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SUMMARY: The improvement of processing algorithms, the enhancement of computing
capabilities and the development of several satellite missions belonging to several space agencies
have contributed to the spread of Satellite SAR Interferometry for the ground and structures
displacement monitoring.
Currently, different A-DInSAR (Advanced Differential SAR interferometry) multi-image
processing approaches, allow both for wide areas (thousands of square kilometers) and for local
scale analysis (i.e., single slope or structure), are available to achieve information about
displacement with millimetric accuracy.
One of the main peculiarity of satellite InSAR is the possibility to perform historical analyses
investigating past phenomena, thanks to the archive images collected by space agencies since 1992.
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Furthermore, the existing satellite missions, characterized by high performances in terms of both
spatial and temporal resolution, have allowed the spread of monitoring services, in order to control
the deformational evolution of the phenomenon of interest.
Currently, its capabilities and peculiarities make the InSAR technique an operational tool for
different fields and applications such as: monitoring of subsidence processes (e.g., due to oil and
gas extraction or water extraction), slope stability assessment, structure/infrastructure monitoring
(i.e., dams, buildings, highway, viaducts, etc.), tunneling-induced ground deformation monitoring,
land use planning and monitoring of volcanic and seismic activity.
KEYWORDS: satellite radar interferometry, remote sensing, monitoring, geohazard, landslides,
infrastructures.
1 INTRODUCTION
Nowadays, the amount and availability of multitemporal images are experiencing a fast increase.
This is due to the increasing number of space missions, the increases in data temporal resolution, as
well as to the free access data policy adopted for missions like Sentinel (by European Space
Agency, ESA). In this context, there is room for the development of novel methodologies and
applications exploiting time series of images, and more in general, the remote sensing techniques
are providing an increasing contribution to the ground and structures displacements monitoring.
Satellite InSAR, in particular, has proven to be a reliable methodology for detecting ground
deformation with millimetric accuracy, and currently it is exploited by using different Advanced
Differential Synthetic Aperture Radar interferometry (A-DInSAR) multi-image processing
approaches, such as the Persistent Scatterers Interferometry (PSI; Ferretti et al., 2001; Perissin et al.,
2012). Since their development in the early 2000s, A-DInSAR, has greatly increased the range of
monitoring applications, becoming a reality today, not only for scientific studies, but also for
professional applications (Cigna et al., 2011, Bozzano et al., 2012, Rocca et al., 2014).
One of the key features of A-DInSAR is the ability to provide quantitative results about past
ground displacements, providing the possibility to perform historical analyses investigating past
phenomena, thanks to the archive images collected by space agencies. Furthermore, the existing
satellite missions, characterized by high performances in terms of both spatial and temporal
resolution, have allowed the spread of monitoring services, in order to control the deformational
evolution of the phenomenon of interest. Furthermore, A-DInSAR data can be effectively integrated
with other investigation techniques, as for example the GPS data.
Satellite SAR Interferometry has proven to be a very useful methodology to analyze several
ground deformation phenomena, such as co-seismic and post-seismic deformations (Massonnet et
al., 1993; Massonnet et al., 1994), volcanic deformation processes (Massonnet et al., 1995;
Antonielli et al., 2014), landslides and slope stability assessment (Strozzi et al., 2005; Colesanti and
Wasowski, 2006; Strozzi et al., 2010; García-Davalillo, 2014; Jebur, et al., 2015), subsidence
(Strozzi et al., 2001; Stramondo et al., 2007), structural health monitoring for structure/infrastructure
(i.e., dams, buildings, highway, viaducts, etc., Mazzanti, 2017), monitoring, land use planning, ice
and glacier dynamics (Goldstein et al., 1993; Kwok et al., 1996).
An overview of some of the most challenging projects carried out by NHAZCA using Satellite
SAR Interferometry are here presented, focusing the attention on the integration of InSAR products
and geological and geomorphological asset to understand natural and anthropogenic hazards.

