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We assess the feasibility of monitoring the landmass of Great Britain with satellite Synthetic Aperture Radar
(SAR) imagery, by analysing ERS-1/2 SAR and ENVISAT IS2 Advanced SAR (ASAR) archive data availability, geo-
metric distortions and land cover control on the success of (non-)interferometric analyses. Our assessment both
addresses the scientific and operational question of whether a nationwide SAR-based monitoring of groundmo-
tion would succeed in Great Britain, and helps to understand controlling factors and possible solutions to over-
come the limitations of undertaking SAR-based imaging of the landmass. This is the first time such a
nationwide assessment is performed in preparation for acquisition and processing of SAR data in the United
Kingdom, and any other country in the world. Analysis of the ERS-1/2 and ENVISAT archives reveals potential
for multi-interferogram SAR Interferometry (InSAR) for the entirety of Britain using ERS-1/2 in descending
mode, with 100% standard image frames showing at least 20 archive scenes available. ERS-1/2 ascending and
both ENVISAT modes show potential for non-interferometric and single-pair InSAR for the vast majority of
Britain, and multi-interferogram only for 13% to 38% of the available standard frames. Based on NEXTMap®
Britain Digital Terrain Model (DTM) we simulate SAR layover, foreshortening and shadow to the ERS-1/2 and
ENVISAT Lines-Of-Sight (LOS), and quantify changes of SAR distortions with variations in mode, LOS incidence
angles and ground track angles, local terrain orientation, and the effect of scale due to the input DTM resolution.
The simulation is extended to the ~230,000 km2 landmass, and shows limited control of local topography on the
radar terrain visibility. According to the 50m to 5mDTM-based simulations, ~1.0–1.4% of Great Britain could po-
tentially be affected by shadow and layover in eachmode. Only ~0.02–0.04% overlapping between ascending and
descending mode distortions is found, this indicating the negligible proportion of the landmass that cannot be
monitored using either imaging mode. We calibrate the CORINE Land Cover 2006 (CLC2006) using Persistent
Scatterer (PS) datasets available for London, Stoke-On-Trent, Newcastle and Bristol, to quantify land cover control
on the PS distribution and characterise the CLC2006 classes in terms of the potential PS density they could pro-
vide. Despite predominance of rural land cover types, we predict potential for over 12.8 M monitoring targets
for each acquisition mode using a set of image frames covering the entire landmass. We validate our assessment
byprocessingwith the Interferometric Point Target Analysis (IPTA) 55 ERS-1/2 SAR scenes depicting SouthWales
between 1992 and 1999. Although absolute differences between predicted and observed target density are re-
vealed, relative densities and rankings among the various CLC2006 classes are found constant across the calibra-
tion and validation datasets. Rescaled predictions for Britain showpotential for a total of 2.5Mmonitoring targets
across the landmass.We examine the use of the topographic and land cover feasibility maps for landslide studies
in relation to the British Geological Survey's National Landslide Database and DiGMapGBmass movement layer.
Building upon recent literature, we finally discuss future perspectives relating to the replication of our feasibility
assessment to account for higher resolution SAR imagery, new Earth explorers (e.g., Sentinel-1) and improved
processing techniques, showing potential to generate invaluable sources of information on land motions and
geohazards in Great Britain.
© 2014 Published by Elsevier Inc.
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1. Introduction

The possibility of mapping historical and recent land motions over
wide areas of the Earth's surface with satellite differential Synthetic Ap-
erture Radar Interferometry (InSAR) (e.g., Rosen et al., 2000) is increas-
ingly stimulating interest within the geohazard community, especially
with respect to operational monitoring of hazards threatening popula-
tion and infrastructure, both in and outside Europe (Bally, 2012).
InSAR-derived groundmotionmaps covering regions extending several
thousands of square kilometres have been generated using C-band SAR
images acquired between 1992 and 2010 by theEuropean SpaceAgency
(ESA)'s ERS-1/2 and ENVISAT missions, and extensively exploited for
geological hazard mapping purposes over the last years (e.g., ESA,
2009).

Full national InSAR coverage has already been achieved for Italy and
TheNetherlandswith Persistent Scatterer Interferometry (PSI),with the
aim of addressing a number of natural and anthropogenic hazards, and
improving the understanding of land processes and dynamics. The Ex-
traordinary Plan for Environmental Remote Sensing (EPRS-E) was the
first project to monitor, countrywide, land motions with PSI technolo-
gies (Costabile, 2012). For the Italian territory (~300,000 km2), the
EPRS-E produced a database of millions of radar targets and their mo-
tion histories, which were generated by processing ~15,000 ERS-1/2
and ENVISAT archive images acquired between 1992 and 2010, and
now being further extended with data from the COSMO-SkyMed con-
stellation. More recently, an ~70,000 km2 map depicting 1992–2010
terrain motions of the whole of the Netherlands and part of Germany
and Belgium was produced by Delft University of Technology based on
integration of levelling and GPS data with ~600 ERS-1/2 and ENVISAT
scenes processed with PSI (Caro Cuenca, Hanssen, Hooper, & Arıkan,
2011). Landmotions due to groundwater exploitation, tectonicmotions
and other geological and anthropogenic processes over half of theGreek
mainland, northern Germany, the Scheldt estuary in The Netherlands,
and western Turkey have also been mapped recently by the German
Aerospace Center (DLR) with the ESA Terrafirma Wide Area Product
(WAP) and based on 22 ERS-1/2 image frames, for an ~220,000 km2

area (Adam, Rodriguez Gonzalez, Parizzi, & Liebhart, 2011). This prod-
uct was developed and validated in view of upcoming InSAR services
based on Sentinel-1 Terrain Observation by Progressive Scans SAR
(TOPSAR) data.

All these nationwide examples prove the importance of these pro-
cessing techniques and their scientific impact, as well as the interest –
especially in Europe – of various end-users in such types of products,
which include but are not limited to, geological surveys, civil protection
authorities and land use planners.

Building upon these successful achievements, our research aims to
evaluate and map the potential of interferometric (e.g., InSAR, PSI,
SBAS or Small Baseline Subset) and non-interferometric (e.g., amplitude
change detection) techniques to monitor ground motion, geohazards
and land changes in Great Britain. The entire chain comprising the ac-
quisition of SAR imagery, its processing with (non-)InSAR techniques,
analysis, modelling and interpretation requires significant resources in
terms of data costs (if not under research, free licensing agreements),
software (especially if commercial), man-power, computing facilities,
and data storage space. To optimise the use of these resources, it is fun-
damental to assess a priori the suitability of SAR data and their process-
ing techniques to image the territory of interest.

Past InSAR applications in and outside Europe have shown that the
quality and quantity of ground motion information are controlled not
only by the availability of image stacks over the areas to monitor (e.g.,
Crosetto, Monserrat, Iglesias, & Crippa, 2010), but also by local topo-
graphic setting and land use (e.g., Nico, Oliveira, Catalão, & Zêzere,
2009; Notti, Meisina, Zucca, & Colombo, 2011; Plank, Singer, Minet, &
Thuro, 2012; Riddick, Schmidt, & Deligne, 2012). Indeed, the visibility
of the target areas to various satellite sensors depends on the combina-
tion of local slope orientation with the acquisition geometry and mode
of the satellite sensor Line-Of-Sight (LOS). Non-ideal geometrical con-
figurations may result in image distortions (e.g., Gelautz, Frick,
Raggam, Burgstaller, & Leberl, 1998), induce significant underestima-
tion of landmotions, or even hamper the identification of reflective tar-
gets over the observed areas (e.g., Barboux, Delaloye, Strozzi, Collet, &
Raetzo, 2011; Cigna, Bianchini, & Casagli, 2013; Herrera et al., 2013).
Moreover, the spatial coverage of InSAR products is controlled by land
cover, and achieving InSAR results in rural and mountainous environ-
ments can be challenging, due to SAR phase decorrelation occurring as
an effect of temporally variable, observed surfaces (e.g., Ferretti, Prati,
& Rocca, 2001; Sowter, Bateson, Strange, Ambrose, & Syafiudin, 2013;
Strozzi, Ambrosi, & Raetzo, 2013). The a priori determination of where
good scattererswill be identified is an important question to answer be-
fore undertaking InSAR monitoring of an area of interest (Plank, Singer,
& Thuro, 2013).

To assess the feasibility of non-interferometric, InSAR and PSI tech-
niques to monitor the landmass of Great Britain, we analyse the ERS-
1/2 and ENVISAT SAR archive image availability, and analyze the inter-
actions of topographic and land cover constraints for SAR-based appli-
cations. Our assessment combines the simulation of the effects of
topography on the visibility of target areas to the satellite SAR acquisi-
tion geometry, with the quantification of land cover control on the suc-
cess of PSI processing of archive SAR data via prediction of radar target
densities. These effects are summarized into a series of feasibility
maps, which help to understandwhere SAR-based applications are like-
ly to succeed and where not. These maps are examined in relation to
geohazard layers produced by the British Geological Survey (BGS), and
validated by processing a long stack of ERS-1/2 SAR scenes acquired
over South Wales. The future perspectives relating to the implementa-
tion of these maps are discussedwith respect to higher spatial and tem-
poral resolution SAR imagery, such as the existing TerraSAR-X and
COSMO-SkyMed constellations operating in X-band, and the C-band
Sentinel-1 mission, with the first satellite, Sentinel-1A, launched on
3rd April 2014 (ESA, 2014a, 2014b).We also discuss the potential of im-
proved processing techniqueswhich can provide denser and oftenmore
complete spatial coverage of SAR-derived results even in rural areas,
where achieving C- or X-band InSAR results can be challenging.

This feasibility study both addresses the scientific and operational
question of whether nationwide SAR-based monitoring of ground mo-
tionwould succeed in Great Britain, and helps to understand controlling
factors and possible solutions to overcome the limitations of undertak-
ing suchmonitoring. This is the first time such a nationwide assessment
is performed in the United Kingdom and, to the best of our knowledge,
in any other country in the world. Methods developed by other authors
are adapted and combined here to overcome and compensate for their
limitations and achieve unprecedented accuracies in the simulation of
SAR image distortions. Analysis of the feasibility is specifically focussed
on ERS-1/2 and ENVISAT data archives, to assess how these would per-
form to create a baseline nationwide InSAR dataset as a background
land motion product in view of higher spatial and temporal resolution
SAR sensors onboard forthcoming and existing Earth explorers.

2. Nationwide feasibility assessment in Great Britain

The target of our study is Great Britain, comprising an area of
~230,000 km2made up of amain landmass andminor islands and islets.
Its land cover varies from densely urbanised cities like London, to non-
irrigated arable land and pastures which dominate England and part
of Wales. Scotland, the mountainous regions of Wales, the North York
Moors and the Pennines in central-northern England comprise natural
grassland, woodland, peat bog, sparsely vegetated areas, heathland
andmoors (Fig. 1a).Most of the landmass is dominated by gentle topog-
raphy and steepness of slopes in the hilly and mountain regions gener-
ally does not exceed ~15–20° (Fig. 1b). Statistics for NEXTMap® Digital
Terrain Model (DTM) at 50 m resolution show that average slopes (β)
are ~5°, and that the majority of Great Britain (~95%) is characterised



Fig. 1. (a) Land cover of Great Britain from the CORINE Land Cover map 2006 (CLC2006). CLC2006 classes associated with legend codes are summarized in Table 2. (b) Topography and
distribution of (c) terrain slopes and (d) aspects ofGreat Britain fromNEXTMap®DTMat 50m resolution. Location of PS datasets used for calibration is overlapped onto (a),whilst the sites
used for validation of the simulated geometric distortions and calibrated CLC2006, i.e. the River Etive in Scotland, and South Wales, are shown in (b). British National Grid; Projection:
Transverse Mercator; Datum: OSGB 1936. Vertical Datum: OSGM91. NEXTMap® Britain © 2003, Intermap Technologies Inc., All rights reserved. CLC2006 © 2007, European Environment
Agency (EEA).
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by β b 20°. Only ~5% of the territory shows steeper values (Fig. 1c). The
latter are observed, for instance, in Scotland, the Lake District andWales,
at the highest elevations (e.g., over +1340mOD at Ben Nevis in the
Highlands, Scotland). Maximum β of ~75° is observed only at very
few locations, e.g. along some coastal areas in Scotland. Most of the
landmass (~95%) has heights lower than +535mOD, and the lowest
elevations are mainly found in Norfolk and around Peterborough, and
the Cambridgeshire (Fig. 1b).

