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Abstract

This paper describes the use of the discontinuous Ground-Based Interferometric Synthetic Aperture
Radar technique (GBInSAR) to monitor the displacement of the Comba Citrin landslide in the
North Western Italian Alps. Two GBInSAR surveys were carried out respectively during the
summer and the fall of 2015 separated by a temporal baseline of 63 days. For each GBInSAR
survey, which lasted respectively 166.2 h (6 dd, 22 h, 12°) and 238.3 h (9 dd, 22 h, 18’), two sets of
139 and 275 SAR images were acquired. After the selection of a specific stack of Persistent
Scatterers, the SAR images of each survey were analyzed separately and in combination with the
images of the other survey to detect the possible displacements occurred both in every single survey
as well as in the elapsed time between the two different campaigns. The displacement maps showed
that two different sectors of the monitored slope were affected by millimetres to centimetres

movements during the monitoring period. The results obtained for the Comba Citrin landslide show



that the discontinuous GBInSAR can be reliably adopted to monitor the displacement of landslides

moving at an average rate of few centimetres per year.

Keywords: Ground-Based Synthetic Aperture Radar interferometry, Discontinuous monitoring,

Landslide, Deformation analysis.

1. Introduction

The Ground-Based Interferometric Synthetic Aperture Radar (GBInSAR) is an active radar-based
remote sensing technique, designed in general terms to monitor the displacements of objects
(Rudolf et al. 1999, Tarchi et al. 2003). In the last fifteen years, the GBInSAR has proven to be a
powerful tool for monitoring displacements and deformation affecting natural and engineered
slopes, glaciers and volcanic flanks (e.g. Barla et al. 2010, Casagli et al. 2010, Intrieri et al. 2013,
Farina et al. 2013, Strozzi et al. 2012) as well as for monitoring structural deformation (e.g. Barla &
Antolini 2015a, Alba et al. 2008, Tapete et al. 2013). A comprehensive review of the state of the art
of the ground-based SAR interferometry technique and its main application can be found in Atzeni
et al. (2015) and in Monserrat et al. (2014).

Two different acquisition modes, namely continuous GBInSAR and discontinuous GBInSAR, can
be applied to monitor the displacements of natural, engineered slopes and man-made objects
(Monserrat et al. 2014).

In continuous GBInSAR monitoring, the radar sensor is generally installed in a stable position, i.e.
an area not affected by deformation, and it acquires data at regular intervals during a unique survey
which can last up to several months or years. This approach is particularly suitable to monitor

landslides belonging to velocity classes 3 and 4 up to 2.1 m/day (Fig. 1) and for mining applications

(Barla & Antolini, 2015b). In the same Fig. 1 the time to reach the ambiguous displacement of A/4



for a radar device with wavelengths of 17.4 mm (Ku band), similar to the instrument used in this
work, is also indicated. Due to the fact that the minimum scan time to acquire two consecutive SAR
images varies from about 3 to 9 min. (depending on the radar model and on the scanned range), the
maximum unambiguous velocity which can be monitored lies in the range 0.7 — 2.1 m/day. If the
slope is moving at higher velocity, the intrinsic phase ambiguity of the interferometric technique

hinders the correct measurement of the real displacement.

Velocity  Description Velocity Typical Time to reach A/4
class (mm/sec) Velocity (Ku- A=17.4mm)
7 Extremely
rapid
5X10° 5 m/sec =
6 Very rapid
5X10' 3 m/min -
5 Rapid
5X10" 1.8 m/hr 8.7 sec
4 Moderate
5X10°3 13 m/month 14.4 min
3 Slow
5X10° 1.6 mfyear 1 day
2 Very slow
5X107 16 mm/year 99 days
Extremely
1 slow

Fig. 1 — Landslides velocity scale by Cruden & Varnes (1996) compared to the time to reach ambiguous displacement for

a radar device working at Ku band (A = 17.4 mm) (Antolini, 2014).

