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Abstract—Dam monitoring represents a crucial issue in order
to avoid catastrophic failures due to infrastructure aging or earth-
quake damages. Differential SAR Interferometry (DInSAR) is a
technique suitable for critical infrastructure monitoring, also for
the availability of free data and tools, that can be used by experts in
SAR remote sensing and also by geologists and civil engineers, after
having acquired the right confidence and experience in these data
processing and tool use. In order to apply the DInSAR technique,
in its basic and simple version, to critical infrastructure monitor-
ing, it is very important to assess its performance. Nevertheless,
validation results are not largely available in literature, because
heterogeneous technical competencies are required to this aim and
in situ measurements must be collected and made available. In this
paper, we propose a highly reproducible DInSAR workflow that
can be effectively used for dam monitoring, by validating its re-
sults with in sifu measurements on some significant case studies in
Italy.

Index Terms—Dam monitoring, Differential Synthetic Aperture
Radar Interferometry (DInSAR), geohazard assessment, image
coherence, in situ measurements, result validation, Sentinel-1.

1. INTRODUCTION

EOHAZARDS comprise natural geological and environ-

mental phenomena, such as earthquakes, landslides, sub-
sidence, and tsunamis, which may cause devastating effects on
populations, territory, and economies. This long-term or short-
term process may significantly impact the affected territories on
both local and regional scales. Understanding the phenomenon
evolution may be a first important step in risk mitigation, such
as in the case of slow landslides or subsidence, or in the case
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of sudden catastrophic events, such as the barrage or auxiliary
structure collapse of dams, for instance.

Traditionally, dam monitoring is accomplished by taking
under control superficial displacements, measured by geode-
tic techniques [collimation, high-precision leveling, and Global
Positioning System (GPS)]. For earth dams, which from the
viewpoint of monitoring strategies [1] are more similar to slopes
than to concrete structures, tools such as inclinometers and cross
arms are used to detect internal displacements and settlements,
respectively [2]. Geotechnical instruments are placed in one or
more significant cross Sections of the embankment to ascertain
its response in two-dimensional (2-D) or even 3-D, during the
whole dam lifetime, including eventual seismic stages [3], [4].
The main shortcoming of the traditional survey is represented
by the reduced number of monitoring stations, which cannot as-
sure the desired spatial density in the required information, un-
less prohibitive operating costs and long data processing. Each
typology of traditional in sifu instruments (piezometers, cli-
nometers, inclinometers, assestimeters, load cells, etc.) is regu-
larly read at time intervals that typically range from one week
to a few months, depending on site conditions, age of the dam
[5], and stage of the dam lifetime. In situ monitoring, for in-
stance, is increased immediately after a strong seismic event to
detect eventual behavioral anomalies caused by the earthquake.
It should be pointed out that the deformation process interest-
ing a well-designed earth dam or its foundation soils is very
slow and appreciable modifications (if any) may span over very
long periods, from months to decades. This means that monitor-
ing through traditional instrumentation can be performed only
through the collection of a huge amount of data, which must be
suitably processed to extract useful information over time. Al-
ternatively, other surveying techniques may be used, which have
arrays of targets on the monitoring surface itself. Coordinates
of surface points are measured by Electronic Distance Measure-
ment devices, for instance, by means of Total Product Stations
(TPSs) and/or GPS devices, allowing an automatic and contin-
uous monitoring. More recent systems can deliver continuous
data in almost real time and may be logged to a local computer
or transmit directly back to a remote server in the office [2].

To overcome the limitations related to the traditional mea-
surements for dam monitoring, data acquisition from satellites
can be effectively used since they allow to cover the area to
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be monitored, in a spatially distributed manner also over very
large time periods. Moreover, it allows the useful combination
of data from different sources, by resulting in new promising
monitoring geographical tools and systems.

