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Executive summary

The Euwopean Space Agency (ESA) Climate Change Initiative (CCl) is a global monitoring program
that aims to provide lonterm satellitebased products to serve the climatedelling and climate data

user community. &mafrost has been selected as one of thentss€limate Variables (ECVs) that

are elaborated during Phase 1 of CCIl+ (20081). As part of the Permafrost_cci baseline project,
ground temperature and actiay/ér thickness were considered to be theary variables that require
climatestandard ontinuity as defined by the Global Climate Observing System (GCOS). Permafrost
extent and zonation are secondary parameters, but of high interest to users. The oifjetdive of
Permafrost_cci is to develggnd deliver permafrost maps as ECV producisiarily derived from
satellite measurements. Algorithms have been identified, which can provide these parameters by
ingesting a set of global satellite data produdtand Surface Temperature LST, Snow Water
Equivalent SWE, and Landcover) in a permafnogtdel scheme that computes the ground thermal
regime. Annual averages of ground temperature and annual maxima of thaw depth (active layer
thickness) were provided atkm spatial resolution during Yea&2 of Permafrost_cci. The data sets

were created frorthe analysis of lower level data, resulting in griddedfyap products.

In periglacial mountain environments, the permafrost occurrence is patchy, and the poesefvat
permafrost is controlled by sigecific conditions. Three optiornsf Permafrostcci initiated within

CCN1 and CCN2 address the need for additional regional cases in cooperation with dedicated users in
characterizing mountain permafrost as local indicator for céntdiange and direct imgtaon the
society in mountainous aredSCN1 started in October 2018ndis led by a Romanian team focusing

on case studies in the Carpathians. The specific objective of CCN1 is to develop and deliver maps and
products for mountaipemarfrost, such as (i) rock glacier inventories, Kinematic timeseriesof
selected rockglaciers and (iii) a permafrost distribution model, primarily derived from satellite
measurementsCCN2 started in September 2018nd consists b two options led by Swiss and
Norwegian teams focusing on the investigation and difimiof a new associated ECRermafrost
product related to rock glacier kinematics. Early 2020, Rock Glacier Kinematics (RGK) has been
proposed as a new produo the EEV Permafrost for the next GCOS Implementation Plan (IP). It
would consist of a globaladaset of surface velocityme series measured/computed on single rock
glacier units. A proper rock glacier kinematics monitoring network, adapted to cliesa@chmeeds,

builds up a unique validation dataset of climate models for mountain regiong eitect permafrost
(thermal state) measurements are very scarce or even lacking totally. CCN2 is working closely with
the IPA (International Permafrost Assation) Action Group Rock glacier inventories and kinematics,
gathering about one hundrfty members [RB10 to RDB13]. Fdlowing the recommendations of this

IPA Action Group, the overall goal of CCN2 is achieved through the development of two prdégucts:
regional kinematis-basedrock glacier inventoriegand (ii) kinematictime series of selectembck
glacier.User Requirments, Product Specifications and Data Access Requirements are described in
D1.1-1.3 of CCN12 [RD-20 to RD-22]. Product Validatiorand Algorithm Selection, Algorithm
Theoretical Basis, Entb-End ECV Uncertainty Budget, Algorith Development Plan and Pratt
Validation Plan are described in D215 of CCN12 [RD-23 to RD27]. System Requirement,
System Spefication and the SystemeéYification are described in D33.3 of CCN12 [RD-28].
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The products required within CCN1 & CCN2the ESA CCI project fomountain permafrost regions
include (i) regional rock glaciers inventories (RGI), @glected rock glaer kinematictime series
(RGK), and (iii) a mountain permafrost distribution model (MPDM) in the Romanian Carpathians.

Kinematicsbased ock glacier nventorieswere generated by differer@CI groups and external
providers. Entirely nevkinematicsbasedrock glacier inventories oupdates / upgrades of existing
inventories have been generated according to the standards dsfitleel IPA Action Group Rk
glacier inventories and kinematifi8D-31 and ®-32] in different climatic regions:

1 European Alpine sites: Western Alps (Switand), Ultental (Italy), Vanoise Massif (France);

1 European subarctic/arctic sites: Troms, Finnmg@Northern Norway), Nordeksld Land
(Svalbard);

1 ExtraEuropeansites: Disko Island (Greenland), Tien Shan (KazakhKtagyzstan), Brookes
Range (Alaska)Central Andes (Argentina), Southern Alps (New Zeeland).

Kinematictime seriesRGK) on selected rdcglaciers in the Swiss Afp Norway, Svalbard and Disko
Island (Greenland) were producethinly basedon SAR data. In addition, trends in rock glaciers
velocity from ALOS2 PALSAR2 and Sentinel SAR interferometry were computed in the
Romanian Carpathies.

The mountain permafrogtistribution model(MPDM) produd¢ from CCN1shows that permafrost
distribution in the Southern Carpathians is patchy, beingtal#@&ist only under certain topographical
conditions. It has an extent of, most likely, 32Kmossbly between 0.1 kito 7.7 knv).
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1 Introduction

1.1 Purpose of the document

The products required within CCN1 and CCN2 of the ESA CCI project for moupa&mafrost
regions include(i) regional kinematicsbasedrock glaciers inventorie$RGI), (ii) kinematic time
series RGK) onselected rock glaciers, and (iii) a mountain permafrost distribution model (MPDM) in
the CarpathiansThe Climate Research DaRackage (CRDP) describes the generated products in
compliance with CCl Data standards.

1.2 Structure of the document

Sedion 2 provides an overview of th&inematicsbasedrock glaciers inventories generated by
different CCI groups and external providarglifferent climatic regions.

Section 3 describes thnematic time serieRGK) on selectedock daciers, including the trels in
rock glaciers velocity in the Romanian Carpathians.

Section 4introduces the outcome of theermafrost distribution modedt regional scale in the
Romanian Carpathians.

1.3 Applicable documents

[AD-1]

[AD-2]

[AD-3]

[AD-4]

[AD-5]
[AD-6]
[AD-7]

[AD-8]

[AD-9]

ESA 2017: Clinate Chage Initiative Extension (Cl+) Phase I New Essential Climate
Variables- Statement of Work. ESZCI-PRGM-EOPSSW-17-0032

Requirements for monitorg of permafrost in polar regiorsA community white paper in
response to the WMO Polar SgaTaskGroup (PSTG), Version 4,02410-09. Austrian
Polar Research Institute, Vienna, Austria, 20 pp

ECV 9 Permafrost: assessment report on availablaadetogical standards and guides, 1
Nov 2009, GTOS52

GCO0S200. 2016. The Global Olrsing System for Climate: Implemeation Needs. GCOS
Implementation Plan, WMO

GEO/CEOS Quality Assurance framework for Earth Observation (QA4EQ) pro®dols
ESA Climate Change Initiative€Cl Project Guidelines. EGBTEX-EOPSSW-10-0002

National Research CouncR014. Opportunities to Use Remote Sensing in Understanding
Permafrost and Related Ecological Characteristics: Report of a VéprRdrashington, DC:
The National Academies Press. https://doi.org/10.17226/18711.

IPA Action Group fiSpecification of a €rmafrost Reference Product in Succession of the
IPA Mapo (2016): Final report.
https://ipa.arcticportal.org/images/stories/AQaes/IPA_AG_SucessorMap_Final_2016.p
df

GlobPermafrost team (2017): Summary repoxndr 3rd user Workshop. ESA DUE
GlobPermafrost project. ZAMG, Vienna.
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https://www.globpermafrost.info/cms/documents/reports/ESA_DUE_GlobPermafrost_work
shop_summary BOP_v1 public.pdf

1.4 Reference Documents

[RD-1] A. Bartsch,H. Matthes,S. WestermannB. Heim, C. Pellet,A. Onaca,C. Kroisleitner,T.
Strozzi: ESA CCI+ Permafrost User Requirements Document (URD), v1.1 12 February
2019

[RD-2] A. Bartsch, S. Westerma, T. Strozzi, A. Wiesmann, C. Kroisleitner: ESA CCIl+
Permafrost Product Specifications Dogent (FSD), v2.0 30 November 2019

[RD-3] A. Bartsch,S.WestermannB. Heim, M. Wieczorek,C. Pellet,C. Barboux, C. Kroisleitner,
T. Strozzi: ESA CCIl+ Permafrofata Access Requirements Document (DARD), v1.0 15
January 2019

[RD-4] A. Bartsch, S. Westarann, T Strozzi ESA CCI+ Permafrst Product Validation and
Algorithm Selection Report (PVASR), v2.0 30 November 2019

[RD-5] S. Westermann, A. Bartsch, T. StrozZZSA CCIl+ Permafrost Algorithm Theoretical Basis
Document (ATBD), v2.0 30 November 2019

[RD-6] S.Westermann, A. Bartsch, B. Heim, T. Strozzi ESA CCIl+ Permafrost Entb-End ECV
Uncertainty Budget (E3UB), v2.0 30 November 2019

[RD-7] S. WestermannA. Bartsch,B. A. Heim, T. Strozzi: ESA CCI+ Permafrost Algorithm
Development Plan (ADP), v2.30 Norzember 2019

[RD-8] B.Heim, M. Wieczorek,C. Pellet,R. Delaloye,C. Barboux,S. WestermannA. Bartsch,T.
Strozzi: ESA CCIl+ Permafrost Product Validatilan (PVP), v2.0 30 November 2019