When very slow and/or extremely slow slope displacements ate expected, i.e., the velocity rate is
comprised between few mm per years to few cm per years, a more efficient monitoring approach is
the discontinuous GBInSAR monitoring. Very slow and extremely slow moving landslides are
widespread in the Alpine region and, despite the low seasonal velocity, need to be constantly
monitored to early detect the possible acceleration phases. For these applications, in addition to
space-borne InSAR (Wasowski and Bovenga, 2014a, 2014b), the discontinuous GBInSAR

monitoring may be a cost-effective alternative to continuous GBInSAR and to point-wise in situ



monitoring systems. Few works dealing with discontinuous GBInSAR applications currently exist,
e.g. Corsini et al. (2011), Crosetto et al. (2014), Noferini et al. (2005b, 2008) and Luzi et al. (2010).
The correct discontinuous GBInSAR displacement estimation requires solving two main issues
related to the processing of SAR imagery:

e the geometric baseline, i.e. the topographic phase component introduced by the inaccurate

re-positioning of the system;
e the temporal decorrelation, i.e. the loss of coherence between different surveys separated by
large time span (i.e. weeks or months).

Both the aforementioned issues, if not rigorously treated in the SAR images processing chain,
represent a severe limitation for a reliable discontinuous measurement of slope displacement.
Generally if a concrete base and a precise mechanical positioning system is used (as in this work),
the geometric baseline is zero. This avoids the need of any further processing step devoted to
estimate and remove the topographic component in the interferograms.
The processing limits caused by temporal decorrelation were overcome by using Permanent
Scatterers Interferometry (Ferretti et al. 2001) on the full temporal data stack of SAR images
acquired in the different surveys. The approach is similar to the small baseline technique adopted in
the processing of satellite-borne imagery (Berardino et al. 2002). To correctly solve the phase
ambiguities in the interferograms, Noferini et al. (2008) integrated the approximate prior knowledge
of the monitored slope deformation velocities in the phase unwrapping algorithm. Another indirect
approach to solve the ambiguities related to radar measurements was proposed by Wujanz et al.
(2013) through an integration between real aperture radar (RAR) and Terrestrial Laser Scanning
(TLS) on an experimental site.
In the present work, the SAR images acquired by a radar interferometer working at Ku band (central

frequency equal to 17.2 GHz) are used to estimate the displacement between two surveys, separated



by a temporal baseline of 63 days, using specific software. In particular, all possible images pairs of
two different campaigns are considered, and for each pair, the complex coherence is evaluated.
Using the complex coherence, it is possible to sort the best interferograms to be used to perform the
displacement estimation. The selected interferograms are unwrapped, averaged and cleaned from the
atmospheric phase screen (APS) and the resulting unwrapped phase is then converted to line-of-
sight slope displacement. The objective of this work is therefore to test the applicability of the
discontinuous GBInSAR technique and this specific processing method to the Comba Citrin
landslide, located in the NW Italian Alps. Finally, the validity of the obtained results is discussed in

the view of a new interpretation of the landslide kinematic.

2. GBInSAR monitoring of the Comba Citrin landslide

The Comba Citrin landslide is located in the Valle d’Aosta Region (NW Italian Alps), very close to
Italy-Switzerland border and about 20 km north of Aosta city. The landslide lies on the NW face of
the Tete du Bois de Quart ridge. This mountainous ridge extends in NW-SE direction from the top

of Flassin Mount towards the valley of the river Artanavaz and the Saint Rhémy en Bosses village

(Fig. 2a).

2.1 Geologic and geomorphologic setting

The landslide affects the albite- and chlorite-bearing paragneiss and the carbonate micaschists
belonging to the Flassin Unit of Palacozoic age. The Flassin Unit is located close to the contact with
the micaceous metarenites and the graphitic-phyllitic schists of Carboniferous age of the Zone
Houlliere (Fig. 2b). These two units constitute respectively the crystalline basement and the
sedimentary cover of the Brianzonese Zone. The contact between the two units corresponds to the

valley of the Citrin stream.
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Fig. 2 — a) The location of Comba Citrin landslide; b) Geological sketch of the studied area.

