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EXECUTIVE SUMMARY

The European Space Agency (ESA) Climate Change Initiative (CCl) is a global monitoring program
that aims @ provide bngterm sgellite-basedproducts to serve the climate modelling and climate data
user community. Permafrost has been selected as one of the Essential Climate Variables (ECVs) that
are elaborated during Phase 1 of CCIl+ (20081). As part of th Permafras cci basehe project,

ground temperature and active layer thickness were considered to be the primary variables that require
climatestandard continuity as defined by the Global Climate Observing System (GCOS). Permafrost
extent and zonationr@ secondar parametes, but of highinterest to users. The ultimate objective of
Permafrost_cci is to develop and deliver permafrost maps as ECV products primarily derived from
satellite measurements. Algorithms have been identiffedt can provide theseparametershy

ingestng a set of gibal satellite data products (Land Surface Temperature LST, Snow Water
Equivalent SWE, and Landcover) in a permafrost model scheme that computes the ground thermal
regime. Annual averages of ground temperature and amnagima ofthaw depth(active layer
thickness) were provided at 1 km spatial resolution during Yé&a® bf Permafrost_cci. The data sets

were created from the analysis of lower level data, resulting in griddediegaproducts.

In periglacial mountairenvironments, ie permafrst occurrences patchy, and the preservation of
permafrost is controlled by sispecific conditions. Three options initiated within CCN1 and CCN2
address the need for additional regional cases in cooperation with dedicateth ubarsctering
mountan permafrost & local indicator for climate change and direct impact on the society in
mountainous areas. Started in October 2018, CCNL1 is led by a Romanian team focusing on case
studies in the Carpathians. The specific object¥eCCN1 is to evelop anddeliver maps ad
products for mountain permafrost, such as (i) rock glacier inventories, (ii) Rock Glacier Kinematic
Time Series of selected rock glaciers and (iii) a permafrost distribution model, primarily derived from
satellitemeasurementsStarted inSeptember 2019CCN2 consists of two options led by Swiss and
Norwegian teams focusing on the investigation and definition of a new associated ECV Permafrost
product related to rock glacier kinematics. Early 2020, Rock Glacieeniaics (RGK) has been
proposed as a newroduct to the ECV Permafrost for the next GCOS Implementation Plan (IP). It
would consist ba global dataset of surface velocity time series measured/computed on single rock
glacier units. A proper rock glaciermemadics monitaing netwok, adapted telimate research needs,
builds up a unique validation dataget climate models for mountain regions, where direct permafrost
thermal state measurements are very scarce or even lacking totally. The internationaGAzipon

rock glacier inventories ad kinematics, under the IPA (International Permafrost Association),
gathering about one hundred members, supports this integration and CCN2 is working closely with
this Action Group [AD10 to AD-13]. Following therecommendations bthis IPA Action Group,the

overall goal of CCN2 is achieved through the development of two products: (i) regional rock glacier
inventories and (ii) Rock Glacier Kinematic Time Series of selected rock glacier.

This Product Validation anthtercomparisorReport (PVR) describestte validation of the regional
rock glacier inventories, the Rock Glacier Kinematic Time Series of selected rock gjlaciérthe
permafrost distribution model at regional scale in the Romanian Carpathians.

The valdation is carriecbut by conparingthe regonal rock glacier inventoriesf each climatic region
with available insitu or complementary remote sensing measurements recorded at (or around) the
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same temporalvindow. Additionally, consolidation of resultsnoeach climatic region has ben
achieved byhe interpretation of the dataset by a secexykrt in order to improve the overall quality
of the inventory.

A gquantitative assessment of tReck Glacier Kinematic Time Series is performgsing internal
quality measires, insitu measurenmds (e.g.coninuous and repeated GNSS measurements) and
coincident remote sensing data. The estimated accuracy of the SéntigRdays InSAR
measurements is in the order of 0.Bnnin the Romanian Carpathians, theality of the multiple
Sentinell measurements @ering overlapping periods of time between 2@039 and extrapolated

to yearly displacement rates using the INSAR stacking technique was estimated insguaiest
sense, suggesting better than centiroediicuacy. With offset tracking of very highresolution X-

band SAR data the estimated accuracy is in the order of §rl With standard normalized image
crosscorrelation techniquesn repeat optical images a subpixel horizontal accuracy can be achieved
(e.g.£0.05m/yr generally using images witpatial resolition of 0.4m).

For the permafrost distribution model in the Romanian Carpathians the Area Under the Receiver
Operating Curve (AUC) was used to validate the model and also to set a threshold to Hegparate
continuousvalues and chksify them nto presene/absence ofg@rmafrost together with a confusion
matrix used to validate the classification map. The validation has been performed on independent data
with a spatial distribution that accounts for thebatance of premnce/absenceomts of themodel.

The AUC value forthe model is AUC=0.83 and the confusion matrix for the classified model shows
that 69 points (90%) out of 76 had been correctly classified.
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1 Introduction

1.1 Purpose of the document

The poducts requiredvithin CCN1 aad CCN2 of he ESA CClproject for maintain permafrost

regions include(i) regional kinematicsbasedrock glaciers inventories (RGI), (i) Rock Glacier
Kinematic Time Series (RGK) on selected rock glaciers, and (iii) a moymamafrost disibution

modd (MPDM) in the Carpatlans. The Prodict Validation and Intercomparison Report (PVIR)
describes the validation using independent measurements, according to the approach introduced in the
PVP [RD-27].

1.2 Structure of the documat

Section 2 povidesthe valdationof therock glaciers nventories.

Section 3 describeghe validationof the Rock Glacier Kinematic Time Series on selected rock
glaciers, including the trends in rock glaciers velocity in the Romanian Carpathians.

Sectbn 4 describesthe validation of thepermafrostdistribution model at reignal scale in the
Romanian Carpathians.

1.3 Applicable documents

[AD-1] ESA 2017: Climate Change Initiative Extension (CCl+) PhaseNew Essential Climate
Variables- Statement ofVork. ESACCI-PRGM-EOPSSW-17-0032

[AD-2] Requrements fo monitoring ¢ permafrost in polar regionsA community white paper in
response to the WMO Polar Space Task Group (PSTG), Version 4,19@B} Austrian
Polar Research Institute, Vienna, Aust2a pp

[AD-3] ECV 9 Permafrost: agssment rapt on avdable methodalgical standards and guides, 1
Nov 2009, GTOS2

[AD-4] GCO0S200. 2016. The Global Observing System for Climate: Implementation Needs. GCOS
Implementation Plan, WMO

[AD-5] GEO/CEOSQuality Assurane framework for Ealt Observatia (QA4EQ) potocols 34
[AD-6] ESA Climate Change Initiativ€ClI Project Guidelines. EGBTEX-EOPSSW-10-0002

[AD-7] National Research Council. 2014. Opportunities to Use Remote Sensing in Understanding
Permafrost and Blated Ecological Chiacteristics Report ofa Workshop. Véshington, DC:
The National Academies Press. https://doi.org/10.17226/18711.

[AD-8] | PA Action Group O0Specification of a Per maf
Il PA Map 6 16): (20 Final repd.
https://ipa.arctiportal.orgimages/staes/AG_report8PA_AG_SucessorMap_Final_2016.p
df

[AD-9] GlobPermafrost team (2017): Summary report from 3rd user Workshop. ESA DUE
GlobPermafrost project. ZAMG, Vienna.
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[AD-10]

[AD-11]

[AD-12]

[AD-13]

[AD-14]

https://www.globpermafrost.info/cms/documents/reports/ESA DUE GlobPermafrost works
hop summary ACOP vl public.pdf

IPA Action Group Rock glacier irentories and ikematics, 2020. Toweds standard
guidelinesfor inventoryng rock glaciers. Baseline concepts. Last version available on
https://bigweb.unifr.ch/Science/Geosciences/Geomorphology/Pub/Website/IPA/CurrentVersi
on/Current_Baseline_Concepts_émiorying_ RockGlaciers.pdf

IPA Action Group Rockglacier inventries and kinematics, 2020. Kinematics as an optional
attribute of standardized rock glacier inventories. Last version available on:
https://bigweb.unifr.ch/Science/Geosciences/Gepmaogy/Pub/Wesbite/IPA/CurrentVersi
on/Current_KnematicalAtribute.pdf

IPA Action Group Rock glacier inventories and kinematics, 2020. Rock glaciers kinematics
as an associated parameter of ECV Permafrost. Last version available on:
https://bigwé.unifr.ch/Sciece/Geosciences/Geompbology/PulbVebsite/IA/CurrentVersi
on/Current_RockGlacierKinematics.pdf

IPA Action Group Rock glacier inventories and kinematics, 2020. Response to GCOS ECV
review i ECV Permafrost. ECV Product: Rock GlacierinE&matics. Avdable on:
https://gcos.wmo.int/en/eaeview-2020

Rock glacier inventory wusing InSAR (kinematic approach). Available on:
https://bigweb.unifr.ch/Science/Geosaces/Geomorpthagy/Pub/Website/ CCQurrentVers
ion/CurrentinSAR-based_Gidelines.pdf

1.4 Reference Documents

[RD-1]

[RD-2]

[RD-3]

[RD-4]

[RD-5]

[RD-6]

[RD-7]

[RD-8]

A. Bartsch, H. Matthes, S. Westermann, B. Heim, C. Pellet, A. Onaca, C. Kroisleitner, T.
Strozzi: ESA CCl+ Permafrost User Requirementsinent (URD)y1.1 12 February 2019

A. Bartsch, SWestermann, TStrozzi, A. Wiesmann, C. Kroisleitner: ESA CCl+ Permafrost
Product Specifications Document (PSD), v2.0 30 November 2019

