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Executive summary

PROTHEGO (PROTection of European Cultural HEritage from GeO-hazards) is a collaborative
research project funded in 2015-2018 in the framework of the Joint Programming Initiative on
Cultural Heritage and Global Change (JPI-CH) — Heritage Plus. The project aims to make an
innovative contribution towards the analysis of geohazards in areas of cultural heritage, and uses
novel space technology based on Interferometric Synthetic Aperture Radar (InSAR) to retrieve
information on ground stability and motion in the UNESCO World Heritage List (WHL) monuments
and sites of Europe.

This report introduces PROTHEGO’s Work Package (WP) 2: Harmonisation of available PS data, and
creation of digital factsheets, led by the Natural Environment Research Council (NERC) — British
Geological Survey (BGS) and aimed to define, catalogue and assess the availability of satellite-
derived ground motion information from multi-temporal InSAR and Persistent Scatterers (PS)
techniques for the UNESCO WHL sites of Europe. WP2 consists of two main tasks: 2.1 — Analysis of
satellite InSAR and PS datasets available at European scale; and 2.2 — Harmonisation of InSAR and
PS ground motion information and creation of digital factsheets. Their goal is to generate a GIS
catalogue of the available satellite INSAR data for the UNESCO WHL sites of Europe, and digital
factsheets summarising the observed ground motion velocities and deformation histories of the PS

reflectors within each WHL site, alongside two technical reports.

This is the first report describing the methodology adopted for, and results obtained from, the
analysis of the availability of ground motion information for the WHL sites of Europe (i.e. Task 2.1).
This information is based on InSAR processing of satellite radar imagery that was carried out in the
framework of ongoing or recent European, national and/or research projects (such as ESA-GMES
Terrafirma, and the Italian Extraordinary Plan of Environmental Remote Sensing EPRS-E), as well as
those available through published literature (e.g., scientific papers, project reports). Information on
data availability for the WHL sites was recorded in an ad hoc catalogue, together with metadata on
the retrieved ground stability and motion datasets (e.g., data source, satellite and sensor,
monitoring period, acquisition mode).

The analysis allowed the delineation of a general overview of the coverage of InSAR datasets for the
UNESCO sites at European scale, as well as the identification of data coverage gaps. The results
reveal that, as of the end of 2016, 147 sites (i.e. 37% of the analysed 399 sites of PROTHEGO) are
covered by existing datasets and/or published literature, whereas there is a data coverage gap for
252 sites (i.e. 63%). Therefore InSAR information can or may be accessible to study geohazards in
more than one-third of the total European UNESCO sites. It is to be noted, however, that in addition
to the datasets and literature found so far, many other unpublished studies may exist, as well as
other digital datasets that could be made available to PROTHEGO via other projects, suggesting that

even more sites than the 37% figure provided in this report may be already covered.
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1 Introduction

1.1 The project
Funded in the framework of the Joint Programming Initiative on Cultural Heritage and Global

Change (JPICH, www.jpi-culturalheritage.eu/) — Heritage Plus, the project PROTHEGO — PROTection

of European Cultural HEritage from GeO-hazards [2015-2018] aims to make an innovative

contribution towards the analysis of geohazards in areas of cultural heritage in Europe.

A comprehensive picture of sites threatened by geohazards is not available as yet. Only some of the
endangered sites are inscribed on UNESCO’s World Heritage in Danger list, whilst it is known that

many could be affected by geological processes and ground instability.

PROTHEGO makes an effort to fill this gap by applying novel space technology based on
Interferometric Synthetic Aperture Radar (InSAR) to retrieve information on ground motion and

map geohazards in the UNESCO World Heritage List (WHL) monuments and sites of Europe.

Geological interpretation, advanced modelling and field surveying will be carried out for the most
endangered sites to determine the causes and the extent of the observed motions and to provide
an enhanced understanding of any geological processes affecting the heritage properties. At least
one demonstration site in each Project Partner's country (i.e. Italy, United Kingdom, Cyprus and

Spain) will be used to demonstrate the methodological approach at the local scale.

PROTHEGO is coordinated by the Italian Institute for Environmental Protection and Research
(ISPRA), and carried out with the British Geological Survey (BGS) part of the Natural Environment
Research Council (NERC), Cyprus University of Technology (CUT), University of Milano-Bicocca
(UNIMIB) and the Geological and Mining Institute of Spain (IGME). PROTHEGOQ'’s five Principal
Investigators and contact points from these organisations are: Dr C. Margottini for ISPRA (also
acting as PROTHEGO Project Coordinator), Dr F. Cigna for NERC-BGS, Dr K. Themistocleous for CUT,
Prof G.B. Crosta for UNIMIB, and Dr J.A. Fernandez Merodo for IGME.

Within the Heritage Plus funding model, these five Project Partners receive co-funding from the
respective National Organisation participating in the JPI-CH: the Ministry for Cultural Heritage
Activities and Tourism (MIBACT) and Ministry of Education, Universities and Research (MIUR) in
Italy, the Arts & Humanities Research Council (AHRC) in the UK, the Research Promotion Foundation

(RPF) in Cyprus, and the Ministry of Economy and Competitiveness (MINECO) in Spain.



http://www.jpi-culturalheritage.eu/

1.2 WP2: Harmonisation of PS data, and creation of digital factsheets

This report introduces PROTHEGO’s Work Package (WP) 2: Harmonisation of available PS data, and
creation of digital factsheets, led by NERC-BGS and aimed to define, catalogue and assess the
availability of satellite-derived ground motion information from multi-temporal InSAR and

Persistent Scatterers (PS) techniques for the UNESCO WHL sites of geographical Europe.

WP2 is a research and technological development (RTD) activity, planned to run from PROTHEGO’s
month M7 (i.e. 1% March 2016) and until M15 (i.e. 30" November 2016). An extension until M20

was agreed at the end of the 2™ year of the project (i.e. 30" April 2017) (Figure 1).
Table 1 defines the timeline for the planned activities and two main tasks in WP2:

e 2.1- Analysis of satellite INSAR and PS datasets available at European scale (see section 2)
e 2.2 — Harmonisation of InSAR and PS ground motion information and creation of digital

factsheets (see section 3)

These tasks will generate a GIS catalogue of the available satellite INSAR data for the UNESCO WHL
sites of Europe (see section 2.2.1), and digital factsheets summarising the observed ground motion
velocities and deformation histories of the PS reflectors within each WHL site (see section 3),

alongside two paper deliverables (Table 2), the first of which consists of this report (D.02.01).

