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Executivesummary

The European Space Agency (ESA) Climate Change Initié@@d) is a global monitoring program
which aims to provide lonterm satellitebased products to serve the climate modelling and climate
user communityThe objective othe ESA CCIl Permafrost projed®érmafrost_cgiis to develop and
deliver the required Global Climate Observation System (GCOS) Essential Climate Variables (ECV)
products, using primarily satellite imagemhe twomain productsassociatedo the ECV Permafrost,
Ground Temperature (GT) and\ctive Layer Thickness (ALT), were the primary documented
variablesduring Permafrost_cci Phase 1 (202821) Following the ESA Statement of Worltor
Permafrost_cci Phase @022 2025) [AD-1], GT and ALT are complemented bya new ECV
Permafrost product Rock Glacier Velocity (RGV). This document focuses on the mountain
permafrostomponent of the Permafrost_cci project and the dedicated rock glacier products

In periglacial mountain environments, permafrost occurrence is pagity the preservation of
permafrost is controlled by sispecific conditions, which require the development of dedicated
products as a complement to GT and ALT measurements and permafrost models. Rock glaciers are the
best visual expression of the creep of mountain permafrost and constitute an essential
geomorphological heritage of the mountain periglacial landscape. Their dynameckrgely
influenced by climatic factors. Thergincreasing evidence that the interanmeiiations of the rock

glacier creep rates are influenced by changiegnafrost temperature, makiR§sV a key parameter

of cryosphere monitoring in mountain regions.

Two product types are therefore proposed by Permafrost_cci Phase 2: Rock Glacier Inventories
(RoGls) and Rock Glacier VelocityRGV) time series.This agrees with the objectives of the
International Permafrost Association (IP&Yanding Committeen Rock Glacier Inventoriesind
Kinematics(RGIK) [RD-5] and concurs with the recent GCOS and G Wecisions to add RGV time
series as a new product of the ECV Permafrost to monitor changing mountain permafrost conditions
[AD-2 to AD-4]. RoGlis anequally valuable product to document past and present permafrost extent

It is a recommendedirst step tocomprehensively characterise aselect the landforms that can be
used for RGV monitoring. RoGl and RGV products also form a unique validation dataset for climate
models in mountain regions, where direct permafrost measurements are very scarce orlauigng.
satellite remote sensing, generating systemic RoGI at the regional scale and docuRE&Ming
interannual changes over many landforbexomefeasible. Within Permafrostci, we mostly use
Synthetic Aperture Radar Interferometry (INSAR) technology based on Sehimelges that provide

a global coverage, a large range of detection capabilityi @mfyr to m/yr)and finespatietemporal
resolutions (tens of m pixel size andl12 days of repegtass). INSAR is complemented at some
locations by SAR offset tracking techniguendspaceborn@irborne optical photogrammetry.

This Algorithm Theoretical Basi©ocument ATBD) specifies the theoretical background of the
methods used to develop the RoGI and RGV products of the Permafrost_cci PRas®@GI, we
describe the methodologyrecommended by RGIK to generat®nsensudased inventaes. In
iteration 1, he proceduréhasbeen appliedin subareasvith the objective to identify discrepancies
between operators and refine the outcomes of Permafrost cci Phésdtdration 2, the same
procedure is applied in new regiof®@r RGV, the processing steps to generate multiple velocity time
seriesbased orinSAR and convert the results intaraialized and spatially averagR®&GV producs
areexplained. The proceduis applied for pilot sitedocated inthe Alpsand in Norway This is an
updated version (version 2.0) including minor corrections and updates.
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1 Introduction

1.1 Purpose of the document

The mountain permafrostomponent ofPermafrost cci Phase focuses on the generation of two
products: Rock Glacier Inventgr (RoGl) and Rock Glacier Velocity (RGV)The Algorithm
Theoretical Basis Document (ATBD¥pecifies the theoretical background of the methods used to
develop the tw@roductsdescribed in the PS[RD-1], with respect to the useequirements described

in the URD [RD2].

1.2 Structure of the document

Section 1 provides information about the purpose and background of this doc@eetdn 2
summarizes the scientific background related to the monitoring of mountain permafrestpaids

the justification of the selected metho@&ection 3 describes the processing lirsctions 4 and 5
describe the required input data and the properties of the output products, respestivehn 6
outlines some practical considerations for the implementat®drbibliography complementing the
applicable and reference documents (Sections 1.3 and 1.4) is provided in Settidn list of
acronyms is provided in Sectigh2. A glossary of the commonly accepted permafrost terminology
can be found in [REL8]. The ATBD also containsvo Annexesdescribing theRoGI procedure in a
generic GISool and thenSAR guidelines for documenting moving areas on rock glaciers ang us
themto assigrkinematic attributein RoGI[RD-8].

1.3 Applicable documents

[AD-1] ESA. 2022. Climate Change Initiative Extension (CCl+) PhaseNew Essential Climate
Variablesi Statement of Work. ESEORSGAMT-2021-27.

[AD-2] GCOS. 2022. The 2022 GCOS Implementation Plan. GCQ84 / GOOSi 272. Global
Observing Climate System (GCOS). World Meteorological Organization (WMO).

[AD-3] GCOS. 2022. The 2022 GCOS ECVs Requirements. GC2%. Global Climate Observing
System (GCOS). World Meteorological Organization (WMO).

[AD-4] GTN-P. 2021. Strategy and Implementation Plan 2@P24 for theGlobal Terrestrial
Network for Permafrost (GTNP). Authors: Streletskiy, D., Noetzli, J., Smith, S.L., Vieira, G.,
Schoeneich, P., Hrbacek, F., Irrgang, A.M.

1.4 Reference Documents

[RD-1] Rouyet, L.,Schmid, L.,Pellet, C.,Echelard, T.Deldoye, R., Brardinoni, F., Sirbu, FOnaca,

A., Poncos, V., Kéab, A, Strozzi, Bernhard, P.Bartsch, A.2024. ESA CCl+ Permafrost Phasé 2
CCN4 Mountain Permafrost: Rock Glacier inventories (RoGl) and Rock glacier Velocity (RGV)
Products. D1.2 Product Specification Document (PSR).\European Space Agency.

[RD-2] Rouyet, L., Pellet, CSchmid, L., Echelard, TDeldoye, R., Brardinoni, F.,Sirbu, F.,Onaca,

A., Poncos, V., Kaab, AStrozzi, T., Bartsch, A2024. ESA CCIl+ Permafrost Phasei2CCN4
Mountain Permafrost: Rock Glacier inventories (RoGI) and Rock glacier Velocity (RGV) Products.
D1.1 User Requirement Document (URD2,&. European Space Agency.
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[RD-3] Delaloye, R., Barboux, C., Bodin, X., Brenning, A., Hartl, L., Hu, Y., Ikeda, A., Kaufmann,
V., KellererPirklbauer, A., Lambiel, C., Liu, L., Marcer, M., Rick, B., Scotti, R., Takadema, H.,
Trombotto Liaudat, D., Vivero, S., Winterberger, M. 2018. Rock glacier inventories and kinematics: a
new IPA Action Group. Proceedings of the 5th European Conference on Permafrost (EUCOP),
Chamonix, 23 Juni 1st July 2018.

[RD-4] RGIK. 2022. Towards standard guidelines for inventorying rock glaciers: baseline concepts
(version 4.2.2 IPA Action Group Rock glacier inventories and kinematic3 pp.

[RD-5] RGIK. 2022. Towards standard guidelines for inventorying rock glaciers: practical concepts
(version 2.0)IPA Action Group Rock glacier inventories and kinematids pp.

[RD-6] RGIK. 2022. Optional kinematic attribute in standardized rock glacier inventories (version
3.0.1).IPA Action Group Rock glacier inventories and kinemat&pp.

[RD-7] RGIK. 2023. Guidelines for inventorying rock glaciers: baseline and practical concepts
(version 1.0). IPA Action GroupRock Glacier Inventories and Kinematics25 pp.
https://doi.org/10.51363/unifr.srr.2023.002

[RD-8] RGIK. 2023. InSARbased kinematic attribute in rock glacier inventories. Practical INSAR
guidelines (version 4.0)PA Action Group Rock glacier inventories and kinematg83 pp.

[RD-9] RGIK 2022. Rock Glacier Velocity as an associghadameter of ECV Permafrost: baseline
concepts (version 3.1)PA Action Group Rock glacier inventories and kinematics pp.

[RD-10] RGIK 2023. Rock Glacier Velocity as an associated parameter of ECV Permafrost: practical
concepts (version 2). IPA Action Group Rock glacier inventories and kinematidspp.

[RD-11] RGIK 2023. Instructions of thRoGlI exercise in the Goms Valley (Switzerlan®A Action
Group Rock glacier inventories and kinematitd pp.

[RD-12] Bertone, A., Barboux, C., Delaloye, R., Rouyet, L., Lauknes, T. R., K&ab, A., Christiansen,
H. H., Onaca, A., Sirbu, F., Poncos, V., Strozzi, T., Caduff, R., Bartsch, A. 2020. ESA CCIl+
Permafrost PhaseilCCN1 & CCN2 Rock Glacier Kinematics as New Associated Parameter of ECV
Permafrost. D4.2 Climate Research Data Package Product Specification Document (CRDP), v1.0.
European Space Agency.

[RD-13] Sirbu, F., Onaca, A., Poncos, V., Strozzi, T., Bartsch, A. 2B32A CCl+ Permafrost Phase
17 CCN1 & CCN2. Rock Glacier Kinematics in the Carpathians (CCN1 Budget Extension). Climate
Research Data Package Product Specification Document (CRDP), v1.0. European Space Agency.

[RD-14] Bertone, A., Barboux, C., Bodin, X., Bolch, T., Brardinoni, F., Caduff, R., Christiansen, H.
H., Darrow, M. M., Delaloye, R., Etzelmiller, B., Humlum, O, Lambiel, C., Lillegren, K. S., Mair, V.,
Pellegrinon, G., Rouyet, L., Ruiz, L., Strozzi, T. 2022. Incorporating INSAR kinematics into rock
glacier inventories: insights from 11 regions worldwiflee Cryosphere. 16, 2768792.
https://doi.org/10.5194/t66-27692022

[RD-15] Rouyet, L., Echelard, T., Schmid, L., Pellet, C., Delaloye, R., Onaca, A., Sirbu, F., Poncos,
V., Brardinoni, F., K&ab, A, Strozzi, T., Jones, N., Bartsci2023. ESA CCIl+ Permafrost Phasé 2
CCN4 Mountain Permafrost: Rock Glacier inventories (RoGl) and Rock glacier Velocity (RGV)
Products. D3.2 Climate Research Data Package (CRDP), v1.0. European Space Agency.

[RD-16] Pellet, C., BodinX., Cusicanqui,D., Delaloye,R., Kéaab, A., Kaufmann,V., ThibertE.,
Vivero, S.and KellererPirklbauer A. 2023. Rock Glacier Velocity. In Bull. Amer. Soc. Vol. 8(B),

State of theClimate in 203, pp. 4i 45. https://doi.org/10.1175/2024BAMS StateoftheClimate. 1
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2  Scientific background and selected algorithms

2.1 Rock glacier inventory (RoGl)

Although many regional rock glacier inventori@@oGIs) exist, they are not exhaustive worldwide.
Existing RoGls have various ages and have been compiled using different methodologies, which
depend on the experience of the cartograghereview procesghe dataavailability, andthe varying
objectives that motivatedachstudy. For these reasons, merging all existing inventories in a fully
coherent way is presently not possili®eevious glacieoriented initiatives, such as the World Glacier
Inventory (WGI) or Global Land Ice Measurements from Space (GLIMS), tried to include rock
glaciers but have not succeeded in being systematic and homogeneous. It has been particularly
difficult to properly include rock glaciers due to the complexity of detecting them automatically by
remote sensing (GLIMS methodology). Additionally, relict rock glaciers have been systematically
excluded from these inventories, as they are not part of the current cryosphere.

The increasingavailability of remote sensing dat@.g, optical and radar imagery) facilitates the
development of new inventories and/or the update of existing @wsdematically acquired and
operly disseminated satellite images covering the entire glebg Sentinel SAR images) also
enablethe detection of rock glacier surfac®vement at the large scakndcan be used tmtegrae
kinematic information in standardizé®oGls The development of widely accepted guidelines for
inventorying rock glaciers, including kinematic information, seréee compilation of new regional
inventories and the adaptation of existing omgt) thefinal objective tomergeall RoGlsin an open

access worldwide database. Standard guidelines should avoid, or at least minimize, potential
discrepancies between rock glacier datasets originally compiled for different purposes.

Inventorying rock glaciers is a manual (visual) procedure, which canrfotlpeutomatized yet and
requires geomorphological expertise by the operators. Identifying and characterizing rock glaciers has
often led to various and sometimes controversial mapping outcomes due to the complexity of
morphologies (e.gmultiple generations, coalescent landforms, heterogeneous dynamics, interaction
with glaciers) and the diversity of environments in which rock glaciers have devefaggectivity

must be acknowledged as part of the rock glaoeentoryingprocess. Establishing guidelinesda
consensudased inventorying procedusms at minimizing th degree of variabilityof the final
outcomes In the futurewe envisionthat an increasing number of manually identified rock glaciers
based on widely accepted standandl support the development of automatic techniques (e.g. deep
learning) as a complementary tool to compile inventories.

Thereare variousnotivationsfor producing RoGl:

1 Geomorphological mapping:Rock glaciers are identified and mapped as functional or inherited
(relict) landforms of the geomorphological landscapeey are part of the mountain sediment
toposequenceand as such contribute to control the pace of periglacial mountain landscape
evolution. Enhancing the value of geomorphological heritage could also be the main motivation
to compile a rock glacier inventory.

1 Proxy for permafrost occurrence: Functional rock glaciers are geomorphological indicators of
the occurrence of permafrost. Even if it is accepted that functional rock glaciers may export
perennially frozen ground outside of a permafrost proneaardanay beo longer reflect surface
conditions favourable to permafrost occurrentey can be used to approximate the regional
lower limit of the mountain permafrost belt and to validate spatial models of permafrost extent.
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Conversely, inherited (relict) rock glaciers are discriminative landforms of currently permafrost
free areas.

1 Palecpermafrost studies: Inherited (relict) rock glaciers can be used as proxies for various
paleepermafrost extents. Discrimination between inherited and functional state is often difficult,
making the integration of inherited landforms in a global inventory indispensable.

1 Hydrological significance Functional rock glaciers are, by nature, ice (and water) storage
features, which may play a prominent role in the hydrological regime of mountain catchments,
especially in dry areaRRoGlshave been developed and/or used in particular for estimating their
regional watetequivalent significance. In addition to being ice storage features, rock glaciers can
affect water transit time and water chemistry in a catchment.

1 Geohazards Functional rock glaciers may be the source of direct or indirect geohazards (e.g.
destabilization, conveyance of loose debris into a gully) that may pose a risk to human activities
and/or facilities (e.g. transport infrastructures, buildings, livelihoodsiziRean be used to
locate and assess potential geohazardshatlocal to regional scalesln the context of
infrastructure construction/maintenance, the information fRofbIsis not sufficient to entirely
understand the issues related to permafrost degradation. However, it may provide clues for
assessing permafrost occurrence (or absence) in the study area.