2 METHODOLOGY
2.1 A-DInSAR Analyses
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Over the last two decades, classical Differential SAR interferometry (DInSAR) analyses,
performed by coupling SAR images to generate differential interferograms have been largely
adopted as a tool to investigate ground deformation processes.
This technique exploits the information contained in the phase of the signal of two complex SAR
images acquired in different times over the same area, used to form the so-called interferogram
(Crosetto et al. 2016). The interferogram is computed by cross-multiplying the first SAR image
with the complex conjugate of the second (Ferretti et al., 2007). The resulting interferometric phase
(φint) is the phase difference between the two images, with the following contributing phase
elements:
φint = φtopo + φflat + φdisp + φatmo + φerr

(1)

where φtopo represents the contribution related to the topography, φflat represents the flat Earth
phase component due to different look angles of the two acquisitions, φdisp is the contribution
related to displacement, φatmo is the phase related to different athmospheric conditions and φerr
represents the error related to uncontrolled effects (e.g. decorrelation, position along the satellite
orbit, etc.).
The differential interferogram is formed by subtracting the φtopo and φflat contributions from the
interferometric phase, by using a reference DEM (Digital Elevation Model) and a reference
ellipsoid respectively, thus allowing retrieval of the phase component related to displacement.
The deformation produced by the earthquake, for example, is highlighted by the presence of the
so-called “interferometric fringes”. The color cycle of one fringe (from red to blue) corresponds to a
displacement of half of the wavelength. Thus, considering the characteristics of the Sentinel-1
satellites, one fringe corresponds to a displacement of 2.8 cm in the Line Of Sight (LOS) direction.
However, some limitations can affect DInSAR: artifacts due to the atmosphere phase screen
(APS), the presence of residual topographic contributions, and decorrelation effects (both temporal
and geometrical), which can prevent the observation of displacement information or reduce the
accuracy of the results.
Advanced DInSAR (A-DInSAR) techniques are an effective solution to reduce some of the
limitations of standard DInSAR analysis (Kampes, 2006; Ferretti et al, 2001; Berardino et al., 2002;
Ferretti et al., 2011; Hooper et al., 2004). All A-DInSAR approaches are basically characterized by
the exploitation of large, multi-temporal data-stacks to generate several interferograms, thus
achieving higher redundancy of interferometric results. One of the most known approaches is the
so-called Persistent Scatterers Interferometry (PSI), which is based on the information achieved by
pixels of the SAR images characterized by high coherence over long time intervals (Kampes, 2006,
Ferretti et al., 2011; Hooper et al., 2004). Generally, constructed structures, such as buildings,
bridges, dams, railways, or pylons, or natural elements, such as outcropping rocks or homogeneous
terrain areas, can represent good Persistent Scatterers (PS).
Standard PSI is based on the generation of interferograms using a common master SAR image.
Point-like scattering pixels remain coherent for the entire observation period, and they do not suffer
from temporal and geometrical decorrelation effects, thus also allowing the generation of
interferograms using image pairs characterized by long temporal and normal baselines. Using this
principle, almost all images that constitute a given stack can be used to perform multi-temporal ADInSAR analyses. For some deformation phenomena, it is very important to attain a time series as
detailed as possible.
In order to retrieve the time series of displacement, a minimum number of 15–20 images
collected with the same acquisition geometry is required (Crosetto et al., 2016). Furthermore, the
larger the number of available scenes the better the quality of the average velocity estimation and
time series of displacement. A collection of images that can be processed together using A-DInSAR
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methods is called an interferometric stack.
However, it is worth noting that A-DInSAR techniques are also affected by some limitations.
First, because only objects which are good “radar reflectors” can be analyzed, they have an inability
to attain information over highly vegetated areas. This aspect is not secondary as landslides often
involve non-urban areas, and, if any corner reflector had been installed, there is no way to overcome
this issue for past-oriented A-DInSAR analyses.
3 STUDY CASES
In the following paragraphs, some case studies on the use of the Satellite SAR Interferometry,
and in particular, A-DInSAR multi-image technique will be briefly described. These cases of
application concern slope instability and subsidence phenomena and/or structure/infrastructure
monitoring.
3.1 Interaction Between Ground Deformation, Structures And Infrastructures In A Small
Village Of Central Italy.
In order to support a public civil engineering project in a small village in Italy, the hazard related
to some landslides mapped in literature, and occurring in the area of interest has been assessed
using A-DInSAR technique integrated with other available data, as for example field survey data.
The analyzed data stack consisted of high resolution COSMO-SkyMed Stripmap Himage data,
of the Italian Space Agency (ASI) acquired in the frame of the MapItaly program and covering the
period from 2011 to 2016. The A-DInSAR analysis has been carried out using both the ascending
and descending orbital geometries (the ascending and descending footprints are shown in Figure 1).
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Figure 1. a) Study area; b) Used dataset: COSMO-SkyMed Stripmap Himage footprints. The little red box represents
the study area.

