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Abstract 15 

Rock glaciers are creeping ice/debris permafrost landforms
1-4

 found in cold mountain 16 

environments all over the world. For more than a decade, a significant acceleration, and in 17 

some cases even collapse of rock glaciers has been documented in the European Alps
5-9

. This 18 

development has been attributed to  higher permafrost temperatures
6,10

 combined with 19 

increasing liquid water content
5
, but the factors controlling this acceleration are not known in 20 

detail
7,11

. Importantly, a similar dynamic behaviour is still poorly documented outside of the 21 

Alps. Here we provide evidence for recent acceleration of a rock glacier located in an area of 22 

discontinuous permafrost in northern Norway, based on 62 years (1954–2016) of remote 23 

sensing data. Average surface velocity as measured from aerial orthophotos increases from 24 

~0.5 m yr
-1

 (1954–1977) to ~3.6 m yr
-1

 (2006–2014). By using ground displacement 25 

measurements from radar satellites and aerial photography, we show an increase of maximum 26 

velocity from ~2.5 m yr
-1

 in 1995 to ~65 m yr
-1

 in 2016. During the 62-year period, annual air 27 

temperature rose by 1.8 °C, mean annual precipitation by 330 mm, and maximum annual 28 

snow depth increased by 58 %. The observed acceleration is thought to have been initiated by 29 

increasing ground temperatures and degrading permafrost. We also obtain the spatial velocity 30 

pattern from satellite remote sensing data, and from these results we propose that dynamically 31 

different parts of the rock glaciers are separated by shear zones. Our work demonstrates the 32 

value of satellite remote sensing in documenting the dramatic spatial and temporal evolution 33 

of permafrost landforms that otherwise often are inaccessible due to remote or 34 

steep/dangerous terrain. This research is relevant for understanding the impact of global 35 

warming related to degrading permafrost in mountainous environments, and for improving 36 

forecasting of future geohazards and reliable risk management.   37 
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Rock glaciers are striking landforms developed from cumulative deformation of ice/debris 38 

mixtures under permafrost conditions
1-3

. They form a common but not ubiquitous part of high 39 

alpine and polar slope systems, both terrestrial and extra-terrestrial
4
. Ground temperature 40 

influences the rheology of such ice/debris mixtures in a non-linear manner
5,6,12

, but rock 41 

glaciers also respond dynamically to changes in sediment input
7
. Our study area is located in 42 

the northern part of Troms county in northern Norway, which has the highest density of rock 43 

glaciers in Norway
13

. This study focuses particularly on one among many rock glaciers on the 44 

southwest-facing slope of Ádjet mountain in the Skibotn valley (Figure 1). The lobe ranges in 45 

elevation from ~690 to 1080 meters above sea level (m a.s.l.), close to the regional altitudinal 46 

limit of mountain permafrost, according to borehole temperature data and modelling
14

. In 47 

front of the lobe, scree aprons reach down to 580 m a.s.l. (Figure 1 inset). The rock glacier has 48 

developed from rockslide talus beneath a ~200 m high, sub-vertical and highly fractured 49 

headwall consisting of quartz-rich and garnet-mica-schist. The lobe has longitudinal and 50 

transverse furrows, often with snow-filled depressions. The deepest depression is ~16 m deep, 51 

located on the gently sloping middle part of the lobe (~880 m a.s.l.). On the neighbouring lobe 52 

to the south we observed a thermokarst lake with visible bottom ice during the summers of 53 

2015 and 2016. Ground temperature measurements in pore spaces in the active layer gave 54 

mean annual temperatures of -1.8 °C in 2014 and -3.4 °C in 2015, indicating permafrost 55 

conditions.  56 

We found decadal velocity variations by manually tracking the position of large blocks 57 

identified in aerial orthophoto stereopairs from 1954, 1977, 2006 and 2014 (Figure S1). The 58 

rock glacier front advanced by ~180 m and one internal lobe front advanced by ~100 m 59 

between 1954 and 2014 (Figure 1, Figure S2). To characterize the surface stability in the 60 

surrounding area at higher spatial and temporal resolution, we applied offset-tracking
15-18

 and 61 

interferometric (InSAR)
19,20

 techniques to a high-resolution TerraSAR-X satellite synthetic 62 

aperture radar (SAR) remote sensing dataset, covering the period from 2009–2016. We also 63 

estimated the velocity by computing a radar interferogram from 22.–23. July 1995, using SAR 64 

data from the European Space Agency ERS-1 and ERS-2 satellites. Mean annual velocities 65 

along the radar Line-of-Sight (LOS) direction show debris from the foot of the headwall 66 

supplying the rock glacier lobe with material having velocities of up to 0.15 m yr
-1

