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Mountain slopes in periglacial environments are affected by frost- and gravity-driven
processes that shape the landscape. Both rock glaciers and rockslides have been
intensively inventoried worldwide. Although most inventories are traditionally based on
morphologic criteria, kinematic approaches based on satellite remote sensing have more
recently been used to identify moving landforms at the regional scale. In this study, we
developed simplified Interferometric Synthetic Aperture Radar (InSAR) products to
inventory ground velocity in a region in Northern Norway covering approximately
7,500 km?®. We used a multiple temporal baseline INSAR stacking procedure based on
2015-2019 ascending and descending Sentinel-1 images to take advantage of a large set
of interferograms and exploit different detection capabilities. First, moving areas are
classified according to six velocity brackets, and morphologically associated to six
landform types (rock glaciers, rockslides, glaciers/moraines, talus/scree deposits,
solifluction/cryoturbation and composite landforms). The kinematic inventory shows
that the velocity ranges and spatial distribution of the different types of slope
processes vary greatly within the study area. Second, we exploit INSAR to update pre-
existing inventories of rock glaciers and rockslides in the region. Landform delineations and
divisions are refined, and newly detected landforms (54 rock glaciers and 20 rockslides) are
incorporated into the databases. The updated inventories consist of 414 rock glacier units
within 340 single- or multi-unit(s) systems and 117 rockslides. A kinematic attribute
assigned to each inventoried landform documents the order of magnitude of the creep
rate. Finally, we show that topo-climatic variables influence the spatial distribution of the
rock glaciers. Their mean elevation increases toward the continental interior with a
dominance of relict landforms close to the land-sea margin and an increased
occurrence of active landforms further inland. Both rock glaciers and rockslides are
mostly located on west-facing slopes and in areas characterised by strongly foliated
rocks, which suggests the influence of geological preconditioning factors. The study
demonstrates the value of semi-quantitative INSAR products to characterise kinematic
information at large scale and exploit the results for periglacial research. It highlights the
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complementarity of both kinematic and morphologic approaches for inventorying slope

processes.
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INTRODUCTION

Mountainous regions are affected by a wide range of periglacial
processes leading to slope movements (Gruber and Haeberli,
2009; Jaboyedoff et al., 2013; Ballantyne, 2018). Gravity induces
landforms creeping downslope, such as rock glaciers and
rockslides. They have specific morphologic characteristics and
variable creep rates depending on the material they convey (rock,
unconsolidated sediments, ice) and their environmental
controlling factors. One common denominator of these
landforms is the potential hazard they represent in case of
failure (Kaib et al., 2005; Blikra et al., 2006).

Rock glaciers, defined here as creeping permafrost landforms
consisting of an ice/rock mixture (Berthling, 2011), are often used as
a proxy for permafrost occurrence or paleo-permafrost extent
(Lillegren and Etzelmiiller, 2011; Scotti et al., 2013; Etzelmiiller
et al., 2020; Karjalainen et al., 2020). In mountainous areas where
large topographic variability and site-specific conditions determine
the local occurrence of permafrost, rock glacier inventories are
valuable to complement global kilometric-resolution permafrost
products (Obu et al, 2019). Rock glacier kinematics are
considered as an indicator of climate change due to the
increasing evidence of relations between creep rate and ground
temperature (Delaloye et al., 2010; Kadb et al.,, 2021). Several studies
have evidenced that climate change has consequences on the
permafrost thermal state and the ice/water contents of rock
glaciers (Ikeda et al,, 2008), which cause in a first response their
acceleration (Kédb et al, 2007; Delaloye et al, 2010), their
destabilisation (Roer et al, 2008; Delaloye et al., 2013; Eriksen
et al,, 2018), exceptionally their collapse (Bodin et al., 2017), but
also conversely, as degradation continues, their progressive
stabilization (Ikeda et al, 2008; Delaloye et al, 2017). The
comprehensive inventory of rock glaciers within specific regions
is the first required step to further monitor their long-term trends in
a climate-oriented perspective (RGIK, 2021a).

Unstable rock slopes, hereafter referred to as rockslides, are
prone to catastrophic failure and therefore inventoried in many
mountainous regions around the globe. The mapping of unstable
rock masses and the documentation of their creep rates are
typically performed to understand their distribution, volumes
and mechanisms (Crosta et al., 2013; Pedrazzini et al., 2016).
Permafrost and seasonal frost influence the dynamics of certain
rockslides (Blikra and Christiansen, 2014; Keuschnig et al., 2015;
Hilger et al., 2021) and changing climate has an impact on their
stability (Geerstema et al., 2006; Stoffel et al., 2014; Patton et al.,
2019). Identifying unstable rock slopes is the first required step to
further assess the hazard and risk (Hermanns et al., 2013; 2016),
and potentially design operational monitoring networks (Crosta
et al., 2017; Kristiansen et al., 2021).

Satellite remote sensing techniques have become widely
applied to identify and map moving areas over large

mountainous areas. Satellite Interferometric Synthetic Aperture
Radar (InSAR) is especially valuable to detect ground
displacements along the radar line-of-sight (LOS) at
centimetre to millimetre accuracy. InSAR has been extensively
used for studies of periglacial landforms, such as rock glaciers
(Delaloye et al., 2007; Liu et al., 2013; Wang et al., 2017; Villarroel
et al., 2018; Kaib et al., 2021) or rockslides (Lauknes et al., 2010;
Bouali et al., 2018; Rosi et al., 2018; Bohme et al., 2019; Vick et al.,
2020). In the Western Swiss Alps, Barboux et al. (Barboux et al.,
2014; 2015) mapped and inventoried slope movements using
InSAR and categorised the detected moving objects by velocity
classes and landform types (solifluction, rockslides, push-
moraines, rock glaciers). In Bhutan, Dini et al. (2019)
categorised different slope processes using InSAR and were
able to distinguish between irreversible (gravitational, e.g. rock
glaciers or rockslides) and reversible processes (seasonal, e.g.
related to freeze/thaw or hydromechanical forces). In Norway,
Iceland and Svalbard, various studies also showed that InSAR can
be used to identify specific magnitude and orientation of
displacement for different periglacial landforms and surficial
material types (Lilleoren et al., 2013; Eriksen et al, 2017a;
Eckerstorfer et al., 2018; Rouyet et al., 2019).

Several InSAR techniques have been developed depending on
the expected ground velocity, the conditions of the study area and
the scope of the research. In mountainous environments,
landforms moving at dm/yr to m/yr rates are typically
investigated by manual analysis of interferometric image pairs
(Delaloye et al., 2007; Barboux et al., 2014), while more advanced
time series methods perform well on landforms with a mm/yr to
cm-dm/yr velocity but tend to fail on fast-moving landforms
(Barboux et al., 2015; Rosi et al., 2018; Vick et al., 2020).
Nowadays, the development of national to multi-national
InSAR mapping services (Dehls et al, 2019; Larsen et al,
2020) allows for identifying moving areas over entire
mountain ranges, but relating them to specific processes
remain a challenging task. Research towards a comprehensive
use of large stacks of Synthetic Aperture Radar (SAR) images to
categorise the ground velocity and relate detected moving areas to
specific landforms is needed to scale up the exploitation of InSAR
technology in geosciences.