The aim of the work was to evaluate the state of activity of past landslide phenomena that
affected the area of study. An exhaustive interpretation of the historical evolution of the analyzed
deformation processes has been achieved integrating A-DInSAR results, geomorphological surveys
and auxiliary data (i.e. landslides inventory maps; Figure 2).
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Figure 2. Auxiliary data: a) Landslides inventory maps, such as P.A.I. – Autorità di Bacino del Fiume Tevere; b)
Geological map of the study area.

A-DInSAR results (Figure 3) revealed that the area is mainly stable, with negligible
displacements along the satellite LOS, except for a restricted sector located in the central part of
presumed landslides. This deformation zone (white rectangle in the figures) is characterized by
displacement velocity values ranging between -3 and -10 mm/year. This movement (measured in
LOS direction) is away from the sensor (red color in the Figure 3a and b that represent the results of
respectively the descending and ascending datasets). By combining the ascending and descending
orbital geometries, it has been possible to retrieve information about the real direction of
movement, which resulted as mainly vertical, i.e. as settlement, clearly represented by the time
series in Figure 3e.
It is worth to note that the area affected by displacements concerns only a railway sector,
partially built over a man-made embankment. Coupling in-situ geomorphological surveys and ADInSAR results, has been possible to state that the detected deformation pattern could be referred to
a geotechnical issue affecting the railway embankment, rather than a slope instability phenomenon.
As a matter of fact, the past landslide phenomena reported in the literature do not seem to be
involved in the deformation, as they are mainly stable in the velocity maps (green color in Figure
3).
This A-DInSAR analysis made it possible to understand the characteristics of the deformation
phenomenon, avoiding erroneous interpretations and related useless mitigation measures.
Moreover, this case-study represents an interesting example of application of A-DInSAR, not only
from the technical and scientific point of view, but also because it proves that the COSMO-SkyMed
data are a valuable technological resource also for small public entities, that have the possibility of
benefit from high resolution SAR data at low costs.
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Figure 3. A-DInSAR results for the a) descending dataset and b) ascending dataset. The red squares represent the study
area, the red polygons represent the landslides reported in the literature; c, d) pictures of the man-made embankment
affected by subsidence (indicated in the pictures with the red dashed ellipse and box; e) time series of the point P
located in Figure 3 a and b.

3.2 Infrastructure Monitoring In A Big City Of The Northern Europe.
This case study concerns the monitoring of ground and structure deformation of an urban area of
Northern Europe by multi-temporal interferometric analyses based on satellite SAR (Synthetic
Aperture Radar) data. The aim of the study has been the mapping and the analysis of the
deformation processes affecting the investigated area in about one year. Specifically, the study was
performed using SAR images of the COSMO-SkyMed satellite constellation (ASI). In order to
ensure a suitable spatial and temporal distribution of SAR data on the investigated area, a specific
acquisition plan was commissioned to ASI in order to collect the COSMO-SkyMed SAR scenes.
Two stacks (respectively in ascending and descending orbital geometry), made up of 25 SAR
scenes each, have been acquired and analyzed in the period 20th February 2015 – 10th March 2016
(for the ascending stack) and 23rd February 2015 – 16th May 2016 (for the descending stack). In
Figure 4 and Figure 5, the acquisitions for the ascending and descending stacks are shown.
A-DInSAR large scale, semi-automatic analyses have been performed on the two available
datasets, aiming to provide information for a wide zone (about 922 km2), located in the urbanized
area.
It is worth to note that the same data can be used also to perform a local scale manual analysis,
tuned and optimized for specific small regions of interests. Such detailed analysis can provide
results even more accurate in terms of density of measurement points respect to the large scale
semi-automatic approach.
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Figure 4. Used dataset: COSMO-SkyMed Stripmap Himage data footprints.