The Comba Citrin slope instability is the reactivation of a quiescent landslide which took place
during an intense rainfall event in October 2000. The event caused also an extensive flooding in the

Valle d’Aosta Region (Ratto et al. 2003). The instability can be classified on the whole as a complex-



composite rock and debris slide-debris flow. The slide moves on a compound surface (i.e.
rotational/planar) and affects both the bedrock and the debris cover on the slope (Fig. 2b). The
multi-temporal photo interpretation analysis along with the geophysical surveys carried out in the
past years (Hydrodata, 2005) indicated that the landslide’s rupture surface is located at depth variable
from 10 to 30 m from the topographic surface and it is progressively enlarging, especially along the
sides. The landslide’s crown zone is characterized by falls and topples affecting portions of highly
fractured rock mass. The more superficial layer of collapsed material evolves also as debris flow
along three main gullies. These incisions converge down slope in the Citrin stream, tributary of the
Artanavaz river. Close to the landslide area there are further incisions where endemic collapses (i.e.
rock falls and topples) take place resulting in the accumulation of debris along the slopes.

The volume of the material involved in the reactivation of October 2000 was estimated to be equal
to 400,000 m’ (Hydrodata, 2005). The potential risk caused by the landslide lies in generating debris
flows which, in the worst scenatio, could cause a barrier lake on the Citrin stream. The potential
collapse of the landslide’s dam could in turn generate a debris flow/flood threatening the villages of
Saint Oyen and Etroubles. For this worst case scenario a total mobilizable material volume equal to
1,500,000 m’ was estimated (Hydrodata, 2005).

At present the landslide is monitored by three extensometric devices, periodic D-GPS
measurements on 8 targets and a weather station. The extensometric devices, namely E1, E2 and
E3, are installed across the main tension crack in the landslide crown area (Fig. 2b). Each
extensometer is made up by a potentiometric cable extension position transducer connected to a
further stainless steel wire (diameter of 2.5 mm) fixed to a stake hammered on the ground on one
end and a pulley with a counterweight which is free to roll on the other end (Fig. 3). The length
variations of the 2.5 mm stainless steel wire caused by the crack opening/closing triggers a rotation

of the pulley and a consequent length variation of the cables of the potentiometric transducers.



a)

Counterweight

Fig. 3 — a) E2 extensometric device setup; b) Detailed view of the arrangement of the measurement system.

The monitoring system is directly managed by the Geological Department of the Regione
Autonoma Valle d’Aosta. In addition, D-GPS measurements on 8 targets distributed on the
landslide (Fig. 2b) were carried out yearly. However, such monitoring system is not sufficient to
monitor the behaviour of the slope. The information given by the D-GPS is in fact only point-wise
whereas extensometers experienced frequent wreckages caused by snowfalls during winter and their

overall reliability in the current setup is considered low.

2.2 GBInSAR surveys
Two GBInSAR monitoring surveys were carried out, the first one from July 29" to August 5" 2015

and the second one from October 7" to October 16" 2015 (Table 1). The radar instrument was



installed on a stable concrete wall along a local road in the municipality of Saint Rhémy en Bosses.
From this position the Comba Citrin landslide lies between 1100 m and 2200 m away from the

sensor (Fig. 4) and a good coverage of the area to be monitored is ensured.

Fig. 4 — a) View of the radar location with respect to the Citrin landslide and b) GBInSAR system set-up.



The radar anchoring system adopted has been developed to allow an easy and exact repositioning of
the instrument and to avoid the introduction of geometric baseline in subsequent measurement
campaigns. Given the absence of a network power supply, the system was connected to four
photovoltaic modules coupled with batteries (Fig. 4b).

A total of 139 and 275 SAR images were acquired respectively during the first (July-August 2015)
and the second monitoring survey (October 2015). The average SAR images sampling interval for
the two campaigns was respectively 70’ and 50’ while a single SAR image acquisition lasts about 9
min.. The longer sampling interval during the first survey was caused by a few radar system
interruptions: during cloudy day the photovoltaic modules were in fact not able to provide the
power supply.

The main characteristic of the two different SAR surveys are summarized in Table 1 while the main

instrumental parameters adopted are summarized in Table 2.

Table 1 — Summary of the main characteristics of the Comba Citrin GBInSAR monitoring campaigns.

SAR Average SAR
Start date End date Duration images images
acquired sampling

First SAR

st , 29/07/2015, 16:31 05/08/2015, 14:43 6dd, 22h, 12 139 70
campa1gn
S d SAR

cconc 07/10/2015, 12:24 16/10/2015,10:42  9dd, 22 h, 18’ 275 50°
campalgn

Table 2 — Instrumental parameters adopted for the GBInSAR monitoring campaigns.

