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Executive summary

Within the European Space Agency (ESA), the Climate Change Initiative (CCI) is a global monitoring
program thatims to provide longerm satellitebased products to serve the climate modelling and
climate user community. Permafrdsas been selected as one of the Essential Climate Variables
(ECVs) which are elaborated during Phase 1 of CCl+ (ZMA). As part of the Permafrost _cci
baseline project, ground temperature and active layer thickness were considered the primary variables
that require climatstandard continuity as defined by GCOS. Permafexstnt and zonatiomare
secondary parameters, but of high interest to users. The ultimate objective of Permafrost _cci is to
develop and deliver permafrost maps as ECV products prnamiived from satellite measurements.
Algorithms have been identified which can provide these parameters ingesting a set of global satellite
data products (Land Surface Temperature LST, Snow Water Equivalent SWEarsahave) in a
permafrost model schemtéat computes the ground thermal regime. Annual averages of ground
temperature and annual maxima of thaw depth (active layer thickness) were provided at 1km spatial
resolution during Year 1 of Permafrost_cci. The data sets were created from the ahiiyss level

data, resulting in gridded, gdpee products.

In periglacial mountairenvironmentsthe permafrost occurrence is patchy and the preservation of
permafrost is controlled by sispecific conditionsCCN1 and CCN2 options address the need fo
additional regional cases in cooperation with dedicated usehanacterizingnountain permafrost as

local indicator for climate change and direct impact on the society in mountainous area. Started in
October 2018CCNL1 is led bya Romanian team focusj on case studies ithe CarpathiansThe
specific objective of CCNL1 is to develop and deliver maps and products for mountain permafrost
regiors, such as (i) rock glacier inventories, (ii) kinematical time series of selected rock glaciers and
(i) a permafrost distribution model, primarily derived from satellite measuremedtiated in
September 2019CCN2 consistof two options led by Swiss and Norwegian teams focusing on the
investigation and definition of aew associatedeCV Permafrostvariable reléed to rock glacier
kinematics through the two products (i) regionatk glacier inventories and (ii) kinematical time
series of selected rock glacier. Actuallyyentories and monitoring of rock glaciexsenot explicitly
mentioned as being an ECV asited parameter. Howeverpak glacier monitoring builds up a
unique validation dataset of climate models for mountain regions, where direct permafrost (thermal
state) measurements are very scarce or even totally lacking. Therefore, proper rock glatieinmo
adapted to climate issues could be integrated as a new associated parameter to the ECV permafrost.
The international initiative IPAInternational Permafrost AssociatioAction Group Rock glacier
inventories and kinematicgathering about one hdred members, also supmattiis integration and
CCN2 is working closely with this ActiorGroup [RD-4]. Specific user requirements for the
development of remoteensingbasedmountain permafrost products that include (i) regional rock
glacier inventories(ii) kinematical time series for selected rock glaciers and #ipermafrost
distribution model, have been compiled in the URD.

This Data Access Requirement DocumdmARD) identifies all required input data, including
satellite, aerial and isitu data for product generation and validatiothe DARD also describes the
conditions under which these data are made accessible. Accordingly, each data description contains
information on key technical characteristics, about data availability and coveragesdtiage
geographic, temporal)For the regional kinematical inventories, the required input data for the
proposed work mainly include freely available Sentihedatellite SAR dataComplementarySAR
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imagesncludefreearchives ERS1/2, ENVISAT) andaddiional SAR collectiors available at partner
institutions (JERSL, ALOS-1/2 PALSAR-1/2, Radarsatl/2, TerraSARX, CosmeSkymed) Optical
imagery available from Sentingl Landsaff/8 and very high-resolution satellite and aerial
acquisitionswill also be sed as a complemenn-situ data (GNSSampaigns permanent GNSS
station, solifluction stations) and loesdale groundbased and aerial remote sensing (laser scanning,
terrestrial radar and unmanned aircraft) at selected sites will be used for valafatomote sensing
products.