Figure 5. Data distribution over time.

By the large-scale semi-automatic analysis more than 1.400.000 validated measurement points
was achieved (by both ascending and descending datasets) over an area of about 920 km2.
The final results of the performed A-DInSAR large scale, semi-automatic analysis have been two
PS velocity maps (one for each orbital dataset). These “city scale” displacement maps show
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evidences of deformation affecting some areas of the city. This zones of interest are shown in
Figure 6 a, b and c. The color scale represents the velocity of displacement along the LOS: points
moving away from the sensor are represented in orange and red colors, points approaching the
sensor are represented in cyan and blue colors and stable areas are green.
Some sectors of the levees of the river and surrounding areas are affected by subsidence
processes characterized by LOS velocity values ranging between about -2 and -14 mm/y (red color,
Figure 6). The process is well recognizable on the PS velocity maps of both the ascending and the
descending stacks. The subsidence has almost linear trends over time, as evidenced by the time
series. (Figure 6 d, e and f).

Figure 6. A-DInSAR results: a, b and c: subsests of the LOS velocity maps that shows three different areas of interest,
where particular terrain deformation patterns have been detected; d, e and f: time series of displacement of PS’s located
respectively in Figure 6 a, b and c.
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To conclude this case study description, it is worth to note that such large-scale A-DInSAR
analysis is useful in the control and monitoring of big areas and effective in localize the critical
zones showing anomalies and deformation patterns. Further investigation by integrating geological,
geotechnical groundwater features would allow for a better understanding of the main factors
controlling these deformation processes. Furthermore, localized deformation processes can be
investigated in detail by local scale manual analysis, that allows increasing the density of
measurement points and the accuracy of the technique and allows analyzing also complex (i.e.
strongly non-linear) deformational behaviors that could occur. Finally, thanks to the possibility of
planning specific images acquisition in the future (for some satellites, such as COSMO-SkyMed),
A-DInSAR analysis can work as real monitoring system.
3.3 The Influence of Infrastructures Characteristics on the Ground Deformation Pattern In a
Delta Plain
ADInSAR technique has been used for assessing the role of loading of structures and for detecting
the settlements characterized by the presence of compressible layers in a densely urbanized delta
plain.
The SAR dataset exploited in this work has been a stack of four-years COSMO-SkyMed ascending
images. The A-DInSAR analysis of satellite SAR images showed several ground deformation
patterns that affect different parts of the wide study area (Figure 7, that shows two subsets of the ADInSAR LOS velocity map). The LOS velocity map shows that several parts of the study area are
moving away from the satellite and are mainly due to subsidence of the delta plain and/or
foundation settlement of the buildings, under load due to human activities.
A particular issue that plays an important a role in causing the deformation pattern we observe
by A-DInSAR have been the buildings and infrastructures characteristics: i.e. the type of foundation
and the age of construction. The buildings and infrastructures characteristics and the age of
construction (in the sixties and seventies or during the last 10-15 years) is very important
considering the time needed for the consolidation phase. Moreover, different foundational types of
the edifices, i.e. shallow or pile foundation influence the way the load is distributed at depth and can
undergo deformation with different intensity.
In Figure 7, two subsets of the LOS velocity map show how different foundational types of the
buildings can influence the ground deformation pattern due to the load of the constructions. Figure
7a highlights the different behavior of viaducts with pile foundations based at depth, on the rocky
substrate, which are mostly stables (green areas), and the embankment based on shallows
foundation in the soft alluvial deposits, which are in subsidence (red areas). In Figure 7b, buildings
characterized by shallow foundation and affected by subsidence (up to -10 mm/yr) are represented.
Just next to the buildings in subsidence, there are edifices with pile (deep) foundation that result
mostly stable (green color).
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Figure 7. Subsests of the A-DInSAR LOS velocity map showing how different foundational types of a) viaducts and
roads and b) buildings can influence the ground deformation pattern (subsidence; red color) due to the load of the
contructions. Shallow foundation, based on the soft sediments of the depositional sequence are affected by subsidence,
while zones characterized by edifices with pile (deep) foundation based on the rocky substrate, are mostly stable (green
color).