Central frequency 17.2 GHz
Bandwidth 300 MHz
Synthetic Aperture 2m
Polarization \'AY%

Linear scansion points 401

Antenna Horn 20 dB
Antenna aperture (-3 dB beamwidth - elevation) 15°

Antenna aperture (-3 dB beamwidth — azimuth) 17°

Target distance 1200 — 2200 m

10



To georeference the SAR images, the coordinates of the radar installation point were measured by
means of a geodetic GPS. Table 3 shows the coordinates of the starting, central and ending points
of the synthetic aperture, along with the Line Of Sight (LOS) pointing angle and the inclination of

the system.

Table 3 — Radar Installation coordinates, LOS direction and inclination.

Lat WGS84 Long WGS84

Scan starting point 45°49°05.19183”N 7°10°17.88995”E
Scan ending point 45°49°05.16437”N 7°10°17.77724”E
Scan central point 45°49°05.17811”N 7°10°17.83404”E
LOS pointing angle (clockwise from N) 173°

LOS inclination (above the horizontal +20°

plane)

2.3 GBInSAR images processing

To measure the displacement of the Comba Citrin landslide, both continuous and discontinuous
SAR images processing schemes were used. By means of a continuous processing scheme, the
images stacks of each survey have been processed separately. By using a discontinuous processing,
all the acquired images of the two surveys were used in combination to identify the best
interferograms and to detect the overall displacements of the slope.

This work flow allowed measuring the possible displacements occurring within each survey as well
as the very slow seasonal movement of the landslide. For the two different processing schemes
different software were used, respectively the software GRAPeS (Aresys, 2014) and the software
Repeat Pass (Aresys, 2015) both based on Persistent Scatterers (PS) interferometry. The detailed
description of the continuous processing scheme and the software GRAPeS is out of the scope of
this paper and can be found in Antolini (2014), Barla et al. (2010) and Mariotti et al. (2012).

When dealing with long observational times, lots of pixels in the SAR images can easily be affected
by temporal decorrelation and/or phase noise. The selection of a set of sufficiently coherent pixels
to ensure a reliable interferometric analysis was carried out, both in the continuous and

11



discontinuous analysis, by exploiting the PS technique (Noferini et al, 2005a2). The PS were
identified by calculating the amplitude dispersion index (ADI) using all the SAR power images

available for each campaign. For each pixel (i,j) in the SAR images the ADI is calculated as:

Std[A.(i,)), ..., ..., Ap(i,))]
MA(,j)

ADI(i,j) = 1)

where A,, A, represent the amplitude values of the pixel ij in the n-th SAR image. Due to its
statistical meaning, at least 30 different SAR images are needed to calculate the ADI. Pixels
exhibiting an ADI lower than 0.25 were chosen as PS. No multi-looking and no oversampling of
SAR images were applied before the PS selection. The PSs are almost all distributed on rocky and
debris areas and where scarce vegetation is present. Some PSs have been however identified also in
slope sectors with trees. This means that in the same resolution cells further stable scatterers targets
(i.e. rock blocks) are present, satisfying the required ADI threshold.
Three different PS stacks were respectively obtained: one for the first survey (July-August
campaign), another for the second survey (October campaign) and the last for the discontinuous
survey. The latter PS stack obtained by exploiting all SAR images was used to calculate the different
interferograms between the first and the second survey.
In addition for each interferogram the complex coherence y value was calculated according to the
following equation:

ZNPS M-S

\/z”" 2] 575 |57

(2)

where M and § are respectively the master and the slave image and * is the complex operator. This

value is in the range [0,1] and describes the phase alignment between master and slave images for
each PS, less than a phase constant. A small value of y means a very high decorrelation, while y equal

to 1 means that the master and slave images are well aligned in phase.

12



Fig. 5a shows the PS coherence matrix obtained for all the image pairs which have been processed.
The trend of coherence, differently to what expected, seems not correlated with day/night
alternations. The interferogram obtained with the images acquired from 9" to 10" October are
characterized by the highest coherence values. On the contrary specific time spans characterized by
lower coherence are evident, in particular from 1% to 2™ August 2015 (first survey), during 11°
October 2015 and from 14™ to 16™ October 2015 (second survey). These low coherence intervals
are mainly related to rainfalls/snowfalls occurrences, causing important changes of the soil moisture
content of the target area.

