapping exercise on aerial or satellite images without in-situ observations (Racoviteanu et al., 2009). Paul et al. (2013) recommend an accuracy assessment based on a “round robin” experiment, i.e. digitization of glacier outlines based on the same imagery by several experts. This was implemented by selecting 15 glaciers spread over all size classes (<0.5 km2: 6 gl.; 0.5–5.0 km2: 6 gl.; >5.0 km2: 3 gl.) and regions, representing bare-ice glaciers, glaciers with substantial supraglacial debris cover, as well as differing conditions of snow depletion. Five experts digitized extents of these glaciers, and the standard deviation of the resulting areas considered as the uncertainty at the glacier-specific level was evaluated. Upscaling the resulting standard deviations to all glaciers, weighted by the respective average glacier area per size class, yields an estimate of the uncertainty in total glacier area at the scale of the Swiss Alps.
RESULTS
The new SGI2016 (data package and key values)
The Swiss Glacier Inventory 2016 provides glacier outlines (areas), supraglacial debris cover, ice divides, center lines and location points of all glaciers in Switzerland referring to the years 2013–2018. Most of the glacier outlines have been mapped based on aerial images acquired between 2015–2017 (75% in number and 87% in area, Table 2), with the center year 2016. The SGI2016 data package is available through 10.18750/inventory.sgi2016.r2020 (GLAMOS, 2020d) and consists of the following files (Figure 5):
• Outline and attribute layer (SGI2016_glaciers.shp): the central inventory file, a polygon layer with SGI-IDs and all inventory parameters (Supplementary Table S4).
• Location layer (SGI2016_locations.shp): a point layer with SGI-IDs, glacier names and x- and y-coordinates. Located manually in the center of accumulation areas, mainly for labelling purposes.
• Debris-cover layer (SGI2016_debris-cover.shp): a polygon layer with SGI-IDs and glacier names of the underlying glaciers, spatial extents of debris cover as well as debris-covered area in km2, and year of acquisition.
• Ice-divide layer (SGI2016_icedivides.shp): a polyline layer separating glacier entities along ice divides, with SGI-IDs and glacier names for each side.
• Centre-line layer (SGI2016_centre-lines.shp): a polyline layer providing the longest central flow line per glacier (as well as length in km) and SGI-IDs according to Machguth and Huss (2014).
• Surface type raster (SGI2016_surfacetype_10m.tif): a 10 m resolution raster layer, providing the surface types bare ice and debris-covered ice.
TABLE 2 | Glacier distribution in the SGI2016 and corresponding area in relation to the acquisition year of the aerial images used (cf. Figure 1 for spatial distribution).
[image: Table 2][image: Figure 5]FIGURE 5 | Overview on the files provided with the SGI2016 data package in the area of Grosser Aletschgletscher. The glacier outlines are colored according to the acquisition year of the aerial image used for digitizing. Background: SWISSIMAGE orthoimagery composite.
The SGI2016 comprises 1,400 individual glacier entities (unique SGI-IDs) with a total surface area of 961 km2 (Tables 2, 3). Most glacier entities are very small (82% of the glaciers are <0.5 km2), but the 46 glaciers with an area larger than 5 km2 account for 52% of the total Swiss glacier area. The catchments of Rhine and Rhone show the highest glacierization (in terms of the number of glaciers with 46 and 41%, and in terms of area with 31 and 61%, respectively (Table 3)).
TABLE 3 | Number of glaciers and area mapped in the SGI2016, categorized in size classes and major river catchments.
[image: Table 3]The elevation range of glacier cover in the Swiss Alps spans more than 3,000 m, from the termini of Unterer Grindelwaldgletscher (1,357 m a.s.l.), Oberer Grindelwaldgletscher (1,448 m a.s.l.) and Grosser Aletschgletscher (1,605 m a.s.l.), up to the top of Gornergletscher (4,599 m a.s.l.), Hobärggletscher (4,544 m a.s.l.) and Bisgletscher (4,490 m a.s.l.). Unterer Grindelwaldgletscher and Grosser Aletschgletscher cover an elevation range of more than 2,500 m. Median elevation of glaciers can be taken as a proxy for a balanced-budget equilibrium line altitude (ELA0) (Braithwaite and Raper, 2009) and strongly varies across the Swiss Alps (Figure 6). In regions with the highest peaks and generally smaller mean annual precipitation (e.g. large parts of the Rhone basin), the median glacier elevation is above 3,000 m a.s.l., but can also be lower than 2,800 m a.s.l. in peripheral regions of the Alps. The overall median elevation of all Swiss glaciers is at 2,938 m a.s.l. (Supplementary Figure S1).
