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ABSTRACT
Landslides are destructive geohazards to people and infrastructure, resulting in hundreds of 
deaths and billions of dollars of damage every year. Therefore, mapping the rate of deforma-
tion of such geohazards and understanding their mechanics is of paramount importance to 
mitigate the resulting impacts and properly manage the associated risks. In this paper, the 
main outcomes relevant to the joint European Space Agency (ESA) and the Chinese Ministry of 
Science and Technology (MOST) Dragon-5 initiative cooperation project ID 59,339 “Earth 
observation for seismic hazard assessment and landslide early warning system” are reported. 
The primary goals of the project are to further develop advanced SAR/InSAR and optical 
techniques to investigate seismic hazards and risks, detect potential landslides in wide regions, 
and demonstrate EO-based landslide early warning system over selected landslides. This work 
only focuses on the landslide hazard content of the project, and thus, in order to achieve these 
objectives, the following tasks were developed up to now: a) a procedure for phase unwrap-
ping errors and tropospheric delay correction; b) an improvement of a cross-platform SAR 
offset tracking method for the retrieval of long-term ground displacements; c) the application 
of polarimetric SAR interferometry (PolInSAR) to increase the number and quality of monitoring 
points in landslide-prone areas; d) the semiautomatic mapping and preliminary classification of 
active displacement areas on wide regions; e) the modeling and identification of landslides in 
order to identify triggering factors or predict future displacements; and f) the application of an 
InSAR-based landslide early warning system on a selected site. The achieved results, which 
mainly focus on specific sensitive regions, provide essential assets for planning present and 
future scientific activities devoted to identifying, mapping, characterizing, monitoring and 
predicting landslides, as well as for the implementation of early warning systems.
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1. Introduction

Landslides are destructive geohazards to people and 
infrastructure, resulting in hundreds of deaths and 
billions of dollars of damage every year (Highland 
and Bobrowsky 2008). In Italy alone over 480,000 
landslides were recorded between 1999 and 2010 
(Solari et al. 2020), and this number has now exceeded 
620,000 landslides (Confuorto et al. 2023; Iadanza 
et al. 2021), representing the second largest cause of 
loss of life and damage to buildings, infrastructure, 
and cultural heritage, due to natural physical processes 
after earthquakes in that country. In the United States, 
it is estimated that landslides cause more than 
1000 million dollars in damage each year and about 
25 to 50 fatalities (USGS 2022). More recently, the 

Centre for Research on the Epidemiology of 
Disasters (CRED) published its 2021 annual report 
indicating that 474 people died in 2021 in the world 
due to landslides, causing economic losses worth 
500 million dollars (CRED 2022).

Large areas of mountain landscapes worldwide are 
broadly susceptible to landslides, which often occur 
suddenly, prompting rapid and destructive runout 
downslope. Landslides are also a major secondary 
hazard in most continental earthquakes, including 
the 1999 Chi-Chi (Lin et al. 2007), 2005 Kashmir 
(Owen et al. 2008), 2008 Wenchuan (Yin, Wang, and 
Sun 2009), and 2015 Gorkha (Lacroix 2016) events. 
Their consequences can be devastating; over 32,000 
deaths from the more than 200,000 deaths in the 1920 
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Haiyuan earthquake may have been caused by land-
slides (Xu et al. 2021).

Landslides also extend far from areas affected by 
surface rupture and have deleterious long-term effects 
on the landscape, leading to widespread aggradation 
and flooding, and causing increased sediment loads 
that are likely to persist for decades (Koi et al. 2008). 
Recent catastrophic landslides have demonstrated the 
importance of understanding this hazard and of devel-
oping early-warning systems. Therefore, the early 
detection of landslides, the automatic mapping and 
monitoring of the rate of deformation of such geoha-
zards, and understanding their mechanics and causa-
tive factors are of paramount importance to mitigate 
the resulting impacts and properly manage the asso-
ciated risks.

Furthermore, developing and validating technology 
for direct monitoring of landslide hazards meets the 
Sentinel-1 mission objective of geological mapping 
(Geudtner et al. 2014; Torres, Snoeij, Geudtner, et al.  
2012; Torres, Snoeij, Davidson, et al. 2012). The cap-
ability of Interferometric SAR (InSAR) to identify, 
map and monitor landslides over wide areas has 
been demonstrated over the past 30 years. In 
April 2014, Sentinel-1A was launched, and has been 
collecting data routinely over more than 5 years. 
Sentinel-1B was launched in 2016. Moreover, in 
2018, the Spanish X-band satellite PAZ (“peace” in 
Spanish) was launched, increasing the number of 
operative satellites which could be used for monitor-
ing landslides.

Therefore, earth observation techniques, and in parti-
cular InSAR, have become a unique technology which 
has revolutionized our capability to measure ground sur-
face displacements globally and with extraordinary reso-
lution for a large number of applications and uses in the 
field of geohazards (Biggs and Wright 2020; Tomás and 
Li 2017), and more specifically in the field of landslides 
(Jia et al. 2022; Tzouvaras, Danezis, and Hadjimitsis  
2020b; Yao, Yao, and Liu 2022; Zhao and Lu 2018). 
Some papers highlight the usefulness of InSAR technol-
ogies for the study of landslides (e.g. Colesanti and 
Wasowski 2006; Mondini et al. 2021; Solari et al. 2020).

To analyze the trends, patterns, and major mile-
stones in the field of InSAR techniques for monitoring 
landslides over time, we conducted a bibliometric 
study using the Web of Science (WoS) website. By 
presenting the trends and patterns found in publica-
tions related to landslides and InSAR, we highlight the 
importance and current relevance of our research, 
thereby enhancing its impact. Additionally, the inclu-
sion of the bibliometric analysis serves the purpose of 
offering a contextual backdrop for our study. It 
enables readers to comprehend the research evolution 
in this domain and acknowledge the advancements 
achieved over time. To achieve this analysis, some 
specific data collection criteria were defined to obtain 

a more accurate information retrieval. The terms 
related to the earth observation technique (i.e. 
“InSAR” or “DInSAR” or “PSInSAR” or “PS-InSAR” 
or “SAR interferometry” or “persistent scatterers”) 
and the geological process to be measured (i.e. “land-
slide*” or “landslip*” or “mass movement*”) were 
used to search for specific papers of interest. These 
two groups of terms were combined by means of the 
Boolean operator “AND” in order to get all the con-
tributions related to the measured process and the 
measuring technique. It should be noted that the 
asterisk (*) includes any group of characters and 
even no characters (e.g. landslide* includes landslide 
and landslides) and quotation marks (“) search for 
exact phrases for compound terms (e.g. persistent 
scatterers).

Figure 1 shows the total number of results as well as 
the results restricted to the “Remote sensing” and 
“Geotechnical engineering” meso-level citation topics 
from 1995 to 2022. As can be seen in the figure, the 
first papers showing the application of InSAR to study 
landslides were published in 1995 (Fruneau, Achache, 
and Delacourt 1996), 2 years after the first practical 
demonstration of InSAR to measure the surface defor-
mations caused by the Landers earthquake in 
California in 1992 (Massonnet et al. 1993). Since 
then, there has been a progressive increase in yearly 
publications about InSAR and landslides (including all 
the equivalent terms described above), partially moti-
vated by important milestones in the field of InSAR, as 
the development of persistent scatterer interferometry 
(Ferretti, Prati, and Rocca 2000) or the recent launch 
of Sentinel satellites, among others (Figure 1).