Here we propose a multiple temporal baseline approach
based on InSAR stacking (Sandwell and Price, 1998), to
combine complementary strengths of existing techniques and
consider a large range of velocities. We inventory slope
movements in a study area in Northern Norway,
encompassing a cluster of rock glaciers and rockslides, and
compare them to morphologic inventories. We aim to 1)
develop simple InSAR products that summarize the
kinematic information and semi-quantitatively document
ground velocity over large areas; 2) categorise the identified
moving areas and relate them to inferred slope processes; 3)
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FIGURE 1 | Location map of the study area in Northern Norway with landforms from the initial rock glacier (RG) and rockslide (RS) inventories. Detailed maps (A-H)
and (1-6) are shown in Figures 3, 6, 8, 10. P-P’ show the limits of the profile used in Section 6.3. Global location of Norway in Northern Europe is shown in

Supplementary Figure S1. Glacier inventory from Andreassen and Winsvold (2012) and Winsvold et al. (2014). Sea, lakes, rivers, border and reference altitudes/names
from NMA (2020a).

combine kinematic and morphologic approaches to update the STUDY AREA

existing inventories of rock glaciers and rockslides; 4) interpret

the kinematic variability and distribution of different landform  The study area is located in Troms and Finnmark county,
types and discuss the values and limitations of InSAR for  Northern Norway (approx. 70°N, 20°E) and covers 7,500 km?,
regional periglacial studies. 6,300 km® of which is on land (Figure 1; Supplementary Figure
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S1). Shaped over more than 20 glacial cycles (Corner, 2005), the
alpine topography is characterised by a high altitudinal gradient
with deep narrow fjords and high mountain peaks up to ca.
1800 m asl in the central part of the area (Lyngen Alps).
Towards East, multiple valleys lead from the fjord heads
towards a flat-topped terrain (ca. 1,000m a.sl) near the
Finnish and Swedish borders.

The geology of the region consists of Caledonian nappes of the
Upper Allochthon (Andresen, 1985), with basement rocks of the
Fennoscandian Shield outcropping in erosion windows and in
coastal areas (Zwaan, 1988; Bergh et al., 2007). The thrust nappes
were metamorphosed, imbricated, and folded during multiple
events, resulting in a dominance of medium-to high-grade
metamorphic lithologies (Zwaan, 1988; Augland et al., 2014).
The major structures, i.e. faults, shear zones, thrusts and foliation,
dip dominantly to the NW, aligning with the complex fold-thrust
belt architecture. The Lyngen Alps are metagabbro-dominated,
while the western and eastern parts of the study area are
characterised by metasedimentary rocks, such as mica schist
and phyllite (Zwaan, 1988; Zwaan et al., 1998; NGU, 2020a).

The study area lies within the subarctic climate zone,
characterised by long cold winters and short cool summers
(NCCS, 2021). The region is influenced by the warm North
Atlantic Current, with a large climatic gradient between the
temperate and humid coasts and the cold and dry continental
interior. The climatic gradient is perpendicular to the land-sea
margin and follows a NW-SE orientation, parallel to profile P-P’
(Figure 1, black crosses). At stations close to sea level, mean
annual air temperature and precipitation recorded the past
10 years are respectively 4.8°C and 1,197 mm in Botnhamn/
Hekkingen on the west coast, 3.7°C and 1,051 mm in Tromse
and 3.2°C and 436 mm in Skibotn (East of Storfjord) (NCCS,
2021). The permafrost distribution follows a similar gradient. The
lower elevation limit of the discontinuous zones, where
permafrost underlies 50-90% of the landscape, is estimated at
around 1,000 m a.s.l. in coastal sites and decreases to below 400°m
asl. towards the interior. Around Kéfjord, the lower
discontinuous permafrost limit is estimated at 800-900°m a.s.l.
(Farbrot et al., 2013; Gisnds et al., 2017), but isolated-sporadic
zones, where permafrost underlies <50% of the landscape, can be
found down to 500°m a.s.1 (Hjort et al., 2014). The permafrost is
relatively warm with temperature close or just below 0°C
(Christiansen et al., 2010). In-situ ground temperature
measurements indicate that the permafrost is warming and
degrading in Northern Norway (Isaksen et al., 2007; Farbrot
et al, 2013). In the study area, this is documented by six
instrumented boreholes in Guolasjavri, Lavkavaggi and
Nordnes, all East of Storfjord (Farbrot et al, 2013). Models
project that this trend is likely to continue in the coming
decades (Farbrot et al., 2013; Gisnas et al., 2013).

Due to its geological and geomorphological history, the area
presents a cluster of unstable rock slopes (Braathen et al., 2004;
Blikra et al., 2006; Osmundsen et al., 2009; Bunkholt et al., 2012;
Vick et al., 2020). Several rockslides are intensively investigated
(Hermanns et al.,, 2016) and monitored (Blikra and Kristensen,
2013), due to potential major consequences in case of a collapse
into the valleys or fjords, as well as connected secondary effects

Morpho-Kinematic Inventory

such as displacement waves. Detailed mapping and inventories of
rock glaciers and ice-cored moraines have also been performed,
especially in the Kafjord area (Tolgensbakk and Sollid, 1988;
Sollid and Serbel, 1992; Lillegren and Etzelmdiiller, 2011). Recent
research evidenced the recent acceleration of a rock glacier
complex in Skibotndalen (Eriksen et al, 2018). Other
periglacial landforms, such as solifluction lobes and sheets,
have also been studied in the region (Hjort et al, 2014;
Eriksen et al., 2017a).

DATASETS

Sentinel-1 Interferometric Wide Swath
Mode Scenes

The InSAR processing is based on images from Sentinel-1 C-band
(5.6 cm wavelength) SAR satellites of the European Commission
Copernicus Programme. Sentinel-1 is a constellation of two
satellites providing a repeat-pass of 6 days. SAR images from
ascending (track 58) and descending (track 95) snow-free SAR
images (Interferometric Wide Swath mode) between 2015 and
2019 (June-October) were used. The sensor is looking obliquely
downward (mean LOS incidence angles: 38.9° in ascending; 27.4°
in descending), towards East-Northeast (ENE) for ascending
acquisitions and towards West-Northwest (WNW) for
descending acquisitions (mean LOS compass directions: 77.4°
in ascending; 282.6" in descending). An 8 x 2 (range x azimuth)
multi-looking factor was applied, providing a final ground
resolution of approximately 40 x 40 m.

Initial Morphologic Inventories and In-Situ
Data

The polygonal morphologic inventories used in this study are
based on an inventory of cryogenic landforms from the
University of Oslo and an inventory of unstable rock slopes
from the Geological Survey of Norway.

Within the study area, the cryogenic landforms inventory
from Lilleoren and Etzelmiiller (2011) consists of 345 rock
glaciers, protalus ramparts, ice-cored moraines, debris-covered
glaciers, and morainic glacier-forefield. In the present study, we
differentiate permafrost from glacial landforms. We discarded 56
landforms to focus on rock glaciers and protalus ramparts, the
latter being considered as “embryonic rock glaciers” experiencing
permafrost creep (Scapozza et al., 2015). Three landforms were
removed due to previously wrong classification (rock avalanche
deposits or large solifluction lobes). The initial inventory of rock
glaciers (RG) consists of 286 landforms (Figure 1, blue polygons).
The inventory is primarily based on geomorphological or
quaternary geological maps (@Dstrem, 1964; Sollid and Torp,
1984; Tolgensbakk and Sollid, 1988) and optical imagery
(NMA, 2011). The activity of the rock glaciers was defined as
active, inactive, or relict based on morphologic evidence. The
delineation follows an extended geomorphological footprint
definition, including the frontal and lateral margins/aprons. It
must be noted that the quality of the optical images was variable
at the time of the inventory and may have led to inaccurate
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detection and delineation, especially in the upper boundary, due
to image distortion in steep areas, shadows and snow cover.