[image: Figure 6]FIGURE 6 | Elevation range of all glaciers in the SGI2016, plotted per major river catchment, ordered from west to east (red, B: Rhone; purple, C: Po; blue E: Danube; grey, A: Rhine). Every colored line indicates the elevation range of a single glacier. The bold black line shows a running mean of the median.
Evaluating the glacier sample in three size classes (Supplementary Figure S1) shows that in all four hydrological catchments glaciers larger than 2 km2 contribute the majority to the glacierization (Rhone: 55%, Rhine: 77%, Po: 46%, Danube: 55%). For all catchments, the mean slope of the glacier surface is around 20° for glaciers larger than 0.5 km2, whereas the size class of very small glaciers (<0.5 km2) exhibits the highest mean slope with almost 30°. The longest glacier of the Swiss Alps is Grosser Aletschgletscher with a total length of 24 km. Long valley glaciers are also found in other catchments, e.g. Unteraargletscher (12 km) in the Rhine basin, or Vadret da Morteratsch (7 km) in the Danube basin.
Debris Cover Within the SGI2016
A new feature of the SGI2016 in comparison to typical glacier inventories (e.g. Gardent et al., 2014; Fischer et al., 2015a; Smiraglia et al., 2015) is the separate debris-cover layer (cf. Figure 5). Although large-scale data sets of supraglacial debris cover are available (Scherler et al., 2018; Herreid and Pellicciotti, 2020), the level of detail of the debris-cover product included in the SGI2016 paves the way for further process-based studies on feedback effects between debris cover and glacier evolution. The high-resolution aerial imagery used for mapping is very distinct, e.g. showing the partly only 10 m wide famous middle moraines of Grosser Aletschgletscher from their origin at the glacier confluences of tributaries at Konkordiaplatz to the glacier terminus (Figure 5). In total, 11% (104.0 km2) of the total Swiss glacier area were debris-covered in 2016. The share of debris-covered ice surfaces is similar in the Rhone, Rhine and Danube catchments (10–11%), but is higher (16%) in the Po catchment (Table 4). Given the relatively limited glacierization in the Po catchment (Table 3), interpreting the higher ratio of debris-covered ice is speculative but might be related to the relatively low elevation of glaciers (Figure 6) and the generally high surface slopes of the surrounding terrain favoring enhanced erosion rates (e.g. Benn et al., 2012; Westoby et al., 2020). Ranking all individual Swiss glaciers according to their absolute debris-covered area indicates that only five glaciers account for a quarter of the overall area with supraglacial debris (Figure 7). For the glaciers with considerable debris-covered surfaces, three types can be distinguished: 1) Large glaciers with a completely debris-covered tongue (e.g. Unteraar, Oberaletsch, Zmutt, Zinal). The typical share of debris-covered ice for this case is around 30%. 2) Very large glaciers with a moderate share of debris (less than 10%) which still accounts for a relevant absolute area due to the sheer size of the glaciers (e.g. Grosser Aletsch, Gorner, Fiescher). 3) Small to medium-sized glaciers with a very high debris-to-bare-ice ratio (50% or more, e.g. Tsessette, Albigna, Griess, Gavirolas).
TABLE 4 | Area and ratio of debris-covered glacier surface per main hydrological catchment and for the entire inventory.
[image: Table 4][image: Figure 7]FIGURE 7 | SGI2016 glaciers ranked according to their absolute area with supraglacial debris. For each glacier, the total area and the share of debris-cover is stated. Colors refer to the main hydrological catchment (grey: Rhine, red: Rhone; purple: Po; blue: Danube).