Satellite-borne SAR Interferometry (InSAR) is an emerging
technique to monitor dams and several papers in the specific
literature revolve around SAR monitoring strategies applied to
concrete dams [6]-[8] or earth dams [1], [9]-[13] or both ty-
pologies [14]. Some of them are based on Differential SAR
Interferometry (DInSAR) processing on distributed scatterers.
Worth citing is the case of the Mosul Dam (Iraq) for which
SAR measurements [13] allowed to detect an increasing rate of
subsidence due to dissolution of wide gypsum strata below the
dam basement. In such an extreme case, the possibility of using
remote satellite data proved to be effective in difficult operat-
ing conditions, in checking the evolution of an already known
process (grouting injections were stopped for a while due to
temporary control of the dam by the Islamic State to avoid wa-
ter infiltrating in the soluble materials of the foundation). The
Mosul Dam is, however, paradigmatic of extreme conditions a
dam could experience in its lifetime as, for example, it could oc-
cur after a strong earthquake for those dams built on fault areas
[15], [16]. In these conditions, traditional monitoring stations
may stop functioning and require some time to be replaced in op-
eration. In this intermediate stage, remote sensing data analysis
may prove extremely useful since it becomes the unique source
of information on dam and reservoir stability, when field mea-
surements are temporary unmanageable. Sometimes more than
one interferometric method was adopted to improve the preci-
sion level required to monitor the small deformations of dams,
especially for concrete dams, typically founded on highly stable
basins (rock), less prone to vertical displacements. In this case,
dam movements are mainly horizontal, since linked to tem-
perature changes and oscillations of the water impounding for
hydroelectric use. To detect, for instance, the main factors con-
tributing to the Three Georges Dam (China) deformation, after
its completion, in [6], authors proposed to combine two differ-
ent interferometric methods, the PS (Permanent scatterer) and
quasi-PS techniques. As expected, the consolidation settlements
of the dam foundation, made of granite, were found to be neg-
ligible, while wide areas of subsidence were found far from the
dam along the reservoir slopes. Yet, with respect to classic DIn-
SAR methods, based on distributed scatterers, the PS approach
limits the analysis to a few high-coherence points. However, to
have a reliable analysis, a sufficient number of PSs should cover
the monitored structures [17]. Since, in general, the lower is the
SAR wavelength, the higher is the number of PSs, this approach
may not be the best to adopt for high-frequency satellite data. In
[1], a protocol to acquire and process Ground-Based SAR (GB-
SAR) and Real Aperture Radar measurements for earth dam
monitoring was presented. The advantages of using two GB-
SAR systems, properly located with respect to the dam, were to
provide a more effective visualization and quantitative analysis
of dam displacement. Yet, as underlined before, the advantage
of satellite data in dam safety monitoring systems relies on their
availability also in adverse conditions, and on their capacity to
provide early warning when behavior anomalies occur.

In this paper, a DInSAR processing workflow based on free
ESA data (Sentinel-1) and tools [Sentinel Application Platform
(SNAP)] is proposed for dam monitoring. The results, obtained
on significant case studies in Italy, are validated comparing them
with in situ measurements. By discussing significant case stud-
ies, we assess the performance of the proposed high reproducible
DInSAR approach and, with the obtained satisfying results, we
show the effectiveness of SAR interferometry for the specific
application, in order to complement or substitute (when needed)
in situ measurements.

It is worth to highlight that even if result validation is crucial
for the success of dam monitoring application through DInSAR,
it is not broadly available in literature, mainly due to lack of in
situ data and need of interdisciplinary competences for their
analysis (among the cited papers dealing with satellite dam
monitoring, only [10] and [11] include validation results).

Furthermore, the encoded procedures have been provided re-
sults that may be easily extended also to monitoring different
types of infrastructures, with the final aim of risk mitiga-
tion. Such results, accurately validated, support the feasibility
of dedicated monitoring services, based on data combination
from different sources: remote sensing satellite data and in situ
measurements.

The paper is organized as follows. Section II will briefly sum-
marize main aspects of remote sensing and present the Coper-
nicus Programme and Sentinel-1 mission and characteristics.
Section III will introduce the chosen technique, the DInSAR,
presenting its main applications within the geohazard area of
interest. In this section, some aspects that appear to be criti-
cal in order to achieve good interferograms are analyzed. The
workflow of the Sentinel-1 SNAP tool for data processing and
interferogram generation is also presented, emphasizing its crit-
icality as topics of discussion. In Section IV, the case studies
will be illustrated and data of the in situ monitoring presented.
Section V will show and discuss data processing and results,
while final comments and proposals for future developments
are highlighted in Section VI.

II. COPERNICUS PROGRAMME AND THE SENTINEL-1 MISSION

The proposed approach is based on free remote sensing data
and processing tools from the European Copernicus programme
[18], [19] and aims at developing geographical information ser-
vices for environmental monitoring based on satellite remote
sensing and in sifu measurements.

Sentinel satellites, when specific acquisition tasks are not
committed, are employed in a default continuous Earth cov-
erage programme, in order to build an updated large global
archive. Sentinel datasets are freely available online through
the Open Access Hub (previously known as Sentinels Scien-
tific Data Hub). The provided images can be processed not only
through commercial professional tools but also by dedicated
freely downloaded software, distributed by ESA [20] and based
on a common architecture framework, named SNAP [21].