The initial unstable rock slope inventory, hereafter referred to
as rockslides (RS), consists of 97 landforms in the study area
(NGU, 2020b) (Figure 1, red polygons). It considers areas where
signs of gravitational and post-glacial rock mass deformation
have been identified by the Geological Survey of Norway (e.g.
backscarps, open fractures) and could lead to a rock avalanche in
case of failure (Hermanns et al., 2013; Oppikofer et al., 2015). The
mapping programme focuses on rockslides that may present a
risk to society and therefore is not exhaustive. It must be noted
that the reliability of the RS polygonal delineations varies
depending on the level of investigation. In areas without
detailed geological information, the delineation is indicative,
especially the lower limit. Within the study area, three RS are
permanently monitored (high risk objects: Gimanjunni 3, Jettan
and Indre Nordnes) (Blikra et al., 2009; Blikra et al., 2015; Bohme
et al., 2016, 2019; Eriksen et al., 2017b) and 21 RS have corner
reflectors for InSAR monitoring and/or periodic differential
Global Navigation Satellite System (dGNSS) measurements
(Lauknes, 2011a; Bunkholt et al., 2012). Of those last, 13 are
showing displacement, four are not moving (certain data), four
are uncertain due to short series or bad measurement locations. In
total, in-situ mean velocity measurements over 20 RS were used
for comparison with the InSAR results of this study. Their
location is shown in supplementary material (Supplementary
Figure S2).

METHODS

The use of InSAR to map slope movements in mountainous
environments is usually based on two types of techniques, both
with advantages and drawbacks. The analysis of individual
interferometric pairs (interferograms) has proven to be
valuable in identifying fast-moving landforms (Delaloye et al.,
2007; Barboux et al,, 2014). It reduces the risk of a biased
displacement estimate and exploits information from
decorrelated areas, when related to fast-moving landforms
(Barboux et al, 2014). However, such analysis requires
laborious manual work considering the extensive SAR data
archives and may exaggerate the importance of some
interferograms with short-term nonrepresentative patterns.
Slow-moving landforms (e.g. mm/yr to cm/yr on large
rockslides) may be hard to detect due to uncorrected
atmospheric effects. Multi-temporal InSAR techniques (Ferretti
et al., 2001; Berardino et al., 2002), including the automated
conversion from cyclic to continuous phase difference, called
unwrapping (Chen and Zebker, 2002), have been developed to
process large SAR stacks. It allows for mitigating more robustly
atmospheric effects and providing submillimetric accuracy.
However, due to InSAR decorrelation during snow-covered
periods, time series methods usually require the integration of
interferograms with long temporal intervals, which may lead to
ambiguous displacement estimates on fast-moving landforms,
especially when the velocity is nonlinear (Wasowski and Bovenga,
2014).

Morpho-Kinematic Inventory

We apply here a multiple temporal baseline InSAR stacking
methodology to combine the strengths of the single interferogram
analysis and multi-temporal InSAR techniques (Section 4.1).
Mean annual ground velocity was classified to inventory
kinematics at the regional scale (Section 4.2). The results were
then used to update the RG and RS inventories and include a
kinematic attribute into the databases (Sections 4.3) (Figure 2).

Multiple Temporal Baseline INSAR Stacking
InSAR results have been processed using the NORCE GSAR
software (Larsen et al., 2005). All seasonal (June to October) and
1-year pairs were first generated leading to two sets of 2,705 (track
58) and 2,533 (track 95) interferograms. The spatial baseline has
not been restricted, the effective maximum being under the
critical baseline limit. Interferograms were preselected based
on a measure of the signal stability (mean coherence >0.4),
leading to two sets of 1,221 (track 58) and 1,308 (track 95)
interferograms. The noise level was reduced by applying a
spatially ~adaptive coherence-dependent Goldstein filter
(Goldstein and Werner, 1998; Baran et al, 2003). The
contribution from the stratified atmosphere was mitigated
(Cavalié et al, 2007; Lauknes, 2011b) using a 10m DEM
(NMA, 2016). A similar calibration point at a location
expected to be stable has been used in both geometries
(69°30°52”/20°25’45”, black star in Figure 4). Unwrapping was
performed using the SNAPHU software (Chen and Zebker,
2002). Interferograms affected by large unwrapping errors
were discarded.

We used a weighted averaging method based on multiple
unwrapped interferograms (InSAR stacking, e.g. Sandwell and
Price, 1998), to mitigate atmospheric artefacts and provide an
estimate of the assumed linear velocity. Although the results are
expressed as mean annual velocities, they are based on snow-free
scenes, which exaggerate the importance of the summer seasons.
InSAR stacking has been processed with five complementary
ranges of temporal intervals between the SAR acquisitions
(temporal baselines By, Table 1), to combine different
detection capabilities. Large Bt (e.g. 1year) provide good
sensitivity to low displacement rates. Small By (e.g. 6 days)
allows for higher detectable maximal velocities. In 54-150 days
and 336-396 days stacks, fast moving areas are decorrelated but
the results are only used for velocities <3 cm/yr. In the 6 days
stack, the noise level is expected to be higher, but the results are
only used for velocities >30 cm/yr. The procedure is performed
both for ascending and descending datasets, leading to a set of 10
velocity maps. The large number of interferograms in each stack
(56-326, Table 1) contributes to mitigate the effects from
turbulences in the troposphere. Additionally, the results are
spatially smoothed using a 10 km filter to remove remaining
large-scale atmospheric/ionospheric phase trends.

INSAR Kinematic Inventory

The InSAR kinematic inventory is a catalogue of moving areas
assigned to six mean annual velocity classes. The processing
strategy has been designed for a semi-quantitative mapping at
a regional scale. To document velocity on both east- and west-
facing slopes, ascending and descending results were combined.
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TABLE 1 | Summary of the INSAR processing settings for the five stacks in each SAR geometry. Acronyms refer to ASC (ascending), DESC (descending), Bt (temporal

baseline, i.e. time interval between SAR acquisitions).

Stack Min. By Max. By Max. velocity No. interferograms No. interferograms Use for
(days) (days) (cm/yr) (preselected based (after manual velocity classes
on mean check of (Table 2)
coherence >0.4) unwrapping
results)
ASC DESC ASC DESC

1 336 396 1.29 353 375 299 326 Classes 1 and 2
2 54 150 3.41 146 168 125 148 Class 2
3 18 48 10.65 252 251 219 219 Class 3
4 6 12 42.58 126 129 111 114 Class 4
5 6 6 85.17 67 66 56 57 Classes 5 and Decorrelated

The velocity classes are meant to document half a magnitude
order, as recommended by the International Permafrost
Association (IPA) Action Group on rock glaciers inventories
and kinematics (RGIK, 2020; RGIK, 2021b).

Five classes are based on the InSAR velocity values (classes 1
to 5, Table 2). When a pixel is covered by results from different
stacks or geometries, the selected value corresponds to the
highest velocity class to keep the most adequate information in
respect to the LOS and the detection capability. This accounts
for velocity underestimation on slopes facing towards the
radar and phase ambiguities using long By in fast-moving
areas. The maximum detection capability for displacement
between two neighbouring pixels corresponds to a quarter of
the wavelength of the sensor (5.6 cm for Sentinel-1) during the

time interval used to build the interferograms. For a stack
including interannual interferograms (336-396 days Br, stack
1 in Table 1), phase ambiguities can occur when the velocity is
over ca. 1.3 cm/yr. The results of this stack were used for the
class 1, i.e. 0.3-1 cm/yr (Table 2). For a stack including only
6 days interferograms (stack 5 in Table 1), the detection
capability rises to ca. 85cm/yr. The results of this stack
were used for the class 5, i.e. > 30 cm/yr (Table 2). The
similar rationale was applied to the intermediate velocity
classes 2-4 (Table 2).