A. Bartsch, S. Westermann, B. Heim, M. WieczorekPe€llet, C. Barbux, C. Kroisleitner,
T. Strozzi:ESA CCl+ Rermafrost DatéAccess Requirements Document (DARD), v1.0 15
January 2019

A. Bartsch, S. Westermann, T. Strozzi: ESA CCIl+ Permafrost Product Validation and
Algorithm Selection Report (PVASRY2.0 30 Noverber 2019

S. Westermann, ABartsch,T. Strozzi: E® CCl+ Permafrost Algorithm Theoretical Basis
Document (ATBD), v2.0 30 November 2019

S. Westermann, A. Bartsch, B. A. Heim, T. Strozzi: ESA CCl+ Permafrostd=idd ECV
Uncertainty Budget E3UB), v2.0 30 Noveloer 2019

S. Wesermann, A. Besch, B. A. Heim, T. Strozzi: ESA CCIl+ Permafrost Algorithm
Development Plan (ADP), v2.0 30 November 2019

B. Heim, M. Wieczorek, C. Pellet, R. Delaloye, C. Barboux, S. Westen, A. Bartsa, T.
Strozzi: ESA Cl+ Permafrat Producialidation Pla (PVP), v2.0 30 November 2019
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[RD-9] A. Wiesmann, A. Bartsch, S. Westermann, T. Strozzi: ESA CCIl+ Permafrost System
Requirement Document (SRD), v2.0 29 February 2020

[RD-10] A. Wiesmann, A. Basch, S. Westermann,. TStrozzi: ESA CCIl+ Pemafrost System
Specification Document (SSD), v2.0 29 February 2020

[RD-11] A. Wiesmann, A. Bartsch, S. Westermann, T. Strozzi: ESA CCl+ Permafrost System
Verification Report (SVR), v2.0 31 May 202

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

[RD-13] J. Obu, S. Westermann, T. Strozi, Bartsch.: E8 CCIl+ Permafrost Cinate Resealc
Data Packge Version ICRDPv1), v2.0 31 May 2020

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

[RD-15] I. Nitze, G. Grosse, B. HeinM. Wieczorek H. Matthes, A. Barish, T. Strozi: ESA CCH
Permafrost @mate Assessment Report (CAR), v2.1 16 October 2020

[RD-16] T. Strozzi, A. Onaca, V. Poncos, F. Ardelean, A. Bartsch: ESA CCIl+ Permafrost CCN1 D1.
User Requirement, Product Spedfions and Dat#\ccess RequiremenBocument, v10
15 Febrary 2019

[RD-17] A. Onaca, F. Ardelean, F. Sirbu,V. Poncos, T. Strozzi, A. Bartsch: ESA CCIl+ Permafrost
CCNL1 D2. Algorithm Development Document, v1.0 31 May 2019

[RD-18] A. Wiesmann, T. StrozzA. Onaca, F. $bu, A. Bartsch: ESACCI+ Permafost CCN1 D3
System Devapment Document, v1.0 30 September 2019

[RD-19] F. Sirbu, A. Onaca, V. Poncos, T. Strozzi, A. Bartsch: ESA CCIl+ Permafrost CCN1 D4.
Product Generation and Validation Document, vOD@®Bril 2020

[RD-20] F. Sirbu, A. Oaca, V. Ponas, T. Strazi, A. Bartsti: ESA CCIl+ Permafrost CCN1 D5.
Climate Assessment Report, v1.0 30 November 2020

[RD-21] C. Barboux, A. Bertone, R. Delaloye, A. Onaca, F. Ardelean, V. Poncos, A. Kaab, L.
Rouyet, H.H. Christiansa, T. Strozzi, A. Basch: ESA CC+ Permafret. CCN1 & CCN
Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost. D1.1 User
Requirement Document (URD), v1.0 30 November 2019

[RD-22] C. Barboux, A. Bertone, R. Delaloye, A. @ma, F. Ardelea V. Poncos, A. KajbL.
Rouyet,H. H. Chrstiansen, T. $o0zzi, A. Bartsch: ESA CCIl+ Permafrost. CCN1 & CCN2
Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost. D1.2 Product
Specification Document (PSD), v1.0 30 Novemb@t9

[RD-23] C. Barboux, A. Bertos, R. Delalge, A. Onaa, F. ArdeleanV. Poncos, A. Kaab, L.
Rouyet, H. H. Christiansen, T. Strozzi, A. Bartsch: ESA CCl+ Permafrost. CCN1 & CCN2
Rock Glacier Kinematics as New Associated Parameter of ECV Permafra8t.0ala
AccessRequirement DocumeiDARD), v1.030 Novembe 2019

[RD-24] L. Rouyet, T. R. Lauknes, C. Barboux, A. Bertone, R. Delaloye, A. Kaab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. Poncos, T. Strozzi, A, Bartsch: ESA CCIl+ Permafrost.
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[RD-25]

[RD-26]

[RD-27]

[RD-28]

[RD-29]

[RD-30]

[RD-31]

CCN1 & CCN2 Pock Glacier Kirematics as New Assated Paramet of ECV Rermafrost.
D2.1 Product Validation and Algorithm Selection Report (PVASR), v1.0 April 30, 2020

L. Rouyet, T. R. Lauknes, C. Barboux, A. Bertone, R. Delaloye, A. Kaab, H. H.
Christiansen, AOnaca, F. Siu, V. Poncos, T. Stezi, A, Batsch: ESA CIl+ Permafrost
CCN1 & CCN2 Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost.
D2.2 Algorithm Theoretical Basis Document (ATBD), v1.0 April 30, 2020

L. Rouyet, T. R. Laknes, C. Barbax, A. Bertone, R. Daloye, A. Kaab, H. H.
ChristiansenA. Onaca, F. Sirbu, V. Poncos, T. Strozzi, A, Bartsch: ESA CCl+ Permafrost.
CCN1 & CCN2 Rock Glacier Kinematics as New Associated Parameter of ECV Permafrost.
D2.3 Endto-End ECV Uncetainty Budge{E3UB), v1.0 April 30 2020

L. Rouyet, T. R. Laukes, C. Barboux, A. Bertone, R. Delaloye, A. Kaab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. Poncos, T. Strozzi, A, Bartsch: ESA CCIl+ Permafrost.
CCN1 & CCN2 Rock Glacier Kinematies New Associad Parameter of ECVePmafrost.

D2.4 Algorithm DevelopmenPlan (ADP), v1.0 April 30, 2020

L. Rouyet , T. Rune Lauknes, C. Barboux, A. Bertone, R. Delaloye, A. Kéab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. Poncos, T. StrozzBaktsch: ESA CG Permafrost.
CCN1 & CCN2 Rock Gacier Kinamatics as NevAssociated Parameter of ECV Permafrost.
D2.5 Product Validation Plan (PVP), v1.0 April 30, 2020

A. Wiesmann, T. Strozzi: ESA CCl+ Permafrost. CCN1 & CCN2 Rock Glacier Kinesnat
as New Associated Parameter of &/ Permafros System $ecification Dbocument (SSD),
v1.0 30 November 2020

A. Bertone, C. Barboux, R. Delaloye, L. Rouyet, T. Rune Lauknes, A. Kaab, H. H.
Christiansen, A. Onaca, F. Sirbu, V. PoncosCRduff, T. Strozzi, A, Batsch: ESA CCl+
Permdrost. CCN1& CCN2 RockGlacier Kinenatics as New Associated Parameter of ECV
Permafrost. D4.2 Climate Research Data Package (CRDP), v1.0 23 December 2020

A. Bertone, C. Barboux, R. Delaloye, L. Rouyet, T.R. kraas, A. KaabH. H. Christiansen,

A. Onaca, FSirbu, V. Pncos, T. Strpzi, R. Caduff and A. Bartsch, 2020: ESA CCl+
Permafrost. CCN1 & CCN2 Rock Glacier Kinematics as New Associated Parameter of ECV
Permafrost. D4.3 Product User Guide (PUG), v1.0 23&bBbder 2020

1.5 Bibliography

A comgete bibliogaphic listthat support&irguments or statements made within the current document
is provided in Section 5.1.

1.6 Acronyms

A list of acronyms is provided in Section 5.2.
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1.7 Glossary

A comprehensive glosga of terms redvant for the paramets addresskein Permafost cci is
available as part of the User Requirement Documents of the baseline projet} fRD of CCN 12
[RD-21].
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2 Regional Rock Glaciers Inventories

2.1 Methods for quality assessment

The perfemance of the mthodology for the kiematic rockglacier irventory was asessed in

Ai ndcempari sono e x exercisehe partn&uapplied ghe guiddlirees [RB] on the

same region during a workshop held in February 2020 in Fribourgz@iaid). The results were
collectedand discrepncies betwen differentoperatos were evaluated to assess the homogeneity in
between partners. Guidelines were refined accordingly. Furthermore, as the aim is to provide
homogeneous RGls, the practical mge dowed to learn the standardid methodolgy and to gt

familiar with the guidelines.

Subsequently, the refined guidelines were applied on the climatic regmesisure a high quality of

RGIls, two steps were followed on each climatic region: & §itgp assessment of results, argl a
second ste consolidéon of resuls.