This case study highlights the potential of A-DInSAR technique for reconstructing the
deformation pattern and for correlating it with the conditions of the structures and infrastructures. In
general, this strong capability can play an important role even in critical or emergency phases, as
well as for the maintenance operations during the life cycle of the structures.
3.4 The High Sensitivity of the A-DInSAR: The San Liberato Dam Case Study
The San Liberato dam (Umbria region, Central Italy), built for hydroelectric power generation
purpose, is the result of the damming the Nera River, with an earth dam about 360 m long.
Few years ago, the Italian National Dam Authority required verification of deformations that
affected the dam in the 2002 – 2010 period. The A-DInSAR has been adopted since it is the only
approach able to analyze past deformation with sub-centimetric accuracy.
We used 93 ascending and descending SAR images acquired by the Envisat satellite (European
Space Agency – ESA), and in particular 42 images in descending acquisition geometry, for the
period from January 3rd, 2003 until October 8th, 2010, and 51 images in ascending acquisition
geometry, for the period from November 16th 2002 to 25th September 2010. A full-site processing
has been carried out, allowing us to derive deformation trends of the entire area (about 113 km2).
Final results have been selected by applying a high temporal coherence threshold (Ferretti et al.,
2001), selecting only pixels characterized by a very high quality parameter to achieve reliable data.
Moreover, a local-scale processing on the dam body allowed us to identify non-linear deformation,
related to cyclic variations (e.g. seasonal variation of the temperature).
Figure 8 shows the average LOS displacement velocity map for each measurement point
obtained for ascending (a) and descending (b) geometry. Negative velocities (from yellow to red)
represent movement away from the satellite, while positive velocities (from light blue to dark blue)
represent movement towards the satellite. Green color represents stable areas. The Figure 8c shows
the detailed results of measurements points identified over the dam.
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Figure 8. LOS velocity maps obtained with full site processing; a) ascending results: measurements points are depicted
as triangles; b) descending results: measurements points represented by squares; c) detailed results of measurements
points identified over the dam. The red boxes in a) and b) localize the San Liberato dam.

The results show a general lack of movement within the area, during the investigated period. The
reliability of these results can be considered very high (temporal coherence 0.9).
Seasonal deformations of few millimeters related to temperature variations were identified only
in correspondence of the crest, characterized by the presence of metallic elements (Figure 9 shows
the displacement time series of a measurement point located on the crest of the dam).
In conclusion, the A-DInSAR analysis on the San Liberato dam confirmed the lack of permanent
deformation of the dam during the period 2002-2010. It is worth to note that the results are
considered more reliable also due to the agreement between ascending and descending data
(datasets acquired and processed independently). Moreover, also detected seasonal effects are
limited to minor movements affecting the metallic auxiliary elements of the dam that anyway, is
very normal for such type of structures. This result is useful to appreciate the high sensitivity and
accuracy of the system in the estimation of the observed processes.
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Figure 9. Time series of displacement of a measurement point located on the crest of the dam, obtained by thermal
analysis (red triangles). In light blue is plotted the time series of local temperature data.