The analyzed datasets provide a very good fit to 
a power model with a high coefficient of determina-
tion (0.903 and 0.910 for “Remote sensing” and 
“Geotechnical engineering” meso-level citation topics, 
respectively) in agreement with the conclusions 
achieved by Gupta and Karisiddappa (2000) for 
a different scientific literature. This growth is more 
than double in the field of “Remote sensing” than 
“Geotechnical engineering”. It should be noted that 
most of the contributions published in the field of 
“Remote sensing” are mostly focused on topics related 
to improvements in the processing for landslide detec-
tion and monitoring. In contrast, the papers published 
in the field of “Geotechnical engineering” are more 
focused on the geotechnical process, using InSAR as 
a tool for the study of landslides.

Consequently, based on this simple bibliometric 
analysis we can conclude that: a) although InSAR 
was born last century, it is still a growing topical 
issue which enables a wide variety of applications for 
the study of landslides and shows a great deal of 
maturity in this field (i.e. almost 30 years); (b) the 
capability of InSAR to study landslides has been 
demonstrated, and, as a consequence, InSAR has 
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become consolidated on the field of geotechnics as 
a tool for the study of landslides; and (c) according 
to the trend observed in the field of “Geotechnical 
engineering”, an increase in the number of practical 
applications of InSAR for the study of landslides is 
expected in the upcoming years. Undoubtedly, all 
these aspects highlight the relevance of the topic 
addressed in this article and the importance of con-
tinuing to advance in the application of InSAR tech-
niques in the field of landslides.

This paper presents the midterm results achieved 
within the framework of the joint European Space 
Agency (ESA) and the Chinese Ministry of Science 
and Technology (MOST) Dragon-5 initiative coopera-
tion project titled “Earth observation for seismic 
hazard assessment and landslide early warning sys-
tem” (reference Dragon 5 ID 59,339). More details 
about the project can be found on the Dragon 5 
Cooperation Programme webpage (https://dragon5. 
esa.int/projects/earth-observation-for-seismic-hazard 
-assessment-and-landslide-early-warning-system/).

The study focuses on five landslide-prone study 
areas located in China (Deqin county, Wudongde 
reservoir, and Jinsha River) and Spain (Alcoy, and La 
Unión). SAR interferometry techniques were utilized 
within the Dragon 5 project (ID 59,339), as shown in 
Figure 1, to investigate and analyze these areas. It is 
crucial to note that all of these study areas share 
a common characteristic: they exhibit a high suscept-
ibility to landslides, posing a potential threat to infra-
structure and human safety due to their destructive 
nature.

To advance the investigation of landslides using 
space-borne SAR interferometry, this work highlights 

the importance of developing new processing proce-
dures to enhance InSAR accuracy. It also emphasizes 
the utilization of improved SAR offset tracking and 
Polarimetric SAR interferometry methods for moni-
toring purposes. Moreover, the proposal of automated 
procedures to map landslides in large-scale regional 
areas using InSAR datasets, the development of var-
ious InSAR-supported landslide modeling 
approaches, and the utilization of InSAR data for 
early landslide warning systems are considered essen-
tial components.

The obtained results bring significant advance-
ments concerning the exploitation of InSAR data for 
landslide identification, monitoring, and early warn-
ing, resulting in a deeper understanding of the trigger-
ing factors involved in the slope stability processes.

2. Description of the study area

Five areas, three in China (i.e. Deqin county, the 
Shadong landslide, and the Laojingbian landslide) 
and two in Spain (i.e. the mining area of La Unión, 
and the valley of Alcoy), have been subject of study 
during the first 2 years of this DRAGON project 
(Figure 2). All of them share a common characteristic: 
their high susceptibility to landslides and that they 
pose a major threat to infrastructure and human 
safety. In the following paragraphs, all these study 
zones are briefly described.

Alcoy is an important industrial city placed on 
a fluvial valley of the SE of Spain (Figure 2) prone to 
landslides Delgado et al. (2004). It belongs to the 
Prebetic Unit of the External Zone of the Betic cordil-
lera and develops on a Neogene-Quaternary basin 

Figure 1. Growth of the number of yearly publications (dots) in the database Web of Science (WoS) containing the terms “InSAR” 
and “landslide” (including all the equivalent terms described in the text) in the meso-level citation topics (a) “Remote sensing” and 
(b) “Geotechnical engineering” between 1995 and 2022. Note that the searches are restricted to (a) “Remote sensing”; and (b) 
Geology segments in the Web of Science. The dashed lines represent the best fit power function of the dots. Some key milestones 
in the field of InSAR have been plotted as vertical dotted lines.
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(Almela et al. 1975). Landslides mainly develop on 
Neogene marine marls (named Tap formation) that 
can reach up to 400 m thickness (IGME 1985a) in 
some points of the valley. The combination of a steep 
relief, poor geotechnical properties of the soil units, 
torrential rainfalls, and a moderate seismic activity 
make this area highly susceptible to landslides 
(Delgado et al. 2004, 2006; IGME 1985a).

Deqin County is placed in the southern border of 
the Tibetan Plateau (SW China) (Figure 2). Its geology 
is very complex due to the existing compressive tec-
tonics leading to important large faults and a steep 
relief with elevations varying from 1924 to 6740 m a.s. 
l. The study area presents a cold temperate mountain 
monsoon climate and a high seismicity, being rainfall 
and earthquakes, jointly with anthropogenic activities, 
the main triggering factors of landslides. Falls, slides 
and flows are widely distributed in Deqin County, 
affecting multiple infrastructure and urban areas.

The Shadong landslide is a giant translational slide 
according to Cruden and Varnes (1996), with an 
approximate extension of 5.33 km2, placed on the 
right bank of the Jinsha River, in Gongjue County, 
Tibet, China (Figure 2). As a result of the quick uplift 
of the Qinghai-Tibet Plateau, this area presents 
a strong orography with maximum heights of 4000 m 
a.s.l. and differences in elevation between 500 and 
2000 m (Li, Fan, and Cheng 2006; Wang et al. 2000). 
The Jinsha River, which runs the area, has created 
deep V-shaped valleys. The study zone presents 

a continental plateau monsoon, registering a mean 
accumulated rainfall of 480 mm, mainly concentrated 
during the summer, and an annual average tempera-
ture of 6.5 ◦C. These meteorological conditions exert 
a strong effect on rocks leading to a very strong weath-
ering. Tectonically, the area is affected by a series of 
NW-oriented active faults that present an important 
seismic activity (Chen et al. 2013). Therefore, geologi-
cal, climatic and topographic conditions, jointly with 
the seismic activity, the rainfall patterns and the action 
of the river, induce large-scale pull-type landslides 
such as Shadong landslide.

