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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 20 11®50
derived from satellite ER8nd/or TanDEMX interferometry and ICESat / CryoSat altimetry data

in comparison with 6@ear old reference elevation models. The regional assessment of the
mapped changes showed that Eurasian insular glaciation lost 1,005£20 km? of its volume and
2,030+D0 kmz 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 Hergn precipitation recordsnd GOCE gradioetry data.
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1. Introduction

Precise glacier maps depicting letegm elevation changes of land ice masses represent-an i
portant instrument andhidi spensabl e basis for assessiang Ea
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 oftiglade
are in great demand among polar and alpine environmentalists and widely used for studying rel
tionships between glaciers and climate, fluctuations in sea level and salinity, estimating melt water
availability, planning industrial activities and lggizal argumentation in coldegi on s . ATher
pressing need for a regiorstale assessment of glacier and ice cap change based upon resiote sen
i ng observati ons a[BldHowevemprecisecaad elalmoateé maps forrihg-oo
puter analys of glacier state variables and volume changes in entire glacial regions are still very
small in number. These are ratisearcesven in internet publications, not to speak of glaciesadla
and inventories pretending to be the most comprehensive diatc compilations. Satellite
maps of glacier changes produced so far provide very heterogeneous, approximate ane-patchy i
formation on mass balance characteristics, such aatielexchange rates, equilibrium line altitude
(ELA) and accumulation areatia (AAR), subject to data availability and quality, and processing
imperfections. The most surprising and probably the largest gap in the factual cartograpic know
edge about glacier changes outside Greenland and Antarctica is observed in the Eurashao-Hig
tic representing the largest cluster of insular ice caps in the Old Widrédmass balance of the
northernmost insular ice caps in the Svalbard, Franz Josef Land, Novajga/Z8evernaya Ze-
lya and De Long archipelag@spoorly knownandthese regins arescarcely mapped.

New extensivealbeit detailed remote sensing studies devoted to overall glacier change mapping
and regional estimates of geodetic mass balance in the Eurasian Insular Arctiecenetly started
using a synergetic combination sdtellite altimetry and interferometr@][ Apart from high seris
tivity to changes in glacier topography and independence of natural illumination, the major adva
tage of combining radar interferometry and altimetry, referred to assdnabr INSARAL tel-
nique, is the enhanced glacwide coverage with elevation change data and the higtispyn 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 relialme@delling of topogaphic changes in glacier acculation

areas characterized by relatively sparse coverage with altimetric transects and corresponding unde
estimation of the accumulation signal by simplified m@easor telaniques, such as those offered

in [4]. Our 3 resutant maps of uniform quality cover all glaciated areas in the Eurasian Agstic B

sin from Svalbard in the west to Wrangel Island in the east. In this paper we report -¢@rtong
eevati on changes occurring on Eurasiabds northe

2. Mapping goalsand challenges

The general objective of the present mapping activity was to generate a new series of glacier
change maps and masalance estimates from satellite EO, ground and cartographic data. These
are to serve as an active framework for determinimgypreting, 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 follang specific goals were pursued:

1 Overall mapping of glaciefluctuatiors in the insular Eurasian Arctic at working scales

ranging from 1:10@00 to 1:250@00 attaining a regional overview and high level of detail
of glacier change maps.

1 Methodological moderaation of the duakensor INSARAL technique towards the aper

tional mapping and measurement of glacier elevation changes and mass balance sharacteri
tics (ELA, AAR-autommdticmogd. c. ) i n semi

1 Integral assssment and interpretation of glacier volume changes at both local and regional

level; verification of several still conjectural hypotheses about gravimetric impacts-on gl
cioclimatic settings in the High Arctic.

1 Map validation, web presentation and guadiontrol, also in consultations with users.

The main challenge in completing the cartographic activities was the enormous dimensions of
the region to be mapped and #wale of thevork loadthis involved The procuement of modern
EO data and referencéeeation models of uniform quality covering all insular ice caps and glacier
complexes in the region was a serious effohte work load related to the production of agke
glacier map depends on the index of glaciation, elevation range and data lyaitaid can be
roughly estimated as one working day per 200 km? of glacier area mapped a0001€€ale. The
amount of work involved in the generation of reference elevation models magprogimatelya
quarterof the total work load. In 3 years artensive and consistent set of glacier change maps was
generated for approx. 480 kmz2, or nearly half of the total glacier area on the Eurasian Asetic i
lands. Four people were directly involved in the mapping work inéhedg2010i 2012.