In the case of the discontinuous processing, the best 40 interferograms characterized by the highest
coherence values were selected from the obtained coherence matrix and used to retrieve the
displacement occurred between the two surveys. For instance in the Fig. 5b the best interferogram
obtained by combining the master image acquired on 2™ August 2015 at 21:28 with the slave one
acquired on 8" August 2015 at 22:31 and characterized by the maximum value of coherence (red
square in Fig. 5a) is shown.

After the selection, the spatial phase unwrapping of each interferogram was performed, and then the
Atmospheric Phase Screen (APS) was modelled by a polynomial function of specific order estimated
with a least square fitting method on stable areas (i.e. areas not affected by movements). The
estimated APS model was successively removed from the same unwrapped interferogram. The APS
model therefore does not affect at all, or affect at a very low level, the points in the images
characterized by real movements. This results from the assumption that APS has generally a low
pass spatial behaviour on the whole interferogram. The APS estimation and removal was performed
after the interferograms selection to reduce the computational cost in the processing chain. Each

unwrapped interferogram was then an estimation of the displacement occurred between the

13



corresponding master & slave pair and finally all the 40 estimations were averaged to further reduce
noise.

a) Coherence matrix
; Wb z
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Fig. 5 — a) Cohetrence matrix between each pairs of SAR images acquired during the two weekly GBInSAR surveys;

b) Highest coherence interferogram (0.644) obtained; the phase of the interferogram is wrapped in the range * .
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Fig. 6 shows the averaged unwrapped interferogram after the APS compensation. The map is
helpful to detect areas not affected by movements, i.e. the slope’s sectors surrounding the main
landslide body where the phase values are spatially correlated and close to zero. The ambiguity
related to the constant absolute phase is automatically resolved by the APS removal since the
selected stable areas must have an absolute phase close to zero which derives from the assumption

of the absence of displacement.

Averaged unwrapped interferogram from 02/08/2015 21:28 to 08/10/2015 22:31
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Fig. 6 — Averaged unwrapped and APS compensated interferogram. The highlighted area represents the assumed stable

area adopted for APS correction.
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2.4 Results of the GBInSAR monitoring
In this chapter the results of the continuous as well as the discontinuous processing will be shown in
details. At first the power SAR images were analyzed to allow for the identification of the different
features on the monitored scenario. The interpretation of the SAR scene is generally not
straightforward since the geometry of a SAR image cannot be directly compared to the geometry of
optical imagery due to the different projections used.
By comparing the selected PS power map with an optical image taken from the same GBInSAR
acquisition point, the common areas were matched. The whole monitored scenario was therefore
subdivided into 5 main sectors (Fig. 7):

e Sector A, corresponding to the main landslide body;

e Sector B, corresponding to the landslide’s crown zone and the upper rock faces;

e Sector C, corresponding to the gullies located downstream of the zone A where the

collapsed material is further mobilized as debris flows;

e Sector D, corresponding to the slope sectors located to the west of the landslide;

e Secctor E, corresponding to the slope sectors located to the east of the landslide.
For the two continuous surveys the final results of the processing are expressed in terms of
geocoded LOS displacement and velocity maps. These maps represent pixel by pixel the changes in
the monitored scenario which took place from the beginning to the end of each survey. The
displacement is always measured along the line of sight of the radar (one-dimensional measurement).

Negative displacement indicates a decrease of the sensor to target distance.

16
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Fig. 7 — Comparison between optical image and SAR power map of the selected PS (October SAR survey) showing the
whole monitored scenario with the different slope sectors (A, B, C, D, E) described in the text. The optical image was

acquired from the radar installation point.