Analyzing the dependencies between topographic parameters (mean slope, glacier length, median elevation) and debris-cover fraction reveals that short (<0.5 km) glaciers with a moderate mean slope (20–30°) and a low median elevation (<2,600 m a.s.l.) tend to have high debris-cover fractions (Figure 8). Morphological processes that are closely linked to topography and that favor high debris coverage can most likely explain these dependencies (e.g. Salerno et al., 2017; Westoby et al., 2020). Whereas supraglacial debris is less likely to accumulate on very steep glaciers, the area around gently-sloping glaciers is less prone to erosion. Highest debris-cover fractions are thus found for glaciers with medium average slopes (Figure 8A). Although some long glaciers exhibit important absolute debris-covered areas (Figure 7), the average share of debris on relatively large and long valley glaciers is typically reduced in comparison to small and short glaciers (Figure 8B). Short glaciers often are located in mountain cirques surrounded by steep rock walls that favor accumulation of debris on the ice. The relation between relative debris coverage and median elevation is very clear: Whereas glaciers at high elevation have small average debris fractions, glaciers at low elevation are strongly debris-covered (Figure 8C). This is likely related to the melt reduction exerted by debris, permitting glacier ice to be present at lower elevation (Nicholson and Benn, 2006; Brun et al., 2019). On the other hand, glaciers at low elevation are characterized by higher snow accumulation rates and, thus, higher mass balance gradients and, thus, an enhanced erosional potential.
[image: Figure 8]FIGURE 8 | Dependence of the arithmetic mean of the glaciers’ debris-cover fraction on classes of topographic parameters: (A) mean surface slope, (B) glacier length, and (C) median elevation. The number of glaciers per class (n) is given.
The hypsometric distribution of glacier surface and debris-cover in Figure 9 reveals that glacier areas below an elevation of 2,500 m a.s.l. are highly debris-covered in all catchments with a fraction ranging from around 40% up to 100%. Due to the higher peaks and the inner alpine climate in the Rhone catchment, the median elevation of these glaciers is generally higher, which also leads to a higher debris-cover fraction at elevations of up to 3,000 m a.s.l. (Figure 9).
[image: Figure 9]FIGURE 9 | Glacier surface and debris-cover distribution in hypsometric bands of 50 m for the four major river catchments and entire Swiss Alps.
Change Assessment SGI1973 – SGI2016
The 2,732 mapped glacier entities in the SGI1973 cover an area of 1,311 km2, and the 1,400 individual glaciers in the SGI2016 cover an area of 961 km2. This corresponds to an overall area change of –350 km2, –26.7% or –0.6% a−1 between 1973 and 2016. As the glaciers in the SGI2016 are linked to the SGI1973 via unique IDs, dissolving the 1,400 SGI2016 glacier IDs based on the SGI1973 parent-IDs results in 1,335 individual IDs, from which 1,330 could be joined to a corresponding parent-ID in the SGI1973. Only five glaciers in the Central Swiss Alps covering a total area of 0.14 km2 could not be related to a glacier mapped in SGI1973, as at these locations no glaciers were mapped in the SGI1973. From the SGI1973 to the SGI2016, 1,402 SGI-IDs with a total area of 58 km2 disappeared completely and are not anymore relevant for a direct change assessment based on individual glacier IDs. All these entities were smaller than 0.5 km2 and over 90% of them were smaller than 0.1 km2 in 1973. The catchment-wise loss in area was 20.5 km2 (A: Rhine), 23.4 km2 (B: Rhone), 7.3 km2 (C: Po), 6.9 km2 (E: Inn), and regarding the total glacier count correspond to 40% (A), 32% (B), 12% (C), 16% (E) of the glaciers. The remaining 1,330 glacier entities from the SGI1973 with matching glacier units in the SGI2016 covered 1,253 km2 in 1973.