1 Climate relevant variable: Rock glacier movement is particularly sensitive to changing
permafrost temperature. Updating and comparing inventories of functional rock glaciers, which
include temporally weltonstrained kinematic information, can be used to assess the impact of
ongoing climate change on the mountain periglacial environawnsgegions.

In the framework of Permafrost cci, tHast motivation listed above is the most relevant. The
objective isto develop climate change indicators dedicated to mountain regions, as a complement
to other global permafrost products In this regard, RoGI generatiean be seeasa necessary first
step to identify functional rock glaciers witha region, characterise their morpkioematic
properties and then select rock glasierbe monitored (RGV productionpdependently to this goal,

it is important to note that the original motivation for producinga! may differ from tle oneof
subsequent thirgarty uses. Therefore, standardized guidelines should helpvoiding or at least
minimizing, potential discrepancies.

2.2 Rock glacier velocity(RGV)

Observing changes in rock glacier velocity provides information atheumpactof climate change

on mountain permafrost and has the potential to become a key parameter of cryosphere monitoring in
mountain regiondn the last two decadesgeralstudies conducted in particular in the European Alps
have shown that there ésdependencypetween theock glacier interannual behavioand permafrost
temperaturewith the latter impacting in particular the rheological and hydrological properties of the
frozenground (Delaloye et al., 201Delaloye & Staub et al., 2016rauenfelder et al., 2003; Ikeda et

al., 2008; Kaab et al., 2007; Kellereirklbauer & Kaufmann, 2012; Kenner & Magnusson, 2017;
Roer et al., 2005). It has been observed that rock glaciers tend to accelerate on an interannual basis
under warmer climaét conditions, as long as the permafrost degradation has not become too severe to
prevent this respons&he temporal evolution of rock glacier kinematics depends, among others, on
the altering of the temperature profile between the permafrost table and the main shear horizon: the
closerthe temperature rises 85C, the faster the rock glacier tends to become. In addition, it has been
shown that rock glaciers tend to display a similar regional kinematic behaviour at)&plowvial to
(pluri-)decennial time scade (Delaloye et al.,, 2010; PERMOS, 2Z)2 Relative interannual

9
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acceleration and deceleration are occurring at almost the same time and in the same proportion in a
given region, whatever the absolute velocity and the morphological characteristics of thactis

(Figure 1). Continuous or periodic monitoring has shown that the observed rock glaciers davelop
landformspecific repetitive intrannual behaviour, but these variations are usually not altering the
interannual and decadal trends in a significant manner. The similar regional behaviour of rock glaciers
enableghe development of regional indices, to be used as regional climate change indicators.

Based on these evidend8COS and GTNP decidedin 2022to add RGV as a new product of the
ECV Permafrost [AD2] [AD -3] [AD-4]. RGV is becoming a variabtaat issystematically monitored
worldwide [RD-14] (Figure 2, howeverthe monitorings currently stillperformed for a few unevenly
distributed landforms due to variable national resources and stratégmsise of satellite remote
sensing for producing RGV can heturning pointo set up a global dataset of RGV time series and
document many landforms in several regions.
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Figure 1. Mean annual horizontal surface velocity derived from terrestrial geodetic surveys relative to the reference period
201112020 (grey area). The black line represents the average of the Swiss Alps based on 15 monitored rock glacier lobes.
(PERMOS, 203
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(a) Air and ground temperature: European Alps
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2.3 InSAR for rock glacier mapping and monitoring

To fulfil the criteria described in the PVASRSpaceborne Synthetic Aperture Radar (SAR)
Interferometry (INSAR) has been selected d@se main Permafrost_cci technique to measure
kinematics over rock glaciers. In thiection, we therefore summarize the background of the
technique. Fora more theoretical background about INSAR, refeMiassonnet and Feigl (1998),
Bamler and Hartl (1998), Rosen et al. (2)0Rocca et al. (2000), Hanssen (2001), Kampes (2006)
and Ferretti (2014).

INSAR s a satellite remote sensing technique used to measure surface mowvesndantge aread he
approach consists of analysitfte phase differencedetween two SAR images taken at different
times, after removal of unwanted phase components, (asgociated witlthe topography or the
atmosphere)

The resulting map of phase differencesona s refe
dimensional information about the surface displacementcorresponding to thprojection of the

real displacement along the sensor view angle, ithe SAR line-of-sight (LOS) (Figure 3a). A

single SAR interferometric observation therefore does not allow to fully determine the magnitude and
direction of a surface deformation. Ttiweedimensional displacement vector can only be computed

if one assume a certain displacement direction when focusing on a specific process, e.g. creep
occurring along the steepest slope direction for the rock glaciers

A Synthetic Aperture Radar (SAR) is not ablarteasuralisplacements that are fully perpendicular to

its LOS anddetectsan underestimaig displacementf the LOS deviates from the real displacement
orientation. We therefore need know the measurement geometry of the available datasets to

correctly interpret the interferograms. SAR satellites are polar orbiting ahdma gi ng t he Ear
surface aspecificazimuth andncidence angke With a rightlooking sensor, a satellite crossing the

Equator from South to Northagcending pass@slooks towards East When crossing th&quator

from North to Southdescending passesit lookstowards West(Figure 3a).

The SAR geometry has an impact on the achieved spatial coveragintainous terrain. Nortland
Southfacing slopes are difficult to analyse, because creeping landforms include a displacement
component perpendicular to th©S orientationB a ¢ k f a c i(Di Ig Figaré 3b)pdefmed as the
western slopgwhen viewing in descending modeastern slopein ascending modeare the most
appropriate configurations. The local spatial resolution is less affected by geometric distortions and
the displacement orientation is more or less aligned with the LOS. The slopes fadiadait{éi D,

Figure 3b) are less favourable for an INSAR analysis. In addition, the difference between the slope
steepness and tlmadarincidence angle has to be considered. A steep incidence angle reduces shadow
effects observed in badlcing slopesKi H, Figure 3b) but increases layover effects in slopes facing

the SAR Bi D, Figure 3b). Consequentlyit is important touse a combination of interferograms

with different view angles and geometries (ascending/descending) itovestigate different slopes

in a region.

The displacement that occurs between the two image acquisitions can be estimatsdalby
interpreting the interferograms. The results are spatially relative toederenceareaselectedutside

the studied moving area. The spatial chan§eolour in the interferogram expresses the surface
displacement projectednto the LOS directionAn entire colour cycle (fringe) is equivalent to a

change of half the SAR wavelengthaf2) along the LOS during the time intervalbetween the two

images One phase cycle represents half the wavelength as the radar signal travels to the ground and
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back to the sensor. The direction of the change can be interpreted using the keygnd.r e.
Considering baciacing slopes, clockwise colour changes mean that the radar beam has travelled
further in the second acquisition and thus corresponds to a downslope process or subsidence. In the
opposite case, it will be interpreted as an upslope displacement ar uplift

ascending SAR  descending SAR

) ra

a) | b)
West East

Figure 3. (a) A displacement (d) vector along the slopgogg and the line of sight (LOS) components measured by INSAR
when using SAR images from ascending (asc) and descending (desc) geometdes: dess (b) Geometric distortions
from SAR measurement geometry in mountainous regions.

/2
lowards satellite
T 0=2m=1"2
Away from satellite
-1/2
(or 3m/2)
Figure 4. The di fference in displacement rate between | ocations

changes in clockwise direction, the ground has moved away from the satellite. In the opposite direction, the ground has
moved towards the satellite.

The minimum and maximum displacement rates that can be detected depend on the time
interval, the resolution and the SAR wavelengthof the interferograms (Figure 5 and Table 1.

The interferometric SAR signal will become ambiguous when the displacement gradient between
adjacent pixels is higher than half of the wavelength during the selected time interval. It will
decorrelate when the changes occurring during the selected time interval are too large within the
pixels. Temporal decorrelation can also occur due to changes in surface properties (e.g. vegetation,
snow and wetness)
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Figure 5. Deformation rate observed by SAR sensors for the most commonly used timesitdvaaldefines the interval of
deformation rate in cm/yr for which a coherent signal can be identified and interpreted on an interferogram generated with a
certain time interval. It shows the detection capabilitdifferent INSAR data. The lower limit corresponds to the minimal
detectable velocity (1/8 of fringe cycle). The upper limit corresponds to the maximum velocity (one entire Aringe).
movement lower than the minimum value of the bar is not detectabievement higher than the maximum value of a bar
maydecorrelate on the interferogratadapted fronBarboux et al.2014).

Table 1 Radar characteristics of the main SAR systems used in the exercise.

Satellite TerrasarX CosmeSkyMed Sentinell Radarsat? ALOS2 SAOCOM
Date from 2007 from 2007 from 2014 from 2007 from 2014 from 2018
Agency DLR ASI ESA CSA JAXA CONAE
Wavelength (cm) 3.1 3.1 5.5 5.6 24.3 235
Band X X C C L L
Incidence angle (°) 20i 45 25140 20i 45 35 301 40 1850
Rangeresolution (m)* 17 16 1i 100 5125 3i 100 3i 60 5-10
Azimuth resolution (m)* 1i 16 1i 3i 100 5140 31100 3160 10-50
Scene width (km) 10i 100 10i 200 80i 400 50i 500 70 10-400
Repeat cycle (day) 11 11 41 8i 16 6y 122 24 14 (8)i 16

1 The resolution in range and azimuth depends on the image acquisition mode. Common modes are the Spotlight mode (extra
precise), Stripmap/Standard mode and Wide/ScanSAR mode (extended).

2 Constellation of small Satellites for Mediterranean ba@ipservation (I and 2 satellites launched in 2007/“3n 2008
and 4"in 2010

3 Withtwo satellites operating, the repeat cycle is 6 days for Sentizeld8 days for SAOCOM.
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To automatically obtain displacement maps (e.g. with units in cm), a processing stephbabed
unwrapping is required. This step allows to convert the cyclic phase differences (that range between
-~ and +°) into the absolute phase values and sut

An advantage of adding an automated unwrapping step is that it allows for including and combining
the information from a large amount of interferograms. All interferograms (with a chosen time interval
depending on the expected velocity, Ségure 5) can be generated, unwrapped and then averaged to
provideaverage velocity mapghat are easily interpretabl€his process is called INSAR Stacking

Such maps are usually expressed in m/yr along the LOS, with negative values (typically in red)
showing areas moving away from the satellite and positive values (typically in blue) showing areas
moving towards the satellite.

To take advantage of the redundancy of temporally overlapping interferograms and improve the
measurement accuracy (e.g. in areas affected by significant atmospheric noise), more awvkinced
temporal INSAR techniquasn be applied. These are typically divided into two main groups:

1 Methods based on locatinBersistent Scatterer@Ss), referred to aPBersistent Scatterer
Interferometry (PSI) or Interferometric Point Target Analysis (IPTA). A stack of
interferograms is generated at full resolution using a single reference scene, i.e. including long
(interannual) interferograms. PSI is typically designed for linear andmsloving features, and
thus does not allow for correctly quantifying velocities higher than alfelyr. PSI can be useful
for slow-moving landforms, e.g. to discriminate transitional and relict rock glaciers. For most
active rock glaciers, PSI must be complemented by single interferogram analysis and/or
distributed scattering INSAR.

1 Methods based oBistributed ScatteringDS), referred to aSmall BAseline Subsei{SBAS).
These methods incorporate a large number of interferograms (multiple reference scenes) below
chosen spatial and temporal baseline thresholds to reduce geometric and temporal decorrelations.
The maximum detection capability depends on the chosen threshold of temporal intervals used to
build the interferograms, following the same logid=agure 5.

Phase unwrapping and resulting averaged products based on a large amount of interferograms (INSAR
stacking, PSI or SBAS maps) are widely used to produce one single output and automate the
processing over large regions. However, this step may intradltaegaps from decorrelation and

potential errors over fastmoving areas, as well as in areas with snow or vegetation. Results from
INSAR Stacking, PSI/IPTA or SBAS must therefore be interpreted carefully and in combination

with single wrapped interferograms.
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3 Processing line

3.1 Rock glacier inventory (RoGl)

In Permafrost_cci Phase 1, several partners were involved in the production of standRodized
including ax InSAR-basedkinematic attributein selected regions of interedtleterogeneities and
discrepanciesvere identified when comparing the results from the different regions, due to different
availability and quality of data (interferograms and auxiliary data) as well as varying initial knowledge
in the region (past inventories, field measurements, use of redundant information from different
techniques)Conclusions of this worlare summarised in Permafrost_cci CCN1&RDP [RD-12]
[RD-13] and the related peeeview article[RD-14]. In the first iteration of ESA CCIl+ Permafrost
Phase 2, arossvalidation exercise based on a multioperator inventorying procedure in 12
subareas of thimitial regions has been designed to identify potential discrepancies between multiple
operators, adjust the guidelines and evaluate the quality of the final prddutis.second iteration,

the same procedure is applied to new regiofise selectedsubareasand responsible partner
institutions aredescribed in the PSD [RD].

3.1.1 Multi-operatorinventorying procedureand aossvalidation exercise

For each subarea,censensudased inventorying proceduirgvolving a team of multiple operators is
applied to be ablé crossvalidate the results. The procedure follows the generic structure explained
in the instructions of the newly released RGIK RoGI exercise in the Goms \{RIRy1]. It is
inspired by two main publications dealing with the procedure to compile RoGls, reduce discrepancies
and achieve consenshased inventoriedNay et al., 2021Brardinoni et al., 2019

The RoGl is generated layteamof several operators, led by @rincipal Investigator (PI). The PI
set the intermediatedeadlines, combirsethe outputs andakesresponsibility for the final decision.
The Pl is also included as an operator of the inventory téam.resultsn the new regionsvill be
sent to the project coordinator (Unifr) with a deadlineMay 1%, 2025. The inventorying procedure
includes two main phases summarimeéigure 6.

During thefirst phase, the teanmust

1 Detect andocatk the rock glacier units by primary markdéosly points, no outlines at this stage)

1 Detect, delinef@ and classify the moving areasing INSAR datditerative processvith the first
bullet point of rock glacier identification

During the second phasgthe teammust
1 Document the rock glacier characteristics (attributes)
1 Delineat the rock glacier outlines.

Each phasesidivided irto three steps

1 Step I Individual work by each team operator. At the end of this step, all the operatotheiend
results to the PI.

1 Step 2 Compilation andsummary from the Pl. At the end of this step, the Pl has chosen a
suggested solution to potential discrepancies between operators, to be discussed with the team.

