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Abstract:

Rock glaciers are composed of frozen debris and interstitial ice or ice lenses of variable sizes. They move downhill by
creep and sliding (along distinct shear horizons), driven by gravity. Rock glaciers are striking visual representations of
mountain permafrost and can be found in all alpine regions of the world. Permafrost is defined as any ground that remains
at or below 0°C for at least two consecutive years. Thus, rock glaciers must not be confused with glaciers (Brardinoni et
al. 2025). From above, rock glaciers look like lava flows (Fig. 1). In 2022, rock glacier velocity (RGV) was officially
accepted by the Global Climate Observing System (GCOS) as an essential climate variable (ECV) quantity because the
variability of the RGV is generally influenced by topoclimatic conditions. RGV is categorized under the ECV permafrost,
complementing established parameters like permafrost temperature and active layer thickness (RGIK 2023a, 2023b). The
measurement of RGV has a long tradition in Europe and especially in Austria and contributes to bringing long-term time
series into the climate change debate (Kellerer-Pirklbauer et al. 2024, 2026).

The aim of the present study is to show, using the Ddsen rock glaciers as an example, how changes in rock glacier surface
velocity, preferably increase and decrease in speed, can be related to climate change. However, the interrelation of air
and surface temperature, snow cover, and hydrology, with rock glacier movement is still a matter of debate and local site-
specific conditions could alter the RGV velocity pattern of a particular rock glacier. The Désen rock glacier (46°59°09” N,
13°17°04” E) is located at the head of Ddsen valley in the Hohe Tauern Range, Austrian Alps. The talus-derived, tongue-
shaped, and east-west oriented rock glaciers is approximately 900 m long and between 130 and 260 m wide and stretches
between 2342 m and 2620 m asl. Bended ridges and furrows in particular at its lower part indicate surface movement and
subsequent deformation.

The geodetic monitoring started in 1995 with the establishment of an observation network consisting of stable reference
points and 34 presumably moving observation points, stabilized with brass bolts, on the rock glacier (Fig. 1a). Since then,
the movement rate (= RGV) of the observation points has been measured annually in mid/late August by repeat
measurements. In 2014, the long-term geodetic measurements using a total station were switched to the RTK-GNSS
(Real-Time Kinematic - Global Navigation Satellite System) method. In support of the present study 11 points (fast-
moving) out of 34 were selected to compute the RGV representing the rock glacier's kinematics for the period 1995-2025
(Fig. 1). In addition, high-resolution orthophotos from different time periods were also examined (Kaufmann 2026).
Furthermore, we used continuous ground surface temperature data from one site at the rock glacier surface (DOE-UP-N;
2006-2025; 2626 m asl; snow-influenced) and air temperature data from an automatic weather station located in the
rooting zone of the rock glacier (DOE-AWS; 2006-2025; 2603 m asl; Fig. 1a). The air temperature data series for the
period 1995-2006 was extended using correlation analyses by using data of a neighbouring high-altitude station,
Sonnblick (Kellerer-Pirklbauer et al. 2017).

Selected results are depicted in Figures 1 and 2. Figure 1a depicts photogrammetrically derived mean annual isotachs for
the period 2013-2019. Maximum velocities of more than 50 cm per year are achieved in the central lower part of the rock
glacier. The lowest velocity rates occur at the edges and in the rooting zone. Figure 1b depicts the mean annual
displacement vectors of the 34 geodetic observation points for the period 1995-2025. In accordance with the
photogrammetric data, the highest values are again located in the central lower part of the rock glacier with values of
around 40 cm per year. Figure 2 shows the relationship between the annual RGV values and two air and ground
temperature parameters. These parameters are the moving average of the previous 24 months — both air temperature and
ground surface temperature — and the RGV of the Dosen rock glaciers. This comparison shows, on the one hand, a
significant increase in RGV and air temperatures over time, and on the other hand, a clear pattern in terms of increasing
velocities at higher temperatures and decreasing velocities during cooler weather periods.
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Our results confirm previous findings and also demonstrate the particular value of long-term data series for climate change
impact research. Considering that climate research defines a climate normal period (or “climate normal”) only after 30
years, this 30-year threshold value has only been reached at the Ddsen rock glacier since last year's measurement. At
many other locations in the Alps and elsewhere, this time horizon is still many years away (Kellerer-Pirklbauer et al.
2024). However, this study also shows how important it is to combine kinematic monitoring with meteorological and
possibly other monitoring parameters in order to better understand the effect of anthropogenic climate change.