The results of the first (July-August 2015) and the second survey (October 2015) are respectively

shown in Fig. 8a and Fig. 8b. The pixels in the maps are equal to 6x6 m.
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from 29/07/2015, 16:31 to 05/08/2015, 14:43 (6 dd, 22h, 12')
. ) Ll

Fig. 8 — Cumulated LLOS displacement and LOS velocity maps of the first (a) and the second (b) GBInSAR surveys
projected over a Digital Elevation Model of the area. The landslide boundaries are shown by the continuous red line.
The black triangles show the position of the extensometric devices (E1, E2 and E3) while the black circles indicate the
selected time series points (P9, P10, P11, P12 amd P13) shown in Fig. 9. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

The LOS displacement map of the first monitoring survey (Fig. 8a) shows a substantial absence of

significant movements, highlighted by green pixels in the maps, over the landslide body as well as in

18



the surrounding areas. Some isolated pixels showing spatially discontinuous movements, generally
correspond to areas with partial vegetation coverage and, despite having been selected as PS, are
characterized by a low interferometric quality. The analysis of time-series (Fig. 9a) shows that the
displacement of these points during the survey was in the range 0.25 mm, which is roughly equal
to the accuracy of the measurements.

a) 29 July 2015, 16:31 - 05 August 2015, 14:24 b) 7 October 2015, 12:24 - 11 October 2015, 23:05
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Fig. 9 — Time series of selected points on the landslide during the first (a) and the second (b) GBInSAR survey. The

position of each point is shown in Fig. 8.

The LOS displacement pattern retrieved from the second survey shows instead a higher complexity.
In particular, given the overall absence of movement on sectors A, B, C and D, the displacement
map highlights the presence of an area in E sector, with approximate size of 40 x 50 m, affected by
negative displacements compatible with a progressive sliding downhill (Fig. 10a). The time series
data shown both in Fig. 9 and Fig. 10c were sub-sampled to reduce the computational effort of the

software during the processing.
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This area is actually outside the Citrin landslide body and it was not included in any landslide’s
inventory. The deformation affects a portion of highly fractured rock mass and a portion of debris

lying at the base of very steep rock faces (Fig. 10b).

a) LOS displacement from 07/10/2015, 12:24 )
to 11/10/2015, 23:05 (4 dd, 10h, 41°)
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Fig. 10 — a) Detail of the displacement map obtained from the second GBInSAR survey (October 2015); b) optical
image showing the area affected by major deformations; c) time series of nine points extracted from the area affected by

major deformations.

The analysis of the sequential daily cumulated LOS displacement maps reveals that the same area
has been widened during the monitoring survey, progressively extending in space as shown in Fig.

11. The sequential LOS displacement maps shows that the displacement originated at the apex of a
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system of deep gully incisions and then progressively extended down slope up to a total length of

about 50 m.
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Fig. 11 — Sequential LOS displacement maps obtained from the second GBInSAR survey (October 2015) showing the

spatial evolution of the sector affected by major deformations.

The maximum LOS displacement reaches -16.5 mm, whereas for the majority of the points lies
between -4 and -7 mm (Fig. 10c). The maximum LOS displacement rate recorded was equal to
3.5 mm/day. By assuming a main component of displacement nearly parallel to the average slope’s
dip and dip direction (this assumption appears reasonable in the view of the recognised types of
instability), the projected angles between the radar LOS and the direction of displacement vectors of

the points P1-P9 in the range-cross range plane are in general smaller than 5°. Therefore, even if this
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sector is located laterally to the main landslide body, the sensitivity of the radar LOS measurement
to real displacement can be considered very high.

Similarly to the first survey, the A, B, C and D sectors resulted stable.

The LOS displacement map obtained by the discontinuous GBInSAR, is shown in Fig. 12. The