WP?7 - Dissemination and communication
i

WP3 - Integration
WP1 - UNESCO WP2 -

of PS and geo- WP6 - Local scale
Cultural heritage Harmonisation of hazard products WP4 - |dentification WP5 - Local scale investigation and

creation of digital sites

factsheets

SN———

at European scale of multi-criteria modelling

methodology

Vs. Natural Hazard ‘ PS data and ' and implementation ofmostendangersd monitoring advanced

WPS8 - Project Management

Figure 1: Location of PROTHEGO’s WP2 (red circle) in the project flow chart, outlining its relationship with the
other technical (WP1, 3-6) and managerial (WP7-8) work packages (after Margottini et al. 2014).

This report describes the methodology adopted for and results obtained from the analysis of
availability of ground motion information for the WHL sites of Europe, based on InSAR processing of
satellite radar imagery that was carried out in the framework of ongoing or recent European,
national and/or research projects, as well as information available through published literature.

Information on InSAR data availability was recorded in an ad hoc GIS catalogue (see section 2.2.1),




together with metadata on the retrieved ground stability and motion datasets (e.g., source, satellite
and sensor, monitoring period, acquisition mode), and allowed the delineation of a general
overview of the coverage of InSAR datasets for the UNESCO sites at European scale (see section
2.2.2). WHL sites not covered by any InSAR or PS products were also identified (see section 2.2.2),
outlining the spatial distribution of data gaps for future exploitation of INSAR methods over sites not

yet monitored.

An analysis and harmonisation of ground motion information for the WHL sites will be carried out
during task 2.2 (see section 3), when statistics on the observed annual, minimum and maximum

deformation will be extracted based on the datasets identified through task 2.1.

Table 1: Updated PROTHEGO’s WP2 GANTT, accounting for the extension agreed at the end of the 2" year of
the project (modified from Margottini et al. 2014). Green = WP Leadership; Orange = Tasks.

Activity Title Months (M)

[Leader] 12 345

Harmonisation of available PS
data, and creation of digital
factsheets

WpP2
[NERC]

Analysis of satellite InSAR and
PS datasets available at
European scale

Task 2.1
[NERC]

Harmonisation of INSAR and PS
ground motion information and
creation of digital factsheets

Task 2.2
[NERC]

Table 2: PROTHEGO’s WP2 deliverables, accounting for the extension agreed at the end of the 2" year of the
project. R = report; PU = public (modified from Margottini et al. 2014).

Del. No. |Deliverable name Nature Dissemination level Delivery date

Available satellite InSAR data for the European WHL

D.02.01 sites (Report & GIS catalogue)

R PU M17

Digital Factsheets with ground stability information

D.02.02 for each WHL site

R PU M20
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2 Analysis of available satellite InSAR data

This section describes the data sources that were explored to retrieve an overview of the availability
of PS ground motion datasets and information for the UNESCO WHL sites of Europe (see section
2.1), and provides a summary of the results obtained by geographical area (2.2.2). A description of
the generated GIS catalogue of available data is also provided in section 2.2.1, and the identified

data gaps are discussed in section 2.2.2.

The radar data stacks mentioned in the following sections are from a number of past and/or current
satellite missions carrying onboard SAR sensors capturing images of the Earth’s surface in the radar

domain; generally, in C-band: 4-8 GHz, X-band: 8-12.5 GHz, or L-band: 1-2 GHz (Figure 2).

HISTORICAL ANALYSIS MONITORING

» CETETE ) ¢
o T )
» T

. I ) 1

X-band

‘0 Sentinel-1B 12

5

* 2) W&

o e

3

b g — 24) M-
* 35
* 35

N Aos1 46
KN o B

L-band

1992 1998 2001 2002 2006 2007 2008 20102011 20132014 2016 Future

Figure 2: Overview of satellite SAR missions in C-, X- and L-band, their operational lifetime and typical
revisiting times (OTRE ALTAMIRA 2016; http://tre-altamira.com/technology/)

Today a range of multi-temporal processing approaches exist and are available to the community to
process stacks of SAR images and retrieve information about ground stability and any motion

occurring in the monitored areas during the investigated period, with centimetre up to millimetre
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precision. A non-exhaustive list of these processing approaches is provided as follows: PSINSAR™ or
Permanent Scatterers InSAR (Ferretti et al. 2001), SqueeSAR™ (Ferretti et al. 2011), CPT or
Coherent Pixels Technique (Blanco et al. 2006), PSP-DIFSAR or Persistent Scatterers Pairs -
DIFferential InSAR (Costantini et al. 2014), IPTA or Interferometric Point Target Analysis (Werner et
al. 2003), SBAS or Small Baseline Subset at low (Berardino et al. 2002) and full resolution (Lanari et
al. 2004), ISBAS or Intermittent SBAS (Sowter et al. 2013), CPT-TSC or Coherent Pixel Technique —
Temporal Sublook Coherence (Iglesias et al. 2015), SPN or Stable Point Network (Duro et al. 2005),

DePSl or Delft Persistent Scatterer Interferometry (Sousa et al. 2010).

Papers on how these data and processing methods can be used to analyse stability and instability
due to geological hazards in areas of cultural heritage include: Cigna et al. 2012, 2014; Tapete &

Cigna 2012; Tapete et al. 2012.

2.1 Data sources

The input data considered for this analysis consist of already processed, point-wise datasets of
ground stability and motion information based on stacks of satellite radar imagery processed

outside PROTHEGO and, in particular:

e PS datasets from the ESA-GMES Terrafirma project (see section 2.1.1);
e PSdatasets from the Italian EPRS-E (see section 2.1.2);
e PS datasets made available via other international/national projects (see section 2.1.3);

e Literature review (see section 2.1.4).