The first step of assessment of results has been achieved by comparing the inventoried moving areas
of each climatic region with available -gitu or complementary remote sensingeasurments
recorded at (or aroundhe same teporal frame Preexisting inventories of slope movements
(landslide and/or rock glaciers), terrestrial geodetic survey data (DGPS, total station, lidar, etc.), as
well as airborne photogrammetry data werged, wien existing, to assess the biyeof the results. In

the absencefaerrestrial data, only the analysis of several interferograms and a good knowledge of the
corresponding geomorphology allow the signal to be interpreted as a movement andboibécibri

noise or atmospheric artefacHoweverthe presece of a cleasignal on a wider time interval, which
confirms the activity of the landform, is an absolute prerequisite for attributing the signal to a
geomorphodynamic displacement rather thandise. Furthermore, the intesompaison with oher
remotesensing or irsitu data may be performed to verify that the documented rock glacier unit falls
into the correct category (order of magnitude of the mean velocity).

The second step of consolidatiafi resilts for each climatic regiorhas been adbved by the
interpretéion of the dataset by a secoagerator to improve the overall reliability of the inventory.
Moving areas and kinematic attributes are assigned by the first operator, whoralgesp the
reliability degrees. Then, the s#w operatochecks e results othe first operator, confirming the
results or modifying them. In addition, the first operator can also suggest supplementary checks at the
second operator assignments for #pecases. The uncertainties are reducedaking advardage of

the knowledge of wo di f ferent operators. At | east two pe
subjectivity and ensutgestquality oftheresults

2.2 Inter-comparison exercise

2.2.1Refeence data

The FAiomtpearr i s o was canduetdr oo tweregions namedi Ar ol | a0 and HARech
located in the Western Swiss Alps (Figure 2.2.1). On Rechy both ascending and descending
geometries were provided. On Arolla only descending gegnvess provided, due to the overall

westward sdpe orientabn of ths area. Sevat wrapped interferograms generated with different

sensors (e.g. ALO8, COSMQOSkyMed, TerraSARX, and Sentinell) and with different time

intervals were provided for diffené peiods of time. Displacement information svalso prowed,
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through (i) displ@ement maps obtained by stacking all the consecutive interferograms, and (ii)
displacement rates measured for particular points by the persistent scatter technique.

During te exrcise, the partners outlined the movingas and copiled thefields in theattribute

table of each detected polygon, following the guidelines. Then, the rock glaciers (previously
identified) were characterized bifling the fields in the attributéable. The collected result®.g
outlines ad velocity dasses ofmoving areaand kinematic classes of rock glacier) were analysed and
discrepancies between differengeratos were evaluated to assess the homogeneity between partners.

110000N

I
w
=3
=]
8
@
]

Figure 22.1: Locdion of the two regions where thack dacier inventoryinter-comparison execise
wasconducted. Reéstar is the location of the regions on the Western Swiss Alps. The red polygon to
the north outlines the Rechy region, the red polygon to timh smtlires the Arolla region.

2.2.2Match up analyses

The following andyses were onductedon 12 sites whin the selected regions, investigated by all
partners, where the moving areas are related to rock glaciers.

The first analysigonductectonsisedin evaluating whether the surface extension of the moving areas
mapped ér each sitds homogneous amongllgpartners. The evaluatioresults are presentedth

boxplots in Figure 2.2.2. For each study site, the boxplot shows the distribution ofrtéee su
extension of the moving areas mapped by all operators. Results stiggiedoreach stuy site, the

suface extensions of the moving areas outlined by all operators are similar, except for the sites 2 and
9. The reason for explaining the discrepaadn thelatter two sites appears to be the largmporal

and spatial variatiors in velocity, which makeghe signal more difficult to interpret. The signal can
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therefore be interpreted in different ways, considerably increasing the variability cutfeee
extension.

Boxplot of moving areas surface
Areas [m?]

0 50000 100000 150000 200000 250000

Case 1 ’{j" o
Case 2 | o }—{:3—4 o

Case 3 o [[J o
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eale buinop

Figure 2.2.2: Boxplots of the distribution of thefage extenisn of eaxh moving area
mapped by all operators for each study site. Circles represent the outliers.

The second part of the analysis coresish evaluating the homogeity of the classificatione.qg. (i) if

the same moving areagas classified with the ame veloity classes byall partners, and (ii) if the
same rock glacier has been classified with the same kinematic classes by all partners. The ésaluation
presentedn Figure2.2.3. For each study site, the upper leag.RG) shows the nubrer of kinenatic

classes attributedby all operator to the same rock glacier. The lower éay.KA) shows the number

of velocity classes assigned by all operators todhgesmoving area.

Looking at the results of moving areas, three moving areas [si8&and 9were clasified usingwo
categories of velocity classes. Seven moving areas (sites 2, 3, 4, 5, 6, 10 and 12) were classified using
three categories of velocitglasses. Two mong area (sites 1 and 11) were classified using four
categories ofelocity classes. Oy two movingarea sites are therefore classified using four categories
of velocity classes. The reason for explaining the discrepancies in thesagsitesseems to e

large temporal and spatial variatiors in velocity, which geatly increaes the ocertainty ofthe
velocity classification. Ten moving areas are classified using two or three categories of velocity
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classes. In most study sites, tlaeng moving area iherefore classified with similar and consecutive
velocity classs, ensuringeliablehomogeneityn the classification.

Looking at the results of rock glaciers, two rock glaciers (sites 7 and 9) were classified using two
categories of inematic classeseven rock glaciers (sites 1, 3, 5, 6, 8, 11 and 12) were ®dssding

three categries of kinematic classes, two rock glaciers (sites 4 and 10) were classified using four
categories of kinematic classes, and one rock glésier 2 was classified usg five categories of
kinematic classes. Three rock glacierge @hereforeclassified using four o five categories of
kinematic classes. Nine rock glaciers are classified using two or three categories of kinematic classes.
In most sits, the same rock agtier is classified with similar and consecutive kinematic elss
ensuringa fair Fomogeneity irthe classification.

In the study sites 1, 2, 3, 4, 5, 6, 10, 11 and 12 some partners have identified more than one moving
area related tthe rock glacierThis is also visible in Figure 2.2.3, because the number ofngovi

areas isgreater lhan the numbep f rock gl aciers. The Atransl atio
velocity <classes to the rock glthaguideines R-3¥.i ne mat
However, the results suggest greater discrepancies kirtbmatic ¢assificaion of the rek glaciers
compared to the velocity classification of the moving area. One possible reason seems to be the great
velocity heterogeneityfdhe moving areagelated to the rock glaciers, which makes it more difficult

to assign the kiematic #&ribute to tle rock glacier.

Figure 2.2.3howsthat the assignment of classes is less variable between operators when the velocity
is higher. Tl is probably due to ¢hwider velocity range of the fastest classes, compardieto

slower dasses whre the veloty range of each class is smaller. Consequently, the faster the
movement, the greater the reliability of the classification.

The HAomptaegri sono eteckctheqiesermce of pagicular discrepancies for soméispec
sites.For exampe, the greatediscrepancies were observed when the velocity variation in the moving
areas is very large, when the extent of the moving areas is Wenek from the geomghological

outline of the rock glacier, or when two or mareving area with diferent velocily classes are

related to the same rock glacier. The problems and discrepancies identified are therefore related to the
lack of detailed nformation in the guid@les for specific sites. This lack of information leaves th
operator geater feedom of decisn, increasing subjectivity, and consequently the discrepancies and
uncertainties detected. Therefore, to solve these detected probpesuiic additional teatical notes

have been developed and included in the cugeitelinedRD-33].
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Figure 2.23: Horizontal bars of kinematic classes and velocity classes for the 12 study sites. For each
site study, the upper bae.g.RG) show the number of kinematicaglses with which the same rock
glacier has been classifiday all operaors. Thelower bar ofeach study sitee(g.MA) shows the
number of velocity classes with which the same moving area has been classified by allsperator
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2.3 Resultsof the assessmenon the availablegeographicalregions

2.3.1 Validation fo the SwissAlps stud/ area

In the Swiss Western Alps, the identification and characterization of moving areas and rock glaciers
have been processed manually, usingltiple temporal INSAR interfegrams. The mapping was
restricted to sites covered by roakaciers. ®me rock glaciers are mnitored using irsitu
measurements (e.g. GNSS). Haesemiquantitative evaluation is proposed to compare the moving
area veloities and rock glacier kinematattributes with the data from-situ measurements during

the same tira frame.

On 7 rock glaiers, GNSS data acquir@dsummer2018 and 2019re available. These rock glaciers
are described below, and the velocities ciete by INSARIn summers2018 aml 2019 are compared
with the3D GNSS measurements during tbame timérame

The Petit Vélan rok glacier (Figure 2.3.1a) may be considered as partially destabilized since around
1995. Following the opening of a transs@rcrevasse about 200m abowve fitont, the terminal tongue
was gradually separating itfélom the nain rockglacier body andtarted to move at several meters
per yearbefore to dramatically decelerate since 20A&nual velocity measurements of thecko
glacier have been carried day GNSS since 2005. During tisemmergfrom July to Octoker) 2018
and2019 GNSS measure8D velocities around.691.43 m/yr (summer 2018) an@.732.02 m/yr
(summer 2019)n the intact part (upper part), add22.22 m/yr (summer 2018) an@l.67-1.69 m/yr
(summer 2019in the destabilized part (loweap). Furtheamore,few points in the central axis of the
moving partare still moving significanthfast else ismuch less (8.0 cmyr). With INSAR data two
moving areas were mapped, with velocity classe30-100 cryr (in the lower partand >100 m/yr

(in the upperpart). The rock glacier &s classified by distinguishing three units, whose kinematics
were defined respectively as "éimto miyr" for one unit and "mdyr or higher" for twouppermost
units.