Geohazards affecting Great Britain include natural compaction of re-
cent river deposits, shrink-swell clays, shallow and deep-seated
landsliding, land subsidence/uplift due to groundwater abstraction/
recharge, and ground motions induced by human activities such as en-
gineering works, underground constructions, new housing and indus-
trial developments, and excavations and mine-water management in
active and abandoned mining areas (e.g., Farrant & Cooper, 2008;
Gibson, Culshaw, Dashwood, & Pennington, 2013; Jones & Jefferson,
2012). Monitoring and understanding a multi-hazard environment
have long been a challenging task primarily due to overlapping of haz-
ard type and interaction of natural and anthropogenic processes, differ-
ent spatial and temporal scales, and the variety of motion types and
respective kinematics affecting this region.

Imaging Great Britain from satellite platforms is influenced by
its weather. Long-term averages for the latest 30-year long period
(i.e. 1981–2010) show that more than 90% of the landmass has yearly
records of over 100 days with more than 1 mm precipitation, over
600 mm rainfall, and less than ~1500 h sunshine duration on average
(Met Office, 2013a, 2013b). In light of the temperate maritime and
varied climate of the island and the UKCIP02 (UK Climate Impacts
Programme 2002) climate change scenarios for the UK (Hulme et al.,
2002) which highlights an increase in the frequency of heavy winter
precipitation and consequent changes in evapo-transpiration rates
across the landmass, active remote sensing technologies (e.g., radar
sensors) are particularly effective to monitor the landmass. This is due
to the capabilities ofmicrowaves to penetrate clouds and image the sur-
face independently of weather conditions and cloud coverage, as op-
posed to the difficulties of optical sensors to operate in such conditions.

In this regard, an increasing interest in monitoring geohazards
affecting Great Britain with satellite InSAR has developed over
the last decade. Since 2003, via the projects ESA Terrafirma in
2003–2013, Land Levels funded by the Department for Environment,
Food and Rural Affairs (DEFRA) and the Environment Agency (EA) in
2003–2006, and EC-FP7 PanGeo in 2011–2014, a number of ground
motion services employing InSAR have been delivered to and by the
BGS, as well as to national and local authorities (e.g., ESA, 2009). By
exploiting ERS-1/2 and ENVISAT archives, these studies provided new
insights into ground and building motion histories for a number of
areas of the UK, including Stoke-on-Trent, Bristol and Bath, London
and the Northumberland region (e.g., Aldiss et al., 2014; Banton
et al., 2013; Culshaw, Tragheim, Bateson, & Donnelly, 2006). Other indi-
vidual studies have also been carried out more recently, such as a
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validated ENVISAT PSI analysis in the city of Nottingham (Leighton,
Sowter, Tragheim, Bingley, & Teferle, 2013), and Intermittent SBAS
(ISBAS) studies of South Derbyshire and Leicestershire (Sowter et al.,
2013), and South Wales coalfields (Bateson, Cigna, Boon, & Sowter, in
press). These reveal the remarkable potential of InSAR to understand a
variety of surface processes, including both natural and anthropogenic
geohazards operating in Great Britain. The question has always
remained however, whether national ground monitoring from InSAR
is feasible in Britain.

To assess how SAR-based analyses such as single-pair and multi-
interferogram differential InSAR (e.g., PSI and SBAS) and non-
interferometric techniques would perform across Great Britain, we em-
ploy a four-phase methodology, schematically represented in the flow
chart of Fig. 2 and summarized as follows:

Phase (1): Analysis of ESA's ERS-1/2 SAR and ENVISAT Advanced SAR
(ASAR) archives to determine the number, distribution
and temporal coverage of the available SAR scenes for the
British landmass (see Section 2.1);

Phase (2): NEXTMap® Britain DTM-based simulation of SAR distor-
tions based on orientation parameters of ERS-1/2 SAR and
ENVISAT ASAR satellite LOS in ascending and descending
modes, as described in Section 2.2;

Phase (3): CORINE Land Cover map 2006 (CLC2006) characterisation
and calibration using external PS datasets already processed
over various sites in Great Britain (see Section 2.3); and

Phase (4): Generation of geocoded ERS-1/2 scenes and identification of
Point Target Candidates (PTC) for validation of simulated
geometric distortion and calibrated land cover maps (see
Section 3).

Themethodology is developed and used for Great Britain, but can be
exported to any other territory, provided the availability of relevant
Fig. 2.Methodology for assessing the feasibility of InSAR and PSI techniques: Phase (1) ERS-1/2
and descending modes; Phase (3) land cover map characterisation and calibration; Phase (4) g
SAR distortion and calibrated land cover maps. This methodology was developed and used for
available. In this flow chart, ERS-1/2 and ENVISAT archives, CLC2006 and NEXTMap® Britain ca
on availability.
input data. In this respect, ERS-1/2 and ENVISAT archives, CLC2006
and NEXTMap® Britain can be replaced with other SAR archives, land
cover maps and DTMs respectively, depending on availability for the
analysed areas.

The usefulness of the feasibility maps generated for landslide re-
search in Great Britain is discussed in Section 4 in relation to available
landslide maps and databases. Further discussion is conducted in
Section 5 on future perspectives of this assessment with higher resolu-
tion satellite data and newly developed processing approaches.

2.1. ERS-1/2 and ENVISAT C-band archive data availability

The generation of a complete picture of ground motion over target
areas requires the availability of sufficiently long and populated stacks
of SAR imagery. Higher accuracy of ground motion estimates, atmo-
spheric phase components and height errors is achieved with greater
numbers of images when processing a stack with multi-interferogram
methods such as PSI and SBAS (e.g., Berardino, Fornaro, Lanari, &
Sansosti, 2002; Ferretti et al., 2001). Usually, to undertake a multi-
interferogram InSAR analysis at least ~15–20 images thatwere acquired
using the same acquisition geometry (e.g., same mode, orbit and track)
are required (e.g., Crosetto et al., 2010).

ESA's C-band image archives provide themost complete database of
radar data for Great Britain, since they offer consistent and rich stacks of
historical ERS-1/2 and ENVISAT data acquired for the entire landmass
over the last two decades. In particular, there are more than 10,500
ERS-1/2 SAR images acquired between 1991 and 2001 (before failure
of one gyroscope), and more than 3400 ENVISAT ASAR Image Swath 2
(IS2) mode images acquired between 2002 and 2010 (before the orbit
lowering manoeuvre, and the extension orbit). These figures are based
on available ascending and descending modes 100 by 100 km standard
frames from ESA's client for Earth Observation (EO) Catalogue and
and ENVISAT SAR archive analysis; Phase (2) geometric distortion simulation in ascending
eneration of geocoded ERS-1/2 scenes and Point Target Candidates (PTC) for validation of
Great Britain, but can be exported to any other territory, provided relevant input data are
n be replacedwith other SAR archives, land cover maps and DTMs respectively, depending
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Ordering Services, i.e. EOLI-SA multi-platform interactive tool. Evident-
ly, many more scenes are available from the ERS-2 mission after early
2001 and from ENVISAT after 2010, but they are usually not combined
with pre-2001 and post-2010 data due to differences in the Doppler
centroid and satellite orbit characteristics respectively, and thus are
not taken into account for the purposes of this analysis.

The availability of SAR C-band raw input data confirms the potential
to perform single- and multi-interferogram ground motion analysis of
geohazards, aswell as non-interferometric studies. Fig. 3 shows the spa-
tial distribution of the available ERS and ENVISAT data for the main,
standard frames available over Great Britain, and provides average fig-
ures of:

– 65 ERS-1/2 SAR and 18 ENVISAT ASAR IS2 images for each image
frame acquired along descending satellite orbits; and

– 20 ERS-1/2 and 13 ENVISAT IS2 images for each image frame ac-
quired along ascending satellite orbits.

For the vastmajority of Great Britain, all image stacks in either mode
(ascending or descending) of both ERS-1/2 and ENVISAT provide suffi-
cient data for non-interferometric and single-pair InSAR analysis. On
the other hand, availability of image stacks composed of at least 20
scenes is revealed for 100% of the ERS-1/2 image stacks in descending
Fig. 3. Satellite SAR image availability over Great Britain: spatial distribution of the number of av
ing modes, overlapped onto shaded relief of NEXTMap® DTM at 50 m resolution. Datum: WGS
mode, thus suggesting that the feasibility of multi-interferogram
InSAR analyses with PSI or SBAS approaches can be guaranteed for the
entirety of the landmass using these satellite stacks (Fig. 3b). Over 38%
of the ERS-1/2 image stacks in ascending mode, and 37% and 13% for
ENVISAT IS2 ASAR image stacks in descending and ascendingmodes re-
spectively are composed of a sufficiently consistent number of scenes to
perform multi-interferogram InSAR. This suggests that ERS ascending
mode stacks, and both ENVISAT modes can cover with PSI or SBAS ap-
proaches substantial portions of the landmass but not its entirety.

These observations are clearlymadewith an understanding that fur-
ther analysis of normal and temporal baselines of the available image
stacks is necessary to verify whether interferometric phase correlation
can be guaranteed across the available stacks (e.g., for SBAS applications
with temporal baselines shorter than 4 years, and normal baselines
smaller than 130–200 m; e.g., Berardino et al. (2002); Sowter et al.
(2013)).

In addition to the availability of suitable SAR archives, the assess-
ment of the feasibility of such historical analysis and any future moni-
toring with new Earth explorers (e.g., the Sentinel-1 constellation)
requires appraisal of the topographic and land use constraints which
impact on the distribution of image distortions, radarmonitoring results
and density of retrieved targets. Topographic and land cover effects
ailable scenes per ERS-1/2 (a–b) and ENVISAT (c–d) frames for the ascending and descend-
84. NEXTMap® Britain © 2003, Intermap Technologies Inc., All rights reserved.



446 F. Cigna et al. / Remote Sensing of Environment 152 (2014) 441–466
depend on the type and characteristics of input SAR data available to
process indeed, and these are analysed and discussed in detail in the fol-
lowing Sections 2.2 and 2.3, with regard to ERS-1/2 and ENVISAT ar-
chive imagery.

2.2. Topographic visibility mapping and simulation of SAR distortions

Terrain visibility to the radar satellite sensor depends on the orienta-
tion of the employed satellite Line-Of-Sight (LOS) and radar acquisition
geometry with respect to that of the surface. Visibility thereby varies
within different portions of the same scene depending on local inci-
dence angles which, in turn, are determined by local terrain slope and
aspect. Depending on their effects, slant-range geometrical distortions
can be classified in layover, foreshortening and shadow (e.g., Colesanti
& Wasowski, 2006; Gelautz et al., 1998).

The presence of radar layover and shadow, either active or passive
(e.g., Kropatsch & Strobl, 1990), prevents the application of both inter-
ferometric and non-interferometric techniques (e.g., Cigna, Bianchini,
et al., 2013). Consequently the a priori identification of these distortions
is essential to plan SAR-based analyses, especially over hilly and moun-
tainous regions. On the other hand, assessment of themost suitable LOS
geometry to ensure that the target area is visible to the employed sensor
mode is strongly suggested prior to the acquisition of long SAR imagery
stacks. The latter indeed might have significant costs, especially when
employing high resolution sensors and requesting data acquisition for
commercial applications.

Some approaches to model SAR distortions and terrain visibility
were developed in the last two decades. Earlier examples are the simu-
lation of layover and shadow regions based on DEMs and sensor acqui-
sition parameters which are discussed by Kropatsch and Strobl (1990)
and Gelautz et al. (1998). During the following decade, Colesanti and
Wasowski (2006) analysed the visibility conditions of unstable slopes
with different orientations and identified the ranges of aspect and
slope which determine radar layover, foreshortening and shadow.
Colombo et al. (2006) cross-combined the effects of topography and
land use in Piedmont (Italy), and masked out layover and shadow re-
gions by means of the approach of Kropatsch and Strobl (1990) using
a 20 m resolution DTM. Cascini, Fornaro, and Peduto (2010) discussed
and implemented the approach of a priori InSAR landslide visibility
mapping in Campania (Italy), based on the assignment of simple condi-
tions in terrain slope and aspects. Pourthie et al. (2010) developed the
SARVisor tool to simulate layover and shadow areas to facilitate the se-
lection of SAR acquisition modes for areas of interest. More recently,
Notti, Davalillo, Herrera, and Mora (2010) and Notti et al. (2011) syn-
thesized the effects of local topography into the R-index (i.e. Range-
index) and tested it over the Tena Valley (Spain) and in Piedmont
(Italy). Plank et al. (2012) also presented a GIS-based pre-survey
InSAR procedure to predict areas of geometric distortions, which simu-
lates layover and shadowby using DEMs and information on SAR acqui-
sitionmode. These latter authors observed, however, notable mismatch
between simulated and processed distortions especially when DEMs at
medium resolution are employed for either the simulation or the actual
layover processing of the radar image used for validation.