Data availability was checked for the list of 399 UNESCO WHL sites identified by ISPRA during WP1:
UNESCO Cultural heritage Vs Natural hazards at European scale (Spizzichino et al. 2016), and
against the site centroid location made available by UNESCO through their website, as well as site
boundaries (i.e. Core Areas and, when available, Buffer Zones) as provided by ISPRA on 04/05/2016
and in revised form on 17/11/2016 and 30/12/2016. To assess whether a UNESCO WHL site was
covered, the footprints of the processed InSAR datasets were intersected with the location and
detailed boundaries of the site. No threshold on the minimum number of radar targets or minimum

density of targets per unit area was applied.

It is worth noting that the data listed above only include InSAR datasets that are already processed.
The potential to cover a much wider portion of UNESCO WHL sites exists via the processing of other

SAR data available from the archives of the various space agencies, such as ERS, ENVISAT and
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Sentinel-1 C-band data from ESA or RADARSAT-1/2 data from the Canadian Space Agency (CSA), X-
band COSMO-SkyMed data from the Italian Space Agency (ASl) or TerraSAR-X data from the
German Aerospace Center (DLR), or L-band ALOS-1/2 data from the Japanese Space Agency (JAXA)
(Figure 2). The analysis of available raw satellite data from the archives is, however, beyond the

scope of this task.

2.1.1 ESA Terrafirma project

PROTHEGO'’s first source of InSAR ground motion datasets is the over 10year-long project

Terrafirma (http://www.terrafirma.eu.com/). Within the Global Monitoring for Environment and

Security (GMES) Service Element programme of the European Space Agency (ESA), the Terrafirma
project delivered a number of satellite Earth Observation (EQ) based Geohazard Land Motion
Services. The project aim was to use the latest technology to measure terrain motion from satellite
radar data to provide essential support in the process of risk assessment and mitigation to a wide
range of entities including civil protection agencies, disaster management organisations and costal,
rail and motorway authorities. Whilst stage 1 (2003-2006) concentrated on the consolidation of a
standardised and qualified terrain motion service, stage 2 (2006-2009) focused on scaling up the
service by delivering InSAR and PS data to each of the 27 EU member states and running a highly
successful service validation. Stage 3 (2009-2013) concentrated on four thematic lines for terrain
motion analysis: Tectonics, Coastal Lowland Subsidence and Flood Defence, Hydrogeology

(including groundwater issues, landslides and inactive mines) and Wide Area Mapping (Figure 3).

Through its final stage 4 in 2014-2015, that was partly devoted to securing long-term on-line
availability of PS products via the OneGeology-Europe Portal, the project Terrafirma made available
more than 100 PS ground motion products depicting average motion velocities and time histories
for the last two decades for a number of towns, cities and river basins, as well as entire provinces or

regions across several European countries.

Access to the Terrafirma products was granted free-of-charge to PROTHEGO on 20/10/2016, under
the Terrafirma User Licence (141219 TF 1GE_Terms Conditions_v3) signed by NERC. The data are
for non-commercial use only in PROTHEGO, and under the understanding that products derived
from Terrafirma datasets will include acknowledgement of the project, copyright and source of the
satellite SAR data (e.g. ESA data copyright 1992-2000), as well as of the PS supplier who performed
the image processing. This information was included in the respective fields of the GIS catalogue

generated by PROTHEGO for this task (see section 2.2.1).



http://www.terrafirma.eu.com/

Ref: WP2: Harmonisation of available PS data, and creation of digital factsheets;

Deliverable: D02.01: Available satellite InSAR data for the European WHL sites

Version: 1.0 — =
Date: 27/04/2017 PROTH GO

Protection of European Cultural Heritage from Geo - Hazards

Figure 3: Coverage of Terrafirma PS data (source: http://www.terrafirma.eu.com/service_coverage.htm).

Data made available by the Terrafirma project include a total of 108 digital datasets of point-wise PS
ground motion information (point id, coordinates, coherence, height, annual velocity, and their
standard deviations, plus full time histories) and associated processing reports, covering 61 areas of
interest. For many of these areas more than one PS dataset is available, e.g. from the same satellite
mission but two different acquisition geometries (ascending and descending) and/or different

missions and monitoring intervals (e.g. ERS data for 1992-2000 and ENVISAT for 2002-2008).

The total number of UNESCO sites covered by the Terrafirma datasets made available to PROTHEGO
is 37 out of the 399 sites analysed in PROTHEGO (i.e. 9%). These sites are mainly located in Belgium
(6 sites), Germany (6 sites), Italy (5 sites), France (4 sites) and Malta (3 sites). Typically, the datasets
include an ERS dataset covering the 1990s and a more recent ENVISAT dataset covering the 2000s.
When ERS-ENVISAT datasets are combined they cover a longer monitoring period. Image processing
techniques are varied, and span from the PSINSAR™ implemented by TRE Srl, the SPN by Altamira
Information, IPTA used by Fugro NPA, DePSl| used by Hansje Brinker, to PSI by the German

Aerospace Center.
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It is worth noting that other PS datasets were produced by the Terrafirma project, e.g. in the
Netherlands over Alkmaar and Amsterdam; in Switzerland in Bernina, Braundwald, Combin
Diablerets, Fuorn-Bernardino, Graubuenden Canton, Lumnez, Mosses-Susten and Kloster-Conters;
in Spain over Zaragoza and Central Pyrenees; in the UK over London and Northumberland-Durham;
as well as over vast portions of Greece, Northern Germany, Turkey, and the Scheldt estuary. These
datasets are not openly available in digital format, hence the respective references to the project
reports and publications were collected through the literature review and were used to assess

whether these datasets might cover European UNESCO sites (see section 2.1.4).

2.1.2 Extraordinary Plan of Environmental Remote Sensing (EPRS-E)

In addition to the Terrafirma datasets, the second main source of PS and InSAR data that was made
available to PROTHEGO is the nationwide InSAR database of Italy, i.e. Piano Straordinario di
Telerilevamento Ambientale (PST-A), or Extraordinary Plan for Environmental Remote Sensing

(EPRS-E), funded by the Italian Ministry for the Environment, Land and Sea (MATTM).