[RD-9] A. Wiesmann, A. Bartsch, S. Westermann, T. SitoESA CCl+ Permafrost System
Requrement Document (SRD), v2.0 29 February 2020

[RD-10] A. Wiesmann, A. Bartsch, S. Westermann, T. Strozzi: ESA CCl+ Permafresensy
Specification Document (SSD), v2.0 29 February 2020

[RD-11] A. Wiesmann, A. Bartsch, SWNestemann, T. Strozzi: ESA CClH#ermafrost System
Verification Report (SVR), v2.0 31 May 2020

[RD-12] B. Heim, M. Wieczorek, C. Pellet, R. Delaloye, A. Bartsbh,Jakober, G. Pointner, T.
Strozzi, GAMMA: ESA CCI+ Permafrost Product Validation and looenparson Rerport
(PVIR), v2.0 30September 2020

[RD-13] J. Oby S. WestermannT. Strozzj A. Bartsch: ESA CCIl+ Permafrost Climate Research
Data Package Versidl (CRDPv1), v2.0 31 May 2020

[RD-14] A. Bartsch J. Obu, S. Westermann]. Strozzi ESA CQ+ Permafrost Product User Guide
(PUG), v2.0 27 May 2020

[RD-15] I. Nitze, G. GrosseB. Heim, M. Wieczorek,H. Matthes,A. Bartsch T. Strozzi: ESA CCl+
Permafrat Climate Assessment Report (CAR), v2.1 16 October 2020
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[RD-16] T. Strozzi,A. OnacaV. Pacos,F. ArdeleanA. Bartsch: ESACCI+ Permafrost CCN1 D1.
User Requirement, Product Specifications and Data Access Requirements Document, v1.0
15 February 2019

[RD-17] A. Onaca, F. Ardelean, F. Sirbu,V. Poncos, T. Strozzi, A. Bartsch: ESA CCl+ Permafros
CCN1D2. Algorithm Development Bcument, v1.0 31 May 2019

[RD-18] A. Wiesmann, T. Strozzi, A. Onaca, F. Sirbu, A. Bartsch: ESA CCl+ Permafrost CCN1 D3.
System [@velopment Document, v1.0 30 September 2019

[RD-19] F. Sirbu, A. Onaca, V. Poncos, T. Stipzx. Bartsch: ESA CCl+ Permafro&CN1 D3.
Product Generation and Validation Document, v1.0 30 April 2020

[RD-20] C. Barboux, A. Bertone, R. Delaloye, A. Ona¢a, Ardelean, V. Poncos, A. Kaab, L.
Rouyet, H. H. Christiansefl,. Strozzi, A. BartschESA CCl+ Pemafrost. CCN1 & CCN2
Rock Qacier Kinematics as New Associated Parameter of ECV Permafrost. D1.1 User
Requirement Document (URD), v1.0 30 November 2019

[RD-21] C. Barboux, A. Bertone, R. Delaloye, A. Onaca, F. Ardelean, V. Poncos, A. Kaab, L.
Rouyet H. H. Christiansen]. Strozzi,A. Bartsch ESA CCl+ Permafrost. CCN1 & CCN2
Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost. D1.2 Product
Specification Document (PSD), v1.0 30 November 2019

[RD-22] C. Barboux, A. Bertone,R. Delaloye, A. Onaca,F. Ardelean,V. Porcos, A. Kaab, L.
Rouyet,H. H. Christiansen]. Strozzi,A. Bartsch: ESA CCI+ Permafrost. CCN1 & CCN2
Rock Glacier Kinematics aklew Associated Parameter of ECV Permafrost. D1.3 Data
Access Requirement Document (DARD),¥B80 Naovember 2019

[RD-23] L. Rowet, T. R. Lauknes, C. Barboux, A. Bertone, R. Delaloye, A. Kaab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. Poncos, T. StrégzZBartsch: ESA CCl+ Permafrost.
CCN1 & CCN2 Rock Glacier Kinematics as New Associated Paern&ECV Permafrost.
D2.1 ProdutValidation and Algorithm Selection Report (PVASR), v1.0 April 30, 2020

[RD-24] L. Rouyet, T. R. Lauknes, C. Barboux, A. BewmonR. Delaloye, A. Kaab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. Poncos, T. Strozzi, AsBl&t ESA CCIl+ Permafrost.
CCN1 & CCN2 Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost.
D2.2 Algorithm Theoretical Basis Document (ATBD),.@April 30, 2020

[RD-25] L. Rouyet, T. R. Lauknes, C. Barboux, A. Bertone, R. Delaloye,Kadab, H H.
Christiansen, A. Onac¢é. Sirbu, V. Poncos, T. Strozzi, A, Bartsch: ESA CCl+ Permafrost.
CCN1 & CCN2 Rock Glacier Kinematics as New Associated Pasm&ECV Permafrost.
D2.3 Endto-End ECV Uncertainty Budget (E3UB), v1.0 April 30, 2020

[RD-26] L. Rouyet, T. R. Lauknes, CBarboux, A. Bertone, R. Delaloye, A. K&ab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. Poncos, T. Strozzi, A, Bartsch: ESA C@hafPest.
CCN1 & CCN2 Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost.
D2.4 Algorithm Development Plan (2P), v1.0 April 30, 2020

[RD-27] L. Rouyet , T. R. Lauknes, C. Barboux, A. Bertone, R. Delaloye, A. Kaab, H. H.
Christiansen, AOnaca, F. Sirbu, V. Poncos, T. Strozzi, A, Bartsch: ESA CCIl+ Permafrost.
CCN1 & CCN2 Rock Gicier Kinematics as New Associat@®édrameter of ECV Permafrost.
D2.5 Product Validation Plan (PVP), v1.0 April 30, 2020

PAGES8



D4.2 Climate Research CCl+ PHASE Il NEW ECVS Issue 1.0
Data Package Permafrost;: CCN1 & CCN2 22 December 2020

[RD-28] A. WiesmannR. Carduff,T. Strozz, A. Ona@, F. Sirbu, V. Poncos and Bartsch 2020
ESA CCI+ PermafrostCCN1 & CCN2 Rock GlacieKinematics as New Associated
Parameter of ECV PermafrosbD3 System DevelopmentDocument (SD), v1.0 30
November 2020

[RD-29] IPA Action Graup Rock glacier inventories and kinematics, 2020. Towards standard
guidelines for inventorying rock glaciers. Bhge concepts. Last version available on
https://bigweb.nifr.ch/Science/Geosciences/Geoptuslogy/Pub/Website/IPA/CurrentVers
ion/Current_Basline_Concepts_Inventorying_Rock_Glaciers.pdf

[RD-30] IPA Action Group Rock glacier inventories and kinemati€2® Kinematics as an optional
attribute of standardized ock glacier inventories. Last véra available on:
https://bigweb.unifr.ch/Sciendgtosciences/Geomorphology/Pub/Website/IPA/CurrentVers
ion/Current_KinematicalAttribute.pdf

[RD-31] IPA Action Growp Rock glacier inventories and kinematics, 2020. Rockigyle&kinematics
as an associated ammeter of ECV Permafrost. Last version availabbe:
https://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/Website/IPA/CurrentVers
ion/Current_RockGlacieriiematics.pdf

[RD-32] IPA Action Group Rock glacier invéories and kinematics, 2020. Respe to GCOS ECV
review 1 ECV Permafrost. ECV Produ Rock Glacier Kinematics. Available on:
https://gcos.wmao.int/en/eaeview-2020.

1.5 Bibliography

A complete bliographic list that suppasiarguments or statements neadithin the current document
is provided in Section 5.1.

1.6 Acronyms

A list of acronyms is provided in Section 5.2.

1.7 Glossary

A comprehensive glossary of terms relevant for the parametereszed in Permafrost_cci is
available as part of the UsBequirement Documents of the baselproject [RD1] and of CCN 12
[RD-186].
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2 Regional Kinematics-based Rock Glaciers Inventories

2.1 Introduction

Entirely newkinematicsbasedrock glacier invetories or updates / upgrades of existing inventories
were gnerated by differerRermafrost_cci team membeasd external provideri different climatic
regions. The tasks were carried out according to the standards definedP# thetion Group Rock
glacier inventories and kinematics [RI® and RD30]. These standards are deked in the
Algorithm TheoreticaBasis Document (ATBD)RD-24], including the theoretical background of the
methods used to develop the products described in the CCN, and magctodithe Product
Specification Document (PSD) [RPL].

Theclimatic regiors where entirely new rock glacigwentories were genated are listed below:
1 European subarctic/arctic sites: Nordenskitld Land (Svalbard);
1 ExtraEuropean sites: Southern AlpseiM Zealand).

The climatic regions where the existing rock glacier invensmieere updated/upgraded are listed
below:

1 European Alpie sites: Western Alps (Switzerland), Ultental (ltaly), Vanoise Massif (France);

1 European subarctic/arctic sites: Troms aimthfark (Northern Norway);

1 ExtraEuropean sites: Disko Island (GreenlandignTShan (Kazakhstatyrgyzstan), Brookes
Range (Alaska)Central Andes (Argentina).

The rock glacier inventories of each climatic region are described below.