displacement map shows the presence of two different areas affected by movements.
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Fig. 12 — Results of the discontinuous GBInSAR monitoring: LOS displacement map from August 22 2015 to October
8t 2015 projected over a Digital Elevation Model (DEM) of the area. The Comba Citrin landslide boundaries ate shown
by the continuous red line. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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The easternmost moving area substantially matches the Comba Citrin landslide body and the gullies
located downstream (A and C sectors). Larger LOS displacements, between -3 mm and -5 mm were
measured in the central and the upper portions of the landslide body. Proceeding towards the base
of sector A, as well as in sector C, a progressive reduction of the displacement, particularly in the
western portion of the landslide body, is evident. Along the detrital gullies of sector C (Fig. 7) the
measured LOS displacements are generally comprised between -1 and -2.5 mm, even though they
are not homogeneous. Only few isolated pixels showed maximum displacements up to -4 mm. The
further area affected by movements is located to the west of the main landslide body and retrace the
moving area in the sector D which has been identified during the October survey (Fig. 8b). In this
area from August 2™ 2015 to October 11" 2015 the LLOS movements exceeded -6 mm. The spatial
distribution of displacement shows a slightly larger affected area than the moving sector identified
during the second survey thus confirming that this unstable sector has progressively enlarged.
During the short time span of the continuous radar surveys, the whole monitored slope sector
appeared as not affected by any movements, except from the moving area in sector D which has
been identified during the October survey. A larger time span of monitoring was necessary to
measure the displacements of the landslide body through the discontinuous SAR images analysis.
The average LOS velocity of the Comba Citrin landslide body retrieved through the discontinuous
survey and comprised roughly between -1.0 and -2.5 mm/month appears to be in good agreement
with the displacement velocities between 5 and 20 mm/year measured during 2015 on the six GPS
benchmarks C1-C6 shown in Fig. 2 (Regione Autonoma Valle d’Aosta, personal communication).

In the view of this, the reliability of the discontinuous GBInSAR analysis can be considered high
inside the Comba Citrin landslide boundaries which are characterized by very slow displacement and
slow spatial gradient, i.e. movement which varies gently in space without abrupt changes. Faster

displacements, as those of the area located to the west of the main landslide body, could imply a
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shift of phase cycles between the two discontinuous surveys that could not be correctly retrieved if
no a priori information on velocity is available (Noferini et al. 2008). Therefore the measured
deformation of the area located to the west of the main landslide body from August to October

2015 suggests two possible alternative interpretations for the onset of displacement:

e displacement could have started almost at the same time of the beginning of the second
campaign or very close to it;
e displacement could have started in an undefined time between the two surveys and the
ambiguous displacement in the area has been exceeded.
Since the displacement map in Fig. 12 does not show a critical loss of coherence of the moving
areas, this suggests that the deformation has started very close to the beginning of the second
survey, i.e. on the 7" October 2015. In particular by the end date of the discontinuous analysis, i.c.,
8" October 2015 at 22:31, the maximum LOS displacement of the sector was comprised between -2
and -6 mm (Fig. 12) while the continuous survey of October has retrieved a maximum displacement
of -16.5 mm up to 11" October 2015 at 23:05. Therefore the presence of phase jumps, resulting in
an underestimation of the total displacement in this faster moving sector cannot be completely
excluded.
By integrating the displacement information retrieved within the GBInSAR data for this area is
possible to conclude that from August to October 2015 this unstable sector underwent a most likely
acceleration phase along with a progressive lateral extension of movements. The area affected by
movement appears in fact larger in the cumulated LOS displacement map from August 2™ 2015 to
October 8" 2015 (Fig. 12). The analysis of the time series showed in Fig. 10c revels that the
acceleration phase was ongoing during the execution of the second GBInSAR survey (October),

especially from 10" October 2015.
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2.5 GBInSAR versus in situ monitoring and implications for the landslide’s
kinematic

In Fig.s 13 and 14 the crack aperture measured by the E1, E2 and E3 extensometers is compared
with the GBInSAR time series of the corresponding pixels in the maps obtained respectively
through one of the weekly continuous surveys (October 2015) and through the discontinuous
monitoring (July-October 2015). Data are also plotted along with the air temperature measured by
the weather station installed on the landslide site (Fig. 2). The GBInSAR time series of Fig. 13
highlight LOS displacement within 0.2 mm, thus indicating a general absence of movements for
the respective points. The extensometers data show instead cyclic daily variations up to £4 mm for
the E2 instrument which appear to be strongly correlated to the short-term (ie. daily) air
temperature variations recorded on the site. A similar behaviour between the two datasets can be
obtained by analyzing Fig. 14: the displacement retrieved through the GBInSAR monitoring is
comprised between £0.2 mm whereas the extensometers curves highlight cyclic variations up to
7.0 mm, well correlated to the thermal air temperature changes. Due to the lack of the wire
protection (Fig. 3), factors such as the snow accumulation at the base of the landslide scarp, the
formation of ice on the cable and on the pulley and rocks detaching from the scarp and impacting
on the device have been randomly disturbing the extensometric measures. The overall reliability of
the extensometric measurements in this current setup therefore can be considered low.

