
CA S E S T UDY

PS-InSAR post-processing for assessing the spatio-temporal
differential kinematics of complex landslide systems: A case
study of DeBeque Canyon Landslide (Colorado, USA)

Marta Zocchi1 | Michele Delchiaro1 | Francesco Troiani1,2 |

Gabriele Scarascia Mugnozza1,2 | Paolo Mazzanti1,2

1Department of Earth Sciences, SAPIENZA

University of Rome, Rome, Italy

2CERI Research Centre on Geological Risks,

Sapienza University of Rome, Rome, Italy

Correspondence

Marta Zocchi and Michele Delchiaro,

Department of Earth Sciences, SAPIENZA

University of Rome, 00185 Rome, Italy.

Email: marta.zocchi@uniroma1.it and

michele.delchiaro@uniroma1.it

Abstract

The complex superimposition of different kinematics and nested sectors within land-

slide systems amplifies the challenge of interpreting their heterogeneous displace-

ment pattern and targeting effective mitigation solutions. As an example of such

peculiar spatio-temporal behaviour, the DeBeque Canyon Landslide (Colorado, USA)

is emblematic of the application of interferometric post-processing analysis for a

detailed, remotely-based investigation. We employed a multi-geometry Persistent

Scatterers (PS) InSAR dataset to provide continuous information on the spatio-

temporal scale and achieve a solid representation of the segmented kinematics and

timings. Using an updated geomorphological map of the landslide system, we per-

formed a two-dimensional decomposition of the Persistent Scatterers (PS) dataset to

determine the displacement orientation and inclination for each internal sector of the

landslide system. We then conducted statistical analyses on the displacement vector

characteristics and time series data. These analyses enabled us to spatially character-

ize the segmented activity patterns of the landslide system and identify abrupt

changes in trends associated with preparatory and triggering factors. A clear differen-

tiation of the rotational or translational kinematics within the landslide system was

accomplished solely using surface displacement measures. Moreover, the application

of a Bayesian model on the bi-dimensional vector time series leads to the identifica-

tion of significant differences in the deformational behaviour of each sector with

respect to precipitation and temperature factors. Our approach represents a replica-

ble method for local-scale characterization and monitoring of landslides exhibiting

complex spatio-temporal displacement patterns and providing an effective, low-cost

solution for transportation agencies from a risk-reduction perspective.
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1 | INTRODUCTION

Landslides significantly impact mountain environments worldwide,

reshaping the topography but also affecting human activities, thus

posing a threat to urban settlements (Agliardi et al., 2012; Bozzano

et al., 2010; Crosta et al., 2013; Herrera et al., 2018; Raspini

et al., 2017). The interplay of litho-structural factors and hydro-

climatic, conditions controls their differential erosion and sediment

redistribution, affecting the long-term morphoevolution of the slopes

(Crosta et al., 2017; Delchiaro et al., 2019, 2023, 2024; Della Seta
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et al., 2017; Marmoni et al., 2023; Preisig et al., 2016; Riva

et al., 2018). Under the ongoing effect of such factors, rock masses

accumulate stress and experience a slow yet persistent deformation,

which may result in complex spatiotemporal arrangements of land-

slides, derived from the internal segmentation and mobilization of

nested bodies (Lopez Saez et al., 2012) or the superimpositions of dif-

ferent types of movements (Bossi et al., 2015; Valiante et al., 2016;

Wang et al., 2020). The term landslide system (Valiante et al., 2021

and references therein) describes such arrangements of gravity-driven

morphotypes derived, over the long term, from the same slope defor-

mation. Assessing this segmentation through an extensive spatial

kinematic characterization, including the quantification of distinct dis-

placement rates and mechanisms, as well as the identification of

nested bodies and secondary failures, is crucial for understanding the

complex morphodynamics of these phenomena (Bigot-Cormier

et al., 2005; Crosta et al., 2017; Delchiaro et al., 2023, 2024; Dong

et al., 2023; El Bedoui et al., 2009; Frattini et al., 2018).

The factors controlling landslide system history can be long-term

static, as in the case of predisposing ones (e.g., bedding, lithology), or

dynamic as in the case of the preparatory ones (e.g., temperature,

river incision, glacial debuttressing). In addition, short-term triggering

factors (e.g., earthquakes and extreme rainfall events) can lead the

slope to the ultimate failure. In this regard, precipitation events play a

decisive role both in the short term, acting as triggers when heavy

rainfall or sudden snowmelt occurs (Crosta et al., 2014; Del Ventisette

et al., 2012; Grøneng et al., 2011; Nishii et al., 2013) and, along with

temperature, as preparatory factors, whenever prolonged rainfalls and

seasonal changes undermine the slope marginal stability over the mid-

and long-term (Ibsen & Casagli, 2004; Popescu, 2002; Scheevel

et al., 2017; Steger et al., 2022). The interplay between the aforemen-

tioned factors impacts the temporal displacement evolution and may

lead to the differential reactivation of the landslide system’s internal

sectors and even to a generalized failure (Del Ventisette et al., 2012;

Wang et al., 2020). From a geotechnical perspective, mitigation mea-

sures planning and construction become challenging due to the high

spatio-temporal displacement variability, especially when strategic

infrastructures are involved. An overall analysis is often carried out

through traditional geotechnical and geophysical techniques that

allow acquiring accurate localized measurements (Crosta &

Agliardi, 2002). However, given their spot-like peculiarity and the high

cost of pervasive positioning, they fail to provide a comprehensive

perception of the heterogeneous displacement pattern of the land-

slide, likely underestimating the actual fragmentation of the system.

