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Abstract. Monitoring deep-seated landslides via borehole instrumentation can be an expensive and labor-intensive task. This

work focuses on assessing the fidelity of Interferometric Synthetic Aperture Radar (InSAR) as it relates to subsurface ground

motion monitoring, as well as understanding uncertainty in modeling active landslide displacement for the case study of

the in-situ monitored El Forn deep-seated landslide in Canillo, Andorra. We used the available Sentinel-1 data to create a

velocity map from deformation time series from 2019-2021. We compared the performances of InSAR data from the recently5

launched European Ground Motion Service (EGMS) platform and the ASF On Demand InSAR processing tools in a time

series comparison of displacement in the direction of landslide motion with in-situ borehole-based measurements from 2019-

2021, suggesting that ground motion detected through InSAR can be used in tandem with field monitoring to provide optimal

information with minimum in-situ deployment. While identification of active landslides may be possible via the use of the

high-accuracy data processed through the EGMS platform, the intents and purposes of this work are in assessment of InSAR10

as a monitoring tool. Based on that, geospatial interpolation with statistical analysis was conducted to better understand the

necessary number of in-situ observations needed to lower error on a remote-sensing recreation of ground motion over the

entirety of a landslide, suggesting between 20-25 total observations provides the optimal normalized root mean squared error

for an ordinarily-kriged model of the El Forn landslide surface.

1 Introduction15

Deep-seated landslides represent one of the most devastating natural hazards on earth, many creeping at inappreciable velocities

over several years before suddenly collapsing, usually with catastrophic velocities (Smalley, 1978; Voight, 1988). While there

are a range of landslide sizes, several deep-seated landslides include sizable earth slides involving millions of cubic meters of

soil moving as a rigid block on top of a deep (below the roots of the trees and the groundwater level) basal layer of heavily

deformed minerals (Petley and Allison, 1997; Frattini and Crosta, 2013). Their collapse is usually very sudden, happening20

within minutes and without a clear warning, reaching high velocities, as high as the 20 m/s reported at the 1963 Vaiont

landslide in Italy (Voight, 1988; Smalley, 1978; Veveakis et al., 2007). The catastrophic and fast collapse of this kind of

landslides makes the evacuation of the area that could be affected a cumbersome task, thereby increasing risk of fatalities

and infrastructure damages (Reid, 1994; usg; Huang et al., 2011; Guzzetti, 2000). Moreover, the complex physical nature of

the landslides induces high uncertainty in the number of in situ observations required for a high-fidelity monitoring system.25
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That, in combination with the challenging and expensive methods of in situ monitoring, makes the development of reliable,

data-driven, early warning systems (or tools/protocols to stop the acceleration of the landslide) an appealing proposition.

Before the use of satellites, initial approaches in predicting the catastrophic collapse of a landslide rely on physical access

in the area with in-situ (extensiometer) or ex-situ (LiDAR, UAV) displacement data, whereby an assessment is made by using

the inverse velocity method (Jaboyedoff et al.; Yaprak et al.; Saito, 1969; Carlà et al.; Zhou et al., 2020). Considerable work30

has since been done in developing remote sensing methods for landslide identification (Handwerger et al., 2019; Zhong et al.,

2020; Mohan et al., 2020; Casagli et al., 2023; Chi et al., 2002; Zhao and Lu, 2018) as well as creating predictive models of

deep-seated landslides based on identifying different mechanisms involved as triggering factors of the acceleration like rainfall

(Reid, 1994), temperature (Mitchell et al., 1968; Veveakis et al., 2007) and chemical alterations (Hueckel and Pellegrini,

2002). Both developments are now at a stage were they can be used in conjunction with high fidelity field data (piezometers,35

extensiomenters and thermometers) to obtain forecasting and mitigation protocols (Seguí and Veveakis, 2021, 2022). However,

the installation of such in-situ instrumentation is a costly operation, requiring the transportation of heavy equipment often in

remote areas and the installation of sensors in deep boreholes, that cannot be deployed readily across the world.

To overcome these constraints, the use of remote sensing has become a more available tool for landslide monitoring over

the last several decades. Several techniques for mapping and assessing slope movements have been developed, thus allowing40

for more reliable and fast investigation (Cigna et al., 2013; Fiorucci et al., 2011; Guzzetti et al., 2009; Michoud et al., 2012).

Among the remote sensing options, the use of Synthetic Aperture Radar (SAR) sensors has gained significant popularity for

measuring surface deformations and constructing their time series, since this approach requires no access to the site to install

borehole instrumentation or handle UAV and LiDAR devices. Remote monitoring approaches for deep-seated landslide are

limited by their often inability to provide information for the body of the landslide when the moving mass is deep-seated in45

steep valleys or densely vegetated mountain ranges, as well as their nature as surface-only measurements. This work builds on

the existing literature concerning the assessment of how reliable remote surface measurement tools could be for deep-seated

landslides (Bayer et al., 2017; Fobert et al., 2021; Bellotti et al., 2014; Casagli et al., 2023; S and Kanungo, 2004; Lissak et al.,

2020; Scaioni et al., 2014; Wang et al., 2019), providing a case study from the El Forn landslide in terms of the data quality

needed to identify and monitor a landslide and extending this body of literature by using InSAR data to decide the minimum50

number of in-situ observations needed for that.

2 Material and Methods

2.1 Description of the El Forn Landslide and In-Situ Data

The El Forn landslide is a large deep-seated landslide located southeast of the town of Canillo, Andorra, nestled in the Pyrenees

(see Figure 1) that is triggered by snow melt and season rainfall that collect into an aquifer located below the sliding surface.55

This landslide has a sliding mass of approximately 300Mm3 that creeps at an average rate of 1.2 cm/year (Seguí and Veveakis,

2021). Within the main sliding mass of the landslide, there is a faster-moving lobe (Cal Ponet-Cal Borronet lobe) that slides

at a maximum velocity of 2-4 cm/year (EuroConsult; Seguí and Veveakis, 2021; Zhao and Lu, 2018). At present, this lobe is
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