Three additional classes were generated (Table 2). The class
“Decorrelated” corresponds to the pixels under the coherence
thresholds both in ascending and descending results using the
stack 5 (6 days Br). Fjord and large lakes were removed to focus
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TABLE 2 | Velocity classification based on INSAR results from five stacks in both ascending and descending geometries (Table 1). Acronyms refer to BT (temporal baseline,

i.e. time interval between SAR acquisitions) and LOS (line-of-sight).

Information

Based on a combined product from 54 to 150 days B+ (1.5-3 cm/yr) and 336-396 days Bt (1-1.5 cm/yr)

Decorrelation may indicate too high velocities (>85 cm/yr) if no other decorrelation source is identified (dense

Velocity class, no Min. Max.
data and N-S mask velocity velocity
(cm/yr)
Class 0 <0.3 Transparent on maps, i.e. no detected velocity
Class 1 0.3 1 Based on 336-396 days B+ (stack 1)
Class 2 1 3
(stacks 1-2)
Class 3 3 10 Based on 18-48 days By stack (stack 3)
Class 4 10 30 Based on 6-12 days By (stack 4)
Class 5 >30 Based on 6 days B (stack 5)
Decorrelated No data due to decorrelation
on land (in both ascending and  vegetation, snow or surface water)
descending stacks)
Layover/shadow No data due to radar layover or ~ No information can be exploited in these areas
shadow (in both ascending and
descending stacks)
N-S slopes Uncertain

The N-S mask (227.5-22.5°/157.5-202.5° on slope angles >2°) shows where the INSAR information must be

treated carefully due to LOS measurements

on land. Decorrelation is typically caused by 1) dense vegetation,
2) snow or surface water, 3) too high velocities (>85 cm/yr). Over
specific landforms with morphologic signs of high activity, if
there is no visual sign indicating that 1) or 2) are the decorrelation
causes (based on orthophotos, NMA, 2020b), the third hypothesis
can be reasonably kept. The class “Layover/Shadow” shows where
no information can be exploited from any SAR geometry. The
class “N-S slopes” consists of a semi-opaque mask of the North-
and South-facing slopes (compass directions 337.5-22.5°/
157.5-202.5" on slope angles >2°) highlighting where InSAR is
likely to provide underestimated values if the horizontal
component of the true displacement vector is large. This mask
corresponds to ca. 21% of the land area (1,313 km?). When
mapping all together the five velocity classes and the three
additional classes, the transparent areas can reasonably be
considered as under the detection limit (<0.3 cm/yr),
corresponding to no or very low velocity (class 0). The
multiple temporal baseline InSAR stacking applied here does
not allow for an accurate discrimination of velocities under
this limit.

Based on the InSAR kinematic inventory, we analysed and
categorised the identified moving pixels. The main InSAR moving
areas consist of clusters of typically >10 pixels (ca. 160,000 m*)
from similar or adjacent classes. They were first manually located
with a point without interpreting which process induces the
velocity. This procedure is not meant to be exhaustive but
aims to provide a representative sample of what InSAR is able
to detect in the study area. Due to the focus on slope processes,
only pixels on slopes stepper than 5° were considered at this stage.
Secondly, each identified location was associated with a category
of periglacial landform through a visual interpretation of
orthophotos (NMA, 2020b). Six main categories have been
chosen for this purpose (Figure 3): rock glacier (RG),
rockslide (RS), glacier/moraine (GM), talus/scree deposit (TS),

solifluction/cryoturbation (SC), composite (CO). The expected
dominant movement type associated with these landforms are:
permafrost creep (for RG), rock mass sliding/deformation (for
RS), glacial flow or ice-core deformation/melting (for GM),
superficial displacement of debris (for TS), thaw subsidence,
frost creep and gelifluction (for SC). A seventh category (UD:
undefined) is used when no clear process is identified. The CO
class is further divided into RS + S (rockslide + superficial), RG +
S (rock glacier + superficial) and RS + RG (rockslide + rock
glacier). Superficial here means either talus/scree deposit or
solifluction/cryoturbation. The dominant velocity class was
associated to each identified area and moving areas
significantly overlapped by the “N-S slopes” mask were
flagged as “uncertain”.

Update of the Rock Glacier and Rockslide

Inventories

Based on the InSAR kinematic inventory, the initial RG and RS
inventories were updated by 1) including a kinematic attribute to
a previously identified landform, when there is no significant
limitation on the reliability of the attribution; 2) updating the
delineation when the InSAR results fit morphologic evidence that
were not considered in the initial inventories; 3) adding newly
detected objects, when RG/RS/CO categories have been identified
but are missing in the initial inventories. The delineation may
have been significantly updated, but no landform has at this stage
been removed, assuming that no detected InSAR velocity is not a
sufficient criterion to discard a landform initially inventoried
based on morphologic evidence.

The kinematic attribute assigned to rock glaciers follows
“order of magnitude” categories (e.g. cm/yr, dm/yr, m/yr). The
criteria for the assignment of the kinematic attribute, based on the
velocity classes of the InSAR moving areas, are following the
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FIGURE 3 | Orthophotos with examples of the landform categories. Locations (A-H) of these detailed maps are shown in Figures 1, 4. The lines highlight the
indicative morphologic delineations (blue: rock glaciers; red: rockslides, dashed black: others morphologic features, in (C): debris-covered glacier and ice-cored
moraine; in (D) and (F): gullies and talus cones; in (E) and (G): solifluction lobes). Norge i bilder orthophotos from NMA (2020b).
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recent recommendations from the IPA Action Group on rock
glacier inventories and kinematics (RGIK, 2021b). Translation
rules from velocity classes to kinematic attributes are explained in
RGIK (2020) and are meant to account for some spatial and
temporal heterogeneities over the inventoried landforms. The
dominant category is used if several velocity classes are present
over one landform. If decorrelation is likely due to velocity above
the threshold (Section 4.2; Table 2), the attribute “m/yr” is used.
Confusion with movement related to other processes, such as
thaw subsidence, must be avoided. Isolated moving pixels or
heterogenous combination of velocity classes (min/max ratio over
1:5) are typically considered as unlikely to represent the rock
glacier creep (RGIK, 2020). In these cases, the category
“undefined” is chosen. If a landform is to a large extent
located on N-S slopes, the reliability is low and the kinematic
attribute remains “undefined”. The categorisation of the rock
glacier activity is also updated, following the new recommended
classes (active, transitional, relict; RGIK, 2021b). In general, units
with kinematic attribute <0.3 cm/yr or mm-cm/yr associated
with other superficial processes (e.g. solifluction) are
interpreted as relict. Units with mm-cm/yr to cm/yr kinematic
attribute are interpreted as transitional. Landforms documented
with cm-dm/yr to m/yr kinematics are interpreted as active.
Morphologic criteria are also taken into account (RGIK, 2021b).
According to the new delineations, one rock glacier system can be
composed of a single unit or multiple units (coalescent or
adjacent). Landforms initially inventoried as single unit may
be divided into two or more units if the kinematics match
morphologic evidence of multiple lobes. The type of
geomorphological unit located directly upslope is also

documented, as recommended by RGIK (2021b). The relevant
categories for this study are “talus-connected”, “landslide-
connected”, “glacier-connected”, “glacier forefield-connected”
and “poly-connected”. It should be noted that the spatial
connection to an upslope unit does not necessarily mean that
there is a dynamic or genetic connection (RGIK, 2021b).