Finally, the producedock glacierinventories and kinematical time sertasld up a unique validation
datasetfor climate models and permafrost indication magfs mountain regions where direct
permafrost (thermal state) measments are very scarce or even totally lacking. The assessment of the

data products by the permafrost Climate Research Group (CRG) and other users as well as outreach
activities regarding publications anédssepsmensent at
Re p or t oltis(plaredlo)publish the standard guidelines for the inventory of rock glaciers based

on satellite SAR interferometry in a wortdass peereviewed scientific journal (D5.2). In addition,

we also intend to publish the invenes of rock glaciers and the kinematical time series of selected

rock glaciers for the variougudyregions.
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1 Introduction

1.1 Purpose of the document

The parameters required for mountain permafrost regioolude (i) regional rock glaciers
inventoiies, (ii) kinematical time series of selected rock glaciensd (iii) a permafrost distribution

model described in the PSDhis document details the requirements towards global satellite products

as well as other datasets needed for product generatiorel pahmeterization and validation. It
provides all the necessary data needed by permafrost algorithm developers and users to write and read
the permafrost products respectively

1.2 Structure of the document

In Section 1.7, this document contains a glog®f terms specific to mountain permafrddéction 2
provides information on the data that aequiredas input for the product generation. Section 3 gives
an overview on the validation datsat are availableA summary of the attributes of the da¢guired

to generaterad validate the &mafrost_cci products is provided in Section 4.

1.3  Applicable documents

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

[AD-2] Requirements for monitoring of permafrost in polar regioAsommunity white paper
in response to the WMO Polar Space Task Group (PSTG), Version 412@P Austrian Polar
Research Institute, Vienna, Austria, 20 pp

[AD-3] ECV 9 Permafrost: assessment report on available methodological standards and guides, 1
Nov 2009, GTOS2

[AD-4] GCOS200. 2016. The Global Observing System for Climate: Implementation Needs. GCOS
Implementation Plan, WMO.

1.4 Reference Documents

[RD-1] Bartsch, A, Matthes, H., Westermann, S., Heim, B., Pellet, C., Onacu, A., Kroisleitner, C.,
Strozzi, T. 2019. ESA CCIl+ Permafrost User Requirements Document, v1.0.

[RD-2] Bartsch, A., Westermann, Strozzi, T., Wiesmann, A., Kroisleitner, C. 2019. ESA CCIl+
Permafros Product Specifications Document, v1.0.

[RD-3] van Everdingen, Robert, ed. 1998 revised May 2005. Nariiuage glossary of permafrost

and related grounite terms. Boulder, CO: National Snow and Ice Data Center/World Data Center for
Glaciology (http:/sidc.org/fgdc/glossary/; accessed 23.09.2009).
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[RD-4] IPA Action Group Rock glacier inventories and kinematics. 2019. Towards standard
guidelines for inventorying rock glaciers. Baseline concepts, v3.0.

15 Bibliography

A complete bibliographic list thasupport arguments or statements made within the curoentent
is provided in Section.5.

1.6 Acronyms

A list of acroryms is provided in section 5.2.

1.7 Glossary

The list below provides a selection of terms relevant for the parameters addreBseghdfrost cci
[RD-3]. A comprehensive glossary is available as part of the Product Specifications Document [RD
2].

active layer
The layer of ground that is subject to annual thawing and freezing in areas underlain by
permafrost.
In the zone of continuaupermafrost the active layer generally reaches the permafrost table; in the
zone of discontinuous permafrost it often does not. The active layer includes the uppermost part
of the permafrost wherever either the salinity or clay content of the permdfoegt @ to thaw
and refreeze annually, even though the material remains cryotic (T < 0°C).
The active layer is sometimes referred to as the "active zone"; the term "zone," however, should
be reserved for the zones of discontinuous and continuous permafros
In Russian and Chinese literature, the term active layer covers two distinct types: (1) the
seasonally thawed layer overlying permafrost, and (2) the seasonally frozen layer overlying
unfrozen ground inside or outside permafrost areas.
REFERENCES: Mulle 1943; Williams, 1965; Brown, 1971; van Everdingen, 1985.

active-layer thickness
The thickness of the layer of the ground that is subject to annual thawing and freezing in areas
underlain by permafrost.
The thickness of the active layer depends on dackors as the ambient air temperature,
vegetation, drainage, soil or rodigpe and total water ceent, snowcover, and degree and
orientation of slope. As a rule, the active layer is thin in the High Arctic (it can be less than 15
cm) and becomes thick&arther south (1 m or more).
The thickness of the active layer can vary from year to year, primarily due to variations in the
mean annual air temperature, distribution of soil moisture, and snowcover.
The thickness of the active layer includes the uppermpadt of the permafrost wherever either
the salinity or clay content of the permafrost allows it to thaw and refreeze annually, even though
the material remains cryotic (T < 0°C).
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Use of the term "depth to permafrost” as a synonym for the thickness eftilie layer is
misleading, especially in areas where the active layer is separated from the permafrost by a
residual thaw layer, that is, by a thawed or noncryotic (T> 0°C) layer of ground.