The strongest relative change in glacier area between 1973 and 2016 occurred in the Po catchment (–36.4%). Relative area change was least negative in the Rhone basin (–18.7%, Figure 10A). These regional differences can be attributed to the glacier size distribution. Relative area changes are largest for small glaciers (Figure 10B) that are predominant in the Po catchment, whereas the Rhone basin includes the largest glaciers with smaller relative area changes (despite of large absolute area changes; e.g. the two largest glaciers: Grosser Aletschgletscher –8.13 km2/–9.4%, Gornergletscher –5.38 km2/–9.0%). A very clear dependence of relative area changes on classes of surface slope is evident (Figure 10C): the steeper the glacier on average, the larger the relative area change. This finding corresponds to observations of glacier mass balances (e.g. Fischer et al., 2015b; Brun et al., 2019). Small glaciers exhibit large relative area changes, and they are generally steeper than large glaciers. Furthermore, steep glaciers are thinner and will thus respond more quickly to a change in climate by adapting their length and thus area. Relative area changes are similar for all aspect classes (Figure 10D). South-facing glaciers experienced smaller area changes. This is only counter-intuitive at first glance because south-facing glaciers are situated at higher elevation (due to enhanced solar radiation input), where they are less sensitive to changes in air temperature. Median elevation and relative area changes also show a clear relation, with low-elevation glaciers experiencing the largest changes and glaciers at high elevation the most moderate ones (Figure 10E). The dependency of relative area change on present (SGI2016) debris-cover fraction is less clear, but there is a tendency that glaciers with a high share of supraglacial debris show larger area changes (Figure 10F). This observation is not intuitive, because (continuous and thick) debris cover is known to strongly reduce melt rates (e.g. Anderson, 2000; Banerjee and Shankar, 2013). However, due to debris coverage, these glaciers extend to lower elevation where they are more sensitive to climate forcing, and they generally have a smaller accumulation area that will be completely lost with only a limited rise in the equilibrium line altitude. A presently high share of supraglacial debris might also be a result of strong retreat over the last decade. Our observations indicate that the area of debris-covered glaciers responds in a similar way to climate change as for bare-ice glaciers.
[image: Figure 10]FIGURE 10 | Arithmetic mean of glacier-specific relative area changes 1973–2016 according to (A) the major catchment, and classes of (B) glacier area, (C) mean surface slope, (D) principal surface aspect, (E) median elevation, and (F) debris-cover fraction according to the SGI2016. The number of glaciers per class (n) is given.
DISCUSSION
Re-assessment of the Overall Area Loss SGI2010 – SGI2016
The total glacier area of the SGI2010 amounts to 944 ± 24 km2 for the year 2010 (Fischer et al., 2014), whereas the new product SGI2016 reports an area of 961 ± 22 km2 for Switzerland. In light of major glacier mass losses observed in the Alps between 2010 and 2016 (e.g. GLAMOS, 1881-2020; Beniston et al., 2018; WGMS, 2020), this increase in glacier area by 2% is counter-intuitive, and is suspected to stem from methodological differences. To investigate these differences, we performed a re-digitization experiment for 100 glaciers based on the same imagery as had been used for the SGI2010 but with the approaches and the definitions elaborated for the compilation of the SGI2016. For the 100 selected glaciers, the SGI2010 reports an area of 196.3 km2, and the SGI2016 196.7 km2. An area of 205.2 km2 is found for the re-digitized glacier sample SGI2010_ref (Table 5), thus indicating an actual area change of –4.2% between 2010 and 2016.
TABLE 5 | Results of the SGI2010 re-digitization experiment and upscaling to all Swiss glaciers.
[image: Table 5]For re-digitizing the sample of 100 selected glaciers for the SGI2010_ref it was not possible to rely on exactly the same methodologies and resources as for the production of the SGI2016 as various source data (e.g. high-resolution DEM differences) used for the compilation of the SGI2016 were not yet available when the SGI2010 was produced. However, applying the same glacier definition as for the SGI2016 for glacier mapping in the SGI2010 results in generally larger glacier areas, particularly for highly debris-covered areas (Figure 11). Re-digitized outlines of accumulation areas and bare-ice areas however correspond very well with the SGI2010, indicating that the differences are driven by the recognition of debris-covered ice as part of the inventory. Comparing the 100 glaciers from the re-digitized SGI2010_ref with the corresponding outlines from the SGI2010 reveals that the area of 90 glaciers is larger in the SGI2010_ref, and for ten glaciers the area is equal or smaller in the re-assessment. In absolute values, the area changes per individual glaciers are rather small, with a minimum of –0.03 km2 (SGI2010 area is larger than in the re-assessment) to a maximum of +0.71 km2, with a median of +0.03 km2 (+7%). The re-assessment indicates more than 100% greater area for ten glaciers smaller than 0.5 km2 in the SGI2010. These glaciers sum up to a small absolute area gain (+0.44 km2), but it was observed that considerable interpretation differences occur for small and very small glaciers (Figure 11A).