For rockslides, similar categories of kinematic attributes were
used. However, the detected velocity cannot always be associated
with the deep-seated rock sliding/deformation, because other
processes take place in the superficial part of the inventoried
landforms. A rockslide is kinematically categorised only if the
signal is assumed to correspond to the velocity of the rock mass
(over a rock plateau or in absence of superficial deposits). The
kinematic attribute remains “undefined” if superficial processes
are likely to dominate the InSAR signal, e.g. when talus/scree
deposits, solifluction lobes or rock glaciers are superimposed. The
applied stacking technique does not allow for detection capability
<0.3 cm/yr. However, multi-temporal InSAR based on a
Persistent Scatterers Interferometry (PSI) algorithm can be
used for this purpose. Based on the open-access Norwegian
Ground Motion Mapping Service (InSAR Norway, insar.
ngu.no; NGU, 2020c¢; Dehls et al, 2019), an additional
category “mm/yr” is added to document slow-moving landforms.

RESULTS

INSAR Classified Products
The multiple temporal baseline InSAR stacking method led to the
identification of moving pixels with velocities >0.3 cm/yr (classes
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FIGURE 4 | Classified INSAR results and detailed views over Adjet in Skibotndalen (upper-left) and Njargavarri/Badjanvarri in Kafiorddalen (lower-right).
Polygons in detailed maps: initial inventories of rock glaciers (RG, back solid lines) and rockslides (RS, black dashed lines). Note that the N-S slopes mask is here
displayed only on the detailed maps for the sake of visualization. Locations (A-H) and (1-6) are the areas detailed in Figures 6, 8, 10. Arrows in legend: line-of-sight

1-5) corresponding to ca. 2% of the land area (152km?)
(Supplementary Table S3, rows 1-2). Ca. 72% of the land
area (4,527 km?) are under the detection limit of 0.3 cm/yr.
Ca. 24% of the land area (1,525km?) are decorrelated in
6 days due to vegetation, snow, surface water or too high

velocity. Areas affected by layover/shadow in both ascending/
descending geometries cover ca. 1% of land area (57 km?). The
fraction of areas documented by moving pixels slightly increases
when discarding N-S slopes (Supplementary Table S3,
rows 3-4).
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FIGURE 5 | INSAR kinematic inventory: slope movement categorised by landform type. Acronyms refer to rock glacier (RG), rockslide (RS), glacier/moraine (GM),
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areas for each landform category. Grey symbols correspond to areas where slope movement has been detected and the landform type categorised, but the velocity is
uncertain due to location on N-S slopes. Locations (A-F) are the areas detailed in Figures 3, 6. Sea, lakes, rivers and border from NMA (2020a).

Figure 4 shows the distribution of all classified InSAR results
in the study area. Each landform category is presented on
separated maps in supplementary material (Supplementary
Figures $S4-S10). A high density of moving areas is detected
on the Njargavarri/Badjanvarri mountain slope along

Kéfjorddalen, where the moving areas match the delineation
of the initial RG/RS inventories at several locations (Figure 4,
lower-right inset). This is especially clear for a large rock glacier
complex, which is homogenously covered by the 10-30 cm/yr
velocity class. This area has also been documented by Eriksen
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FIGURE 6 | Classified INSAR results for each landform category (based on Figure 3). Locations (A-H) are shown in Figures 4, 5. The lines highlight indicative
morphologic delineations (blue: rock glaciers; red: rockslides, dashed black: others morphologic features, in (C): debris-covered glacier and ice-cored moraine; in (D):
gullies and talus cones; in (E) and (G): solifluction lobes). Note that the classes “Decorrelated”, “Layover/Shadow”, and “N-S slopes” are not displayed for the sake of
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et al. (2017a), who measured similar velocity ranges. High
velocity is also detected over Adjet mountain slope along
Skitbotndalen (Figure 4, upper-left inset), with several
locations covered by the >30cm/yr velocity class. Over two
initially inventoried rock glaciers, the class “Decorrelated”
covers the frontal parts of the lobes, highlighting that these
areas are moving over the threshold of 85cm/yr. These rock
glaciers have been studied in detail by Eriksen et al. (2018), who
documented velocities up to tens of m/yr, with an acceleration the
past decades.

The analysis of the InSAR kinematic inventory led to the
identification of 763 moving areas that have been associated with
the six main landform categories (Figure 5). Moving areas identified
on N-S slopes are inventoried but the velocity is likely to be
underestimated. The attributed class therefore remains “uncertain”.
Clusters of multiple and composite processes are identified in Piggtind
(between Lakselvdalen and Serfjord), Manndalen, Northern Kéfjord,
as well as in Skibotndalen and Signaldalen (Figure 5). Fast-moving
glacier/moraine (GM) landforms are mostly identified in the Lyngen
peninsula (between Storfjord/Lyngenfjord and Ullsfjord). The flat-
topped terrain in the eastern part of the study area is dominated by
low velocity solifluction/cryoturbation (SC) processes. Figure 6 shows
detailed maps with examples of InSAR results from each landform
category (similar locations as Figure 3).

The large number of identified moving areas categorised by
landform type provides a representative sample to compare their
velocity ranges. The number of moving areas attributed to each
category varies greatly (Figure 7A). Among the 763 locations, 357
(47%) are attributed to solifluction/cryoturbation (SC) processes.

Many landforms are also identified for the composite category
(139 CO, 18%), the talus/scree deposits (131TS, 17%) and the
rock glaciers (83 RG, 11%). Among the CO landforms, the
combination of rockslides and rock glaciers (RS + RG), as well as
rockslides and superficial (RS + S), are dominating with 58 and 70
landforms, respectively. RS and GM include only 16 and 24 landforms
(2-3%), respectively. The velocity ranges clearly vary depending on
the landform category (Figure 7B). In > 60% of the documented
cases, GM has velocity >10 cm/yr. TS, SC and RS are dominated by
low velocities (>70% with 0.3-3 cm/yr). RG has the largest variety of
velocity ranges, but ca. 50% of the landforms have velocities >3 cm/yr.
Velocities of the composite category vary depending on the CO type
(Figure 7C). CO RS + RG has overall the same velocity distribution as
RG, highlighting that the signal on these landforms is likely
dominated by the rock glacier creep. CO RG + S mostly consists
of relict rock glaciers with superficial processes (SC or TS) and is
dominated by low velocities. CO RS + § is an intermediate case with
velocity ranges clearly higher than the RS category, highlighting that
the detected velocity of these landforms can not only be explained by
the movement of the rock mass. The 13 moving areas that could not
be associated to specific landforms remain undefined (UD). Some are
due to shadow, snow or distortions on orthophoto images. Others,
located in areas surrounding by decorrelated pixels, are possibly due to
local unwrapping errors.

Update of the Rock Glacier Inventory

The RG inventory consists of 340 systems (54 newly detected),
including 290 single units and 124 units within 50 RG systems
(414 units in total). In some cases, the update consisted in
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landform category. (C) Velocity class by composite type. Acronyms refer to rock glacier (RG), rockslide (RS), glacier-moraine (GM), talus/scree deposit (TS), solifluction/
cryoturbation (SC), composite (CO), undefined (UD) and superficial (S). In grey: areas where slope movement has been detected and the landform type categorised but

the velocity is uncertain due to location on N=S slopes.