Even though the two measurements techniques are not linked together, due to the different
quantities measured (i.e. areal movements on surface versus point wise crack opening/closure), data
shown in Fig.s 13 and 14 highlight that the GBInSAR technique is more effective and reliable than
point-wise extensometers to monitor the superficial displacement of the Comba Citrin landslide.

The absence of apparent movement in the landslide crown sector and the main perimetral tension

crack, as obtained from the GBInSAR discontinuous monitoring (Fig. 12), has furthermore
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important potential implications for the kinematics of the landslide. Since the discontinuous

GBInSAR surveys have identified a displacement between -2 and -5 mm from August to October

2015 in the landslide body, the absence of movements in the landslide crown sector implies a

progressive down slope shift of the moving area which took place in the last few years. The

development of further parallel cracks down slope to the main tension crack, a pattern which was

already observed during the first phases of the landslide reactivation, could then explain this

behaviour. This conclusion needs to be definitely confirmed by a specific geo-engineering survey of

the area.
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Fig. 13 — Comparison between GBInSAR LOS displacements measured during the October 2015 survey and crack

aperture measured by extensometers E1 (a), E2 (b) and E3 (c). See Fig. 8 for location of the extensometers.
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Fig. 14 — Comparison between GBInSAR LOS displacement measured from August 274 2015 to October 8% 2015 and

crack aperture measured by extensometers E1 (a), E2 (b) and E3 (c). See Fig. 8 for location of the extensometers.

3. Discussion and conclusions

In this paper the results of two GBInSAR monitoring surveys of the Comba Citrin landslide and the
adjoining areas were shown. The two surveys are separated by a temporal baseline of 63 days. For
each of the two surveys a radar device working at Ku band was used. Particular attention was posed
in radar repositioning to avoid the introduction of geometric baseline in subsequent measurement
campaigns. The stack of SAR images of each survey were analyzed both separately and in

combination to detect the possible displacements occurred both in every single survey by means of a
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continuous processing as well as in the elapsed time between the two different campaigns by means
of a discontinuous processing. For the discontinuous processing a set of different interferograms
was obtained by cross-combining the SAR images of the different surveys. From the obtained
coherence matrix, the best 40 interferograms characterized by the highest values of complex
coherence were selected and used in the subsequent processing to retrieve the displacement
occurred between the two surveys, after the estimation and the removal of atmospheric phase screen
and the phase unwrapping procedure. The obtained results showed the presence of two different
areas affected by millimetres to centimetres displacements on the monitored slope. In particular one
moving sector outside the landslide boundaries was identified for the first time.

The adopted processing scheme allowed retrieving reliable displacement data on the whole
monitored slope and to gain an insight on their spatial and temporal evolution during the
intervening 2.5 months. Differently from previous discontinuous GBInSAR monitoring experiences,
neither a priori information on the slope deformation velocities nor specific integrations with other
monitoring techniques were used in this work to solve the phase ambiguity. The optimal separation
time between consecutive discontinuous GBInSAR campaigns, i.e. the time to avoid or limit the
aliasing effects on the interferograms, was instead directly assessed from the displacement obtained
by means of the first survey (July-August 2015).

The outcomes of the discontinuous GBInSAR monitoring indicated that the technique was capable
to measure with good precision, accuracy and spatial continuity the very slow displacement rate of
the Comba Citrin landslide, which otherwise could have been monitored only through a continuous
radar survey with an equivalent duration, a more demanding task both technically as well as
economically. Moreover in this specific case the discontinuous GBInSAR has demonstrated to be
more effective and reliable than point-wise in situ instruments to monitor landslide’s superficial

displacements.
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More generally, the results obtained so far on the Comba Citrin landslide suggest the applicability of
the discontinuous GBInSAR technique to monitor the very slow displacement of rock landslides,
widespread in the Alpine region, where many good scatterers are present. By selecting these points
from the SAR images even separated by large temporal baseline (e.g. weeks or months) it is hence
possible to exploit the interferometric phase to retrieve the displacement pattern of the monitored

slopes.
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