1 Step 3 Discussion andansensudased final decisioby the inventoryteam. At the end of this
step, the team agrew® theintermediate (first phase) thefinal outputs (second phase).
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The exercise is performed in a generic Q®5ed tool with generic structure, files and a semi
automatic attribute filling system with dialog box@&be procedure is detailed Annex 1

Attributes
STEP 4a STEP 5a cg:::::ls
Attributes Suggested Sy
Primary markers filling by attributes s
inventory filling by
STEP 3a team proposed .
b STEP 2a Consensus operators by the PI e
) Y Suggested -based PM
inventory PM by s
team .
the PI inventory STEP 4b STEP 6b
operators
P team Outlining STEP Sb Consensus
by Suggggted -based
| 4 inventory il outlines by
Iterative processes team %ror:est:l inventory
J’ | operators v team
STEP 16 STEP 3b Outline
MA b STEP 2b Consensus
invento\:y Suggested -based MA PM: Primary Marker
team “';A l;}' . b‘; PI: Principal Investigator
operators the Lol MA: Moving Area

team

Moving areas

Timeline of the process

Figure 6. Summary of the main phases and steps of the condessed inventorying procedure

3.12 Rock glacier dentification

All recognized rock glacier umitare identified witha point (primary marker PM) in a vector layer

n a meRGU_PrimaryMarkersxxx* o(xxx being the number/name of the subare@lict rock
glaciers are also include®ther landforms, such aebriscovered glaciersmorainesor landslides

are excludedOrthoimage arethe primary source of data used at this sbep additional available
datasets canlsobe considerede.g, topographic map, geological map, DEM). INSAR data can also
be useful to detect or confirm the location of rock glaciers.

Based on the individual results sfep la(Figure 6) the Pl suggests a final solution and makes a
suggested PM layethat will be discussed with the teafstep 2aFigure 6. The inventory team
reviews the suggested PM layer, firmsensus if needed and approves the final PM locatibes

3a, Figure 6. The resulting layer will be used as a reference for pease

3.13 Moving area(MA) identification, delineationand characterization

The MA are identified, delineated and characterized based on INSAR data (see Section 4). The
procedure is based on the updated version optheticall n SAR gui del i ndased( v. 4.
kinematic attribute in rock glacier inventorieseleased in May 2023 on the RGIK website {BD
and available ilinnex2 of the present document.

All recognized moving areas are identified with polygon in a vector layer named
fiMovingAreasxxx* qxxx being the number/name of the subar@dje attributes documenting the
velocity class, the observation time window and validity time frame, the spatial representativeness and
the reliability are filled usinga semiautomatic dialog baxBased on the individual results of stéip

(Figure 6, the PI suggests a final solution and makes a suggested MAttayewill be discussed

with the team(step 2b,Figure 6. The inventory team reviews the suggeskds layer, finds
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consensus if needed and approves the Mraloutlines and velocity class€step 3bFigure 6. The
resultinglayer will be used aareference for nexphase

3.14 Rock glacier characterization, incl.ikematic attribute(KA) assignment

The morphakinematicattributes characterizing the rock glacier units diteed using a semautomatic

dialog boxin the final consenstisased PM layer from step 3a (see Section 3.I1®).attributes are

listed in Section 5. For the geomorphologic attrisubethoimage arethe primary source of data but

additional available datasets calso be considerede.g.topographic map, geological map, DEM).

The kinematic attribute is based on the InSB&&ed MA §ee Section 3.1.3).The procedure to

convert velocity information from the MA to a KA categasyexplained in the updated version of the
practical I NSAR gubadsédné&snémadi 0) afit nSBRt ed i n
released in May 2023 on the RGIK website lBoand available ilAnnex2 of the present document.

Based on the individual results of step #ig(re 6), the Pl suggests a final solution and makes a
suggestedPM layer with attributeghat will be discussed with the teafstep 5a, Figure 6. The
inventory team reviews the suggesittiibutes finds consensus if needed and approves the final
results(step6a, Figure 6. The resulting layer is the main final product of the inventorying process.

3.15 Optional rock glacier outlires

The extended and restricted rock glacier outlines are delinegtte@olygonsin a vector layer named
ARGU Outlines xxx0 ( xxXx being t he nu.rhRbreach polygoe, attodutest he s
(outline type and reliability of the delineation) must be filled. The attributes are listed in Section 5.

Based on the individual results of step #ig(re 6, the Pl suggests a final solution and makes a
suggestedutlineslayer with attributeghat will be discussed with the tegstep 5bFigure 6. The
inventory team reviews the suggestadlines finds consensus if needed and approves the rioakl
glacier outlines(step 6c,Figure 6. The resulting layer is an additional (optional) product of the
inventorying process.
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3.2 Rock glaciervelocity (RGV)

Permafrost_cci Phase 2 aims to genestdadardized annualized RGV products, following the GCOS
and userequirements [AB3] [RD-2]. Based oninSAR technology,it requires to define a procedure

to aggregateanitial velocity data both spatially (in a representative area of the rock glaciers) and
temporally (in a consistent observation time window, during the gnesvseason). Th generic
procedure recommended by RGIK is described in Section 3.2.1, while the {b&%&R method
developed by the Permafrost_cci team is documented in Sectidi32Z. In the iteration 1 of
Permafrost_cci Phase Betprocedurenasfirst testedon welkstudied rock glaciers, with available in

situ measurements, to compare the relevance and reliability of the final RGV products using InSAR.
In the iteration 2, we are updating the procedure accounting féoriggerm objective of largescale
applicability and automatiorf.he selectedtudysites are described in the PSD [RD In addition, in

2024, we designed an intercomparison exercise, during which a group of about 20 scientists is
simultaneously processing RGV for three selected rock glaciers, using a set of three different
techniques (irsitu, optical remote sensing, radar remote sensing). The exercise objectives and
procedure are described in Section 3.2.8.

3.2.1 Generic procedure for RGV production

RGYV is defined as d@ime series ofannualized surface velocity values expressed in nvyand
measured/computed on a rock glacier unit or a part of i[fRD-9]. RGV is computed for rock glacier
units identified and located according to the inventorying guideliR8s7] and refers to observed
surface velocities related to permafrost creep.

The annual surface velocity valugasaitbuild up RGV are calleRGV values RGV values result from

the spatial and/or temporal aggregation of measured/computed velocity data following a technique
dependent procedure. RGV values should be measured/computed as far as pashibjear
following a methodology that must be precisely documented and remasiconsistent over time

The RGV monitoring strategy is proposeidh respect to th&COS monitoring principles

The production of RGMollows several steps from the design of the monitoring setup to the data
acquisition and its transformation into the final RGV product. The feitial data refers to the
surface velocity/displacement or positioning data obtained wittappéed techniquehere INSAR)

Initial dataare thenconverted into surface velocity valuéghe velocity datai and used for RGV
processing

To produce RGV, the following steps are requifieidure 7):

1 Design of the monitoring setup which controls initial data acquisition.

1 Initial data acquisition, which yields initial data.

91 Initial data preparation, which preprocesses and evaluates initial daggelding quality
controlled initial data.

1 Velocity data processing which calculates and provides cleaned velocity data that can be used
for RGV processing.

1 RGV processing which temporally and spatially sorts and aggregates the velocity data to
produce RGV.

1 RGV consistency evaluation which evaluates the consistency of the RGV during the entire
chain of RGV production and provides recommendations forierng monitoring.
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The genericrequirementdor RGV productionare describeth the RGV practicaguidelinesreleased
by RGIK [RD-10]. In Sectiors 3.22i 3.2.7, we focus on specific methodology designed for the INSAR
technology for each step shown eigure 7.

Processing steps to produce RGV

Initial data QC Initial data Velocity data RGV "
Q
® * * 2
02 g g
® * ]
1. Design of 2. Initial data 3. Initial data 4. Velocity 5.RGV
the acquisition preparation data processing
monitoring - Initial data processing - Temporal
setup pre-processing - velocity data and spatial ”
Stopthe - Spatial & - Initial data calculation aggregation g’
diecart temporal verification, - velocity data (1 gap-filling, &
RGV setting adjustments, cleaning (QC, 2 C/"Sfe””g/ 8
evaluation data removal / §electron, ) 3
lecti 3 aggregation) a
M Recompute selection) .
S g’ and replace - Relative
o g = error
f: o ‘g' evaluation
8 'g % *Temporal resolution *Relative error of
g *E‘ §, *Spatial resolution velocity data
S| S Minor No
adaptation(s) adaptation

6. RGV consistency evaluation

Need
adaptation?

Figure 7. Summary of thprocessing steps requirédr RGVproduction RD-10].

*Consi: y of velocity time series

2
*ECV product requirement

3.2.2 InSAR-based RG\production Step 11 Designof the monitoring setup

Verify the fulfilment ofthe RGV requirement fanovement representing the rock glacier creep

It is important to consider that the displacement phase term is measured in the Batetitaight

(LOS) direction. This means that only the movement component in the viewing direction is measured,
and movement perpendicular to the LOS direction cannot be detected. The ideal viewing geometry
must be selected based on the rock glacier orientation to ensure optimal measurement capabilities. To
assess the suitability of INSAR for RGV generationagovershadow mask must be generated,
indicating regions that are not visible and thus not usable for INSAR analysis (see Section 2.3). For
slopeparallel movement assessmestale factors should be computed as a functiorthefslope
orientation using a terrain model (recommended 2m DEM averaged ovemR08 scale factor
threshold of 4 is suggested, as larger values lead to increasingly unreliable velocity measurements. It is
suggested to generate masks to identify the usable regions. The selected viewing geometry settings
must be systematically documented in the RGV metadata and remain consistent over time.
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NorthArpignan Ascending GranSometta Ascending

I scale factor > 4
Il Layer-Shadow Mask

Figure 8. LayoverShadowmask (black) andscale factor (orange) greater than 4. Redlygons show the rock glacier
outlines. Back polygons show the reference regiomhe North Arfgnanrock glacieris facing towards th&Vest and the
descending orbit provides favourable viewing conditions. The Gran Soroekalacieris facing towards thélorth and
both orbits are favourable for different parts of the RG.

Verify the fulfilment ofthe RGV requirement for temporal resolution

The ideal setup is to use a measurement frequency of once per year and an observation time window
of 1 year with measurement dates/periods that remain approximately the same every year. However,
using INSAR, this may not be possible due to data gaps in winter (snow cover) and ‘e#icity

often too high tdoe able to connect the summer seasons with ilalegferograms (over the detection
capability of half the wavelength of the sensor during the considered time period). A medium quality
(breakthrough requirement, s€able 8 in the PVSAR) can be achieved by aggregating velocity data
during the summer seasons. TdlEservation time windovis < 1 yearbut the fequencyis once per

year The observation time window must be at least 1 month and cover approximately the same period
every yearwith maximum+/- 15 days of differencdn case this requirement aaot be fulfilled due

to environmental constraints associated witpical limitations of INSAR technology (e.g. near
perennial snow patches), the site must be discartieel.selected settings must be systematically
documented in the RGV metadata aadhain consistent over time.

Verify the fulfilment ofthe RGV requirement for spatial resolution

The ideal spatial resolution is to use several spatially distributed measurementpaintmtinuously
covered areaallowing a complete understanding of the displacement field and the appropriate
selection of the area to be considered in the RGV processing step. This is possible using INSAR
technique, whichtheoreticallyallows for continuous coverage if the data is not affected by major
limitations, such asayovershadow loss of coherence or unwrapping errdrsreality, however, as

shown inFigure 8 part of the rock glacier is often discarddthe selected settingmd area used for

RGV generatiomust be systematically documented in the RGV metaafadaemain consistent over

time.
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3.2.3 InSAR-based RGV production: 8p21 Initial data acquisition

Download the SAR images

All available Interferometric Wide (IW) swath mode SentitielSAR Single Look Complex (SLC)
images aradlownloaded for at leagine geometry. 8cending or descending geonedrarechosen
depending on the slope orientatiohthe site. The geometry providing the best LOS alignment with
the consideredlopeis favoured (see Section 2a®idFigure 8).

3.24 InSAR-based RGV production: 8p 37 Initial data preparation

Crop, coregister and mulibok the images

The initial SLC arecroppedaround the selected rock glaciers. The SLC subsets are coregistrated to a
reference imagelo reduce the speckle, improve the image quality @odide square pixelsnulti-

looking is appliede.g, 4x1 in range x azimuthwhich results inpixels of approx15 20 mground
resolutior).

Set the maximal temporal basetine

All interferograms below a chosen temporal baseline (time interval between the pairs) are generated.
The temporal baseline is chosen depending on the expected unaxietocity of the landform.
Sentinell had a €éday repeapass between 2017 and 2021 and-adprepeapass in 20152016 and
since 2022. The ®and wavelength (5.5 cnénables theletecton of LOS movement up to 1.7 /gr

with a 6days interval and 0.8 fyr with a 12day interval.This can be determined by looking at the
fringe and decorrelation patterns on wrapped interferograms. For rock glaciers moving aose to
more thanl m/yr, only 6-day interferograms are selected for the next st€pis will reduce the
documented period to 2012021 (only one Sentinel satellite available)if the landform is overall
slower than 0.8 myr, 12-day interferograms can be used over the entire Seritipetiod (2015b). If

the velocity is variable over the landfortine rock glacier cahe divided into subareasnd different
temporal baselirecan be applied

Generate all interferograms

Interferograms are generated for each majual orunder the chosen maxim baseline.The
topographic phase is removed using a digital elevatiodel (DEM).The noiselevel is reduced by
applying a spatially adaptive cohererd@pendent filterThe contribution from the stratified
atmosphere is mitigated by fitting a linear relation between the residual phase and the topégraphy.
referencepoint is selected close to the rock glacier in an area where the movement is assumed to be
stable. The interferograms are unwrappading a minimum cost flow algorithmFor each
interferogram, coherence maps are generafdd.subproducts ifitial wrapped interferograns,
atmosphezfiltered interferograrg unwrapped interferograsrand coherence mapcan begeocoded.

The quality of the interferogranis visualised to check the quality of the unwrapping and identify the
location ofthe main moving area based on the displacement field.

Define a selection grid

To selectthe velocity datahat will be extracted, a grid following the exteaf the moving area is
defined. Ideallyat this staggall pixels within the grid are selected but a lower denty. every 40,

60, 80 m)can be chosedepending on the landform size and the processing resoiliiwesapthe
extracted locations, the centre points of the pixels are extracted and converted to geographic

coordinatesk n t he foll owing, Apointsodo refer to the cen
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3.2.5 InSAR-based RGV production: 88p4 1 Velocity data processing

Compute velocityand coherencéme series:

Using the unwrappedhterferograms, LOS displacement time series relative to a reference point,
along with coherence valueare extracted for each point on the grid. The LOS displacements during
the interferogram time intervals are converted into LOS velocity in m/yr. Signal quality can degrade
significantly during periodsvith snow cover or in regions where LOS velocities exceed half a phase
cycle, resulting in low coherence values, increased uncertainties in LOS velocity measurements, and
unwrapping errors. The degradation in signal quality becomes more pronounced with longer INSAR
time intervals. To account for these error sources, valid time intervals and registie identified.