On the Mille rock glacier, GNSS meaements indiate thait is still moving at a éw centimetres per
year in spite of its inactive appearance. During the ZII® period, GNSS measured velocities
araund 2.5 3.5 cniyr. With INSAR data a moving areaaw mapped, with velocity class eBm/yr.
Therockghci er was mwmiyradéssi fied as #fAc

The small active rock glacier Lapires moves at a speed of 50 cm to more than one meter pat year
the summer vebcity (from July to Octobe) is about 6680% fasterthan the annualelocity. During

the 20182019 period, GNSS measurednnual velocities around 0.73 0.8 niyr, but summer
velocities as high as 1.5/ym in 2018 (not meagad in 2019) With INSAR data a moving area was
mapped, withavelocity class of >10@m/yr. The rock glacier waslassifieda /Mrmr hi gher 0.
The rock glacier | ocated at the eastern sl opes
around P95. GNSS measuremsntwhich have been performed between 2013 and 2018, have
indicatedvelocities of 57 m/yr, decreasingver time.During the last investigated period (262318),
GNSS measured velocities of 1.3ymin the upper part, and 1r@/yr in the lower partWith INSAR

data two moving areas were mapped, with velocity classe€-20@ cniyr (in the lower part)and

>100 cmyr (in the upper part). The rock glacier was classified by distinguishing two units, whose
kinematics wereelf i ned r esp/etomyro ed yp/ggaB8 miiidgnher 0.

On the Tsarmine rock glacier the displacetmmeasurents startedn 2004and show velocities of
several meters per year. During the 2@089 period, GNSS measuradnualvelocities betwen 2.5
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and 11 nyr, with summer velocities being close to the annual m&dith INSAR data a moving area
with velocity classof >100cm/yrwas mapped The rock gl aciigor whaisglkeéras.si
The displacement of Tsavolire (La Tsevalire) rotkcier (Fgure 2.31.1b) has beemmonitored from

2013 onwardswith a permanent GNSS statioDuring the 20182019 period GNSS meased 3D
summer velocities around 1.0 (+£0.1) m/yr. With InSAR data a moving area was mapped, with
velocity class of >100ctor. The r ock gl aci er/yrwmas hélghesiof i ed as An
The last site is the Beake-Bosson rock glacier (Figa 2.31.1c). The defornation field of the rock
glacier is of a compbenature. Maximum speeds locally exceeded two meters per year for instance
between 2013 and 2017 while the main front moved only a few centimetres. During th@ ®(®18
period, GNSSermarent stationsn the faster areaneasuregsummervelocitiesby 2.0 (/- 0.8) miyr,
whereasa GNSS surveyevealed 412 cmlyr of displacement ithe terminal sectianVith INSAR data

two moving areas were mapped, the largest one located in the main bibdyrotk glaier with a
velocity class of >100 cfyr, and the smaller one located in the frontal part aielocity class of 3

10 cniyr. The rock glacier was classified by distinguishing two units, whose kinematics were defined
as /yiar hi glote.r 6 f o

For threerock glaciers, INSAR kinematiattributes fdl into the correct category according to GNSS
measurementsFor four landforms,there is a (partial) mismatch between the GNSS and InSAR
measurementsf some unitsThe Petit Vélan rock glacievas classifed by dstinguishing three units,

but one unit was classifie a s/yribdmgrdo by | nSAR, d-meaguied welocttyh e GNS S
higher than rfyr. This underestimations probably related ta relatively slow velocity around a tiny
cental areg tha reduce the generalvelocity detectd with INSAR. For the same reason, alsioe
velocity classof the moving area in thedwer part was underestimatedSimilar is also the Mont de

| 6Et oi | e , weee lone gihiteas uinderestimatd with INSAR  probally because ofthe
differences betveen theorientation of theeal 3D dsplacementetectedoy GNSS and therientation

of theprgecteddisplacemengélong theL OS. The same reasaranalsoexplainthe underestimabn of

the moving areavelocity class For Lapires rock glacier the difference isrersed (0.75 0.8 niyr of
GNSSme e me nt /ymonrd hiing h e rrbasedkinematr). I sRock glacier icharacterized

by stronginter-annual velocity variationsyith summer vebcity (from July to Octobe) about 6680%

faster than the annualelocity. The moving areawas correctly classified (>1.5 m/yr of GNSS

mo v e me nx100emiydd fo f -basef/éldRity classbothdetectedn summerperiods) but the
convesion into annuavelocity to assignthe kinematic attributeto the rock glacier unit introduces an
overestimatiorbecausef the strongvelocity reduction in winter pedds In Becsde-BossonGNSS
measurements are in agreement withtiin@ moving areas velocity classes, lutdisageement with
oneof thetwo rock glacies kinematic attribues However,this mismatchin one unitis related to the
predominanceof the moving area withfi>100 cm/yro velocity classon most ofthe unité surface
compaed with themorerestrictedmoving aea withfi3-10 cniyro velocity class.

Overall, 8 out of 11 rock glacier unit@are correctly classified, which is considered as a good
proportion considering the differences of measurementeasitigs (punctual vs spatial distributethe
LOS-dependent masurementsind thelarge velocity heterogeneity in tim8etter agreemestare
obtainedcomparing themoving areavelocity classeswith the summer GNSSrelocities 8 of 10
moving areasare correctly classifiedbecauséboth INSAR and GNSSmeasurementsove the same
(summey periods
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Figure 2.31.1: Velocitiesof moving areas and the entire roglaciers ofthe Petit Vélan rock glacier
(a), Tsavolire rock glacier (b) and Beake-Bosson rock glacier (c).

2.32 Validationof theNorwegian study areas

In Troms (study ared), Finnmark (study area 8) and Svalbastlifly area PSentinell data have
been processed using a multiple temporal InStsRking procedure, consistimaj averaging several
unwrapped interferograms with five complementary ranges of temporal isteedalen acquisitions
andthenclassifying he velocityresults according to the common standards. a@kasvs magping the
whole region, also in areas not covered by rock glaci€hss is valuable in regions where no
extensive validation dataset on rodiaier landforms, buwwherein-situ measunments are aailable
on other landform types (e.g. rockslides in Troms, soliftuctsheetsin Svalbard). Here we
presenipropose a preliminary and sequantitative evaluation of the moving area velocities anil roc
glacier kinematic attributes compareddata from dber studies and isitu measurements. This work
is still ongoing. Onthe mainland, the independently processediaSed opeiaccess Norwegian
Ground Motion Mapping Service (INSAR Norway, NGU, 202&h et al., 2019) also allows for
comparirg the resulf, especially fothe 3i 4 first velocity classes (<0.3, 0.8, 1i 3, 3 10 cm/yr). Both
in Troms and Finnmark, the CCI results are overall consistent with INSAR Norway.

In Troms, when looking at the digution of the results in the whole studyea (Figue 2.32.1),

clusters of moving areas are detected, for example oMNjdrgavarri/Badjanvarri mountain slope
along Kéfjorddalen (Figure 2231, lowekright inset) and ovethe Adjet mountain slope aim
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Skitbotndalen (Figure 2.3.1, uppetleft inset), wkere the moving areas match the delineation of the
rock glacier inverdry based on morphological criteria. In Njargavarri, this is especially clear for a
large rock glacier complex homogenously documéntvith 10'30 cm/yr velocity class (dm/yr
kinematic attibute). This area has also been documented by Eriksen et al. (2@hdaneasured
similar velocity ranges using another satellitesseriTerraSARX) and another processing technique
(2D InSAR). In Adjet, the velocity is more than30 cm/yr atseveral loations. Over two initially
inventoried rock gdlaatiedd ,c avher scltase ffirDoenctoa | par
that these areas are moving over the threshold of 85 cm/yr (m/yr dicesttribute). These rock
glaciers have éen studiedn detail by Eriksen et al. (2018), who evidenced similar findimgth a
combination ofdifferentremote sensingethodqoptical and radar, satellite and terrestrial).

Permanent or periodic monitng of rockslidesfor societal safety reags within the study area
provides comparable data over 20 landfornisvo well-known rockslides are documented by cm/yr
and cnidm/yr kinematics in the study: 1) Gamanjunni 3 (in Manndalen) and 2) Jettan (along
Stafjord) (Figure 2.32.2). These are two Hhigrisk objeds continuously monitored, for which the
INSAR-based categorizationt$ with monitoring data (mostlyi30 cm/yr for GaAmanjunni 3; mostly

1i 3 cml/yr for Jettan) (Blikra et al., 2009; 2015; Bohme et28116; D19; Eriksen et al., 2017b). For

18 other rockBdes, periodic GNSS data are available. Based on the @m=ess InS8R Norway, an
additional velocity class (0iD.3 cm/yr) has been added to document simaving rock slope
deformation. For 3 cases,InSAR kinematics falls into the correct tegory accaling to GNSS
measurements. Three landforms are not comparable (netléfiSARbased kinematics). Fdwo
landforms, there is a mismatch between the GNSS and INSAR measurements. One of them have < 0.1
cm/yr INSAR-based kinematics but GNSfeasuved velocityof a few mm/yr. Tis case may indicate
underestimation due to LOS amrements, but also highlight the difference between the -paisdd
locations of the GNSS data and the INSAR averaged valuegtovarpixels. Forthe other casgthe
difference is invesed (no significative GNSS movement but hem/yr InNSARbased kinemats),
which may also indicate that the locations of the GNSS measurements are not necessarily
representative of the whole mass. @der15 out of 17 comparable rockslides ao®rrectly
categorized, which is considered as a good proportion consideringjfibieences of measurement
properties and low velocitiex these objects (poirgcale vs 40 m pixelsj 3D vs 1D LOS).