REFERENCES: Muller, 1943; Williams, 1965; van Everdingen, 1985

ground ice
A general term referring to all types of ice contained in freezing and frozen ground.
Ground ice occurs in pores, cavities, voids or other openings in soil or rock and includes massive
ice. It generally excludes buried ice, except in Russiagaudaround ice may be epigenetic or
syngeneiccontemporaneous or relict, aggrading or degrading, perennial or seasonal. Itaoray oc
as lenses, wedges, veins, sheets, seams, irregular masses, or as individual crystals or coatings on
mineral or organic p#cles. Perennial ground ice can only occur within permafrost bodies.
REFERENCES: Mackay, 1972b; Pollard and French, 1980.

ice content
The amount of ice contained in frozen or partially frozen soil or rock.
Ice content is normally expressed in one of ways:
1. on a dryweight basis (gravimetric), as the ratio of the mass of the ice in a sample to the mass
of the dry sample, expressed as a percentage, or
2. on a volume basis (volumetric), as the ratio of the volume of ice in a sample to the volume of
thewhole sample, expressed as a fraction.
The volumetric ice content cannot exceed unity whereas the gravimetric ice content can greatly
exceed 100 percent.
REFERENCES: Penner, 1970; Anderson and Morgenstern, 1973; Johnston, 1981.

isolated patches of permabst
Permafrost underlying less than 10 percent of the exposed lafatsur
Individual areas of permafrost are of limited areal extent, widely separated, and are completely
surrounded by unfrozen ground.
SYNONYMS: (not recommendedisular permafrost; iand perméost; scattered permafrost.
REFERENCES: Heginbottom and Radburn, 1992.

mean annual groundsurface temperature (MAGST)
Mean annual temperature of the surface of the ground.
Permafrost exists if the mean annual groesodace temperature is pergally below 0°C.
Although the mean annual surface temperature may be below 0°C, the surface temperature will
fluctuate during the year, causing a layer of ground immediately beneath the surface to thaw in
the summer and freeze in the winter (the actiy@rla Small changes in the annual range of
surface temperature and in the mean annual surface temperature from year to year, or over a
period of a few years, may cause a layer of ground between the bottom of the active layer and the
permafrost table to remn at a temperature above 0°C, creating a talik or residual thaw layer.
[RD-1]

mean annual ground temperature (MAGT)
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Mean annual temperature of the ground at a particular depth.

The mean annual temperature of the ground usually increases with depththlswface. In

some northern areas, however, it is notcommon to find that the mean annual ground
temperature decreases in the upper 50 tomié@@rsbelow the ground surface as a result of past
changes in surface and climate conditions. Below thathdet will increase as a result of the
geothermal heat flux from the interior of the earth. The mean annual ground temperature at the
depth of zero annual amplitude is often used to assess the thermal regime of the ground at various
locations [RD1]

mountain permafrost
Mountain permafrost is simply permafrost in mountain areas. It can be situated at low or at high
latitudes and in the Arctic or Antarcticwe define mountain permafrost based on the influence
that mountain topography has on its propertMany other terms that are commonly used to
classify certain types of permafrost, such as Arctic, Antarctic, polar, or plateau, can be applicable
at the same time. The dominating characteristic of mountain areas and mountain permafrost is
their extreme sqtial variability with respect to nearly all surface and reaface characteristics
and properties
REFERENCES: Gruber and Haeberli, 2009

periglacial environments
Those environments in which cold, non glacial processes dominate.
Frost action and eithexeasonally or perennially frozen ground dominate in these environments.
Around 20% of the Earth’s land surface currently experiences periglacial conditions.
SYNONYMS: (not recommendeddold, non glacial processes
REFERENCES: French, 2007

permafrost
Grourd (soil or rock and included ice and organic material) that remains at or below 0°C for at
least two consecutive years.
Permafrost is synonymous with perennially cryotic ground: it is defined on the basis of
temperature. It is not necessarily frozen, beeahe freezing point of the included water may be
depressed several degrees below 0°C; moisture in the form of water or ice may or may not be
present. In other words, whereas all perennially frozen ground is permafrost, not all permafrost is
perennially fozen. Permafrost should not be regarded as permanent, because natural or man
made changes in the climate or terrain may cause the temperature of the ground to rise above 0°C.
Permafrost includes perennial ground ice, but not glacier ice or icings, @shufdsurface water
with temperatures perennially below 0°C; it does include-made perennially frozen grod
around or below chilled pifiees, hockey arenas, etc.
Russian usage requires the continuous existence of temperatures below 0°C for ateleast th
years, and also the presence of at least some ice.
SYNONYMS: perennially frozen ground, perennially cryotic ground and (not recommended)
biennially frozen ground, climafrost, cryic layer, permanently frozen ground.
REFERENCES: Muller, 1943; van Everden, 1985; Kudryavtsev, 1978.
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permafrost degradation
A naturally or artificially caused decrease in the thickness and/or areal extent of permafrost.
Permafrost degradation may be caused by climatic warming or by changes in terrain conditions,
such as disirbance or removal of an insulating vegetation layer by fire, or by flooding caused by
a landslideblocked stream, or by human activity. It may be expressed as a thickening of the
active layer, a lowering of the permafrost table, a raising of the permb#&ss, or a reduction in
the areal extent or the complete disappearance of permafrosL][RD

