
Towards Horizon 2020 Lasaponara R., Masini N., Biscione M., Editors 

 EARSeL, 2013 

Satellite map series of long-term elevation changes on 

Eurasiaôs Northernmost ice caps 

Aleksey Sharov and Dmitry Nikolskiy 

Joanneum Research, DIGITAL - Institute of Information and Communication Technologies, 

Remote Sensing and Geoinformation Group, Graz, Austria; aleksey.sharov@joanneum.at 

Abstract. The present paper describes a new suite of thirty maps representing glacier elevation 

changes and mass balance characteristics in the Eurasian High Arctic for the period of 1950-2010s 

derived from satellite ERS and/or TanDEM-X interferometry and ICESat / CryoSat altimetry data 

in comparison with 60-year old reference elevation models. The regional assessment of the 

mapped changes showed that Eurasian insular glaciation lost 1,005±20 km³ of its volume and 

2,030±100 km² of its area. But we also registered a dozen growing ice caps. New map prototypes 

showing spatial distribution of mass balance characteristics in the heterogeneous field of gravity 

were generated and interpreted using long-term precipitation records and GOCE gradiometry data. 
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1. Introduction  

Precise glacier maps depicting long-term elevation changes of land ice masses represent an im-

portant instrument and indispensable basis for assessing Earthôs glaciation and obtaining quantita-

tive data on accumulation, ablation, movement, calving flux and mass balance of ice bodies in 

documentary and human perceivable form [1]. In the era of climate change, maps of glacier trends 

are in great demand among polar and alpine environmentalists and widely used for studying rela-

tionships between glaciers and climate, fluctuations in sea level and salinity, estimating melt water 

availability, planning industrial activities and political argumentation in cold regions. ñThere is a 

pressing need for a regional-scale assessment of glacier and ice cap change based upon remote sens-

ing observations and numerical modellingò [2]. However, precise and elaborate maps for the com-

puter analysis of glacier state variables and volume changes in entire glacial regions are still very 

small in number. These are rather scarce even in internet publications, not to speak of glacier atlases 

and inventories pretending to be the most comprehensive glacioclimatic compilations. Satellite 

maps of glacier changes produced so far provide very heterogeneous, approximate and patchy in-

formation on mass balance characteristics, such as elevation change rates, equilibrium line altitude 

(ELA) and accumulation area ratio (AAR), subject to data availability and quality, and processing 

imperfections. The most surprising and probably the largest gap in the factual cartographic knowl-

edge about glacier changes outside Greenland and Antarctica is observed in the Eurasian High Arc-

tic representing the largest cluster of insular ice caps in the Old World. The mass balance of the 

northernmost insular ice caps in the Svalbard, Franz Josef Land, Novaya Zemlya, Severnaya Zem-

lya and De Long archipelagos is poorly known and these regions are scarcely mapped. 

New extensive, albeit detailed remote sensing studies devoted to overall glacier change mapping 

and regional estimates of geodetic mass balance in the Eurasian Insular Arctic were recently started 

using a synergetic combination of satellite altimetry and interferometry [3]. Apart from high sensi-

tivity to changes in glacier topography and independence of natural illumination, the major advan-

tage of combining radar interferometry and altimetry, referred to as dual-sensor INSARAL tech-

nique, is the enhanced glacier-wide coverage with elevation change data and the high precision of 

elevation measurements achieved even in the case of insufficient ground control typical of glacial 
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areas. This is important for the reliable modelling of topographic changes in glacier accumulation 

areas characterized by relatively sparse coverage with altimetric transects and corresponding under-

estimation of the accumulation signal by simplified mono-sensor techniques, such as those offered 

in [4]. Our 30 resultant maps of uniform quality cover all glaciated areas in the Eurasian Arctic Ba-

sin from Svalbard in the west to Wrangel Island in the east. In this paper we report on long-term 

elevation changes occurring on Eurasiaôs northernmost ice caps.  