RS+RG  RS+S RG+S

(1) Example: RG update (coalescent units)
)

FIGURE 8 | Update of the rock glacier (RG) inventory. Examples of (1) coalescent units within two systems, (2) adjacent units within one system, (3) newly detected
single unit. Upper panel: classified INSAR results and initial inventory. Lower panel: updated inventory with associated kinematic attribute for each unit. Locations of these
detailed maps are shown in Figure 9. Norge i bilder orthophotos from NMA (2020b).
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revising the delineation of the landforms or dividing previously
inventoried single units into multi-units within a system, when the
variability of the kinematics matchs morphologic evidence
(Figure 8, examples 1-2). In other cases, newly identified
landforms categorised as RG or CO RS + RG/RG + S (InSAR
kinematic inventory, Section 5.1) were added to the inventory
(Figure 8, example 3). A kinematic attribute <0.3 cm/yr (no
detected velocity) is assigned to 240 and 21 units remain

kinematically undefined (highly heterogeneous, no data or
mostly located on N-S slopes). The remaining 153 units have
kinematics between mm-cm/yr and m/yr (Figure 9, pie chart).
The kinematic attributes contribute to the update of the activity
assessment. In total, 92 units are estimated as active, 104 as
transitional and 218 as relict. The distribution of the activity
attribute is shown in Supplementary material (Supplementary
Figure S11).
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The kinematic attribute is spatially distributed with a clear
NW-SE trend, with lower creep rates towards the NW part of
the study area (Figure 9). A high density of rock glaciers with
variable kinematics is found between Skibotndalen, Kéfjord
and Samueldalen (Figure 9, inset map). Several active

landforms are also inventoried in Piggtind (between
Lakselvdalen and Serfjord) and Signaldalen. The type of
upslope unit is also documented: 285 rock glacier units are
talus-connected, 67 are landslide-connected, 6 are glacier-
connected and 12 are glacier-forefield connected. The
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category “poly-connected” is used for 44 units combining a
talus and landslide connection, or a talus, glacier and/or
glacier-forefield connection. The importance of both
categories “landslide-connected” and “poly-connected”
highlight the challenge of multiple and combined processes
in this study area. The distribution of the attribute
documenting the type of upslope unit is shown in
supplementary material (Supplementary Figure S12).

Update of the Rockslide Inventory
The RS inventory consists of 117 landforms (20 newly
detected). In many cases, the InSAR detects velocity both
related to rock mass sliding/deformation and processes taking
place superficially (CO RS + RG or RS + S in InSAR kinematic
inventory, Section 5.1). When a homogenous velocity is
located in an area that can reliably be attributed to the RS
kinematics based on morphologic criteria (e.g. over top rock
plateaus), a kinematic attribute has been attributed
(Figure 10, examples 4-5). When superficial processes are
masking out the potential signal from the rock mass, the
kinematic attribute remains undefined (Figure 10,
example 6).

High density of RS can be seen along Kafjord, Kafjordalen,
Manndalen and Storfjord-Lyngenfjord (Figure 11, inset map).
As for the RG inventory, several landforms are also identified

in Piggtind (between Lakselvdalen and Serfjorden) and
Signaldalen. The inventory includes 24 RS with kinematics
in mm-cm/yr, cm/yr or cm-dm/yr ranges. Taking advantage
of the complementary data available on the Norwegian
Ground Motion Mapping Service InSAR Norway (Section
4.3), a mm/yr kinematic attribute is additionally assigned to
16 landforms. Over 50% of the landforms remain undefined,
17 RS due to unexploitable data, and 45 RS due to superficial
processes masking the potential signal from the rock mass
(Figure 11, pie chart).

When comparing the InSAR kinematics with in-situ
measurements for 20 RS, we see that 15 RS fall into the
expected categories, three are not comparable and two are
mismatching. Two RS are inventoried in the cm/yr and
cm-dm/yr  categories:  Jettan along  Storfjord and
Gamanjunni-3 in Manndalen. These are two high-risk objects
continuously monitored, for which the InSAR results fit with the
in-situ mean velocities (1-3 cm/yr for Jettan and 3-10 cm/yr for
Gaménjunni 3). Three RS are mostly under the 0.1 cm/yr
detection limit, four RS have mm/yr velocities and six RS
have mm-cm/yr velocities. Three landforms are not
comparable due to undefined InSAR kinematics and for two
others, there is a mismatch between the dGNSS and InSAR
measurements. Falsnesfjellet 1 along Storfjord has <0.1 cm/yr
InSAR kinematics but a dGNSS velocity of a few mm/yr. This
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FIGURE 11 | Updated rockslide (RS) inventory consisting of 117 landforms and variability of the kinematic attribute in the study area. Inset map (upper-left
corner): detailed view over an area including several landforms with variable kinematic attributes. Pie chart (lower-right corner): kinematic attributes for all inventoried
RS. Locations 4-6 are the examples shown in Figure 10. Sea, lakes, rivers and reference names from NMA (2020a).

case may indicate underestimation due to LOS measurements,
but also highlights the different spatio-temporal properties of
the dGNSS and InSAR measurements. In Gdmdnjunni-1 in
Manndalen, we find the opposite discrepancy between
dGNSS and InSAR with no significant dGNSS velocity but

mm-cm/yr InSAR kinematics. This may indicate that the
dGNSS points are not located in representative areas to
document the behaviour of the whole rock mass. Detailed
maps showing the locations of the discussed RS are shown in
supplementary material (Supplementary Figure S2).
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DISCUSSION

INSAR Classified Products: Potential and

Limitations
Validation possibilities are constrained by the few complementary
datasets available in the study area. For rock glaciers and solifluction
lobes, other kinematic measurements have been performed based on
complementary optical and radar sensors. In Skibotndalen, Kafjord,
Manndalen and Nordnes, the documented velocities are in
agreement with our results (Eriksen et al, 2017a; 2017b; 2018).
When comparing the InSAR kinematics with in-situ data for 20
RS, we identified two cases where dGNSS and InSAR velocities do not
match. One cause of mismatch is that InSAR is likely to
underestimate the velocity if the displacement direction
significantly deviates from the LOS. For slow landforms, this can
typically be interpreted as not moving, although a few mm/yr are
measured by dGNSS. Another reason is that InSAR provides
averaged values over 40 m pixels based on snow-free periods only,
while dGNSS data are point measurements based on the entire year. If
the velocity is heterogenous over the landform or the dGNSS point is
not representative of the whole mass, the remotely sensed and in-situ
measurements may document different elements of the landform. If
the seasonal patterns lead to a velocity decrease in winter, InNSAR
provides a higher averaged value than dGNSS. Despite these
elements, we could see that 15 out of 17 comparable RS are
similarly categorised, which is considered as acceptable given the
differences of measurement properties.

However, there are five limitations that need to be further
discussed:

1) The results are presented as annual velocities for all landforms
although the results are based on snow-free images only. Seasonal
variations are expected, especially for landforms driven by
ground freeze/thaw processes (Gruber, 2020). On slopes,
gravitational downslope displacement can be combined with
cyclic processes (frost heave and thaw subsidence, e.g. on
solifluction lobes, Harris et al., 2008). Rock glaciers may have
strong intra-annual velocity variations, with acceleration and
deceleration that sometimes exceed 50% of the annual average
(Delaloye and Staub, 2016). These seasonal patterns are driven by
changes in temperature and water supply (Kenner et al., 2017;
Cicoira et al., 2019). Velocity variations of rockslide are typically
comparatively smaller and more spread over the year as many
external drivers may impact the strength degradation, internal
shearing and progressive failure of rock bridges (Eberhardt et al.,
2016), although seasonal influence in relation with freeze/thaw
cycles has also been evidenced in periglacial environments
(Blikra and Christiansen, 2014; Keuschnig et al., 2015). Based
on InSAR, the differentiation of gravitational/irreversible and
seasonal/reversible components of the movement and the
quantification of the seasonal variations of velocity can be
performed by analysing time series (Dini et al., 2019; Rouyet
etal, 2019; Strozzi et al., 2020). This was beyond the scope of the
current study, focusing on the inventory, the distribution and the
relative comparison of movement magnitude. It is however
important to keep in mind that the kinematics may be
overestimated on landforms accelerating in summer.