The Laojingbian landslide (Figure 2) has also been 
the subject of research in this project. This landslide is 
placed in the Wudongde reservoir area, located in the 
lower reaches of the Jinsha River in Yunnan Province 
(China). Regarding the area’s geology, it is placed on 
a tectonically active southeast edge of the Qinghai- 
Tibet Plateau, characterized by the existence of deep 
and narrow valleys and high reliefs (Wang et al. 2013; 
Zhao et al. 2018). This area presents a subtropical 
monsoon climate with annual accumulated precipita-
tions up to 800 mm, mainly concentrated from June to 
October, and huge daily temperature variations that 
play an important role on the weathering of the rocks 
and soils that constitute the slopes (Zhao et al. 2018). 
The combination of heavy rainfalls and seismic activ-
ity jointly with the important weathering action makes 
this area very prone to landslides under natural con-
ditions. Moreover, the Wudongde reservoir 

Figure 2. Location of the study zones.
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management activities cause important periodic 
water-level changes in the river, strongly affecting 
the stability of the margins of the river (Wang et al.  
2013).

The mining area of La Unión is placed on the SE 
coast of Spain (Figure 2). It is a metal mining (Pb 
and Zn ore deposits) area located in the Internal 
Zones of the Betic Cordillera that was exploited 
from the Roman times up to 1991 (Herrera et al.  
2007). The abandoned open-pit mines and the tail-
ing dumps present a deficient stability exhibiting 
multiple large slope instabilities (López-Vinielles 
et al. 2021). These instabilities are mainly induced 
by intense rainfall periods that usually occur during 
the autumn. Additionally, the large waste dumps 
are under a gradual process of consolidation. 
Therefore, these processes pose a threat to the 
surrounding urban areas and constitute an impor-
tant obstacle for the economic and environmental 
recuperation of this mining area (Herrera et al.  
2007).

3. Materials and methods

Figure 3 provides a schematic summary of the 
various applications resulting from the project and 
the study areas in China and Spain where they have 
been implemented. As can be observed, this meth-
odological section and the subsequent results sec-
tion of the paper have been divided into six distinct 
subsections, each addressing different applications. 
This subdivision aims to enhance the readability of 
the paper. However, the Earth Observation (EO) 
data, auxiliary datasets, and field campaigns con-
ducted for each study area, along with their respec-
tive sources of information and the utilization of 
each dataset, are summarized in Table 1. It should 
also be noted that a validation process of InSAR 

datasets has been conducted for the five study cases 
(refer to supplementary material S1). Validation is 
crucial to evaluate the precision and dependability 
of the derived measurements. Through the compar-
ison of InSAR results with ground truth informa-
tion, such as ancillary inventories or geo- 
information, as well as independent in situ mea-
surements, like GNSS data or other monitoring 
data, the validation process ensures the complete-
ness, consistency, and accuracy of the InSAR data-
sets used in this work.

3.1. Procedure for phase-unwrapping errors and 
tropospheric delay correction

In the deformation monitoring of landslides in areas 
with complex geomorphological and environmental 
conditions (e.g. humid climate, dense vegetation and 
steep terrain), the InSAR interferograms are usually 
biased by wrong integer number of cycles (2π rad) 
added to the interferometric phase during the two- 
dimensional phase unwrapping, to which we refer 
simply to as unwrapping errors (Kovács et al. 2019; 
Tzouvaras, Danezis, and Hadjimitsis 2020a; Wasowski 
and Bovenga 2014). In the Dragon project, we have 
developed an approach that combines information 
from both the spatial and temporal domains to effi-
ciently correct the unwrapping errors in a network of 
interferograms. The method is composed of two pro-
cedures. We first correct the obvious phase unwrap-
ping errors in each interferogram using information 
from the spatial domain. For this purpose, the areas 
with obvious phase unwrapping errors in each inter-
ferogram are first determined, and then the corrected 
unwrapping phase is obtained by adding or subtract-
ing an integer number of phase cycle(s) (i.e. phase 
ambiguity) to pixels contaminated with unwrapping 
errors. In the temporal domain, we use the principle of 

Figure 3. Scheme depicting the contributions of this study and the test areas in which they have been implemented.
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the consistency of triplets of interferometric phases to 
correct phase unwrapping errors (Yunjun, Fattahi, 
and Amelung 2019).

Atmospheric delays within individual interfero-
grams can be in the range of tens of centimeters 
(Murray, Lohman, and Bekaert 2021), thus poten-
tially masking small-gradient ground displace-
ments. To address this issue, in the Dragon 
project, we proposed a block-based correction 
approach for atmospheric delays. It comprises 
four main steps: Principal Component Analysis 
(PCA) decomposition, masking of active displace-
ment areas, estimation and correction of atmo-
spheric delays, and estimation of corrected 
displacement rate and time series. First, the PCA 
is applied to separate the displacement signals and 
the atmospheric delays. Second, the active displace-
ment areas are determined using the decomposed 
results. Then, in order to avoid any estimation bias 
in the atmospheric delays caused by displacement 
signals, all the active displacement areas are 
masked out from the unwrapped interferograms. 
Next, the atmospheric delays are estimated based 
on the masked interferograms. This consists of two 
stages: we first divided the whole interferogram 
into several blocks considering the spatial variabil-
ity of tropospheric properties, and then the atmo-
spheric delays in each block are computed with 
a quadratic model. Finally, the accurate displace-
ment rate and time series are re-estimated using 
the corrected unwrapped interferogram stack.

3.2. Improvement of a cross-platform SAR offset 
tracking method for the retrieval of ground 
displacements

In order to estimate the long-term time-series displa-
cement of landslides over 10 years, we developed an 
improved cross-platform SAR offset-tracking method 
(Liu et al. 2020; Yin et al. 2022). The new approach 
enables the estimation of the two-dimensional offsets 
between SAR images not only from an identical plat-
form (e.g. ALOS-1 and ALOS-1) but also from cross 
platforms (e.g. ALOS-1 and ALOS-2).

First, for SAR images acquired from the same 
platform (i.e. ALOS-1 or ALOS-2), the reference 
images were determined based on considerations 
such as spatio-temporal baselines and Doppler cen-
tral frequency variations. To link the SAR images 
from cross platforms, the reference image from 
the second SAR platform is set arbitrarily as the 
final reference image.

Secondly, all the secondary images were ortho‐rec-
tified and co‐registered with respect to their corre-
sponding reference image. The principles and steps 
involved in SAR ortho-rectification and co- 

registration are described as follows (Li et al. 2014; 
Lu and Dzurisin 2010; Werner et al. 2000):

(i) Based on the SAR imaging geometry and the 
external DEM (please refer to Table 1 for the 
datasets used in this study), the initial trans-
formation relationship that maps the pixel 
locations in the primary image to their corre-
sponding positions in the secondary image is 
established.

(ii) The established transformation relationship is 
refined through the resampling of the refer-
ence SAR intensity image to match the geome-
try of the secondary intensity image. The 
obtained offsets between the two images are 
then estimated and utilized to enhance the 
initial transformation relationship.

(iii) The rectified SAR images are obtained by 
resampling all secondary SAR images to the 
frame of the primary images using the refined 
transformation relationship.