To achieve a robust yet persistent interpretation of the spatio-

temporal evolution of landslide systems, Interferometric Synthetic

Aperture Radar (InSAR) and Light Detection and Ranging (LiDAR) can

be effectively employed for a thorough investigation as they provide

high spatio-temporal resolution, and extensive measurement coverage

(Ciampalini et al., 2016; Gischig et al., 2011; Singhroy & Molch, 2004;

Vick et al., 2020; Xu et al., 2021). Combining these two techniques is

ideal for investigating slow-moving phenomena in mountainous and

hilly terrains. Whereas LiDAR data in the form of Digital Elevation

Models (DEMs) are often employed for a detailed morphometric char-

acterization of landslide signatures on rugged topography (Ardizzone

et al., 2007; Glenn et al., 2006; Jaboyedoff et al., 2012; Kasai

et al., 2009), InSAR techniques proved optimal detection of subtle

ground deformations moving within the specific sensor’s detection

capability (i.e., from several centimetres to a few millimetres per year)

(Mazzanti et al., 2015; Wasowski & Bovenga, 2014). From the tradi-

tional differential interferometry method (Crippa et al., 2020; Dong

et al., 2018; Reyes-Carmona et al., 2023; Tarchi et al., 2003) to

advanced multi-temporal methodologies based on Small Baseline Sub-

sets (Berardino et al., 2002) and Persistent Scatterers - PS (Moretto

et al., 2021), InSAR-derived displacements are essential for the land-

slide’s deformational pattern quantification and mapping purposes

(Antonielli et al., 2019; Bonì et al., 2020; Bordoni et al., 2018; Bozzano

et al., 2017; Di Martire et al., 2017). The PS-InSAR technique has

found widespread application in analysing the spatial displacement

patterns associated with slow deformation processes, providing valu-

able insights for investigating landslide systems’ segmented and het-

erogeneous kinematic behaviour (Crippa & Agliardi, 2021) and

considering their interaction with man-made structures (Frattini

et al., 2013). In addition, PS displacement time series can be correlated

with external meteorological forcings. In this case, examining the his-

torical temporal deformation pattern of the slope process can allow us

to highlight the relationship between reactivations and sudden accel-

erations in the displacement trend, triggered by high-intensity, short-

duration events or influenced by medium and long-term seasonal

trends.

Nevertheless, the motion assessment through PS-InSAR applica-

tions is heavily affected by the intrinsic characteristics of the tech-

nique, which retrieves the ground deformation velocity along the

satellite line-of-sight (LOS) and therefore fails to record the real tridi-

mensional components of the displacement vector (Crippa

et al., 2021; Eriksen et al., 2017). Moreover, considering the complex-

ity of examining multiple deforming sectors nested in a larger

disrupted rock mass, the present literature still offers rare studies that

aim to address this challenge in the spatial domain (Crippa

et al., 2021; Eriksen et al., 2017) and, to the best of the authors’

knowledge, none in the temporal one. Crippa et al. (2021) quantified

the landslide internal heterogeneity for regional-scale classification

purposes implying the necessity of embracing a more generalized

assumption when considering landslide segmentation across extensive

areas. Conversely, Eriksen et al. (2017) exploited the vectorial decom-

position for identifying complex deformations displacement patterns

at the local scale yet avoiding proposing a detailed internal subdivision

of the processes constituting the landslide system. Therefore, this

study aims to utilize PS-InSAR analysis to investigate the spatial kine-

matic variability and temporal dynamics of a landslide system, while

also considering the potential influence of triggering and preparatory

factors. The novelty of our work lies in the development and applica-

tion of versatile post-processing techniques, which enable a compre-

hensive exploration of spatio-temporal deformation dynamics from a

remote sensing perspective. This methodology proves particularly

valuable in scenarios where field data are limited or unavailable, offer-

ing a robust alternative for landslide monitoring and analysis. The first

part of the methodological section is dedicated to the description of

the exemplary case study used in the present work. Then, we

described how we estimated the two-dimensional displacement vec-

tor and employed it as an alternative to the LOS velocity for further

displacement analysis. We used the combination of the multi-

geometry Sentinel-1 dataset acquired between 2014 and 2019 con-

sidering it with respect to the LiDAR-derived local topography to

derive the bidimensional vector. The spatial and temporal outcomes
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of the InSAR post-processing analysis are described in the two main

subsections of the results. First, we delineated the spatial deformation

pattern of the selected landslide exploiting the decomposed displace-

ment vector to obtain a clear distinction of the peculiar kinematics of

each sector composing the system. Eventually, from a temporal point

of view, we correlated the decomposed velocity to the meteo-climatic

data, identifying a correlation between displacement acceleration

phases and precipitation and temperature factors, acting both as trig-

gering and preparatory.

2 | MATERIALS AND METHODS

The methodology presented in the current section is tailored to inves-

tigate the spatial variability and morphodynamic evolution of the

DeBeque Canyon Landslide system, described in Section 2.1. This sys-

tem was used as an exemplary test site to investigate the heteroge-

neous deformational behaviour of a slow-deforming slope threatening

Interstate 70, one of the major highways of the United States.

Detailed mapping of the geomorphological features of the landslide

was carried out through visual interpretation of a high-resolution digi-

tal topographic model (Section 2.2) as a preliminary step for further

quantitative investigation on a multi-geometry interferometric dataset

(Section 2.3). We differentiated the heterogeneous spatial pattern by

considering, in the first place, the decomposed velocity vector distri-

bution over the landslide’s sectors. Subsequently, we also examined

the vector’s time series for each zone of the landslide to retrieve spe-

cific timings and correlations with preparatory and triggering factors.

2.1 | The DeBeque canyon case study

The study area is located in the northern part of Mesa County in Colo-

rado (USA): here, channelized surficial waters belonging to the

Colorado River system represent the main morphogenetic agent,

incising the extensive plateau in the form of deep canyons and playing

a crucial role in disrupting the slope stability along its banks (Figure 1).

A critical example of this interaction is the DeBeque Canyon Landslide

(DCL) at milepost 51 of Interstate 70, a landslide system that has his-

torically impacted the road, thus representing an area of concern for

the Colorado Geological Survey (White et al., 2003).

