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ABSTRACT

SAFETY (Sentinel-1 for geohazards regional monitoring and forecasting — safety.cttc.es) is a two-year
research project funded under the ECHO (European Civil Protection and Humanitarian Aid Operations)
call “Prevention and preparedness projects in Civil Protection and marine pollution”, which started on
the 1st January 2016. The mission of the project was to improve the efforts in detecting and mapping
geohazards (i.e. landslide, volcanic and subsidence), by assessing their activity and evaluating their
impact on built-up areas and infrastructure networks through space-borne radar data. This goal has been
achieved through the use of Sentinel-1 DInSAR (Differential Synthetic Aperture Radar Interferometry)
derived products and the development of software tools. The most challenging part concerned the semi-
automatic generation of derived maps to be easily interpreted and exploited in the geohazard
management by the Civil Protection Authorities, which are not usually familiar with DInSAR products.
This work provides an overview of the project activities, describing the developed procedure, the main
outcomes, and the most significant results obtained over the two test sites of the project: the Canary
Islands (Spain) and the Volterra municipality (Italy). The main goal of this work is to present the
potentialities of Sentinel-1 interferometry as a regular complementary input for the regional scale
risk management.
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1 INTRODUCTION
The characterization and monitoring of the state of activity of geohazards is a fundamental
information for the risk analysis and prevention at both local and regional scale. The
exploitation of Synthetic Aperture Radar (SAR) images, through the Differential
Interferometry (DInSAR) techniques, is particularly suited for the multiscale analysis of
ground deformations [1]. DInSAR techniques are based on the exploitation of the phase
difference (interferogram) between two radar images, in order to derive ground
displacements with millimetre accuracy [2]. In the last 25 years, DInSAR has given a great
contribution in the detection and monitoring of geohazards like landslides [3]-[6], subsidence
[7]1-[12] or volcanos [13]-[17]. Since its first use [ 18], the application fields of DInSAR have
increased a lot because: i) several DInSAR methodologies and processing tools have been
developed and ii) a lot of satellite SAR data are available. Regarding the processing
methodologies, some examples are: the interferometric analysis [2], [5], [19]; the multi-
interferometry analysis [20]-[23] and several implementations of the Persistent Scatterer
Interferometry (PSI) technique. A review of all the PSI implementations is available in
Tomas et al. [8] and Crosetto et al. [24]. For what concerns the availability of SAR data, an
important step forward has been done with the recent satellites Sentinel-1 (S1) A and B,
launched respectively in 2014 and 2016 [25] by the European Space Agency. Sentinel-1
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ensures a regular worldwide acquisition, with a high temporal sampling (acquiring an image
every six days in Europe), providing free data available to all users, without limitations.
Moreover, the acquisition method (Terrain Observation by Progressive Scans (TOPS))
guarantees images covering wide areas (250 x 250 km?). These characteristics represent an
innovation in the use of this technique, allowing accomplishing long term monitoring
planning, at a regional scale, in any place of the world. By the way, there is still a gap in in
the transition from the almost-exclusive usage of DInSAR by the scientific community or
expert technicians, to the wide gamma of potential users that are involved in the risk
management activities. The SAFETY project is aimed at both filling this gap and improving
the Sentinel-1 data exploitation. The aim of this work is to present the potentialities of
Sentinel-1 as a constant regional-to-local scale geohazards monitoring tool and impact
assessment, through the methodology developed in SAFETY.

1.1 Basics of DInSAR

Synthetic Aperture Radar Differential Interferometry (DInSAR) exploits the phase difference
between two SAR images acquired over the same area, in different times (M and S). The
phase difference between two SAR images (interferogram) can be used to estimate possible
movements of the ground surface occurred in the period between the two acquisition dates.
As described by eqn (1), the phase difference (A@in) allows to estimate the difference of the
satellite-ground distance between the two acquisitions (Rm — Rs). The technique is able to
measure the projection on the satellite Line Of Sight (LOS) direction of the real displacement

4
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As described by eqn (2), the phase difference (Agin) is affected by four main components:

1) The possible ground surface displacement (A@mov): difference of the distance between
the satellite and the measured ground point (Rm — Rs) due to the ground movement
between the two acquisition times;

2) The phase related to the acquisition geometry (A@Qgeom): this is the difference of the
signal path due to the different position of the satellite in the two acquisition times.