Finally, 2‐D deformation results of each offset pair 
were geocoded into the WGS 84 coordinate system 
and combined to invert 2‐D deformation rate and time 
series using singular value decomposition.

3.3. Polarimetric SAR interferometry (PolInSAR) 
monitoring of active displacement areas on wide 
regions

Sentinel-1 (S1) images include two polarimetric chan-
nels. Most works in monitoring displacements of the 
Earth's surface only use the VV channel. The VH 
channel is discarded for its lower amplitude. Thanks 
to the development of Polarimetric Persistent 
Scatterer Interferometry (PolPSI) methods, we are 
aimed to integrate multi-polarization channels into 
a single optimal (OPT) one. The obtained OPT chan-
nel can be used in practical applications including 
deformation monitoring.

To this aim, for each pixel in S1 images, a vector k is 
defined as: 

k ¼ SVV ; SVH� �T (1) 

where SVV is the vertical copolar channel, SVH is 
the crosspolar channel, T is the transpose operator. 
With complex weight vector ω, PolPSI methods 
can project each vector k into a new scalar μ 
(OPT channel) 

μ ¼ ω�Tk (2) 

in which � represents the conjugate operator. 
Searching for the optimum parameters in ω to mini-
mize the selection criterion DA, which is calculated for 
the whole stack of single look images. The detailed 
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definition of ω and searching method are introduced 
in Luo et al. (2022). 

DA ¼
σa

�a
¼

1
ω�Tkj j

ffiffiffiffiffiffiffiffiffiffiffiffi
N � 1
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XN

i¼1
ω�Tkij j � ω�Tk

�
�
�

�
�
�

� �2

v
u
u
t

(3) 

where σa and �a are the standard deviation and the 
mean value of the image amplitude, respectively. 
Overline represents the empirical mean value. N is 
the number of images in the time series. Points with 
DA lower than an established threshold (0.25) will be 
selected as Persistent Scatterer Candidates (PSC).

In this study, we employed the PSI processing 
method Coherent Pixel Technique (CPT) for getting 
deformation result over these PSC. A total of 186 
Sentinel-1 ascending images obtained between 
January 2017 and January 2021 were processed. 
Subsequently, a total of 4348 interferograms were 
obtained using two sets of thresholds for spatial and 
temporal baselines. The first set includes interfero-
grams with a short temporal baseline (less than 40  
days) and long perpendicular baseline (up to 400 m). 
The second set includes interferograms with a long 
temporal baseline (up to 365 days) and short perpen-
dicular baseline (less than 50 m). These two sets pro-
vide sufficient sensitivity to DEM error and 
deformation rate, respectively, while avoiding exces-
sive decorrelation. However, it should be noted that 
the proposed methodology is not reliant on the thresh-
olds used to select the interferograms, as it is entirely 
general. Consequently, comparable deformation 
results could be obtained with alternative sets of inter-
ferograms. Following the steps of CPT, the selected 
PSCs are linked by a Delaunay triangulation. The 
phase increment between two neighboring PSCs at 
one interferogram is expressed as a function of the 
increments of linear velocity Δvlinear and DEM 
error Δε.

More details about this methodology can be con-
sulted in Luo et al. (2022).

3.4. Semiautomatic mapping of active landsliding 
areas on wide regions

The spatiotemporal delineation of potential landslide 
occurrences and their magnitude are important for 
landslide adaptation and mitigation strategies 
(Knevels et al. 2020). An Active Deformation Area 
(ADA) finder tool, called ADA finder, was developed 
by Tomás et al. (2019) and Navarro et al. (2018, 2019). 
This tool utilizes the methodology proposed by Barra 
et al. (2017) to automatically identify and map ADAs, 
i.e. groups of persistent scatterers which exhibit dis-
placements, from large InSAR datasets. In brief, the 
methodology selects as candidates those points that 

exhibit a velocity higher than a user-defined threshold 
usually set as twice the standard deviation of the mean 
velocity (σ). Then, the active points are grouped into 
the same ADA when their respective distances are 
shorter than the clustering radio, usually defined as 
the double of the spatial resolution.

In this Dragon project, the code has been slightly 
modified in Matlab software in order to increase the 
efficiency of the processing in wide areas in which 
a high number of PS is available, which is mainly 
suitable for high-resolution (e.g. PAZ) and wide 
Sentinel-1 datasets containing a high number of PS. 
Additionally, a new C-Index and the original “Quality 
Index” (QI) defined by Barra et al. (2017) were incor-
porated into the identification process to remove those 
active areas affected by important SAR geometrical 
distortions, residual atmospheric artifacts or phase 
unwrapping errors. The C-index is calculated using an 
external DEM (for more details, please refer to Table 1) 
and the image acquisition parameter geometry as: 

C � index ¼ � sinθ � cosα � cosβ
þ sinθ � sinα � cosδ � cosβ
� cosθ � sinβ

(4) 

where θ is the incidence angle, α is the flight direction, 
δ is the slope azimuth and β is the slope angle.

The line-of-sight (LOS) displacements of a pixel of 
a landslide derived from InSAR must present the same 
sign (i.e. positive or negative) as the C-index. If this 
condition is not met, then, the pixel can be affected by 
important SAR geometrical distortions and then, it is 
removed.

Complementarily, QI is used to evaluate the level of 
noise and the consistency of the standard deviation of 
the persistent scatterers of each ADA, providing 
a measurement of the degree of reliability of each 
detected ADA. QI = 1 and QI = 4 represent ADAs 
with very high and very good-quality time series, 
respectively. For more details about this parameter, 
we recommend the reading of the work published by 
Barra et al. (2017).

The use of the QI index or the combination of the 
QI index and the C-index enables us to classify the 
reliability of the ADAs to improve the interpretation 
of wide InSAR datasets.

In the DRAGON project, the original version of 
ADAfinder has been employed in La Unión, while 
the improved version was used in Deqin.

3.5. Modelling and identification of triggering 
factors of landslides

Landslide modeling enables us to better understand 
the processes and mechanisms governing landslide 
failures, to identify landslide triggers and conditioning 
factors, to evaluate the long-term slope behavior, and 
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to contribute in early-warning and threshold 
identification.

In this project, different landslide modeling tasks 
have been developed. In the mining area of La Unión 
(Murcia), a simple deterministic infinite slope geo-
technical model (Skempton 1957) was applied to iden-
tify those areas in which the safety factor was lower 
than one (i.e. unstable) considering different hydraulic 
conditions of the slope through the pore pressure ratio 
(ru) to consider the effect of the saturation of the slope 
caused by rainfall. The formula used for the calcula-
tion of the spatial distribution of the Safety Factor (SF) 
of the slope was adapted from the one proposed by 
Escobar-Wolf et al. (2021): 

SF ¼
cþ γm � Dþ γsat � γw � γm

� �
� Hw � D

� �
� cos2β � tanφ

γm � Dþ γsat � γw � γm
� �

� Hw � D
� �

� sinβ � cosβ
(5) 

where c is the cohesion of the soil, γm and γsat are the 
moist (above the phreatic surface) and saturated 
(under the phreatic surface) unit weights of the soil, 
respectively, γw is the unit weight of the water, D is the 
depth of the failure surface, Hw is the height of the 
phreatic surface (wt) above the failure surface, nor-
malized relatively to D, and β is the terrain slope. The 
obtained safety factor maps were used as ancillary 
information for the preliminary classification of the 
active deformation areas mapped from InSAR data, 
considering that those active areas delineated by 
means of InSAR datasets caused by a landslide would 
exhibit low slope safety factors.