Feature traking onrepeat optical airphotos [RB4] for two rock daciers in Signaldalen and one at
Skaiddevarri (CCD7-0316, CCl07-0330, CCIF07-0172) has been performed to derive 2Q016
average velocities [RI34]. Their average speeds were 1.0, 0.65, and 0/y5 eng mostly between

1-2 m/yr for CCH07-0316 and b1 m/yr for CC07-0330 & CCHFO7-0172. The results are in
agreement vith the order of magnitude documented by the In&&Red kinematic attributes in RGI
(m/yr for CCF07-0316; dmm/yr for CCF07-0330 and I-07-0172). The detailed velocityields
available from our photogrammetric measurements show spatiporal wariations that underline that

the boundaries between RGI velocity classes are a reliable quantitative indicator but shdwgd not
treded absoltely sharp as they may have smalicertaintes depending on whiakxactrock glacier
section they refer to.
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Figure 2.32.1: INSAR moving areas (MA) over Troms study area and detailed views over Adjet
(Skibotndalen, uppdeft inset) and Njargearri/Badjanvarri (Kafjorddalen, lowerright inset).
Numbers 12 are the locations of areas detailed in Figure 2.3.
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Figure 2.32.2: Detailed maps over two higiisk rockslides of Troms study area: 1) GAmanjuuni 3
and 2) Jettan. Both landforms arentmuouslymonitored. Insitu measuremenfsom the Nowegian
Water Resources and Energy directorate (NVE) and theo@ieal Survey of Norway (NGU) show

velocity ranges in the similar order of magnitude as the assigned kinematic attribute, based on the

INSAR movingreas (MA).

In Finnmark, Hopefjrden is thearea with the highest density of inventoried landforms (Figure
2.32.3) and is characterized by little activity, with no or slow movement in lower slopes of the main
rock systems and higher detecteaoeity in the upper slopes. INSAR kinentgishow thamost of

the inventoried landforms are relict or transitionahich fits with expert assessment (Karianne
Lillegren and Bernd Etzelmdller, UiO). At the head of Ivarsfijorden, complementary measurements
based oraerial imagery (drone and mannaidcraft) hghlighted velocity in mm/yr to cm/yr ranges

with localized areasp to10 cm/yr, which overall fit well with INSAR moving areas. The results are
overall consistent with INSAR Norway, although some lized area classified INSAR stacking
resuts seems tbe affected by atmaospheric/ionospheric effects.
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Figure 2.32.3: INSARmoving areas (MA) in a selected partloé Finnmarkarea which iswvell
studied by UiO. Black lines: indicative delineations of the inveatorock glaciers.

In Svalbard, the whole@ahdscape ikighly dynamic. Although many processes amsseal and cyclic,

the rdes are expressed as annual averages due to the focus on rock glacier creep. In flat areas, seasonal
settlement varies dependiog the ice content in the active layer:létthnovemenbver built surface in
Longyearbyen and close the airporiFigure 2.32.4) and large movement ioe-rich valley bottoms

(e.g. Adventdalen, Figure 2234). This distribution fitsto the expectatio from expert assessment

(Hanre H. Christiangn, UNIS; Ok

Huml um, Arcti cHer @ninlLonbyeabyehHu s et &

is montored by annual GPS and inclinometeeasurement&ollaboration between thgniversity of
Tsukuba and UNIS)Creep ratedocumeted since 200@rebetween 2.4 and 5 cm/yMatsuoka et
al., 2019). The InSAR moving areas highligimilar velocities(1i 3 ard 3 10 cm/yr within NE blue
delineation, Figure 2.3.4). The rock glacier kinematic attribute based on In$@&R been set tomi

dm/yr. The neighbor i n g

0 Sv e r dglagigr l{SyWdblueddelineatiork Figure 2234) has a

highe creep rate (dm/yr), théitas also been previously documented by complementary INSAR studies
based on other sensors and methods (Rouyet et al., 208j; ROEndalen, twalimensional (vertical

and along slopg movement is continuously measured by aflsafion station (Harris eal., 2011)

(blue dot, Figure 2.2.4). Documented measurements shovi @m/yr seasonal thaw settlement and
cm/yr net surface denslope movement at this location (Harrisaét 2011).InSAR moving areas in

this area are betweeiid and 310 cm/yr, which$ consistent with the isitu data.

For a large rock glacier complex at Nordenskitldkysten (upper left zoom panel B4RPig.
2.2.6.1) the InSARlerived RGI kinematic lass indicads mmcm/yr. This is consistent with
aerophobgrammetric measurementgen 19701990 that did not find any significant movemeny.
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movement <= 1 cm/yr (Kaab et al., 2002). The latter study alsmfmovement of several cm/yr in
small sedbn of the yper talus, also in agreement with tmSAR results used for RGI kinextic
classification (Fig. 2.2.6.1 in [R34]).
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Adventdalen, Endalen) Westudied ly UNIS. Blue dot: Endalen solifluctiotasion. Blue rock glaciers
(indicative delineations): Huset and Sverdrupbyen rock glaciers. Black lines: other inventoried rock
glaciers (indicative delineating.

2.3.3 Validation for Vanoise Massif (@mnce) studwarea

On the complex of active rock glacs Lou, repeated GNSS annuadvey of blocks during the 2018
2019 period yields surface velocities ranging from several meters per year on the fastast|geste

to 53100 cm per year on the Easteobé. Takingnto account that the movement of the B&nplex

is mostly SoutkNorth, two moving areas were mapped, one over most of the landform with a velocity
class of 1880 cm/yr, and a smaller one on the éaslobe with a > 100 cm/yr class. The rodlaajer
compex was classified as fim/yro.

2.3.4 Valdation for Central Andes (Argéna) study area

TrombotteLiaudat and Bottegal (2019) collectindependent measurements of surface displacement
for Morenas ©loradas rock glacier (ID C€15-0803600) forthe austrasummer and winter of 2013,
2014, and 205. Using repeated GNSS measneat of GCPs located on individual boulders in the
rock glacier's lower reach, they found horizontal displacements in the sdd9ecmyr to 300 cmlyr
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with some seasah variatiors. More recently, Blothe and others (BD2collected independent
measuements of the surface displacement of Morenas Coloradas (IEL1&@803600) and Stepanek
(ID CCI-15-0844000) rock glaciers forre austral summers of 2017, 2018, and 2Q9ng repeted
GNSS measurement of GCPs locatediraiividual boulders in the rocglaciers' lower reach, they
found horizontal displacements of >3.0ym(range of 0.5 to 3.5 mr) and >1.5 rfyr, for Moreras
Coloradas and Stepanek, respectively.réfms Colordas moving areas were mapped withARS
data with a velocity class of180 cniyr. Meanwhile, Stepanek's moving area was mapped with
velocity class 3@00 cmiyr. For both rock glaciers, the spatipattern ofsurface displacement
interpretedirom the Satinel-1 single interferogramand tre 6 or 12 daystackingmapsagres with

the spatial pattern observed in the GNSS measurements.

2.3.5 Validation for Southern Alps (New Zealand) study area

The kirematics oftwo rock glaciers located in tieshman steam, Ben Ohau range, was investigate
throughtwo GNSSmeasurements pgaigns in January 2016 and February 2017. Rock glacier | has
horizontal surface velocities lower than 3 cmiy/ith INSAR data a wving areawith velocities lower

than 1 cmyr was dete@d. Velocities measured on rock gkx Il are comprised betweer52cnmyr in

the lower part and up to 14 cm near the roots. An In8Atected moving area of1® cmfy was
mapped for this rock glaciefor rodk glacier | the INSAR velocity is #refore sligpt underestimated,
while for therock glacier Il the spatial pattern sfirface displacement interpreted from INSAR agrees
with the spatial pattern observed in the GNSS measurements.

2.3.6 Validatiorfor theTien Shan study area

For six rock ¢pciers of a INSAR-derivedrock glacier kinenatic inventoryin lle Alatau and Kundgy
Ala-Too, northern Tien Shan, Kéab et al. (2021) compared the inventory results to offset tracking
based on repeat higlesoluton optcal satellite data. For all six rociaciers tle velocity class was
correctly déermined. The photogrammetric velocftglds enable also a more detailed comparison of
the delineations of moving areas (Fig. 2.3.6.1). Oveth# InSAR outlines fitvery well to the
photogrammetric velocityi¢lds. The aly notable problem identifiedithat areas with interferometric
phasedecorrelation within or at the margins of rock glaciers might be classified as > 1m/yr class,
assuming motion decorrelation, wiln reality the decorrelation might be mced by themokarst
processes.g. by temporal decorrelation destroying the suefdeigure 2.3.6.1 shows one comparison
between an interferogram and photogrammetric velocities, the other comparisons are fthend
Supplement of K&ab et al. (2021).
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radar data of24 Aug and 5 Sep 2018 (12 daysith vectors superimposed from image matching
between 2016 and 2018gh resolution satellié images The whié dashed lias are the inventory
outline polygons from motion and procdgpe clases. Photogrammetric velocities are up to rm/
Similar comparisons for the other rock glaciers are displayed in the Supplefriiiiib et al. (2021)

2.37 Validationfor theBrooks Rangestudy area

Since D12, aresearch team has made independent measurements of surface movement of eight frozen
debris lobes (FDLs) in the Alaskan Brooks Ranleasurements are made using a -teaé
kinematic global positioning system (RIGPS).Six of these FDLs are includein the current rock

glacier study are@able 2.3.7.1)The RTK-GPS rates reported are the annualized average rate of all
surface measurements across the Fiblith the exceptiorof FDL-A, rates are typically measured

only once gea.
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DL INSAR ANALYSIS (USING PALSAR2) GNSS
FID# VELOCITY RTK-GPS AVG.
( ) PERIOD OF COVERAGE - rrpviNaTION | PERIOD OF COVERAGE RATE (MIYR)
FDL-11 2015-2016 INCOHERENT 201508-201608 0.17
(FID270) :
FDL.7 >300 CM/YR,
(FID37) 20160613 20160627 VELOCITY 201508-201608 13.0
CLASS 6
VARIABLE
FDL-B MOTION,
(FID33) 20150314 20150328 VELOCITY 201408-201508 2.1
CLASS 6
EDL-A >300 CM/YR,
(FID32) 20150527_20150610 VELOCITY 20150521_20150821 5.7
CLASS 6
FDL-C >300 CM/YR,
(FID31) 20150527_20150610 VELOCITY 201408-201508 0.9
CLASS 6
(IF:'IDD";% 20150314 20150328  DECORRELATED 201408-201508 15.0

Table 2.3.7.1: ComparisonbetweenInSAR and GNSS measuremsnin six Frozen debris lobes
(FLD) in theBrooksrange

2.4. Results consolidation

2.41 Consolidation for Swiss Alps study area

The constidation phae with he second operator did not highlight any major discrepancies. The main
differences were found in the assignment of the velocityses of the movingreas, especially when

there was a great variability of velocity (in time aslace).Differenceswere ale found on the
assignment of the degree of reliability both for the moving areas and for the rock glaciers, as it is more
subjectie.