[image: Figure 11]FIGURE 11 | Four examples of re-assessed glacier outlines of the SGI2010 based on the re-digitization experiment using the same source imagery, but with the approaches and definitions used for the SGI2016 (Supplementary Table S5). The re-digitized outlines are labelled SGI2010_ref and area differences relative to the original data set (SGI2010) are given in all panels. (A) Glacier d’Orchère (area A2010 = 0.01 km2), (B) Glacier de Valsorey, (A2010 = 1.88 km2), (C) Fanellgletscher (A2010 = 0.83 km2), (D) Bodmergletscher (A2010 = 0.33 km2). The background imagery corresponds to the SWISSIMAGE orthophotos used as source data for the compilation of the SGI2010 and the codes represent the unique SGI-IDs.
For upscaling the results of the re-assessment experiment to all 1,441 glaciers of the SGI2010, we use the relative area change per size class. Based on the re-assessment we find an upscaled total glacier surface area at the time of the SGI2010 of 1,009 km2 (Table 5). From this analysis we conclude that, if the SGI2010 would have been digitized with the definitions, rules, knowhow and source data as used for the compilation of the SGI2016, the total glacier area would have been bigger (+64.7 km2, +6.9%). In comparison to the SGI2016, the re-assessed area of the SGI2010 corresponds to an absolute area change of –47.6 km2 and a relative change of –4.7% between SGI2010 and SGI2016, implying an annual area change of –0.8% (Table 6). This relative area loss is similar to the –0.7% a−1 reported for 1973 to 2010 (Fischer et al., 2014), but is smaller than the values of –1.1% a−1 to –1.3% a−1 found for the entire Alps between 2003 and 2015/16 (Paul et al., 2020) and the value of –1.4% a−1 for the Swiss Alps from 1985 to 1998/99 (Paul et al., 2004).
TABLE 6 | Absolute and relative area loss over time according to the SGI’s.
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In order to quantify the overall uncertainty in glacier area digitized based on the available high-resolution imagery, we analyze independent results of the “round robin” experiment on multiple digitization of glaciers by five experts. Due to the quality and resolution of the SWISSIMAGE orthoimagery and the clearly defined rules and guidelines for glacier mapping elaborated for the SGI2016, all experts generally delineated the glacier outlines highly consistently. Especially for bare-ice glaciers, where the glacier ice directly meets bare bedrock, digitized glacier margins lie in general within 2–10 m of horizontal distance. Only in some exceptional cases they differed by up to 100 m because of in-/excluding small branches (Figure 12A, cf. southern spike) or due to snow cover or clouds (Figure 12C). For debris-covered glacier ice on sedimentary beds the deviations of the outlines are often somewhat larger (5–50 m), i.e. the different interpretations of the glacier boundaries do not agree everywhere, but in most cases match well (Figure 12D). The largest variability between digitized outlines has been found for a very small glacier in a shadowed, snow-covered north face (Figure 12B) with a standard deviation of inferred glacier area of 23.8%. For all other of the 15 analyzed glaciers covering different size classes and characteristics, the standard deviation lies between 0.3 and 7.1% (Supplementary Table S6). Upscaling these standard deviations according to the area fraction in three size classes (Supplementary Table S7), we find an uncertainty in total glacier area of ± 2.3%, or ± 21.7 km2 for the SGI2016. When comparing these values with the studies of Paul et al. (2013) and Fischer et al. (2014) who performed similar digitization experiments, the results correspond well, but tend to be somewhat smaller, which is attributed to the higher resolution of the available imagery and the consistent application of defined rules and guidelines for glacier mapping by all experts. Higher relative area uncertainties with decreasing glacier size (e.g. Paul et al., 2003; Fischer et al., 2014) could also be observed and confirmed.