rock glaciers
Rock glaciers are cryoonditioned landforms. They are the visible expression of former or
current cumulative deformation by lotgrm gravitydriven creep of ice/debris mixtures under
permafrost conditions, oftecharacterized by a distinctive surface topography of transversal and
longitudinal ridges and furrows.
They have been described either as periglacial features resulting from the dovenskpef
rock-ice matrix, but some authors state that the deforming ice in within rock glaciers may be of
glacial origin. These outstanding landforms are common features in alpine environments and their
specific characteristics enable conclusions to bevarabout past and present environmental
conditions in highmountain ranges.
REFERENCES: Barsch, 1996; Haeberli, 19B5rtling 2011
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2 Data required for product generation

2.1 Satellite SAR data

To get a complete overvieaverslope movements in a givamea and to prevent misinterpretation of
detected mass wasting phenomena, it is essential to dispose of a large set of workable interferograms
produced with various time intervals (e.g. weekly, monthly and yearly on at least 2 consecutive years)
and a smalspatial baseline for both orbital geometries (i.e. ascending and descending orbits)
(Barboux et al2014. The major obstael limiting a successful use &AR derived productsn an

Alpine environment is the presence of (wet) snow. Selected SAR imagesdchbe acquired during

the late summer period (e.g. in the period ALigDstober for European A§) to avoid reduced SAR
coherence due to snewover. SAR scenes with a short time interval can also be used in the
wintertime, when the snow is still colaind dry. In order to highlight the current situatiomhen
deriving regionalrock glacier inventoriesSentinell SAR Interferometric Wide Swath Modscenes

will be usedat leastfor the period 2012020at all sites Where available,anplementarySAR data
(ALOS-1/2 PALSAR-1/2, Radarsatl/2, TerraSARX, CosmeSkymed will be used. Regarding
kinematical time series of selected rock glapierduct,complementary satellite SA&chiveshave to

be usedto investigating in the past as much as possible.

The requied input data includes SentiriellWS images and otherarchives or recentatasets
available at partner institutions (ER®, ENVISAT, JERSL, ALOS1 PALSAR1, ALOS2
PALSAR-2, Radarsatl/2, TerraSARX, CosmaSkymed).

2.1.1 Carpathians sites

A series ofALOS-2 PALSAR?2 data of the ascending orbit is available over the two areas of interest
We considered images acquired during the sfree period for 2014.09.08, 2015.09.07, 2016.09.05,
2017.09.04, 2018.04.30 and 2018.06.25. These data were providédAadd are courtesy of RA6
3016 (P.l. T. Strozzi). Because the quota for this projeasésl up no data for the summer of 2018
could be ordered.

Sentinell IWS images are acquired frequently on descending track (#80) and ascending track (#29)
since 204. The repeat interval for Sentinel 1 images in the study area is 6 days/track. There are 839
available images for the study area on 4 different tracks.

2.1.2 European Alpne sites

a) Switzerland, Western Swiss Alps

Sentinell IWS images are acquired fraentlyfrom descending and ascendiadpits since2014 The
repeat interval for Sentinel 1 images is 6 days/trAckeries of Sentinell interferogramgs already
availablefor the period 20142017 ESA GlobPermafrost)The continuation will be providedp to
2019.

Complementary SARhterferogramslatasets aralsoavailable:
- 20062010 ALOS1

- 20042007 ENVISAT

- 19912000 ERS1/2
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- 2008-2014 TerraSARX

b) Italy, SudVal Venosta Sudtirol

Sentinell IWS images are acquired frequenttpm descending ahascendingrbitssince2014 The
repeat interval for Sentinel 1 images is 6 days/trécleeries of Sentinel interferogramswill be
processed for the period ZB02019.

c¢) France, Vanoise massif

Sentinell IWS images are acquired frequenttpm descenthg and ascendingrbits since2014 The
repeat interval for Sentinel 1 images is 6 days/trackeries of Sentinel interferogramss already
available for the period 2642018. The continuation will be provided up to 2019.