3)  Atmospheric component (A@amo). This component is associated with the atmospheric
variability between the two acquisition times.

4) Phase noise (A@noise)- This component includes different types of noise factors. An
example is a change of the surface conditions (e.g. humidity, growing of grass, snow
coverage) between the two acquisition times.

Several methods exist in order to extract the displacement component (A@mov). When this
component is stronger than the others, it can be extracted by the use of only two images,
acquired before and after the movement [26], i.e. through the single interferograms analysis
[5]. When the targets are movements of lower magnitude, it is necessary to use a stack of
images [23], [27] to perform the Advanced Differential Interferometry (A-DInSAR) analysis.
The output of an A-DInSAR procedure is a set of spatially distributed measurement points,
generally known as Persistent Scatterers (PS). For each point, the mean annual velocity in
the observed period and the time series of the deformation are provided. The spatial density
of PS depends on several local factors, like the geometry (i.e. the local topography), the
surface characteristics (e.g. lithology, humidity, snow presence) and the land cover.
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1.2 The SAFETY project

SAFETY is a European project (Sentinel-1 for geohazards regional monitoring and
forecasting — safety.cttc.es) funded under the 2015 ECHO (European Civil Protection and
Humanitarian Aid Operations) call “Prevention and preparedness projects in Civil Protection
and marine pollution”. It started on the 1st January 2016 [28] and finished on the 31st
December 2017. The aim of SAFETY was to improve the exploitation of Sentinel-1 data for
the geohazards monitoring (landslide, volcano and subsidence) and the Civil Protection
Authorities’ (CPA) activities of risk management at a regional scale. This goal can be divided
in two main research lines: a) allowing the full exploitation of Sentinel-1 data for geohazard
monitoring through the development of software tools and semi-automatic methodologies;
and b) making the DInSAR results feasible to be used by any actor involved in the risk
management through the simplification of the results in clear and useful products. The main
constraining aspect is the complexity of the DInSAR technique, both in terms of processing
the data to extract the movement information and of interpreting the results. For what
concerns the second aspect, the interpretation of the DInSAR derived products (like the
deformation velocity maps) requires a deep knowledge of the technique and can be
misleading for a final user who is not familiar with the DInSAR technique [29], [30]. Usually,
the CPAs who manage with geohazard monitoring and management do not have this
background knowledge. Moreover, CPAs need maps containing clear and selected useful
information.
Resuming in few points, SAFETY addressed the following challenging factors:

1)  The under-exploitation of the available data;

2)  The geometric limitation of SAR acquisition as the capability of measuring deformation
only in the line of sight (LOS) of the satellite;

3) The spatio-temporal noise;

4)  The huge amount of information.

Point 1 refers to the huge number of data provided by Sentinel-1 (an image every six days)
that can be difficult to manage. SAFETY has produced a software tool, able to process
Sentinel-1 data through an approach of the Persistent Scatterer Interferometry chain,
developed by the Geomatics Division of CTTC (PSIG) and described in [31]. This developed
tool is free and available to all the institutions that support the CPAs activities, allowing them
to periodical generate the deformation maps. Moreover, the semi-automatic methodology
developed in SAFETY is fast and repeatable, increasing the potential exploitation of
Sentinel-1 data. Nevertheless, this point is still open for what concerns the full exploitation
of the six day information contained in a single six day temporal baseline interferogram
(single interferogram analysis), which is crucial for a near-real time monitoring and for
supporting early warning systems (EWS). This aspect will be addressed by the European
project U-Geohaz (01/01/2018-31/12/2019), funded under the 2017 ECHO call, which
addresses some specific key needs and improvements detected in SAFETY.