3. Mapping spedfications

Official mapping limits were set in the MAIRES description of work so that all the raostte
and least studied ice caps in the northern periphery of the Eurasian shelf seas had to be covered by
elevation change maps. Thorough information algbactier fluctuations in this marginal area is
lacking but is very much in demarsince it may constitute the relevant benchmark for judging and
projecting climate change impacts in the entire Arctic. The region extends ap@@X.ken from
Nordaustlande Kvitdya and Victoria islands in the west through Rudolph,-Eva 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 prefatihenalysing sg-
tial asymmetry of the glacier accumulation signal.
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At present our new map series includes 21 maps representing glacier elevati@amndvolume
changes in the Eurasian High Arctic in the period from the 1950s to the 2010s itlgtDin the
UTM projection (Zones 35N 57N, WGS 84) at 1:200,000, 1:100,000 or 1:500,000 scatsgdds,
4 smaltscale observational maps and 10 map prototypes representing the spatial distributien of gl
cier elevation changes and mass balance charaiceiisthe hetexgeneous field of gravity as well
as the spatial correlation between the annual glacier change rate and the magnitudeteftgdop
were included into the map series. One of the change maps reptheddsusevich Ice Shelf, 241
km?2 in size (1980), the largest floating glacier in the Old World. Glacier changessaragions
with different survey histories were quantified veeage annual rate values, i.e. in [m/a]. The maps
comply with Russian map accuracy stand§sils

The referene elevation model$DEMO) with 50-m postingwere derived from Russian and
Norwegian 1:200,000 and 1:100,000 topographic maps representing the glacier stave\sed in
the 1950sand 1980s, respectivelyhe reference observation period ranges accdsdingm 60 to
30 years. All DEMsn geotiff formathave been placed on the MAIRES FTP serlretotal, 450
ice caps and glacier complexes, 5 t60® km?2 in extentsituated in a very cold and dry climate
with typically overcast skies and episodic pretepon were mapped with standard vertical &cc
racy. Numerous separate srrsite mountain glaciers with an area less than 5 km2 outside glacier
complexes weralso mapped, albeit with varyintevels ofaccuracy, depending on the available
coverage with aiinetry data. The geometric and semantic identity of the maps published et diffe
ent scales was ensured by the methodological uniqueness, systematic tedjissemerats.
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Figure 1. Location of mapped ice capsdglacier complexes

4. INSARAL method anddata set

The overall mapping of decadal to heéintennial changes in glacier volumes and quantification
of mass balance characteristics in the study region was performed by compariegoe elevation
models of study glaciers representing the glacide stathe period from the 1950s to the 1980s
with modern elevation data obtained from ERS and TanbE&NMdar interferometry NSAR) and
ICESat / CryoSat altimetry missionBhe data flow and the interplay between basic procedores i
volved in the NSARAL mehodology can be seen in Fig. Rlevation changes along the ICESat
and CryoSat altimetric transects-@ygistered with the reference mo@#MO were detemined in a
straightforward manner by subtteng reference elevations from the altimetric data. Tleigr
wide change signal in the gaps between altimetric transects was determined from the local differe
tial phase vlue under the assumption of locally homogeneous glacier changes in space and time.
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Current outlines of glacier borders were corrected Witih-resolution optical imagery obtained
from ASTER and WorldView satellites. The big advantage of this algorithm is thaguireés no
complex process techniques, such as phase unwrapylrlg, it alsoreduces the computational
load, mitigates some potems related to gridding and interpolating errors enablesa high level

of automation[6]. The synergetic combination of CryoSat and ICESat altimetry with ERS and
TanDEMX differential interferometry compensates the effect of radar penetration intendvy

and improves the spatiotemporal coverage of glacier interferograms wittalveontrol data.