2.1.3 European subarctic/artic sites

INSAR in all Norwegian AOIswill be primarily based orSentinell IWS scenes imascendingand
descendinggeometries acquired betwe2@15and20192 Note that for AOI3 in Svalbard, descending
scenes were not available before early 2018.
The procesing will be complemented Hdyigh-resolution SAR datasets:
- In parts of AOI1(centered on Nordnesfjelle0092019 TerraSAR StripMa(80x50 km
scene size} Radarsa F/UF R0x20 to 50x50 km scene sizdorertime period)
- In parts of AOI3(centered o\dventdalen and Kapp Linné€0092019 TerraSAR StripMap
+ Radarsa® F/UF Q0x20 to 50x50 km scene sizdorertime period)

2.1.4 Extra European sites

a) Greenland, Disko Island

Sentinell IWS images are acquired frequentitpm descending and ascendiorbitssince2014 The
repeat interval for Sentinel 1 images is 6 days/trAckeries of Sentinel interferogramds already
available for the perio@0142016 (ESA GlobPermafrodt The continuation will be providedp to
2019.

b) Central Asia,Tien $an

Sentinell IWS images are acquired frequenftpm descending and ascendiarpits since2014 The
repeat interval for Sentinel 1 images is 6 days/trAckeries of Sentinel interferogramds already
available for the perio@0142016 (ESA GlobPermé&ost). The continuation will be provided up
2019.

c) Alaska, Brookes Range

Sentinell IWSimages are acquired frequentitpm descending and ascendiahits since 2016. The
repeat interval for Sentinel 1 images is 6 days/trAckeries of Sentinel interferogramdgs already
available for the period 2@12016 (ESA GlobPermafrost). The continuatiovill be provided up to
2019.

d) Argentina, Central Andes

Sentinell IWS images are acquired frequenttpm descending and ascendiadpits sinee 2014 The
repeat interval for Sentinel 1 images is 6 days/tralseries of Sentinel interferograms will be
providedfor the period 201-2019.
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e) New Zealand, Central part of the Southern Alps

Sentinell IWS images are acquired frequenttpm descending and asaling orbits sinee 2014 The
repeat interval for Sentinel 1 imagesli® days/track A series of Sentinel interferograms will be
provided for the period 2012019.

2.2 Complementary required data

Complementary dateequired for product generationcludesmainly orthamages as well aBigital
Elevation Moded (DEMS).

2.2.1 Complementaryata in Carpathian sites

- Orthophotos at 0.5 m spatial resolution
Orthorectified aerial images at 0.5 m resolution are provided by ANCPI (National Agency for
Cadasteand Real Estate Advertising) and are available for 2006, 2009 and 2012.
- Digital elevation model (DEM) at a 10 m resolution
Digital elevation modalat 10 m resolution are derived from topographic maps, scale 1:25000.
-  SRTM 1 arcsec at 30 m resolution
SRTM DEM is used at 30 m resolution, with absolute vertical height accuracy of less than 16
meters(source USGS).

2.2.2 Complementarydata in European Alfne sites

a) Switzerland, Western Swiss Alps
- 0.25mSwissimagesrthoimage®ver the whole Swiss Alps
SwissAlti3D: high resolution DEM at 2m resolution over the whole Swiss;Alps
Aerial images from1946to 2019 of up to 0.150.20m spatiatesolutionfor the newest ones
over some specific rock glacigpda search and scan order to Swisstopo);
- 0.5m Lidarderived DEMover some specific rock glacigi@der to Swisstopo);
ESA GlobPermafrost slope movement inventories (including rock glaciers)

b) Italy, SudVal Venosta Sudtirol
- Several WMS available from GeoCatalogo of Autonomous Province of Bolzano
- 2.5m Lidarderived DEM (taken in 2005jree download available from GeoCatalogo of
Autonomous Province of Bolzano
- Morphological rock glacier inventofyom University of Bologna & Geological Survey of the
Autonomous Province of Bolzanbrst version ir2019

c¢) France Vanoise massif
- Multi-temporal higkhresolution aerial imagery for the French A(BSN France)
- DEM at a 10 m resolutiofanDEM-X), BD-Alti at a 25m resolution (IGN France) and MNT
RGE at a 5m resolution (IGN France)
- Morphological rock glacier inventp from Marcer et al. 2017

2.2.3 Complementarydata in European subarctic/arctic sites

a) AOI1 Troms:
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- Norgeibilder orthophotos at 31Llm resolution (200-2019)

- 10m Norwegian DEM (Norwegian Mapping Agencyland 2m ArcticDEM (US Polar
GeoSpatial Center)