2. Mapping goals and challenges 

The general objective of the present mapping activity was to generate a new series of glacier 

change maps and mass-balance estimates from satellite EO, ground and cartographic data. These 

are to serve as an active framework for determining, interpreting, validating and inventorying the 

status and fluctuations of land ice resources in the main glacial areas of the Eurasian High Arctic, 

and for gaining a better understanding of how glaciers respond to climatic variations and endogenic 

forcing. In our practical mapping work the following specific goals were pursued: 

¶ Overall mapping of glacier fluctuations in the insular Eurasian Arctic at working scales 

ranging from 1:100,000 to 1:2500,000 attaining a regional overview and high level of detail 

of glacier change maps. 

¶ Methodological modernization of the dual-sensor INSARAL technique towards the opera-

tional mapping and measurement of glacier elevation changes and mass balance characteris-

tics (ELA, AAR, ȹV, etc.) in semi-automatic mode. 

¶ Integral assessment and interpretation of glacier volume changes at both local and regional 

level; verification of several still conjectural hypotheses about gravimetric impacts on gla-

cioclimatic settings in the High Arctic. 

¶ Map validation, web presentation and quality control, also in consultations with users. 

The main challenge in completing the cartographic activities was the enormous dimensions of 

the region to be mapped and the scale of the work load this involved. The procurement of modern 

EO data and reference elevation models of uniform quality covering all insular ice caps and glacier 

complexes in the region was a serious effort. The work load related to the production of a single 

glacier map depends on the index of glaciation, elevation range and data availability, and can be 

roughly estimated as one working day per 200 km² of glacier area mapped at 1:100,000 scale. The 

amount of work involved in the generation of reference elevation models made up approximately a 

quarter of the total work load. In 3 years an extensive and consistent set of glacier change maps was 

generated for approx. 45,000 km², or nearly half of the total glacier area on the Eurasian Arctic is-

lands. Four people were directly involved in the mapping work in the period 2010 ï 2012. 

3. Mapping specifications 

Official mapping limits were set in the MAIRES description of work so that all the most remote 

and least studied ice caps in the northern periphery of the Eurasian shelf seas had to be covered by 

elevation change maps. Thorough information about glacier fluctuations in this marginal area is 

lacking, but is very much in demand since it may constitute the relevant benchmark for judging and 

projecting climate change impacts in the entire Arctic. The region extends approx. 2,600 km from 

Nordaustlandet, Kvitöya and Victoria islands in the west through Rudolph, Eva-Liv, Ushakova, 

Schmidt and Komsomolets islands in the north to De Long islands in the east (Fig. 1). The situation 

of insular ice masses close to the edge of summer minimum sea ice proved helpful in analysing spa-

tial asymmetry of the glacier accumulation signal. 
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At present our new map series includes 21 maps representing glacier elevation, area and volume 

changes in the Eurasian High Arctic in the period from the 1950s to the 2010s with 50-m grid in the 

UTM projection (Zones 35N ï 57N, WGS 84) at 1:200,000, 1:100,000 or 1:500,000 scales. Besides, 

4 small-scale observational maps and 10 map prototypes representing the spatial distribution of gla-

cier elevation changes and mass balance characteristics in the heterogeneous field of gravity as well 

as the spatial correlation between the annual glacier change rate and the magnitude of geopotential 

were included into the map series. One of the change maps represents the Matusevich Ice Shelf, 241 

km² in size (1980), the largest floating glacier in the Old World. Glacier changes in meso-regions 

with different survey histories were quantified in average annual rate values, i.e. in [m/a]. The maps 

comply with Russian map accuracy standards [5].  