The entire data set covering all insular ice caps inclugédhighquality differential SAR inte
ferograms composed of tandem or shrefieat pass ERE2 SAR scenes of 1995/96 and 20kt u
ing the standard-pass DINSAR algorithm, reference elevation modelstardRSG 7.1 ikhouse
software packagell TanDEMX interferograms (2011); nearly 500 -tirated ICESat/CryoSat
altimetric transects obtained oveetktudy glaciers in the cold seasons of 20082; and 73 high
resolution optical imagery obtained recently from ASTER and WorldView satellites. Metderolog
cal and gruity field data were involved in the interpretation and validation of the resultantieleva
change products. The same measurement principles and the same types of satellite data were a
plied to mapping all ice caps and glacier complexes in tleecamagion shown in Fig. 1.
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Figure 2. INSARAL data flow diagranshowing an ice gaonRainierlsland, Franz Josef Lar{tllo. 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 resiatgylaciers of different sizg elevation range mar-
phological typs and change raseThe elevation change models, suchhesoneshown at the ke
tom of Fig. 2, served as a basic layer for the generation efdlde glacier change maps in acco
dance with the accuracy and content requirements of traalitgdaciological maps. Cagraphic
styling, drafting, scribing and editing were performed using the Arcinfo 9.3 and Adobe lllustrator
CS4 software. All 35 glacier change maps with similar specifications, standardized legentds and a
tractive design were pduocedrelatively quickly and at low costhe data processing and mapping
costsoi 450, 000 were a fraction of trveyrethods. ncurr e

Separate map segments representing negative (ablation) and positive (accumulation) elevation
changes wereolouredin shades of magenta and cyan, respectively. Tashagoas of glacier et
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 gtacier co
plexes and observational maps of glacier gearin separate archipelagos (mesgions) and in the
entire macreregion. Together they constitutke map/scale serieghich is readily accessible at
http://dib.joanneum.at/MAIRES/and on the homepagesf 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 maenels and surround details. Some maps are tkskec
with straight dotted lines representing ICESat differential transects in orderstoatduthe spatial
distribution of altimetric cotrol in the area.

Fig. 3 represents glacier elevation change9502010s on the De Long Islands occupied with
relaively small ice caps and few outlet glaciers in the far east of the exploregion (Nos. 11, 12,

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

of exploration in this archipelago. We recognizeat tihe volume of Toll Ice Cap, the ¢gst on De

Long Islands, increased by 0.2 km3 over the past 60 years, while the areaatfagiamn this island
decreased from 72 to 60.3 km2. The area of the ice cap at Jedaeite 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 noothai}a Zemlya with a total area

of 2,260 km2 and a strong accumulatiogril in the course ahe 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. Egcts the

largest glacier complex 8ol 6 shevi k |1 sl and, Severnaya Zeml
caps, 16 hanging glaciers, 21 outlet glaciemnireating on the land and 3 tidewater outlets with a
total area of 2,600 km? and heterogeneous glacienadatiori ablation in 1982010s.

Smaltsize copies of change maps for medisize ice caps (< 1000 km?) are given in Fig. 6.

The maps show that ablation processes are strongly manifested on southern slopes, while the acc
mulation of snow was generally higher on northern slopes. A stoogmulation signal with a
magnitude of up to 30 m was detected at the top of-slowing ice caps at Ushakova, Schmidt and
Komsomolets islands. The main loss of land icebiseoved in the seaward basins of fstving

outlet glaciers, which can be relgdidentified in DINSAR phase gradient imagésig. 7, b). For

the sake of illustration, Fig. 7 shows the elevation change map of Middendorf Glacier Complex
(290 km?) including 6 interconnected ice caps on Rudolph Island, north Franz Josef Land, acco
panial with a rheological map showing ice flowvidles, strain rate pattern, outlet glacier basins and
frontal velocities of 5 outlets. Such map pairs proved useful in interpretingietexhanges and
calculating mass balance components on active glacierleresp

A PhD law student fronsydneyUniversity in Australia asked us about the retreat rate of the
Arctic Ice Cap in the northernmost part of Komsomolets Island, SevernaylgaZé-ig. 6, f) and
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the present state of two base points established in thes E88he western and eastextremities

of this ice cap to mark the boundary of the Arctic Ocean. We could not confirm that those markers
have disappearedtmthe sea because of numerous drying shallows in the area, but this precedent
indicates that glaer change maps can be used in jurisdiction and that our website is sitetl vi

from aroundthe world The counter shos/10 external visits per week.
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Figure 3. Map examples of glacier elevation changes on separate icertBesLong Islands
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Figure 4. Elevation changes on Northern Glacier Comgxn Fig. 1)

Figure 5. Elevation changes on Semerbyanshanskiy Leningradskiy Glacier ComplelC in Fig. 1)
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