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Abstract

Despite the recent popularity achieved by the modern X-band SAR sensors, mainly due to their high spatial resolutions which
enable the detection of deformation components impossible so far, such as thermal expansion, SAR C-band sensors continue to be
of great utility and with a great future in the deformation monitoring field, namely for critical structure monitoring, such as dams.
The new ESA missions (Sentinel-1A and 1B) and the extension of the Canadian Radarsat mission corroborate this finding.

In this paper the possibility of using spaceborne SAR sensors for dam monitoring is addressed in terms of feasibility and
applications. The presented results show the potential of C-band sensors for the particular case of dam monitoring and can be
handful to recognize the applicability of new Sentinel-1 data (since 2014) for continuous monitoring of dam deformations.
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1. Introduction

The perception that structures monitoring has gained a leading role, combined with the certainty that SAR
interferometric techniques reached currently a level of maturity that can lead them to an operational level, is the motto
of this work. It aims to assess the potential of interferometric techniques in the monitoring and deformation detection
of structures, namely the SAR C-band images.

The rapid development of space technologies we have seen in recent decades enabled the development of new earth
surface and structures displacement detection techniques from space, with high precision and with unexpected benefits.
This progress was only possible thanks to data obtained by the SAR sensors carried on board satellites and to the
development of new interferometric processing methods using time series analysis of SAR images'>34>.

The finding that some points (pixels in the SAR image) maintained a stable response for large periods of time®’.
provided the launch of the bases for the exploration of interferometric multi-temporal techniques (MT-InSAR),
enabling to solve the main limitations of conventional Interferometry (InSAR): first of all, interferograms are affected
by temporal and/or geometrical decorrelation; Secondly, the interferometric phase is wrapped, and it may be quite
difficult (many times impossible) to unwrap it correctly using a single interferogram; Finally, even if all previous
problems are solved, atmospheric artefacts may become fruitless all efforts. MT-InSAR techniques include solutions
to some of the mentioned DInSAR limitations. Over the past few years, a number of MT-InSAR algorithms were
developed to address the limitations of conventional InSAR, all classified into two categories: Persistent Scatterer
Interferometry (PS-InSAR) and Small Baseline (SB). These two techniques were applied to the various data sets used
in this work and the results are presented in Section 3.

Recent studies carried out by the authors®%!%!11213 allowed answering the following two key issues relating to the
feasibility of using interferometric techniques for structures monitoring:

1. Do most recent interferometric techniques reached a state of maturity and development enabling structures

monitoring?

2. What are the main constraints to the application of InSAR techniques for structures monitoring?
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Fig. 1. Comparison between X-, C- and L-band. Top row: amplitude images; Bottom row: interferograms obtained using images
acquired in the indicated dates.

The shorter the wavelength is, the more precise the capability of detecting the ground movement. However, the
difference of the wavelengths greatly influences the interference property of the ground surface. This is because the
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radio wave with shorter wavelength than C-band (~6 cm) hardly penetrates vegetation, e.g., leaves and branches of
trees. Therefore observing a forest area by C- or X-band radar (~3 cm), the radio wave is reflected by canopy and
cannot reach to the ground. Coherent signals cannot be observed at vegetated areas because leaves swing in the wind
or grow up, whereas the signals in urban areas are coherent. On the other hand, a L-band radar (~24 cm), which has a
long wavelength, can penetrate the vegetation. For these reasons, but also for the data access policy fostered by the
European Space Agency, C-band images appear to be very attractive for structures monitoring, like dams, usually
located in non-urbanized areas. The difference between each of the previous radar bands can be perceived in the
interferograms and amplitude images presented in Fig. 1.

The several tests carried out using different types of structures have served to establish standard procedures for
structures monitoring using interferometric techniques and allowed to conclude that C-band, despite its coarse spatial
and temporal resolutions (Sentinel-1 is considerably improved this status), is capable of being used in monitoring
major structures, including dams. Obviously, it was soon found that the geometric resolution (0.5-1 m in X-Band) of
satellite imagery do not match the size of typical defects, for example in concrete dams (0.01-0.5 m). Problems such
as cracking and raveling can therefore not be identified using SAR satellite images; however, the only spaceborne
sensor that could possibly contribute to structures inspections by measuring deformations is Synthetic Aperture Radar.

In this paper, MT-InSAR methods are applied to process ERS-1/2, Envisat and Sentinel-1 images for measuring
the deformation behavior of several dams, with different construction types and locations.

The paper is structured as follows. Section 2 includes a general description of the interferometric packages using
in the processing of SAR data stacks. In Section 3 a general description of each dam studied is followed by the MT-
InSAR results. The main conclusions are presented in Section 4.