Points 2 and 3 are the main misleading aspects. For example, a final user needs to know
that a PS without detected movement does not necessarily means that the relative area is
stable, and he needs to be able to discriminate the noisier information from the reliable ones.

Point 4 refers to the high number of measurements (PSs) that this technique can provide,
making difficult and time consuming the identification of active motions, especially when
working at regional scale. The semi-automatic methodology developed in SAFETY deals
with the last 3 points: it allows a rapid filtering and extraction of the most significant detected
Active Deformation Areas (ADA), by resuming only the key related information and
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attributing a Quality Index (QI) assessing the reliability level of each ADA [32]. Moreover,
the developed methodology proposes a way of using the ADA map to derive other maps
useful in the risk management activities [9].

2 METHODOLOGY
The general flowchart of the developed methodology is presented in Fig. 1. It is thought to
be iteratively applied, with a frequency that depends on the monitoring target. The
methodology can be divided in the three main blocks explained in the following.

2.1 Block 1 — processing of Sentinel-1 data

The processing of Sentinel-1 data allows estimating the annual velocity and the deformation
time series (TS) in correspondence of distributed PS, over wide areas: the output of this block
is the preliminary surface deformation map (Row Deformation Map).

2.2 Block 2 — post-processing

The second block consists in a post-processing of the Row Deformation Map (RDM) in order
to simplify the information delivered to the final users. The outputs generated within this
block are two: the Deformation Activity Map (DAM) and the Active Deformation Ares map.
The first one is derived by a filtering of the noisier and spatially isolated PSs of the RDM,
reducing the spatio-temporal noise and thus increasing the readability of the map. The second
is the result of a semi-automatic extraction from the DAM of the most significant active areas.
This passage implies the extrapolation of a polygonal area from a set of points. An area is
considered significant, thus defined as ADA, when it is composed by at least four PSs with
velocity of deformation higher than a threshold, so being “active”. For each ADA polygon,
the most relevant information is resumed (e.g. the mean annual velocity and the accumulated
deformation), allowing a rapid and easy regional scale overview of the results. Moreover, a
Quality Index (QI) classifies each ADA on the basis of an estimation of its reliability level,
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Figure 1: Flowchart of the methodology developed in SAFETY.
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which is a fundamental information for the final users. The ADA extraction can be easily
performed in a Geographic Information System (GIS) environment. We refer to Barra et al.
[32] for a detailed description of this block.

2.3 Block 3 — ADA for geohazard management

This block is a step forward of interpretation and application of the ADA map for the
geological risk management in the specific context of each study area. It consists in the
intersection of the ADA map with the existing knowledge and data, like inventories or
susceptibility maps, in a Geographic Information System (GIS). On one hand, the intersection
allows validating the detected ADA, attributing the type of the deformation; on the other
hand, this procedure updates the existing data by adding new detected deformations or
changing the spatial and temporal activity state of already known phenomena. The interpreted
ADA, with the attribution of a geological explanation behind each movement, is one of the
output of this block, which is called Geohazard Activity Map (GAM). Then, the intersection
of the GAM with the exposed elements (e.g. infrastructures, streets, houses, hospitals)
provides the Vulnerable Element Activity Map (VEAM). The VEAM considers only the
ADA affecting elements at risk and summarizes, in a visual and direct way, for each portion
of the territory (e.g. municipalities, regions, basins), the number of impacting ADA and the
emergency level related based on a classification of the affected elements. We refer to Solari
et al. [9] for a detailed description of this block.

3 RESULTS AND APPLICATIONS
In this section, some results over the test sites of the project are presented with the aim of
showing the potentialities of the developed methodology. Then, some examples of the actual
application of SAFETY in the risk management will be exposed.