4 DISCUSSION AND CONCLUSION
The main goal of this paper has been to describe the Satellite SAR Interferometry (and in
particular A-DInSAR) strengths and capabilities to detect areas affected by deformation phenomena
and to quantitatively retrieve the deformation rates. For this purpose, an overview of some
challenging projects carried out by NHAZCA has been presented, focusing on the integration of
InSAR results and other kind of data to understand the deformation processes.
Further examples of effective exploitation of the InSAR technique are summarized in the Table
1, which shows the typical fields of application and goals that can be addressed and reached through
InSAR in the frame of two important geohazards, i.e. slope instability and subsidence phenomena.
These ground deformation processes can affect different kinds of structures and infrastructures,
such as mines, transportation assets, oil and gas extraction plants, dams, and each application case
may concern several specific goals that can be grouped in some general categories, according to
Mazzanti, 2017:
1) Knowledge Monitoring. The aim of this type of monitoring is to quantitatively test and assess
the performance of structures in ordinary operational conditions. This kind of monitoring may allow
to identify and localize unknown areas affected by potential deformation phenomena, thus giving
support to the prioritization of interventions.
2) Control Monitoring. The aim of this type of monitoring is to quantitatively check the
evolution of well-known problems that affect geotechnical assets, in order to help define service
levels and the management of risk. This latter category plays a crucial role for the management of
infrastructures and structures: by a long term monitoring of the evolution in time, it will be possible
to quantitatively check and control the deformation issues during time.
Table 1 introduces an overview of Knowledge Monitoring and Control Monitoring examples that
contribute to a wide understanding of the potential of InSAR technique. In general, two important
capabilities of Satellite SAR Interferometry, can be considered as peculiar of this technique, and
help to get most of the specific goals summarized in Table 1:
(i) “past monitoring” i.e. the “monitoring” of processes that occurred in the past, by the
availability of globally distributed data collected from the year 1992 by different satellite
missions;
(ii) “large-scale monitoring”, allowing to investigate widespread areas (e.g. a full frame
analysis with Sentinel 1 images covers an area of 250 x 250 km).
To conclude, the case studies showed in this paper represent the achievements of some of the
above-mentioned goals through Satellite SAR Interferometry, in particular regarding landslides,
subsidence and related infrastructures deformation phenomena, helping the reader to see practical
examples of what this technique is able to do.
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Geohazards

Category of
Application

Field of
Application
Mining

Knowledge
Monitoring

Slope Instability

Transportation
assets

Dams

Specific goals
• Identifying sectors affected by slope instability (e.g. on
the excavation front or at the tunnel entrances)
• Early detection of potentially unstable segments affected
by slope instability phenomena
• Choice of the suitable routes and analysis of landsliderisks along a route in the design phase of engineering
projects
• Widespread screening of the assets conditions after
paroxysmal events (like earthquakes, rainfalls etc.)
that can induce landslides.
• Monitoring of the slopes in order to detect landslides
that can affect the basin of a dam.

• Control in slope areas during excavation phase.
• Advanced maintenance of critical segments of the
excavation fronts or tunnels entrances.
• Long term monitoring in landslide-prone areas, during
construction phase
Control
Transportation
• Advanced maintenance of critical segments (e.g.
assets
Monitoring
segment crossing active landslides).
• Verification of high-risk areas.
• Long term monitoring of the slopes surrounding the dam
Dams
basin that undergo gravitational deformation
processes
• Identifying the sectors affected by subsidence during and
Mining
after the excavation activity
Oil&Gas
• Identifying the sectors affected by sediments compaction
due to hydrocarbon extraction
Knowledge
Transportation
• Identifying the sectors affected by
Monitoring
assets
- Tunnelling-induced ground subsidence
- Foundation settlements due to the load
- Segments affected by structural failures
Subsidence
• Control during excavation phase in areas undergoing
Mining
subsidence.
• Long term monitoring in areas affected by sediments
Oil&Gas
Control
compaction induced by fluids extraction
Monitoring
• Long term monitoring in areas affected by tunnelingTransportation
induced subsidence
assets
• Advanced maintenance of critical segments (e.g.
segment affected by subsidence or settlements).
Table 1. Synoptic table showing the typical applications and the specific goals that can be addressed and solved by
using the Satellite SAR Interferometry (and in particular A-DInSAR technology), in the framework of geohazards and
infrastructures management.
Mining
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