In our research, we accounted for observations made by the above
authors, and proved that our approach to simulate distortions based
on DTMs overcomes limitations relating to single pixel-based assess-
ments such as those by Cascini et al. (2010) and Notti et al. (2010), or
procedures leading to notable discrepancies between modelled and
processed image distortions.

2.2.1. DTM-based modelling of SAR distortions with layover and shadow
masking and the R-index

To identify and model SAR geometrical distortions to the ascending
and descending acquisition modes of the European satellites ERS-1/2
and ENVISAT in Great Britain, we combine and adapt the layover and
shadow masking and R-index approaches respectively by Kropatsch
and Strobl (1990) and Notti et al. (2010), and developed the methodol-
ogy summarized in Fig. 2. This combined methodology not only com-
pensates for the limitations touched on in the previous section, but
also identifies univocally the three types of image distortions (i.e.
foreshortening, layover and shadow) and their sub-types.

The topographic index R represents an indication of the ratio be-
tween the pixel size in slant and ground range geometry or ‘pixel com-
pression factor’. The severity of the pixel compression varies in relation
to the local incidence angle (i.e., angle between the terrain surface nor-
mal and the radar beam),which in turn is determined by the LOS look or
incidence angle (θ) and satellite ground track angle or heading angle
(γ), and local terrain slope (β) and aspect (α) (see Fig. 4a). A simplified
version of the formula proposed by Notti et al. (2011) to calculate R in
the GIS environment follows:

R ¼ sin ϑ−β � sin Að Þ½ � ð1Þ

where A is the aspect correction factor, which is computed as A= α− γ
for descending mode data, and A = α + γ + 180° for ascending mode
data.

As discussed in Cigna, Bateson, Jordan, and Dashwood (2012) and
hereafter, the sole use of R is not sufficient to identify all geometrical dis-
tortions. Indeed, although the R-index can successfully identify areas of
good terrain visibility and foreshortening regions, it only accounts for
the effects of ‘active layover’ (i.e. areas producing layover onto other
ones) and can identify neither areas of ‘passive layover’ (i.e. regions
over which active layover areas lay) nor shadows (either active or pas-
sive). To obtain a detailed understanding of the index, we studied
Eq. (1) and the changes of R for the ascending and descending modes
of ERS and ENVISAT datawith 23° θ and±14° γ, with varying terrain as-
pects (e.g., in Fig. 4b for the ascendingmode). These values are those de-
fining the average acquisition parameters for the British landmass (see
also Section 2.2.2).

When the geometrical configuration of the slope and the LOS causes
the slope to be in active layover (i.e., θ lower than β, for slopes facing the
sensor), R takes on negative values between 0 and −1. Ascending and
descending LOS produce distortions in slopes with opposing orienta-
tions, and east facing slopes have lower R in the descendingmode rather
than in the ascending, and west facing slopes vice versa (Fig. 4c–e). On
the other hand, areas of foreshortening show R-index above 0 and up to
sin(θ). The latter represents the specific threshold to discriminate
foreshortening from good visibility regions, and is here named R0. Its
value corresponds to that taken on byR for flat terrains, which is obtain-
ed by putting β = 0 in Eq. (1). Clearly, R0 increases with increasing θ
which in turn is controlled by the satellite LOS and acquisition modes.
Using ERS and ENVISAT LOS configurations and assuming 23° θ and
±14° γ, R0 equals +0.39 (Fig. 4b). Areas facing away from the sensor
are characterised by sizes in ground range higher than in slant range
but with favourable orientation (hence positive R), with values higher
than R0 and up to +1 (when the slope is parallel to the LOS).

Fig. 4c shows R-index changes due to β variations and reveals that, if
β b 67°, R-index takes on itsminimumvaluewhen the terrain is perpen-
dicular to the LOS and layover effects are stronger, i.e. when A equals
90°. Flat slopes are all characterised by the sameR-index value, irrespec-
tive of their α, whereasmaximumR is taken on for slopes parallel to the
LOS, i.e. when A equals 270°. By analysing Eq. (1) and Fig. 4c, it becomes
apparent however that since both active shadow (in this case, occurring
when β N 67°) and good visibility areas face away from the sensor, they
are both characterised by high R-index and in particular, in the region
between +0.92 and +1 for ERS and ENVISAT LOS. Indeed, when β N

67° the R-index reaches +1, and the curves fold back to lower values
as β increases and active shadow occurs. As a result, active shadow
and good visibility cannot be discriminated by using the sole R-index,
unless terrain orientation is further accounted for, e.g. by differentiating
active shadow regions as those with β N 67°.



Fig. 4. Ground (GR) and slant (SR) range orientation of a DEM pixel (a) and R-index variations with LOS and local terrain orientation (b–e). (b) Example of identification of distortions in
the R-index plot for the ascending mode of a right-looking SAR sensor with γ=−14° and θ = 23°, for a slope with β = 85°; and (c–e) changes in the R-index with (c) terrain slope β,
(d) LOS incidence angle θ, and (e) satellite track angles γ, for the ascending and descending modes of ERS-1/2 and ENVISAT SAR imagery.
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Neither ‘passive layover’ or ‘passive shadow’ can therefore be identi-
fied via sole use of the R-index, as only the local orientation of single
pixels of a DEM is analyzed via R, and not their effects on and their inter-
actions with surrounding areas. Analogous observations can be made
for the visibility methods discussed by Colesanti and Wasowski
(2006) and Cascini et al. (2010) who exploit single pixel-based
approaches to determine the presence or absence of image distortions.
The generation of shadow and layover masks by means of other ap-
proaches can complement this limitation. Kropatsch and Strobl
(1990), for instance, map layover and shadow in the reference system
of a DEM (e.g. geographic coordinates) by analysing local incidence an-
gles and topographic profiles across-track, and can efficiently identify
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the terrain visibility, both active and passive radar shadow, and both ac-
tive and passive layover.

2.2.2. Simulated SAR distortions to ERS-1/2 and ENVISAT modes in Great
Britain

To overcome the above limitations and optimise the DTM-based
simulation, for our simulation in Great Britain the three geometric
distortions and their sub-types were identified in the GIS environment
as follows:

– Foreshortening: areas where 0 b R-index≤ R0, and not affected by ei-
ther passive layover or passive shadow distortions based on the
shadow and layover masking;

– Layover: using the layover masking, and then by identifying pixels
where−1≤ R-index≤ 0 (hence areas producing layover; ‘active lay-
over’), to discriminate ‘active’ from ‘passive layover’ regions; and

– Shadow: using the shadow masking, and then by discriminating
areas where R-index N R0 and slopes N 90°-θ (hence ‘active shadow’)
from regions affected by passive distortions.

To define the orientation of the ascending and descending LOS of
ERS-1/2 SAR and ENVISAT ASAR IS2 for the British landmass, we
employed constant LOS θ of 23°, and γ of ±14°. Variations of θ across
the swath (from the near to the far range of each image frame) and of
γ across the landmass (from approximately 50° to 59°N latitudes)
were not accounted for at this stage of the modelling. Hence constant
values were assumed for all Great Britain, with an understanding that
this generalizationmight result in inaccurate estimations at themargins
of each image frame (i.e., in the far and near range), and for the north-
ernmost and southernmost latitudes (i.e., highest and lowest satellite
frame numbers). Implications of these assumptions are discussed fur-
ther in Section 2.2.2. Layover and shadow masks were generated by
modelling the satellite sensor location using hill-shading and
shadowing models, with azimuth and altitude angles being defined ac-
counting for the sensor LOS orientation parameters θ and γ.

As a first approximation-screening for our higher resolution studies,
we performed an initial test based on the Shuttle Radar Topography
Mission (SRTM)Digital SurfaceModel (DSM)V4 at 90m resolution pro-
duced byNASA in 2000, which is briefly presented in Cigna et al. (2012).
SRTM-based nationwide maps of R-index, shadow and layover for both
orbital modes suggested that topography is not themajor limitation for
SAR-based studies over most of Great Britain, with layover affecting
only 0.6% of the landmass (per mode) and no shadow identified
(Table 1). The latter is due to the absence in the SRTM data of slopes
steeper than 67°, rather than actual absence of this distortion type.

Local terrain orientation for Great Britain was assessed here in in-
creased detail, by employing the 5m airborne InSARNEXTMap®Britain
Digital Terrain Model (DTM) produced by Intermap Technologies in
2001–2003, and its 10 m and 50 m derivatives. This approach allowed
us to analyse the topographic visibility of the territory by first starting
at small scales (i.e. national and county scales) before going into detail
at the local scale (i.e. single slopes), and to compensate for limitations
relating to the use of low resolution topographic models. A further
Table 1
Total areas of simulated ERS-1/2 and ENVISAT SAR shadow and layover (including both active a
the 50m, 10m and 5m resolutionNEXTMap®DTMs. Regions affected by shadowor layover dis
areas (in km2) and percentages with respect to the entirety of the landmass.

ERS-1/2 and ENVISAT ascending mode

Input data Resolution [m] Shadow [km2] Layover [km2] Tota

SRTM DSM 90 0 1411 0.6%
NEXTMap® DTM 50 0.0325 2225 1.0%

10 0.3743 3034 1.3%
5 0.8629 3228 1.4%
goal of our multi-scale and multi-resolution approach was to find the
most suitable compromise between the various resolutions and their
capabilities to depict topographic complexity, that was revealed during
the validation in Wales (see Section 3) and our analysis of the effect of
scale (see Section 2.2.3). DTMs rather than DSMs were used in order
to filter out topographic components related to buildings, trees, and
other surface features. The latter were removed from the original DSM
data by Intermap prior to product delivery. Derived 10m and 50 m res-
olution DTMs were generated subsequently, by resampling the original
5m datawith a cubic convolution algorithm. Clearly, the use of theDTM
for our simulation was to the detriment of identifying image distortions
produced by manmade structures. This approach, on the other hand,
allowed avoidance of misleading effects whichwould have been caused
by the presence of trees in the input data for the simulation of terrain
visibility.

The general presence of gentle topography in Great Britain results in
NEXTMap®-based R-index, shadow and layover masks generally re-
vealing limited control of the terrain on its visibility to SAR sensors
(Fig. 5). Exceptions are hilly regions, where visibility is controlled by
the satellite acquisition mode (ascending or descending). For these
areas, it is apparent that E-facing slopes are generally best depicted
using ascending mode LOS, whilst W-facing slopes are better imaged
using the descending geometry.

By employing the approach of Kropatschand Strobl (1990),wedeter-
mined total areas of shadowwithin Great Britain as small as 0.0325 km2

in ascending, and 0.5425 km2 in descending mode, as modelled using
theNEXTMap®DTMat 50m (Fig. 5a,d and Table 1). Thesefigures clear-
ly differ from the SRTM-based simulations for which no shadow was
determined due to the absence of slopes steeper than 67°. Total areas
of layover (including active and passive) are 2225 km2 in ascending,
and 2298 km2 in descending mode (Fig. 5b,e). Of these, 1074 km2 in
ascending and 1088 km2 in descendingmode are active layover regions,
whichwere determined as a subset of total layover, by consideringDTM
pixels showing R between −1 and 0. Total extension of layover and
shadow distortions for the landmass is ~1.0% in each imaging mode
(Table 1). The results of the layover and shadow maps show that, for
almost the entire island, layover effects observed for the descending
geometry over slopes facing E, can be avoided by employing the
ascending one, and vice versa for W-facing slopes (Fig. 5c,f). Indeed,
areas resulting in layover or shadow distortions in both geometries
(i.e. areas that cannot be monitored using SAR imagery with either
orbital mode) extend 48.8 km2 according to the 50 m DTM-based sim-
ulation, covering 0.02% of Great Britain.