This test site is in the western portion of the Upper Colorado

River Basin, which is characterized by an arid to semi-arid climate

(Kopytkovskiy et al., 2015) and can be referred to as BSk based on

the Köppen climate classification (Zepner et al., 2020). Summers are

typically hot and dry, with temperatures reaching an average of 26�C

in July, while winters are cold, with an average temperature below

0�C in December–January, as represented in the climate chart

reported in Figure 1. Precipitations are scarce, averaging around

235 mm per year (Figure 1). The annual temperature range is very

high, with values ranging from 20.3 to 30.7�C. The highest tempera-

tures are recorded at low elevations, in the Colorado Basin, where

the landslide is located. Future projections of climatic trends draw

attention to the progressive increase of drought periods, where liquid

and solid precipitation are likely to decline while temperatures are

expected to increase 2–4�C (Ficklin et al., 2013; Kopytkovskiy

et al., 2015). Such temperature increase is linked with the

anticipation of snowmelt and runoff timing during Spring, thus poten-

tially influencing the deformational trend of mass movements in the

area (Ficklin et al., 2013).

Historically referred to as the “Tunnel Landslide”, the DCL

showed first signs of activity before 1910 (the precise date is

unknown), when a 300 m-long, 90 m-high sandstone slab partially

dammed the Colorado River that deviated its path towards the oppo-

site bank (White et al., 2003). Two other historic paroxysmal events

were recorded before the last catastrophic failure occurred in April

1998. As reported by White (2005), the landslide movement caused

the permanent diversion of the Colorado River channel and the Old

Highway 6 destruction in 1924, which was subsequently relocated

but disrupted again in 1958. The last paroxysmal failure occurred in

April 1998: a section of the newly built Interstate 70, located at the

foot of the landslide, was laterally shifted 3 m and pushed up around

7 m. Ongoing displacement of these sectors is currently recorded and

monitored by the Colorado Department of Transportation and Colo-

rado Geological Survey using in-situ instruments and repeated LiDAR

scanning (Gaffney et al., 2002; Weidner & Walton, 2020;

White, 2014).

The first conceptual model of the geology, subsurface geometry

and the interaction of the different failure mechanisms involved in

the DCL system was proposed by White (2000) and White et al.

(2003), who reconstructed the model by means of a photogrammet-

ric study based on aerial stereo-pairs available for the landslide site.

Field mapping and wire-line core borings were also performed to

reconstruct structural and stratigraphical information. The deforma-

tional area is divided into three main sectors (Figure 2) based on

the surficial expression of the distinct failure mechanisms affecting

the slope, namely the Upper Block, Rubble Zone and West Dis-

turbed Block (Weidner & Walton, 2020; White, 2000; White

et al., 2003).

The Upper Block is a wedge-shaped block delimited by an active

cliff face on the right side and by a set of fractures and tension cracks,

part of a shear zone along the upper side, which promotes its sliding.

The material supplied by the retreating cliff accumulates in the Rubble

Zone, where it translates to the rotational area located at the toe of

the landslide system (Figure 3a), thus constituting the “Rotational Fail-
ure Engine” model proposed by White et al. (2003). Eventually, the

West Disturbed Block represents a transitional sector that undergoes

both the creep movements of the above Upper Block and the lateral

shifting of the main rotational area of the Rubble Zone (Figure 3a)

(Weidner & Walton, 2020).

The geology of the DeBeque Canyon, located in the depositional

basin of the Colorado Plateau, consists of the upper Mesa Verde

Group, a Late Cretaceous sedimentary sequence. This sequence was

deposited in a coastal plain environment and is mainly composed of

nearly horizontal interbedded layers reflecting the sea level oscilla-

tions during the transgressive and regressive cycles of the western

Cretaceous Seaway shoreline (Hettinger & Kirschbaum, 2002).

The lithological alternation of prominent massive sandstone beds

(up to 30 m) interbedded with less competent, thinner shale and silt-

stone layers (Gaffney et al., 2002; Weidner & Walton, 2020; White

et al., 2003) gives the slope its peculiar step-like morphology. As

reported by White et al. (2003), the stability of the DCL system

appears to be significantly conditioned by the different geomechanical

properties of the less competent layers overlying the sandstone bed

ZOCCHI ET AL. 3
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outcropping in the proximity of Interstate 70. Figure 3b shows the

geological section from the Upper Block, intensely disrupted by a set

of vertical fractures, through the Rubble Zone (characterized by a

translative component of the deformations) and eventually to the

Main Rotational Zone. Moreover, a fault running parallel to

the headscarp contributes to compromising the rock mass stability

(White et al., 2003).

2.2 | Terrain visual analysis

In this study, terrain analyses were carried out using a Digital Terrain

Model (DTM) with a ground resolution equal to 1 m derived from a

LiDAR survey performed within the framework of the 3D Elevation

Program (3DEP). This program provides freely downloadable bare-

earth models over the United States territories (U.S. Geological

F I GU R E 1 Geographical setting of
the study area. The map shows the sum
of the average annual rainfall (a) and
annual temperature range (b) for the
western portion of the Colorado basin
(Fick & Hijmans, 2017), where the
DeBeque Canyon Landslide (red triangle)
is located. A representative climate chart
is available for the GJ station, the closest
station to the study area (Zepner
et al., 2020).

4 ZOCCHI ET AL.
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Survey, 2019). The DTM used for our study area was derived in 2016.

Preliminary recognition and mapping of the landforms and processes

occurring along the slope were supported by the visual interpretation

of hillshade maps, realized with varying sun azimuth angles and 1 m

and 5 m intervals contour lines maps, both of which were extracted

using the geomorphological tools available in the QGIS 3.22 software.

In addition to the DTM interpretation, freely available GoogleEarth

images (GoogleEarth Pro, 2016) supported the visual recognition of

the main landslide characteristics (e.g., primary and secondary scarps,

reverse slopes, convex foot, surficial drainage modifications) that are

clear evidence of a disrupted rock mass.

2.3 | InSAR analysis

The quantification of the deformational motion occurring along the

slope of interest has been performed through an Advanced Differen-

tial Interferometric SAR analysis (A-DInSAR). Specifically, we used the

Persistent Scatterers Interferometry approach (Ferretti et al., 2001),

one of the most common multi-temporal processing methods. The

assessment of surficial deformations is based on the information

achieved by high-coherent pixels of every acquired SAR image

(Kampes, 2006). The fundamental improvement of this procedure is

that for each high-stability pixel, called Persistent Scatterer (PS) after

Ferretti et al. (2000) and Ferretti et al. (2001), the atmospheric contri-

bution can be precisely estimated and removed, thus reducing both

spatial and temporal decorrelation issues (Mazzanti et al., 2021;

Moretto et al., 2021). The dataset analysed in the SARPROZ (the SAR

processing tool by Perez) software (Perissin et al., 2011) includes

129 ascending and descending Sentinel-1 imagery, spanning the

2014–2018 time interval.