In Alcoy, a slow-moving landslide affecting an 
important road and some protected industrial build-
ings from the fifteenth century cataloged as Places of 
Cultural Interest was analyzed using a geotechnical 3D 
limit equilibrium probabilistic (i.e. stochastic) and 
deterministic models using the software Rocscience’s 
Slide3 2021 (Rocscience 2021). The geotechnical prop-
erties of the soil were obtained from IGME (1985b). 
Due to the lack of hydrological information about the 
slope, the effect of rainfall on the stability of the slope 
was evaluated considering different conditions of 
saturation also using the pore pressure ratio (ru). The 
effect of an embankment built on the head of the 
landslide was also evaluated modeling the slope before 
and after its construction.

Finally, unidimensional creep constitutive models 
of the rocks were used to characterize the kinematic 
evolution of the Shadong landslide in Gongjue 
County, Tibet, China (Liu et al. 2021). These models 
enable us to explore the creep behaviors of landslides. 
As it is well known, three main phases can be differ-
entiated in the creep acceleration of a landslide (Dai 
et al. 2020; Liu et al. 2021; Xu et al. 2011): primary, 
secondary, and tertiary creep. During the primary 
creep, the transient decelerating creep strain rate of 

the landslide gradually decreases over time during 
a short period roughly following a logarithmic law. 
Secondary creep typically presents slow movements at 
a nearly constant rate (i.e. nearly constant velocity) 
that can be strongly influenced by external actions 
such as earthquakes and rainfall. It should be noted 
that secondary creep can last from months to decades. 
Finally, during tertiary creep (also called hyperbolic 
acceleration) a quick acceleration of the displacements 
occurs until the final rupture of the slope.

Lomnitz (1956; 1957), proposed next equation, 
which fits the evolution over time (t) of the displace-
ments (d) during the primary stage of creep of 
a landslide: 

d ¼ A � Ln 1þ α � tð Þ (6) 

where A and α are constants.
Similarly, the primary and secondary stages of 

creep roughly follow the next equation (Aydan et al.  
2013): 

d ¼ Aþ B � log tð Þ þ C � t (7) 

where A, B and C are constants of the model.
Aydan et al. (2013) proposed next equations which 

can be used to reproduce all creep stages: 

d ¼ A � 1 � e�
t

τ1

� �
þ B � e�

t
τ2 � 1

� �
(8) 

where A, B, τ1 and τ2 are constants of the model.
Finally, Aydan et al. (2013) recommended the use 

of the model proposed by Griggs and Coles (1954) to 
reproduce the tertiary stages of creep: 

d ¼ Aþ B � t2 (9) 

where A and B are constants of the model.

3.6. Application of InSAR-based landslide early 
warning system

Early warning systems look for to determine where 
and when slopes are likely to fail. InSAR enables the 
identification and monitoring of landslides and plays 
a key role in the early warning of these geohazards 
(Dai et al. 2020). As explained in the previous section, 
three main steps can be differentiated in creeping 
landslides (Dai et al. 2020; Liu et al. 2021).

Xu et al. (2011) proposed a method based on the 
evaluation of the changes in the displacements of the 
landslides over time, compared to baseline estimates 
of the steady-state creep rate during secondary creep. 
The parameter used to assess the changes in the evolu-
tion of the landslide is the tangential angle (α) that 
represents the angle between the tangent of the dis-
placement–time curve and the horizontal axis at 
a given time (Fan et al. 2019; Xu et al. 2011): 
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α ¼ atan
v
v0

� �

(10) 

where v0 is the steady-state creep rate during the 
secondary creep stage and v is the displacement rate 
change with unitary measurement time.

According to Xu et al. (2011) and Fan et al. (2019), 
if α < 45°, the landslide lies into the primary creep 
stage and the early warning level is “secure”; when α  
~ 45°, the landslide goes into the secondary creep 
phase, exhibiting constant deformations and an early 
warning level of “attention”; and if α > 45°, the land-
slide goes into the tertiary creep. More specifically, for 
α values higher than 45º these authors observed that 
the deformations of the landslide significantly increase 
for α values between 45 and 80º (initial acceleration 
with a level of early warning of “caution”), that it 
presents impending signals of failure, and sharply 
increases the velocity of the landslide for α values 
between 80° and 85° (medium-term acceleration with 

a level of early warning of “vigilance”). Finally, the 
landslide reaches α values near 89º just before failure.

In this DRAGON project, the above-described 
method was applied to analyze the acceleration pro-
cess of the Laojingbian landslide using long-term dis-
placement time series derived from the SAR offset 
tracking method in order to define an early warning.

4. The project’s outputs

The main outputs of this DRAGON project obtained 
from the application of the methodologies described in 
subsections 3.1 to 3.6 are presented in section 4.1 to 4.6, 
respectively, to facilitate the presentation of the results.

4.1. Procedure for phase unwrapping errors and 
tropospheric delay correction

Figure 4 shows two examples of unwrapped interfer-
ograms obtained from PAZ images (X-band) before 

Figure 4. Unwrapped interferograms of Alcoy without and with correction of phase unwrapping errors. (a) and (c) are the 
unwrapped interferograms before correcting unwrapping errors for pairs 20 September 2019 with 25 November 2019 and 
12 October 2019 with 17 December 2019, respectively; and (b) and (d) are the corresponding unwrapped interferograms after 
correcting unwrapping errors.
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and after correcting phase-unwrapping errors with the 
proposed method in Alcoy (Spain). As it can be clearly 
observed in the original unwrapped interferograms, 
shown in Figure 4(a,c), pixels in building areas (see 
the dotted lines in Figure 1) and vegetated areas are 
severely contaminated by unwrapping errors, which 
were caused by dense fringes resulting from physical 
properties (e.g. expansion and contraction of build-
ings) as well as decorrelation noise. In comparison, on 
the examples shown in Figure 4(b,d), the unwrapping 
errors were efficiently corrected by the threshold 
detection approach and the combined approach. This 
result highlights the performance of the proposed 
approach in correcting phase-unwrapping errors, 
which is required to accurately retrieve the ground 
displacement using high-resolution SAR images.

Figure 5 shows an exemplary unwrapped interfer-
ograms corrected by different approaches for atmo-
spheric delays. It can be found from Figure 5(a) that 
the original interferometric phases are strongly 
impacted by atmospheric delay, with a standard devia-
tion of 4.12 rad. The standard deviation after the 
GACOS correction is 4.03 rad. The phase-based cor-
rection model is slightly better than the GACOS cor-
rection, providing a standard deviation of 3.35 rad. 
Figure 5(d) presents the results after atmospheric 
delay corrections with both the phase-based and the 
quadratic model, where the quadratic model was 
applied to the entire image. We can see that the quad-
ratic model estimates the regional patterns of long- 
wavelength artifacts well, and the standard deviation 

decreases to 2.52 rad for the interferogram. However, 
this correction introduces some large residuals in loca-
lized areas. Finally, the proposed approach improves 
the atmospheric delay correction compared to the 
GACOS and the phase-based approaches (see 
Figure 5(e)), and the standard deviation is reduced to 
1.02 rad.