[image: Figure 12]FIGURE 12 | Four examples of the digitization experiment for the accuracy assessment of the SGI2016 with outlines digitized by the five experts. The background imagery corresponds to the SWISSIMAGE orthophotos used as source data for the compilation of glacier outlines and the codes represent the unique SGI-IDs.
SGI2016 and the Previous Inventories
All previous glacier inventories for Switzerland, also available via GLIMS, have been produced with the best data sources, methodology and knowledge available at the time. Since all inventories are subject to uncertainties and have been established using different methodologies, a direct change assessment at the scale of individual glaciers is difficult. However, aggregated results for the major river catchments, the glacier size classes or the glacierization of the entire Swiss Alps can be compared (Supplementary Table S8). The area distribution per size class is very similar in all inventories. Throughout all inventories the glaciers smaller than 0.5 km2 contribute 12–16% to the total glacier area and the glaciers larger than 10 km2 35–39%.
Figure 2 and Supplementary Figure S2 provide a comparison of the outlines for the Swiss glaciers available via GLIMS and the new SGI2016 and reveal the different characteristics of the inventories. For glacier ice without debris coverage, the retreat is easily recognizable and measurable via the surface area (Figure 2). As soon as the glaciers are debris-covered, the time component of the inventories is of secondary importance, but acquisition techniques become more relevant. SGI1973, SGI2010 and SGI2016 that have been manually compiled based on aerial orthophotos contain more debris-covered glacier surfaces due to a higher resolution of the base data compared to the inventories Alps-2003, Alps-2015 and SGI2010 that were compiled using semi-automatic mapping with satellite imagery (Supplementary Figure S2).
The Alps-2015 inventory (Paul et al., 2020) reports a glacier area of 890 km2 for Switzerland which is significantly smaller than our results for the quasi-simultaneous new SGI2016 (961 km2). The difference of about 7% can probably be assigned to methodological differences and the much higher level of detail in glacier mapping of the SGI2016. The differences can mostly be attributed to the mapping of debris-covered areas of large glaciers (Supplementary Figure S2). For example, the mapped surface areas for the highly debris-covered Unteraargletscher, Oberaletschgletscher and Glacier de Zinal (Figure 7) are 8.8, 7.8 and 7.9% larger in the SGI2016 compared to the Alps-2015, accounting for 4.1 km2 in total.
The swissTLM3D object classes “glacier” and “debris” are digitized independently. Debris is mapped when the coverage exceeds 80% in an area of 25 × 25 m. However, as recognizable on the interactive maps (cf. links in Supplementary Table S1), the decisions taken during mapping may differ between regions as the classification is still partly based on subjective criteria. Further improvement is foreseen as the object classes are regularly updated feeding into a next inventory. We assume that glacier outlines of debris-covered glaciers were mapped more accurately in our new inventory due to the imagery’s spatial resolution, which was 20–40 times higher in comparison to Sentinel-2 imagery as used in the Alps-2015 inventory. In addition, mapping in 3D and the consideration of surface elevation differences adds a considerable benefit for more accurately detecting dead-ice bodies and debris-covered parts of glaciers. In contrast, the Alps-2015 data set contains about 30% more individual glacier entities than the SGI2016. However, this number is difficult to be interpreted, as some glacier polygons in the SGI2016 have the same SGI-ID because they belong to the same parent glacier and are therefore counted as one entity.
The comparison of the two latest glacier inventories for the Swiss Alps (Alps-2015, Paul et al., 2020; SGI2016, this study) reveals the substantial challenges in mapping highly debris-covered glacier surfaces only based on 2D snapshots. With regard to the worldwide glacier retreat, the increase of supraglacial debris coverage and the disintegration of glaciers, our assessment indicates that additional data sources (e.g. elevation differences) and tools (e.g. 3D-mapping, consideration of surface velocities) are key to better constrain glacier margins in debris-covered areas.
Today, satellite-based DEMs with a vertical accuracy and ground resolution comparable to the swissALTI3D data set used for the SGI2016 are available and provide high-resolution terrain information over glacierized areas worldwide (e.g. Berthier et al., 2014; Pandey et al., 2017). Elevation differences derived from consecutive high-resolution DEMs, for instance from sub-meter Pléiades stereo images or TerraSAR-X TanDEM-X data based on radar interferometry techniques, may therefore have the potential to foster more accurate glacier mapping over (highly) debris-covered glaciers worldwide, and to improve (and minimize the amount of time needed for) manual correction of automatically generated glacier outlines based on glacier mapping techniques using satellite data and band ratio thresholds.