The EPRS-E consists of 3 main satellite databases of ground motion data generated based on the
processing of ERS-1/2, ENVISAT and COSMO-SkyMed imagery, respectively (Figure 4). Image
processing of the ERS-1/2 1992-2000 data was undertaken by TRE Srl using the PSINSAR™ technique
(Ferretti et al. 2001), while ENVISAT data for 2002-2010 were processed by eGEOS with the PSP-
DIFSAR approach (Costantini et al. 2009). COSMO-SkyMed satellite imagery for the 2011-2014
period also allowed the integration of the ERS-1/2 and ENVISAT databases with more recent
information at higher spatial and temporal resolution through COSMO-SkyMed data processed with
the PSP-DIFSAR algorithm (Costantini et al. 2014, 2016). Figure 5 shows an overview of the six

datasets composing the nationwide ground motion database obtained.

Data from the EPRS-E were made available to PROTHEGO’s Coordinator at ISPRA by MATTM on
13/07/2016 and include several data frames covering the WHL sites of Italy, plus Holy See and San

Marino, as well as a site in Switzerland located nearby the border with Italy.

In particular, the following 354 datasets were made available for the project: 98 descending and 66
ascending mode ERS datasets; 66 descending and 69 ascending mode ENVISAT datasets; and 28
ascending and 27 descending mode COSMO-SkyMed datasets. Each of these datasets consists of a
PS ground motion database (including point id, coordinates, coherence, height, annual velocity, and

their standard deviations, plus full time histories) and associated metadata.
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Figure 4: Coverage of ERS and ENVISAT PS ground motion data from the EPRS-E (Costantini et al. 2009).
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Figure 5: (a) ERS ascending and descending PS data in the period 1992-2000, and ENVISAT ascending and
descending PS data in the period 2003-2010 available from the EPRS-E; and (b) coverage of COSMO-SkyMed

PS data acquired in 2011-2014 as of mid-2016 (Costantini et al. 2016).
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It is worth noting that ENVISAT PS data are generally characterised by a coverage sparser than ERS
PS data, due to the lack — for some portions of Italy — of archives of input imagery sufficiently

populated (i.e. 2 35 scenes) to be processed with multi-interferometric techniques.

As a result, a total of 54 sites out of the 399 sites analysed in PROTHEGO (i.e. 14%) are covered by
PS data from at least one of the 3 databases of the EPRS-E. In particular, the full set of 51 UNESCO
WHL sites of Italy is covered by at least one PS dataset, thus resulting in a complete coverage of the
Italian territory with information on ground stability and motion. Moreover, 3 more sites outside
Italy are also covered, i.e. 1 in the Holy See (i.e. Vatican City), 1 in San Marino (i.e. San Marino
Historic Centre and Mount Titano), and 1 in Switzerland (i.e. Benedictine Convent of St John at

Miistair).
With regard to the different datasets, in particular, the analysis reveals that:

e the ERS datasets in descending mode cover a total of 54 sites: the full set of 51 WHL sites in

Italy [including the 2 transnational sites of: (i) Prehistoric Pile dwellings around the Alps, and
(ii) Historic Centre of Rome, the Properties of the Holy See in that City Enjoying
Extraterritorial Rights and San Paolo Fuori le Mura]), plus 1 in the Holy See, 1 in San Marino,

and 1 in Switzerland; on the other hand, the ERS datasets in ascending mode cover a total

of 41 sites: 39 WHL sites in Italy, plus 1 in Holy See and 1 in San Marino;

e the ENVISAT datasets in descending mode cover a total of 51 sites: 48 WHL sites in Italy,

plus 1 in Holy See, 1 in San Marino, and 1 in Switzerland; on the other hand, the ENVISAT

datasets in ascending mode cover a total of 52 sites: 50 WHL sites in Italy, plus 1 in Holy See

and 1 in San Marino;

e the COSMO-SkyMed datasets in descending mode cover a total of 20 sites: 19 WHL sites in

Italy, plus 1 in Holy See; on the other hand, the COSMO-SkyMed datasets in ascending

mode cover a total of 23 sites: 22 WHL sites in Italy, plus 1 in Holy See.

Overall, 13 out of the 51 WHL sites in Italy are covered by all the three sets of ERS, ENVISAT and
COSMO-SkyMed PS data in both modes (ascending and descending), meaning that information
about ground stability for these sites are available for the entire monitoring period 1992-2014 in

both imaging geometries. The same applies to the WHL site of Vatican City in the Holy See.
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2.1.3 Other projects

To assess the availability of PS data at European scale, we can also account for additional data
sources from past and current research projects and platforms developed or accessible by
PROTHEGO's Pls, such as: NERC-BGS'’ projects, with a focus on a number of UK urban and rural areas
of interest; IGME’s projects, with a focus on case studies in the Pyrenees and urban areas of Spain;

CUT'’s projects such as ATHENA H2020 and JPI-CH CLIMA for the Cypriot UNESCO WHL sites.

When made available in digital format to the Pls of PROTHEGO and provided that agreements are
put in place to grant their use in PROTHEGO, the respective databases and derived products will
also be considered for the analysis of ground stability and motion within the WHL sites during Task

2.2 (see section 3).

2.1.4 Literature review

To retrieve an overview of the existing published literature on satellite PS and InSAR data covering
the UNESCO WHL sites of Europe, Elsevier's Scopus, the largest abstract and citation database of
peer-reviewed literature, including: scientific journals, books and conference proceedings, was
exploited. Additional references and information available from the so-called ‘grey literature’, i.e.
reports/deliverables from past or current projects (e.g., open access reports available online, or
known to the authors of the present deliverable), were also included in the list of available

literature.

Two types of literature were considered: (i) papers/reports specifically focussed on the application
of satellite InSAR or PS data and techniques to monitor ground stability and motion in UNESCO WHL
sites of Europe; and (ii) any other paper/report using these techniques to examine areas of interest

that, although not on purpose, encompass one or more European UNESCO WHL sites.

In terms of temporal reference, the results of the literature review refer to 31/12/2016, meaning

that any relevant reference published as of the end of 2016 was included in the analysis.