Define theObservatiorTime Window:

For choosing a valigbbservationtime window it is suggested to plot the tinmeries of coherence
values.To reduce noise, additional averaging windows (e.g., monthly averages) can be applied.
strong increase in coherencetypically visible when the area becomassowfree. In fastmoving
regions and for longer INSAR intervals, maximum coherence values may drop significantly (e.g.,
below 0.5), reducing the contrast between sgowered and snodree periods. However, these
different conditions can generally still be distinguishdéehr rock glaciers in the Alps, a window
between July and September often provides good data quality, but this varies by location and year. See
Figure 9 for an example. The chosen observation period should cover at least one month with
approximately the same time each year (& days). The chosen observation time window should be
carefully documented to be able to similarly process future seasons.

Grosses Guffer - Monthly Aggegated Coherence Values (Fast Moving Region) Grosses Guffer - Monthly Aggegated Coherence Values (Slow Moving Region)
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Figure 9. Example timeseries of a fast moving (left) and slow moving (right) region on the Rock Glacier Grosses Gufer. The
top row shows the coherence and the bottom row the LOS velocity aggregated by month. The faster moving regions shows a
drop in coherence in 2019 and 2020 likely related to an acceleration. LOS velocities in these years should be checked
carefully for potential unwrapping issues. The highlighted grey regions indicate the months from July to end of September
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Identify valid regions:
When identifying valid regions for velocity analysis, only observations within the clotxssmvation
time window should be used. Regions with velocities exceeding half a phase cycle (~0.85 m/yr for a 6
day repeat cycle, ~0.42 m/yr for a-@ldy repeat cycle) are prone to unwrapping errors. These errors
are more likely to occur in areas with strong spatial velocity variations (abrupt transitions from slow to
fastmovement athe scale of the spatial resolutiofp identify valid regions, several approaches can
be used:
1  Coherencébased thresholding:
Fastmoving regions tend to exhibit lower coherence. By setting a coherence threshp@3e.g.
and counting the number of valid observations per point, regions with coherence drops can be
identified. Regions with consistently low coherence or too few valid observations should be
checked for unwrapping errgi@nd accordinglgorrected or removed from the analysis. See
Figure 10 (top) for an example.
1 Identification via ime series visuadiation of individual points
Additionally, time series visuatiation of LOS displacement for individual points can be used to
filter remaining outliers. By plotting the LOS displacement over time, unwrapping &roors
sudden drops in cohereniceanbe visually detected. This approach allows for a more detailed
identificationof single remaining points or single problematic interferogrérascanthenbe
removed. Se€igure 10 (bottom for an example.
1 Identification via interferograms:
One option is to manually examine individual interferograms to identifyni@sing areas that
experience unwrapping issues. Here aisgle erroneous observations can be identified and
removed. However, this method is timmensumingand automated methods should be preferred
with the objective of largscale applicabilitySeeFigure 11 for an example.

Invalid regions should be masked in the further processing. The process of identifying valid regions
should begin with the shortest available time interval (e.g., 6 dBggjionghat have been identified

as moving fast in the shorter interval (e.g.0.A2 m/yr identified in the @ay interval) carthenbe
maskedin longer intervals (e.g., 12 daydjhe removal of invalid regions can be revisited after the
stacking/clustering steps if inconsistencies are found.
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Figure 10: Rock Glacier Grosses Gufefop Number of interferograms during the defined tiwiedow with coherence

values above a threshold of 0.3. Low coherence values indicate low INSAR data quality often related to fast movement.
Bottom shows the tirrgeries of measured INSAR displacements of two regions in PBé&&raph in the lottomleft shows

large fluctuatiors of LOS velocities, indicating potential unwrapping issdd® gaph in tte bottomright also showshigh

LOS velocities of about 1m/yr but the tiseries shows only smadariations indicating good data quality

||
Figure 11. Examples of unwrapped phases of Grosses Gufer in 2018. The top left cornerrotkhglacier shows
unwrappingerrors which need to be masked. An obtained masked based on this year is shown in the bottom right zoom in.
The regionis affected byow coherence valug@urple background colour)For the finalapplied mask all available years
need to be checked.
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Correctunwrapping errors

In some cases, unwrapping errors can be corrected by limiting the range of allowed phase values
within regions identified as problematic and repeating the phase unwrapping process
(adding/subtracting a phase value of 2 pi in the unwrapped interferograms). This can recover valid
regions by correcting unwrapping errors bequires carefuinonitoring and evaluation. Especially for

small regions and if only few interferograms of the whole time series show errors, this agproach
well suited(Figure 12).

Grosses Gufer ASC 6d Grosses Gufer ASC 6d

inital LOS [m/yr]

unwrap improvement LOS [m/yr]
. pimp

|
-1 1 -1 1

0 75 150m
L E

Figure 12. Multi-year average of LOS velocities of Grosses Gufer. By corretténghwrapping errora fastmoving region
could be recovered. Nevertheless, a detailed analysis revealed that in the years 2019 and 2020 unwrapping errors are still
present.

Average the results within the observation time windstacking)

The quality of the estimated LOS velocities varies from INSAR pair to INSAR pair as welkastin
interferogramfrom pixel to pixel. To use as many interferograms as possible but also e@xclud
erroneous estimationge employ two threshoidg techniquesin a first stepthe average coherence
inside therock glacierboundaryis computed and a threshold is set for accepting an INSAR pair (e.g.
0.3). Secondly, a coherence threshold (€.¢5) is useétthe pixel level with an additional threshold
on the minimum number of data points (e.g. 5). This results in regfahe rock glaciers that kiaa

high number of valid velocity estimations, whereas other have a lower numheravenaging
(stacking is appliedfor each summer season. The used threshold values should be documented.

Normalize the velocity time series

The yearly timeseries should then be normalized. For the normalizatienuse the average over all
available years and divide each yearly LOS velocity rate by this average. If this rate is below the noise
level (approx. 0.2 m/yr for 6d and 0.1 m/yr for 1Atl)eads to large fluctuations, and we remove these
values from the analysis.

3.2.6 InSAR-based RGV production:8p51 RGV processing

Cluster the velocity time series
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Clustering algorithms can be used to relate regions with similar velocities or similar velocity changes
together.Pixels of the rock glaciers can be grouped according to their behaviggkbmerative
clustering can be used and is available in the python package scikiarn
(sklearn.cluster.AgglomorativeClusterindf)is a hierarchical cluster method that starts with individual

data points as clusters and iteratively merges them based on simil&hiesilhouette score, ranging

from -1 to 1, can be used to evaludke clustering quality. Higher scores indicate bettefined
clusters. This score also helps to determine the optimal number of clusters for our rock glacier velocity
data, balancing between ov&gmentation and ovsimplification. Each cluster is plotted separately

so that the locations of the corresponding points can be mapspatial distribution and timseries

reveal uniform movement across ttoek glacier the cluster solution can lmeglectedand all points
areconsideedas one groupOn the other handf the results are spatially clustered, this may indicate
that the rock glacier is affected by contrastinghaviours In such a case, the generation of two
different RGV products may be required. Alternatively, areas affected by unrepresentative processes
can be discarded. A high number of clusters also often indicates erroredocity estimations, and

these regions should be checked again for errors and potentially be added to the mask. The clustering
can be applied on the measured LOS velocities to identify st slowmoving regions with a
normalization afterwards, or directly on the normalized LOS velocities.

Generate the RGV product

The final RGV product corresposdo the spatial aggregation of a certain number of points in a
defined part of the rock glacig¥lultiple RGVs are generatedhly if significant differences between
different parts of the glacier afdentified The location of theselectedpoints must be carefully
documented to be able to process future seasons simBadgn example ohSAR-RGV productfor
Gran Sometta rock glaciar Figure 13.Relative error estimation

The relative errois estimated by calculating the ratio between dbsolute error of a measurement
andthe absolute value measured/computed over the same observation time viihdoastimated
maximal measuremeetror is approx. 0.4 m/yr based onléys interferogram®.2 m/yr based on 12
days interferogramand decreasing accordingly using longer temporal basdBtaszzi et al., 2020;
Crosetto et al., 2009). The absolutdocity dependon the study site.
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Figure 13 Example of final RGV product for Gran Sometta with observation from a descending orbitising either6d
or 12d interferograms. The top row show the valid regions with clustering applied on the measured LOS velocities
where the clusters indicate fastand slowmoving regions. The blackpolygonshave been identified as unreliable. The
middle row shows the normalized change. The differensdetween the clusters are small. The bottom row shows the
final RGV product with the changes over the years
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3.2.7 InSAR-based RGV production: 88p61 RGV consistency evaluation

The consistency of the velocity time series is defined asttiglity of the time seriesneasurement
procedure and qualitgver time.During Permafrost_cci Phase 2, the time series will be processed
once. The monitoring technique and the monitoring surface will remain the same. As long as the
procedure above is applied systematically, vathonstant temporal baseline and observation time
window, the consistency is expected to be high.

3.2.8 RGV intercomparison exercise

The current RGV guidelines are meant to be generic (techirigependent). However, it is still
unclear if these requirements are suitable to all conditions and applicable measurement temhniques
if adjustments/complemenése needed.To answerthis question,we broughttogethera group of
scientists with good experience in the field, to simultaneously generate RGV on similar landforms,
intercompare results using various methods and identify concrete issues occurring during the
production. TheRGV working grouphasbeenkicked-o in April 2024 and consists of approx. 20
people. They r tagk of the working groupis to perform an intercomparisorexercisefor RGV
production.In the future, the RGV working group is expected to be included in the RGIK activities,
with the longterm mission to promote and foster the productissemination, and exploitation of

RGV as climate change indicator.

Concretely, the aobjectives of the RGV intercomparison exercise are to:

1  Bring togethera group of peoplecurrentlyworking with rock glaciervelocity time seriesand/or
linked to the related projects (CCl Permafrost and ORoDaPT).

1 Apply the current guidelines to produce RGV on selected rock glaciers, using three sets of
applicableechniquegin-situmeasurementspticalremotesensingradarremotesensing).

1 Compareheresultsfromd i e peaplavtithin andbetweerthe threesetsof techniquegin-situ,
opticalor radar).
1 Identify di e r e@mbiemsin the recommendedwv o r k pandver lack of clarity in the
gui del i nes. Reyne the RGV procedure and i mprov

1 Elaboratestrategieso interpretand exploit RGV as climate changeindicator. In regionswith
extensive RGV collection, discuss how to produce regional indices describing (dis)similar
velocity changes.

Timeline 2024

1 Early July: Work instructionsanddatafolder sentto the participants.
15" of August: Deadlinefor registratiorin one(or more)technicalsubgroup.

1 July to early September Individualwork of the participants readtheguidelinesgetknown
withthedatac ol | ect i on, perform yrst processing test:

1 Early September Digital meetingof eachtechnicalsubgrougo remindtheobjectives,
answer to questions and kiok the actual work. Communicati on
workshop programme anmdgistration procedure.

Early Septemberto early November. Individualwork of theparticipantd RGV production.
Early November. ShortsummaryreportsonRGV resultssentto eachsubgrougcoordinator.
Early to end of November: Finalisationof theworkshopdetailedorogramme.

= =4 -4 A

20i 22 November. RGV workshopin Fribourg,Switzerland.
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Technical groups:

1 In-situ group: The group participants will use annual GNSS data to derive RGV. Two levels of
data are provided: -Bl-H positions for all measured points, and calculated velocity for all
measured points.

1 Optical group: The group participants will use aerial optical images acquired by manned or
unmanned aircrafts to derive RGV. Two | evel s
DEM, and displacement yelds (raster or vector

1 Radar group: The group participants will use SentiieSynthetic Aperture Radar (SAR) images
to derive RGV. Synthetic Aperture Radar Interf
used for this purpose. One level of data is provided by Gamma Remote Sensougedistered
Single Look Complex (SLC) images.

Selected rock glaciers and data collection:

Rock glacier Lat/Long In-situ Optical Radar data Velocity Slope
name/country coordinates | data data range orientation
Gran Sommetta | 45.921428 N| Annual Annual UAV | Sentineil 0.2 2 mlyr NNW
(Im 7.669550 E | since 2012 | from 2013 coregistrated
SLC images
Grosses Gufer 46.425292 N| Annual Aerial 2014202%1 0.Z2'5 mlyr NW
(CH) 8.083018 E | since 2007 | images from
- the 50ties
Laurichard 45.018091 N| Annual About Im/yr | N
(FR) 6.399865 E | since 2000

Workshop programme:

Wednesday0.11.2024:

A Morning: Introduction.Reminderon objectives Pastcurrentresearchin they e | d .

A Afternoon:Groupdiscussior(in-situ/ optical/ radar).Comparisorof RGV resultsonthe
selecteasitesandtechnicaldiscussion.

Thursday 21.11.2024:

A Morning: PlenarydiscussionSummaryof Day 1 by the groupcoordinatorsDiscussioron
discrepancies within the groups and technical recommendations.

A Afternoon:PlenarydiscussionDiscussioron discrepanciebetweerthegroups] dent i y e d
issues with the current guidelines/requirements.

Friday 22.11.2024:

A Morning: Wrap-up.NextstepsRegionaindicesasclimatechangendicators.
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4  Required input data

Input data requiretbr the generation of thievo Permafrost_cci Phase 2 mountain permafrost products
are summarizeth Table2. Validationdata are described the PVP.

Table 2. Requiredinput datafor the development of tiermafrost_ccimountain permafrogtroducts

Data class | Data type Source Spatial Temporal | Repeat Availability
coverage coverage | periodicity
Production Sentinell SAR | ESA All subareas and | 2015 2022 6/12 days Freely
RoGI/RGV | SLC images pilot sites Depending on| Depending on| available
(SAR data, the subarea | the subarea
required)
Production Sentinell SAR | CCI+ All subareas 20152022 6 days toone | CCI+
RoGl interferograms | Permafrost Depending on| Yea&r Permafrost
(SAR data, the subarea consortium
required)
Production Interferograms | CCl+ ALOS1-2: All ALOS1-2: 1 days to CCl+
RoGlI from other SAR | Permafrost | subareagxceptin| 20062021 severalyears Permafrost
(SAR data, sensorsALOS, Norway SAOCOM: consortium
optiona) SAOCOM, SAOCOM: 20212022
TSX,COSMO Central Andes TSX:
Skymed, ERp TSX: Western | 20092014
Swiss Alps, COSMO

Brooks Range Skymed:

COSMOSkymed: | 20162019
Southern Venosta| Frg1.2-

ERSE2: 19911999

Tien Shan,

Brooks Range
Production INSAR Stacking| CCl+ All subareas 20152022 6/12 daysto | CCI+
RoGil based on Permafrost | except Disko, Depending on| One year Permafrost
(SAR data, | Sentineil New Zealand, the subarea | Depending on| consortium
optiona) interferograms Brooks Range, the subarea

Tien Shan
Production PSlbased on INSAR Finnmark 2015i 2021 6 days to Freely
RoGlI Sentineil Norway (Norway) subarea several years | available
(SAR data, | interferograms
optiona)
Production PSI based on CCl+ Carpathians 20152021 6 days to CCl+
RoGlI Sentineil Permafrost | (Romania) several years | Permafrost
(SAR data, | interferograms subarea consortium
optiona)
Production DEM mixed All subareas and | Irregular Single dates | CCI+
RoGI/RGV pilot sites Permafrost
(optical, consortium
required)
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Production Orthoimagery | mixed All subareas and | Irregular Single dates | CCI+
RoGI/RGV (satellite/aerial) pilot sites Permafrost
(optical, consortium
required)

Production Google Eartk / | Google All subareas and | Irregular Single dates | Freely
RoGI/RGV Bing imagery Earth pilot sites available
(optical,

required)

Production RoGlI from CCl+ All subareas Irregular Irregular CCl+

RoGil Phase 1 Permafrost Permafrost
Previous consortium
outputs

(required)
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5 Output products

Two products are considered®ermafrost_cci Phase 2
1 Rock glaciefinventories (RoGl)
1 Rock glacier velocity time series (RGV)

Product specifications and formats are described in dettieiRSD[RD-1]. We present imable 3,

Table 4 and Table the attributes associated witie threeoutputs of the RoGI procedure (see Section

3.1). Table 6showsthe attributes of the RGV products (see Section 3.2).