2.2 Regional rock ghciers inventories

2.2.1 Western Alps (Switzerland)

The Western Swiss Alps (Fig2.2.1.1)inventorycovers an area of arodii500 kn?, and the region is
called BasValais. This mountain region is characterised by reliefs higher than 4000 meters, with five
main valleys NortFSouth oriented.

The latest geomorphological inventory covering the df@sSwiss Alps relates to the G®ermafost
project, completed ir2018. It includes several kinds of geomorphological landforms, sucbcks
glaciers, debriscovered glaciers,pushmoraine, landslides, debrisnantled slopesand solifluction
areas This inventory was used to identithe rodk glacier locations, and to collect the previous
kinematic state of each rock glacier.

Interferograms from Sentindl were compied from both Track 160 ASC antrack 138 [5C,
between 2018 and 2019. Since the Western Swiss Alps are locatednorttiernhemisphere, only
the images acquired between June and October (i.e. mnfhezensummerperiods) were used, in
order to avoidhe presence of snow cover. In detail, interferograms were computed for the Track
160 ASC, 15 interferograms for the TrackB18SC, sing time intervals of 6, 12, 24, 48, 354 and 366
days.
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The rock glacier identificatiorwas conducted using the Digitdlerrain Model (DTM) and the
Orthoimages of the Western Swiss Alps, both acquired in the period between 2017 and 2018, with a
spatialresolution of 6 and 025 meters, respectively.

Based on INSAR, & moving areas related to rock glaciers were dete€ligdire2.2.1.2 contains the
number ®identified moving areas for each velocity class.

The identified rock glacier units witavalable kinematic information extracted from the previous
moving areas arel®; 337 are simple units and BGare composite laridrms composedf 282 units.
Figure2.2.1.3 contains the number of the classified rock glacier units for each kinematic class

Figure 2.2.1.1 shows the entire investigated region, with a focus on selected representative areas.
No particular problem relatl to the interferograms quality westected, because the interferograms
have been appropriately selected with the minimuaisenlevel. However, some problems related to
the properties of the investigated landforms (such as the dimensions, the locatitim &inematic
behaviour) were iddified. For some rock glaciers characterized by smsialy it was difficult to
identify the moving areas and assign velocity/kinematic attributes. Many rock glaciers were located in
areas of foreshortening, layover siradow for bothacquisitiongeometrés, and therefore it was not
possible to assign a kinematic attribute for these rockiggtac ( c at e g or ySomieurockl e f i n e ¢
glaciers characterised by a low velocity rat@ound few centimetres per yéanave beemlifficult to
classify, because sonmaes the annual interferograms were characterised by decorrelation around the
rock glacie. For other rock glacier systems, the complexity of the detected movingiarelased to

the same rock glacier system/unitnack it difficult to assign a reliableinematic attribute.

The work on this climatic region was conducted by Aldo BertoneTand Monier.
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Figure 2.2.1.1: Example of the Western Swiss Alps inventory, withamels zooming into
representativeletail areas.
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surface covered by moving areas (lower part).
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Figure. 2.2.1.3Western Alps (Switzerlangdje chart of the kinematic classes of rocaaigrs (upper
part), horizontal barof reliability of classified rock glaciers (centraap), and horizontal bar of the
spatial representativeness of classified rgtdciers (lower part).
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2.2.2 Ultental (Italy)

The study area (Fig. 2.2.2.1) occupiesnbeh-eastern portion dhe OrtlesCevedale massif in South
Tyrol, CentralEastern ltakn Al ps ( 4 6 A3 1dbverslabout1900AE &nd inckidles thel t
southen side of lower Vinschgau (Val Venosta) as well as five tributary valleys: Ultental (Val
déuUl ti mo), Ma r t,ddasettas(Val di Masa), antM Gutdén&ll (Walbd) SdldElevation
ranges from 3905 mmoMount Ortles, down to about 500 mthe Ultental outlet. Bedrock geology is
dominated by metamorphic lithologies (chiefly paragagmicaschists, and orthogneissithvgranite
outcropping locally in lower Martelltagnd limestones and dolostones in upper Suldental. Climate is
dry, with mean anual precipitation ranging from less than 600 ratrtheVinschgau valley floor
(Schlanders ation) to more than 1200 mm upland cirqgue valleys (Weissbrunn station). According
to Permanet modelling (www.permanet.eu) and fielbed evidence discontinuas mountain
permafrost roughly occurs above threshold elevations varying between 2300 d@hdn2%8.l,
depending ortopographic (e.g., aspect) and microclimatic (site specific) dondit(Boeckli et al.,
2012). In this context, rock glaciers are domingaomorphic features above the present treeline.
According to an unpublished regional invegtaompleted in Septeber 2019(publication under
preparation) the study area hosts 781 rock glaciers, including 166ifidassorphologically active,
152 inacive and 463 relicts.

Interferograms from Sentindl were computed from both Tracks 117 ASC and 1&[between
2018 and 2019sawell as interferagms from ALOS1 PALSAR-1 from TrackASC between 2007
and 2010. Sincéhe study area is located in the Northédemisphere, only images acquired between
August and October (i.e., in thimfrozensummerperiods) were used, in order to avoid srawer at
elevationsbelow about 2900 m a.s.l. In particular, we processed respectiyely: iaterferograms for
Track Sentinell 117 ASC, using time intervals of 6, 12, 24, 30, 42, 330 and 342 days; (i) 18
interferograms for Track Sentin&él 168 O5C us$ng time intervalsof 6, 12, 24, 36 and 342 days; and
(i) 3 interferograms foAL OS-1 PALSAR-1 using time intervals 046, 966 and 1012 days.

The rock glacier identification was conducted using the LIDAR Digital Terrain Model (DTM) of the
Autonomous Province of @zano/Bozen acquired in 2005 with a spatial resolution®frieand ging
orthoimages of the Italian Ministry f oEnvironment, Land and Sea Orthoimages and of the
Autonomous Province of Bolzano/Bozen acquired in -Béptember 2014 anduly-October,
respetively, both with a spatial resolution of2m.

Based on InSAR, 614 owing areas related to rock glaciers wdetectedFigure 2.2.2.1 shows the
entire study area, with closg views on selected representative ar&agure 2.2.2.2 stws the
number ofidentified moving areas for each velocity class. The identified roakigyl units with
available kinematic infanation extracted from the previous moving areas are 330; 212 are simple
units and 118 are composite landforms. Figure 2.21208vs the numbenf the classified rock glacier
units for each kinematic class.

In terms of interferogram quality, no major isswas experienced that could prevent the delineation of
moving areas. Decorrelation dte snow cover was observed at elevasi@above 2600 m a.l. in
interferograms composed by the first image of SentinBlack168 DSC. Nevertheless, delineation of
the moving areas was possible on other acquisitions. Decorrelation in ALGALSAR1
interferograms with time interval equal Boyears preventethe delineation of moving areas within
rock glaciers, thus onlpne ALOS1 PALSAR1 interferogram with time inteal of 46 days was
used. Sentinel Interferograms with time intensabf 330 and 342 days show more decorrelation than
shoter interferogramsDecorrelation, together with the limited number of available integi@ams,
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caused less reliable identificatiamd delineation of moving areas with velocity in the order of few
centimetres per year. When there was extended decarretatiund rock glders, it was difficult to

assign a reliable velocity class. This ipesally the case for rock glaciers chaesisted by a low
displacement rate. Small moving areas have low reliability because they are composed by a limited
number ofcells. For otherack glacier systems, the complexity of the detected moving anedaed

to the same rock glacier system/uninade it difficult to assign a reliable kinematic attribute.

The work on this climatic region was conducted by FrancescdiBaari and GabrielPellegrinon.

: B

Rock Glacier class Moving Area class
® Undefined [ Undefined
® <cmiyr [J<1cm/yr
® cmiyr [J1-3cmiyr
O cmlyr to dm/yr 3-10cm/yr
@ dmlyr [ 110-30 cmiyr
t dm/yr to miyr [_130-100cm /yr

® Other [J>100cmiyr
W % * " ¥ 1

/ *&"‘ ‘11 - ;‘H LIRSS o SR -~
Figure 2.2.2.1: Rock glacier inventory of Vinschgal/Venosta with closap views of selectaateas
in Suldental and Martelltal.

PAGE15



D4.2 Climate Research CCl+ PHASE 1i NEW ECVS Issue 1.0

Data Package Permafrost: CCN1 & CCN2 22 December 2020
Undefined: MOVING AREAS CLASSES > 100 cm/yr:
0.2% (1) 1| 2.1% (13)
30-100 cm/yr:
15.5% (95)
1-3 cmfyr:
34.5% (212)
10-30 cm/yr:
25.1% (154)
3-10 cm/yr:
22.6% (139)
Medium:
Reliability 20.7%
(127)
200
0
=
]
3 100
@
[T

T T T T T T T
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Surface of Moving Areas [km”™2]

Figure. 2.2.2.2Ultental (Italy) pie chart of the velocity classes of moving areas (upper part),
horizontal bar of reliability of classified moving areas (central part), and histogram cutface
covered by movingreas (lower part).
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Figure. 2.2.2.3Ultental (Italy) pie chart of the kinematic classes of rock glaciers (upper part),
horizontal bar ofreliability of classified rock glaciers (central part), and horizontal bar of the spatial
representativerss of clasified rock glaciers (lower part).
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2.2.3 Vanoise Massif (France)

The study are&¥anoise massif (figure 2.2.3.19 aa mountain reign located between N546° and N

45.2° in the French Alps, covering approximately 2000 kmz2, and reaching 385&lmat its highest

point (la Grande Casse). Though it has no strictly delimited boundaries, the massif is here confounded
with the territory ofthe fiParc national déa Vanois® and it mostly includes the highest parts of the

Arc and Isere rivers watersti® The nean elevation of the massif is 2325ams.l, and about 60 % of

the terrain are above 2500 ars.l, and about 4 % are covered with glaci@@ardent et al., 2015).
Because of its topographical and climatic settings, permafrost is largely presentr(&laice2017)

in the region, as testified by abundant rock glaciers (h = 537, 41 km?). These landforms are mostly
located in valleys above 2@0m a.s.l.(Monnier, 2004) and more than half of them (n = 363) most
probably contain ice (Marcer et al., 2017méng the actively creeping rock glaciers of the Vanoise
massif, 24 landforms presently shewidenceof destabilization, such as extemnsal cracks, crevasses

and scegps (Marcer et al., 2019).