2. Multi-Temporal Interferometry

Multi-Temporal Interferometry is a group of powerful remote sensing techniques allowing measuring and
monitoring displacements of the Earth’s surface over time. More generically, it can be said that MT-InSAR is a radar-
based technique that belongs to the group of Differential InNSAR (DInSAR). Such techniques exploit the radar phase
information of at least one pair of complex SAR images acquired over the same region at different times (repeat pass
SAR interferometry) and are used to form an interferometric pair (the interferogram). This repeated acquisition of
images over a given area is usually performed with the same sensor (or sensors) with identical system characteristics.
For a general review of SAR interferometry, the reader is referred to'*!3, among others.

Nowadays, several MT-InSAR approaches are available, however they all exploit multiple SAR images acquired
over the same area, and appropriate data processing and analysis procedures to separate the displacement component
from the other phase components that appear in the interferometric phase. This group of InSAR techniques, focuses
in the identification of pixels in the SAR image characterized by small phase noise, which are typically related to two
types of reflectors: those where the response to the radar is dominated by a strong reflecting object and remains
constant over time (Persistent Scatterer, PS) and those where the response is constant over time, but is due to different
small scattering objects (Distributed Scatterers, DS) or SDFP (slowly decorrelating filtered phase), as these specific
points are known in StaMPS (Stanford Method for PS/Multi-Temporal InSAR) packages"!'¢. The SARROZ"
interferometric package was also used in this work and both packages are summarized in the following subsections.

2.1. StaMPS Package

One of the main characteristics of StaMPS is the fact that the PS selection uses phase characteristics, which is
suitable to find low-amplitude natural targets with phase stability that cannot be identified by amplitude-based
algorithms. In other words, StaMPS uses phase spatial correlation to identify PS pixels instead of amplitude analysis
as in>>'%1°. An important advantage is that it does not require a prior deformation model. StaMPS evolved to a hybrid
method which means that it is based on PS and DS identification, however the main outcomes of all methods remain:
the deformation time series; the deformation velocity estimated over the analyzed PS/DS points and the residual
topographic error, which represents the difference between the true height of the scattering phase center of a given
point and the height of the DEM in this point. This is a key parameter in order to achieve an accurate geocoding.

1105
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In StaMPS, the algorithms for PS and SDFP pixels selection are basically the same. However, different
interferograms are used. Single master interferograms are used for PS pixel selection, while multiple master
interferograms with small baselines (SB) are used for SDFP pixels selection. StaMPS PS pixels selection strategy
consists in finding the selection threshold of the probability distribution for each PS candidate. If the converged
probability distribution is greater than the selection threshold, the candidate will be initially selected as a PS pixel,
otherwise it will be discarded. For the initial topographic estimation, and later on for terrain geocoding a DEM has to
be used. After this initial interferometric step, phase unwrapping errors are corrected on the spatial domain using a
minimum cost-flow algorithm for sparse data. However, in StaMPS, the non-spatially correlated part in wrapped
interferograms is corrected before unwrapping, including the spatially uncorrelated part of the look angle error and
the contribution of the master to the spatially uncorrelated part of the signal. Then, the corrected phases are filtered to
reduce phase noise before unwrapping?. After Goldstein filtering, the PS pixels are used to form a Delaunay network
and their triangle elements are used to find the nearest PS of each grid. The nearest PS pixels of all grids are used to
form an unwrapping network.

After phase unwrapping, the phases of PS pixels are already in time series because a common master image is
referred for all interferograms. However, for small baseline approach, an inversion of deformation increments from
the unwrapped interferograms is necessary as multiple master images are used and the phases are not referenced to
the same time. The inversion is implemented using linear equations.

Finally, the unwrapped phases of a single pixel are used to estimate a linear relationship with its spatial
perpendicular baselines using least square. After estimating look angle error and master atmosphere, the slave
atmosphere is estimated by triangulation of PS or SDFP pixels. The phase on an edge is the difference between the
unwrapped phases of two nodes. Because the atmospheric effects are also correlated in space, for each interferogram,
the slave atmospheric phases are low-pass filtered in space. This is implemented by sum of neighboring atmospheric
phases that are weighted by inverse distances.

The inner workings of this software package are described in more detail in!!621:22,

2.2. SARProZ

This interferometric tool package is very versatile, developed in Matlab and is capable to process all available types
of SAR images. Initially, this software was developed in order to solve the problem of cross-interferometry (ERS vs.
Envisat) using advanced MT-InSAR techniques.