Table 3. Attribute table of the RoGI outpflRGU_PrimaryMarkes] (M: mandatory attribute; O: optional attributePutput

layers are identified with square brackets (e.g. [RQUimaryMarkes)), attributes with double quotation marks (e.g.

APrimaryl Do) v a b.gt@ B a-twoi &t nhe cEheeclabpddplemngafecsttoetise sdctions of the RGIK

and

guidelines documenting the recommendations to assign the values of each attribute.

Landform (M)

not. oO6Uncertain rock gl
suspected rock glacier but still uncertain based on
available data.

Not a rock glacier

Uncertain rock
glacier

Attribute Description Values Related guidelines
Metadata
This attribute allows the operators to point out son _ o
landforms that look like rocglaciers but which are | Rock glacier RoGlI guidelines chap. 3

(sections 3.1 and 3.7)
RoGI guidelines chap. 5
(section 5.1)

6Rock glacierd is the |
Text (250
Comment Comments regarding the primary marker. characters
maximum)
fid (M) Unique identifier of the primary marker. Automatic filling
RGU + 12 to 15 digits
) values. Always 4ligits after the degrees. e RoGI guidelines chap. 5
PrimaryID (M) Automatic filling B
(e.g. RGU34567S123456E means 3,4567° South (section 5.2)
12,3456° East)
Lat. (M) Latitude of the Primary Marker in decimal degrees| Automatic filling
Long. (M) Longitude of the Primary Marker in decimal degreq Automatic filling

Practical identifier chosen by the opera®g(

WorkingID (O) TYRO001, TYRO00Z2, ... for an inventory in Tyrol). Text
Alter.ID1 (O) Alternative local or regional name Text
Alter.ID2 (O) Identifier used in a previous inventory. Text

Polygon attributes

Assoc.RGS (M)

Defines if the Primary Marker is part of a meuaoit
syst em-u(nd Mo nRoG S 6-)init systema

Mono-unit RGS

RoGlI guidelines chap. 3

i ncl udecdo:n néefcotleyd 6 ,

( 6 Mwint it RGSO) . Multi-unit RGS (section 3.2)
RoGI guidelines chap. 3
Defines if the rock glacier identified by the primary Simple (section 3.2)
Morpho. marker is a rock glacier with simple or complex o
morphology. Complex RoGI guidelines chap. 5
(section 5.3)
Defines the geomorphological unit directly located| Tajusconnected | RoGl guidelines chap. 3
upslope of a rock glacier unit or system (5 . (section 3.3)
Upsl.Con. categories). When dealing with uncertain or ggbgigﬂgigd RoGI quidelines chao. 5
intermediate situations, 4 additional categories are P ) X 9 B
6 Ot h| Landslide (section 5.3)
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6Unknownod.
See related documentation for further information.

connected
Glacierconnected

Glacier forefield

connected
Poly-connected
Other
Uncertain
Unknown
Yes RoGI guidelines chap. 3
Upsl.Cur Defines if the rock glacier is currently connected t No (section 3.3)
U the upslope unit or not. Uncertain RoGI guidelines chap. 5
Unknown (section 5.3)
Upsl.Comment Comme_nt on possible pelyonnection and Text
uncertainty
Yes
Defines if the rock glacier identified by the primary
marker is completely visible or not.
No unclear

6No, Ups. Cond6 means t hj
unclear upslope connection (e.g. overlapping of

connection to the
upslope

RoGlI guidelines chap. 5

Complet. several rock glaciers generations). )
6No, truncated fronto6 | (section 5.3)
due to truncated front. No, truncated
. . A front
6Uncertaind when data |
decide.
Uncertain
RoGlI guidelines chap. 3
Define how the activity assessment was performe Geomorphologic | (section 3.4)
Acti.Ass. based on geomorphologic evidence only or with ) . o
additional kinematic data. Kinematic RoGI qudellneS ChaD. 5
(section 5.3)
Undefined
<cml/a
Kinematic attribute assigned to the rock glacier cm/a
. . 5 9 . g o cm/y to dm/a RoGlI guidelines chap. 6
Kin.Att. Only if AActi..Ass. o0 is A )
dm/a (sections 6.1, 6.2 and 6.3
dm/a to m/a
m/a
>m/a
Low
Rel.Kin Reliability of the assignment of the KA Medium RoGlI guidelines chap. 6
T Only if fAActi.Ass. 0 is High (sections 6.1, 6.2 and 6.4
Period of the data used to assign the kinematic RoGI quidelines chap. 6
Kin.Period attribute (e.g. 201:2020). YYYYIyyyy p 61 6.2 d.6 ]
Only if AActi.Ass.od is (sections 6.1, 6.2 and 6.2
Type of data used for kinematic assessment. Use .
AKin. Commento if you wjOptcal
about the type of date used (e.g. INSAR or SAR | Radar -
; e RoGI guidelines chap. 6
TypeOfData of fset tracking for O6R{|dar g p |
Only if fAActi.Ass. o i S| geodetic (sections 6.1, 6.2 and 6.3
60t her 6 withthergisa corsbmation of | oiper
met hods (add comments |
Kin.Comment | Comment regarding kinematic information, data ty| Text
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and quality, spatial representativeness, etc. Espec
when the reliability is loamedium.
Activity class assigned to the rock glacier. See
zlate;i doc:jrrTer:ta:tlon ;or fL.lrt:]er |r~1foKrrT1at|on.A Active RoGI quidelines chap. 3
ready pr.e' ! & - ! AKIn. At Active uncertain | (section 3.4)
However, it is also possible to change the value T itional RoGI quideli hap. 5
Acti.Cl. manually from the drolown list.e.g.in case of low ra'nS| lona _ 8 _qu| €lnes chap.
reliability of the kinematic attribute due to unideal | Relict uncertain | (section 5.3)
slope orientation (N/S) compared to INSAR LOS | Relict RoGlI guidelines chap. 6
measurements, the AKinNn . : .,
representative of the real activity of the rock glacig Uncertain (sections 6.1, 6.2 and 6.2
(based on geomorphologic evidences).
Yes, ongoing RoGI guidelines chap. 3
. Describes if the rock glacier unit is (ongoing) or hg Yes, completed | (section 3.5)
Destabili. o o
been (completedjestabilized. No RoGI guidelines chap. 5
Uncertain (section 5.3)

Table 4 Attribute table of the RoGI outp[itlovingArea)] (M: mandatory attribute; O: optional attributeDutput layersare

identified with square brackets (e.dd¢vingArea$ ) , attri butes wi th MAWDWDI)e aqmuo tvaatl iucers m
single quotesd.g.@30-100 an/ y THe yecommendations to assign the values of each attribute are documented7h [RD

(also available in Anneg).

Attribute Description Values
Metadata
Fid (M) Unique identifier of the polygon. Automatic filling
MA+12to15digtddependi ng of
ALongo values. Al ways
MA.ID. (M) Automatic filling

(e.9.MA34567S123456E means 3,4567° Soutk
and 12,3456° East)

Practical identifier chosen by the operator (e.g.
WorkingID (O) MA_TYRO001, TYR002, ... for a movingreas Text
inventory in Tyrol).

PrimaryID of the related rock glacier unit in the

Ref.PrimaryID (O) [RGU_PrimaryMarkers] table. Text
Polygon attributes
0. Undefined
1. < 1 cm/yr (no movement up to some
mm/yr)

Velocity class: variable characterizing the surfe
displacement rate. Using INSARéfers to 2. 13 cm/yr (some cmiyr)
velocity observed ithe LOS during a specified | 3. 310 cmiyr

observation time wind

Vel.Class

4. 10 30 cm/yr (some dm/yr)
5. 30100 cm/yr
6. > 100 cm/y(m/yr and higher)

Sensor type used to perform the characterizatij 1€t containing: SENSOR(s)_
is documented here. Observation time window| ©BSERVATION-TIME-

(period during which the detection and WINDOW_TEMPORAL-FRAME
characterization is computed/measured, i.e. wk

Time.Obs. months/seasons), and e.g. with INSAR data:

temporal frame (total duration during which the 51 Summer Y1Y2 (velocity observed from
periodic Sentinel1 with an observation time window in
measurements/computations are repeated and summer, each year between year Y1 to year
aggregated for defining the moving area, i.e. | Y2)
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which year(s)).

TSX Summer Y1, Y2, ... (velocity observed
from

TerraSARX with an observation time window
in summer, at year Y1, year Y2, etc.)

CSKAnnual YI' Y2 (velocity observed from
CosmeSkyMed with an observation time
window of one year, each year in between y
Y1 to year Y2)

ALOS 08 10 Y1i Y2 (velocity observed from
ALOS with an observation time window
between August and October each year
between year Y1 and year Y2)

S1 Summer YY2 and TSX 10 Y3 (velocity
observed from (i) Sentinel 1 with an
observation time window in summer, each y¢
between year Y1 to year Y2 + (ii) TerraSAR
with an observation time windoeentredn
October of the year Y3)

Note:
-AiSummer 0 period mus]

the metadata, and it should be at lea& 2
months

0. Low: signal interpretation (velocity
estimation)andoutline are uncertain btitere
is evidence of movement that negd be
consideed

characterization (if needed).

Rel.MA Reliability of the detected moving areas. 1. Medium: signal interpretation (velocity
estimation)or outline is uncertain.
2. High: obvious signal, best appropriate
configuration (bacKacing slope)
Comment Comments regarding the detection and Text (250 characters maximum)

Table 5At t r i
are identified with square brackets (e.RGU_Outline} ) ,

bute table of

t BOGM: Ran@atory attiltute; Wt optidriRd@ribute) Outplutilagees

attri

but es

wi t h PBrimary ID& ) g motdat i o

values with single quoteg.g.E x t e h @he thst column refers to the sections of the RGIK guidelines documenting the
recommendations to assign the values of each attribute.

Attribute Description Values Related guidelines
Metadata

Fid (M) Unique identifier of the polygon. Automatic filling

Unique identifier of the rock glacier unit the table

[RGU_PrimaryMarkers]. The digitized polygon in o
PrimaryID this table is necessarily associated to the previous Automatic fillin RoGlI guidelines chap. §
(M) created Primary Marker (point geometry). The 9 (section 5.2)

APri maryl DO must, t her ¢

associated Primary Marker.
WorkingID Practical identifier chosen by the operator (e.qg. Text
©) TYRO001, TYRO002, ... for an inventory in Tyrol).

Polygon attributes (optional)

Out.Type Outline type. Extended RoGI guidelines chap. J
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Restricted (section 3.6)
Other RoGI guidelines chap. §
(section 5.4)
2 (High) RoGI guidelines chap. *
RelFr Reliability of the front outline digitalization. 1 (Medium) (sections 5.4.1 and
0 (Low) 5.4.4)
o .| 2 (High RoGlI guideli hap. §
RelLeftLM Reliability of the left lateral margin (i.e. orographic 1 EMSdi)um) © -CIUI EINes nap
perspective) outline digitalization. (sections 5.4.2 and
0 (Low) 5.4.4)
2 (High RoGI guideli hap. §
RelRiahtLM Reliability of the right lateral margin (i.e. orographi 1 EMgdi)um) © _qUI €ines cnap
9 perspective) outline digitalization. (sections 5.4.2 and
0 (Low) 5.4.4)
S . . 2 (High) RoGI guidelines chap. *
RelUpsCon Reliability of the upslope connection outline 1 (Medium) tions 5.4.3 and
digitalization. (sections 5.4.3 a
0 (Low) 5.4.4)
Outline reliability index summing the values assigr| Automatic filling RoGI quidelines chap. °
Rellndex to the reliability att1FromoO(Low)to8 .
iRel Ri ght LMo0 and fARel Uj (High) (section 5.4.4)
Comment Comments regarding thmitline. Text_ (250 character:
maximum)
Table 6 Structure and documented metadatahe RGV product
For each RGV time series
ID Unique alphanumerical identifier of the RGV time series)

Reference ID of the
related rock glacier unit

When a RoGil is available

Data/technique Description of the platform, sensor type and processing approach
Area considered for RG\ Areabased, several discrete points, three discrete poistagle discrete point, and relate
processing specifications
Start date Date of first observation
Velocity data Computed RGV data in m/y
For each annual increment of th&®@GV time series
ID Unique alphanumerical identifier of the RGV data

Reference ID ofhe entire
RGV time series

Reference ofhe entire RGV time series

Start date Start date of the observation time window

End date End date of the observation time window

Base data Data/platform/sensor used for the data acquisition
Velocity data Computed RGV data in m/y

Relative error of the
velocity data

Ideal: < 5%
Medium: 515%
Minimal: 15-20%

Consistency of the RGV
time series

Ideal: no problem with newly added velocity data
Medium: problems with newly added veloaitgta but no major change of procedure
High: problems with newly added velocity data and major change of procedure

Comments

Documentation of any changes or specific aspect of the data production worth archivi

relevant for the data analysis amshge
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6 Practical consideratiors for implementation

The main basic concept behind the development of the RoGl and RGV products, in line with the
RGIK recommendations, is to propose a methodoltt allows for upscalingof the systematic
investigationof mountain permafrost and specifically the mapping and monitoring of rock glaciers by
different research teams around the globe.

Despite the standards presented in the PSVAR and the processing lines described in the present
document, several challenges are identifid#tiese will be continuously assessed throughout the
project durationThey can be summarized intoreeelements:

1 Risksof discrepancies regarding he geomorphological elements of RoGI products:
The properties of the input data (e.g. DEM amthophoto resolution) vary depending on the
study areasind may affect the comparability of the results. In addition, despite the objectives to
provide international standartisat are similarlyapplicable in any mountain range, the variability
of the environmental contexts and landform types may highlight a need for defining different
RoGI practices. The results from Permafrost cci RoGl presegs expected to contribute to
furtheradjustments ofhe dedicatedRGIK practical guidelinefRD-5].