3.1 Test sites

The test-sites of SAFETY were Volterra (Tuscany Region, Central Italy) and the Canary
Islands (La Gomera, Tenerife and Gran Canaria, Spain). The two locations allowed
evaluating the methodology in different environmental conditions considering various
scenario of applications. In the Canary Islands the main geohazards are volcanic and rock-
falls whereas in the Volterra Municipality are landslides. Moreover, the geo-lithological
setting and the land coverage of the two sites determine a very different radar response in
terms of coherence.

Canary Islands test site, covering a total land surface of around 4,000 km?, allows testing
the regional scale potentialities of the procedure, while Volterra municipality is about
250 km?. For both the test sites, two consecutive iterations of the methodology have been
performed in order to test the monitoring potentialities.

3.2 An overview on the obtained results

Fig. 2 shows the results of the application of the methodology over Tenerife (Spain). Fig.
2(a) and (b) present the transition between the Row Deformation Map (RDM, Fig. 2(a)),
derived by the Sentinel-1 DInSAR processing, to the final Deformation Activity Map (DAM,
Fig. 2(b)), after the filtering. Both maps visualize the results in terms of annual LOS velocity
estimated in the observed period. Fig. 3(b) shows that the DAM appears less noisy then RDM,
this implies a better understanding of the map by the final users.
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Figure 2:  Results of the methodology over Tenerife (Canaries, Spain). (a) The RDM; (b)
The DAM; (¢) The ADA map; and (d) The interpretation of the ADA.

It is worth to underline that the green points can be stable points as well as moving points,
but with a not detectable movement. The zones without PS are usually characterized by low
coherence, mainly because of the vegetation coverage or strong changes in time. Fig. 2(c)
shows the ADA map, automatically extracted from the DAM [32]. The ADA are classified
on the basis of the QI. This figure shows the strong simplification of the ADA map with
respect to the DAM. Only in Tenerife, we reduce the information to be interpreted from one
million points, in the DAM, to one hundred areas, in the ADA map. Fig. 2(d) presents a
Geohazard Activity Map (GAM) that is the result of a preliminary interpretation of the
possible geological process behind each deformation area. It has been done through the
complementary use of aerial photos, digital elevation models, geological maps and field
investigations. Fig. 3 shows an example of VEAM derived by the intersection of the GAM
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Figure 3: (a) ADA impacting a road; (b) Example of VEAM of Tenerife (Spain).

with an inventory of exposed elements at risk. Fig. 3(a) shows an example of ADA affecting
a road (exposed element). The VEAM (Fig. 3(b)) resumes the information of the potential
impact that the detected ADA can represent for each territorial unit. In the case of Tenerife,
the territorial units are the municipalities. This map is a step forward of simplification, useful
for CPAs to redirect resources for further investigation, monitoring efforts or interventions.
In Fig. 4 some results over the Volerra city are visualized. This figure aims at presenting the
monitoring potentialities through the periodical processing of stacks of images covering
different periods. Fig. 4(a) and (b), shows the ADA maps derived by two consecutive
iterations of the data processing: the first one covers the period from October 2014 to April
2016, the second one from August 2015 to February 2017. Two ADA affecting the city have
been detected. It is possible to see a change of magnitude in the two measured periods: in the
Zone 1, no ADA were extracted in the first iteration because of the very low velocity, while
in the second iteration a strong acceleration is registered. Then, Fig. 4(c) shows an example
of intersection between the ADA map and the existing Landslide Inventory Map (LIM). With
a simple intersection, the ADA map allows updating the state of activity of the landslide in
the Fontecorrenti district, from dormant to active. Moreover, once the landslide phenomena
is attributed to the detected ADA, further analysis over the magnitude (in terms of velocity
and volumes) can be performed and, if necessary, a more local scale and focused monitoring
can be set up.