Such problem is strictly related to the physical nature of radar targets and to their capability of being “visible”
under different looking angles/illuminating frequencies. Thus, SARProZ was equipped with a module for target
characterization and recognition, able to process and extract information also from the amplitude of radar images. As
a side-effect, using amplitude time-series the tool became able to deal with temporary targets. Moreover, the
recognition of a radar target implies a precise localization, and within SARProZ several techniques for improving the
height estimation and the consequent geocoding process were developed?. The problem of increasing the density of
PSs in extra-urban areas was then faced and the Quasi-PS algorithm was studied and implemented24. Currently,
SARProZ provides many different options for combining long series of data, and the user can choose which set of
interferograms to process and with which techniques. The software includes then some auxiliary functions like
classification and change detection. Beside linear deformation trend and height5, other parameters can be estimated
as azimuth sub-cell position?® and a constant phase. Parameters can be estimated through the classical PS algorithm
as well as through the Quasi-PS one. In the end, APS can be estimated through different algorithms for the graph
inversion. All details about this interferometric package can be found in?*?* and in the official website
(www.SARProZ.com/).
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3. Test sites

This section briefly presents the different test areas selected with the aim of achieving the answers to the previously
introduced questions but also as function of data availability. Fig. 2 shows the location of the dams used in this work
which are summarily described in the following sections. All the presented tests were monitored blindly, i.e. without
any reference knowledge, since the goals was the evaluation of C-band feasibility for dam monitoring.

LEGEND:

1. Beninar dam, Almeria (sp)

2. El Limonero dam, Malaga (sp) .~
3. La Vinuela dam, Malaga (sp)

4. Arenoso dam, Cordoba (sp)

Fig. 2 — Name and location of the dams studied in this work.
3.1. Beninar dam

Beninar dam is located on the Grande de Adra river, in the Andalusian municipality of Beninar, in the Almeria
province. It was built with loose materials, with distinct profile inclined impervious core, rock fill shoulders and has
a height of 87 m and a width of 400 m, the reservoir has a volume of 68,2 hm3. Its catchment area (521 km2) affects
the provinces of Granada and Almeria on its eastern and western boundaries. Population water supply and irrigation
are the main use of this dam. In the MT-InSAR processing of this dam, StaMPS algorithm was used in a set of 22
ERS descending images from 06/06/1992 to 31/10/2000 and 32 Envisat ascending images from 03/12/2002 to
29/06/2010. The results are presented in Fig. 3.
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Beninar dam (Almeria) - ERS-1/2 (v-dos)
Point: 2, Long: -3.0263, Lat: 36.8753
Rate : -3.4 mm/yr
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Fig. 3 — StaMPS MT-InSAR mean LOS veolcity for Beninar dam with a time-series deformation plot of a point on the top of the dam (a) ERS
descending track 8; (b) Envisat ascending track 416.

In both datasets, the dam is defined by several high-intensity stable points, that show some deformation trend in
rate of -3 to -4 mm/yr (on the top of the dam) falling to zero deformation on the bottom of the dam. Such movement
can be assumed in horizontal direction, perpendicularly to the dam axis, and represents the expected behavior for this
type of dam.

3.2. El Limonero dam

The El Limonero dam is located on the outskirts of Malaga city, situated on the Guadalmina river and belongs to
the Cuenca Mediterranea Andaluza. The main objective of this dam is the lamination of the avenues of the Guadalmina
river, but serves also as a supply source for the city of Malaga. The dam type is loose materials and plant with core
curve. It has a crest length of 414 m, a height over foundation of 95 m and a height above the bed of 76 m. In the MT-
InSAR processing of this dam, StaMPS algorithm was used in a set of 27 ERS ascending images from 04/10/1992 to
06/09/2000. The results are presented in Fig. 4.
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Fig. 4 — StaMPS MT-InSAR mean LOS velocity (left) and a deformation time-series plot for a point on the top of the dam (right) for El
Limonero dam (ERS ascending track 230).

Again, the detected movements up to -4 to -5 mm/yr on the top of the dam was expected for this type of dam..

3.3. La Vifiuela dam

La Vifiuela dam is located on the Guaro river, in the municipality of La Vifiuela and controls the waters of the
hydrographic network of the region of La Axarquia. It has been built to supply water to the region and to improve the
irrigated lands. The basin of the La Vifiuela reservoir has an own surface of 119 km?, an average yearly rainfall of 893
mm and an average yearly contribution of 25 hm?. The reservoir is made of loose materials (embankment dam) and
mixed plant, having a coronation length of 460 m, a foundations height of 96 m and a height over the riverbed of 90
m. In the MT-InSAR processing of this dam, StaMPS algorithm was used in a set of 24 ERS descending images from
05/05/1992 to 28/01/2000 and 27 Envisat ascending images from 21/03/2003 to 01/08/20082. The results are

presented in Fig. 5.
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La Vifuela dam (Malaga) - ERS-1/2 (v-dos)
Point: 4, Long: -4.1605, Lat: 36.8595
Rate : -4.3 mm/yr
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Fig. 5 — StaMPS MT-InSAR mean LOS velocity and one time series plot of a larger deformation for La Vifuela dam: (a) ERS descending track
51; (b) Envisat ascending track 459.