Areas of foreshortening were determined by considering R-index of
0 to +0.39, and resulted extended 106,621 km2 (~46.1% of the land-
mass) in ascending, and 116,301 km2 (~50.4%) in descending mode.
The absence of any type of distortions is observed over around
122,245 km2 (~52.9%) in ascending, and 112,001 km2 (~48.6%) in de-
scending mode (Fig. 5b,e). It is also apparent that, as an average over
the entire territory, SAR distortions are slightly more extended in the
descending mode rather than ascending. This might be a consequence
of terrain orientations of Great Britain which show pronounced
nd passive distortions) across Great Britain, based on the 90m resolution SRTM DSM, and
tortions in bothmodes are also shown. Extensions are expressed in terms of both their total

ERS-1/2 and ENVISAT descending mode Distortions in
both modes

l [%] Shadow [km2] Layover [km2] Total [%] [km2] [%]

0 1474 0.6% 18.0 0.01%
0.5425 2298 1.0% 48.8 0.02%
2.8215 2996 1.3% 78.2 0.03%
4.5893 3164 1.4% 87.5 0.04%



Fig. 5. Identification of image distortions to the ERS-1/2 and ENVISAT ascending (a–c) and descending (d–f) modes over Great Britain. Histograms (b) and (e) show total area statistics of (a) and (d) which are based on the 50 m NEXTMap® DTM.
Zooms in (c) and (f) show the results based on the 10 m NEXTMap® DTM for the area of the Haweswater Reservoir in the Lake District, England, in the ascending and descending modes, respectively. British National Grid; Projection: Transverse
Mercator; Datum: OSGB 1936.
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predominance of south-east facing slopes, i.e. 135–180° α (Fig. 1d).
These are best imaged by using the ascending geometry.
2.2.3. Effect of scale induced by the input DTM resolution
It is worth noting that the above statistics and extension of the areas

affected by distortions are based on NEXTMap® DTM data with 50 m
pixels. This implies that their estimates are performed in terms of mul-
tiples of the unit pixel area, i.e. 0.0025 km2, and are also influenced by
the lower level of topographic detail ofmedium resolution data. Similar-
ly, 10 m DTM-based estimates are related to 0.0001 km2 unit areas, 5 m
ones to 0.000025 km2 unit areas, and 90mSRTMones to 0.081 km2 unit
areas.

The use of higher resolution DTMs can of course increase the accura-
cy ofmodelled distortions, by improving the identification of their exact
boundaries and extension, better depicting topographic features and
complexity, steep and uneven terrains which are smoothed by lower
resolution data.

Gelautz et al. (1998) already highlighted that the input DEM resolu-
tion has significant importance for SAR image simulation, and that sim-
ulated data should have comparable or greater pixel sizewith respect to
that of the input DEM. Their observations suggest that simulation of dis-
tortions for ERS-1/2 and ENVISAT data should be based on input DTMs
with pixel sizes lower than ~25–30 m. Moreover, the selection of the
best resolution tomap these distortionshas to bedetermined by also ac-
counting for the variations of the SAR pixel resolution in the ground
range direction and across the scene due to the presence of topography
and local variations of incidence angles.

To investigate further and quantify the effect of scale of theDTMdata
on the capability of this simulation to depict SAR distortions, we varied
the resolution of the input elevationmodel from90mof the SRTMDSM,
to 50m, 10mand5mofNEXTMap®DTM.Moving from50m to10m in
the first instance, the results of the visibility simulation over the entire
landmass show that modelled layover regions cover a total area of
3034 km2 and 2996 km2 in ascending and descending modes respec-
tively (Table 1). These extensions show an overall increase from 1.0%
to 1.3% of the total area of layover and shadow distortions across
Great Britain (permode)whenmoving from 50m to 10m data. Further
change in the total area of simulated layover and shadow is foundwhen
moving to 5mNEXTMap® DTM input data, with simulated layover and
shadow for the entirety of the landmass reaching a total of 1.4% in each
mode.

To analyse further this effect on the extension of the simulated dis-
tortions, in Fig. 6 we illustrate the results of the visibility maps in as-
cending mode for an area with moderately mountainous topography,
i.e. the area of Lake and River Etive in Scotland (see location in Fig. 1).
As expected, the input data resolution influences the results of the visi-
bility maps, by increasing the level of detail with which the geometric
distortions are identified and mapped. Moving from the SRTM to the
NEXTMap® 5 m data we observe a decrease in the extent of
foreshortening, from 25.8 to 25.1 km2, an increase of layover from
13.1 to 14.1 km2, and minor decrease of the areas of no distortions
(i.e. ‘good visibility’), from 22.7 to 22.4 km2 (Fig. 7). Main areal differ-
ences seem to occur between the simulations using 50 m and 10m res-
olution data, and it appears that by varying the input DTM resolution
foreshortening and layover tend to change by following second order
polynomials. Similar observations can be made by analysing the exten-
sion of layover and shadow regions for the entire landmass asmodelled
using the various input resolution DTMs (Fig. 8). Extrapolation to reso-
lutions lower than 5 m (see dashed lines in Fig. 8a–b) seems to suggest
that increased resolutions would bring the total extension of layover
areas to ~3250–3300 km2 in each mode, and ~1.8 km2 shadow in as-
cending and ~7.6 km2 in descending mode. Finer resolution DTM data
(e.g., up to 25 cm LiDAR datasets) available at BGS for some test areas
in Great Britain will help us to investigate this aspect further, though
this analysis is beyond the scope of this paper.
Via validation with ERS-1/2 SAR data in South Wales (see
Section 2.2.2) we show that in the case of medium resolution imagery,
the use of the NEXTMap® DTM at 50 m resolution is suitable enough
to model image distortions with a good degree of accuracy. This con-
firms that, although higher input resolutions such as 10m obviously re-
sult in more detailed simulated distortions, the selection of the input
elevation data needs to be a trade-off between higher DTM resolutions
and respective cost of the data, and the NEXTMap® DTM at 50 m in
our case provides an acceptable degree of accuracy.

2.2.4. Effect of variable incidence angles and ground track angles
As mentioned above, possible errors in the computation of the lay-

over, shadow and foreshortening regions are thought to be due to a
combination of:

(i) Use of a constant θ value across the entire image frame, without
accounting for variations across the swath (e.g. from 19.2° to
26.7° for ASAR IS2 imagery; ESA (2007));

(ii) Use of a constant γ for the entire country, without accounting for
variations with latitudes (e.g., in Great Britain, between 15.5° at
the higher latitudes, i.e. 59°N, and 13.2° at 50°N); and

(iii) Potentially, major topographic changes occurring between the
DTM reference date and acquisition of the analyzed radar
imagery.

Thefirst factor from the list above is considered to be the primary in-
fluence on the accuracy in our simulation. To support this statement, in
Fig. 4d we summarize R-index changes for β= 30° when θ varies from
19° to 43°. The various curves are all similar in shape and slightly paral-
lel, showing peaks at α = +76° for the ascending and α = +284° for
the descending modes, with R getting closer and closer to +1 with
increasing θ. Although it is apparent that higher θ results in higher R-
index and lower effects of active layover and foreshortening, it is
worth noting that the effects of shadow are more accentuated when θ
increases, i.e. when the LOS looks at the scenemore obliquely, as further
discussed below.

During our modelling over Great Britain we did not account for θ
variations across the swath (cf. Section 2.2.1). For SAR sensors onboard
ERS-1/2 and ENVISAT, θ across the swath varies between ~19° (near)
and ~27° (far range). Hencemore than 7° difference in the angle actual-
ly occurs from the near to the far range, and the hypothesis of a constant
angle of 23° might be inappropriate for areas located away from the
scene centre. In Fig. 4d it can be observed that R-index variations can
be as high as ±0.6 for fixed β and α, when moving from 19° to 27° θ.

To analyse further the influence of these variations across the swath
of ERS and ENVISAT imagery and their impact on the resulting distor-
tions, we simulated layover and shadow for the area of the River Etive
in Scotland (~61.6 km2 area; see location in Fig. 1), by varying θ from
19 to 27°. We also considered angles as high as 60°, in order to include
a larger range of values which characterise other satellite sensors and
may be analyzed for further discussion on the potential of other acqui-
sition geometries. In Fig. 9 we show layover and shadow in ascending
mode, which were simulated based on the 10 m NEXTMap® DTM,
and by considering 14° γ. Whilst layover is most severe for small θ
(e.g., near range), shadow effects are most severe when the θ is higher,
and the LOS looks at the scene more obliquely (e.g., far range). For
the area of interest, the extent of layover decreases drastically from
~19.2 km2 (~31% of the area of interest) to 0.01 km2 (i.e. ~0%) by in-
creasing θ from 19° to 60°, with stronger decays observed for lower
angles, e.g. around 50% drop off by moving from 19° to 27°. On the
other hand, simulated shadows are null from 19° to 35°, then become
significant at ~50°, and up to ~6.5 km2 (i.e. 11% of the area of interest)
by employing 60° θ.

Curves in Fig. 10 show that the differences in the simulated target
areas affected by layover at the margins of an ERS or ENVISAT IS2 SAR
scene (i.e. at 19° and 27° θ) can be as high as +8.5% (near) and −7%
(far range) with respect to those estimated by employing a constant θ



Fig. 6. (a) OS topographic map at 1:50,000 scale, terrain (b) slope and (c) aspect from the 10 m NEXTMap® DTM in the area of the Lake and River Etive, Scotland. Observed changes of the R-index and simulated layover regions in the ERS-1/2 and
ENVISAT ascendingmodewith varyingDTM resolution: (d) 90mSRTMDSM, and (e) 50m, (f) 10m and (g) 5mNEXTMap®DTM. Location of this area of interest is shown in Fig. 1b. Total areas of simulated distortions are summarized in Fig. 7. British
National Grid; Projection: Transverse Mercator; Datum: OSGB 1936. OS data © Crown Copyright and database rights 2013. NEXTMap® Britain © 2003, Intermap Technologies Inc., All rights reserved.
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Fig. 7. Observed changes in the total areas of simulated SAR distortion in the ascending
mode of ERS-1/2 and ENVISAT with varying DTM resolutions for the area of Lake and
River Etive, Scotland. For each distortion, polynomial fits are overlapped onto observa-
tions. Refer to Figs. 1b and 6 respectively for the location of this area of interest and the
map overview of simulated distortions.
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of 23° across the entire frame. Analysed distortions seem to vary by fol-
lowing second order polynomial trends for both layover and shadow.
These results allow us to draw the similar conclusions to those
discussed by Gelautz et al. (1998), who simulated SAR data for a moun-
tainous area in Oetztal (Austria) and observed decays of the simulated
layover extent with respect to the analysed area from 30% to 6% and
1%, when moving from ERS-1/2 data with 23°, to JERS-1 data with 35°,
to X-SAR data with 50° θ, and an increase from 0% to 1% and 6% of shad-
ow respectively. Further insights into observed discrepancies due to θ
variations across the swath are discussed during the validation in
Wales (see Section 3).

In Fig. 4e we show that the effect of varying γ on the estimation of R
is lower than that of other parameters, such as terrain β and LOS θ.
Changes in γ cause shift of the R-index curves along the X-axis, hence
the R values change for the various terrain α, with R peaks observed at
α = 76° with 13° γ, 82° with 8° γ, and 60° with 20° γ. Aspect values
for the peaks of the various curves are those characterising slopes paral-
lel to the LOS, hence producing the best terrain visibility for that
Fig. 8.Observed changes in the total areas of simulated SARdistortions in theERS-1/2 and ENVIS
Britain: (a) layover; and (b) shadow.
acquisition geometry. As also evident from the proximity of these
curves, γ variations of 2.3° – i.e., the amount of γ change with latitudes
across Great Britain – produce R-index differences as small as 0.01–0.05
for all possible α (i.e. 0 to 360°). We thereby believe that the impact of
our assumption in this regard is of minor relevance.

The third factor, i.e. possible ground change occurred between the
reference date of the DTM and acquisition of the analysed SAR image,
represents clearly a potential source of error in the visibility maps,
only if major movements of material and surface shape and volumetric
changes occurred and have altered local topography to such a level that
land changes are higher than the resolution of the input DTM and its
vertical accuracy. In this case, the surveying of themodified territory be-
comes necessary to re-assess its local visibility to the satellite sensor. It is
however beyond the scope of this paper to analyse this aspect further.