The processing allowed us to estimate the average LOS velocity

and the displacement time series for more than 3,000 PS over the

entire landslide area.

The aim of the post-processing step consisted of the in-depth

characterization of the DCL system’s spatio-temporal evolution. It is

necessary to deepen the manipulation of the interferometric data

since the display of the LOS mean velocity and its spatialization alone

can offer a preliminary, partial insight.

A preliminary evaluation of the radar sensor’s capability for

recording displacements is decisive for assessing the ground displace-

ment morphodynamics. Since the displacement recorded by the SAR

sensor is the unidimensional average velocity (and displacement time

series) along the satellite LOS projection, the actual tridimensional

movement of the landslide is considerably underestimated or else, in

the most unfavourable scenario, not detectable should the motion

occur orthogonally to the satellite LOS.

Through the C-factor computation, we can represent the percent-

age of ground displacement that can be recorded along the slope, tak-

ing into account both the radar signal characteristics and the terrain

site-specific morphology (Notti et al., 2014).

It is calculated as follows:

C¼ N �cos Sð Þ � sin A�π

2

� �h i
þ E � �1 � cos Sð Þ � cos A�π

2

� �� �
þ H � sin Sð Þð Þ

� ih

ð1Þ

F I GU R E 2 Oblique aerial view of the DCL (photo taken pointing to the west direction). The landslide system is divided into different sectors,

each one characterized by distinct kinematics (modified after White et al., 2003).

ZOCCHI ET AL. 5

 10969837, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/esp.6002 by C

ochraneItalia, W
iley O

nline L
ibrary on [21/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fesp.6002&mode=


where:

N¼ cos
π
2
�α

� �
� cos π�θð Þ

E¼ cos
π
2
�α

� �
� cos 3

2
π�θ

� �

H¼ cos αð Þ

SAR orbital parameters are represented by the LOS velocity

angles for the vertical, North and East directions (namely H, N and E)

and azimuth (θ) and incidence (α) angles, while S and A represent the

slope and aspect derived from the DEM. Every parameter is expressed

in radians.

Starting from the combination of the ascending and descending

PS datasets, we resolved the displacement vectors along the horizon-

tal (East–West, Vh) and vertical (Up-Down, Vv) directions (Notti

et al., 2014; Raspini et al., 2017; Tofani et al., 2013) (Figure 4). By

combining ascending and descending InSAR data, we extract the verti-

cal and east–west (E-W) displacement components. These directions

offer the most retrievable information due to the reduced sensitivity

of SAR sensors in the north–south (N-S) direction, intrinsic in the

side-looking perspective of the satellite. Decomposition along other

directions, such as southeast-northwest (SE-NW), which aligns with

the predominant movement of most landslide sectors, would result in

further underestimation of the decomposed velocities. Consequently,

this would introduce limitations in the interpretation of landslide

behaviour. To perform the vectorial decomposition, two distinct layers

F I GU R E 3 Satellite image of the DeBeque canyon landslide (Bing satellite basemap, available on QGIS 3.22) with an overlay of the geological
cross-section (panel a). Panel b illustrates the AA’ geological cross-section of the western part of the landslide (modified after White et al., 2003).

6 ZOCCHI ET AL.
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for both geometries and their respective orbit parameters

(i.e., heading and incidence angles) are needed as input data. The PS

are then spatially joined based on the geometric distance between

neighbours and resampled into synthetic points distributed on a regu-

lar grid. Considering the ground resolution of Sentinel-1 data, we set

the cell size equal to 15 m to avoid misrepresenting the effective vec-

tor motion and to avoid incorporating the contribution of PS too dis-

tant from each other. The final multi-look combination output

consists of two separate layers of synthetic points regularly distrib-

uted over the study area, representing the derived Vh and Vv

components.

Moreover, for each synthetic PS, we obtained the bidimensional

vector Vt (Figure 4a), resulting from the combination of the

decomposed velocity in the up-down and east–west directions

according to the following formula:

Vt¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vh2þVv2

q
ð2Þ

Its respective angle τ, was also derived as:

τ¼ cos�1 Vh=Vtð Þ ð3Þ

and it represents the detected displacement gradient of the investi-

gated phenomenon. Relating τ to the local slope as a difference (τ-σ,

Figure 4b), we extrapolated the local Δ gradient, which indicates the

landslide’s displacement direction with respect to the slope

(Figure 4c): negative values describe a displacement “out” of the slope

(bulging), while positive values indicate a movement “into” the slope

(subsidence). When Δ approximates to 0 (τ = slope), the landslide

displacement occurs along the slope (translative movement)

(Figure 4c). The progressive shift from translational to rotational

dynamics can be evaluated by analysing the statistical distribution of

the Δ gradient on the different zones (Crippa et al., 2021). Further-

more, the differential DCL system kinematics were examined by

projecting the vector Vt along profiles that intersected the most sig-

nificant geomorphological elements.

The PS displacement time series has been utilized to assess the

style of activity of the landslide and gain insights into the process of

temporal evolution considering its response to potential triggering

and preparatory factors (i.e., precipitations and temperature

variations).

For this purpose, time series displacement for the 2014–2018

period was examined using the Bayesian Estimator of Abrupt change,

Seasonality and Trend (BEAST) analysis package (Zhao et al., 2019).