- Morplological inventory from Lillegren and Etzelmiller, 2014nq§ updatedunpublished
version based on higher resolution imagery)

- Aerial images fromabout the 1950s to 1960s on existoater resolution for complementary
processing using aerial photogramrgefvia search and scan order to Norwegian Mapping
Agency)

b) AOI2 Finnmark:

- Norgeibilder orthophotos at 0.Zb5 m resolution (2002018)

- 10m Norwegian DEM (Norwegian Mapping Agencyland 2m ArcticDEM (US Polar
GeoSpatial Center)

- Morphological rock glacietinventory from Lillegren and Etzelmuller, 201an@ updated
unpublishedrersion based on higher resolution imagery)

- Aerial imagedsrom about the 1950s to 1960s on existaater resolution for complementary
processing using aerial photogrammetry

¢) AOI3 Nordenskiéld Land:
- TopoSvalbard orthophotos at @24 m resolutiorf2009-2012
- 20m Svalbard DEMNorwegian Polar Institute)
- Morphological rock glacier inventory in Nordienskiold Land (in developraghiNIS
- Aerial images froml969 and 1990 at 0.2 nesoluion for complementary processing using
aerial photogrammetry

2.1.4 Complementary data in Extra European sites

a) Greenland, Disko Island
- Google EarthE imagery
- DEM at a 10 m resolutioffanDEM-X)
- ESA GlobPermafrost slope movement inventories (including gaciers)

b) Central Asia Tien Shan
- Orthorectified Landsat ETMéata(19992002
- ASTER scenes (200R019)
- Sentinel2 images
- Google EarthE imagery
- Aerial photographsnd very higkresolution optical satellite daia@lm resolution)rom the
1950s
- SRTM DBEM (~30m resolution)
- DEM at 10 m resolutiofTanDEM-X)
- ESA GlobPermafrost slope movement inventories (including rock glaciers)
- Morphological rock glacier inventory

c) Alaska, Brookes Range
- Google EarthE imagery
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- LIDAR coverage only along th®alton Highway (high-resolution optical imagery for a
broader area)

- DEM at 10 m resolutiofiTanDEM-X)

- ESA GlobPermafrosi@gpe movement inventories¢luding rock glaciens

d) Argentina, Central Andes.
- Google EarthE imagery
- National orthoimages
- 30m DEM (combining SRTMrad ALOS DEM).
- Morphological rock glacier inventofANIGLA)

e) New Zealand, Central part of the Southern Alps
- New Zealand aerial images (LINZ data service)
- 8m Digital Elevation Model (originally created by Geograpgedyraphx.co.ngfrom January
2012 LINZ Topo50 20m contours)
- Rock glacier inventory of Sattler et al. (2016). Only points available, no outlines.
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3 Product validation

Validation and user assessment will be performed for the guidelines of remotey deRneih regional

rock glacier inventories, the guidelines of remote sensing based kinematical time series of selected
rock glaciersand the products in the selected sftesk glacier inventoriekinematical time series of
selected rock glacierand pemafrost modelling,see PSD).Especially, he performance of the
methodology for remote sensHbgsed rock glacier invenies using dedicated guidelines will be
assessed -rimbianofireoxuenrdci se i n a wor ks hiegpbetwean Febr u
different producers will be evaluated. Guidelines will be refined accordiDghvered standardized
regional rock glaciers inventoriesgnsistingof an update ofexisting morphological rock glacier
inventories and/or slope movement inventories) wilorausly follow these guidelinesDelivered
kinematical time series of selected rock glacigiisbe evaluated and validategjainsin-situ velocity
measwements when available over sitewestigated The permafrost modellingproduced in the
Southern Cgpahians sites will beevaluaed and valida¢d againstin-situ ground temperature
measurements and geophysical surveys

On the other hand, the producemtk glacierinventories anckinematical time seriebuilds up a

unique validation datasdéor climate modds and permafrost indication maps for mountain regions,
where direct permafrost (thermal state) measurements are very scarce or even totally lacking. The
assessment of the data products by the permafrost Climate Research Group (CRG) and other users as
well as outreach activities regarding publications and presentations will be summarized in the
ACI i mate Assess mdtnig plamedpto publsh tlleDskandaryl guidelines for the
inventonying of rock glaciers based on satellite SAR interferom@ira world class peereviewed

scientific journal (D5.2). In addition, we also intend to publish the inventories of rock glaciers and the
kinematical time series of selected rock glacferghe various investigated regions.