The results of the review reveal a patchy distribution of papers and reports across Europe, with a
clear peak in the number of papers covering one or more WHL sites occurring in the Netherlands,
Italy, Greece and Germany. Overall, 114 out of the 399 sites analysed in PROTHEGO are covered by
published literature (i.e. 29%).




Although some more references and studies that this literature review has not captured through
this analysis might exist, the output overview obtained is believed to represent very well the

current availability of InSAR and geohazards literature for the UNESCO WHL sites of Europe.

As discussed in section 2.1.1, some of the processed datasets from the ESA-GMES Terrafirma
project are not freely available because they are either part of the validation exercise of Terrafirma
or protected by commercial copyright. For these sites, during the literature review as many as
possible reports and published papers using those data were collected to make sure that the
coverage analysis was as complete as possible to account for those datasets. Examples are the PS
data for the sites of London and Northumberland-Durham in the UK, for which the published papers
were listed in the catalogue, despite unavailability of the digital data for open distribution. The
literature review therefore complements the quantitative and spatial assessment that was

undertaken based on accessible digital INSAR data.

Similarly, reports from European projects such as the EU-FP7 PanGeo and SubCoast were accounted

for and collected during the literature review.

2.2 Results overview

This section explains the structure that was adopted for the creation of the GIS-based catalogue of
available satellite datasets (see section 2.2.1), and presents the output statistics and coverage of
WHL sites of Europe that was achieved through this analysis (see section 2.2.2). WHL sites that are
not covered by any PS database were also identified (see section 2.2.2), to highlight the distribution

of data gaps for future exploitation of INSAR methods over not yet monitored sites.

2.2.1 Digital catalogue

A GIS-based catalogue of the available PS ground motion datasets was generated for each WHL site
including the key metadata of the dataset(s): e.g., satellite, orbital mode, monitoring period,
processing algorithm, accessibility and other resources. Table 3 shows the structure of the

catalogue with an artificial example of the syntax used.
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Table 3: Structure of the catalogue of available PS ground motion datasets, and example of the syntax used.

ID Country Name Terrafirma EPRS-E Literature

268 | Holy See Vatican City | ERS desc PSInSAR 1992-2000 ERS desc; ERS asc; Cigna et al. 2014;
processed by TRE; ENV desc PSINSAR | ENV desc; ENV asc; | Costantini et al. 2014
2003-2005 processed by TRE CSK desc; CSK asc

Etc. Etc. Etc. Etc. Etc. Etc.

For each WHL site, the fields used are:

e D, Country, Name: UNESCO unique identification number, name and country of origin
e Terrafirma: available PS datasets from the ESA-GMES Terrafirma project (see section 2.1.1)
e EPRS-E: available PS datasets from the Italian EPRS-E (see section 2.1.2)

e [jterature: published papers/reports identified from the literature review (see section 2.1.4)

The following list explains the acronyms used for the satellite data:

e [ERS:ERS-1/2 SAR in C band
e ENV: ENVISAT Advanced SAR (ASAR) in C band
e (SK: COSMO-SkyMed in StripMap HIMAGE mode, in X band

e TSX:TerraSAR-X SAR in StripMap mode, in X band

The following abbreviations were used for the six EPRS-E datasets:

e ERS desc: ERS-1/2 descending mode PSINSAR 1992-2000 processed by TRE

e ERS asc: ERS-1/2 ascending mode PSInSAR 1992-2000 processed by TRE

e ENVdesc: ENVISAT descending mode PSP-DIFSAR 2002-2010 processed by eGEQOS

e ENV asc: ENVISAT ascending mode PSP-DIFSAR 2002-2010 processed by eGEOS

e (SK desc: COSMO-SkyMed descending mode PSP-DIFSAR 2011-2014 processed by eGEOS
e (SK asc: COSMO-SkyMed ascending mode PSP-DIFSAR 2011-2014 processed by eGEOS

The following list explains the acronyms used in the Terrafirma field to indicate the different

providers of the INSAR or PS datasets:

e FNPA: Fugro NPA, now CGG NPA Satellite Mapping (http://npa.cgg.com/)

e TRE:TeleRilevamento Europa Srl, now TRE-ALTAMIRA (http://tre-altamira.com/)

e ALM: Altamira Information, now TRE-ALTAMIRA (http://tre-altamira.com/)



http://npa.cgg.com/
http://tre-altamira.com/
http://tre-altamira.com/
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e HB: Hansje Brinker BV, now SkyGeo (https://skygeo.com/)

e DLR: German Aerospace Center (http://www.dlIr.de)

e  GAMMA: GAMMA Remote Sensing and Consulting (https://www.gamma-rs.ch/)

e eGEOS: eGEQS, an Italian Space Agency (ASl) — Telespazio company (http://www.e-geos.it/)

When no sources of information were identified, this was indicated in the fields Terrafirma, EPRS-E

and Literature by using “N/A”, i.e. Not Available.

A list of the full references of the papers and reports cited in the Literature field, is also provided as

an appendix to the catalogue.

2.2.2 Coverage overview and data gaps

In sections 2.1.1, 2.1.2 and 2.1.4 a summary of the UNESCO WHL sites covered by each data source

was provided. To recap the findings, the analysis revealed that:

e 37 sites can be covered by ESA-GMES Terrafirma digital datasets, i.e. 9%
e 54 sites are covered by the Italian EPRS-E, i.e. 14%

e 114 sites are covered by published literature, i.e. 29%

Accounting for the fact that for some WHL sites two or even three of the above sources of data are
available, the overall total of WHL sites covered amounts to 147 out of the 399 sites that are
analysed in PROTHEGO (i.e. 37%; Figure 6). This means that InSAR information can or may be

accessible to study geohazards in more than one-third of the total European UNESCO sites.

This percentage is a considerable proportion of the European UNESCO sites, considering the fact
that the vast majority of the sites were not formerly covered on purpose. In other words, the
UNESCO sites frequently fall within a processed area that was analysed for other purposes, and not

specifically to analyse ground motion in the UNESCO site, but this can be a resource.