We opted to use it because it exploits the scheme known as Bayesian

model averaging (BMA), a category of multi-model techniques broadly

called ensemble learning. Indeed, inconsistent or contradicting insights

gained from different models are a common problem of the single-

best-model paradigm. Unlike conventional criterion-based methods

that choose only a single best model, the Bayesian ensemble algorith-

mic paradigm can embrace all candidate models, evaluate how proba-

ble each of them is to be a true model and synthesize the many

models into an average model. According to the BEAST time series

decomposition, a time series D = {ti, yi}i = 1,….,n is composed of three

components—seasonality S, trend T and noise ϵ - where y is the dis-

placement, t is the time from the observed data at n points of time,

that can be formulated as follows:

yi ¼ S ti;Θsð ÞþT ti;ΘTð Þþ ϵi ð4Þ

F I GU R E 4 Schematic representation of the decomposed radar signal starting from the two LOS velocities (blue arrows) along the ascending
and descending orbits. The vertical and horizontal components of the movement are represented in yellow and green, respectively, while the
resultant Vt vector is displayed in orange. Relating Vt inclination (τ) to the local slope (σ) as a difference, the local Δ gradient, indicating landslide
displacement direction, is retrieved (panel b). Negative values show “out” of slope movement (bulging), positive values show “into” slope
movement (subsidence) and Δ ≈ 0 indicates displacement parallel to the slope (translative movement) (panel c).
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where abrupt changes (i.e., changepoints, cp) are implicitly encoded in

the parameters Θs and ΘT of the seasonal and trend signals. Then, a

general linear model to parameterize S(�) and T(�) is adopted (Jiang

et al., 2010; Verbesselt et al., 2010). In such formulation, the noise ε is

assumed to be Gaussian with a magnitude of σ, capturing the remain-

der in the data not explained by the seasonal S(�) and trend T(�) signals.
We focused on the BEAST output estimates of the trend’s abrupt

changes and their associated probabilities of occurrence, which were

assumed to be representative of authentic variations in the temporal

displacement series. In our analysis, the output consisted of a set of

variables related to changepoints and their corresponding probabilities

of representing authentic variations in the temporal displacement

pattern.

The landslide motion retrieved from the vector Vt was analysed

alongside liquid precipitation and temperature data recorded by the

Palisade station (Colorado Climate Center, n.d.) located in the

homonymous city (Figure 1). This station was selected as the nearest

and most complete source for comparing displacement with local cli-

matic conditions. However, only liquid precipitation data was used, as

the snow data for the study area, also available from the Palisade sta-

tion, was significantly incomplete and fragmented, preventing its use

as a reliable variable for the analysis.

The comparison of meteo-climatic and displacement datasets was

conducted on two different timescales for each internal sector of the

landslide and eventually to highlight differing geomechanical

responses to the same predisposing and triggering factors. First, the

meteorological and PS recorded movements were aggregated on

weekly timesteps to assess subtle variations in the limited temporal

interval covered by the interferometric analysis. Moreover, the cli-

matic control on the rock mass was also evaluated extending the

investigated period, spanning several decades and available for

the Grand Junction weather station (Figure 1) (Zepner et al., 2020).

We thus considered the averaged rainfall and temperature values over

the past 30 years to address the influence of the climate’s long-period

impact and identify potential changing trends.

3 | RESULTS

The present section describes the results obtained after the visual ter-

rain analysis targeted to map the landslide’s features (Section 3.1).

Outcomes derived from the spatial and temporal PS-InSAR post-

processing are examined in Section 3.2.

3.1 | Geomorphological mapping

Building upon the sector division proposed by White et al. (2003), we

refined the landslide characterization through visual interpretation of

optical images and high-resolution DTM. This approach was fundamen-

tal in identifying additional morphotypes specific to each landslide sec-

tor, enhancing the pre-existing interpretation. Figure 5 depicts a few

examples of the mapped features, from a general overview of the

entire system (Figure 5a) to specific portions of the Rubble Zone

(Figure 5b), West Disturbed Block (Figure 5c) and Upper Block fissures

and trenches (Figure 5d). As reported in Figure 6, we defined the actual

delimitation of each internal sector, modifying the overall extent of the

landslide body already mapped by previous authors. One of the most

significant changes includes the precise delimitation of the Upper Block

zone of influence, whose western border had so far been under-

estimated or drawn as an uncertain limit (Weidner & Walton, 2020;

White et al., 2003). Furthermore, the surficial geomorphological evi-

dence of the disruption was also corroborated by the satellite SAR

measurements, which captured movements in an area previously over-

looked. This interpretation enabled the expansion of the Upper Block

area (Figure 6), influenced by an ongoing and persistent deformation.

Right above the landslide crown, two shaded linear features were also

recognized from DTM and defined as a retrogressive scarp and a frac-

ture. Their positioning reveals the active displacement of this part of

the slope, where PS are scarce or cannot register any movements and

corresponds to the retrogressive evolution of the slope instability.

3.2 | InSAR analysis

Figure 7 presents the mean C-factor values for each internal sector of

the DCL system, quantifying the percentage of true ground displace-

ment measurable along the satellite’s LOS. The obtained C values dif-

fer depending on the acquisition orbital geometry and are lower in

ascending geometry than in descending one. The C-factor values, pre-

dominantly exceeding 60%, indicate that a significant portion of the

true ground displacement is measurable by the satellite.

Figure 8a and b illustrates how PS-derived ground motion data

helped in refining the geomorphological interpretation of the landslide

system’s internal sectors. The analysis revealed that a significant por-

tion of the slope is involved in the progressive deformation of the

rock mass and that this actively deforming area is broader compared

to what previous literature reported.

The ascending geometry shows significantly lower velocity ranges

compared to the descending geometry. The Rubble Zone primarily

exhibits negative displacement values (indicating movement towards

the satellite LOS in a northwestward direction), ranging between �5

and �7.5 mm/y. Velocities up to 10 mm/y are observed at the bottom

of the Active cliff face of the DCL. These negative values abruptly

shift to positive (+5 mm/y) at the Main Rotational scarp. A similar

trend is recorded along the Upper Block’s body, though the vegetation

presence reduces the PS density. Moreover, considering the lower

values of the C factor in the ascending geometry, the LOS velocity

information measured in the descending geometry was considered

more reliable for accurately estimating the actual extent of the def-

orming area. In fact, the descending orbit not only is characterized by

a larger PS number but also captures a broader range of displacement

rates, exceeding 25 mm/y, compared to the ascending one. Displace-

ment values range from �10 to �15 mm/y and are predominantly

observed in the central portion of the Rubble Zone and the top of the

Upper Block. Clusters of �15 to �25 mm/y characterize the eastern

part of the Main Rotational Zone and the Rubble Zone. This heavily

deforming core gradually fades towards lower displacement values

through the Main and East Rotational bodies, as well as at the Upper

Block’s foot.