 (Figure 1).   67 

Displacement rates on the rock glacier lobes are too high to be measured using satellite 68 

InSAR due to phase decorrelation. In order to detect annual displacement rates at the m yr
-1

 69 
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level, we averaged many TerraSAR-X offset-tracking pairs for each year, using both 70 

ascending and descending geometries. We also carried out two campaigns using terrestrial 71 

radar interferometry
21,22

 (TRI) (August 2014 and May 2015). TRI provides minute-scale 72 

surface displacement information, but for this study we have focused on averaged trends 73 

during the campaigns. To investigate spatial and temporal displacement patterns we project 74 

the TerraSAR-X offset-tracking and ERS InSAR displacement onto a selected profile along 75 

the rock glacier (Figure 2a). Offset-tracking results show a maximum surface parallel flow of 76 

~65 m yr
-1

 in the lower part, and ~5 m yr
-1

 in the upper part of the rock glacier during the 77 

snow-free season of 2016. This is an increase of 2500% on the lower lobe and 400% on the 78 

upper, compared to velocities observed by the July 1995 1-day ERS interferogram. Velocity is 79 

lowest in the middle part of the rock glacier (~750 m in profile A-A’, Figure 2a, Figure S2 80 

and S3). The lower part shows acceleration, except for the 2009–2010 period. The upper part 81 

accelerates from 1995–2009, decelerates from 2009–2011, and then accelerates during 2012–82 

2016. Recent acceleration in the upper part is delayed with respect to the lower part (Figure 83 

2a). This can be a response to debuttressing caused by the speed-up of the lower part. 84 

Deformation may be taking place along internal shear zones, retrogressively extending higher 85 

up on the rock glacier (see time-lapse movie of TerraSAR-X backscatter in Supplementary 86 

Information). Similar dynamics is described by Gorbunov, et al. 
23

 for the Burkutty rock 87 

glacier and by Hartl, et al. 
24

 for the Outer Hochebenkar rock glacier. 88 

In order to compare decadal (aerial orthophoto), single year (TerraSAR-X offset-tracking), 89 

seasonal (TRI), and single day (ERS InSAR) displacement rates, we computed spatial 90 

velocity averages for an area on the lower part of the rock glacier (Figure 1 and projected the 91 

displacements onto the profile A-A' (Figure 2b). Velocities are increasing on a decadal scale, 92 

with a recent acceleration. Velocities from the 1-day ERS interferogram in July 1995 confirm 93 

the trend from the 1977–2006 orthophoto comparison, indicating reliability in decadal 94 

displacement. A similar comparison between TRI and SAR offset-tracking confirms the 95 

recent very high yearly velocities, and TRI results also point to variability in seasonal 96 

displacements with higher velocities in summer 2014 than in spring 2015 (Figure S5). The 97 

extrapolation of the 1-day July 1995 ERS InSAR velocity is probably overestimated due to 98 

such seasonal variations in rock glacier velocity
25

. 99 

Climate has changed during the 62-year timespan covered by the remote sensing data. Based 100 

on daily gridded air temperature and precipitation data at 1 km
2
 resolution

26
 the analyses show 101 
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an increase in mean annual air temperature (MAAT) of 1.8 °C during this period and annual 102 

precipitation increased of 330 mm. Moreover, the maximum annual snow depth increased by 103 

58 %  (Figure 2c-e). The gridded MAAT data were verified using 667 days of local air 104 

temperature observations at 1024 m a.s.l. from Ádjet (Figure 2c). Regional observed trends in 105 

permafrost temperatures in northern Scandinavia show accelerating warming since 2000
27

 106 

with a change in mean annual ground temperature of between +0.1 and +0.4 °C/decade
28