The geomorphological mapping of rock glaciers of the Vanosemade by Roudnitska et 2016,

as part of the effort made since 2008 by ROMF (French office in charge of mitigating the natur
hazard in mountain regions) aRACTE/UGA EDYTEM/CNRSUSMB laboratories for inventorying

rock glaciers in France. Thevientorying relies on a combination of phatderpretation with
stereoscopic lenses of printed IGN (French institute of geograpfioomiation) air photographs
(genera | 'y dating from | ate 9 0 6phdtagraghd(geaerailyadatifigomn o f
2013, 2014 of 2015, and with a resolution of 0.5 ar&in®, accessible on www.geoportail.gouv.fr)

and 125000 topographic nps, and field inspections.

Interfeograms from Sentinel were computed from both ascending and descending tracks, between
2016 and 2019. Since the French Alps are located in the Northern hemisphere, only the images
acquired between June and October (iné¢he unfrozensummerperiods) were usedy iorder to avoid

the presence of snow cover, with an exception for a pair of snagedruary 2019 (with cold snow

on most the higlelevation terrain, allowing coherent INSAR signal). In detail, 16 interferograms were
computed for the ascendiniiack, 18interferograms for the descending, using time intervals of 6, 12,
18, 24, 48, 54354 aml 366 days.

Based on InSAR, 338 moving areas related to rock glaciers were detected. Figure 2.2.3.2 contains the
number of identitd moving areas for each velocityass. The identified rock glacier units with
available kinematic information extrtad fran the previous moving areas are 275. Of those, only 126
RGs were classified, for which external information on surface velocityavaible (figure 2.2.3.3).

The wok on this climatic region was conducted by Xavier Bodin.
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Figure 2.2.3.1:Geograhical context (a) and hypsometry (b) of the Vanoise massif. (c) INSAR

inventory in the Vanoise massif, showing both the moving anea the classified rock glaciers.
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Figure 2.2.3.2Vanoise Massif (Francglie chart of the velocity classes of ving areas (upper part),
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covered bynoving areas (lower part).
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Figure 2.2.3.3Vanoise Massif (Francgie chart of he kinematic classes of rock glexs (upper
part), horizontal bar of reliability of clesfied rock glaciers (central part), and horizontal bar of the
spatial representiaveness of classified rock glaciers (lower part).
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2.2.4Troms, (Northern Norway)

The Troms study area (Fig. 2.2.4.1) iscated in Ka&fjord, Lyngen, Storfiord and Tromsg
munidpalities in the County of Troms og Finnmark in Northern Norway and cover6ta knt. The

alpine topography is characterized by a high altitudinal gradient with nk@pw fjords and high
mountainpeaks up to ca 1800 ms.l.in the central part of the aglLyngen Alps). This subarctic
region is at the transition between discontiralsporadic permafrost zones and seasonal frost.

The morphological rock glacier invenyocovering the study area hasen made in 2010 by the
University of Oslo (UiO) (Lillegra and Etzelmdiller, 2011} .he inventoy has been updatédllowing

the IPA rockglacier action group recommendations and exploiting higher resolution orthophotos and
findings from INSAR

Interferogams from Sentinel were computed from both Track B&C and95 DSC, between 2015

and 2019. Only the iages acquired between June and October (i.e. innf®zensummerperiods)

were used, in order to avoid the presence of snow covet d42d 1308 intéerograms, respectively

for the Track 58ASC and 95DSC, were initially sele@d based on coherence. Severarajed
INSAR maps (stacking) were processed using different temporal intervals (within the season and
interannually). Short time inteals (e.g.6 days: 5657 interferograms after sorting) allow for higher
detectable maximavelocities. Longer time intenls (e.g. one year: 29326 interferograms after
sorting) provide better sensitivity to low displacementsate

We additionally used aOlLm resalition DTM from the Norwegian Mapping Authority (2016,
available on kartkatalogegnorge.no) and 201@8-18, 2011-08-16 and 20088-16 orthoimages
(0.25 0.5 m resolution) (norgeibilde.no, WMS service available on kartkatalog.geonorge.no). The
unstdle rockslope and glacier inventories from the Norwegian Geological Survey (NGU) and the
Norwegian Water Resources aBdeigy Directorate (NVE) have also been exploited. The Norwegian
Ground Motion Mapping service INSAR Norway (insar.ngu.na Ieen useé to doubécheck the
results at specific locations.

Multiple temporal baseline stackingSAR products document 2908®x40 m pixels on rock
glaciers, corresponding to a total area of 46.5.186.0 knt are in class 1 (< 0.3 cm/yr). 2.9 kare in

class O(undefined i.e. decorrelated in 6 days). For the remaining 7.8, kelocity between 013

cml/yr (class 8: others) arddl 100 cm/yr (classesiB) are detected. Figure 2.2.4.2 shows the fraction of
the documented areas for each velocity class. Figure Pshdws tk entire investigated region, with

a focus on selected representative areas.

The inventory consists of 414 wsmfor a total of 340 systems (290 single units and 124 units in 50
composite systems). Among these, 21 remain kinematically undefite®4® are< mm/yr to cm/yr

(no detected movement). 153 units have mm/yr to m/yr kinenaéttibute. Figure 2.2.4.3 ssthe
number of the classified rock glacier units for each kinematic class.

The study area is characterized by a large sietoften mmbinedi periglacial processes, that leads to
challenges both for geomorphological cliesization (e.g. unit divisio upslope unit connection), as
well as for associating the detected INSAR movement to an actual process (e.g. impact of superficial
solifluction processes on relict rock glaciers). Discussions related to inclusion/excldsspeafic
landforms of the imenbry have started between the different project partners and already led to
corrections/updates. This work will possibly continueha futureand may lead to a new version of
the dataset. No specific INSAR problem hastidentified.

The work on thiclimatic region was conducted by Line Rouyet, vatimtributions from Karianne S.
Lillegren, Bernd Etzelmdller and Reynald Delaloye.
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Figure 2.24.1: Troms, (Northern Norwaygxample of inventory, with focus on two representative
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detailed maps are the indicative geomorphological outlines (extedefadtion) primarily used to

extract the moving areas.

PAGE21




D4.2 Climate Research CCl+ PHASE 1i NEW ECVS Issue 1.0

Data Package Permafrost: CCN1 & CCN2 22 December 2020
Other, MOVING AREAS CLASSES - :
> 30 cmfyr Sy 1050 cmivr:
2.6% .
Other, 3-10 cm/yr:
0.3-1 cm/yr: 8.8%
18.8%
1-3 cmjfyr:
12.4%
Undefined:
16.0%
Other,
< 0.3 cm/yr:
34.2%
Re"ablllty ﬁ
>, 2000
=
]
=
g 1000
[T
0 T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 12 14 16

Surface of Moving Areas [km™2]
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2.2.5Finnmark (Northern Norway)

The Annmark study area (Fig. 2.2.5.1) is located in Gamvik, Berlevadg and Tana municipalities in the
County ofTromsandFinnmark in Northern Norway and covers ca 292G.Krhe topography consists

of a series ofmountans reaching 724 na.s.|, distributed arounthe large Tana fjord. This subarctic
region is at the transition between discontinuous/sporadic pershabnes and seasonal frost.

The morphological rock glacier iemtory covering the study area has beemana 2010 by the
University of Oslo (UiO) (Lilegren and Etzelmuller, 2011). Following the IPA rock glacier action
group recommendations and exglugt higher resolution orthophotos and findings from InSAR, the
inventory has been updated.

Interferogramsrbm Sentinell were computed from both Track ABC and 51DSC, between 2015

and 2020. Only the images acquired between June and Odtotienfrozensummerperiods) were
used, in order to avoid the presence of snowrc@468 and 1754 interferogramespedtely for the
Track 43ASCand 51DSC were initially ®lected based on coherence. The area has been divided into
two subsets for the procésg to avoid unwrapping errors (due to data gaps on fjords). Several
averaged In8&R maps (stacking) were pressed sing different temporal intervals (within the season
and interannually). Short time intervals (e.g. 6 days:6dlinterferograms after samg) allow for
higher detectable maximal velocities. Longer time intervals (eng.year: 388486 interferogams

after sorting) provide better sensitivity to low displamant rate.