Finally, discrgpancies were detected in the identification of rock glacier units (e.g.astideaton or
overesimation of the number of rock glacier units). However, the definition of a rock glacier unit is
still being developed by the IPA Action @rp and specific gdelines are not yet ready.

2.42 Consolidation for Norwegian study areas

A completeconsolidatbn phasavith a second operator has not been performed yet for the Norwegian
study areas. The same person was the main operator for eékeatiéas, which hake advantage of
consistency but the drawback of a potential systematic cihije. A phase ofverificaon and
corrections with contributions of experts in geomorphology has however been performed for the three
areas: in Troms and fmark with contribtions from Karianne S. Lillegren, Bernd Etzelmiiller and
Reynald Delaloye, irsvalbardwith the cantributions from Hanne H. Christiansen and Ole Humlum.
This phase led to several modifications: removal of misclassified landforms, cbhrdgibutes,

adjus ment s of del i neations and uni t 6cs fordgecific si on,
landorms.
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3 Rock Glacier Kinematic Time Series

3.1 Kinematic time series fromInSAR measurements

3.1.1.Methods for guality assessment

As describedin the Endto-End ECV Uncertainty Budget (E3UB) [RB6], there are various
approacheso estimate the undminty of INSAR measurements, including a formal description of the
error tems, inernal qualiy measurs, analysis of interferometric phase on stable ground, comparison
against results from other satellite data,/angroundbased masurements (e.goim GNSS).

3.1.2Reference data

One of the permanent moffi@quency GNSS stians owr Becsde-Bosson rok glacier
(Switzerland), which was installed in 2016 at a location where velocities are rather spatially
homogeneous, was used #odirect validatiorof the Sentinell INSAR measurements (Strozzi et al.,
2020). In local diffeential mode, with pstprocesiig computed with respect to a permanent local
basis, the estimated accuracy of the mean planimetric and altimetric GNSS pusitiosi 24 hours

is in the order of +2 mm and that of the velocity over a 6 day period in tteeoof +/-0.24 myr

(Wirz etal., 2014.

Over the Distelhorn rock glacier (Switzerland), orthorectified aerial images provided by Swisstopo,
the Swiss natiodamapping agency, ith a spatial resolution of 0.4 m acquired on 03.09.2014 and
21.09.2017 wee matched Wh standarchormalizd image crossorrelation techniques (Strozzi et al.,
2020). From matches over stable ground outside the rock glacier a dispt@aouracy of +@5 m,

that is, £0.05 nyr, was estimated

3.1.3Match up analyses

A formal descriptio of error erms [RD26] for single measurements atb@nd indicates a LOS
measurement uncertainty of +0.4ymfor Sentinell interferograms over sixags and of +0.2 fgr for
Sentinell interferograms over 12 days and can go down to aacturacy using mtittemporal
techniqus.

The 3D GNSS velocities computed with the average daily positions corresponding to the acquisition
dates of the Sentindl images over BecsleBosson rock glacier (Switzerland) are plotted together
with the velodiies along the maxrium slope dection fom Sentinell INSAR in Figure 3.1.3.1. For

the 41 coincident measurement points, the standard deviation of the velocity odfeséngl rfyr,

while average, minimum, and maximum of the velocity difference(a® m/yr, -0.67 miyr, and 0.33

m/yr, respectiely. Sentinell INSAR is slightly underestimating the velocitias GNSS locations
possibly because the rock glacier is not dyamoving dong the steepest slope or as a result of the
INSAR spatial resolution otte order of 15 m.
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Figure 3.1.3.1: Threedimensimal (3D) GNSS velocities computed with the average daily
positions corresponding to the acquisition dates of thetir@i acqusitions (red
diamonds) and velocity along the maximum slope directian fsentinell INSAR(grey 12
daytime intrval, black 6 day time interval) at GNSS station BdB2 over-Be&esson rock
glacier (Val de Réchy, Switzerland)b)(Scatter ot of GNSSand Sentinell InSAR
velocitiesat 41 measurements poir{trozzi et al.2020).

The horizantal displaement fidd from matchingorthorectified aerial images over Distelhorn rock
glacier (Switzerland) on 03.09.2014 and 21.09.2@HZomparedto the Sentiell INSAR LOS
displacement field from 02.08.2018 to 08.08.2018 in Figufe3.2 along withthe differexce map
between the two measurements. The results of Figure 3.1.3.2 indicate a good spatial correspondence
between aerial photo matchingdaBentinell INSAR, but on the southern tip of the rock glacier the
interferogram wasot correctly unwrpped. Furthediscre@ncies can be observed on the edges of the
fastest moving parts of the rock glacier front. The scatter plot of the aerial phatbirmgaand
Sentinell LOS velocities (Figure 3.1.3.3) indicates the effect of theewdifft time interval (three
yeas as corpared with six days) and of the satellite look direction. In Figure 3.1.3.2 b, we empirically
fitted the Sentinell LOS velocitiesto the aeil photo matching velocities by scaling them with a
factor of-1.23 in oreér to maximize th@neto-one match ando account for these two effects. After
scaling, the standard deviation of the velocity difference for the 2237 coincident nmeasupoints

is 0.30 miyr, while average, minimum and maximum velocity differences d&#& Oiyr, -2.09 niyr,

and 2.84 nyr, respetively. After removal of the 17 wrongly unwrapped SentihdhSAR points in

the southern tip of the rock glacier, the standakdadien of the velocity difference is 0.25/gr, while
average, minimum, and maximumloeity differencesare 0.00 rfyr, -1.28 miyr, and 1.50 ryr,
respectively.
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Figure 3.1.3.2:Distelhorn rock glacier (Mattertal, Switzerlandg)(Sentinell INSAR line
of-sight velocity map from 02.08.2018 to 08.08.2018 idorizontal velocity map from
maching of aerial ofical imageswith a gatial resolution of 0.15 m acquired on 03.09.2014
and 21.09.2017;d) Difference map between aerial photo matching and SertileBAR
LOS velocitiegReference Strozzi et al., 2020).
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Figure 3.1.3.3: Dstelhnom rock glacier (Matertal, Swikzerland). (a) Scatter plot of the
horizontal velocities from matching of aerial optical images between 03.09.2014 and
21.09.2017 and of Senel-1 InSAR lineof-sight velocities from 02.08.2018 to 08.08.2018;
(b) Scatter plotof the aerial phat matching ad scaled(factor -1.23) Sentinell INSAR
velocities. The lines indicate the 1:1 matching and-fBpeand +2p ambiguities(Reference
Strozietal., 2020).

3.1.4 Discussion

With Sentinell, satellite SAR images that enabigerferometry are awadays redarly acquired
worldwide. Therefore, this mission provides consistent time series of rock glacier velocities every six
days over Europe an@reenland and every 12 days over other mountainous regions, including the
Andes of Sath America. The é@snated accracy of he Sentinell INSAR measurements is in the
order of 0.2 nyr. Typical lower and upper limits of detection for six days data atleeinrder of 0.4

m/yr (e.g., 6 mm6 daysor 1 mm/day) and 2 fyr (e.g., 2.8 cni6 days or 0.5 cm/ddyrespetively.
Monitoring the kinematics of rock glaciers with SentitieSAR interferometry is, however, limited by

the spatial resolution of the SAR dathabout 15 m on the ground for a mtibking factor of 4

pixels in range iad 1 pixel in azimuth. It igherefore gssentiato select a representative point over the
rock glacier, where the spatial variability of the motion around is low, in ordettracea meaningful
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time series of motion. In addition, Sentiiglas all dher SAR missions, suffers mgged terren from
incomplete spatial coverage due to layéstedow and sensitivity to motion restricted to the LOS. For
our analyses, we projectdtierefore, the INSAR LOS motion along the maximum slope direction.

3.2Kinematic time series fromSAR offset tracking

3.2.1.Methods for quality ssessment

As descried in the Endo-End ECV Uncertainty Budget (E3UB) [RB6], there are various
approaches to estimate the uncertainty of SAR wbffaeking measurements, including internal
quality measures, matching on ldt& ground, comparison again®sults fom othersatellite data,
andor groundbased measurements (e.g. from GNSS).