The reference elevation models (DEM0) with 50-m posting were derived from Russian and 

Norwegian 1:200,000 and 1:100,000 topographic maps representing the glacier state as surveyed in 

the 1950s and 1980s, respectively. The reference observation period ranges accordingly from 60 to 

30 years. All DEMs in geotiff format have been placed on the MAIRES FTP server. In total, 450 

ice caps and glacier complexes, 5 to 5,500 km² in extent, situated in a very cold and dry climate 

with typically overcast skies and episodic precipitation were mapped with standard vertical accu-

racy. Numerous separate small-size mountain glaciers with an area less than 5 km² outside glacier 

complexes were also mapped, albeit with varying levels of accuracy, depending on the available 

coverage with altimetry data. The geometric and semantic identity of the maps published at differ-

ent scales was ensured by the methodological uniqueness, systematic tests and adjustments. 
 

 
 

Figure 1. Location of mapped ice caps and glacier complexes 

4. INSARAL method and data set  

The overall mapping of decadal to half-centennial changes in glacier volumes and quantification 

of mass balance characteristics in the study region was performed by comparing reference elevation 

models of study glaciers representing the glacier state in the period from the 1950s to the 1980s 

with modern elevation data obtained from ERS and TanDEM-X radar interferometry (INSAR) and 

ICESat / CryoSat altimetry missions. The data flow and the interplay between basic procedures in-

volved in the INSARAL methodology can be seen in Fig. 2. Elevation changes along the ICESat 

and CryoSat altimetric transects co-registered with the reference model DEM0 were determined in a 

straightforward manner by subtracting reference elevations from the altimetric data. The glacier-

wide change signal in the gaps between altimetric transects was determined from the local differen-

tial phase value under the assumption of locally homogeneous glacier changes in space and time. 
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Current outlines of glacier borders were corrected with high-resolution optical imagery obtained 

from ASTER and WorldView satellites. The big advantage of this algorithm is that it requires no 

complex process techniques, such as phase unwrapping, while it also reduces the computational 

load, mitigates some problems related to gridding and interpolating errors and enables a high level 

of automation [6]. The synergetic combination of CryoSat and ICESat altimetry with ERS and 

TanDEM-X differential interferometry compensates the effect of radar penetration into dry snow 

and improves the spatiotemporal coverage of glacier interferograms with vertical control data.  

The entire data set covering all insular ice caps included: 64 high-quality differential SAR inter-

ferograms composed of tandem or short-repeat pass ERS-1/2 SAR scenes of 1995/96 and 2011 us-

ing the standard 2-pass DINSAR algorithm, reference elevation models and the RSG 7.1 in-house 

software package; 11 TanDEM-X interferograms (2011); nearly 500 co-located ICESat/CryoSat 

altimetric transects obtained over the study glaciers in the cold seasons of 2003-2012; and 73 high-

resolution optical imagery obtained recently from ASTER and WorldView satellites. Meteorologi-

cal and gravity field data were involved in the interpretation and validation of the resultant elevation 

change products. The same measurement principles and the same types of satellite data were ap-

plied to mapping all ice caps and glacier complexes in the macro-region shown in Fig. 1. 
 

 
Figure 2. INSARAL data flow diagram showing an ice cap on Rainier Island, Franz Josef Land (No. 6 in Fig. 1)  
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5. Map examples  

The systematic application of the INSARAL technique to differential processing of multisource 

satellite data brought consistently good results for glaciers of different sizes, elevation ranges, mor-

phological types and change rates. The elevation change models, such as the one shown at the bot-

tom of Fig. 2, served as a basic layer for the generation of full-value glacier change maps in accor-

dance with the accuracy and content requirements of traditional glaciological maps. Cartographic 

styling, drafting, scribing and editing were performed using the ArcInfo 9.3 and Adobe Illustrator 

CS4 software. All 35 glacier change maps with similar specifications, standardized legends and at-

tractive design were produced relatively quickly and at low cost. The data processing and mapping 

costs of ú 450,000 were a fraction of those incurred by others using alternative survey methods.  