We additionally used a 10 m resolution DTM from the Norwegian Mapping Aitgh(2016,
available on kartkatalog.geonorge.no) and 20788 and 20089819 athoimages (0.258.5 m
resdution) (norgeibilde.no, WMS service available on kartkatajegnorge.no). The Norwegian
Ground Motion Mapping service INSAR Norway (insar.ngu.hed been used to doublecheck the
results at specific locations.

Multiple tempor#é baseline stacking IR prodwcts documented 2479 40x40 m pixels on rock
glaciers, corrsponding to a total area of 4.0 k2.0 knt are in class 1 (< 0.3 cm/yr). 0.1 karein

class 0 (undefined). For the remaining 1.9 kvelocity between 013 cm/yr(class 8: others) and 1

100 cmyr (classes 5) are detected. Figure 2.2.5.2 shows tlaetfon of the documented areas for
each velocity class.

The inventory consists of 57 i for a total of 19 systems (11 single units and 46 units in 8 composite
systens). Among these, 7 raam kinematically undefined and 32 are < mm/yr to cm/yr (no detéct
movement). 18 units have mm/yr to m/yr kinematic attribute. Figure 2.2.5.3 showsntiber of the
classified rock glacier units for each kinematic class. Figuzes2. shows the entirmvesticated
region, with a focus on selected representative areas

Strong atmospheric/ionospheric effects affect several interferograms. The quatitg dhSAR
stacking products is variable and led to uncertainty in terms obil#liaespecially forthe velaity

class 13 cm/yr. This issue is mentioned in the fi@ldRe mar ks o of the products
adjusted accordingly. In case of loveliability and spatial representativeness, the category
AUndefinedd has been use

Most of the landforra are réct or transitional. However, for the major systems ia Western part of

the study area, we detect a gradient from no movement at the béttieenstope to mostly-10 cm/yr

(up to 30 cm/yr at some locations) in the uppart. The challenge ithat the detected velocity may

not be related to permafrost creepen in presence of rock glacier morphological features (e.g.
superficial overrelicty Di scussions related to removalonof wunc
are at early stagef thisarea. It is therefore likely that corrections lead towa nersion of the dataset.
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The work on this climatic region was conducted by Line Rquyith contributions from Karianne S.
Lillegren and Bernd Etzelmdiller.
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Figure 2.2.5.1: Example dfinnmark (Northern Norway)nventory, with focus on three representative
areas. The grey linezn the main map show the limits of the area of interesth&hblack lines on
detailed maps are the indicative geomorphological outlines (extended definitiorgripyiused to

extract the moving areas.
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part), haizontal bar of reliability of classified moving areas (central part), and histogram of the
surface cwered bymoving areas extractgdom the 40x40 m pixels raster (lower part).
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Figure 2.2.5.3FFinnmark (Northern Norwayie chart of the kinematiclases of rock glaciers
(upper part), horizontal bar of reliability of classified rock glaciers (cenprait), and horizontal bar
of the spatial representativenesfsclassified rock glaciers (lower part).
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2.2.6Nordenski6ld Land (Svalbard)

The Svalbatt stug/ area includes most of Nordenskidld Land on Spitsbergen (Svalbard archipelago)
and covers ca 3726 KnfFig. 2.2.6.1. Nordenskiold is delimited by Isfijorden the NorthWest and
Van Mijenfjorden in the Soutkast. Mountain peaks are up to ca 90@.sl.in the western part, ca
1000 ma.s.l.in the North and cdl200 ma.s.l.in the SoutkEast. This arctic regn is claracterized by
continuous permafrost and significatagjal influence.

The rock glacier locations are based on a new morphological aryenade by the University Centre

in Svalbard (UNIS) in Spririgsummer 2020. The work, led by Hanne H. Chnrstén, baefited from
major contributions from Ole Humlum andskton B. McDonald. Following the IPA rock glacier
action group recommendations andgleiting findings from INSAR, the inventory has been further
adjusted by Line Rouyet.

Interferograms from Séimel-1 were computed from both Track ASCand 154DSC, between 205

and 2020. Note that data from the descending track were not available pei&. On} the images
acquired between June and Octolieltlie unfrozensummerperiods) were used, in order avoid the
presence of snow cover. 266 and 189 interferograms, teagdgdor the Track 43ASCand 51DSC,

were initially selected based omherence. The area $ideen divided into four subsets for the
processing to avoid unwrapping errors (due ttadgaps onjbrds and glaciers). Several averaged
INSAR maps (stacking) wereqeessed using different temporal intervals (within the summerrs®aso
only, interannuapairs being largely affected by coherence loss). Short time intervals (e.g. 6 days: 41
60 interferogams after sorting) allow for higher detectable maximal velocitiesger time intervals
(e.g. 150 days: 16@66 interferograms aftegorting) provide bedr sensitivity to low displacement
rate.

We additionally used a 20 m resolution DTM frahe Norwegia Polar Institute (2016, available on
kartkatalog.geonorge.no) aadmosaic orthoimage product based on-Witl to Mid-August 2008 to
2011 orthoimages (1@0 cm resolution) (toposvalbard.npolar.no, WMS service available on
kartkatalog.geonorgeo).

Multiple temporal baseline stacking INSAR products documented 1169® 4@xgixels on rock
glaciers, corresponding to a total area of 187 10.8 knt are in chss 1 (< 1 cm/yr), 0.9 khare in
class 0 (undefined, i.e. decorrelated in 6 days). Rerrémainingl7 kn¥, velocity between 11100
cm/yr (classesib) are detectedrigure 2.2.6.2 shows the fraction of the documented areas for each
velocity class.

The inventory consists of 260 units for a total of 232 systems (209 single units and 5In2®ts i
composie systems). Among these, 37 remain kinematically undefined arel<dmm/yr (no detected
movement). 219 units have cm/yr to m/yrésnatic attributes. Bure 2.2.6.3 shows the number of the
classified rock glacier units for each kinematicsslaFigure2.2.6.1 shows the entire investigated
region, with a focus on selied representative areas.

Svalbard is a highly dynamic environme8easonal thawing ohé active layer leads to subsidence
during theunfrozensummerperiods and solifluction processarse extensigly affecting the slopes.
These processes typically have a cm/yrcm/yr to dm/yr order of magnitude. In many cases, the
detected velocity on rock glacierdoes not significantly difféirom thebackground signal along the
slope. When oagring, thisi ssue is mentioned in the field
ARelliidakyido adjusted accordingly.

There is overall a signifant difference of kinematics betem rock glaciers categorized as glacier
connected (typically dm/yr or dm/yr to/ymn) and thee that are talusor debrismantleconnected
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(typically cm/yr or cm/yr todm/yr). This may indicate that the current inventorypentially
including landforms dven by glacial flow or affected by subsidence ondoeed moraine, which
shoud be removd in a second version of the inventory. At this stage, the issue is simeplyoned in

the field

A Remar ks meralp this shdws the challehgecgifasialperiglatial g e

continuum in anArctic context, but also indicates that WS may be vhaiably exploited to

differentiate specific processes.

The work on this cliratic region was conducted by Line Rouyet, with contidns fromHanne H.

ChristiansenQle Humlum and Ashton B. McDonald.
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Figure 2.2.6.1: Example dordenskitld Lad (Svalbardlinventory, with focus on three
representative areas. The grey lines on the main map show the lithissavka of interest. Dagd
black lines on detailed maps are the indicative geomorgiicdboutlines (extended definition)

primarily usedto extractthe moving areas.
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Figure 2.2.6.2Nordenskiold Land (Svalbarg)e chart of the velocity classes of moving areas (upper
part), horizontal bar of reliability of classified moving areas (central part), and histogram of the
surface covered byawing areaextracted from the 40x40 m pixels raster (lower part).
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Figure 2.2.6.3:Nordenskitld Land (Svalbarg)e chart of the kinematidasses of rock glaciers
(upper fart), horizontal bar of reliability of classified rock glaciers (central paafd horiontal bar
of the spatial representativeness of classified rock glaciers (lower part).
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2.2.7Disko Island (Greenland)

Disko Island (Qegrtarsuaq) is a roughly580 knt large island offshore in Western Greenlattd.
begins at a geographical altier equalto llulissat, the neighbouringcity on the mainland of
GreenlandTowards the North, the Vaigat Strait (Sullorsuaq) separates Diskalfimainland. The
topography fom Disko spans from sdavel up to 1920 m a.s.IThe climatic conitions favou the
formation of a small iceapand several valley glaciers.

An InSAR based inventory of moving areas for a large part of Disko and thensldpeof the Vaigat
Strait is @ompiled from different INSAR sources. The main datasets useddordeé outlhes of the
moving areas andlassify the annual velocity for the identified rock glacier features are AROS
PALSAR-2 and Sentinel Interferograns both ascending and descendifgeir coverage is shown in
figure 2.2.7.1.

588 moving areas and 570 rock glacier featuresevigentified (Figure 2.27.2 and 2.2.7.3). An
overview map and a subdivision into ttoek glacierclasses is shown in figure227.1.

In general, especially for the faster moving rock giacithe motion signature is sometimes very clear
visible in the shorttermSentinel 1 inteferograms. For 2012019, a large number of mostly coherent
interferograms were available. Howeverdbeffects (remaining snow, local acceleration) hinder the
clea quantification of the velocityclasses Therefore,for most oljects only a single setof
interferograms could be ustaldefine the velocity clas§ his velocitymight not berepresentativéor
rock glaciers that shostrong variability in velocitthroughout a year

On the other hand,-band interferograms fromalsas2 are better sted to map and quantify motion
over an entire yeaslso forslower features. However, here only a veryitia dataset with mainly
one single interferogram for anearwas available.