Despite the distinct geometries of both datasets, several PS are found in the dam wall. The behavior of the
displacements clearly indicates that the deformation occurs in an expected way due the water pressure.

3.4. Arenoso dam

El Arenoso dam is located in the Arenoso riverbed, a tributary of the Guadalquivir on the right bank, in the
Andalusian municipality of Montoro, province of Cérdoba and its reservoir has a capacity of 166,97 hm® and a area
of 764,12 ha. The type of dam is loose materials with impervious core, filters and rock fill shoulders. The dam has a
maximum height of 80 m, a crest length of 1.481 m and a coronation width of 11,30 m. The construction of the dam
increased the water available in the Guadalquivir which affects the economic and social development of the
Guadalquivir basin. In the MT-InSAR processing of this dam, SARProZ algorithm was used in a set of 28 Sentinel-
1A images from 15/03/2015 to 02/02/2016. The results are presented in Fig. 6.

Fig. 6 — SARProZ MT-InSAR results for El Arenoso dam (Sentinel-1A ascending track 74).
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Nothing significant can be detected when compared to the previous processing; however this Sentinet-1A dataset
allows realizing the added value brought by the C-band sensor on board Sentinel-1A.

3.5. Paradela dam

Applying SARProZ to Envisat images from overlapping ascending tracks 273 (14 images from 10/2002-05/2007)
and 44 (16 images from 05/2003-12/2007) using closely corresponding reference point, the results show very similar
behavior, however for different PS points. In both datasets the dam is defined by several high-intensity stable points.
These stable points are showing some (rather small) deformation trend in rate of not more than 2 mm/yr on the lower
part of the dam and up to ~5 mm/yr on the upper part of the dam in satellite LOS. The situation is described in Fig. 7,
including graphs of linear deformation estimated at two selected points, located at close positions within datasets of
both tracks.

Track 273 | Track 44
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Fig. 7 — (a) Linear LOS deformation trend of Paradela dam estimated using SARProZ MT-InSAR processing of Envisat ASAR data of track 273
(left) and track 44 (right); (b) Deformation time series of marked PS.
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.6. Raiva dam

The Raiva dam is a concrete dam with a length of 200 m, situated in central Portugal, on the Douro river near
the Coigo town. The area is monitored using ENVISAT data from two ascending tracks where the orientation of
the dam is almost ideal - parallel to the flight direction. Data from 2003-2007 (track 44, 20 scenes) and 2003-2005
(track 316, 16 scenes) were processed. Due to longer spatial and temporal baselines and lower number of scenes,
track 316 is less suitable for monitoring; however it has slightly better resolution in the direction perpendicular to
the dam construction. The dam is subject to a strong radar layover from both tracks, as the PS points on the top of
the dam are closer to the radar than the PS points on the bottom side. The northern part of the dam is not visible by
the radar or the PS points were excluded from the processing due to inappropriate quality (coherence). In Fig. 8a
(track 44), no significant movement is visible, however in Fig. 8b (track 316), movement of the slope is detected.
Note that identified high-quality PS points are different. Within the accuracy of the method, i.e. within few mm,
there is nothing happening at the dam. On the slopes, movements are possible, however the point density (or
coherence) is low; the results for the two tracks do not verify one another, but they both present stable behavior of
the dam.
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Fig. 8 — Estimated linear deformation with marked distinctive PS points: (a) for track 44; (b) for track 316.

. Conclusion

In this work we focused on the evaluation of vulnerability of dams affected by terrain movements and proved that

structure movements can be observed using satellite-based SAR interferometry techniques using C-band data (ERS,
Envisat and Sentinel-1). It was concluded that ERS and Envisat SAR scenes are suitable for structural monitoring, in
particular, to determine the overall state of the structure. Using the data collected by the new SAR sensor on board

S

entinel-1 satellite, it was possible to conclude that new generation of C-band sensors will allow several benefits in

terms of temporal and spatial resolutions but also in the coherence which will be reflected in a significant increase of

P

S/DS points. InSAR also provides an additional value to optimize estimated subsidence models and potentially
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discover unknown dynamics thanks to its high revisit rate (6 days for Sentinel-1A and 1B) which would allow a near
real-time analysis possibility and unique opportunity of precise spatial information (around millimetric sensitivity).
Yet an early warning can be achieved only in case of slowly developing changes so that the result of processing several
acquiredd radar acquisitions can infer statistically confident outcomes.
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