Separate map segments representing negative (ablation) and positive (accumulation) elevation 

changes were coloured in shades of magenta and cyan, respectively. Ten gradations of glacier ele-

vation changes were specified for all maps. The resultant change maps were combined into several 

groups depending on glacier dimensions: maps of separate ice caps, maps of large glacier com-

plexes and observational maps of glacier changes in separate archipelagos (meso-regions) and in the 

entire macro-region. Together they constitute the map/scale series, which is readily accessible at 

http://dib.joanneum.at/MAIRES/ and on the homepages of our other mapping projects 

/INTEGRAL/ and /SMARAGD/. In the following we show several examples of these change maps. 

For the sake of conciseness we omit map legends and surround details. Some maps are dissected 

with straight dotted lines representing ICESat differential transects in order to illustrate the spatial 

distribution of altimetric control in the area. 

Fig. 3 represents glacier elevation changes in 1950-2010s on the De Long Islands occupied with 

relatively small ice caps and few outlet glaciers in the far east of the exploration region (Nos. 11, 12, 

13 in Fig. 1). To our knowledge, these are the first maps of glacier changes published in the history 

of exploration in this archipelago. We recognized that the volume of Toll Ice Cap, the largest on De 

Long Islands, increased by 0.2 km³ over the past 60 years, while the area of glaciation on this island 

decreased from 72 to 60.3 km². The area of the ice cap at Jeanette Island, the smallest in our study, 

decreased from 0.4 km² to 0.15 km² (62%). The map fragment in Fig. 4 shows elevation changes on 

the Northern Ice Cap including 6 tidewater outlet glaciers in north Novaya Zemlya with a total area 

of 2,260 km² and a strong accumulation signal in the course of the past 60 years. The dashed red 

line represents the equilibrium line. Bold dashed white lines are gravity anomaly isolines derived 

from GOCE data, Release 3 TIM, not to be confused with topographic contours. Fig. 5 depicts the 

largest glacier complex at Bolôshevik Island, Severnaya Zemlya, a prominent aggregate of 8 ice 

caps, 16 hanging glaciers, 21 outlet glaciers terminating on the land and 3 tidewater outlets with a 

total area of 2,600 km² and heterogeneous glacier accumulationïablation in 1980-2010s. 

Small-size copies of change maps for medium-size ice caps (< 1000 km²) are given in Fig. 6. 

The maps show that ablation processes are strongly manifested on southern slopes, while the accu-

mulation of snow was generally higher on northern slopes. A strong accumulation signal with a 

magnitude of up to 30 m was detected at the top of slow-moving ice caps at Ushakova, Schmidt and 

Komsomolets islands. The main loss of land ice is observed in the seaward basins of fast-flowing 

outlet glaciers, which can be readily identified in DINSAR phase gradient images (Fig. 7, b). For 

the sake of illustration, Fig. 7 shows the elevation change map of Middendorf Glacier Complex 

(290 km²) including 6 interconnected ice caps on Rudolph Island, north Franz Josef Land, accom-

panied with a rheological map showing ice flow divides, strain rate pattern, outlet glacier basins and 

frontal velocities of 5 outlets. Such map pairs proved useful in interpreting elevation changes and 

calculating mass balance components on active glacier complexes.  

A PhD law student from Sydney University in Australia asked us about the retreat rate of the 

Arctic Ice Cap in the northernmost part of Komsomolets Island, Severnaya Zemlya (Fig. 6, f) and 

http://dib.joanneum.at/MAIRES/
http://dib.joanneum.at/INTEGRAL/
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the present state of two base points established in the 1980s at the western and eastern extremities 

of this ice cap to mark the boundary of the Arctic Ocean. We could not confirm that those markers 

have disappeared into the sea because of numerous drying shallows in the area, but this precedent 

indicates that glacier change maps can be used in jurisdiction and that our website is well visited 

from around the world. The counter shows 10 external visits per week. 
 

 
 

Figure 3. Map examples of glacier elevation changes on separate ice caps on De Long Islands 
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Figure 4. Elevation changes on Northern Glacier Complex (B in Fig. 1) 

 

 
 

Figure 5. Elevation changes on Semenov-Tyanshanskiy ï Leningradskiy Glacier Complex (C in Fig. 1) 

 
 
 