31 Velocity measurements

3.1.1 WesternSwiss Alps

In Switzerland an increasing number of landforms (currently about 30 between rock glaciers, moraines

and landslides) are being surveyed regularly by field measurements (e.g. DGNSS, LIDAR, terrestrial
radar interferometry, webcam®speially, continuous longerm data series of permafrost creep are

currently available at several rock glacier sites in order to provide a basis for the understanding and
investigation of ongoing processes and dynan8csne of thenare part othe natimal dataservices

PERMOS in Switzerland (PERMOS 2Q1Bigure 1). The kinematic monitoring strategy follows a
landformbased approach. Seasonal, k@enual and longerm variations in rock glacier kinematics

(see e.g. Plaloye et al. 2010, PERMOS 2Q1@ay be captured using a combination of aerial survey

(AS) and terrestrial geodetic surveys (TGS, by total station or differential GNSS). Changes in
geometry (i.e. horizontal velocities and vertical changes) are analyzed in detail to quantify permafrost
creepandto detect signs of potential permafrost degradation such as vertical thinning due to ice melt

or rock glacier destabilizatiorBurveys are performed at least once a year at the same time in the
season (usually in late summer) for a number of seldmbedtlers on each rock glacier {11DO

point s ) . The measured coordinates ( x, y) and el ev
and vertical ( pz, ratio of slope) changes of eaft
and creeprate time series for single measurementnfmoiand/or representative zones of the rock
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glacier are determinedihe relative nean annual horizontal surface velocity (in %) can be then
derived for the regiorHgure?2).

Validationof CCI products againshese data, available since 2000 for the éstdgime series, wibe
summarized in th€roduct Validation and Intercomparison Report (PVIR, D4.1).

PERMOS Kinematics Sites

@ Terrestrial geodetic survey
- Air photo
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Figure 1: PERMOS Kinematics sit€BERMOS 2019)
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Figure 2: Mean annual horizontal surface velocity (in %) relative to the reference period 2012

(grey area) at 17 rock glacier lobes from 2000 to 2018 derived from terrestrial geodetic surveys. Rock
glaciers showing an atypical evolution are shown in dotted lines and the black line corresponds to the
mean of the Swiss Alps (excluding the two atypazk glaciers)(PERMOS 2010

32 Mountain permafrost sites located inEuropean subarctic/arctic sites

In Norway, insitu and landforrscale remote sensing datasets at selected sites will be exploited for
comparison and validation with the remote ssgperoducts:

In the AOI1 (Troms), intensive 4igitu networks are continuously monitoring ground displacements at
the location of three highsk rockslides (since 2007 on Jettan and Indre Nordnes on Nordnesfjellet
and since 2016 on Gamanjunni3 in ManndgaleThe rockslide section of the Norwegian Water
Resources and Energy Directorate (NVE) is responsible for the management of a large set of
instrumentation: GNSS, extensometers, lagflectors, tiltmeters, grouddased radar, corner
reflectors for usingnSAR the entire year, etc. (Blikra & Christiansen, 2014; Bohme et al., 2016;
Nordvik et al., 2010). Even if not directly related to the processes studied in the Permafrost_cci CCN2
project, these networks are documenting landforms moving at the samedfordagnitude (cm/yr)

and are located close to identified rock glaciers. They will be thus valuable for validation. In addition,
the Adjet rock glacier complex in Skibotndalen has been studied by NORCE and The Arctic
University of Norway in Tromsg (UiT). A&ombination of INSAR, SAR offsdtacking, aerial feature
tracking, terrestrial radar interferometry and periodic GPS measurements has highlighted very high
velocities (several m/yr) and an accelerating trend these last decades (Eriksen et drigf8).
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The existing dataset will be compared with the new products and be also used to discuss the
limitations of INSAR over very faghoving rock glaciers.
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Figure 3. Spatb-temporal variations of displacement rates on the main lobe of the Adjet raxikrgl
complex(AOI1) based on SARffsetTracking, Terrestrial Radar Interferometry andierial Feature
Tracking. a) Variation of surfaeparallel annual velocity along a profile. ijvolution of themean
annual horizontal velocitgince 198 for an area inthe middle part. €) Temperature, precipitation
and snow depth based on modeled local climatic data (Eriksen et al., 2018)

In AOI2 (Finnmark), rock glaciers in Ivarsfjord have been intensively studied by the University of
Oslo (UiO) these past years.eRodic GNSS measurements, Unmanned Aircraft Vehicle (UAS)
imagery and Terrestrial Laser Scanning (TLS) have been performed during every summer field
campaign since 2015. Repeated High Resolution Digital Elevation Models and GNSS ground
displacement measements will be valuable for validation of INSAR results (Aune, 2018).