1 Risksof discrepancies regardinghe kinematic elements of RoGlI products:
The amountind availability of thénSAR data vary depending on the study ar@ag. every 6 or
12 days for Sentinel between 2018 and 202availability of SAR images from Xand L-band
sensors). In addition, the differeafvironmentalkcontextsbetween the selected regiolesd to
various rock glaciekinematics andactivities (e.g. low velocity in the Carpathians vs. high
velocity in the Alps), which may requiren adaption othe processing strategy to the specific
regionalneeds.The results from Permafrost_cci RoGl proesssre expected to contribute to
furtheradjustments othe dedicatedRGIK practical guidelinefRD-6] [RD-7].

1 Risksof discrepancies regardinghe generation of RGV products:
The definition of techniguendependentstandards for the generation of comparaRBV is
recent[RD-9] [RD-10] and may ewlve in the coming months and yeats. Permafrost_cci, we
aim tohighlight that INSAR techigue areable to generate simil&GV products (i.edocument
similar interannualvelocity trend$ compared to available isitu measurements at the same pilot
sites (see PVP). Depending on the conclusions of the Permafrost_cci first iteration, the RGV
procedure described in Section 3.2 may be adjusted tdl fillis objective Currently, the
workflow includes several steps for whichubjective decisions have to be made (e.g. identify
valid regions, threshold values for the stacking) which can result in discrepancies. These
decisions are also challenging in regard to the implementation of an automated RGV processing
chain. The result®f the RGV intercomparison exercise amelateddiscussios at the RGV
workshop in November 2024may help solving some open questions regarding the chosen
processingriteria.

The identified challenges ami$ks of discrepancies in the final products will be assessed in the future
deliverables, especialip the Product htercomparison an¥ alidationReport(PVIR).
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Annex 1.
RoGl procedure using a generic GIS tool
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ESA CCIl+ Permafrost

Consensubased Rock Glacier Inventory
(RoGl) procedure using a generic GIS tool

. % 48
v [] ADI RoGl-subarea SouthernVenostal

CCl/Subarea in Southern Venosta. Italv

https://climate.esa.int/en/projects/permafrost/

https://www.rgik.org

19.09.2024
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Preamble

This Rock Glacier Inventory (RoGl) tutorialhas beerdesigned withinthe framework of theCCl+

Phase 2 Permafrost project funded by the European Space Agency (ESA). The project is in synergy
with the work ofthe IPA Action Groupon Rock Glacier Inventories andinematics(RGIK) that
developed international RoGI guidelines and a relatedb@ked exercisel he following GISbased

tutorial describes the steps requiredtie mappingand characterizatioof rock glaciersAll data,
instructions and notices describing the attributes of each vector layer can be found in the zip folder of
each RoGl subardaa me d fAReaN&aIMme )

The inventorying procedure follows up on prior work aiming to reddiserepancieshetween
different operators and produce homogenmussensuwased RoGl¢Brardinoni et al., 201.9Vay et

al.,

2021).
Attributes
STEP 4a STEP 5a Cz:g:ns;s
Attributes Suggested
Pri o ; -based
rimary markers filling by attributes attributes
inventory filling by
STEP 3a team proposed :
invento
S;ﬁ::; " STEP 2a Consensus operators by the PI teamry
. Y Suggested -based PM
inventary PM by by
team .
the PI inventory STEP 4b STEP 6b
operators
P team Outlining Si;:zs‘r;: 4 Consensus
by outlining -based
| 4 inventory outlines by
Iterative processes team T):?f: : ?,CII inventory
J’ | operators team
N STEP 3b Outline
MA b STEP 2b Consensus
invento\;y Suggested -based MA PM: Primary Marker
team I\';A l;}' . byt PI: Principal Investigator
operators i m\.t::"c:ry MA: Moving Area

Moving areas

Timeline of the process

Figure 1. Consensudased RoGI procedure

We recommend that the work is performed by an inventory team composed of several opgerators.
Principal Investigator (Pln each regioroordinats the work ands responsibility for the final result.

The Pl is also included as an operator of the inventory team. The following instructions present all the
detailed steps summarized in Figure 1.

Note that at this stage, rock glacier systems (RGS) are not included in the exercise. This exercise only
focuses on the inventory of the rock glacier units (RGU).

For troubleshootingr technical supporiplease ontactThomas Echelardifomas.echelard@unifr.th
or _usethe RGIK Slack Forum For questions regarding the CCl RoGI procedure and InSAR
guidelinesplease contact Line Rouygine.rouyet@unifr.chliro@norceresearch.no
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GIS

1 QGIS software Download QGISversion 3.22 ohighe)).
1 Numbers in the text refer to the GIS tifmindat the end of this document.
1 For more general information on QGIS software, refer totiime manual

GIS project data
The QGIS project comprises:

1 Layer templates tobe edited by the operatorRGU_PrimaryMarkersAreaName
RGU_OutlinesAreaName, MovingAreas_AreaName

1 Polygon of your AeaOf Interest (AOI)

1 A set of InSARdata (nterferogram}p based orSENTINEL-1 and additional available SAR
satellites depending on the CCI study area. The SAR images have been accusahiting
mode (ASC) and descending modéDESC). Relevant interferograms have been generated
across a range of time intervalor more informatioron the analysis dhSAR dataplease
refer totheInSAR guidelinefd oc ument Ol NnSAR_gui delinesd in

1 Online operaccess optical imagerfe.g. Google image, Bing). Note that it requires an
Internet connectian

Depending on availability in the study area, each PI can add additional stream/online data (e.g. optical
imagery, DEM and hillshade) before sending the GIS project to the inventory team. It is recommended
to add this data in a dedicated group in the QGIS project (e.g. online data).

Thezip folder of your subarealso containshe kml file of your AOI.
Other resources

In the folder INSTRUCTIONS you can find theformation about each attribute table of the layers
that you will edit (attributes, values, description, related documentation):

1 Notice_RoGI_RGU_Primary_Markers.pdf
1 Notice_MovingAreas.pdf.
1 Notice_RoGI_RGU_Outlines.pdf

The 3D view in Google Earthcan be very useful for geomorphological interpretation:
https://earth.google.comWhen available, visual inspection of muiimporalorthoimagegan also be
valuable
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Detecting and locating Rock Glacier Units (RGU)
Step la

Step larequires careful reading diie BaselineConcepts(especially Sections 32d) andPractical
Conceptgespecially SectionSa-5b) for inventorying rock glaciers

A Open the QGIS proje®oGl_AreaNameqgz

A In the study areanark eachrecognized rock glacier unitswith a point (primary marker, PM )
in the layer RGU_PrimaryMarkers AreaName Relict rock glaciers must also be markédt other
landforms, such adebriscovered glaciersmoraines ofandslidesare excludedIinSAR analysis can
be useful to detect/confirm and charactetimkinematics of theock glacier units.

To edit theRGU_PrimaryMarkersAreaNamelayer, start by selecting iandthenclick on the Edit
icon (yellow pemwil). The two icongo the rightof the yellow pencilkllow to addpoints and modify

them @IS tip J).

Eachnew point is associated wittan attribute table. In stepalfill onlyt h &€ a i d f attribone

(Rock glacier, Uncertain rock glacier, Not a rock glacier) aptibnally the "Comment“attribute. Do

not fill in the other attributesHis will be done later)SpecifyfiRock glacieo if you are confidento

have detected rock glacierunjtt Un cer t ai n ifryoucakenotslreorifithe tamdform may

be too smalto be considered as sucfou may optionally usé Not a r oto idicgtésanei er 0O
landforms that look like rock glaciers but which are. fidiis is typically valuable for ambiguous cases

that can be further discussed within the team and used as an educational example for potential future
users Add details in theiCo mme attriduteif needed Save your edits regularfycon next to the

yellow pen)

A When step la is completedsave your project and close QGIS. Then rename the file
VECTORLAYERS\ RGU_PrimaryMarkersAreaNamapkgby adding your name (orour initialg
at the endd.g.RGU_PrimaryMarkersAreaNameYourName.gpkg).

A Forward your layeRGU_PrimaryMarkers_YourName.gpkg the Pl.The deadline to send the
individual results is set by the Pl(potentially same deadline as step 1b).

Step 2a

Based on the individual resultfrom step B, the PI suggests a finalPM layer
(RGU_PrimaryMarkers AreaNamePI) that will bediscussed with the team

Step 3a

The inventory teameviewsthe suggested PM laygefinds consensu# needed and approséhe final

PM locations The resulting layer will be used aseference fothe next stepsAt the end of this step,

the PI sends the final PM layer and the results of each individual operator to the CCI coordinators:
line.rouyet@unifr.chliro@norceresearch.remdthomas.echelard@unifr.ch
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Detecting Moving Areas (MA)
Steps 1b

Steps 1b requires careful reading of the guidelines f@ptional kinematic attribute in standardized
rock glacier inventorieand the INSAR quidelines(also availablein the project folder document
0l nSAR _gluidelinesé

A In thestudy areadraw the Moving Areas (MA) polygons based on Synthetic Aperture Radar
Interferometry (INSAR) data in the layer MovingAreas_AreaNameTo edit the layerstart by
selecting it and then click on the Edit icon (yellow pencil). The two icons to the right of the yellow
pencil allow to add polygons and modify thé@iS tip 5.

A Follow the instructions in ththSAR guidelines(also availablen the project folderdocument
601 nSAR_ g uandidertify all Asdn your study area.

A Fill the attributes of each MA polygon. The descriptions of the attributes related to the MA
polygons are described ithe fle INSTRUCTION®Notice_MovingAreas.pdfThe dtribute table
proposes a seraiutomaticdialog boxfor filling out the velocity class (Vel.Class) and for defining the
degree of reliability of the detected MA (Rel.MA) bglectingthe value from the dredown list GIS

tip 3). Save your edits regular{jcon next to the yellow pen)

A When step 1b is completedsave your project and close QGIS. Then rename the file
VECTORLAYERS\ MovingAreas_AreaNamgpkgby adding your name (gmour initialg at the end
(e.g.MovingAreas_AreaNamé& ourName.gpkg).

A Forward your layeMovingAreas_AreaName& ourName.gpktp the Pland wait for feedback from
the Pl before proceedirtg the next step The deadline to send the individual results is set by the
Pl (potentially same deadline as step 1a).

Steps 2b

Based on the individual resultdrom step 2b, the PI suggests a final MA layer
(MovingAreas AreaNamePl) that will be discussed with the team

Steps 3b

After discussion/consensus and the final team agreement on MA location, outlines and attributes, the
Pl sends the final MA layer and the results of each individual operator to the CCI coordinators:
line.rouyet@unifr.chliro@norceresearch.remdthomas.echelard@unifr.ch
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Documenting rock glacier attributes and drawing outlines

Step 4a: Documenting rock glacier attributes

Step 4a requires careful readicgreful reading ofthe documents related to the attribute table
(attributes, values, definitien etc.) can be found in the fle
INSTRUCTION®Notice RoGl_RGU_Primary_Markers.pdfo accessand fill outthe attribute table
form, refer to theslS tip 2andGIS tip 3.

A In the study area, specify the attributes of each rock glacier unit in the
RGU_PrimaryMarkers_AreaName_CBayer (GIS tip 2. The attribute table proposes a semi
automaticdialog boxfor filling in the attributes, by selectinpe value from the dredown list GIS
tip 3). Some attributes appear orifyother attributedave beeiiilled in before(e.g.Kin.Att. appears
only whenActi.Ass = 6 Ki n eGisatip ¥).cValues and definitions can be found time layer
documentationNotice_RoGI_RGU_Primary_Markers.pdSave your edits regularl§icon next to
the yellow pen)

A When step 4a is completedsave your project and close QGIS. Then rename the file
VECTORLAYERS\ RGU_PrimaryMarkersAreaNameCB.gpkgby adding your nam€or your
initials) at the end€.g.RGU_PrimaryMarkersAreaName CB _YourName.gpkg).

A Forward your layerRGU_PrimaryMarkersAreaName_CB _YourName.gpkgo the Pland
proceedto the next stepThe deadline to send the individual results is set by the Rpotentially
same deadline as stép).

Step 4b: Drawing outlines (optional)

A Inyour studyarea,outline each rock glacier unit inthe RGU_Outlines_AreaNaméayer. To edit
the RGU_Outlinedayer, start by selecting iandthenclick on the Edit icor(yellow pereil). Use the
two othericons on the right to add and modipplygons(GIS tip 5. If possible, draw bothhe
RestrictedandExtendedootprints.Save your edits regularfjcon next to the yellow pen)

A Fill the attribute table (Outline type arReliability). The attribute tableffers a semiautomatic
dialog boxfor filling the attributes, bgelectingthe value from the dredown list. Refer to the layer
documentatior(notices)for values and definitiondo not importthe Primary ID created in theMP
table into the Outline tablas it will be done automatically at a later stage by the CCI coordinators
(Unifr).

A When step 4b is completedsave your project and close QGIS. Then rename the file
VECTORLAYERS\RGU_OutlinesAreaNamegpkgby adding your naméor your initials)to the end
(e.g.RGU_OutlinesAreaNameYourName.gpkg).

A Forward your layer to the Pl to move to the next stéqe deadline to send the individual results
is set by the Pl(potentially same deadline as stg).

Step 5a/5b

Based on the individual resuliom stefs 4a/4b, the Psuggests a findPM layerincluding attributes
(RoGI_AreaName_Bl and makes a layer with the suggested RGU outlines
(RoGI_OutlinesAreaName_BlI
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Step 6a/6b

The inventory teameviewsthe suggested attributes and outlinéed a consensugf needey and
approve the final resultsThe resulting layerwill be the RoGI consenstlsased results of your study
area RoGIl_AreaNamendRoGI_OutlinesAreaName)

Congratulation, the whole inventory process is completed!

All files (from single operators and after the final team decision) are sent by the IR @Ct
coordinatorsline.rouyet@unifr.chliro@norceresearch.rendthomas.echelard @unifr.ch

Deadline for final delivery to Unifr is May 1% 2025
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INSARbased kinematic attribute
In rock glacier inventories

Practical INSAR Guidelines v.4.0
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Bertone et al., 2022ndRGIK Action group
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To the attention of RGIK community

The Practical INSAR Guidelines (InSAlBased kinematic attributes in rock glacier inventories) is a
document describing the recommendatidios using Synthetic Aperture Radar Interferometry
(InSAR) to assign kinematic attributes in rock glacier inventories.

This is not a standalone document. It is a complement to the following reference documents of the IPA
Action group on rock glacier inventories and kinematics (RGIK):

9 Baseline concepts: Towards standard guidelines for inventorying rock glaciers

9 Practical guidelines: Towards standard guidelines for inventorying rock glaciers

9 Baseline concepts: Kinematics as an optional attribute of standardized rock glacier inventories

Useful methodological background information aadditional examples on thmterpretationof
INSAR datacan be found irBertone et al. (2022)n the followingdocumentwe provide the basics
necessary to use InSAfRr the productiorof arock glacier inventory (RoGl)Section 1. Basi¢sand
recommendations to perform the work in a standardized-b@sgdtool (Section 2. Practical
guideline$. We recommendeadingthis document as a complement of the tutorial of RuGl|
exercise in the Goms valley (Switzerland)

To the attention of ESA CCIl+ Permafrost external partners

In the framework othe European Space Agency (ESA) Climate Change Initiative (CCI+) Permafrost
ProjectPhase 1 (2012021), several partnevgorked on assigning kinematic attributes in rock glacier
inventories (RoGls) produced in several regions worldwi@ast version of this document (v.3.0)
was used tggeneratecomparableRoGIs using akinematic approach based on Synthetic Aperture
Radar Interferometry (INSAR)

In ESA CCl+ Permafrost Phase 2 (202025), a crossalidation exercise in subareas of the 12 initial
regions has been designed to identify potential discrepancies between multiple operators, adjust the
guidelines and evaluate the quality of the final products. The selected regioirs/alned partner
institutions are shown in Annex C.