4.2. Improvement of a cross-platform SAR offset 
tracking method for the retrieval of ground 
displacements

The Laojingbian landslide in the Wudongde Reservoir 
Area, situated along the Jinsha River in China, is 
employed as a case study to illustrate the proposed 
cross-platform Synthetic Aperture Radar (SAR) offset- 
tracking method using ALOS/PALSAR-1 and ALOS/ 
PALSAR-2 images acquired between 27 August 2007 
and 15 May 2020. Figure 6 shows the two-dimensional 
(2D) annual displacement rates of the Laojingbian 
landslide in the azimuth and slant-range directions 
retrieved from the proposed cross-platform SAR off-
set-tracking method. The blue colors in Figure 6(a) 
indicate that the pixels are moving along the flight 
direction of the satellites, and the blue colors in 
Figure 6(b) indicate that the landslide is moving 
away from the satellites. We can see from Figure 6 
that the landslide movements were simultaneously 
measured in both the azimuth and slant-range direc-
tions, suggesting that the Laojingbian landslide has 3D 
movement characteristics. The maximum 

Figure 5. Unwrapped interferogram (24-jul-2020 with 15-aug-2020) of Alcoy with atmospheric delays corrected by different 
approaches: (a) original uncorrected interferogram; (b) correction using the GACOS product; (c) correction using the phase-based 
model; (d) correction using the phase-based model and the quadratic model over the entire image; and (e) correction using the 
proposed approach.
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displacement rate in the azimuth direction from 
August 2007 to May 2020 was −1.0 m/year, and the 
corresponding displacement rate in the slant-range 
direction was −1.7 m/year. The results suggest that 
the landslide movement in the slant-range direction 
is approximately 1.7 times that in the azimuth direc-
tion. The average slope aspect derived from DEM 
indicates that the Laojingbian landslide is oriented 
toward the east, which is nearly perpendicular to the 
flight directions (approximately −10° from the north) 
of the ALOS/PALSAR-1 and ALOS/PALSAR-2 sen-
sors. Thus, the observed landslide displacement 
mainly occurred in the slant-range direction.

On the basis of the 2D displacement rates presented 
in Figure 6, we can observe a clear boundary of the 
maximum displacement regions (see the left slope). 
This finding demonstrates that the SAR offset tracking 
method has the potential to map the most active part 
of a landslide compared to the traditional InSAR 

techniques, which exhibit significant limitations in 
the capability to measure large-gradient deformation 
due to the ambiguous nature of the observations.

4.3. PolInsar monitoring of landslides

Figure 7 shows the histograms of the estimated DEM 
error and linear velocity in different PS groups (Luo 
et al. 2022). We can see that, in the VV channel, 
neither the DEM error nor the linear velocity follows 
a Gaussian distribution with zero-mean, whereas the 
OPT channel provides distributions whose average is 
closer to zero than with the VV channel. The lower 
density of pixels and the sparse network built by link-
ing pixels of the VV channel make it less reliable than 
the OPT channel.

The linear velocity map is given in Figure 8. As it 
can be seen, the deformation areas measured by the 
VV channel are quite isolated. However, after using 

Figure 6. Two-dimensional (horizontal) displacement rates of the Laojingbian landslide in the azimuth (a) and slant-range (b) 
directions, respectively, retrieved from the cross-platform ALOS/PALSAR-1 and ALOS/PALSAR-2 images between August 2007 and 
May 2020 (modified from Liu et al. 2021). Note that the negative values in (a) indicate movement of the pixels along the flight 
direction of the satellites (azimuth), while the negative values in (b) indicate movement of the landslide away from the satellites. 
Conversely, positive values indicate movement in the opposite directions.

Figure 7. Histograms of estimated linear velocity and DEM error for PS points selected in VV or OPT channels over Alcoy, Spain. 
Joint means PS points selected in both VV and OPT channels.
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the OPT channel, the density of PS points has con-
siderably increased, with its total number going from 
4158 to 10,351. Due to the increased PS points, the 
deformation estimates are more reliable. For example, 
in area A1, the deformation rates do not exceed 5 mm/ 
year for the VV channel. However, the in-situ displa-
cement rate is 10.04 mm/year, which is very similar to 
the value obtained from the OPT channel. In area A2, 
the OPT channel can provide additional measurement 
points over a landslide zone already detected by the 
VV channel, thus increasing the detection area for this 
landslide.

4.4. Semiautomatic mapping of active 
deformation areas on wide regions

ADAfinder enables us to automatically map Active 
Deformation Areas (ADA) from large InSAR datasets. 
The capability of this approach has been proved 
through its application to the mining area of La 
Unión, Alcoy and Deqin.

In La Unión, 28 and 19 ADAs were automatically 
mapped from the ascending and descending displace-
ment rate datasets of the period comprised between 
October 2016 and November 2021 (Hu et al. 2023). 
Nineteen and 10 of these ADAs out of the total number 
of ADAs corresponded to landslides. Figure 9 shows two 
examples of active deformation areas (ADA) associated 
with landslides in La Unión. As it can be seen, first, the 
active areas are automatically delineated by ADAfinder 
for each independent dataset (i.e. for ascending and 
descending datasets). Second, the ADAs associated to 
landslides were identified considering the previous exist-
ing landslides’ inventory map and the safety factor values 
(Figure 9(c,d)). Then, the contours of the ADAs derived 
from different sources (i.e. the InSAR and the inventory 
map) were merged to define the actual contour of each 
ADA (Figures 9(a,b)). Finally, the landslides are con-
firmed with the support of aerial optical images 
(Figure 9(e,f)) and fieldwork.

In the mountain region of Deqin, a total of 317 
ADA associated to landslides were automatically 
mapped using the improved ADAfinder approach 
described in section 3.4. Then, the obtained ADA 
were classified with the support of an existing land-
slides’ inventory map and the analysis of geomorpho-
logical features through high-resolution images and 
a digital elevation model acquired by an unmanned 
aerial vehicle. As a result, 258 landslides were classified 
as flows, 25 as falls and 34 as slides.