3.2.2Reference data

Over the Distelhorn rock glacier (Swétkand), orthorectified aerial images provided by Swisstopo,
the Swiss naticsd mapping agency, with a g resoluton of 04 m acquired on 03.09.2014 and
21.09.2017 were matched with standard normalized image-@oossation techniques (Strozzi et, al
2020). From matches over stable ground outside the rock glacier a disptd@zcuracy of £0.15 m,
tha is, £0.05m/yr, wasestimated

3.2.3Match up analyses

Paul at al. (2017) investigated the accuracy of SAR offset tracking for ice surfaceyvefticitation
in various aspects, including a formal description of the eeong, matching on stable gral)
compari®n agains results from SAR image data of equal or better resolution, and ghased
measurements from GNSS. They estimated the rktialoif the crosscorrelation algorithm to return
coregistration parameters the order of 1/10th of a SARnage pixel This caresponds for the
TerraSARX to an accuracy of about 0.3 m in measuring horizontal displacémeasured along the
rangeandazmuth directions of the satellite)

Offset tracking based on TerraSARimages over the Distelhorn rock agtier was pgormed with

time intervals of about two years. Therefore, a coregistration precision of 1/10th of a SAR image pixel
would correspond td0.15 myr in measuring horizontal displacement. Statistical measures of
displa@ment were computed for evefgrraSARX image pai over 55,580 points on stable terrain
surrounding the rock glacier. The mean of the horizontal velocities for the four irmeg2409.2008

to 20.09.2010, 09.09.2010 to 04.09.2012, 15.09.2012 to 22189.20d 11.09.2014 to 06.0016

were 0.2 m, 0.43m, 0.42 m, and 0.48 m, respectively, on average 0/22 ithe standard deviations

of the estimates for the four image pairsré0.45 m, 0.54 m, 0.44 m, and 0.46 m, respectively, on
average 0.24 fyr.

A visual comparison to the matoly of aerid opticalimages acquired on 03.09.2014 and 21.09.2017
was drawn, as shown in Figure 3.2.1.1. These results clearly point to thes|matear resolution of
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TerraSARX offset tracking with respect to matching ofiakpptical images, with lagdiscreparies

on the edges of the fastest moving parts of the rock glacier. The scatter plot of the aerial photo
matching and TerraSAR velocities (Figure 3.2.1.2) also indicates a bias of the offset tracking
results, whichare generally lower than th@drom the natching & aerial images as a result of the
larger crossorrelation window size used with SAR images. The standard deviation o€l
difference for the 297 coincident measurement points is 0.3%rmwhile average, minimum, and
maximumvelocity differencesare-0.22 miyr, -2.61 mlyr, and 1.87 ryr, respectively. With very high
resolution Xband SAR data, employed over rockaigas usilg SAR offset tracking, the estimated
accuracy is in the order of 0.3/yn for a time interval of two yeardisplacemats of mae than 3

m/yr could be successfully detected with SAR offset tracking, but the spatial resolution is poor (~125
m), ard thereforadetailed spatial variabilities of motion cannot be captured.
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Figure 3.21.1: Distelhorn rock glacie(Mattertal, Switzerland). (a) Horizontal velocity map
from TerraSARX offset tracking between 11.09.2014 and 06.09.2016; (b) Horizontal
velocity map fom matching of aerial optical images with a spatial resolution of 0.15 m
acquired on 03.09.2014 and 21.2917; (c) Dfferencemap between aerial photo matching
and TerraSARX offset tracking velocitigStrozzi et al., 2020)
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Figure 3.2.1.2 Distelhorn rock glacier (Mattertal, Switzerland). Scatter plot of the horizontal
velccities from matching of aerialptical images betwen 03.09.2014 and 21.09.2017 and TerraSAR
X offset tracking between 11.09.2014 and 06.09.2016 (Strozzi et al., 2020).

3.2.4 Discgsion

The offset tracking and INSAR ahighly complementary techniques ierns of detection capabilt
For high velocity, offset tracking is more suitable sintke INSAR technique is limitedby the
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wavelength of the satellitevhile for low velocity, theSAR offset tracking is not suitablecause of
the low displacement seitivity.

3.3Kinematic time series from optical data

3.3.1.Methods for quality assessment

As described in theEndto-End ECV Uhcertainty Budget (E3UB) [RI26], there are various
approaches tastimate the uncertainty of opticalffsettracking measurerants, including internal
quality measures, matching on stable ground, comparison against results from othtr datall
and/orgroundbas& measurements (e.g. from GNSS).

3.3.2Reference data

The INSAR and SAR offset tracking maarements ofections3.1 and 3.2 become in the case of
optical tracking the reference data, while tiptical tracking data served eeference datanisections
3.1(3.1.2)and 3.2 (3.2.2)

3.3.3Match up analyses

Matchup analyses between INSAR and SARset tra&ing reslts are shown and discussed in
sectiors 3.1.3 and 3.2.3/4. In general, INSAR and optical tracking are complemneather than
exchangeable due to their different sensitivity to the magnitude ofitelzee 3.2.4). As such, direct
comparisons i@ alwaysunder an assumption of temporal changes, for instance assuming a scaling
factor 3.1.3) The very different tempal resolutionsof optical tracking (years) and INSAR (weeks)
prohibits strict directnatchups.

3.4Trends in rock glaciers velocity in Southern Carpathians (Romania)

3.4.1 Methods for quality assesent

In the pesence of grounbased leviling or GNSS measurements with determinisimeasurement
errors that shouldébin the sam range & INSAR or better, thabsolutequality measure of the INSAR
measurements would result from correlation with ttmugdbased meagsements.

In the absence of groudshsed measurements (with knowntedinistic errors), theelative quality

measue for the INSAR measurements could be estimated from matching up in a least square sense
based on displacement rates estied from indepedent measurements (interferograms acquired at
different dates that cain temporal redundancy).
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A visual assessmerof theresults is represented by direct comparison between the detected areas with
measured dynamics and the permafrdstridution modé Also, the comparison of displacement
fields generated from indepesrt data sets from different sersa@overing he same @riod can be

used for uncertainty estimation. It hawwever to be considered that often the temporal and dpatia
representativerss of the data is not assured, introducing additional constraitite @alidation.

3.4.2Reference Dat

Due to alack of mntinuous longerm data on rock glaciers kinematics in Romania, we started to
survey two rock glaciers in theelezat Mountains yb repeated differential GNSS measurements
within CCN1. A TopCon Hipe V Differential GPS was used to adgu high preision paitioning
data. The Hiper V receiver is built with a higlrformance 3.5 G modem and a UHF radio card that
allows the receiver tde connected to the reference networkg.ROMPOSI Romanian eaktime
positioning network) but also tee used ira BaseRover (RTK) configuration. Within the area of the
Judele and Peleaga rock glaciers (Retezat Mountains) the pairegscollected usg a classic Base
Rover configuration (Figure 81). The firstbase point was created on Bucura Ridgeemhthe
ROMPOS netwok was used for redlme corrections in order to measure a point with very high
precision. Therefore, each pbion the glaciers as measured with millimetric precision. Following
this approach?6 points have been surveyed at seVezgllocatiors overthe rock glaciers. Measuring
these points with millimeter accuracy enables us to determine displacements, ithaugh
successiveseasonal data acquisitions. Two successive measurement canfidlgAugust and 14
October) were carriedut in 2019 Due tothe short time between the measurements, no rock
displacement was observed. In order to obtain meaningfultsessing this mettaology, these
measurements should be carried out over sevemakcative years.

A multiannual velocitymeasuremenhas beerperformed between 2012 and 2014t Retezat
Mountains using a geodetic survey method (Popescu, 2015b)eduing velocity map is considered
as an independent result for visual assessofaht velocity maps produced by the emtrproject.

Existing geophysical measurements (electrical resistivity tomography and ground penetrating radar)
reveal the patchyistribution of pernmafrost within four rock glaciers in the Retezat Mountains and ar

also used to confirm that the groundgmacements due topermafrost creep and not due to other
processes (e.g., solifluction, frost heaving, rockfalls etc.). Existiogngl surface tempature data on

six rock glaciers in the Retezat Mountains wiinge as basis for the assessment of #iation

between locaklimatic conditions and rock glacier kinemati&RT profiles were performefdr three

rock glaciers in the Rezat Mountains. Ty revealed high resistivity values, which likely represent
ice-rich frozen debris (Figur8.4.2). Thesehigh resistvity value s , reaching 100 kqm,
5-10 mdepthbelow the surface in all the cases (Onaca et al., 2015).

The first rock glacier inventory in the highest mountains of the Romanian Carpattaarcompiled

by Urdea (1998). This incomplete inventory coreistf analogue drawings of rock glaciers contours

on topographic maps at scale 1:25 000 for sever
part of Pardng Mountains). More recentlyingshigh quality airorthophoto data and higfesolution
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topogaphy data and a complementary field work survey, Onaca et al. (2017), realized the first
polygonbased inventory of rock glaciers for the Southern Carpathians.

A series of ALOS2 PALSAR?2 dataof the ascending orbit is also available over the two artas o
interest. We considered images acquired during the -ére@aperiod between 2014 and 2019. These
data were provided by JAXA and are courtesy of F3@&6 (P.l. T. Strozzi).

F
Figure3.4.1 The distribution of GNSS measurement points (2019 survey) onuiihele] (A) and
Peleaga (B) rock glaciers (source of the background images: Google Earth, 16.11.2014, 2020
CNES/Airbus).
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Figure 3.4.2 Example of a longitudinal ERT profile on Upper Pietricelebck glacier (after
Onaca et al., 2015).