3.3 SAFETY in Civil Protection

The SAFETY consortium included, as both beneficiaries and final users, the Civil Protections
of Italy, Canary Islands and Spain, allowing to direct the SAFETY results in order to fit as
better as possible the user requirements and necessities. SAFETY project aimed at providing
a long-term infrastructure designed to allow the continuation of the project activities, at least
on the two test sites of the project. Activities based on the SAFETY methodology are
integrated in the geohazards monitoring activities of different public institutions supporting
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Figure 4: (a) ADA map from the first iteration; (b) ADA map from the second iteration;
and (c) Intersection in a GIS environment of the ADA, the DAM velocities and
the existing Landslide Inventory (LIM).

the CPAs. The SAFETY software and tools have been modified and automated by the
Instituto Geografico Nacional (IGN), according to their specific needs and requirements. IGN
is the geographical institute of Spain and supports the Spanish CPA in the volcanic geohazard
monitoring and early warning. SAFETY methodology and products are now integrated into
the Volcano Monitoring System (VMS) of IGN (Fig. 5). They use the DInSAR information,
together with other data, in order to generate models and to monitor deformations,
strengthening their ability to create alarms. The University of Florence (UNIFI), which is a
competence centre for the Italian Civil Protection, was also part of the SAFETY consortium.
UNIFI is now developing a DInSAR-based monitoring project, named “PS continuous
streaming for landslide monitoring and mapping on Tuscany Region (Italy)”, that involves
the Italian Civil Protection and the Tuscany region hydrogeological risk authorities. In the
framework of this agreement, UNIFI is applying and testing a calibrated version of the
procedure developed in SAFETY over the Tuscany region, in Italy (Fig. 6). After this
agreement, the SAFETY procedure will be potentially implemented by Civil Protection
agencies and local authorities to be applied in other regions of Italy.
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Figure 5: The workflow of the IGN Volcano Monitoring System.
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Figure 6:  Classification of the ADA based on their impact, in an area of Tuscany Region.
Work done in the framework of the project “PS continuous streaming for
landslide monitoring and mapping on Tuscany Region (Italy)”.

4 DISCUSSIONS AND CONCLUSIONS
A proper planning, monitoring, and early warning, are crucial prevention activities in the risk
management since they can mitigate the damage caused by natural hazards. The results of
SAFETY provide a strong support in those three activities of risk prevention.
A starting point of the risk analysis is the assessment of different scenarios of risk, related
to the hazards of the area. A scenario describes the expected event in terms of type, spatial
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dimension and intensity. The SAFETY products provide the spatial distribution of hazard-
related active movements associated to a value of velocity estimated by means of DInSAR
analysis, which supports the definition of the intensity of the event. This information allows
to describe the actual scenario and to study the hazard in order to assess potential future
evolutions of the event (possible future scenarios). In fact, the monitoring capability of the
technique represents a strong tool in order to better understand the time-related behaviour of
geohazards. Moreover, the described analysis of scenarios, are at the base of the hazard
impact analysis. The VEAM map is a starting point of this analysis, assessing the exposed
elements affected by the active deformations detected by the DInSAR technique.

In this work, the main activities of the European project SAFETY have been described.
The aim of the project was to build a long-term infrastructure to allow an easy use of Sentinel-
1 satellite data for the detection and monitoring of geohazard-induced ground movements,
by the Civil Protection Authorities. With this aim, an open source software tool, for the
Sentinel-1 data processing, has been developed. The paper describes the semi-automatic
methodology to filter the deformation map (DAM), extract the most significant detected
Active Deformation Areas (ADA), and derive secondary products useful for risk
management activities. Some results over the two test sites (in Italy and Spain) have been
proposed, showing the level of simplification generated by the methodology in the DInSAR
results interpretation and exploitation. Nowadays the methodology is being used as a constant
monitoring tool by two institutions supporting the Civil Protection risk management
activities: in Italy, by the University of Florence, for the landslide risk, and in the Canary
Islands (Spain) by the Instituto Geografico Nacional, for the volcanic risk management. The
research activities started in the SAFETY project have been granted and will follow up in the
recent project U-Geohaz. U-Geohaz will improve the 6 days repeatability data exploitation
and strength the potentiality of the technique as a tool for supporting early warning systems
and risk analysis.
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