. 107 

Finally, permafrost degradation was observed recently in an instrumented borehole ca. 30 km 108 

east of Ádjet
14

. Combined, these results suggest increasing permafrost temperatures within the 109 

rock glacier body.  110 

To understand the rock glacier kinematics, we calculated the longitudinal strain rate along the 111 

profile A-A’ for individual years. Direct strain rate calculations from velocity data are 112 

inherently sensitive to velocity errors
29

, and we used spatially averaged velocities to mitigate 113 

this problem. The most noticeable kinematic signal is the pulse from extension to 114 

compression within the lower part of the rock glacier (~300 m profile A-A’, Figure 3a). The 115 

extension increased from 1995 to 2016 in the area where the rock glacier moves over convex 116 

terrain. We hypothesize that this is the surface displacement signal of the high velocity lower 117 

part being disconnected from the slower moving upper part. Further towards the front, 118 

compression has been steadily increasing from 1995 to 2016 (Figure 3a). In the low velocity 119 

upper part there are small scale variations in strain rate related to slope gradient, especially 120 

across transverse ridges and internal lobe fronts (~800 m and ~1050 m in profile A-A’) 121 

(Figure 3a, d).  122 

To further explore the displacement pattern of the rock glacier, we identified areas with 123 

displacement into the ground (thinning) and out of the ground (thickening) (Figure 3b) by 124 

combining SAR offset-tracking velocities from both TerraSAR-X ascending and descending 125 

geometries
19

. We observe a general trend of thinning in the upper part and alternation between 126 

thickening and thinning in the middle and lower part. The spatial and temporal pattern of 127 

thinning and thickening is relatively constant over time, but a new zone of thickening appears 128 

at ~650 m from 2011. These zones coincide with areas of the rock glacier where slope is 129 

increasing, and may thus be advancing internal lobes (Figure 3d).  130 

Velocities recorded in the lower part of the Ádjet rock glacier exceed the empirical model 131 

considered by Kääb, et al. 
6
 by an order of magnitude. Following their approach further, using 132 

a maximum rock glacier thickness of 35 m, an overall density of 1900 kg/m
3
, a spatially 133 
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averaged surface slope of 30° and an A value for temperate ice, provides a surface velocity 134 

estimate of ~64 m yr
-1

 based on Glen’s flow law. Our recorded velocities could thus 135 

potentially be explained by internal deformation alone, but other factors may also contribute. 136 

Especially, the rapid changes in velocities in both time and space point to explanations 137 

beyond rheological considerations even considering the strong non-linearity in constitutive 138 

relationships. Similar to the destabilized rock glaciers in Mattertal
30

, the Ádjet rock glacier 139 

moves over an underlying bedrock topography that causes a convex break in slope. Such 140 

topography may be a controlling factor for the observed spatial pattern of extension and 141 

compression. The depression at ~700 m may be similarly related to an underlying shear zone 142 

extending towards the surface, as was documented  Merz, et al. 
31

 from the Furggwanghorn 143 

rock glacier. It most likely formed due to the observed extension, and may have played an 144 

important role in triggering the acceleration. Conditioned by increasing air temperatures, 145 

precipitation and snow depth
5,32

 and stretching of the permafrost body (increasing thermal 146 

gradients), increased deformation from warm permafrost may have started a positive feedback 147 

process where infiltrating water from precipitation
25

 and melting snow could contribute to 148 

elevated pore water pressures along internal shear zones and/or potentially a basal 149 

detachment. Such factors could help explaining the evolution of the deformation. 150 

So far we have no data directly describing subsurface conditions and thermal properties for 151 

the Ádjet rock glacier. Nevertheless, our detailed remote sensing information of surface 152 

displacements suggests that the rock glacier’s kinematics are related to normal and reverse 153 

shear zones, that the rock glacier has areas that stretch or compress, and areas that increases or 154 

decreases in thickness. This provides an additional dynamic element to the surface parallel 155 

shear zone described for many alpine rock glaciers
3,33 

(Figure 3c). It is also in line with recent 156 

results combining geophysical surveys and borehole inclinometer measurements
34

. Depending 157 

on the reaction to future climate forcing, the implication of degrading permafrost could have 158 

severe consequences for infrastructure and settlements in mountainous regions having a high 159 

density of rock glaciers, due to e.g. increased debris flow activity 
35

. As permafrost landforms 160 

often are located in inaccessible, rough terrain, placing in-situ instrumentations is costly and 161 

often dangerous. Our remote sensing approach in conjunction with increased availability of 162 

satellite radar remote sensing systems, e.g. Sentinel-1 from the EU Copernicus programme, 163 

could help fulfil an urgent need to monitor the consequences of climate change
11

. The ability 164 

to investigate large areas and the upscaling of site-specific multimethod geophysical and 165 
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geotechnical investigations
31,36