4.5. Modelling and identification of triggering 
factors of landslides

The application of the infinite slope stability model to 
the mining area of La Unión enabled the identification 
of those areas with a safety factor lower than 1 (i.e. 
unstable). The map of the distribution of the safety 
factor for D = 30 m and Hw = 0 (i.e. dry conditions) is 
shown in Figure 9(a), showing a total unstable area of 
more than 1 million square meters, and an area higher 
than 1.2 million square meters with a critical safety 
factor (i.e. between 1.0 and 1.2). The safety factor 
values lower than 1 mostly concentrate on the slopes 
of the mining waste dumps and to a lesser extent on 
some open-pit slopes. It is worth noting that this 
information is independent of InSAR data (i.e. it is 
an external information) and has been used as ancil-
lary information to preliminarily classify the active 
deformation areas delineated by InSAR, assuming 
that those active deformation areas detected by 
InSAR and associated to a landslide would exhibit 
low slope safety factors as it can be seen in landslides 
67 and 68 shown in Figure 9. These landslides were 
contained in an existing inventory map of landslides of 
the mining area of La Union but were automatically 
delineated, and thus confirmed as active landslide, by 
InSAR data derived from Sentinel-1 between 2015 and 
2022. The safety factor map in this area shows an 
important concentration of values lower than 1, 

Figure 8. Linear velocity maps for VV and OPT channels over Alcoy, Spain (modified from Luo et al. 2022).
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confirming the precarious equilibrium of these slopes. 
Consequently, this case demonstrates the usefulness of 
the use of a simple infinite slope stability model as 
ancillary information to classify active deformation 
areas delineated by InSAR.

In Alcoy, a 3D probabilistic numerical model was 
used to evaluate the equilibrium conditions of 
a landslide affecting an important transportation 
route and to identify the triggering factors of the slow- 
moving landslide, as explained in section 3.5 (Tomás 
et al. 2023). The results are summarized in 
Figure 10(b). As it can be seen, the safety factor 
strongly depends on the hydraulic conditions of the 
slope, represented by the factor ru shown in the X-axis. 
The higher the ru value (i.e. the more saturated the 

slope due to rainfall), the lower the safety factor and 
the higher the probability of failure of the slope, con-
firming the close relationship between rainfall and 
InSAR measured displacements observed in this land-
slide by Szeibert et al. (2022) and Tomás et al. (2023). 
Additionally, the influence of the construction of an 
embankment at the head of the landslide to eliminate 
the existing curve of the road was analyzed. To this 
aim, the slope was modeled “with” and “without” 
embankment. The results are also depicted in 
Figure 10(b) and show a clear reduction of the safety 
factor and an increase in the probability of failure 
when the construction of the embankment is consid-
ered, in agreement with the InSAR displacement dis-
tribution that shows a concentration of displacements 

Figure 9. Example of two active deformation areas associated to landslides nº 67 and 68 automatically mapped by ADAfinder from 
InSAR data in the mining area of La Unión. (a) and (b) represent the ADA contours resulting from merging the previously existing 
landslides’ inventory map and the InSAR-derived ADAs. (c) and (d) Safety factor’s maps and ADAs automatically detected by InSAR 
and ADAs included in the original landslides’ inventory map. The meaning of variables Hw and D is defined in Section 3.5. (e) and 
(f) Oblique aerial images of the landslides.
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Figure 10. (A) Safety factor map of La Unión (Spain) computed by means of an infinite slope failure for D=30 m and Hw=0 used for 
the preliminary classification of ADAs detected by InSAR. (b) Variation of the deterministic safety factor and the probability of 
failure vs the ru values of a slow-motion landslide monitored by InSAR in Alcoy (Spain) before and after the construction of an 
embankment. (c) Fitting of unidimensional constitutive creep models defined by Equation 6 and Equation 7 to InSAR time series of 
Shadong landslide in Gongjue County (China). P1 and P3 show a secondary and primary creep behaviours, respectively.
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over the embankment (Szeibert et al. 2022; Tomás 
et al. 2023). Therefore, the developed numerical 
model has contributed to the interpretation of the 
InSAR results on a slow-moving landslide, as well as 
to the identification of the main triggering factors by 
cross-analyzing InSAR and modeling data.

In the Shadong landslide in Gongjue County, Tibet 
(China), ALOS/PALSAR-1 (L-band) and Sentinel-1 
(C-band) SAR images were linked by means of the 
Tikhonov Regularization (TR) method to define a 12 
years of displacement time series (Liu et al. 2021). 
Unidimensional constitutive creep models (Aydan 
et al. 2013) of rocks described in section 3.5 were 
then applied to reproduce the measured displacements 
(Figure 10(c,d)). The results show that the creep 
model fits well to the InSAR data. It means that the 
Shadong landslide exhibits a creep behavior. In detail, 
the results show that some points as P3 fit very well 
Equations (6) and (7) and exhibit a clear non-linear 
trend, indicating that the landslide is deforming under 
a primary creep stage. In contrast, other points as P1 
perfectly fits the model defined by Equation (7) but 
fails when trying to fit the other creep laws defined in 
3.5 and defined a linear-like behavior, suggesting that 
this area has entered into secondary creep. Moreover, 
the analysis of Figure 10(e,f) enables to observe that 
the highest residue is located on 22 May 2008, very 
close in time to the occurrence of the 2008 Wenchuan 
earthquake (Mw 7.9) which hit this area on 
12 May 2008. Therefore, the displacement anomaly 
of the Shadong landslide (i.e. the deviation of the 
displacements from the theoretical creep law) 

observed in May 2008 could be related to the effect 
exerted by the earthquake on the landslide. Hence, this 
case study has highlighted the utility of rock creep 
models to identify the creep stage of creeping land-
slides as well as to identify abnormal behaviors 
induced by external forces such as earthquakes.

4.6. Application of InSAR-based landslide early 
warning system on selected sites

Figure 11 shows the time series of the horizontal dis-
placements of a representative point placed on the 
main body of the Laojingbian landslide from 
August 2007 to May 2020 obtained through the com-
bination of the E-W and N-S components calculated 
by Yin et al. (2022).

The analysis of the time series enables the differ-
entiation of two different stages of deformation. First, 
from August 2007 to February 2015 a horizontal dis-
placement rate near 4.3 mm/day was measured. 
Second, the Laojingbian landslide exhibited 
a horizontal displacement rate of 11.3 mm/day 
between February 2015 and May 2020.

The tangential angle was then calculated for 
the second period of the time series comprised 
between February 2015 and May 2020 using 
Equation (10), providing values higher than 68º. This 
tangential angle is higher than 45º and lower than 80º, 
indicating that the Laojingbian landslide has entered 
into an “initial accelerative deformation” according to 
the thresholds defined by Xu et al. (2011) and Fan et al. 

Figure 11. Creep models (black thick dashed line) fitted to the horizontal 3D displacements (white dots) derived from SAR offset 
tracking of a point placed on the area of maximum deformation of Laojingbian landslide from August 2007 to May 2020. v, r2 and 
α are the mean displacement rate, the coefficient of determination and the tangential angle, respectively.
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(2019). Therefore, a yellow warning, which entails 
a caution level, should be issued to the Laojingbian 
landslide.

Furthermore, unidimensional creep models 
described by Equations (7) and (9) have been suc-
cessfully fitted to reproduce the period of constant 
and accelerative displacements, respectively, provid-
ing a coefficient of determination (r2) of 0.99 
(Figure 11). It is worth noting that, as was described 
in section 3.5, Equation (7) is suitable to reproduce 
the primary and secondary creep deformations, while 
Equation (9) enables to reproduce tertiary creep. 
Therefore, the equation fitted to the horizontal dis-
placements measured during the accelerative displa-
cement stage suggests that the Laojingbian landslide 
will reach up to 65 m in 2025 under natural condi-
tions, although these values may be even higher due 
to extraordinary rainfall periods or earthquake 
events. Therefore, a detailed real-monitoring and 
early warning system must be implemented in 
Laojingbian landslide to avoid, or at least to minimize 
the impact imposed by the eventual failure of the 
landslide.