Another problem was related to the availigypibf optical data. Theack glaciers were identified with
help of optical satellite imagery. As source dataset for the opticalesnagainly the Google Map
Satellite overlay was used. ParBentinel2 cloudfree datafrom EOX::Maps was used. No high
resolution opical data wereavailable on the investigated area. Therefore, it was not possible to
provide reliable information abouté geomorphological characteristics of the rock glacietsibéte
fields as the unit morphology, the type of spatial @mtion to tke upslope unjtthe degree of
destabilization and the spatial representativeness were not provided.

The work on this cliratic region was conducted by Rafael Caduff andgdeet Darow.
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Figure 2.2.7.1: (a) Overview of the Disksldnd testsite. The satdite coverage is indicated as color
pattern overlays: Magenta: SentinelDescending; Cyan: SentirglAscading. Grey hatched:
ALOS2 PALSAR?2 (compilation of severdtames).Red areas indicate thereas ofmotionrelated to
rock glacier; black areas indiate theareas ofmotionnot related to rock glacier(b) Overview and
detail overview of the map indicag rock glacier motion. The classification follows the schasne
shown in the legend sectiofhe black rectangle in the l@wpanel indcates the pagon of the upper
detail. Black areas indicate thareas ofmotionnot related to rock glacier.
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Figure 2.2.7.2:Disko Island (Greenland)ie chart of the velocity classes of moving aregspér
part), horizontal bar of reliallity of classified moving areas (central part), ahistogram of the
surface covered by moving areas (lower part).
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Figure 2.2.7.3 Disko Island (Greenland)ie chart of the kinematic classes of rock glaciers (upper
part), and horizontal baof reliability of classified rock glaciers (lower part).
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2.2.8 Tien Shan (Kazakhst#tyrgyzstan)

The investigated area is located in the cemtaal of lle Alatau (Northern Tien Shan) in Kazakhstan, it
covers about 350 km2 and includes the Small AImBig, Aimaty and Left Tafjar valleys (Figure
2.2.8.1). Several mountain peaks are highan #0000 na.s.l. with the highest being Pik Talgar 4973
(ma.s.l).

Geomorphological inventories were conducted during Soviet time based on aerial images, but is only
available in talblar format.A further inventory for a similar area was published in 2014 dBeind
Gorbunov, 2014), but generated based ontmaower resolution Landsat data with the visual aid of
aerial photos. A preliminary inventory for a similar regionswgeneratedising a Pl&adesoptical
imageacquired on 27th August 2016 by A. Strel. Awentory of moving areas was generatgthin

the GlobPermafrost project (Kaab et al. 2020). It includes several kinds of moving areas including
landslides, solifluctin, areas Wwh subsidene and rock glaciers. These previous data sets were used as
baselhe information to locate rock glaciers and to deteoving areas related to rock glaciers.

The interferogramaused were carefully selected by visual analy$iem all the available ones
gererated from ALOSL PALSAR1, ERS and Sentind data. The main interferogramised stem

from Sentinell Track 34 3Cacquired in August 2018, June and August 2019 using time intervals of
12, 48 and 272 days. Additional interferograms used &tem Sentnell Track56 ASC acquired

June till September 2019 using time intervals 2f24, 48 and 60 days. For selected rglelciers the
interferograms from ALOS PALSAR-1 acquired in August and October 2008 (time interval 46
days) and ALOS PALSAR-2 acquired in Oaber 2016 ad June 201@vere used as additional
information.

The geomorphological boundes of rock glaciers ere identified based on a digital terrain model
(DTM) with a spatial resolution of 1m generafenim tri-stereo Pléiades daacquired 09/09/2028nd
theaccordingPléiades orthoimage with a spatial resolution of 0.5m. The compilafitime inventory

of rock glaciers was limited to the extent of the Pléianesge

Based on INSAR 93 moving areas related to rock glaciers were detected. The majiryaras
moved inrange of few decimetres to one meter per year and about onerauavted in the one to
three decimetres per year (Figure 2.2.8.2). The distribution of the kinematic classes of rock glaciers is
similar with almost 50% creeping in thrange of éw decimetre to one meter per year (Figure
2.2.8.3).

38% of the rock glaciersere talusconnectedand 43% are glacier forefielcbnnected and 16% are
poly-connected. Figure 2.2.8.1 shows the entire investigated area of lle Alatau with ttigedcden
moving areas anobck glaciers classes.

The overall quality of the selected inemdgramswvassuitableto detect the movement level of most
rock glaciersFor most objectthe data from descending orbits were used. In casslaflayover and
shasw the asceding orbit was used so that for all rock glaciers suitable coverage waslaeail
However, for sora rock glaciers no clear signal was found or the movement was too low for a signal.
These wer e classified as A u fteth endt i ceadyd visibe. Thh e upp e
morphological indicators and the interferograms were uselaais for the delim¢ion. Some areas
specifically in the glacier forefields in the Upper Left Talgar Valéeg characterised by ieeored
moraines and debrisoveed ice shoiwng movementand subsidence. Those areas were not included.
The work on this limatic region was catucted by Tobias Bolch.
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Figure 2.2.8.1Tien Shan (Kazakhstafyrgyzstangtudy area showing the inventory of moving areas
and rock glaciers.
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Figure 2.2.8.2:Tien Shan (Kazakhstafyrgyzstanpie chart of tke velocity classes ofowing areas
(upper mart), horizontal bar of reliability of classé#d moving areas (central part), and histogram of
the surface covered by moving areas (lower part).
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Figure 2.2.8.3Tien Shan (Kazakhstafyrgyzstanpie chart of the kinematic classes of rock giasi
(uppe part), horizontal bar of reliability of classified rock glaciers (central parnd horizontal bar
of the spatial representativeness of classifiek @glaciers (lower part).
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2.2.9 Brookes Range (Alaska)

Brooks Range is a roughly 1000 km wideumtain ange spanning-W through northern Alaska at a
latitude of about 67°N. As tesite, a 1230 krhlarge rectanglar shaped area was selected in the midst
of the mountain range (Figure 2.2.9.1), including a 50 km long section of the Dalton Highway,
connectingFairbanks an®eadhorse that partly suffers impact from slope motion.

The topogaphy of the tessite is characterized by the mairS\elongated valleyalong which the
Dalton Highway runs in parallel. Its lowest point in the south lies at aréd@dn. Tte point with he
highest elevation of about 2100 m is marked by a peak in thieeast of the tedtite. Apart from the
main valley, several tributaryalleys that rurN-S as wellas afew E-W running valleys are included
in the testsite.

An INSAR basednvenbry of moving areas for the tesite is compiled from differennBAR sources.
The main datasets used to determine oudlwfethe moving areas and the annual velocity for the
identified rock glacier features are AL&SPALSAR-2 andSentinell Inteferograns for which a
complete coverage in both ascending and descegdimmetry is available.

The general workflow for the determiian of the motion areas started with the identification of
motion signatures in the geocoded interfeangs and the dveng of the outlines. In a second step,
rock glacier type features relatéal the moving areas inventory were identified with help dfcap
satellite imagery. As source dataset for the optical images, mainly ESRI World Image (as WMS / Sept
2020) was cosulted. GeoNorth imagery was partly consulted as well. Finally, the kitiema
(classified velocity) were determined for each movingaased for each roegjlacier type feature
based on the INSAR signature. For this, a characteristic aadnotgion patten was bcalized within
the set of different temporal basedshence diferent motion sensitivity. Faster motion was covered
mainly in6- or 12days Sentinel interferograms.

Based on this approach, of the initially mapped 538 movingséoe the Brodks Rangedestsite 434
rock glaciers were identified. An overview map andubdivision into the RG classes is shown in
Figures2.2.9.1,2.2.9.2 and 2.2.9.3.

In general, especially for the faster moving rock glaciers, the motion signatar@ésimes verclear
visible in the shorterm Sentinell interferograms. For 2013019,a large number of mostly coherent
interferograms were avabie. However, local effects (remaining snow, local acceleration) hinder the
clear quantification of the lecity classes Therefoe, for most objects, only a single set of
interferograms could besed to define the velocity class. This velocity might motdpresentative for
rock glaciers that show strong variability in velocity throughout a year.

On the othe hand, L-Band interfeograms from ALOS2 PALSAR-2 are better suited to map and
quantify moton over an entire year and in densely vegetated ameelsiding slower features.
However, here only a very limitedataset with mainly one single interferogram fan area was
available.

Another problem was related to the availability of optical déke rock glaciers were identified with
help of optical satéte imagery. As source dataset for the optical images, mainly ESRI World Image
(as WMS / Sept. 2020) ande@North ima@ery were usd. No highresolution optical data were
available on the investiged area. Therefore, it was not possible to provide reliabbrmation about
the geomorphological characteristics of the rock glaciers. Attribute fields as thmarphology the
type d spatial connection to the upslope unit, the degree of destdiutizand the spatial
representativeness were not provided.