2.3. Land cover feasibility mapping and PS density prediction

The property of surface targets being ‘Persistent Scatterers’ is related
to the terrain scattering properties that result in point-like signatures
but not necessarily correspond to point-like objects (e.g., Nico et al.,
2009). PS applications over the last decade have demonstrated that
the identification of PS-like targets is controlled by interferometric co-
herence and phase stability and, in particular, a combination of the
physical and geometric characteristics of the observed surfaces, the in-
trinsic properties of the radar signal, number and quality of input SAR
images, and strategies and thresholds employed during the PS process-
ing chain (e.g., Ferretti et al., 2001; Riddick et al., 2012). The first two
factors mentioned above include the interaction between land cover
and its variations through time, and the radar scattering process
which mainly depends on the signal wavelength (e.g., 5.6 cm in C-
band), terrain roughness, soil moisture and local incidence angles. The
influence of input data and processing solutions mainly concerns the
number and quality of SAR scenes used for the PS processing, the quality
of the selected reference point, and the thresholds employed to identify
PS candidates and final targets. The number of scenes controls also the
accuracy of the estimated motions and velocities, and the possibility to
detect (or not) radar targets on the ground, which in turn depends on
the target persistence across the data stack, hence during themonitored
interval.

Regarding land cover control, some authors have recently studied
the correlation between PS locations and densities with respect to vari-
ous land covers. Colombo et al. (2006) map the likelihood of identifying
PS over different land use types and, similarly, Notti et al. (2010, 2011)
synthesize the effects of land cover into the LU-index and combine it
ATascending anddescendingmodeswith varyingDTM resolutions for the entirety ofGreat



Fig. 9.Observed changes in the simulated (a) layover and (b) shadow regions in the ascendingmode of ERS-1/2 and ENVISATwith incidence angles varying from 19° to 60° for the area of
the Lake and River Etive in Scotland, overlapped onto 10mNEXTMap®DTM shaded relief. Total areas of simulated distortions are summarized in Fig. 10. Location of this area of interest is
shown in Fig. 1b. British National Grid; Projection: Transverse Mercator; Datum: OSGB 1936. NEXTMap® Britain © 2003, Intermap Technologies Inc., All rights reserved.
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with topographic effects by deriving the RC-index byweighted averaging.
More recently, Plank et al. (2013) developed empirical approaches for the
estimation of the PS distribution prior to the processing and analysis of
SAR data. Thesemethods relate the number and distribution of PS targets
to land cover and topographic data. Plank, Singer, Minet, and Thuro
(2010) also rate the CORINE Land Cover 2000 (CLC2000) classes into 1
(very suitable) to 6 (not suitable) based on their suitability for InSAR
analysis at the radar frequency bands L (~0.5–2 GHz), C (~4–8 GHz)
and X (~8–12 GHz). Riddick et al. (2012) analyse the target selection
process over various terrain types in the Cascades (Oregon, US) and cor-
relate the location of ERS-1/2 PS to surface characteristics (e.g., rough-
ness, bare earth exposure), geologic units, and vegetation density.

Notti et al. (2010) also observe that the PS density increases for
higher R-index values. Similarly, Nico et al. (2009) study the variations
of PS densities for various lithological units, and varying terrain slope
and aspects in ideal InSAR conditions (i.e. absence of dense vegetation
Fig. 10.Observed changes in the total area of simulated layover and shadow regions in the
ascending mode of ERS-1/2 and ENVISAT with angles varying from 19° to 60° for the area
of the Lake and River Etive, Scotland. Polynomial fits are overlapped onto observations for
both layover and shadowdistortions. Refer to Figs. 1b and 9 respectively for the location of
this area of interest and the map overview of simulated distortions.
or other decorrelating factors). With regard to these latter studies,
it is worth noting that the correlation between topographic factors
(e.g., R-index) and the number of identified targets in hilly terrains is in-
fluenced by local variations of the ground range pixel size which are
controlled, in turn, by local incidence angles. Slopes with very good vis-
ibility show that terrain orientation has little control on the success of
InSAR analyses. In these cases, land cover and temporal decorrelation
are thought to be the dominant factors determining the success of
PSI- and SBAS-like techniques, as discussed in the following sections.

2.3.1. CORINE Land Cover 2006 calibration for Great Britain
Whilst other authors summarize the observations on PS distribu-

tions in different land cover types via dimensionless indices or classes ir-
respective of numerical calibration (e.g., Colombo et al., 2006; Notti
et al., 2010), our study focusses on the exploitation of existing PS
datasets for Great Britain as input data for the quantitative calibration
of countrywide land cover data (Fig. 2). In this regard, our work builds
upon the methodology presented by Plank et al. (2013) and, follows
this up by employing a set of training areas in Great Britain to extend
the pre-survey feasibility assessment to the entire landmass and land
cover types mapped across the country.

The CORINE LandCovermapCLC2006 (EEA, 2007, 2012)wasused as
input land cover data for our assessment. The dataset has 100 m nomi-
nal accuracy and, for the UK, was generated based on the Land Cover
Map 2007 (LCM2007; Morton et al., 2011). Of the 44 land cover types
of CLC2006, 34 aremapped in Great Britain. Table 2 lists these 34 classes
and shows the general predominance of non-irrigated arable land
(CLC2006 code 211) and pastures (code 231) which cover more than
60,000 km2 each, and moors and heathland (code 322) covering more
than 20,000 km2. Around 154,000 km2 of sea and ocean cover is also
mapped for a 25 km wide buffer area around the coastline of the main
landmass and smaller islands and islets (see also Fig. 1a).

To provide a quantitative assessment of the likelihood of obtaining
PS points for a given land use, we considered all PS data over British
test sites available at the BGS (see Table 3). These datasets include
geocoded PS data which were derived by Fugro NPA Ltd (now CGG,
NPA Satellite Mapping Ltd) based on the Interferometric Point Target
Analysis (IPTA; Werner, Wegmuller, Strozzi, & Wiesmann, 2003) and
by TRE S.r.l. using the Permanent Scatterer InSAR (PSInSARTM;
Ferretti et al., 2001) technique. These data were made available via
the projects ESA Terrafirma and EC-FP7 PanGeo, and include a total of



Table 2
CLC2006 land cover types and their extension in Britain, calibrationwith existing PSI data, and validation of predicted PS densitieswith observed Point Target Candidates (PTC) densities in
South Wales. Predicted PS/km2 values are inferred for those land cover types with no values in the calibration area field. For the latter, the computation of the ratio between values of
predicted (Pred.) and observed (Obs.) density values is not applicable (N/A). ρ, observed relative PS density with respect to CLC2006 class 112.

CLC2006 map Calibration Validation

Code Name Total area in GB [km2] Area [km2] Observed* PS/km2 ρ Area [km2] Observed PTC/km2 Ratio Pred./Obs.

111 Continuous urban fabric 279.6 96.6 836.5 2.02 3.9 156.9 5.3
112 Discontinuous urban fabric 12,192.9 1734.9 414.5 1.00 557.2 72.0 5.8
121 Industrial or commercial units 1683.8 188.6 392.2 0.95 95.0 66.7 5.9
122 Road and rail networks and associated land 103.7 17.6 218.1 0.53 1.5 35.1 6.2
123 Port areas 137.9 12.3 289.5 0.70 21.1 48.4 6.0
124 Airports 451.7 20.5 79.1 0.19 7.8 37.3 2.1
131 Mineral extraction sites 682.1 21.9 68.6 0.17 31.4 8.5 8.1
132 Dump sites 86.9 4.6 14.6 0.04 2.8 6.0 2.4
133 Construction sites 39.5 1.8 48.9 0.12 2.5 11.2 4.4
141 Green urban areas 639.8 165.4 149.0 0.36 11.6 30.3 4.9
142 Sport and leisure facilities 2695.8 227.3 54.5 0.13 72.3 7.0 7.8
211 Non-irrigated arable land 67,466.7 1184.0 32.2 0.08 1296.3 3.7 8.6
222 Fruit trees and berry plantations 16.7 0.8 3.2 0.01 – – N/A
231 Pastures 61,493.2 1440.7 31.4 0.08 3198.1 4.5 7.0
242 Complex cultivation patterns 209.5 0.0 35.0* – 9.9 3.1 11.2
243 Land occupied by agric. and natural veget. 1346.9 29.2 38.3 0.09 73.2 3.8 10.2
311 Broad leaved forest 5282.9 170.8 25.0 0.06 280.8 5.3 4.7
312 Coniferous forest 13,011.4 20.8 10.7 0.03 554.8 1.5 7.1
313 Mixed forest 1423.7 10.0 29.5 0.07 23.8 4.7 6.3
321 Natural grasslands 18,260.0 1.7 59.8 0.14 973.8 3.1 19.0
322 Moors and heathland 22,174.2 3.2 19.0 0.05 305.8 5.0 3.8
324 Transitional woodland shrub 2873.1 9.0 9.5 0.02 96.1 1.6 6.1
331 Beaches dunes sands 460.2 1.2 38.2 0.09 13.9 10.1 3.8
332 Bare rocks 470.1 – 41.0* – – – N/A
333 Sparsely vegetated areas 4734.6 – 41.0* – – – N/A
411 Inland marshes 142.0 – 6.0* – 12.4 0.3 18.6
412 Peat bogs 10,548.1 – 6.0* – 65.8 2.1 2.9
421 Salt marshes 421.8 0.7 6.3 0.02 12.6 1.7 3.6
423 Intertidal flats 2667.8 6.7 91.5 0.22 98.4 4.1 22.5
511 Water courses 33.2 – 0.0* – – – N/A
512 Water bodies 1594.2 23.7 0.0** – 12.8 0.9 0.0
521 Coastal lagoons 6.8 – 0.0* – – – N/A
522 Estuaries 258.5 2.2 0.0** – 0.3 12.3 0.0
523 Sea and ocean 153,980.0 124.4 0.0** – 2611.2 0.0 0.0

* = PS/km2 values were inferred when too small or no calibration areas were available.
** = PS/km2 values were reset to 0, by assuming no PS is found over water.
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~2M PS distributed over ~5700 km2 land in England over the cities and
surroundings of Greater London, Bristol, Bath, Stoke-on-Trent, and
Newcastle and Durham (see Figs. 1 and 11).

For our feasibility assessment, the use of these input datawas neces-
sary to first derive the average PS densities which are observed for each
land cover category in Britainwhen employing C-band, medium resolu-
tion SAR data (see also Fig. 2). To this aim, we averaged the observed
densities of PS targets for the various land cover types for each PS data
set in Table 3, by following the approach described by Plank et al.
(2013). Within each PS dataset footprint, we computed the total num-
ber of targets lying within each CLC2006 class and then divided by the
Table 3
ERS-1/2 and ENVISAT PS datasets used to calibrate the CORINE Land Cover map CLC2006 for B

ID Satellite Orbit No. of
scenes

Dates No. of PS Min
coher.

Processed

1 ERS-1/2 Asc. 27 19/06/1992–31/07/2000 727,939 0.53 2537
2 ENVISAT Desc. 45 13/12/2002–17/09/2010 835,539 0.49 2394
3 ERS-1/2 and

ENVISAT
Desc. 75 11/05/1992–27/01/2005 60,147 0.25 1131

4 ERS-1/2 Desc. 70 11/05/1992–27/02/2003 142,771 0.56 1125
5 ERS-1/2 Desc. 48 19/04/1995–14/12/2000 114,857 0.57 978
6 ENVISAT Desc. 21 03/12/2002–07/10/2008 71,462 0.75 978
total area covered by the corresponding land cover typewithin the foot-
print.We subsequently combined the PS/km2 statistics into an observed
average across all six datasets with respective standard deviations, as
summarized in Fig. 12a. This allowed us to extract relationships be-
tween the CLC2006 classes and the observed PS distributions in the
six data processing results.

Differently from Plank et al. (2013) who used SAR data from X- and
C-band sensors with different image modes, we did not need to apply
any normalization to the PS densities, as only data with same wave-
length, imaging mode, band and processing approach (both IPTA and
PSInSARTM belong to PSI-like methods) were employed for our
ritain. Asc., Ascending; Desc., Descending; Coher., Coherence.

area [km2] Site(s) PS provider & reference project

London CGG, NPA Satellite Mapping Ltd, EC-FP7 PanGeo
London CGG, NPA Satellite Mapping Ltd, EC-FP7 PanGeo
Bristol, Bath CGG, NPA Satellite Mapping Ltd, ESA Terrafirma

Stoke-on-Trent TeleRilevamento Europa (TRE) Srl, ESA Terrafirma
Newcastle, Durham CGG, NPA Satellite Mapping Ltd, ESA Terrafirma
Newcastle, Durham CGG, NPA Satellite Mapping Ltd, ESA Terrafirma



Fig. 11. Examples of CLC2006map and distribution of ERS-1/2 PS targets for the calibration datasets in (a–b) Greater London, (c–d) Newcastle–Durham, and (e–f) Stoke-on-Trent. Reference IDs of the datasets with respect to Table 3 are (1), (5) and
(4), respectively. Location of the sites is represented in Fig. 1a. CLC2006 classes associated with legend codes are summarized in Table 2. British National Grid; Projection: Transverse Mercator; Datum: OSGB 1936. CLC2006 © 2007, European Envi-
ronment Agency (EEA). ERS-1/2 PS data in (b) © CGG, NPA Satellite Mapping Ltd; ERS-1/2 PS data in (d) and (f) © European Space Agency.
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Fig. 12. (a) Average and standard deviation of PS densities estimated using the four calibration sites for the 34 CLC2006 classes mapped in Great Britain; and (b) variations of the PS den-
sities against the number of the processed scenes for the six calibration stacks and three land cover types. Refer to Table 2 for statistics observed for the CLC2006 classes.
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calibration. Climate conditions are similar in the four calibration sites
(Met Office, 2013a), therefore no initial climate classification and com-
pensation were performed.