Nevertheless, in addition to the datasets and literature found so far, many other unpublished
studies may exist, as well as other digital datasets (see section 2.1.3) that could be made available
to PROTHEGO via other projects, suggesting that even more sites than the 37% figure provided in

this report may be already covered.

The systematic analysis carried out via WP2 also allowed the identification of the European UNESCO
heritage sites not yet covered by satellite PS ground motion data, thus highlighting the knowledge

gaps and suggesting in which countries these techniques can be further promoted and applied (cf.



https://skygeo.com/
http://www.dlr.de/
https://www.gamma-rs.ch/
http://www.e-geos.it/

also objective of WP1). According to the results of this study, it appears that there is a data gap for
63% of the 399 UNESCO WHL sites at the moment. Figure 6 shows where the data gaps are located.

An important aspect to take into consideration is that, despite the gap in the availability of already
processed PS or InSAR data, across Europe there is an almost full coverage in the image archives of
SAR images available to process with InNSAR methods. An example is the archive built by the
European Space Agency (ESA) with ERS-1/2 and ENVISAT data since the early 1990s, and now being
further populated with Sentinel-1 images (see also Figure 2). This means that, with dedicated
funding and projects, there is potential for such InSAR datasets to be processed and made available

for all the European UNESCO sites.
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Figure 6: Overall coverage of the UNESCO WHL sites of Europe with PS ground motion data.
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3 Conclusions

This study analysed the availability of PS and InSAR datasets for the 399 UNESCO WHL sites of
Europe that are the focus of the project PROTHEGO. This activity was the goal of Task 2.1: Analysis
of satellite InSAR and PS datasets available at European scale, part of WP2: Harmonisation of
available PS data, and creation of digital factsheets, led by NERC-BGS and aimed to define,
catalogue and assess the availability of satellite-derived ground motion information from multi-

temporal InSAR and PS techniques for the UNESCO WHL sites of Europe.

The analysis was based on the assessment of a number of already processed, InSAR datasets of
ground stability and motion information derived based on long stacks of satellite radar imagery
processed outside PROTHEGO and, in particular: (i) PS datasets from the ESA-GMES Terrafirma
project (see section 2.1.1); (ii) PS datasets from the Italian EPRS-E (see section 2.1.2); and (iii) a

literature review (see section 2.1.4).

The results of this assessment reveal that, as of the end of 2016, 147 sites (i.e. 37% of the analysed
399 sites of PROTHEGO) are covered by existing datasets and/or published literature, whereas there

is a data coverage gap for 252 sites (i.e. 63%).

It is to be noted however that, in addition to the datasets and literature found so far, many other
unpublished studies may exist, as well as other digital datasets (see section 2.1.3) that could be
made available to PROTHEGO via other projects, suggesting that even more sites than the 37%

figure provided in this report may be already covered.

During Task 2.2: Harmonization of InSAR and PS ground motion information and creation of digital
factsheets, NERC-BGS will design standards and rules for the harmonisation and analysis of the
available InSAR and PS datasets, that will be shaped based on the Users’ requirements that are
being gathered in WP7. In collaboration with ISPRA and IGME, NERC-BGS will then analyse in detail
the retrieved and catalogued InSAR and PS datasets in order to extract summary ground motion
statistics of the PS reflectors found within the boundaries of and in close proximity to each UNESCO
site, and create hands-on digital factsheets showing an overview of observed ground motion
scenario for each analysed site. This will form PROTHEGO's forthcoming Deliverable D02.02: Digital

Factsheets with ground stability information for each WHL site.
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Appendix A

Catalogue: PS data availability for the UNESCO WHL sites of Europe

ID Rev Country Name Terrafirma EPRS-E Literature
569 Bis Albania Historic Centres of Berat and Gjirokastra N/A N/A N/A
570 ter Albania Butrint N/A N/A N/A
1160 | Bis Andorra Madriu-Perafita-Claror Valley N/A N/A N/A
ERS desc SPN 1992-2000 processed by
784 Austria Historic Centre of the City of Salzburg ALM; ERS-ENV desc SPN 2001-2007 N/A ESA 2009;
processed by ALM
785 Austria Semmering Railway N/A N/A N/A
786 Austria Palace and Gardens of Sch+nbrunn N/A N/A N/A
306 Austria Hallstatt-Dachstein / Salzkammergut Cultural N/A N/A N/A
Landscape
931 Bis Austria City of Graz  Historic Centre and Schloss N/A N/A N/A
Eggenberg
970 Austria Wachau Cultural Landscape N/A N/A N/A
1033 Austria Historic Centre of Vienna N/A N/A N/A
Austria, France, Germany,| ERS desc PSINSAR 1992-2000 processed ERS desc; ERS asc;
1363 T T ! Prehistoric Pile dwellings around the Alps by TRE; ENV desc PSInSAR 2004-2007 ENV desc; ENV asc; Aufli¢ et al. 2015; ESA 2009;
taly,Slovenia,Switzerland
processed by TRE CSK desc
772 Rev Austria,Hungary Fert+ / Neusiedlersee Cultural Landscape N/A N/A N/A
33 Ter glealigus,Belarus,Poland,P Bialowieza Forest N/A N/A N/A
855 Belgium Flemish BUguinages ERS-ENV desc IPTA 1992-2005 processed |\ /\ ESA 2009;
by FNPA
. The Four Lifts on the Canal du Centre and their
856 Belgium Environs, La LouviPre and Le Roeulx (Hainaut) N/A N/A N/A
Browitt et al. 2007; Declercq et al.
857 Belgium La Grand-Place, Brussels ERS desc PSINSAR 1992-2003 processed N/A 2005; Devleeschouwer et al. 2006;

by TRE

ESA 2005; ESA 2009; Walstra &
Declercq 2016;
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ID Rev Country Name Terrafirma EPRS-E Literature

996 Belgium Historic Centre of Brugge N/A N/A N/A
Browitt et al. 2007; Declercq et al.

1005 Belgium Major Town Houses of the Architect Victor Horta | ERS desc PSInSAR 1992-2003 processed N/A 2005; Devleeschouwer et al. 2006;

g (Brussels) by TRE ESA 2005; ESA 2009; Walstra &

Declercq 2016;