The present document is an updated version (v.4.0) of the Practical INSAR Guidelines. The objective
is to define standard rules to assign an InS*Red kinematic attribute to the rock glacier units and
generate comparable RoGIl products. This is not a standalone docu@wrdequently, we
recommend that eadperatoread carefully théollowing documents before starting the inventorying
process:

9 Baseline concepts: Towards standard guidelines for inventorying rock glaciers

M Practical guidelines: Towards standard guidelines for inventorying rock glaciers

i Baseline concepts: Kinematics as an optional attribute of standardized rock glacier inventories

The inventorying process follows the procedure explained in the subfolder INSTRUCTION
(1_RoGlI_practice_instructions.pdbf the project made for each Permafrost_cci subarea. The practical
INSAR guidelines focus on delineating moving areas using INSAR and assigning -bs3aR
kinematic attributes to inventoried rock glacier units.

Line Rouyet and Thomas Echelard, responsible for troubleshooting and technical support.

Contactline.rouyet@unifr.cH liro@norceresearch.mindthomas.echalard @unifr.ch
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1. INSAR basics

1.1 InSAR to map surface movement

Differential Synthetic Aperture Radar Interferometry (INSAR) is a satellite remote sensing technique
used to measure surface movemewmer large areasThe approach consists of analysitng phase
differences between two SAR images taken at different timesfter removal of unwanted phase
components (e.@ssociated witthe topography or the atmosphere).

The resulting map of phase differ enomedmensonat ef er r
information about the surface displacement corresponding to theprojection of the real
displacement along the sensor view angle, ihe SAR line of sight(LOS) (Figure 13. A single SAR
interferometric observation therefore does not allow to fully determine the magnitude and direction of a
surface deformation. Thiareedimensional displacement vector can only be computeddéhssums a

certain displacement direction when focusing on a specific process, e.g. creep occurring along the
steepest slope direction for the rock glaciers.

A Synthetic Aperture Radar (SAR) is not ablenteasuralisplacements that are fully perpendicular to its

LOS anddetectsan underestimai displacementf the LOS deviates from the real displacement
orientation. We therefore nedd know the measurement geometry of the available datasets to

correctly interpret the interferograms. SAR satellites are polar orbiting amndma gi ng t he Ea
surface faia specific incidence angle. With a rigbbking sensor, a satellite crossing tBguator from

South to Northdscending passgdookstowards East When crossing thEquator from North to South
(descending passégsit lookstowards West(Figure 1.

The SAR geometry has an impact on the achieved spatial covaragguntainous terrain. Norttand
Southfacing slopes are difficult to analyse, because creeping landforms include a displacement
component perpendicular to th®S orientation.Ba ¢ k f a c i(Di g Figare &b eéefned as the
western slopgwhen viewing in descending modeastern slopein ascending modeare the most
appropriate configurations. The local spatial resolution is less affected by geometric distortions and the
displacement orientation is more or less aligned with the LOS. The slopes facragdah@\i D, Figure

1b) are less favourable for an INSAR analysis. In addition, the difference between the slope steepness and
theradarincidence angle has to be considered. A steep incidence angle reduces shadow effects observed
in backfacing slopesKiH, Figure 1b)but increases layover effects in slopes facing the SBiP®(

Figure 1. Consequentlyit is important touse a combination of interferograms with different view

angles and geometries (ascending/descending)itoestigatedifferent slopes in a region
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Figure 1. (a) A displacement (d) vector along the slopg.£§l and the line of sight (LOS) components
measured by INSAR when using SAR images from ascending (asc) and descending (desc) gegmetries: d
and diess (b) Geometric distortions from the SAR measurement geometry in mountainous regions.

1.2 Visual interpretation of interferograms

The displacement that occurs between the two image acquisitions can be estimatsdally
interpreting the interferograms. The results are spatially relative taederenceareaselectedoutside

the studied moving area. The spatial chaofecolour in the interferogram expresses the surface
displacement projectednto the LOS direction An entire colour cycle (fringe) is equivalent to a

change of half the SAR wavelength&2) along the LOS during the time interval between the two

images One phase cycle represents half the wavelength as the radar signal travels to the ground and back
to the sensor. The direction of the change can be interpreted using the=keygnu. Cansid2ring back

facing slopes, clockwise colour changes mean that the radar beam has travelled further in the second
acquisition and thus corresponds to a downslope process or subsidence. In the opposite case, it will be
interpreted as an upslope displacement or uplift.

/2
Towards satellite
T 0=2r=1/2
Away from satellite
-1/2
(or 31/2)
Figure2.The difference in displacement rate between

When the colour changes in clockwise direction, the ground has moved away from the satellite. In the
opposite direction, the ground has moved towards the satellite.
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The minimum and maximum displacement rates that can be detected depend on the time interyal

the resolution and the SAR wavelengthof the interferograms (Figure 3 and Table ). The
interferometric SAR signal will become ambiguous when the displacement gradient between adjacent
pixels is higher than half of the wavelength during the selected time interval. It will decorrelate when the
changes occurring during the selected time interval are too large within the pixels. Temporal
decorrelation can also occur due to changes in surface properties (e.g. vegetation, snow and wetness).
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Figure 3. Deformation rate observed by SAR sensors for the most commonly used timesirebaal
defines the interval of deformation rate in cm/yr for which a coherent signal can be identified and
interpreted on an interferogram generated with a certain time interval. It shows the detection capability
of different INSAR data. The lower limit corresponds to the minimal detectable velocity (1/8 of fringe
cycle). The upper limit corresponds to the maximum velocity (one entire frffage)vement lower than

the minimum value of the bar is not detectaBlanovement higher than the maximum value of a bar
maydecorrelate on the interferogratadapted fronBarboux et al. 2014
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Table 1.Radar characteristics of the main SAR systems used in the exercise.

Satellite TerraSARX CosmeSkyMed Sentinell Radarsat2 ALOS2 SAOCOM
Date from 2007 from 2007 from 2014 from 2007 from 2014 from 2018
Agency DLR ASI ESA CSA JAXA CONAE
Wavelength (cm) 3.1 3.1 5.5 5.6 24.3 23.5
Band X X C C L L
Incidence angle (°) 201 45 25140 20i 45 35 30i 40 18-50
Range resolution (m} 1716 1i 100 5i 25 3i 100 3i 60 5-10
Azimuth resolution (m)! 1716 1i 3i 100 51 40 3i 100 3i 60 10-50
Scene width (km) 10i 100 10i 200 80i 400 50i 500 70 10-400
Repeat cycle (day) 11 11 418/ 16 (6)i 128 24 14 (8)i 16°

1 The resolution in range and azimuth depends on the image acquisition mode. Common modes are the Spotlight mode (extra
precise), Stripmap/Standard mode and Wide/ScanSAR mode (extended).

2 Constellation of small Satellites for Mediterranean ba@bservation (¥ and 29 satellites launched in 2007793n 2008 and

4hin 2010

3 With both satellites operating, the repeat cycle is 6 days for Seitmed 16 days for SAOCOM.

1.3 Interpretation of averaged velocity maps

To automatically obtain displacement maps (e.g. with units in cm), a processing steppbaked
unwrapping is required. This step allows to convert the cyclic phase differences (that range bétween
and +°) into the absolute phase values and subsert

An advantage of adding an automated unwrapping step is that it allows for including and combining the
information from a large amount of interferograms. All interferograms (with a chosen time interval
depending on the expected velocity, ségure 3 can be generated, unwrapped and then averaged to
provide average velocity mapghat are easily interpretabl&his process is called INSAR Stacking

Such maps are usually expressed in m/yr along the LOS, with negative values (typically in red) showing
areas moving away from the satellite and positive values (typically in blue) showing areas moving
towards the satellite.

To take advantage of the redundancy of temporally overlapping interferograms and improve the
measurement accuracy (e.g. in areas affected by significant atmospheric noise), more adufihced
temporal INSAR techniquasn be applied. These are typically divided into two main groups:

1 Methods based on locatingersistent ScattererfPSs), referred to afersistent Scatterer
Interferometry (PSI) or Interferometric Point Target Analysis (IPTA). A stack of
interferograms is generated at full resolution using a single reference scene, i.e. including long
(interannual) interferograms. PSI is typically designed for linear andsloving features, and thus
does not allow for correctly quantifying velocities higher than a dewyr. PSI can be useful for
slow-moving landforms, e.g. to discriminate transitional and relict rock glaciers. For most active
rock glaciers, PSI must be complemented by single interferogram analysis and/or distributed
scattering INSAR.
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1 Methods based oDistributed ScatteringDS), referred to aSmall BAseline Subse{SBAS). These
methods incorporate a large number of interferograms (multiple reference scenes) below chosen
spatial and temporal baseline thresholds to reduce geometric and temporal decorrelations. The
maximum detection capability depends on the chosen threshold of temporal intervals used to build
the interferograms, following the same logicFigure 3

Phase unwrapping and resulting averaged products based on a large amount of interferograms (INSAR
stacking, PSI or SBAS maps) are widely used to produce one single output and automate the processing
over large regions. However, this step may introddat& gaps from decorrelation and potential

errors over fastmoving areas, as well as in areas with snow or vegetation. Results from InNSAR
Stacking, PSI/IPTA or SBAS must therefore be interpreted carefully and in combination with

single wrapped interferograms.
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2. Practical guidelines

INSAR data can be used to characterize rock glacier kinematics. The following recommendations are
stated for a systematic procedure based oimthepretation of wrapped interferograms from a large

INSAR dataset in order to locate moving areas related to rock glaciers and estimate their
displacement rates Similar recommendations could be applied to other INSAR methods, such as
unwrapped interferograms, INSAR stacking, PSI/IPTA or SBAS, but the results must be interpreted
carefully (see Section 1.3).

The objective is to provide the following outputs:

1 The moving areas (MAS) a polygon vector layer containing the outlines of MAs identified on the
available INSAR data.

1 The kinematic attributes (KAs) associated with primary markers (and optionally the outlines) of
therock glacier units (RGUSs)

2.1 INSAR data and GIS structure

2.1.1 Interferograms, velocity maps and normalization factors

Different SAR sensors can be selected according to their availability and accessibility. To obtain a
comprehensive overview of slope movements in a given region and to prevent focusing on
unrepresentative signals from one single interferograns essential touse alarge set of valid
interferograms produced with time intervals from days to years in both orbit modes (ascending and
descending). The major obstacles limiting the successful use of INSAR in alpine mountain environments
are the slope orientation/steepness and the presence of (wetSatestedSAR scenes must be mostly
snowfree (e.g. usually between Juniuly and Septembi®ctober in the Northern Hemisphere). SAR
scenes with a short (daily) time interval can also be used in wintertime, when the snow is still dry in
periods without strong precipitation or wind. Estimating the extent of old or fresh snow and the weather
conditions (rain events) occurring on or up to 2 days before each SAR acquisition on the basis of
available meteorological data has proven to be a helpful step in evaluating the quality of an
interferogram. Additionally, the influence gfhase noise and residual unwanted phase components
remaining after INSAR processing (e.g. atmospheric effects) must be considered when interpreting an
interferogram

Different types of INSAR data and associated files are useful to investigate the region(s) of interest:

1 Interferograms: MAs have to be identified by analysing several interferograms and combining
different time periods (start, middle and end of siicme seasons), different sensors and
wavelengths (e.g. Senting| TerraSARX and ALOS) and different time intervals (from day(s) to
year(s)). Both ascending and descending modes are required to document areas with different slope
orientations. Areas affected by geometrical distortions should be masked in the analysed
interferograms.

1 Velocity maps, e.g. INSAR stackingwhen available): Velocity maps based on short time intervals
(61 12 days for Sentinel) are used to provide the highest detection capability (up to 84 cm/yr for 6
days / 42 cml/yr for 12 days due to potential phase aliasing). After unwrapping and averaging, the
maps are expressed in m/yr {tlepending on the movement directions in respect to the LOS:
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negative values show areas moving away from the satellite, positive values show areas moving
towards the satellite. To enable a large range of detection capabilities, a multiple stacking procedure
based on different time intervals can also be used. For a higher accuracy in areas with low velocity,
PSI/IPTA can also be used. As for single interferograareas affected by geometrical distortions
should be masked out.

1 Normalization factors or N-S slopes layer:The normalization factor is an index to-peoject the
LOS displacement (i.e. displacement measured along the LOS) along the direction of the steepest
slope. It ranges between 1 afnd The value 1 means that the LOS and the slope are parallel (ideal
case). By increasing the angle between the LOS direction and the steepest slope direction, the
normal factor increases. In areas with a normalization factor greater than 5, LOS measurements from
single interferograms or velocity maps are no longer reliable and should not be used. Normalization
factors are used to identify the most appropriate geometry (ascending or descending) or exclude
nonreliable pixels. When a MA is visible INSAR data fromboth geometries, the data with the
lowest normalization factor should be considered as more reliable. If the normalization factor is not
available, wesfacing slopes should be analysed in descending mode, whilefaeqrsy slopes
should be analysed in ascending mode. As an alternative to normalization factors, a layer
highlighting the North or Southoriented slopes can be used with the similar objective to identify
areas where INSAR data must be interpreted carefully.

Additional kinematic datae(g. measurements froBNSS stations or airborne optigatiotogrammetry)
can be usedo complement the INSAR datnd consolida¢ the assignment ad velocity classto the
MAs.

The sources of INSAR data and the additional data used in the inventorying peogeBPEMs and
orthophotos) should not have been acquired more than a decade apart, and the spatial resolutions of
additional data sets should be comparable or higher than the spatial resolution of the INSAR data.
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2.1.2 InNSAR database in GIS

The InSAR data are organized in different groups and subgrdbpsfirst group level discriminates
between the sensors.§. Sentinell and ALOS). The second group leveHdiscriminates between the
geometries (ascending ASC and descending DESC). It may also include the layers documenting the
normalization factors and the velocity maps (INSAR stacking, PSI/IPTAg third group level
discriminates between the time intervals used to generate the interferogrgué® (12Dand24D).