It is worth noting that, prior to the computation of the average PS
densities and other statistics for the various land cover types, we first
masked the CLC2006 by using the layover and shadowmasks generated
by following the methodology described in Section 2.2 (see also Fig. 2).
This allowed us to discard regions not visible to that particular acquisi-
tionmode (e.g., descending for the ERS data for Stoke-On-Trent). With-
in these areas, indeed, the lack of PS targets is due to geometrical
constraints but is not necessarily land cover-related. Inclusion of these
areas within the computation of the PS density statistics would have
caused an erroneous decrease of the computed densities. Layover and
shadow for our calibration sites were, in this case, quite small with re-
spect to the total calibration area, i.e., only ~2 km2 in total over the
four sites (half of which were mapped at the outskirts of Bristol and
Bath), which represent less than 0.1% of the total extension of the land
areas used for calibration, i.e. ~5700 km2. Thus their removal had mini-
mal impact on the estimation of the statistics.

Fig. 12a shows the different target densities observed (black
squares) or inferred (grey squares) for the 34 land cover types of Britain.
Inferred valueswere adoptedwhen nopolygons of those particular land
cover type were sampled by the available PS input datasets. These in-
clude the following seven types: bare rocks, sparsely vegetated areas,
inland marshes, peat bogs, complex cultivation patterns, water courses
and coastal lagoons. The absence of these CLC2006 classes in the calibra-
tion sites suggested that themapped land cover in these PS datasetswas
not fully representative of the entire range of land covers present in
Great Britain, as further revealed during the validation in Wales (see
Section 3). For these types, the potential PS densities were attributed
based on similarities with other land cover types (see also Table 3).
Values over water bodies, estuaries and sea and ocean were set to
zero by assuming the absence of PS targets in areas covered by water.
The land cover types were sorted according to their observed or
inferred PS densities, and catalogued into nine density classes: (Class
9) 0 PS/km2; (Class 8) 0–10 PS/km2; (Class 7) 10–20 PS/km2; (Class 6)
20–40 PS/km2; (Class 5) 40–80 PS/km2; (Class 4) 80–160 PS/km2;
(Class 3) 160–320 PS/km2; (Class 2) 320–640 PS/km2; and (Class 1)
with a density of N640 PS/km2.

2.3.2. PS density observations and comparative analysis with external
studies

Observed target densities over the calibration sites show that surface
objects with higher temporal phase stability result generally in PS den-
sities as high as several hundreds of scatterers per square kilometre
(Fig. 12a). Typically, urban and built-up areas result in higher PS density
than rural areas and, for instance, discontinuous urban fabric and indus-
trial or commercial units (i.e. CLC2006 codes 112 and 121) show aver-
age densities of ~400 PS/km2, with ±200 PS/km2 deviation across the
six input PS datasets, whilst non-irrigated land shows observed densi-
ties of ~32 ± 17 PS/km2.

In accordance with our findings for the calibration sites, Colombo
et al. (2006) observed comparable PS densities for the various classes,
e.g., up to ~1160 PS/km2 for infrastructure, ~290 PS/km2 for bare
rocks, ~110 PS/km2 for grassland and ~30 PS/km2 for grass, lawn, and
forests, based on one set of PSInSAR™ ERS-1/2 data available over
Piedmont (Italy). Tapete and Cigna (2012) observe ERS-1/2 and
ENVISAT average densities from 75 to 290 PS/km2 for the rural, moder-
ately vegetated site of Bivigliano (Italy). Rodriguez Gonzalez, Adam,
Parizzi, and Brcic (2013) observe peaks of 200 ERS-1/2 PS/km2 over
the urban area of Athens for their WAP InSAR results in Greece.

We noticed that, although the majority of land cover types typically
show consistent densities across the calibration sites and very little or
moderate standard deviations (Fig. 12a), higher variability is found for
continuous and discontinuous urban fabric (codes 111 and 112), indus-
trial and commercial units (code 121), road and rail networks (code
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122), port and airport areas (codes 123 and 124) compared to natural
and vegetated and other land cover types. For instance, CLC2006 type
111 reveals the highest variability across the six datasets, with up to
±545 PS/km2 observed. High values for the observed standard devia-
tions relating to urban land cover types agree with observations by
Plank et al. (2013) for other sites with different climatic and environ-
mental settings in Central Europe.

To further investigate this variability, we analyzed the PS density
variations across the six datasets with respect to the input number of
SAR scenes and employed thresholds to select the final set of PS targets.
Results of this comparison are shown for the CLC2006 types 111, 112
and 122 in Fig. 12b. This plot highlights the existence of moderate cor-
relation between the observed densities and the number of scenes com-
posing the datasets with, typically, higher numbers of input images
resulting in higher PS densities. Significant variations are observed,
however, across the six datasets which seem to be part controlled by
the coherence thresholds used by the PS providers before the delivery
of the datasets. Indeed, for the five datasets processed by the same pro-
vider (hence with the exception of the dataset available for Stoke-on-
Trent; see Table 3), it is apparent that for stacks with similar numbers
of scenes (for instance, the ENVISAT dataset for London, and the ERS
dataset for Newcastle, with 45 and 48 scenes respectively), the lower
the coherence threshold, the greater the number of targets included in
the corresponding dataset (Fig. 12b).

Through our validation in SouthWales (see Section 3)we show that,
despite the variations induced by the input number of scenes and coher-
ence thresholds, the relationships and rankings of the various land cover
types stay the same across the entire processed scene. Hence these pa-
rameters influence the numeric value of the number and density of
identified targets, but not the density proportions between the different
land cover types. This confirms what was discussed by Plank et al.
(2013) regarding ‘relative PS densities’ between the various land
cover classes.

Our observations for the calibration sites also agree with the land
cover rankings proposed by Plank et al. (2010) for the CLC2000, with
highest densities found for the topmost classes proposed by these au-
thors. Exceptions are airport areas (code 124) which appear to provide
lower density based on our calibration in Britain, and intertidal flats
(code 423) where the calibration shows moderately high rather than
the lowest density ranking. These results are discussed and clarified
via the validation in Wales (see Section 3).

2.3.3. Land cover-derived PS densities for Great Britain
Weused the observed PS densities fromour calibration (see Table 2)

to extend the assessment to the ~230,000 km2 total area of the land-
mass to predict where PSI-like techniques are most likely to succeed
and where not, and PS targets to be or not identified (Fig. 13).

PS density statistics extended over Britain confirm that land cover
has stronger control on the potential and success of these techniques
over this mostly vegetated land (see also Fig. 1) than local topography
(see Section 2.2.2). The most represented PS density class in Britain is
class 6 (i.e. 20–40 PS/km2), covering an area of more than 137,000 km2

across most of England and Wales, and part of southern/eastern
Scotland (Fig. 13). This class includes pastures, complex cultivation
patterns, land occupied by agriculture with areas of natural vegetation,
broad leaved and mixed forest, beaches, dunes and sands. Class 7
(i.e. 10–20 PS/km2) shows an extension of more than 35,000 km2 and
is mainly found in the northern counties, in Scotland and northern
England, and part inWales, wheremoors, heathland, and coniferous for-
est are mapped. Classes 1 (i.e. N640 PS/km2) to 4 (i.e. 80–160 PS/km2)
concentrate over the major cities and towns of Britain, with largest
occurrences in Greater London, Birmingham, Manchester and Glasgow.
In general, lowest potential for PS studies is found in Scotland, where
classes 5 to 8 dominate.

By accounting for the extension of all CLC2006 polygons across
Britain and the calibrated PS densities, the overall number ofmonitoring
targets thatmight be identified over the entire landmass for each acqui-
sition mode (ascending or descending) exceeds 12.8 M. This prediction
refers to the use of a PS approach (hence not coherence based, multi-
look methods such as SBAS) with C-band ERS-1/2 or ENVISAT medium
resolution data. This would correspond, on average, to a density of
~55 PS/km2 for the entire landmass, which reflects the predominance
of PS density classes 5–6. Similar to our numerical prediction is the den-
sity observed by Rodriguez Gonzalez et al. (2013)who foundmore than
1 M PS over a ~65,000 km2 total processed area in Greece with their
ERS-1/2 InSAR analysis, with overall average density of ~16 PS/km2.
The latter reveals average densities lower than thosewe have predicted
over predominantly agricultural and rural areas of Britain, and seem to
reflect the predominance of forests and semi-natural areas for the terri-
tory in Greece processed by these authors. Further insights into this as-
pect are revealed by the validation in Wales (see Section 3).

The calibrated CLC2006 map in Fig. 13 clearly has to also account for
the various geometric distortions and, in particular, by masking out ac-
tive and passive layover and shadow regions (see Section 2.2.1) from
the predicted PS density map in order to remove areas where topogra-
phy prevents any target to be imaged by the radar sensor. This is
discussed in Section 4, which illustrates how to use these feasibility
maps for SAR-based landslide studies.

3. Validation in South Wales with ERS-1/2 SAR imagery

To validate the simulated distortion maps and the calibrated
CLC2006 map, by using the GAMMA software and the IPTA approach
we processed a stack of 55 ERS-1/2 SAR scenes acquired between
1992 and 1999 in South Wales in descending mode along satellite
track 409 (Fig. 14). The number of scenes composing this stack is repre-
sentative of the typical number of images constituting ERS-1/2 descend-
ingmode stacks over Great Britain, which generally have over 50 scenes
(see Fig. 3 and Section 2.1). Furthermore, the imaged area of interest
samples the various land cover types observed over the landmass
(Figs. 15a–b and 1), with not only urban fabric but also extensive rural
areas, thus providing large representation of non urban areas of Britain.

Orbit state vectors for the ERS-1/2 images were first improved by
employing the recomputed orbital data provided by the Delft Institute
for Earth-Oriented Space research (DEOS), made available via ESA's
project REAPER (REprocessing of Altimeter Products for ERS) in 2011.
The stack was then co-registered to a single master scene acquired on
25/09/1995, obtaining co-registration accuracies for the slave scenes
up to 0.05 pixels in range and 0.15 in azimuth.

In Fig. 14 we show the SAR intensity of the ERS-2 scene acquired on
14/12/1999, which was multi-looked with 1:5 look factors in range and
azimuth and geocoded to the 50mNEXTMap®geometry, withfinal res-
olution of 50 m to be consistent with the DTM. Regions of layover and
shadow were identified within the scene during the radar-to-map
transformation. Observed SAR distortions over an ~7000 km2 area of
land (South Wales only) were compared to the simulated distortions
to assess the accuracy of the simulation. Distortions across the scene
cover around 1% of the validation area, which is similar to the amount
of distortions simulated for the entirety of the landmass (see
Section 2.2.2). This confirms further the good representativeness of
this test site to perform validation in our study.

Validation inWales shows that the use of the 50mNEXTMap®DTM
for the layover simulation results in discrepancies with the actual lay-
over by ~11% of the total layover identified across the ERS scene, with
simulated regions covering 107 km2 (hence 1.5% of the processed
area) and those observed in the ERS scene covering 97 km2 (hence
1.4% of the processed area). This suggests that, over the entirety of the
landmass, the extension of simulated layover regions in each satellite
mode needs to be adjusted (in particular, decreased) to account for
the 11% discrepancy, and this brings to around 0.9% of our estimation
based on the 50 m DTM input dataset and, analogously, to 1.2% and
1.3% of the estimates based on the 10 m and 5 m DTMs.