Morpho-Kinematic Inventory

2) When considering only E-W slopes (compass directions
22.5-257.5°/202.5-227.5°), the fraction of areas documented
by moving pixels slightly increases (ca. 3%), while class 0
(<0.3 cm/yr) decreases (ca. 70%) (Section 5.1). This shows
that the velocity is underestimated on N-S facing slopes due
the measurements along LOS, which justify the use of the N-S
mask to highlight parts of the landscape with lower reliability. It
should however be noted that the applied thresholds (compass
directions 22.5-257.5°/202.5-227.5°) are not exhaustively
masking out all areas where a N-S movement component
can occur, as NE, NW, SE and SE slope orientations are still
included. For a better documentation of the true displacement
vector, multi-geometry methods can be applied (Eriksen et al,
2017a; Eckerstorfer et al., 2018; Rouyet et al., 2019).

The multiple temporal baseline InSAR stacking procedure has a
detection limit of 0.3 cm/yr that is not fully optimised for
relatively slow rockslides (Section 5.3). The Norwegian
Ground Motion Mapping Service (InSAR Norway) with
submillimetric detection capability is more adapted for slow-
moving landforms, and higher-resolution PSI-based results also
improve the identification of small areas not affected by
superficial processes. Conversely, InSAR Norway is not
designed for velocities over cm-dm/yr, which shows the
importance of combining different InSAR processing
techniques for documenting all expected landform types
(Lauknes, 2011a; Barboux et al., 2015).

Although 20 new RS were included in the inventory based on
InSAR velocity, the kinematics could not be reliably determined
for 16 of them due the presence of superficial processes likely
dominating the InSAR signal (Section 5.3). It highlights that
remote sensing information has always to be treated carefully
when applied in complex environments encompassing a large
range of processes, partly overlapping. The technique measures
surface displacements, that are not necessarily caused by the
process one specific user is interested in. In the case of rockslides,
the results have still been valuable to identify hotspots, later
interpreted as including a deep rock deformation. Even if not
kinematically assigned, these sites may be further investigated by
geologists in the future, to assess the hazard and the potential risk
for population and infrastructure. Unclear InSAR signal is also
affecting the characterisation of the RG kinematics. For 21
landforms, the kinematic attribute remains undefined (Section
5.2). In some cases, the heterogeneities of the detected velocity
are likely due to other processes than the downslope creep, such
as localised or uneven ice melting from permafrost degradation.
A kinematic approach is not standalone when inventorying
periglacial landforms. This is especially obvious when
considering relict RG or very slow RS that could not have
been detected based on InSAR only. The results show the
value of combining morphologic and kinematic information to
characterise slope processes.

3)

4)

5)

InSAR Kinematic Inventory and Categorised

Landforms
The kinematic inventory shows that the velocity ranges and spatial
distribution of the different types of slope processes vary greatly
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FIGURE 12 | Rock glacier (RG) and rockslide (RS) distribution and topo-climatic factors. Left: Relation between kinematic attribute, mean elevation and continentality for
the inventoried RG (A) and RS (B). X-axis: Distance along NW-SE continental gradient (landforms projected along profile P-P’, Figure 1). Right: Relation between kinematic
attribute, slope angle and slope orientation for the inventoried RG (C) and RS (D). Mean elevation, slope angle and orientation are based on a 10 m DEM (NMA, 2016).

within the study area (Section 5.1). The solifluction/cryoturbation
(SC) category is the dominant landform type (47% of the 763
identified moving areas), which is as expected in a region at the
interface between seasonal frost and isolated to discontinuous
permafrost. Solifluction can be found below the regional limit for
discontinuous permafrost, but usually above the limit of sporadic
permafrost, i.e. 500-800 m a.s.l in Kéfjord area (Hjort et al., 2014).
The identified SC moving areas are widely distributed in the eastern
part of the study area, towards the Finnish and Swedish borders,
where the altitude of the permafrost limit decreases and the average
elevation of the flat-topped terrain is ca. 600-1,000 m a.s.1. Velocities
within the 0.3-1 cm/yr and 1-3 cm/yr classes are dominating the SC
category, which is in the expected range for mountainous and
subarctic areas (Smith, 1987; Matsuoka, 2001; Gruber, 2020).
Similar velocities have been documented by two-dimensional
TerraSAR-X InSAR results in the same region (Nordnesfjellet,
South of Kéfjord) (Eriksen et al., 2017a).

The composite (CO) category is the second largest identified in
the area (18%), comprising a combination of rockslides, rock
glaciers and superficial processes (RS + RG, RS + S, RG + S). The
high frequency of these co-occurring landforms highlights the
challenge and complexity of interpreting ground velocity in a
highly dynamic region. The co-occurrence of these processes
infers some degree of interaction, for example in the case of the
combination of rockslide and rock glacier (RS + RG). It indicates
that fractured/disaggregated rock material and rock fall deposits
in RS inventoried areas contribute to feed rock glaciers. Sediment

input is recognized as an important controlling factor of the rock
glacier dynamics (Delaloye et al., 2013; Miiller et al., 2016). Rock
slope deformation within the permafrost zone may favour the
development/preservation of rock glaciers, which emphasizes the
general co-dependency of landform genesis in peri-/paraglacial
landscapes (Ballantyne, 2002; Wilson, 2009; Luckmann, 2017).
The CO RS + RG category encompasses a large range of velocity,
mostly >3 cm/yr, similarly to the standalone RG category, while
RS has clearly lower rates. This shows that for composite
landforms, RG tends to mask out the signal from the rock
mass and the InSAR velocity is dominated by contributions
from superficial processes. Interestingly, velocities for CO RS +
RG are also slightly higher than the standalone RG category,
which seems to indicate that the presence of a deep rock
deformation has an influence on rock glacier dynamics.
Talus/scree deposits (TS) are distributed on the steepest slopes in
the area. Although InSAR is not able to detect abrupt rockfall and
avalanche occurring almost instantaneously and leading to
decorrelation, the gradual displacement of the sediments over the
deposits themselves can be captured (mostly 0.3-3 cm/yr). The
glaciers/moraines (GM) category includes only 24 landforms,
which can easily be explained by the loss of InSAR coherence
(decorrelation) on debris-free glacial surfaces (due to snow, ice
melt and/or too high velocity). The documented GM are moving
at high rates (mostly 10-30 cm/yr or >30 cm/yr). They are mainly
located in the Lyngen peninsula, characterised by the highest
elevations of the study area and covered by large glacier systems
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FIGURE 13 | Rock glacier (RG) and rockslide (RS) distribution and geological factors. (A) Simplified geological map, classified into 1135 three main rock types
(massive, strongly foliated and weakly foliated) and structural information 1136 (major faults, joints and shear zones) from a 1:250 000 geological map of the area (NGU,
2020a; 1137 Zwaan, 1988; Zwaan et al., 1998). (B) Pie charts comparing the fraction of rock type and slope 1138 orientation for all land areas and RG/RS landforms.
Slope orientation is based on a 10 m DEM 1139 (NMA, 2016).