Comparing the total glacier surface area only of the SGIs derived from maps and aerial images by manual digitizing (Figure 2; category (a)), and substituting the reported SGI2010 total area by the upscaled value from this study, reveals relative area change rates that increase over time, from –0.2% a−1 (1850–1973), to –0.6% a−1 (1973–2010) to –0.8% a−1 (2010–2016) (Table 6). The first two periods show an acceleration of area-change rates although the length of the time intervals strongly differs. This acceleration is consistent with observed long-term changes in mass balance in the European Alps (e.g. Beniston et al., 2018). The period 2010–2016 seems to indicate a further acceleration in glacier area change that is also highlighted by Paul et al. (2020) and agrees with monitoring results. Nevertheless, the signal has to be interpreted with care as the period is short and might be influenced by uncertainties in the inventories and short-term meteorological variability.
As shown before, estimating the uncertainties in the SGI2010 and correcting the total area according to a consistent glacier definition is possible due to the temporal proximity of the inventory to the SGI2016 and the available baseline data. The uncertainties in the older inventories SGI1850 and SGI1973 are not assessed here, but they probably tend to be higher due to the applied methodologies in mapping these outlines. However, the time period for a change assessment with the SGI2016 glacier extent is sufficiently large that the uncertainties may play a minor role and likely mapping debris-covered glaciers was not the same troublesome issue as today.
Cooperation Between Swisstopo an GLAMOS
The production of the SGI2016 was only possible due to the close exchange between the topographers at swisstopo and the glaciologists at GLAMOS over the past years. It was self-evident to embed the production of the next Swiss Glacier Inventories into already existing products of swisstopo. The constraint to regularly produce an updated glacier inventory required both institutions to boost the cooperation and to start mutual learning. This process led to adapted and adjusted production guidelines on both sides. Meetings and workshops helped to understand the different professional backgrounds of topographers and glaciologists, to find common solutions for specific problems related to glacier mapping, and finally to derive a state-of-the-art glaciological data set. The SGI2016 influences the coming swissTLM3D releases and will streamline the production of future Swiss Glacier Inventories. The SGI2016 is the first step towards a consistent and accurate data product of repeated glacier inventories in 6-yr time intervals that promises a high comparability for individual glaciers and glacier samples, secured due to the integration into long-term projects on both sides.
CONCLUSION
We presented the new Swiss Glacier Inventory SGI2016 that has been acquired based on high-resolution aerial imagery (with a resolution of 0.25–0.50 m) and digital elevation models (swissALTI3D, with 2 m resolution) in cooperation with the Federal Office of Topography (swisstopo) and Glacier Monitoring in Switzerland (GLAMOS), bringing together topographical and glaciological knowledge. We describe and define the process, workflow and required glaciological adaptations to compile a highly detailed glacier inventory based on the digital Swiss Topographic Landscape Model (swissTLM3D) The resulting high-resolution glacier inventory will support process studies and model validation/calibration for glaciers in the Swiss Alps. However, the complete process of compiling the inventory strongly relies on the high detail of data sets available in Switzerland and may not be directly applicable in other mountain ranges.
The SGI2016 provides glacier outlines (area), supraglacial debris cover, ice divides, center lines and location points of all glaciers in Switzerland referring to the years 2013–2018, whereas most of the glacier outlines have been mapped based on aerial images acquired between 2015 and 2017 (75% in number and 87% in area), with the center year 2016. Our data set contains 1,400 individual glacier entities with a total glacier surface area of 961 ± 22 km2 (whereof 11%, or 104 km2 are debris-covered) and constitutes the so far most detailed cartographic representation of the glacier extent in Switzerland. The data package comprises an individual layer of debris-covered glacier area. Analyzing the dependencies between topographic parameters and debris-cover fraction on the basis of individual glaciers reveals that (small and) short glaciers with a moderate mean slope and glaciers with a low median elevation tend to be strongly debris-covered.