1006 Belgium Neolithic Flint Mines at Spiennes (Mons) N/A N/A N/A

1009 Belgium Notre-Dame Cathedral in Tournai N/A N/A N/A

1185 Belgium Plantin-Moretus House-Workshops-Museum N/A N/A N/A

Complex
Browitt et al. 2007; Declercq et al.
. ERS desc PSINSAR 1992-2003 processed 2005; Devleeschouwer et al. 2006;

1298 Belgium Stoclet House by TRE N/A ESA 2005; ESA 2009; Walstra &
Declercq 2016;

1344 | Rev Belgium Major Mining Sites of Wallonia II:E)::SF_I\EIEIX desc IPTA 1992-2005 processed N/A ESA 2009;

943 Bis Belgium,France Belfries of Belgium and France lE)sSF_I\ElEX desc IPTA 1992-2005 processed N/A ESA 2009;

946 Rev Bosnia and Herzegovina Old Bridge Area of the Old City of Mostar N/A N/A N/A

1260 Bosnia and Herzegovina Mehmed PaUa Sokolovic Bridge in Vilegrad N/A N/A N/A

42 Bulgaria Boyana Church E::?rs:sc PSINSAR 1992-2003 processed |/ ESA 2005; ESA 2009;

43 Bulgaria Madara Rider N/A N/A N/A

44 Bulgaria Thracian Tomb of Kazanlak N/A N/A N/A

45 Bulgaria Rock-Hewn Churches of lvanovo N/A N/A N/A

216 Bulgaria Rila Monastery N/A N/A N/A

217 Bulgaria Ancient City of Nessebar N/A N/A N/A

219 Bis Bulgaria Srebarna Nature Reserve N/A N/A N/A

225 Bis Bulgaria Pirin National Park N/A N/A N/A

359 Bulgaria Thracian Tomb of Sveshtari N/A N/A N/A

95 bis Croatia Old City of Dubrovnik N/A N/A N/A

97 Croatia H!storlc.al Complex of Split with the Palace of N/A N/A N/A

Diocletian
98 Bis Croatia Plitvice Lakes National Park N/A N/A N/A
309 Croatia Episcopal Complex of the Euphrasian Basilica in N/A N/A N/A

the Historic Centre of Porec
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ID Rev Country Name Terrafirma EPRS-E Literature
810 Croatia Historic City of Trogir N/A N/A N/A
963 Croatia The Cathedral of St James in éibenik N/A N/A N/A
1240 Croatia Stari Grad Plain N/A N/A N/A
79 Cyprus Paphos N/A N/A Michalis et al. 2014;
848 Bis Cyprus Choirokoitia N/A N/A N/A
351 Bis Cyprus,Cyprus Painted Churches in the Troodos Region N/A N/A N/A
ESA 2009; Kadlecik et al. 2010;
616 Bis Czech Republic Historic Centre of Prague ERS-ENV desc IPTA 1992-2005 processed N/A Schenk et al. 2009; Schenk et al.
by GAMMA
2006;
617 Czech Republic Historic Centre of Cesk? Krumlov N/A N/A N/A
621 Czech Republic Historic Centre of Telc N/A N/A N/A
. Pilgrimage Church of St John of Nepomuk at

690 Czech Republic ZelenR Hora N/A N/A N/A

KutnR Hora: Historical Town Centre with the
732 Czech Republic Church of St Barbara and the Cathedral of Our N/A N/A N/A

Lady at Sedlec
763 Czech Republic Lednice-Valtice Cultural Landscape N/A N/A N/A
859 Rev Czech Republic Holy Trinity Column in Olomouc N/A N/A N/A
860 Czech Republic Gardens and Castle at KromerYx N/A N/A N/A
861 Czech Republic HolaUovice Historic Village N/A N/A N/A
901 Czech Republic LitomyUl Castle N/A N/A N/A
1052 Czech Republic Tugendhat Villa in Brno N/A N/A Lazecky et al. 2016;
1078 Czech Republic Jewis,h Quarter and St Procopius' Basilica in N/A N/A N/A

TrebYc
695 rev Denmark Roskilde Cathedral N/A N/A N/A
696 Rev Denmark Kronborg Castle N/A N/A N/A
697 Denmark Jelling Mounds, Runic Stones and Church N/A N/A N/A
1416 Denmark Stevns Klint N/A N/A N/A
1468 Denmark Christiansfeld, a Moravian Church Settlement N/A N/A N/A
1469 Denmark The par force hunting landscape in North N/A N/A N/A

Zealand
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ID Rev Country Name Terrafirma EPRS-E Literature
IE;i:?;;t:ﬁclszsélz2882%%?;5(3(1 by [No author name available] 2015;
processed by HB; ENV desc DePS| 2003- Adam et al 2013; Adam et al.

1314 | Ter Denmark,Germany,Neth Wadden Sea 2010 processed by HB; ENV desc SPN N/A 2.011; ESA 2009; ESA 2013;.

erlands Liebhart et al. 2012; Romeiser et
2004-2009 processed by ALM; TSX desc al. 2005; Siegmund et al. 2004;
DePSI 2010-2011 processed by HB; TSX Wolf 20;[2. !
asc DePSI 2010-2011 processed by HB !