Fig. 13. Calibrated CLC2006 indicating PS density classes for Great Britain (a) and example for the area of Bradford, England (b). Histogram (c) shows total area statistics of (a) for the nine
CLC2006 classes identified based on PS density observations for the four calibration sites. Full reference to the nine PS density classes is provided in Section 2.3.1. British National Grid;
Projection: Transverse Mercator; Datum: OSGB 1936.
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Simulated layover in the near range (i.e. to the east, in the descend-
ing scene) shows smaller extensions than areas of observed layover,
likely due to the use of the constant θ (23°) that, in the near range, re-
sults in lower distortions compared to those caused by the actual θ of
the near range, hence ~19° (see Figs. 14e–f, 4d and Section 2.2.2). On
the other hand, in the far range (i.e., to the west) the simulated layover
regions are more extended than those observed in the ERS scene, as an
effect of a larger θ used to model distortions with respect to the actual
value in the far range (see Fig. 14a–b). Analysis of layover regions in
the mid range, where the θ value employed for the simulation is closer
to that observed (~23°), the discrepancies between modelled and ob-
served layover areas minimise to only 5% in total (see Fig. 14c–d). The
latter is obtained as average over an 11 km wide elongated test area of
~900 km2 running along the mid range of the ERS image.

To validate the calibrated CLC2006map, we used IPTA and exploited
the amplitude dispersion criterion to identify a set of radar targets
showing low temporal variability of their SAR intensity values across
the entire stack, by setting a threshold for the ratio between average
and standard deviation of the backscattering of 1.5, and focussing only
on points dominating the radar echo of the image. The latter condition
was implemented by selecting only point targets showing intensities
higher than the spatial average, which allowed masking out points
within areas of radar shadow, i.e. of low backscattering.

The generated set of Point Target Candidates (PTC) was geocoded
to the map geometry based on the NEXTMap® DTM at 50 m resolu-
tion. The dataset includes ~77,100 points within the full frame (100
by 100 km), which are distributed mainly along the southern coast of
Wales over the urban areas of Swansea and Cardiff and, to the north,
over smaller villages and towns built in the narrow valleys of the
SouthWales Coalfield (Fig. 15c). Average target densities for the entire
frame over areas of land (~7800 km2; i.e., by masking out the Bristol
Channel water area) are ~9.9 PTC/km2, whilst peaks of 200–240 PTC/
km2 are found for the urbanised areas. Lowest densities are observed
to the north, where there are natural grassland and pastures.

Validation of the CLC2006 calibrated map was based on comparison
of the PS density predictions with the observed PTC densities within



Fig. 14. Geocoded and multi-looked intensity image (1 × 5 look factors) of the ERS-2 SAR scene (14/12/1999) in descending mode. (a,c,e) Observed and (b,d,f) simulated radar layover
regions in South Wales in the far (a,b), mid (c,d) and near (e,f) range based on NEXTMap® 50 m DTM data. Location of this area of interest is shown in Fig. 1b.
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each land cover type. There are 2565 CLC2006 polygons within the
SouthWales ERS data frame. To extract values for the observed densities
for these polygons, we first masked the map by removing layover re-
gions, which in this area have non-negligible extension (i.e. ~100 km2).

Results of the validation are summarized in Fig. 15b–c, where the
predicted PS densities are compared with the observed PTC locations.
Visual comparison of the maps confirms that the highest PTC densities
are found for CLC2006 polygons with higher PS predictions, and there
is very good match between land cover rankings of our predictions
with respect to observed PTC densities. Numerical comparison is also
represented via the scatterplot in Fig. 15d, which shows that predicted
densities are on average 5 times higher than those observed, but this
ratio remains constant throughout all land cover types, as shown by
the very high R2 coefficient of the linear regression applied to the data,
i.e. 0.96. In other words, although the absolute differences between pre-
dicted and observed densities are clearly significant, the general rela-
tionship between the densities observed for the various land cover
classes is largely similar, hence the land cover rankings are confirmed
on the whole, despite differences in the algorithms and thresholds
which were employed for the calibration sites. This aspect was
accounted for to adjust our predictions across the landmass, and the
total number of PS predicted for Great Britain (i.e. 12.8 M; see
Section 2.3.1) was therefore rescaled by using this factor, thus obtaining
a rescaled potential for over 2.5 M monitoring targets across the
landmass.

Our observation for the land cover relative relationships agrees with
what Plank et al. (2013) observed, as well as with their concept of ‘rel-
ative PS densities’, which refers all target densities to a reference land
cover class (e.g., discontinuous urban fabric), to which all other types
are relative. These relative PS densities are found fairly constant across
the various PS datasets and can be used as a reference to assess the spa-
tial distribution of targets prior to a PS analysis based on the CLC2006
map. The results of the relative densities computation for our six cali-
bration datasets of Britain are summarized in Table 2 and mostly con-
firm those observed by Plank et al. (2013) in central and eastern
Europe by using other PS data sets derived using ERS, ENVISAT,
RADARSAT and TerraSAR-X SAR data.

3.1. Observed PS density outliers

The predicted PS densities for a few land cover types overestimate
those observed by factors higher than 5, which is shown by points



Fig. 15. (a) CLC2006map, (b) predicted PS densities and (c) observed PTC densities for a full ERS-1/2 frame acquired in descendingmode over SouthWales. Scatterplot (d) compares pre-
dicted with observed densities for each CLC2006 land cover type. CLC2006 classes associated with legend codes are summarized in Table 2. Location of this area of interest is shown in
Fig. 1b. British National Grid; Projection: Transverse Mercator; Datum: OSGB 1936. CLC2006 © 2007, European Environment Agency (EEA).
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above the linear trend line in the scatterplot shown in Fig. 15d. Discrep-
ancies are found for areas covered by natural grassland (~60 PS/km2 vs.
~3 PTC/km2) and intertidal flats (~92 PS/km2 vs. ~4 PTC/km2). This can
be explained by comparing the extent of the CLC2006 polygon areas
used for calibration and those found within the ERS frame for South
Wales. Predictions for natural grasslands, for instance, are based on
CLC2006 polygon areas of only ~1.7 km2 (found in Newcastle and
Stoke-On-Trent datasets only), and thus not very robust due to the
small extent of the calibration areas. On the other hand, the natural
grassland polygon area in Wales is 973 km2, and thus considered
more robust than the calibration value. Similarly, the PS density values
for intertidalflats are based on 98 km2 inWales and 7 km2 in the calibra-
tion sites, hence the density value for this land cover type has lower de-
gree of robustness. We conclude that the densities for these land cover
types were not represented well by the calibration datasets.

PTC density values found for inland marshes (~0.3 PTC/km2) are
based on polygon areas of 12 km2 inWales, but find no correspondence
in any calibration statistics due to the absence of this class within the
areas used for the calibration, and the consequent need to infer a density
value for this land cover (see Table 2). Other similar examples are the
lack of PS input data over areas of peat bogs and complex cultivation
patterns and need to arbitrarily assign PS density rates during the
CLC2006 data calibration. Although the exploitation of the average
ratio between predicted and observed values (i.e. ~5) could, in princi-
ple, increase the observed values for inland marshes and peat bogs to
~1.5 PS/km2 and~10 PS/km2 respectively, to compare themwith our in-
ferences, these would still fall within the PS density class 8, for which
densities are generally lower than 10 PS/km2. Whereas exploitation of
the ratio for complex cultivation patterns would move this type from
class 6 to 7 (i.e., ~15 PS/km2).

Another exception to the linear regression in Fig. 15d occurs for air-
port areas (code 124), for which predicted densities are only two times
higher than those observed during the validation. This suggests that ei-
ther the calibration for this class provided too low PS density statistics,
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or the validation provided much higher statistics. In principle, the esti-
mation of the average density for this land cover typeduring the calibra-
tionwas consideredmore robust due to thewider representation of this
land cover within the calibration sites, since a total of ~20.5 km2 was
used during the calibration whilst only 7.8 km2 was present in Wales.
In this case, however, observations by other authors (Plank et al.,
2010) suggest that this class should belong to classes with PS densities
higher than what we observed. By projecting the value of the PTC den-
sity of Wales using the average ratio of 5, we obtain ~187 PS/km2, and
this would correspond very well with observations by the above cited
authors, and therefore suggests possible presence of other sources of er-
rors within the input layers.We identified a source of error in the differ-
ence in the resolution and scale of the input CLC2006 and PS data.
Indeed, the identification of land cover types is made at a different
scale with respect to point-wise locations of the PS input datasets and
it may occur – especially at the margins of two or more CLC2006 poly-
gons – that PS targets belonging to a certain land cover class fall into an-
other polygon due to the higher scale (lower resolution) of the CLC2006
data. Evidence of this was found for airport areas within the calibration
sites.

To address the above, future improvement of our calibrated PS den-
sity map will therefore be investigated based on higher resolution land
cover data of the LCM2007 produced by CEH-NERC (Morton et al.,
2011), or the Copernicus (formerly GMES) Urban Atlas (EC, 2011).

4. Use of InSAR feasibility maps for landslide research in
Great Britain

The feasibility maps that we have generated via the methodology
discussed in Sections 2.2 and 2.3 can be used to guide selection of best
data stacks and datasets tomonitor the different areas of Britain. Indeed,
various recommendations and information can be revealed by using the
results of our feasibility assessment before a SAR-based study and pro-
cessing of radar stacks start, among which, for instance:

(i) Mapping of the location of SAR layover and shadow region based
on a given acquisition geometry (i.e., LOS θ and γ) before the ac-
quisition of new SAR imagery or selection of data from existing
SAR archives;

(ii) Identification of the best acquisition geometry (e.g., best θ) and
mode (e.g., ascending/descending orbit) to guarantee good visi-
bility of target areas;

(iii) Quantification of the fraction of maximum slope-oriented mo-
tions measurable along the satellite LOS (by using the R-index
for areas of good visibility or foreshortening); and

(iv) Understanding where PS points are likely to be identified, and
which land cover types will produce higher and lower densities
of persistent targets.

Regarding the third point above, recent publications have sought to
quantify the percentage of slope-orientedmotions that the satellite LOS
can estimate (e.g., Barboux et al., 2011; Cigna, Bianchini, et al., 2013;
Herrera et al., 2013; Notti et al., 2011; Plank et al., 2012). The calculation
of this percentage is based on geometrical considerations analogous
to those behind the R-index and, for areas of good visibility or
foreshortening, corresponds with the R-index value. Clearly, the signif-
icance of this factor is null for areas of layover or shadow, where no in-
formation about land motion can be retrieved by using SAR data.
Moreover, the validity of the assumption of maximum-slope oriented
motions is limited to hilly and mountain areas and some types of
landsliding and gravity-controlled processes, whereas for flat areas
and very gentle slopes the use of this conversion has no significance.

In addition to information relating to existing image archives, our
feasibility assessment supports the selection of the acquisition modes
of new satellite SARmissions (e.g., Sentinel-1 constellation), via a priori
(i.e. pre-survey) simulation of SAR geometric distortions based on vari-
ous LOS orientations, and prediction of radar target densities and
distributions based on land cover. Thus, the replication of our feasibility
assessment to account for the acquisitionmodes of new Earth explorers
such as Sentinel-1 is going to clarify their potential to image Great
Britain in the near future.

By exploiting the results of our research, we have analysed the feasi-
bility of InSAR to monitor various areas of Great Britain, with particular
regard to landsliding processes. As anticipated in Section 2.2, to assess
the feasibility of a SAR-based study, in particular when dealingwith un-
stable slopes, the success of any analysis based on SAR imagery is con-
trolled by the sensor acquisition geometry and the presence of image
distortions. For these areas, the visibility to a certain satellite mode
can vary within the different portions of the same slope, based on
local terrain orientation.

The most extensive sources of information on landslides in Great
Britain are the National Landslide Database (NLD) and the mass move-
ment layer of the Digital Geological Map of Great Britain (DiGMapGB),
which were produced and are maintained by BGS. The NDL documents
the location, name, dimensions, type, trigger, damage caused and refer-
ences for more than 15,000 landslide point-wise records which are,
since the late 1980s, regularly updated by the BGS Landslide Response
Team as new information becomes available or events occur (Foster,
Pennington, Culshaw, & Lawrie, 2012). The mass movement layer of
the DiGMapGB at various scales incorporates the outline of landslide
deposits that have been recorded and mapped by geologists in the
field (Smith, 2013a, 2013b).