, could pave the way for an improved understanding, and more 166 

detailed monitoring, exploration and early warning related to future degrading permafrost.  167 
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 168 

Figure 1 | Ground displacements in the Ádjet rock glacier complex. a. Aerial photo 169 

close-up of the two most active rock glacier lobes (NGU, 2013). b. Overview of ground 170 

surface LOS mean velocities observed by TerraSAR-X InSAR (2009–2016). Red areas 171 

indicate active slope processes with deformation away from the satellite (downward and 172 

westward). We focus on the most active rock glaciers in the northwestern area, indicated by 173 

the black rectangle. Here, orthophoto analysis using aerial images since 1954 allow tracking 174 

of the lobe positions and other observable features. c. Deformation with rates up to several m 175 

yr
-1

 is detected using SAR offset-tracking. The location of the profile A–A’ is marked in c. 176 

Figure background is shaded relief from 10 m resolution DEM.  177 

 178 
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 179 

Figure 2 | Spatial and temporal variations of displacement rates of Ádjet rock glacier 180 

compared to modelled local climate data. a. Surface parallel yearly velocity in profile A–A’ 181 

from TerraSAR-X offset-tracking (2009–2016) and ERS InSAR (one interferogram in July 182 

1995). Note the break in the vertical scale at 5 m yr
-1

. b. Comparison of mean yearly 183 

horizontal velocity for area in middle part of the rock glacier from orthophotos, terrestrial- 184 

and satellite-based radar data. c. Mean annual air temperature (MAAT) (1954–2014). Inset 185 

shows gridded daily temperature compared to locally observed temperature over 677 days at 186 

Ádjet. d. Mean annual precipitation (MAP). e. Maximum snow depth. Red lines show linear 187 

trend of climatic data from 1957–2016. Climatic data is from (SeNorge.no). 188 

 189 
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 190 

Figure 3 | Kinematic variation along profile A–A’ from radar remote sensing data. a. 191 

Spatial and temporal variations of strain rate from individual years based on surface parallel 192 

flow from range component of TerraSAR-X offset-tracking (2009–2016), LOS velocity from 193 

ERS InSAR (July 1995), and LOS velocities from TRI (2014 and 2015). b, Annual variations 194 

in tinning and thickening calculated by subtracting slope from plunge of 2D offset-tracking 195 

surface displacement vectors. c, Geological model with terrain surface and terrain slope. 196 
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Vectors indicate surface velocity and plunge from 2D offset-tracking. Depression and 197 

possible zone of elevated pore pressures (blue line) due to infiltration of water are marked.  198 

Basal detachment to bedrock is interpreted from surrounding outcrops (dashed line). 199 
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Aerial orthophotos. Ortho-rectified aerial images acquired in 1954, 1977, 2006, and 2014 9 

were used for feature tracking for velocity measurements and compilation of front positions. 10 

Comparison of the orthophotos enabled us to assess the accuracy. For this assesment the 11 

position of 13 objects (typically boulders) visible in all orthophotos were measured and 12 

compared. To minimise the effects of dependencies between the orthophotos none of the used 13 

ground-control-points (GCP) were chosen, furthermore to minimise errors and bias from 14 

using objects having potentially moved over the years between the dates of photography the 15 

objects were located in areas assumed to be stable. This assessment may be seen as a check of 16 

the relative fit between the orthophotos outside the area of interest thus making it possible to 17 

consider the underlying uncertainties and thereby increasing the reliability of the 18 

measurements of relative movements used in this study. Accuracy of orthophotos is estimated 19 

to be on the order of 1 m (root mean square error) for well-defined features. 20 

 21 

SAR offset-tracking. We used 75 TerraSAR-X StripMap mode scenes from descending 22 

geometry, spanning the period from 2009 to 2016 (minus 2015). We used a cross-correlation-23 

based method to estimate range and azimuth offsets between pairs of SAR data acquired in 24 

the same geometry
12-14

, allowing a temporal baseline of 22–44 days. The input SAR data were 25 

coregistered to a reference geometry, and the range and azimuth shifts were estimated by 26 

searching for the maximum of the two-dimensional correlation function estimated by using 27 

rectangular matching window sizes uniformly distributed over the image frame. The quality 28 

of the estimates is provided by the signal-to-noise ratio (SNR), which is the ratio between the 29 

correlation peak and the average level outside the search region. We masked out the points 30 
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with low SNR and removed outliers by applying a median filter. For each year, we then 31 

averaged (stacked) all offset-fields, providing an estimate of annual velocity fields, measured 32 

in the plane spanned by the range and azimuth vectors. The surface-parallel flow 33 

approximation was used to project the range and azimuth velocities onto the downslope 34 

direction, using a profile along the rock glacier.  35 

 36 

Interferometric synthetic aperture radar (InSAR). InSAR results were produced using the 37 