8 ZOCCHI ET AL.
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The PS time series, representative of the landslide central sector’s

displacements and shown in Figure 8b and e, exhibits a trend without

clear evidence of sudden accelerations or abrupt changes in either

geometries.

The PS data was refined through post-processing to spatially dis-

tinguish the kinematics of different gravitational processes within the

landslide system.

The vectorial decomposition outcomes are illustrated in Figure 9a

and b. The Rubble Zone exhibits a strong vertical component

(<�12.5 mm/y) with minor eastward displacement rates (up to

�12.5 mm/y for some synthetic points). Similarly, the East and Main

Rotational Zones show greater vertical than horizontal deformation,

except for two clusters located both in the eastern and western

boundary of the Main Rotational Zone, where velocities exceed

�12 mm/y. The Upper Block is the only sector experiencing marked

horizontal displacements, while other sectors show both vertical and

horizontal displacements. By combining the decomposed multi-

geometry datasets, we obtained the bidimensional vector Vt and the

related Δ, expressing the connection between the landslide move-

ment and the local topography (Figure 9c). The Δ distribution changes

over the DCL, shifting from negative and null (�5� < Δ < 5�) values in

the Upper Block to predominantly positive values in the other sectors.

Most of the DCL body exhibits a strong downward movement, with

the Upper Block being the only sector displaying movements parallel

to the surface topography and, in its lower part, with a bulging compo-

nent of the vector Vt (Figure 9d). Moreover, examples of the Vt vector

time series for each of the landslide sectors are reported in Figure 10.

The frequency distribution analysis enabled a more precise

assessment of the multimodal LOS velocity distribution than previ-

ously estimated through visual analysis. Distinct PS clusters are identi-

fied for specific velocity intervals where the distribution shows

significant peaks, indicating marked segmentation of process kinemat-

ics. The ascending geometry’s frequency distribution is strongly

peaked around zero, with a slight asymmetry towards negative veloc-

ity values, where a modest peak is located at -7 mm/y (Figure 11a).

Conversely, the descending distribution shows a multimodal curve

(Figure 11b), including two peaks at approximately �4 and �18 mm/

y. We evaluated the Δ gradient distribution for the Rubble Zone,

Upper Block and Main and East Rotational zones (Figure 11c).

Figure 10c illustrates the four distinct distributions along with the

averaged DCL curve. All the frequency curves are centred between

20 and 40� except for the Upper Block, which peaks around zero.

This divergence implies that the Upper Block is the only sector

with plain translational movement, as its Δ values approximating zero

indicate more frequent motions along the slope inclination. Different

from what was reported in previous studies, along with the Main and

East Rotational Zones, the Rubble Zone itself displays an evident rota-

tional kinematic component. To discriminate the predominant failure

mechanism among the full spectrum of translational to rotational kine-

matics, we exploited the median and skewness parameters as a mea-

sure of the Δ distributions’ diversity (Figure 11d). Negative values for

both parameters isolate the Upper Block in the translational domain,

while purely rotational phenomena occupy the first quadrant of the

diagram. Instead, the Rubble Zone and DCL, despite falling within

F I GU R E 5 Oblique view of the DCL (panel a, image taken from GoogleEarth) and details of its surficial deposit and geomorphological
features in correspondence with the rubble zone (b), west disturbed block (c) and upper block scarp (d). The latter three panels were modified
after White, (2014).
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F I GU R E 7 Maps showing C-factor computed for the ascending (left panels) and descending (right panels) geometries. Panels a and b show
the C-factor map calculated for the entire extent of the DCL. Each landslide’s sector is also coloured based on the C-factor mean (panels c and d)
for the respective area.

F I GU R E 6 Geomorphological map of the DCL showing the revised delineation of the upper block (UB), west disturbed block (WD), Main
rotational zone (MR), east rotational zone (ER) and rubble zone (RZ). The four sections shown here were used as exemplary topographic profiles
for different landslide sectors to project Vt (see Section 3.2). Geodetic coordinate system (EPSG: 4326).
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the rotational domain, share high median values (>20�) and asymmet-

ric curves (negative skewness).

We further examined the displacement bidimensional vector Vt

for each landslide sector to visualize the differential kinematics

throughout the whole landslide system. The inclination and absolute

value of Vt were projected considering four 30 m-wide swath profiles

crossing each landslide zone (Figure 12).

The Upper Block’s synthetic PSs (Figure 12a) predominantly

record along-slope movement, confirming translative displacement.

The profile of Figure 12b, spanning the Upper Block to the West Dis-

turbed Block, exhibits a bimodal Vt gradient trend, with a sharp shift

at around 150 m. The upper portion preserves an along-slope

(or slightly inward) orientation, typical of the Upper Block dynamics,

while the lower half shows inward-dipping vectors (positive Δ). Main

(Figure 12c) and East Rotational Zones (Figure 12d) display positive Δ

values, strongly dipping inward in upper and central slopes, gradually

decreasing at the foot where Vt becomes almost parallel to the slope.

Figure 13 shows the temporal characterization of the landslide system

deformational pattern. Specifically, a-d plots refer to different

system sectors and display abrupt changes (>90% probability of

occurrence) and relative counting on a weekly and monthly basis for

the analysed time interval (2015–2018). Clustering of such abrupt

changes reveals similar-timed acceleration trends for most of the time

series.

Main Rotational, East Rotational and Rubble Zones show similar

trends, with displacement rate changes during December–February of

2016, 2017 and 2019, and to a lesser extent in 2015. These periods

coincide with 30-year average temperatures between +4�C and

�2�C, showing no clear correspondence with positive temperature

anomalies of 2015, 2017 and 2018.