DiGMapGB and NLD data are being compared with the feasibility
maps and show that the dominant factor controlling the application of
InSAR techniques over regions affected by landsliding in Great Britain
is land cover. Indeed, whilst the mutual use of ascending and descend-
ing modes mostly compensates the issues related to SAR distortions in
each acquisition mode, areas affected by landslides generally have ex-
tremely to very low potential for PS-like analyses. Cigna, Bateson,
Jordan, and Dashwood (2013) discussed preliminary results of the as-
sessment for the area of Manchester and the Peak District in central/
northern England. For this region, the visibility of some areas of land-
slide deposits which are mapped in the DiGMapGB and the NLD in the
area of Mam Tor in Derbyshire is shown in relation to both the suitabil-
ity of ascending/descending modes with respect to local slope orienta-
tion, and land cover distribution for landslide deposits. Analogously, in
Figs. 16 and 17 we summarize the visibility maps to the ERS-1/2 and
ENVISAT modes and the calibrated CLC2006 map with predicted PS
densities for two landslide areas in southern England, i.e. Folkestone
Warren in Kent and Undercliff in the Isle of Wight.

The first area shows that the ascending geometry provides a better
picture of local terrain and allows minimization of layover within the
area of landslide deposits of Folkestone Warren, whilst the descending
mode is generally not suitable to image the slope due to its predomi-
nantly south-east aspects and presence of layover dominating the land-
slide scarp (Fig. 16). The orientation of the descending LOS would also
result in the underestimation of down slope motions, these being al-
most perpendicular to the LOS and thus not seen by conventional
InSAR, PSI or SBAS methods. Low likelihood to retrieve PS is observed
for the vastmajority of the deposit, and higher potential for PSImethods
is found only for the towns of Capel le Ferne and Folkestone, where pre-
dicted PS densities reach class 2. On the other hand, we observe that the
descending mode is very suitable to sense the unstable slopes in
Undercliff of the Isle of Wight, with only small areas of radar layover
found to the east of the cliff, for south and south-east facing steep slopes
(Fig. 17). Suitability for PSI-like analysis reveals patchy distribution of
predicted target densities, with peaks for the town of Niton (class 2),
and lowest potential for PS identification in the central andwestern sec-
tors of the deposits.

Building upon our assessment for landslides mapped across the na-
tional territory, we have identified test sites in Great Britain, over
which we are carrying out SAR-based ground motion studies with
ERS-1/2 and ENVISAT data covering the past 20 years. These sites



Fig. 16. DiGMapGBmass movement (landslide deposits) layer and NLD for the area of FolkestoneWarren in southern England, overlapped onto: (a) OS 1:50,000 topographic base map, (b) 25 cm aerial photographs, (c–d) SAR topographic visibility
maps to the ERS-1/2 and ENVISAT acquisition geometry in ascending (c) anddescending (d)modes based on the 10mNEXTMap®DTM, and (e) predicted PS densities from the calibrated CLC2006map. OS data©CrownCopyright and database rights
2013. Aerial photography © UKP/Getmapping Licence No UKP2006/01. Geological materials © NERC, All rights reserved. NEXTMap® Britain © 2003, Intermap Technologies Inc., All rights reserved.
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Fig. 17. DiGMapGB mass movement (landslide deposits) layer and NLD for the western sector of the Undercliff in the Isle of Wight, overlapped onto: (a) OS 1:50,000 topographic base map, (b) 25 cm aerial photographs, (c–d) SAR topographic vis-
ibilitymaps to the ERS-1/2 andENVISAT acquisition geometry in ascending (c) and descending (d)modes based on the 10mNEXTMap®DTM, and (e) predicted PS densities from the calibrated CLC2006map. OS data©CrownCopyright and database
rights 2013. Aerial photography © UKP/Getmapping Licence No UKP2006/01. Geological materials © NERC, All rights reserved. NEXTMap® Britain © 2003, Intermap Technologies Inc., All rights reserved.
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include Wales and The Pennines, landslides affecting transport
infrastructure in Folkestone Warren, Broken Bank and Rest-And-Be-
Thankful, and coastal sites in the Isle of Wight and Cayton Bay.
5. Conclusions and future perspectives

The feasibility of SAR imaging data to study Britain has been
analysed in relation to the availability of archived stacks of imagery suit-
able for (non-)interferometric applications, terrain visibility to the radar
sensor modes, and the likelihood of the various land cover types to pro-
vide good radar reflectors to monitor with PSI methods.

We showed that topography exerts limited control on the visibility
of the British landmass, with only ~1.0–1.4% of the total territory poten-
tially affected by radar shadow and layover to the ERS-1/2 and ENVISAT
modes in each acquisitionmode according to the 50m to 5m resolution
DTM-based simulations. Simulated layover and shadow regions were
obtained by employing constant LOS incidence angle θ (23°) and ground
track angle γ (14°) across the scene. Differences of the simulated lay-
over areas with respect to those computed by considering θ variations
across the swath were found to be as little as −7% and +8.5% at the
near and far range (where θ is ~19° and ~27°). Validation in South
Wales with ERS-2 data also confirmed that the approach performs
well and showed that the difference between simulated and observed
layover equalled ~10% of the total layover identified across the scene
when using a DTM with resolution lower than that of the analysed
SAR imagery. Thus the national area that could be potentially affected
by distortions equals ~0.9–1.3% based on the DTM simulations, and
the extension of distortions across the landmass can be still considered
negligible. Areas resulting in layover or shadow distortions in both ge-
ometries, i.e. areas that cannot bemonitored using SAR imagerywith ei-
ther orbital mode cover only 0.02–0.04% of the landmass. Our study of
the effect of scale of the input DTM resolution on the discrimination of
SAR distortions helped to understand how the various resolutions are
capable to depict the terrain complexity and to identify the most suit-
able resolution to perform such a simulation. Although in our analysis
with medium resolution imagery the NEXTMap® dataset at 10 m reso-
lution could be considered as the ideal input DTM to perform the simu-
lation, the errors observed using the 50 m resolution DTM proved that
the simulation can still be considered reliable in case of the absence of
more detailed terrain models. The latter represents a possible opera-
tional scenario, when only low or medium resolution topographic
datasets are available for the target areas of interest, such as the SRTM
DSM at 90 m or the ASTER Global DEM (GDEM) at 30 m, both freely
available for themajority of the Earth's surface. In these cases, such ele-
vationmodels can still be used to assess with sufficient accuracy the vis-
ibility of the target areas to the SAR sensor geometry prior to image
acquisition and processing.

Calibration of the CLC2006 dataset using external PS data for London,
Stoke-On-Trent, Newcastle and Bristol, allowed characterisation of the
various land cover classes in terms of the potential PS density that
they could provide over Britain. Despite the predominance of non-
urban land cover across the landmass, we estimate that the potential
number of PS targets that could be identified by processing a set of
image frames covering Great Britain should exceed 12.8 M points for
each acquisition mode. We validated the calibrated CLC2006 map with
the observed distribution of IPTA ERS-1/2 candidates in South Wales.
Relative PS density and rankings among the land cover classes were
found constant across the different datasets, although absolute differ-
ences between observed and predicted densities appeared significant,
and a ratio of 5 has been found between observed and predicted targets
in South Wales. The total number of PS predicted for Great Britain was
therefore rescaled to account for this factor, and thus obtainingpotential
for over 2.5 M targets across the landmass.

The above figure is clearly influenced by a series of factors relating to
the input satellite data and their processing methods. Indeed, results
obtained by other authors demonstrate that the number of identified
radar targets increases if:

(i) the input data stacks have shorter repeat cycles and revisiting
times.
Ferretti, Colesanti, Perissin, Prati, and Rocca (2003) studied the
impact of temporal decorrelation and satellite repeat-cycles on
the identification of PS, semi-PS and temporary-PS, by comparing
results with 35-day and 3-day repeat cycle ERS data. The authors
found that shorter revisiting times result in much higher PS den-
sities than thosewithmonthly acquisition frequencies, due to re-
duced temporal decorrelation, hence loss of coherence of the
imaged targets in the latter case. This evidence clearly plays a
key role for future C-band SAR missions with shorter repeat cy-
cles, such as ESA's Sentinel-1 constellationwith 12 day repeat cy-
cles per satellite (Torres et al., 2012), which might enhance
further the potential of C-band SAR stacks being succeeding the
ERS and ENVISAT missions.

(ii) higher resolution SAR data are used.
Bianchini, Cigna, Del Ventisette, Moretti, and Casagli (2013) ob-
serve over 3200 TerraSAR-X SpotLight PS/km2 over a mixed
urban and rural land cover area in Italy analysed with the Persis-
tent Scatterer Pairs (PSP-IFSAR) technique. Crosetto et al. (2010)
highlight that the density of TerraSAR-X StripMap PS over urban
areas can be as high as 47 times higher than that generated by
processing an equivalent stack of ENVISAT IS2 ASAR data.
Wasowski et al. (2014) retrieve over 1000 PS/km2when process-
ing COSMO-SkyMed StripMap data by using the Stable Point IN-
terferometry over Un-urbanised Areas (SPINUA) technique, and
Bovenga,Wasowski, Nitti, Nutricato, andChiaradia (2012) obtain
3 to 11 times higher densities of radar targets using COSMO-
SkyMed StripMap compared to ENVISAT IS2 ASAR imagery.
From these observations, it is evident that the use of higher reso-
lution data would increase the total number of scatterers that
could be identified over the entire territory of Britain. For in-
stance, based on the results of our feasibility mapping and ac-
cording to the evidence shown by Bovenga et al. (2012), the
projected number of targets that may be identified over Great
Britain by using COSMO-SkyMed StripMap data may exceed a
total of 25 M scatterers per acquisition mode, which would rep-
resent an unprecedented and invaluable source of information
on terrainmotions affecting the landmass. These scatterers, how-
ever, would mostly be in urban areas.

(iii) improved processing techniques are employed.
Ferretti et al. (2011) show that the spatial density of RADARSAT-
1Measurement Points (MP) in the Italian Alps increases from 85
to 450 MP/km2 when comparing the results of a conventional
PSInSARTM processing with those from SqueeSARTM. Tapete,
Fanti, Cecchi, Petrangeli, and Casagli (2012) also study semi-
urban, rural, archaeological areas in Rome (Italy), and report on
target densities as high as ~1200–3000 MP/km2 with datasets
processedwith SqueeSARTM. Although being conceptually differ-
ent from PSI-like approaches, the Intermittent SBAS (ISBAS;
Sowter et al., 2013) has also proved able to identify more targets
over awide range of land cover classes, including agriculture and
grassland and other land covers with lower likelihoods of
resulting in good target densities. ISBAS applications in the
Swadlincote and Coalville area in England (Sowter et al., 2013)
and in the South Wales Coalfield (Bateson et al., in press) have
shown greatly enhanced spatial coverage of ERS-1/2 and
ENVISAT monitoring results with respect to standard SBAS
methods.

For Britain, the success of any SAR-based analysis of unstable slopes
and landslide deposits as mapped in the DiGMapGB and NLD for hilly
andmountainous regions of Great Britain is controlled by the sensor ac-
quisition geometry and the presence of image distortions, though the
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mutual use of ascending and descendingmodes compensates for the is-
sues related to SAR distortions for most landslide affected areas. The re-
sults of our feasibility assessment show significant control of land cover
on the potential for PS methods to identify scatterers, with particularly
critical evidence for rural and grassland regions where only a few
radar targets per square kilometre can be extracted and monitored via
multi-interferogram processing (see Section 2.3). This suggests that
higher image resolutions and shorter repeat-cycles would only partially
address the need for more dense networks of monitoring targets across
rural and partly-vegetated regions.

Newly developed techniques such as SqueeSARTM and ISBAS have
demonstrated that remarkable improvements in the number and densi-
ty of identified targets in non-urban areas can be achieved by working
on distributed scatterers (e.g., debris, non-cultivated land, or low vege-
tation cover) in case of SqueeSARTM, or intermittently coherent surfaces
in the case of ISBAS, and therefore seem capable of addressing this need
for Britain. It seems apparent that these new processing methods may
provide a solution to the problem of lack or extremely low density of
targets that can be identified and monitored by employing the existing
C-band archives of ERS-1/2 and ENVISAT satellites with other process-
ing techniques. Indeed, C-band SAR coherence over rural areas of Britain
is generally very low (e.g., Bateson et al., in press) and likely to result in
insufficiently dense networks of monitoring targets, with little possibil-
ity to obtain full understanding of terrain motions. For these reasons,
improved techniques and methods which are capable to further exploit
thepotential of C-band archives over rural and semi-vegetated areas ap-
pear indispensable to enhance InSAR-based landslide research and
monitoring in Great Britain.
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