3.4.3Match Up Aralyses

Introduction

The measured annual displacement rates (ADR) of the rock glaciers are extremely low in the central

part of the Retezat Mountains, compared to other mountainous regimiesl. Our analysis revealed

that the highest annual displacemeates are only around 1 éyn but in general only small parts of

the investigated rock glaciers exhibit this pattern of deformation. In only two cases, the INSAR
analysis provided maximumids pl acements rates between l1ltockand 2 ¢
glaciers). 14 rock glaciers in the central part of the Retezat Mountains exhibit maximum annual
displacement rates between 0.5 and 1 cm/yr, whereas the rest of 32 rock glaciers gimificansi
displacements (below 0.5 cm/yr) (FiguBd.3). However, stable areas were also detected within the

rock glacier outlines, suggesting that the dynamicthefrock glaciers are restricted to those parts

where permafrost occurs.
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Figure 3.4.3 Annual displacement rates in the central part of the Retezaintdims and the outlines
gl aciers
Rea). Validation data are also available for rock glaciers 3 (Valea R), 4 (Valea Rea 3), 5

of the rock glaciers. See the highest values concentted r o ¢ k

(Pietricelele 1), 6 (Pietricelele 2Y, (Pietrele 1), 8 (Pietrele 2), 9 (Judele), 10 (Berbecilor).
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GNSS measurements of 18 points over Judele rock glacier (A) and 8 points over Berbecilor (B) rock
glacier (Figure3.4.1) werecarriedout during twocampaigns on 12 August 2019 and 14 October 2019.

Due to the short tim between the measurements and due to the relatively slow movement of the rock
glaciers the results showed no movement or very small movement, up to 0.0248 m. However, the

instrumental error for our measurement condition is £0.05 m (Figdré)3Thus, weconsider the
displacement measurements to be unreliable and we did ndherseso far as data fabsolute

quality assessment.
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Figure3.4.4 Displacement measurementse the Judele rock glacier (A) and 8 points over
Berbecilor (B) rock glacier (seeigure 3.45) using a differential GPS and instrumental error.

Multi -annual in-situ velocity measurements 2002009 and 2012014

In the past, ADR were also comparednfrdotal stations surveys (VespremedBinoe et al., 2012;
Popescu, 2015). The measorents of movement were performed between 2008 and 2009 at the
Pietrele 1 site (Figure.4.5) and between 2012 and 2014 at the Judele site (Fig4t6) by
researchers fra Bucharest University, but the results are inconsistent. At Pietrele 1 site, the
displacements in the eastern part of the rock glacier ranged between 2 and 6 cm/yr. A repeated survey
performed in 2013 revealed considerably lower displacement values iaghiand chaotic patterns

of horizontal displacements, leading to the conclusimat permafrost is unlikely here (Popescu,
2015). The Zyears horizontal rates of displacement at the Judele site ranged between 1.9 and 8.6 cm.
Surprisingly, the frontal p& of the rock glacier, where our previous investigations revealed the
unlikely pregnce of permafrost, experienced relatively high displacements (between 3 and 4 cm/yr)
(Popescu, 2015). More recently, lower ADR values (arou@icttn/yr) were presented Bopescu et

al. (2019) for this rock glacier after some corrections of the inititel dere performed. The velocity

of Valea Rea 3 rock glacier was also assessed by Vesprei@tanuet al. (2012), but the results of

the total station survey between 2008d 2009 were not clearly represented. Regarding this, a
comment in this study reveathat the movement rates in the active parts of Pietrele and Valea Rea
range between 2 and 8 cm/yr, but there is no map displayed.
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Figure3.4.5 Annual displacement radebased on INSAR analysis (Sentitigl (a) and geodetic
surveys between 2008 and 20@) (after Vespremearstroe et al., 2012) at Pietrele 1 rock glacier.

PAGE39



D4.1 Product Validation and CCl+ PHASE 1l NEW ECVS Issuel.0
IntercomparisorReport Permafrost: CCN1 & CCN2 27 January2021

contour lines

- i
— g fock glaciers

High: 0.013

Low: -0.007

=== Profil ERT
S W » N, n

R 0420

Figure 3.4.6 Annual displacement rates based on INnSAR analysis (Setfi(el and geodetic sueys
between 2012 and 2014 (b) (after Popescu, 2015) at the Judele rock glacieorttmrand vertical

displacement rates are displayed in the inset table.

Geophysical surveys
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The existing geophysical data were synthetized and are displayed in Fduremd3.4.8. It appears

that either Electrical Resistivity Tomography or GrouPehetrating Radar detected patchescef
containing permafrost in specific parts of the rock glaciers. In some cases, there is a good
correspondence between ADR and theumence of permafrost, whereas in other cases the presence
of permafrost does noboespond with the areas characterized by the highest deformations.

geophysical roﬁles
permafrost in geophysical profiles
contour lines

- - K glaci
a ‘roc glaciers

Annual displacement rate (m)
High: 0.013

Low: -0.007

Figure 34.7 Annual displacement rates (Sentiigl of Judele rock glacier and the synthesis of
permdrost distribution based on geophysical profiles.
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Figure3.4.8 Annual displacemd rates (Sentinel) and the synthesis of permafrost distribution in
the Pietrele, Pietricelele 1 and Pietricelele 2 rock glaciers based on geophysical profiles.

GST in-situ measurements

Considering the existing ground surface temperature (GST) receels)oticed that permafrost
occurrence is lhited to several sites where the ground cooling is enhanced by the porous coarse block
surfaces. At Gal leelistors arecldcategl In éhe sowdstern parhof thedandform

and all three reveal a GST regime typical for permafrost ditethis case, there is a very good
correspondence with the ADR since this part of the rock glacier experiences the highest ADR in the
central part of Retezat Mountains (Fig#4.9). At Valea Rea 1, where also ADR values greater than

1 cm/yr were calcutad, there is a very good correspondence with the likely presence of permafrost
based on GST records (Figusel.10). At Valea Rea 2 and 3 rock glaciers, the sites with probable
permafrost correspond with surfaces characterized by ADR values betweerd A Sefyr (Figure
3.4.10. On the contrary, at Pietrele and Pietricelele valleys the correspondence between ADR values
and permafrost occurrence is not so evident (Figurd1). However, in the western part of Pietrele,
eastern part of Pietricelele 1 amgstern extremity of Pietricelele 2, where permafrost is likely to
occur, medium displacements were captured by the INSAR analysis (Bigu8. At Judele, three
thermistors revealing permafrost are located at sites with ADR values higher than 0.%Figuie

34.12).
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Figure 3.4.9 Annual displacement rates (Sentiie) he | ikelihood

rock glacier based on thermistors records.
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Figure 3.4.10 Annual displacement rates (Sentiig¢land the likelihood of permafrost the Valea
Rea Valley based on thermistors records.
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Figure3.4.11 Annual displacement rates (Sentiigland the likelihood of permafrost in the Pietrele
Valley based on thermistors records.
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Figure3.4.12 Annual displacement rates (Sentii¢landthe likelihood of permafrost at the Judele
rock glacier based on thermistors records.
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Standard deviation of displacement rates

As a relative quality measure of theck glacier velocities using Sentingldata onlythe standard
deviation of the measuretisplacement rates in a least squares sense is illustrated in Ejac A

low standard deviation is an indication of matching measurements from independent Sentinel
interferograms; thus, it can be used as a measure of quality of the results, teutbjedimitations of

the sensor and the INSAR technique (assuming the sensor functions correctly and the INSAR technique
measures actual velocities).

0 0.005

Figure 3.4.13 Measurement noise standard deviatidrsentinell data for selected rock glaciers.
Red points indicate rock glacier locations with known dynamics and the red star indicates the location
of both GPS and InSAR references.

Comparison between displacement measurements from multiple satellitersers
As another relative quality measure, the velocity maps derived from Sehtirséhg the INSAR
stacking method and from ALGS PALSAR?2 using standard InSAR, covering roughly the same

period, were compared in Figur83.14 and 3.4.15. In spite of he different viewing geometries
(descending for Sentindl and ascending for ALO3 PALSAR-2), a generally good correspondence
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between the two maps is observed, with the fastest moving parts of the rock glaciers depicted with
both sensors.

-3 cm/yr +3

Figure 3.4.15 Example for Sentinel INSAR stacking results (201508320191009).
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Comparison with the permafrost distribution map

Due to the different nature of the permafrostribution map and of the annual displacement rates
determined from Sentindl, we considered that a visual, expert based, comparison of the two maps is
more suited than a quantitative analysis. For this, we have selected four rock glaciers in the central
part of the Retezat MountainBgure 3.4.16). Permafrost has been modeled to exist inside and outside

of rock glaciers. For the permafrost inside of rock glaciers, in the selected area, there is a good overlay
with the areas found to have movement by 8amtinell derived velocities maps. This can be
observed irfigure 3.4.16 for the SE part of Galdl RG (1), Valea Real (2) and Valea Rea2 (3) rock
glaciers and the southern part of Valea Rea3 RG (4).

Figure3.4.16 Comparison between the modelled penwstf distribution map (left) and theslocities
map derived from Sentinrélusing the INSAR stacking method (right) for four rock glaciers: 1
Gal e Ounlea Rea, 3Valea Rea2, 4Valea Rea3.

Conclusions

As an absolute validation for the trendgdck glaciers velocity in the Romanian Carpathians, GNSS
measurements of 18 points over Judele rock glacier and eight points over Peleaga rock glacier in
Retezat mountains were carried out during two campaigns on 12 August and 14 October 2019. Due to
the wique terrain settings and to the very slow movement of the rock glaciers, the validation using
absolute measurements was considered unreliable as the error okitfvenreasurements is greater

than the measured distance. The quality of the final resaksthus estimated in a le@sfuares sense

from multiple Sentinell measurements covering overlapping periods of time betweer2BdB5and
extrapolated to yearly displacement rates using the INSAR stacking technique. Velocity trends
extracted in this washow a low noise level and suggest better than centimetric accuracy of the glacier
velocity measurements. In addition, geophysical @mtperaturaneasurements are indirectly linked
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