Conversely, the Upper Block uniquely shows abrupt changes at

the end of winter (February–March) of the same years except for

2019. During these time frames, the average temperature over

30 years fluctuates between +2�C and �2�C.

F I GU R E 8 Panels a) and d) represent the PS distribution over the DCL extension for the ascending and descending geometries. Panels b) and
e) report the representative time series, while panels c) and f) show the topographic cross sections along which the PS are projected. Geodetic
coordinate system (EPSG: 4326).
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In addition, other occasional variations within the trend were

recorded in correspondence with exceptionally rainy months. All sec-

tors, especially the Upper Block, showed displacement during April–

June 2015 and 2016 rainfall anomalies. Similarly, during the June–July

2017 period, significant acceleration is noticed even without monthly

precipitation anomalies as those recorded in 2015 and 2016.

F I GU R E 9 PS-InSAR velocity decomposition. a) Visualization of the decomposed velocity along the vertical direction (colours towards red
shades represent subsiding movement); b) visualization of the decomposed velocity along the horizontal direction (colours towards red shades
represent movement to the east, light blue to west); c) representation of vector Vt, where 4 PS are outlined in blue, as their respective time series
are shown in Figure 10; d) representation of Δ.

F I GU R E 1 0 Time series of the displacement vector Vt for the landslide system sectors (the locations of the respective PS are shown in
Figure 9): a) Main rotational zone; b) east rotational zone; c) rubble zone; d) upper block.
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F I GU R E 1 1 Results from the spatial post-processing analysis for the differential kinematic characterization of the DCL are shown in this
picture. Panels a) and b) display the distribution of the ascending and descending LOS velocity for the whole DCL area. Panel c) Δ distribution;
panel d) landslide sectors’ classification based on Δ skewness and median parameters (boundaries separating translational and rotational zones
based on Crippa et al., 2021).

F I GU R E 1 2 Projection of the synthetic PS along 4 different swath topographic profiles displayed in Figure 6 and intersecting: a) the upper
block; b) the upper block and west disturbed block; c) the Main rotational zone; and d) the east rotational zone. For each synthetic point, its bi-
dimensional vector Vt and Δ values are respectively displayed by an arrow (whose length is proportional to Vt modulus) and categorized with
respect to negative (<�4�), positive (>4�) and circa null Δ values (�4� < Δ < 4�).
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Moreover, the Upper Block displayed abrupt changes during the

October–November period of 2015 and 2018. October 2018 saw

the most intense rainfalls (and, consequently, the highest recorded

anomaly), followed by May 2015 and May 2016. For each of these

periods, the Upper Block exhibits significant displacements, less pro-

nounced in the other sectors.

4 | DISCUSSION

Through post-processing of the InSAR information, we identified the

variability in displacement patterns characterizing different sectors of

the landslide system, highlighting their intrinsic spatial heterogeneity

and asynchronous responses over time to both impulsive and

F I GU R E 1 3 Trend change detection results for the four different sectors of the landslide system (panels a-d). For each time series, abrupt
changes exceeding a 90% probability of occurrence threshold are displayed as black circles, while abrupt change counts are represented on a
weekly (black bars) and monthly basis (coloured bars). Daily precipitation and temperature values are shown as weekly and monthly aggregate or
average, respectively, in panel e) and panel f), along with their respective 30-year trends and related anomalies (blue and red bars).
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prolonged external stresses. Our remote sensing approach proves

valuable when field instrumentation data are unavailable or limited for

ground validation, as exemplified in the presented case study. How-

ever, when feasible, integrating remote sensing data with field obser-

vations and in-situ measurements provides a more comprehensive

understanding of landslide dynamics and improves the overall inter-

pretation reliability (Guzzetti et al. 2012; Refice et al., 2019).

The satellite multi-geometry combination allowed for an accurate

investigation of each cluster’s displacement component along the

actual movement direction rather than just the sensor’s LOS. In this

regard, we considered that the north–south displacement component

is not visible by the SAR technique. This overcomes the limitation of

one-dimensional LOS measurements, which do not accurately repre-

sent true landslide movement. Previous researchers (Aslan

et al., 2020; Bianchini et al., 2013; Herrera et al., 2013; Kalia, 2018;

Notti et al., 2014) attempted to address this by relating landslide dis-

placement to local slope morphology, transforming velocity measure-

ments from LOS to maximum slope direction (Vslope). While valuable

for certain scenarios, this approach is primarily effective for character-

izing purely translational kinematics and lacks generalizability to more

complex movement patterns. Conversely, our approach of converting

measurements into a bidimensional displacement vector Vt proved

more suitable for characterizing complex movement patterns, demon-

strating broader applicability and enabling the characterization of

internal displacement heterogeneity from a remote sensing perspec-

tive. Moreover, to address potential limitations of SAR measurements,

particularly regarding the N-S component of landslide displacement,

we employed the C-factor analysis. Our findings suggest that, while

some minor underestimation in LOS velocity may occur, the overall

reliability of our InSAR analysis is robust, thus allowing us to proceed

with post-processing analyses.

We effectively show how different dips of the displacement vec-

tor relative to slope gradient reflect the shift from translational

(i.e., the Upper Block) to rotational slides (i.e., Main and East Rota-

tional Zone). The Upper Block, the only example of a translational

landslide within this system, shows Vt vectors with a marked displace-

ment component parallel to the slope, except for the rock wedge in its

upper portion, bounded by a trench and fractures. This peculiar

behaviour is visible even along the B-B0 profile (Figure 12b): from an

almost parallel (or at least slightly inclined) motion along the slope, the

deformation direction shifts to dipping inward the slope when

reaching the West Disturbed Block, where the displacement has a

considerable vertical component (Figure 12b).

Moreover, our data suggests a different interpretation of the

Rubble Zone kinematics compared to previous studies (White, 2005;

Weidner & Walton, 2020). While authors indicate a translational

movement along a 30 m deep shear zone parallel to the slope, surface

displacements exhibit a marked subsiding component, discernible

through the Vt projection along the cross-sections (C-C0 and D-D0).