In AOI3 (Nordenskiold Land), the University of Tsukuba (Japan) in collaboration with the University
Centre in Svalbard (UNIS) have conducted 14 years 2009) of annual Real Time Kineatic GPS

Survey of surface benchmarks on a small vadiiele rock glacier (Huset, in Longyeardalen). At this
location,a borehole down to 15 mecords temperature and deformation measuren{btaisuoka et

al., 2019). In addition, two solifluction monitag stations are measuring 2D displacements (normal
and parallel to the ground surface) (Harris et al., 2007; 2011) in Endalen since 2005 and in Kapp Linné
since 2008 Kigure4). The monitoring is continuous but some periodshe stations haveot been
operational due to polar bear attacks and power probleiles for the monitoring data from AOIL, the
solifluction stations document different processes from the purpose of Permafrost_cci CCN2 project.
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However, due to the same order of magnitude (cm/yr) hef mmeasured movement and the
neighbouring locations of identified rock glaciers, these datasets will be valuable for validation.

2007/02/06

Figure 4. Endalen solifluction monitoring statiqhOI3), 6 February 2007, automatic digital
photography (UNIS).

In addition to the insitu datasets described above, at least one site per AOI will be selected to process
complementary aerial optical photogrammetry (horizontal velocities using image matching; Kaab and
Vollmer, 2000). For contemporary airphotos, the resulthese locations will be used for cress
validation with InSARbased products. For historical airphotos, they will be used to detect rock glacier
long-term velocity changed:or a strandflat rock glacier at Nordenskidldkysten (AOI3), geophysical
soundings (DQesistivity, grounepenetrating radar) and aerophotogrammetric surveys exist (Kaab et
al, 2002; Farbrot et al. 2005Patasets from meteorological stations, ground surface and ground
temperature loggers in boreholase also available in the three AOIs firther investigate the
relations with climate variablesn AOI3 for instancepermafrost boreholes operational since 2008
2009 are equipped for ground thermal monitoring in approx. 15 different sites representing the main
periglacial landforms in thisrea (Christiansen et al., 2010).

Validationof CCI products againshese data, available since 8d0r the longest time series, will be
summarized in th@roduct Validation and Intercomparison Report (PVIR, D4.1).

33 Ground and air temperature

In the Southern Carpathianground and air temperaturagemonitored on several rock glaciextthe
study sites and will be used to evaluate and valid#ite regional permafrost distribution model
Validation with these das&tswill be summarized in thérodiwct Validation and Intercomparison
Report (PVIR, D4.1).

3.3.1 Carpathian sites

Because ofimited drilling possibilities,there are no boreholes in the rock glaciers of the Romanian
Carpathians. The temperature of the ground is monitored only at theesafftne active layer in case
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of several rock glacierat the selected test sites. Miniature temperature data loggers (MTD) are
frequently used to monitor the thermal conditions and heat exchanges at the-agroasphere
interface and to better understiahe snow/permafrost/atmosphere interactions. The $ai@
generallyplacedat 530 cm beneath the surface of the rock glaciers and covered with small fragments

of rocks and pebbles to avoid direct exposure to solar radiation. The thermal measurements are
conducted with two different types of data loggers: iButton Digital Thermometers and UTL 3. The
thermistors recorded the ground surface temperature every 2 or 4 hours between September 2012 and
September 2018 and will measure the ground surface temgefatuhe ext years too (FigurB). In

the Retezat site a miniature temperature data logger is also used to record the air temperature variation
every 2 hours since 2012. This is installed in a wooden case and is located in the vicinity of one
investigate rock glacier.
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Figure 5. Five years evolution (1.08.201231.07.2017) of meadaily groundsurface temperature at
one site in the Retezat Mountains.

Within the selected sites, thermal measurements were performed in case of 9 rock glaciers in the
Reteat Mountains and 5nithe Pardng Mountains (Figu®). At some of these rock glaciers
measurements of the bottom temperature of snow cover as well as geophysical surveys were also
conducted.

Page2l



CNNL1 & CCN2 CCI+ PHASE 1I NEW ECVS ISSUE 1.0
Data Access Requiremeri®cument Permafrost 30 November 2019

Figure 6. Rock glaciers with existing ground temperature datthe selected sites.

Based on previous thermal measurements permafrost is probable/possible to occur at those sites where
the bottom temperature of the winter snow cover (BTS) is be3d@ (-2 |C), the mean annual ground
surface temperature (MAGST) is lower thafCO(1.5|C) and the ground freezing index (GFI) is
greater than 600 (400 days(Figure 7)
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