The work on this climatic region was conducted by Rafael Caduff and Magaret Darrow.
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Figure 2.2.91: (a) Oveview on theAlaska Peninsula and the location of the 48#e (white
Rectangg). Background Image: ESRI World Image, accessed: Nov. #20verview and detail
overview of the map indicating rock glacier motion. The classification follosvsdileme ashown in
the legend sectioBlackoutlinesindicate the areas of motion natlated to rock glacier
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Figure 2.2.3.2:Brookes Range (Atka)pie chart of the velocity classes of moving areas (upper part),
horizontal bar of reliability of classified mow areas (cetral part), and histogam of the surface
covered by moving areas (lower part).
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Figure 2.2.3.3:Brookes Range (Alaskp)e chart of the kinematic classes of rock glaciers (upper
part), horizontal bar of reliability of classified rock glacgefcentral part), and horizontal baf the
spatial repreentativeness of classified rock glaciers (lower part).
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2.2.10 Ceatral AndeqArgentina)

The investigated area (Rige 2.2.10.1) is situated in the Central Andes of Mendoza, Argentina. The
region orresponds to the most southerntdithe Dry Andes, wire extensive areas with permafrost
conditionsare found Most of he selectedareaconsists ofthe Corddn del Plata mountain range,
Cordillera Frontal, where the maximum height surpasses 6000 nhenunimum altitude igpprox.
2000 m. Furthermore, ovehis region, permafrost occurs from ~3600 m on upwards (Trombotto
Liaudat, D00; Ruiz and Trombotto Liaudat, 2012).

Here an area of 2940 Kpwith centrein Corddn del Plata of the Central AndesAggentina, was
selected to analgsthe data. This regiois the home of the most extended actayger monitomg
recordin Argentina(continuously since 1999). It is where one of the most studied rock glaciers of the
Southern Andes, Morenas Coloradaskrglacier, is located and wherense of the unique surfac
velocity measurements Yabeen performed (Trombotto and Borzgt009; Tombotto, 2014; Bodin

et al., 2015; Trombotthiaudat and Bottegal, 2019). Inside the study dalrese isone of the realime
automatic weather stations othe IANIGLA Network (Htp://estaciones.ianigla.mendeza
conicet.gob.ar/). Thautomatic veather staon (AWS) called Morenas Coloradas (3400 m) is located
at the front of the welknown rock glacier, and it has been opedsince February of 2018. Tieae
sevenother AWS comfgmentng the networkin the region Some of them, like Toscas Hiorcones,
have been operadfor almost 20 years. Previous and discontinuous weather data indicates that, in this
region, at around2500 ma.s.l, the mean annual air tgmrature is around-8°C and total annual
precipitation is around 46800 mm.

The selecte area is pe of the Central Andes regions, wheresimock-glaciers and debrisovered

rock glaciers are located. Almost 25% thfe debriscoveredand rock glaciers dentified in the
Natioral Glacier Inventory of Argentina (IANIGLA and MAyDS, 2018) aredted insié the selected
area and due to the Nor8outh orientation of Cordon the Plata, glaciers, 1glelciers and transiti@h
landforms area oriented to the EastVest.

For the Centil Andes of Argentina rock glacier inventory, the recently pubtisglacierand rock
glacier inventory of Argentina (Zalazar et al., 2020) was used. All ice masses larger than 9.01 km
were included in the inventory. Rock glacierscasedbns of debriscovered glaciers were manually
digitized using a combination of miedh to veryhigh spatial resolution images (ASTER, ALOS,
SPOT, CBERS2). Along the Southern Andes of Argentina, rock glaciersumére mapped using a
limited footprint (i.e., the frontal adh lateral talus were not included). The extent of the rock gkcier
was limited to where permafrost creg@sevident considering the surface morphology (i.e., the talus
was not included). Wherthere was no clear boundary betweenckoglaciers and debrisovered
glaciers (upper unit), they were mapped together and idedcasiidebris-covered ice with rock
glacier®. In those cases, the upper clean ice and the following dedrered ice with rok glaciers
were grouped and assigndtie larger unit's IDs Ui differentiated by their morphological
characteristics in the thbase.

For the Central Andes, interferograms from Sentiheind ALOS1 PALSAR1 were available to
interpret surface displacentemetween 2018 and 202@with both ascending and descergli
geometriesAlso, there were delivered displaceant maps along the LOS in m/yr obtained by stacking
6- or 12daysSentinell interferograms for this site.

The most useful data source was Sertingiterferograms, with time intervals between 6 to 48 days.
For more extended perischind the ALOSL PALSAR-1 interfelograms, the data was too noisy. The
displacement maps look verygonising toassess the surface velocity of rock glaciers. Still, theynse
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to have a threshold for surface velocity above 1 m/yr, which inhibits assessing the maxyrfaga s
velocity in mostof the most massive rock glaciers. The displacement maps wergnalde fron
interferograms of medium to late summer (February to M&g).they only provide summer surface
velocities.However, the kinematic information can be deduced from all available interferograms, thus
including the autumn, winter and spring periods.

Based on the InSAR data, a total of 837 mowangas related to glers, debriscovered, and rock
glaciers were detected (kige 2.2.101, 2.2.102, 2.2.10.3and 2.2.10.% For those moving aredlat
arerelated to glaciers or which partiailycludeddebriscovered iceit washighlighted in the rewrks

that these polyans "contain glacier or debrsovered glaciér When possible, ovethese cmplex
landforms, the areas with different surface velocities were identified. For some of them, like in
Morenas Coloradas o Vertiente glaciers, it is possibkeparate the cleace and debrigovered ice

from the rock glacier baseohe usingthe surfae velocity. Most of the time, clean ice and debris
covered glaciers are characterized as moving areas with surface displacement higher than 1 m/yr.
However, br most of them, higlelocity was interpreted from decorrelated interferograms with time
steps of6 or 12 days, which couldlsobe related to ablation and changing surface morphology. But
for others, the 6 datime step interferograms from late autumwinwinter seasons praie coherent
fringe cycles that allow more confidence in the swefaebcity estimation. Meanwhilemost rock
glaciers are characterized by surface velocities of 30 to100 cm/yr.

It was also possible to identify walkefined moving eeas, related to theamp of mountain permafrost,

that were not included in the Glacieventoly of Argentina.

A total of 580 rock glaciers and 95 debcisvered glaciers with rock glaciers were identified in the
study areaKigure 2.2.10.1, 2.2.10.2,210.3 and 2.2.10)4Those classified by the National glacier
inventory of Argentina asdebriscovered glaciers with rock glacier" were identified in the remarks
field with the legend "Complex form connected to the detwigered glaciér For most of tle rock
glaciers, it wagossible to characterize the kinematics. Nevertheless, for soaikersck glaciers or
those oriented Nort&outh, it was impossible to assess the surface velocity. Most of the rock glaciers
characterized from the surface morphol@gyinactive rock glaers by the National Glacier Inventory

of Argentina have undefinesurfacevelocity.

Interferograms with time stepargerthan 48 days were too noisy to detect moving areas. Some small
rock glacierscould not badentified as movingareas. The coarse spétesolution othe DEM (10 m)

used to build the interferogramand tle location of some of these small rock glaciers could be a
source of thesproblems in classificationrSome rock glaciers are in aresith radarforeshortening
layover @ shadow forboth ascending and descending geometries. The interferogram# fO&-1
PALSAR-1 and-2 were not usetbr interpreaition They were noisier than Sentirieinterferograms.

In some cases, the rock glaciers are connectedangbriscoveral glacier in he upperpart. The
boundary between rock glaciers and debdsgered glacies (upger unit) is sometimgunclear. This
limitation was reduced bgombiningrock glaciers and the connected delosered glaciein the

map For these caseshe renark fidebriscovered ie with rock glaciers within the rock glaciers
attribute table waadded.

The work on this climatic region was conducted by Lucas Ruiz.
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Figure 2.2.10.1The overview map of tiselected study areim the Central Andes of Argenéin
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Figure2.2.102: Example of the moving area and rock glacier identification forglerdebris
covered and rock glaciers identified in the National Glacier Inventory of Argentina.
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Figure 2.2.1@: Central Andes (Argentingle chart of the velocity classesmbving areagupper
part), horizont&bar of reliability of classified movingraas (central part), ath histogram of the
surface covered by moving areas (lower part).
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Figure 2.2.104: Central Andes (Argentinglie chart of the kinematic classes of ragliciers (upper
part), horizontal bar reliability of classfied rock glacies (central part), and horizontal bar of the
spatal representativeness of classified rock glaciers (lower part).
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2.2.11Southern Alps (New Zealand)

The Southern Alps of New Zkd arean elongated mountain range-~800 km engthand ~60km
width crossimy nearlythe entireSouthern Island from nortbas to southwest. The highest elevation

is reached at Mount Cook {34 m a.s.l.)The orientation of the Southern Alps perpentiic to the
main oceanic perturbatiort®ming from the west pvokes a strongrecipitation gradient from west

to east. Precipittions are intense in the west and around the Main Divide (i.e. the main crest) and
decrease strongly towards the east. As aegmence, glaciers are humerous ardhechighest areas
closeto the MainDivide, hindering the presence of rock glaciers.

An inventory of rock glaciers in the Southern Alps performed by Sattler et al. (2016) showed that all
the rock glaciers are locatéd the soutkeast side of the Main Digle, where glaciers areeducedn

area and that the active landforms are concentratétidrcentral part of the range, where elevations
higher than 200 m a.s.l. are present. According to this study permafrostssij® above 850 m
a.s.l. in soutkexposed slopes.