The Rubble Zone’s vectors are strongly oriented inside the slope

rather than parallel to it, maintaining an orientation very similar to

those located within the Main and East Rotational landslides,

characterized exclusively by a rotational kinematic component. For

such sectors, the vectors gradually become less inclined due to the

bulging effect towards the foot of the landslides.

Furthermore, we delved into the temporal aspect of the Vt vector

by comparing displacement time series with meteorological and

climatic factors. There seems to be a notable correlation between the

temperatures during the coldest months (December–March) and

the displacements, particularly in the Main, East and Rubble Zones.

Conversely, the deformation response in the Upper Block aligns more

closely with precipitation anomalies. This distinctive system response

can be interpreted as a consequence of varying deformative evolu-

tionary stages: the Main, East and Rubble Zones exhibit advanced

evolution, while the Upper Block is still experiencing ongoing defor-

mation. Specifically, rock mass fracturing, more pronounced in

advanced evolutionary stages, plays a significant role during thermal

expansion-contraction cycles that induce both the growth of pre-

existing cracks and the genesis of new ones (Grechi et al., 2021;

Scaringi & Loche, 2022). To substantiate this hypothesis, a more com-

prehensive study of the system’s underground dynamics is essential.

Nevertheless, the conducted temporal analysis allowed us to

draw some inferences about the activity style of the landslide system.

Generally, we observed that the system shows accelerating trends pri-

marily during winter periods. The impact of multiple cyclic actions

related to thermal stress is known to have a significant effect on rock

masses, especially over long periods (Grechi et al., 2021; Marmoni

et al., 2020). The superimposition of freeze–thaw cycles on the rock

mass facilitates the weakening of the rock, degrading the mass and

acting on existing fractures (propagating and widening them) or gener-

ating new ones (Morcioni et al., 2022; Scaringi & Loche, 2022). This

thermo-mechanical action was detected through Bayesian analysis of

the PS time series. The effect may be further exacerbated by rapid ice

melting within fissures, a result of anomalous temperatures recorded

during winter periods in the investigated timeframe.

Regarding the relationship between precipitation and acceleration

in deformations, the period that shows the strongest correlation is the

rainy interval from April to June 2015. In this case, it was the pro-

longed rainfalls during this period that led to accelerations across all

sectors of the DCL, rather than more limited exceptional events like

those in 2016 and 2018. This aligns with observations that landslides

with very deep sliding surfaces are mostly triggered by prolonged,

low-intensity rainfalls (Prokešová et al., 2013; Wang et al., 2020).

Moreover, considering the lithological setting of the DeBeque Can-

yon, where clayey and arenaceous flysch deposits are exposed, abrupt

spatial variations in hydraulic conductivity led by short-range changes

in material properties are likely to occur. Such a system, responding to

long-term hydraulic (and thermic) fluctuations, is affected by slow but

consistent alterations in material strength over long-term periods. This

aligns with the high annual temperature ranges recorded in the area

(Figure 1), indicating that thermal variations play a significant role in

the system’s long-term evolution. This can also have a significant

influence on landslide dynamics, as changes in pore water pressure

can potentially lead to heterogeneous kinematic responses of the dif-

ferent sectors (Picarelli et al., 2022; Scaringi & Loche, 2022). The anal-

ysis would have also benefited from including solid precipitation data

alongside liquid precipitation records. Unfortunately, this comprehen-

sive analysis was not feasible due to limitations in the available data,

as the meteorological station in Palisade provided only a partial record

of snow precipitation, which was insufficient for a robust comparison

with other datasets.

It is worth noting that the Upper Block is the sector with the

fewest PS. This is not likely to affect the spatial analysis, as both

the upper and lower parts of the sector are covered by measurement
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points. However, the relative PS time series might not be sufficient to

ensure that this sector’s temporal displacement pattern is clearly dif-

ferent from the others. The different acceleration stages recorded for

the Upper Block might result from significant outliers or localized

responses to external forcings, not adequately filtered due to the lack

of a more robust statistical analysis possible with more PS.

5 | CONCLUSIONS

The presented results highlight the efficacy and flexibility of our

methodological approach. It can be applied at different scales, from

local phenomena to regional inventories, without incurring additional

costs or requiring time-consuming field surveys or long-term in-situ

monitoring campaigns. Assessing the internal segmentation that

slow-moving landslide systems experience under persistent stress and

differential deformation can lead to the identification of potential col-

lapse scenarios of one or more sectors that are part of this system. In

addition, understanding the impact of conditioning factors on each

sector of the main landslide is valuable for evaluating the heteroge-

neous displacement pattern from a temporal perspective. Both assess-

ments represent a critical point in the design of mitigation measures

when considering the potential asynchronous reactivation of different

portions of the landslide and, therefore, carefully planning solutions to

be adapted to individual dynamic and temporal evolution. The combi-

nation of high-resolution topographic information and satellite data

allowed us to precisely update and delimit the actual deformational

extent of the entire landslide, so far partially underestimated. We

presented a reproducible method that can be used in combination

with in-situ measurements or as a self-stand method for the assess-

ment of the heterogeneous spatio-temporal displacement pattern of

landslide systems. Our findings demonstrate how interferometric data

can discriminate between the different processes involved in the pro-

gressive destabilization of the DCL, characterized by dynamic disrup-

tions with differential movements and seasonal acceleration timing.

Specifically, we achieved precise identification of different kinematics

characterizing the landslide system was accomplished through SAR-

derived 2D displacement components, obtained by exploiting the sat-

ellite multi-look acquisition mode. Statistical variables associated with

the 2D vector were analysed to distinguish rotational or translational

components of the landslide movement solely using surface displace-

ment measures. Furthermore, the 2D vector time series were

decomposed through a Bayesian model and correlated with meteo-

climatic factors (i.e., precipitation and temperature) to identify

changes in the deformational trend of each sector. Main acceleration

stages were found for the Rubble Zone, Main and East Rotational

Zones mainly during winter periods, while the Upper Block accelera-

tion stages seem more correlated to precipitation anomalies.

Finally, a more detailed understanding of the spatial and temporal

dynamics of landslide systems lays the foundation for more accurate

multi-hazard scenario studies.
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