822 Bis Estonia Historic Centre (Old Town) of Tallinn N/A N/A N/A

579 Rev Finland Bronze Age Burial Site of Sammallahdenmaki N/A N/A N/A

582 Bis Finland Old Rauma N/A N/A N/A

583 Finland,Finland Fortress of Suomenlinna N/A N/A N/A

584 Finland,Finland Petdjdvesi Old Church N/A N/A N/A

751 Finland,Finland Verla Groundwood and Board Mill N/A N/A N/A

898 Bis Finland,Sweden High Coast / Kvarken Archipelago N/A N/A N/A

80 Bis France Mont-Saint-Michel and its Bay N/A N/A N/A

81 Bis France Chartres Cathedral N/A N/A N/A

83 Bis France Palace and Park of Versailles N/A N/A N/A

84 Bis France VUzelay, Church and Hill N/A N/A N/A

Prehistoric Sites and Decorated Caves of the

85 France VUzbre Valley N/A N/A N/A

160 France Palace and Park of Fontainebleau N/A N/A N/A

162 Bis France Amiens Cathedral N/A N/A N/A

. Roman Theatre and its Surroundings and the

163 Bis France "Triumphal Arch" of Orange N/A N/A N/A

164 France Arles, Roman and Romanesque Monuments N/A N/A N/A

165 Bis France Cistercian Abbey of Fontenay N/A N/A N/A

From the Great Saltworks of Salins-les-Bains to
203 Bis France the Royal Saltworks of Arc-et-Senans, the N/A N/A N/A
Production of Open-pan Salt
Historic Centre of Avignon: Papal Palace,
228 rev France Episcopal Ensemble aid AvignFc))n Bridge N/A N/A N/A
Place Stanislas, Place de la Carribre and Place
229 France d'Alliance in Nancy N/A N/A N/A
230 France Abbey Church of Saint-Savin sur Gartempe N/A N/A N/A
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ID Rev Country Name Terrafirma EPRS-E Literature
258 France Gulf of Porto: Calanche of Piana, Gulf of Girolata, N/A N/A N/A
Scandola Reserve
344 Bis France Pont du Gard (Roman Aqueduct) N/A N/A N/A
345 rev France Historic Fortified City of Carcassonne N/A N/A N/A
495 France Strasbourg (i Grande “le N/A N/A N/A
El Raia & Simonetto 2009; Fabriol
et al. 2009; Fruneau & Sarti 2000;
600 France Paris, Banks of the Seine N/A N/A Kaveh et al. 2010; Le Mouélic et al.
2005; Le Mouélic et al. 2002;
Rohmer & Raucoules 2012;
Cathedral of Notre-Dame, Former Abbey of
601 France Saint-RUmi and Palace of Tau, Reims N/A N/A N/A
635 bis France Bourges Cathedral N/A N/A N/A
770 France Canal du Midi E\m asc SPN 2002-2007 processed by N/A N/A
868 France Routes of Santiago de Compostela in France N/A N/A N/A
872 France Historic Site of Lyons iﬁﬂdesc IPTA 1992-2000 processed by | \ ESA 2005; ESA 2009;
873 Rev France Provins, Town of Medieval Fairs N/A N/A N/A
932 France Jurisdiction of Saint-Emilion N/A N/A N/A
933 France The Loire Valley between Sully-sur-Loire and N/A N/A N/A
Chalonnes
1153 | rev France The Causses and the CUvennes, Mediterranean N/A N/A N/A
agro-pastoral Cultural Landscape
1181 France Le Havre, the City Rebuilt by Auguste Perret N/A N/A N/A
1256 France Bordeaux, Port of the Moon N/A N/A N/A
1283 France Fortifications of Vauban N/A N/A N/A
1337 France Episcopal City of Albi N/A N/A N/A
S . Guéguen et al. n.d.; Gueguen et al.
1360 France Nord-Pas de Calais Mining Basin N/A N/A 2007: Raucoules et al. 2008;
1425 France The Climats, terroirs of Burgundy N/A N/A N/A
Decorated Cave of Pont d&Arc, known as Grotte
1426 France Chauvet-Pont d&£Arc, Ardbche N/A N/A N/A
1465 France Champagne Hillsides, Houses and Cellars N/A N/A N/A
773 Bis France,Spain PyrUnUes - Mont Perdu N/A N/A N/A




|

0
]
=

n

. =
PROTHEGO

ID Rev Country Name Terrafirma EPRS-E Literature
3 bis Germany Aachen Cathedral N/A N/A Krasbutter et al. 2013;
Alshawaf et al. 2015; Fuhrmann et
168 Germany Speyer Cathedral N/A N/A al, 2015; Fuhrmann et al. 2016
3 - -
169 Bis Germany w r.zburg Residence with the Court Gardens and N/A N/A N/A
Residence Square
. St Mary's Cathedral and St Michael's Church at
187 bis Germany Hildesheim N/A N/A N/A
271 Bis Germany Pilgrimage Church of Wies N/A N/A N/A
Adam et al. 2013; Adam et al.
272 Bis Germany Hanseatic City of L3beck N/A N/A 2011; ESA 2013; Liebhart et al.
2012; Wolf 2012;
288 Germany Castles of Augustusburg and Falkenlust at Br3hl N/A N/A N/A
292 Bis Germany Cologne Cathedral N/A N/A Krasbutter et al. 2013;
Roman Monuments, Cathedral of St Peter and
367 Germany Church of Our Lady in Trier N/A N/A N/A
515 Bis Germany Abbey and Altenm?3nster of Lorsch N/A N/A gllsgg\iv;f etal. 2015; Fuhrmann et
532 Ter Germany Palaces and Parks of Potsdam and Berlin iﬁﬂdesc SPN 1995-2000 processed by N/A N/A
534 Rev Germany Garden Kingdom of Dessau-W-rlitz N/A N/A N/A
535 rev Germany Collegfate Church, Castle and Old Town of N/A N/A N/A
Quedlinburg
546 rev Germany Maulbronn Monastery Complex N/A N/A Fuhrmann et al. 2015;
Mines of Rammelsberg, Historic Town of Goslar
623 ter Germany and Upper Harz Water Management System N/A N/A N/A
624 Germany Town of Bamberg N/A N/A N/A
687 Germany V=+lklingen Ironworks N/A N/A Samsonov et al. 2013;
720 Bis Germany Messel Pit Fossil Site N/A N/A N/A
729 Germany Bauhaus and its Sites in Weimar and Dessau N/A N/A N/A
783 Germany Luther Memorials in Eisleben and Wittenberg N/A N/A N/A
846 Germany Classical Weimar N/A N/A N/A
[No author name available] 2015;
896 Germany Museumsinsel (Museum Island), Berlin ERS desc SPN 1995-2000 processed by N/A ESA 2005; ESA 2009; Kampes &
ALM
Adam 2003;
897 Germany Wartburg Castle N/A N/A N/A
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974 Germany Monastic Island of Reichenau N/A N/A N/A
975 Germany Zollverei