5. Discussion and conclusions

This work summarizes the advances obtained during 
the first 2 years of the DRAGON-5 project ID 59,339 
regarding the investigation of landslides in different 
areas of study and contexts by space-borne synthetic 
aperture radar interferometry.

The first achievement of the project shown in this 
paper consisted in the development of a procedure for 
correcting phase-unwrapping errors and tropospheric 
delays. Regarding the unwrapping errors, this approach 
combines spatial and temporal information to perform 
the correction of the interferograms. To this aim, on the 
one hand, obvious phase-unwrapping errors are first 
corrected in the interferograms by means of the use of 
spatial-domain information. On the other hand, the 
principle of the consistency of triplets of interferometric 
phases is used in the temporal domain to correct phase 
unwrapping errors (Yunjun, Fattahi, and Amelung  
2019). Complementarily, a block-based correction 
approach was proposed for atmospheric delay correc-
tion. This procedure encompasses the decomposition of 
the principal component analysis, the masking of the 
active deformation areas, the estimation of the atmo-
spheric artifacts and the calculation of the corrected 
displacements. The results obtained in Alcoy using 
high-resolution PAZ images show a reduction of the 
total standard deviation of 37.7% on average over 50 
selected interferograms and an average inner precision 
of the estimated displacement of 44% against the 
GACOS and phase-based methods, demonstrating the 
proper function of the proposed methodology.

Another notable accomplishment involved the 
enhancement of a cross-platform SAR offset tracking 
method for the measurement of two-dimensional 
ground displacements in the azimuth and slant-range 
directions. As it is well known, SAR offset tracking is 
a powerful tool for mapping large-gradient landslide 
displacements in both the slant-range and azimuth 
directions using images acquired by the same satellite. 
However, the main novelty of the developed approach 
consists in the capability of the new method to calcu-
late the two-dimensional offsets between SAR images 
not only from an identical platform (e.g. ALOS-1 and 
ALOS-1) but also from cross platforms (e.g. ALOS-1 
and ALOS-2). In the DRAGON project, the methodol-
ogy has been successfully applied to the Laojingbian 
landslide, measuring horizontal displacement rates in 
the azimuth and slant-range directions of −1.0 and 
−1.7 m/year, respectively, between August 2007 and 
May 2020. In conclusion, this approach signifies 
a remarkable improvement to overcome the intrinsic 
limitations of traditional InSAR techniques to monitor 
large-gradient landslides.

A third achievement is related to the application of 
polarimetric SAR interferometry to monitor active land-
slides. This technique was successfully applied to Alcoy 
using 186 Sentinel-1 images captured between 
January 2017 and January 2021. The results showed 
a significant increase in the number of coherent pixels 
when using the OPT channel, from 4158 to 10,351 (i.e. 
an increase of 148%). Therefore, due to the increase in 
the number of PS points, a more reliable estimation of 
the ground surface displacements is expected. 
Summarizing, the higher density of points increases the 
capability of PolInSAR to detect and monitor landslides 
within areas in which a low density of points or no points 
are provided by conventional PSInSAR techniques.

In this DRAGON project, semiautomatic processes 
for mapping active displacement areas in wide regions 
have also been applied and adapted. ADAfinder has been 
successfully used in La Unión to elaborate a map of active 
deformation areas. This map has been subsequently clas-
sified based on a spatial slope stability model. In Deqin, 
the process of identification of ADAs has been slightly 
modified in order to increase the efficiency of the proces-
sing of wide areas. Additionally, the C-index and the 
quality index have been considered in order to classify 
the reliability of the ADAs. In short, this method con-
siderably facilitates the supervised analysis of large 
InSAR datasets, enabling the extraction and delineation 
of active deformation areas and contributing to their 
preliminary classification and interpretation. It should 
be noted that this type of tool is especially relevant in 
the present context, in which huge InSAR regional and 
nation-wide datasets are becoming more common 
(Crosetto et al. 2020).

In relation to modeling, different experiences have 
been developed. The great value of the joint use of 
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geotechnical models and InSAR datasets has been 
demonstrated in the mining area of La Unión and in 
Alcoy. In this study area, a simple deterministic model 
based on external geotechnical and geomorphological 
information has been used to evaluate the spatial sta-
bility conditions of the area of interest. The obtained 
safety factor maps, jointly with optical images, have 
enabled the subsequent pre-classification of the active 
deformation areas automatically delineated based on 
InSAR datasets. The final active deformation maps 
provide a valuable information for land managers, 
since they depict an actual picture of the existing active 
processes, enabling the identification of potential areas 
of risk for the population and the subsequent imple-
mentation of complementary in situ monitoring 
systems.

The potential of numerical models to evaluate the 
stability of landslides has also been confirmed in 
Alcoy. The joint analysis of InSAR data and the 
model has allowed the characterization of the kine-
matics of the landslide, as well as the identification 
of rainfall and the construction of an embankment 
on the head as the main triggering factors of this 
slow-moving landslide. Both factors reduce the 
safety factor of the slope and increase the probability 
of failure. This information, jointly with other com-
plementary in situ geotechnical works, can be crucial 
for an efficient design of corrective the measures of 
the slope.

Furthermore, the creep behavior of Laojingbian land-
slide, in Wudongde reservoir, monitored during nearly 8  
years has been characterized and reproduced using uni-
dimensional creep models of rocks. The fitted functions 
have permitted to identify different types of creep stages 
and to issue a yellow early warning based on the tangen-
tial angle, a parameter derived from the InSAR time 
series. Moreover, the model has been used to predict 
future deformations, which will reach near 65 m in 2025.

In conclusion, the results achieved in the frame-
work of the DRAGON project during last 2 years, 
which are mainly focused on selected sensitive regions 
in Spain and China and different topics related to 
processing and application of InSAR, provide essen-
tial assets for planning present and future scientific 
activities devoted to identify, map, characterize, moni-
tor and predict landslides, as well as for the imple-
mentation of early warning systems. Therefore, the 
performed analyses are crucial for an optimal preven-
tion and management of these destructive and dan-
gerous geohazards. However, further research and 
development are needed to refine and expand the 
application of the methodologies developed in the 
DRAGON project. Additionally, addressing the lim-
itations and shortcomings identified in the current 
findings, such as the need of fully automatic ADAs’ 
classification processes based on multivariate statisti-
cal algorithms or machine learning techniques, the 

determination of 3D time-series displacement compo-
nents of slow- and rapid-moving landslides using 
InSAR and SAR offset-tracking data by assuming 
different failure modes, the prediction of landslide 
displacements with InSAR and SAR offset-tracking 
time series using machine learning techniques, or 
the evaluation of the capabilities of PolInSAR to 
monitor landslides in non-urban areas, will be crucial 
for enhancing the accuracy and reliability of landslide 
identification, mapping, characterization, monitoring, 
and prediction, as well as for the implementation of 
more effective early warning systems.
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