(Andreassen and Winsvold, 2012; Winsvold et al,, 2014). The category ~  attribute <0.3 cm/yr), located at low altitude. The highest parts of
includes debris-covered glaciers and ice-cored moraines, for which the ~  the terrain are either permafrost-free (e.g. in the westernmost part
detected velocity is possibly caused by a combination of processes  of the study area), or occupied by large glacial systems (e.g.
(glacial flow, ice melt, creep/superficial erosion and debris  Lyngen peninsula). The occurrence of active landforms increases
redistribution). On debris-covered glaciers, the measurements do  towards SE. Most of the active landforms are located above 600 m
not necessarily represent the glacial flow, but may include a  asl A cluster of active RG with kinematics between cm/yr and
significant vertical component (subsidence due to ice melt)  m/yr is found at 65-85 km along a NW-SE profile following the
(Thompson et al., 2016). continental gradient. These RG are mostly located above 800 m
a.s.l. (Figure 12A), corresponding to the area East from Storfjord-
. . L . Lyngenfjord, where permafrost limit has been reported at similar
Rock Glaciers and Rockslides: Distribution elevations (Farbrot et al.,, 2013; Gisnas et al.,, 2017). A similar
and Controlling Factors cluster is found for the rockslides (RS) (Figure 12B), but the
By focusing on two specific types of periglacial previously  elevation/continentality trend is less pronounced, which indicates
inventoried landforms in the study area, the advantages of  that the distribution of these landforms is likely controlled by
both a morphologic and a kinematic approach have been  other factors. Most of RS with mean elevations above 800 m a.s.l
combined (Sections 5.2-5.3). The updated inventories allow  remain undefined kinematically, mostly due the dynamics of
for studying the relations between the landform distribution,  superimposed periglacial processes (such as RG) that mask out
the kinematics and the topo-climatic factors. The mean elevation  the signal of the rock mass. The analysis of the mean slope angle
and the creep rate of the inventoried rock glaciers (RG) increase  and slope orientation highlights a cluster of RG and RS landforms
toward the continental interior (Figure 12A). The western and on west-facing slopes (Figures 12C-D). Low-angled RG are
central parts of the area are dominated by relict RG (kinematic mostly relict (kinematic attribute <0.3 cm/yr) (Figure 12C).
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The control of geological factors is studied by analysing the
proportion of inventoried landforms within the major
lithology types, based on geological maps from the
Geological Survey of Norway (NGU, 2020a; Zwaan, 1988;
Zwaan et al., 1998). For sake of simplification, the initial
map has been divided into three main categories based on
their lithologies and the assumed strength of the rock mass,
inspired by the classification applied by Erener and Diizgiin.
(2010): 1 massive rocks (such as gabbro, tonalite and
peridotite), 2) strongly foliated rocks (such as mica shist,
quartz schist and phyllite), and 3) weakly foliated rocks
(such as marble, metasandstone and quartzite)
(Figure 13A). Comparing the fraction of landforms falling
into each geological category with the overall distribution in
the land area, we see that both RG and RS are clearly over-
represented in strongly foliated rocks (Figure 13B). This
category corresponds to 40% of the land area, but 283 RG
units (68% of the inventoried sites) and 90 RS (77% of the
inventoried sites) take place in this rock type. The mean slope
orientation at the sites is also analysed, which highlights an
over-representation of landforms on west-facing slopes
(225-315" compass dip direction). While 28% of the land
area have a W-orientation, 249 RG units (60%) and 70 RS
(60%) are represented in this category. This can indicate a
topo-climatic influence, but is also consistent with the general
architecture of trusted nappe complex, controlling the
orientation of the dominant foliation, the major faults,
joints and shear zones (Figure 13A, black lines). It is in
line with the documented evidence of structural control of
rock slope deformation in the area (Braathen et al., 2004;
Blikra et al., 2006; Osmundsen et al., 2009; Bunkholt et al.,
2012; Vick et al., 2020). It also concurs with the conclusions of
other studies highlighting the significance of geological
preconditioning factors in the development of both rock
glaciers (Johnsen et al., 2007; Falaschi et al., 2014; Onaca
et al., 2017) and rockslides (Crosta et al., 2013; Stead and
Wolter, 2015; Pedrazzini et al., 2016; Dini et al., 2020).

Here we proposed a first attempt of discussion about the
distribution, dynamics and controlling factors of RG and RS in
Northern Norway, focusing on climatic, topographic and
geological variables. The updated regional inventories
including a kinematic information constitute new valuable
datasets to be exploited in future studies about the controls of
slope processes in subarctic environments. Comprehensive rock
glaciers inventories can be further used to complement the
kilometric global permafrost products (Obu et al, 2019) and
refine the mapping of permafrost zones in mountainous regions,
as also discussed by Marcer et al. (2017) and Colucci et al. (2019).
The relationship between environmental factors, landform
distribution and ground velocity can bring forward our
understanding of geomorphological processes in cryo-
conditioned landscapes. It may provide complementary
datasets to constrain or validate landscape evolution modelling
(Lillegren et al., 2012; Hilger et al., 2021). Analysing jointly RG
and RS distribution and kinematics may also highlight new
findings about the significance of composite landforms and
combined processes in mountainous landscapes.

Morpho-Kinematic Inventory

CONCLUSION

In this study, we developed semi-quantitative classified InSAR
products to summarize kinematic information about slope
movements and investigated periglacial processes in a
mountainous area of Northern Norway. The methodology
combines some of the strengths of commonly used InSAR
techniques, to semi-automate the analysis, identify moving
areas and cover a large range of ground velocities. Although
the procedure takes benefit of a large set of satellite images, it
summarizes several velocity maps into products easily exploitable
by nonexperts. Complementing six velocity classes with three
additional layers emphasizes the main typical InSAR limitations
in mountainous environments and allows for differentiating the
areas where there is no or low velocity, areas with no data and
those where the available information must be threated carefully.
Based on the results, three main conclusions can be drawn:
1) Moving areas were identified and categorised by landform
types (rock glaciers, rockslide, glaciers/moraines, talus/scree
deposits,  solifluction/cryoturbation =~ and  composite
landforms). The InSAR kinematic inventory shows that the
velocity ranges and spatial distribution of the different types of
slope processes vary greatly within the study area.
InSAR products contributed to update the existing inventories
of rock glaciers and rockslides. Delineations and units’
division were refined, and newly detected landforms (54
rock glaciers and 20 rockslides) included in the databases.
The updated inventories consist of 414 rock glacier units
within 340 systems and 117 rockslides. A kinematic attribute
documenting the magnitude order of the mean annual ground
velocity was assigned to each inventoried landform.
Topo-climatic factors control the spatial distribution of the
rock glaciers. Mean elevation of the rock glaciers increases
towards the continental interior with a dominance of relict
landforms in the NW and an increased occurrence of active
landform towards the SE. Rock glaciers and rockslides are
mostly located on W-facing slopes and in areas characterised
by strongly foliated rocks. This distribution highlights the
importance of geological preconditioning controls for both
landform types.

2)

3)

Our study emphasizes the complementarity of kinematic and
morphologic approaches for the inventory of slope processes in
complex periglacial environments. It shows the value of simplifying
complex InSAR datasets for geoscientific applications. With the
development of national to multi-national InNSAR mapping services,
the ability to identify moving areas over entire mountain ranges is
dramatically increasing. However, relating the detected velocities to
their causes remains a challenging task at large scale, due to the
variety of processes occurring in mountainous regions and the
combination of landforms at similar locations, such as rock
glaciers and scree deposits overlying or spatially connected to
rockslides. Further research towards a more comprehensive use
of InSAR to categorise the ground velocity and relate detected
moving areas to specific landforms is needed to scale up the
exploitation of InSAR for geomorphological studies, cryospheric
science and geohazard assessment.
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