Figure 1. Surface velocity of the Ddsen rock flacier: (a) Thematic map showing photogrammetrically derived isotachs (cm/year) for
the period 2013-2019. The location of the 34 (11 points: 10-17, 21-23) geodetic observation points 1s shown on the map; (b) mean
annual displacement vectors (red) of the 34 geodetic observation points for the period 1995-2025. The corresponding surface
velocities are shown numerically, the maximum amounts to 46.2 cm/year at point 15.
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Figure 2. Long-term monitoring results: The mean annual surface velocity of the central 11 geodetic observation points for the period
1995-2025, derived from annual geodetic measurements and the running mean of the 24 previous months — of both, the air
temperature at sitt DOE-AWS (AT-2A) and the ground surface temperature at sitt DOE-UP-N (GST-2A) for the period January
1995 to August 2025 from two monitoring locations at the rock glacier site. Note the statistically significant increase of the velocity
and the air temperature warming.

Acknowledgements

We would like to express our sincere thanks to the Hohe Tauern National Park Authority in Carinthia and the Austrian
Alpine Club (OAV) for their long-standing support of the permafrost monitoring program.

References

Brardinoni, F., Vivero, S., Barboux, C., Bodin, X., Cicoira, A., Echelard, T., Hu, Y., Jones, N., Lambiel, C., MacDonell,
S., Pellet, C., Rouyet, L., Ruiz, L., Schaffer, N. Wehbe, M., Delaloye, R., 2026. RGIK guidelines for compiling
consistent rock glacier inventories. Geomorphology, 492 (2026) 110050.
https://doi.org/10.1016/j.geomorph.2025.110050

Kaufmann, V., 2026: https://www.staff.tugraz.at/viktor.kaufmann/Doesen Rock Glacier.html

Kellerer-Pirklbauer, A., Lieb, G.K., Kaufmann, V., 2017: The Ddsen Rock Glacier in Central Austria: A key site for
multidisciplinary long-term rock glacier monitoring in the Eastern Alps. Austrian Journal of Earth Sciences, 110(2),
16 p. https://doi.org/10.17738/ajes.2017.0013

Kellerer-Pirklbauer, A., Bodin, X., Delaloye, R., Lambiel, C., Gértner-Roer, 1., Bonnefoy-Demongeot, M., Carturan, L.,
Damm, B., Eulenstein, J., Fischer, A., Hartl., L., Ikeda, A., Kaufmann, V., Krainer, K., Matsuoka, N. et al., 2024.
Acceleration and interannual variability of creep rates in mountain permafrost landforms (rock glacier velocities) in the
European Alps in 1995-2022. Environ. Res. Lett., 19 034022. https://doi.org/10.1088/1748-9326/ad25a4

Kellerer-Pirklbauer, A., Bodin, X., Delaloye, R., Lambiel, C., Gértner-Roer, 1., Damm, B., Ikeda, A., Kaufmann, V.,
Krainer, K., Seppi, R., Scapozza, C., Stocker-Waldhuber, M., Thibert, E., 2026. Rock glacier velocity monitored by
annual in-situ geodetic surveys: Long-term challenges, solutions and suggestions. Geomorphology, 495 (2026) 110117.
https://doi.org/10.1016/j.geomorph.2025.110117

RGIK, 2023a. Guidelines for inventorying rock glaciers: Baseline and practical concepts (Version 1.0). In: IPA Action
Group Rock Glacier Inventories and kinematics (RGIK), 25 p., https://doi.org/10.51363/unifr.srr.2023.002

RGIK, 2023b. Rock Glacier Velocity (RGV) as an associated parameter of ECV Permafrost; Baseline concepts (Version
3.2). In: IPA Action Group Rock Glacier Inventories and Kinematics, 12 p.
https://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/Website/IPA/CurrentVersion/Current RockGlacierVelocity.pdf




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