Norut GSAR software
1
. By using TerraSAR-X StripMap snow-free scenes (mainly between 38 

June and September) from descending geometry, we computed 49 multilooked interferograms 39 

with a short temporal baseline of 11 days. A spatial multilooking of 4 looks in range and 3 40 

looks in azimuth provided pixels with a ground resolution of ∼6 x 6 m. Stratified atmosphere 41 

was estimated and removed using a phase delay elevation profile for each interferogram
2
, 42 

before phase unwrapping using SNAPHU software
3
. We then averaged (stacked) all 43 

unwrapped interferograms, providing an estimate of average annual LOS velocity for the 44 

whole period 2009–2016. The ERS-1/2 tandem interferogram from 22.–23. July 1995 was 45 

produced using a multilooking of 2 looks in range and 8 looks in azimuth, providing a ground 46 

pixel resolution of ~40 x 30 m. An area with exposed bedrock was used to calibrate the 47 

InSAR phase. Low-coherence areas were masked out. A DEM from Norwegian Mapping 48 

Authority (10 m resolution) was used to remove the topographic phase contribution and for 49 

geocoding of the final results. 50 

We stress that the InSAR method for surface displacement has certain limitations. The radar 51 

measures displacement in the line-of-sight (LOS) direction only, and sensitivity is thus zero in 52 

cases where the actual surface displacement vector is perpendicular to the LOS. Further, areas 53 

with severe surface displacement between the images used to form the interferogram will be 54 

decorrelated or will have phase ambiguities. This is the case for many areas on the rock 55 

glaciers using TerraSAR-X, which has 11 days revisit period. By using ERS-1/2 from the 56 

tandem-phase with 1-day revisit period, we are able to retrieve a phase signal also on the 57 

Adjet rock glacier. 58 

As with offset-tracking the surface-parallel flow approximation was used to project the ERS 59 

LOS velocities onto the downslope direction, using a profile along the rock glacier.  60 

 61 
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Terrestrial radar interferometry (TRI). During 23 days in 2014, (09.08.–31.08), and 32 62 

days in 2015 (20.05.–20.06), we scanned the mountain slope of Ádjet every 5 minutes using a 63 

Gamma Portable Remote Interferometer (GPRI). This is a real aperture radar with 2 m long 64 

rotating antennas. The system provides a ground resolution of ~8 x 0.75 m (azimuth/range) at 65 

1 km distance
32

 The GPRI was located at a distance of ~2.2 to 3.2 km from the rock glacier 66 

lobes.  67 

From the acquired GPRI data we produced deformation time series and estimated mean 68 

annual velocities based on the total displacements at the end of the campaigns in order to be 69 

compared with the other datasets. The atmospheric signal was removed based on the 70 

assumption that atmosphere is correlated in space, and mainly uncorrelated in time except for 71 

the component correlating with altitude. GPRI data was calibrated to the same reference area 72 

as offset-tracking and InSAR data, and georeferenced to a ground resolution of 2 x 2 m. 73 

As with offset-tracking and the ERS interferogram, the surface-parallel flow approximation 74 

was used to project the TRI velocities onto the downslope direction, using a profile along the 75 

rock glacier.  76 

 77 

Climatic data. From gridded daily temperature, precipitation and snow cover
4
 data (1957–78 

2016) we compute mean annual air temperature (MAAT), mean annual precipitation (MAP), 79 

and maximum annual snow depth. Gridded data had 1 km
2
 spatial resolution 80 

(http://www.senorge.no/). The gridded meteorological model data has a resolution of 1×1 km 81 

origin. Model data was extracted for an area closest to the rock glacier from an elevation of 82 

852 m a.s.l.  For comparison with modelled data we calculated MAAT based on air 83 

temperature measurement from 4 measurements per day, over 677 days, from two iButton 84 

loggers (16.08.2014–17.07.2015 and 25.08.2015–30.07.2016). The iButtons were mounted in 85 

a ventilated white plastic box, isolated from the box using small closed-cell foam pads. The 86 

box was mounted on a 1 m tall tripod, facing north, located on a large boulder at 1026 m a.s.l 87 