Interferggrams from Setimel-1 were computed from both Track 23 ASC andckrdd6 O5C. Because

of the location of the Southern Alps in tiseuthern hemisphere, only images acquired between
January and Ocber {n the unfrozensummerperiod$ were used, in order to aicbthe presece of
snow cover. We usetivo sets of data processed @amma Remote Sensing for the years 28058

and the years 2018019. The first set contained 12 interferograms fromadeending orbit and 11
interferograms from #descending one. Theesond st contained 10 interferograms from each orbit.
Time intenals were of 6, 12, 24, 48, 72, 360, 366, 372, 726, 732 days. Interferograms from2ALOS
PALSAR-2 were also available but gerally too noisy for being used.

The analysis of the aving areas and of theck glciers was made using orthoimages downloaded
from the LINZ(Land Information New Zealand) data service as well as Google Earth images.

The interferograms available for thisudy were generally relatively noisy, probably beeaof the
humid climateprovoking signal perturbation. They were especially noisy inpstaeas, like in talus
slopes, showing many signals without any geomorphic significance. In addition, manylacieksg

are soutmorth oriented, thus not in an opahtonfiguration for ISAR andyses. Signal identification
was thus challenging. To ensuthe highest degree of reliability, the analyses were performed
independently by two operators. The computeadaites were also validated on two specified rock
gladers in the Irishman &am vdley - Ben Ohau rangewith GNSS surveys.

A total of 112 ative rock glaciers were identified with INSAR (Figures 2.21112.2.11.3). The large
majority of them is presg in three mountain rangethe Ben Ohau Rang&ést of Lake Pukaki) hie
Liebig range (nortlwest of Lake Tekapo) and the Twidnumb rang (east of Lake Tekapo) (Figure
2.2.11.1). A few rock glaciers are also present in the west of Lake Ohau and ieatlod laake Heron

and Lake Coleridge. Regardinget size of the Centreboutrern Alps, the number of active rock
glacies is relatively lav. Two reasons for this can be identified. First, the vertical extension of the
periglacial belt idimited due to thehumidity of the climate, which implies low glaeiequilibrium

line alitudes. Second, many areas present steep anddee#loped valleyslopes, a topography not
suitable for rock glaciers. On the other hand, relict rock glaciers are widespread andjresdch
dimensions.

Generally speaking, rock gla&ci velocities in the Sdhen Alps are very low. About half of the
detected rock glaciefsave velocities in the order of cm/yr and only 10% of the rock glaciers have
velocities higher than the class dm/yrgiires 2.2.11.2 and 2.2.11.3). Theghestvelodties are
generally fomd inthe northern parts of the ranges. The reasons for suchelmaities have still to be
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investigatedbut are probably linked to relatively cold summer air temperatures due tcehaio
climate.
The work on this climatic regiowas conducted by Clktbphe Lambiel.
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Figure. 2.2.11.1: Rock glacier inventory in tBentral Southern Alps, with 2 examples of sectors from
the Ben Ohau range and the Two Thumb range. The few rock glatieake Heron and Lake
Coleridge areas are niehown here.
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Figure 2.2.11.2: Southern Alps (New Zealanpie chart of the velocity classes of moving areas (upper
part), horizontal bar of reliability of classified moving areas (central part), and hiarogsf the
surface covered by moving areas (lower part).
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Figure 2.2.113: Southern Alps (New Zealanpie chart of the kineatic classes of rock glaciers
(upper part), horizontal bar of redbility of classified rock glaciers (central part), and horizriar
of the spatial representativeness of classified rock glacienge(ipart).
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2.3 Data availability and release

The prodat will be made available througthe IPA action group webpage dhe website of
University of Fribourg.
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3 Rock glacier kinematic time series (RGK)

3.1Introduction

On a global scale, the evolutiof mountain permafrost is scarcely observegudedominatly by
temperature monitoring in a few boreholes, whose-teng maintenance is particularly challenging.
A large majority of paglacial mountain areas worldwide are thus lacking permafrost monitdatag
Therefore, the response of mountain permafresingoing climate evolution cannot be depicted in
most regions orfcarth. Several studies conducted in the European Alps foashéwo decades have
shown that there ia dependency of rock glacierteéranmual behavior on permafrost temperature, the
latter particularly impacting the rheological and hydrological propertf the frozen ground (lkeda et
al., 2020; Kaab et al., 20R7It has been observed that rock glaciers tend to accelerate on an
interannubbasis under warmer conditions as long as thenpfrost degradation has not become too
severe to counter it (Detaje et al., 2010Eriksenet al., 2018; Roer et al., 2008). &dldition, rock
glaciers tend to display a concomitant regional behav nanely, interannual acceleration and
deceleration areccurring at almost the same time and in the same proportiorgivea region,
independently of the activity rate and the miaiogical characteristics of the rock glaciers (Delaloye
et al., 2010 Finally, continuous or seasonal monitoring has showh tthe& observed rock glaciers
develop a landforrspecific but repdtive intracannual behaviar, whose interannual variations doot
significantly alter the plurannual trends. Between the 19808 ¢he 200s,mostrock glaciers in the
European Aps have increased their annual velocity rate by a factor 2 t& &inilar evolution can be
expected to have occurred or to occur i filture in many other mountain ranges depending on thei
specific cimatic settings.

Remote sensing data allow the guwation of kinematical information on many widespread rock
glacies. The increasing emergence of opegess and higresolution satell# imagery (e.g. optical,
SAR) facilitates the saip of regional sureys worldwide, makingt possible to compute roalacier
kinematics time series, to investigate the occurrenceontamitant regional behawits, and to
evaluate their climatic signifamce. Exploiting the availability of remote sensing damatens of
thousands of rock glaciers, and even more, to exple concomitance of their kinematical behavio
and to develop regional index (or parameter) evidencing the evolution of mountenmef@st based
on rock glacier kinematics is the chalnraised byhe IPA (International Permafrost Association)
Action Group Rock glacier inventories and kinematics (22a82) in ts Task 2. This task aims to
explore the feasibility of preparing practathatcould servehe monitoringof rock glacier kinenatics
as anassociated parameter of the ECV (Essential Clirvaigable) Permafrost in a climatgiented
perspective. Rock Glar Kinematics (RGK) has been also submitted by &M December 2018s

a new associated parameter (product) to the varigbl¢ Permafrosto GCOS (Global Climate
Observing Systempegardng its new implementation plan. The product definition sheet pgsout
for public consultation in midanuary 2020.

The IPA Action Graup Rock glacier inventories and kinematics docunfiBud glaciers knematics
as an associated parameter of ECV Pers&ffRD-31] released in January 2020, provisionally set
the necesary concepts for standardizing the production and exploitation ofglacker kinematic
time seriedn a climateoriented pespective. RGK would consist of collected individual kinematical
time series, which are fulfilling standardized requirementsdtddfined), in order to provide the basis
for producing regional indic More specifically, 1devel data would aasist of irdividual kinematic
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time serieshaving an annual or pluennualresolution expressing a velocity. 2lebel data would
consist ofindividual kinematic time seriebaving an annual or plyennual esdution expressing a
relative velocity to a reference t@nA regional index (or parameter) would then be an assemblage
(e.g. mean) of selected 2telel time series. The document ha®eliscussed during a dedicated
workshop in February 2020 in Fribau(Switzerland). However, because of the COMI® outbreak
crisissinceearly 2020, the final version of the guidelinegehded to be made available in June 2020
will only beready in wnter 2021at earliest

With the aim of producing a regional RGKdex, individual kinematic time seriesre requested.
Therefoe, within CCN2 of the ESA C@&l Permafrost project we concentrdteso far on the
implementation of remote sensing methods to autically produce annual or pldginnual véocity
values on specific rdécglaciers (1stevel data). Rock glaciers on which &nthte-oriented monitoring

is feasible strongly dependent on sfeecific favarrable configurations. For the selection of the
correct rock glaciers and locations, the #afaility of a rock glacier imentory is obviously needefs
these products were just releasdgthin this project the number of sites currepthnalysed is scarce,
but can be steadily increased in the future.

3.2RGK examples

Sentinell INSAR time series processing chains have bsenup according to the spkcations
described in the ATBODRD-24] and following the methodology published byd3ti et al. (2020)
Examples of time series are shown theredfiethe Swiss Alps, Norway, SvalbarddDisko Island
Further refinementare required to be able toomitor many more rock glaciers, with the objective to
provide 2%level products and ggonal indexesProcessing lines to compute the dis@ment fieldsf
rock glacierausing offset tracking on repeat SAR datal feature treking on repeapptical airphotos
were also setip according the specificatiomescribed in the ATBORD-24]. Examples ofsuch
displacement maps and time sergge shown thereaftdor the Swiss Alps and NorwafRegon IDs
06,08,09 and 12sxealsoPSD[RD-21]).

The initial results shown below enable alreadymber of important conclusions, amouoigpers: The
proposed methodology turns out very well feasible praimises a large step forward in global
monitoring of rock glacier movement. The susxefthe method opens up a completely new field for
the applicabn of SAR (i.e. worldwide rock glaciemonitoring) The examples exhibit a large
variation of seasonahnd interannualock glaciervelocity variations The examples given cover
already the fullrange of high to low overall velocitiedarge and small velocity variations, and
increasing and stablenterannual evolution of velocities. Some rock glaciers seem to have large
velocities thoughout much of the year, some seem to become almost inaativgioter.
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