To be able to track and assess glacier changes between the previous Swiss Glacier Inventories and future releases to come, the coding system of SGI-IDs introduced in the 1970s (Müller et al., 1976; Maisch et al., 2000) was pursued. A change assessment between the SGI1973 and SGI2016 based on individual glacier entities confirms the largest relative area changes for small glaciers and for low-elevation glaciers, whereas the largest glaciers show small relative area changes, though large absolute changes. The analysis further indicates a tendency for glaciers with a high share of supraglacial debris to show larger relative area changes.
Despite an observed strong glacier volume loss between 2010 and 2016 (e.g. Beniston et al., 2018), the total glacier surface area of the SGI2016 is somewhat larger than reported in the last published Swiss Glacier Inventory (SGI2010, Fischer et al., 2014). Even though both inventories were created based on swisstopo aerial photographs, the additional data, tools, resources and methodologies used by the professional topographers digitizing glacier outlines in 3D for the SGI2016, and subsequent adaptations and corrections carried out by glaciologists, are able to explain the counter-intuitive difference between SGI2010 and SGI2016. Due to methodological differences and the time interval of only 6 yr that is too small to make a reasonable comparison within the inherent uncertainties of glacier inventories, a direct change assessment between SGI2010 and SGI2016 is not meaningful. However an experiment where a representative glacier sample of the SGI2010 was re-assessed based on the approaches of the SGI2016 led to an upscaled total glacier surface area of 1,009 km2 for the Swiss Alps around 2010. A comparison to the latest glacier inventory of the (Swiss) Alps based on Sentinel-2 satellite imagery, band rationing and manual corrections (Paul et al., 2020) highlights the usefulness of additional data (e.g. elevation differences) and 3D-mapping tools as key elements to better constrain glaciers extents in highly debris-covered areas. Consequently, mapped glacier area in the SGI2016 based on high-resolution aerial orthoimages is about 7% larger than according to satellite data for the same time.
As swisstopo data products are and will be regularly updated, the SGI2016 is the first step towards a consistent and high-quality data product of repeated glacier inventories in 6-yr time steps providing a high comparability for individual glaciers and glacier samples. The fruitful cooperation between swisstopo and GLAMOS will thus continue and result in consistent future inventories for Swiss glaciers.
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Glacier size class (km?) Major river catchment Total

Rhine (A) Rhone (B) Po (C) Danube (E) Switzerland
<0.1 Number 345 275 47 59 726
Area (k) 145 106 19 26 296
0.1-0.5 Number 192 172 22 34 420
Area (km?) 447 405 5.0 76 97.8
05-1.0 Number 45 37 5 7 94
Area (k") 315 275 35 49 67.4
10-20 Number 30 38 6 4 78
Area (k') 418 554 86 68 1126
2.0-6.0 Number 15 19 2 0 36
Area (k') 421 564 45 00 103.0
5.0-10 Number 7 16 2 2 27
Area (km?) 481 106.2 11.4 122 177.9
>10 Number 5 13 0 1 19
Area (k') 727 2854 00 149 3730
Total Number 639 570 84 107 1400

Avea (kinf) 295.4 5820 349 490 961.3
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Acquisition Number of glaciers Glacier area

Year Count % km? %
2013 104 7 483 5
2014 63 4 15.8 2
2015 205 =1 240.1 25
2016 540 39 3807 40
2017 218 16 2004 22
2018 180 13 580 6
Total 1400 100 913 100
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Glacier

Size class

<0.1 km?
0.1-0.5 km?
0.5-1 km?
1-2 km?
2-5 km?
5-10 km®
>10 km?
Total

Sample of 100 representative glaciers

Complete SGI2010

Count

31
21
10
15

1

100

$GI2010

SGI2010_ref SGI2016 Published Upscaled

Area (km?) Area (km?) Area (km?) Area (km?) Area (km?)
11 18 15 259 414
50 59 52 85.7 101.6
73 81 76 61.9 68.3
226 240 231 103.1 1095
273 290 2.7 173 124.6
706 728 69.3 185.1 190.8
62.5 63.7 63.3 365.2 3727
196.4 2053 196.7 944.2 10089
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