(34 W 479559 7691587) ~3.8 km SE of the rock glacier. To evaluate the ground thermal 88 

regime, we measured air temperature in fractures and pore space between large boulders. For 89 

this, we used iButtons mounted on plastic rods immersed into the open-work active layer. 90 

 91 

http://www.senorge.no/
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Strain rate calculation.  Strain rate or downslope acceleration and deceleration was 92 

calculated from TerraSAR-X offset-tracking (2009-2014, and 2016) displacement velocity 93 

from the descending orbit projected into the profiles slope and azimuth.  Along the profile, we 94 

calculated the mean velocity gradient (strain rate) using a moving average of velocities from 95 

an area 40 meter orthogonal and ~10 meters parallel to the profile. 96 

 97 

Kinematic calculation. Displacement patterns into the ground (thinning) and out of the 98 

ground (thickening) was calculated by combining SAR offset-tracking velocities from both 99 

TerraSAR-X ascending and descending geometries to two-dimensional (2D) surface 100 

displacement vectors
5
. Resulting 2D displacement vectors providing direction and magnitude 101 

for displacement in the vertical east-west plane were projected into the profile. By subtracting 102 

slope from the plunge of 2D displacement vectors along the profile, areas with displacement 103 

into the ground (subsidence) and out of the ground (uplift) could be identified. 104 

Calculation of internal deformation. We assume that we can estimate the internal 105 

deformation of the rock glacier by using Glens flow law of ice. Then, surface velocity Us = 106 

A(ρgsinα)
3
(H/4)

4
, where A is a rate factor depending especially on temperature, ρ is the 107 

density of the deforming material, α is the surface slope and H is the total thickness of the 108 

material (e.g. Anderson and Anderson 
6
).  109 
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Study Area 13 

The area studied are part of a the highly active southwest facing slope of the Ádjet mountain 14 

(1408 m a.s.l.) in the Skibotn valley. The study area consists of Caledonian bedrocks thrusted 15 

over Precambrian basement rocks during the Caledonian orogeny in the Silurian
1,2

. Locally, 16 

geomorphological features debris fields, talus fan deposits, and slide blocks are widespread, 17 

and several generations of rock glaciers have been mapped
3,4

.  18 

Post-Caledonian brittle faults formed during rifting in the late Paleozoic, Mesozoic and early 19 

Cenozoic time periods
5
, and later controlled late-Cenozoic landscape, uplift-subsidence, and 20 

glacial erosion forming the todays high–relief alpine topography
6
. Today’s valleys and fjords 21 

in Troms region mostly follow the trends of the rift-margin faults
7-10

. Slide blocks and 22 

controlling structures at Ádjet are controlled by reactivation of old brittle faults
3
.  23 
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 24 

Figure S1 | Vector fields from orthophoto comparison. a, 1954–1977. b, 1977–2006. c, 25 

2006–2014. d, Mapped front positions.  26 
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 27 

Figure S2 | High-resolution orthophoto of Ádjet rock glacier. a, 1954. b, 1977. c, 2006. d, 28 

2014. Locations of interpreted lobe fronts (solid lines) and scree aprons (dashed lines) are 29 

indicated.  30 



4 

 

 31 

Figure S3 | Vector fields from SAR offset-tracking for the period 2009–2012. a, 2009. b, 32 

2010. c, 2011. d, 2012. The vector fields are based on stacking (averaging) of pairs of SAR 33 

images obtained each summer season, with an allowed temporal baseline of 22–44 days. The 34 

background color indicated total deformation velocity. 35 
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 36 

Figure S4 | Vector fields from SAR offset-tracking for the period 2013–2016. a, 2013. b, 37 

2014. c, 2016. d, Average of period 2009–2016. The vector fields are based on stacking 38 

(averaging) of pairs of SAR images obtained each summer season, with an allowed temporal 39 

baseline of 22–44 days. The background color indicated total deformation velocity. 40 
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 41 

Figure S5 | Displacement field from terrestrial radar interferometry field campaigns. a, 42 

Total deformation during the 23 days long campaign in August 2014. b, Total deformation 43 

during the 32 days long campaign in May/June 2015. c, Extrapolated yearly velocity from 44 

2014. d, Extrapolated yearly velocity from 2015. Deformation results are based on time-series 45 

InSAR processing of all 5. minute interval interferograms. Area affected by shadow is masked 46 

out. 47 

 48 
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