Example of GIS structure:

A INSAR
A SENTINEL
A AsC
A 6D
- 10 _SENT1_ASC 20190903 20190909 0006 _tflt.tif
- 6
A 12D
- 10 _SENT1_ASC_20160906 20160918 0012_tflt.tif
- é
A 366D
- 10 _SENT1_ASC_20180902_ 20190903 0366_tflt.tif
- e
- 10 SENT1_ASC norm_factor.tif
- 10_SENT1_ASC_stacking_2018 2019.tif

A DESC

A 12D
- 10 _SENT1_DES 20160910 20160922 0012_tflt.tif
- 6

A 24D
- 10 SENT1_DES 20160910 20161004 0024 _tflt.tif
- 6

A 366F
- 10 SENT1_DES 20180918 20190919 0366_tflt.tif
- e

- 10 _SENT1_DES_norm_factor.tif
- 10_SENT1_DES_stacking_2018_2019.tif

The file name of the interferograms has the following format:
Subareanumber_SARsensor_SARgeometry AcqusitionDayl AacqusitionDay2_Timelnterval_tflt.tif
Ex: 15 SENT1_ASC_ 20180212 20180320 _036_tflt.tif

The file name of a stacking map has théollowing format:
Subareanumber_SARsensor_SARgeometry FirstYear_LastYear.tif

Ex: 10_SENT1_DES_stacking_2018_2019.tif
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2.2 ldentify, delineate and characterize moving areas (MAS)

The MA identification is an initial step to assign a KA to eaulentoried RGU (Section 2.3). All MAs
related to rock glaciers should be compiled inghe | ygon vector | ayer #AMovi ng:/

We recommendproceedingto MA identification in parallel with the RGU identification with

primary markers (iterative process). Firstly, INSAR-based MA identification may contribute to detect
RGUs that may have been missed in a geomorphological assessment. Secondly, comparing INSAR with
the location of the primary markers contributes to discard MAs that are related to processes other than
rock glacier creep.

2.2.1 MA definition

A MA is defined as ararea at the surface of a rock glacier in which the observed direction and
velocity of the flow field are spatially consistent and homogeneous during a documented tinle

must represent the downslope movement rate of the rock glacier (permafrost creep). Any confusion with
movements related to other processes (e.g.-ingiliced subsidence or subjacent landslide) should be
avoided, based on geomorphological criteria. Méfinition is describedn detail in theBaseline
concepts document: Kinematics as an optional attribute of standardized rock glacier inventories

Detecting and quantifying MAs istechnology dependent The present document provides
recommendations for derivingstandardized MAs using INSAR, that will then be used to assign a KA
to the inventoried rock glaciers (Section 2.4).

2.2.2 MA identification

The MA detection is performed by looking at the textural features visible from wrapped interferometric
phase di fferences (her eaf Theee tyges of tinSARapaterds céni nt er f
typically be identified: (1) no change defined by a plain pattef2) smooth change characterized by a

(partly) fringe pattern an¢B) decorrelated signal expressed by a noisy pattern (Figure 4 and Figure 5c).

The texture is evaluated around the considered pixel depending on the size of the landform that has to be
detected in the neighbouring environment. The mi
and depends on the spatial resolution of the interferogram, the filtering applied to reducasneelbas

the effective size of the landform. We recommend delingat MA only if at least 2030 pixels show a

clear INSAR pattern.

The MA detection is based on the combined visualizatiom skt of wrapped interferograms of
various time intervals. The error sources (e.g. due to processngw cover oatmospheric artefacts)

must be as low as possible to ensure that the resulting data is confidently exploitable for characterizing
surface movement related to rock glacier creep. The combined sagiomli of several wrapped
interferograms avoglfocusing on unrepresentative patterns and isolated artefacts. These effects are
sometimes identifiable with a noisy pattern or with a fringe pattern extended over very large areas.
Atmospheric or snow artefacts often occur only arfew interferograms, and therefore can be
discriminated from movement by analysing a large dataset. Noise patterns related to vegetation or
glaciated areas are persistent over all interferograms and can often be identified by comparing the
interferograms with orthophotos. When availablegsAR stacking, SBAS or PSI velocity mapsare

also valuable to detect MAs, especially when the objective is to inventory large regions
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An estimation of the LOS velocity is possible when the MA is characterized by a fringe pattern (Section
2.3.3). When a MA is characterized by a noisy pattern, i.e. when the rate of surface movement is too fast
for the selected time interval and the signal is decorrelated, the identification of the position, extent and
outline of fast MAs is still possibl&low displacement rates (velocities below 3 cm/ycan be detected

but are often difficult to delineate with enough precision based on single interferogramseMpiiral

INSAR technigues including interferograms with long temporal intervals (e.g. PSI) are bedtieledoit
detectingslow movements, as thexploit the redundancy of temporally overlapping interferograms and
improve the measurement accyr&e.g. in areas affected by significant atmospheric effects
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Figure 4. Example of INSAR signal patterns. Data where layover and shadowing are masked out and
shown in black.
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Swiss Alpsa) outlines of the rock glaciers are in black, and the location of an investigated area is
highlighted in red. Orthoimages from © Google Earth 20d®) Sentinell interferograms from the
descending orbit, including examples of INSAR signal patterns; layover and shadow areas are masked
out (black).(c) Two MAs are detected on the 6d interferogrdire) Using 12d and 24d, additional MAs

are visible. This is an example where the MA outlines do not fully match the geomorphological outline of
the rock glaciers. MAs (SBorder) not related to rock glaciers are visible and mappgBdBased on

MAs, the kinematic attributes are assigned to rock glaci@r&ringe cycle related to the change of
colour: a complete fringe cycle is equivd)irernt to
the LOS directionBertone et al., 2022
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2.2.3 MA delineation

The detected MA is delineated using a polygon that is manually drawn around threlevant INSAR
pattern. The polygon describes an area where a given INSAR signal is detected in most of the available
interferograms.

MAs have to be outlined according to the following requirements:

I Outlines should be drawn starting from interferograms with small time intervals (and small
wavelengths). Subsequently, by increasing the time intervals, the outlines can be refined and
additional outlines (landforms with lower velocities) can be identified and drawn. As the extent of a
MA could partly vary depending on the observation time and the velocity patterns, the final outline
should delineate a MA with homogeneous velocity, and the velocity range within a MA should fit
the classes of velocity defined in Section 2.3.3.

1  The outline does not necessarily fit the geomorphological outline of the related RGl.has to
match the limits of the detected INSAR pattéifigure 5¢.

1 A MA can override the geomorphological limits of the related RGUFigure 5¢, e.g. when two
overlapgng landforms are moving at rates, that are not significantly different.

1 Several polygons can be related to the same landform and several MAs can be ocapping.
Slower MAs can embed faster on€&sglure 59.

1  The minimum extent of a MA depends on the spatial resolution of the data inputs and the size
of the landform. Interferograms with high spatial resolution allow for higher detail when drawing
outlines. It is recommended that a fixed precision of the drawn outline is applied (e.qg. fitting the size
of one or two image pixels of the highest resolution INSAR data available).

1 Isolated movements, unreliable areas and unrepresentative parts have to be avoidktcase of
uncertainty, we recommend not to delineate the MA.

For the following steps, two important elements have to be considered:

1 The border of a MA is often nesharp, depending also on the detection capability of the used
technique, making a precise delineation difficult. In this case, a low to medium reliability has to be
noted(Section 2.3.4).

1 Areas outside of any delineated MA refer either to the absence of movement, to a movement under
the detection limit or to unreliable data. The lack of an identifiable MA does not mean necessarily
mean that no movement occurs. With no additional information, the kinematic attribute must remain
undefined (Section 2.4.2).

An example of the MA delineation procedure is showed ifigure 6.
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Figure 6. MA identification using Sentindl interferograms. A large set of interferograms with different
time intervals is required to confirm the delineation/characterization of the B)A&.signal is detected

on a 6day interferogram (red line) and a small signal could be detected on the left (dashed)ine).
Using a l2day interferogram, a signal could again be seen on the upper part and the small signal
detected on the-@ays interferogram is now clearly visible) On a 48day interferogram, the frontal

and upper parts are well detected and confirm the delineation of the previous polygons. The upper part
becomes partially decorrelated) Orthoimage with rock glacier outline and MAs. New MAs become
visible (orange polygons). Three MAs have been drawn on the rock glacier (veloel§0&d/yr in red,

10-30 cm/yr in orange and-BO cm/yr in yellow). Note that the MAs do not follow the delineation of the
rock glacier (black polygon: extended footprint).
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2.2.4 MA velocity classification

The MA velocity classification is recommended to determine the KA of each inventoried RGU (Section
2.3). The use of velocity classes intends to facilitate the assignment of a homogeneous simplified velocity
information to the rock glaciers.

The velocity class of INSARer i ved MAs (AVel .classod attribute o
the 1D LOS InSAR displacement rate onback-facing slopes It is strictly stamped by time
characteristics( A Ti me. Obs o attri bute of the MovingAreas *

1 The observation time window, i.e. theperiod during which the detection and characterization is
computed/measured (e.g. mdtinual, annual, intrannual). he minimum required duration @sme
month (several months are preferabiesnow-free periods.

1 The temporal frame, i.e. the duration during which the periodic computations/measurements are
repeated and aggregated for defining the MA (i.e. during which year(s)).

The velocity class should reflect the spaBmporal averaged displacement rate of the landform and
neither a brief intraannual variation nor an extreme. When MAs are detected/characterized using time
intervals shorter than one month (e.g. 6 days for Sefitlpedeveral pairs should be used in order to
cover the minimal observation time window of one month (e.g. at least-tlay thterferograms within a
month). When periodic measurements are available during a temporal frame of several years
(consecutive years are preferable), the same observation time window must be applied (e.g. always
August September in 2018 and 2019).

The categorization of the velocity is performed exploiting two main approaches:

a) Classification using the INSAR colour scheméy comparing the phase signal inside and outside a
detected MA at different time intervalBigure 2. This is done in two steps: first, by counting the
entire fringe cycles from a point assumed to be stable relative to the detected MAH{gsirg2);
second, by converting the fringe cyai¢o velocity per year (use Annex A for conversion).

b) Classification based on the detection limits according to the time intervals between images.
identifying the time intervals at which a moving feature is coherent or decorrelated. This is done by
comparing the signal of each interferogram with the detection capability of each sensor and time
interval (bars orFigure 3. Decorrelated patterns indicate that the displacement rate is greater than
the maximum detectable limit within that interferogram (i.e. more than the upper limit of the bar).
No visible fringe patterns indicate that the displacement rate is less than the minimum detectable
limit with that interferogram (i.e. less than the lower limit of the bar). Visible fringe patterns indicate
that displacement is detectable within that interferogram and can be used to categorize the MA
velocity.

In areas where additional datasets are availalieird approach can be used, ideally in combination
with the two previous ones:

c) Averaged velocity maps based on unwrapped interferograms and mutemporal InSAR
techniques (when available)InSAR stacking, SBAS or PSI maps are valuable to spot areas with
movement when mapping large regioria areas with very low velocity (typically over
transition/relict landforms with mm/yr to a few cm/yr) and in areas with major atmospheric effects,
these products are also more robust than single interferogram an&lgsesver, data gaps can
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occur on fasmoving landforms, especially on datasets based on interferograms with long time

intervals (such as PSI). No data does not mean that there is no movement, but can mean indicate the

exact opposite. In areas where the velocity is high with a large gradient of velocity between

neighbouring pixels, the results can also be affected by major errors. These are generally often easy
to identify: the area is covered by a random combination of decorrelated areas (no data) and patches
with various colours: blue (movement towards the sensor) and red (movement away from the

sensor).

1D LOS velocity classes:

=A =4 =4 =4 =4 =

1

Undefined

<1 cm/yr (no movement up to some mm/yr)

1i 3 cmlyr

3i 10 cmlyr
10i 30 cmlyr
30i 100 cm/yr
> 100 cmlyr

The additional

heterogeneity inside the MA, etc.). More detailed information about very fast landforms (> 100 cm/yr),

attribute

named

iComment 0O

can

be

e.g. from GNSS, optical photogrammetry or very high temporal resolution interferograms) can also be
explained in this field.
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An example of velocity classification is showed oRigure 7 for seven MAs delineated based on
different SAR sensors and time intervalsLooking at Sentinell 6-day interferogramsHigure 7h, two

MAs can be identified with fringe pattern (labels 1 and 3Fiyure 79. When increasing the time
interval (i.e. 12day interferogramFigure 79, additional MAs become visible (label 2, 4 and 6 on
Figure 79. More details can be observed with CosBkyMed Figure 7d, 7eand 7f), due to the higher
spatial resolution. By observing thed@y interferogramKigure 79, two MAs characterized by many
fringes can be identified (labels 1 and 3rFagure 73, while others have a partial fringe pattern (labels 2,

4 and 6 orFigure 73. When increasing the time interval (i.e. to 16 days), MA 3 becomes completely
decorrelated (noisy pattern), and the MA 1 become partially decorrelated. Fringe patterns can be well
identified in MA 4, and two additional MAs can be detected (labels 5 andFfgare 79. When further
increasing the time interval (i.e. 32 days), MA 1 also becomes completely decorrelated (noisy pattern)
and fringe patterns become well visible in MAs 4, 5 and 7.

Based on this example, the two following main velocity classification methods can be applied:

a) Classification using the INSAR color scheme:

According to the color cycle shown Figure 2 MA 3 is classified as > 100 cm/yr because a complete
fringe cycle is visible on the Sentinkl6-day interferogram (i.e. 2.8 cm in 6 days). In the Cosmo
SkyMed 9day interferogram, at least two complete fringe cycles are visible, referring to a full
wavelength (3.1 cm) occurring in 9 days. MAs 1, 2 and 6 are classified 88B0m/yr, as a complete
fringe cycle (2.8 cm) is measured in the Sentihdl2day interferogram. In the Cosr8kyMed 9day
interferogram, a complete fringe cycle is equally visible, indicating movement of 1.55 cm in 9 days. MAs
4,5 and 7 are classified asi B0 cm/yr, as a complete fringe cycle is not visible in the Sentirgedlay

and 12day interferograms. In the Cosn&kyMed 32day interferogram, a complete fringe cycle is
visible, which indicated movement of 1.55 cm in 32 days.

b) Classification based on the detection limits according to the time intervals between images:

Based orFigure 3 MA 3 is classified as > 100 cm/yr, as the fringe pattern is visible only in-tley 6
(Sentinell) and 9day (CosmeSkyMed) interferograms, i.e. the interferograms with time intervals of
more than 15 days become decorrelated. MAs 1, 2 and 6 are classifieidl@6 8th/yr, as the fringe
pattern is visible in the-8ay and 1zlay Sentinell interferograms, as well as in thed@y and 1&lay
CosmeSkyMed interferograms. It becomes decorrelated in thda32CosmeSkyMed interferogram.
MAs 4, 5 and 7 are classified asi B0 cm/yr, as the fringe pattern is not visible in theéay Sentinell
interferogram, but becomes visible in thel®y CosmeSkyMed interferogram.
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Figure 7. Example of MA outlining and classification (Arolla area, Western Swiss AlpSrthoimage.

b-f) Sentinell (b-c) and CosmeskyMed (d) interferograms. Areas affected by layover and shadow
have been masked out (black). Dashed lines are the temporary outlines of MAs detected on an
interferogram. Solid lines are the final outlines of MAs based on all interferograms.
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