Regarding Sentinel-1, to which we are interested for the
purpose of our work, the main features concern the acqui-
sition modes (summarized in Fig. 1) [22]: StripMap mode,
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Fig. 1.  Sentinel-1 acquisition modes (Courtesy of ESA).
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Fig.2. Images belonging to the same Sentinel-1 IW product bundle: subswaths
and bursts (Courtesy of ESA).

Interferometric Wide (IW) swath mode, Extra Wide swath
mode, and Wave Mode.

IW is the default acquisition mode over land. It captures
three subswaths using the Terrain Observation with a Progres-
sive scans SAR (TOPSAR) technique, that steers the beam both
in range and in azimuth, for each burst. IW products contain one
image per subswath and one per polarization channel, in prac-
tice three (single polarization) or six (dual polarization) images.
Each subswath image consists of a series of bursts, each of them
processed as a single image. These bursts are composed in a sin-
gle subswath image with black fill demarcation in between. A
small overlap among adjacent bursts provides contiguous cov-
erage of the ground. It is worth to notice that all the bursts can
be resampled to a common pixel space, preserving phase infor-
mation. Fig. 2 shows images belonging to the same Sentinel-1
IW product bundle, divided into subswaths and bursts.

Sentinel-1 data products are distributed at three levels of pro-
cessing [22]: Level-0 (compressed and unfocused data), Level-1
[focused data, Single Look Complex (SLC), or Ground Range
Detected], and Level-2 (processed data, like Ocean Wind field,
Ocean Swell spectra, and Surface Radial Velocity).

The Sentinel-1 data used in the paper are Level-1 SLC images
acquired through the IW mode. Data processing has been per-
formed using the SNAP Toolbox that includes specific packages
for SAR calibration, speckle filtering, coregistration, geocoding,
mosaicking, polarimetry, and interferometry. It is worth to high-
light that the use of the SNAP toolbox is not straightforward,
but it requires familiarity with remote sensing principles and, in
particular, with SAR processing chains. One of the aims of this
paper is to stimulate and support interested readers in developing
monitoring approaches, based on using available SAR data and
processing software from the Copernicus programme. More-
over, dissemination of this paper results, obtained on significant
case studies, is expected to contribute positively to the propo-
sition of novel Copernicus services, for dam monitoring and in
general for other strategic infrastructure monitoring, based on
multitemporal SAR interferometry.

III. DIFFERENTIAL SAR INTERFEROMETRY (DINSAR)

Among the different types of remote sensing techniques, one
that very well meets requirements for dynamic process analysis
is the DInSAR [23]. DInSAR is the method used to process
SAR generated images and it is based on the combination of
one or more pairs of satellite images whose orbital parameters
are all known. The combination of two SAR images of the same
scene, acquired from slightly different orbits produces the inter-
ferogram. As shown in Fig. 3, it is obtained by multiplying one
image by the complex conjugate of the other and contains, on a
pixel by pixel basis, the phase difference between the two acqui-
sitions [24]. For each acquisition, this phase difference can be
exploited in combination with the orbital information, in order
to derive a Digital Elevation Model (DEM) of the scene. If this
latter is known, the DInSAR technique allows calculating the
terrain displacements, since the interferometric phase contains
the following phase term:

Agy=TAR )

with AR the projection of the relative point displacement onto
the radar Line of Sight (LOS).

In an ideal configuration, the DInSAR technique allows to get
measurements of the LOS displacement of the order of wave-
length fractions, provided that the coherence among the two
different images is sufficiently high. Indeed, an LOS displace-
ment of A/2 results in a differential phase change of 2. Since
the error in the phase estimate is of a fraction of 7 and the wave-
length is of the order of centimeters ( e.g., for the Sentinel-1
case A = 5.5 cm), LOS displacement down to millimeter accu-
racy can be measured. However, in real cases, the differential
interferograms contain some unwanted phase terms due to the
nonperfect knowledge of topography and/or the orbital parame-
ters. In particular, the variation of the interferometric phase can
be expressed more in general in the form

Ad) = A¢d + AQﬁlopo + AQz)orb + A(batm + A¢n 2)

where the following conditions hold.
1) A¢y accounts for a possible displacement of the scatterer
between observations.
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Fig. 3.

2) Agiopo represents the residual topography induced phase
due to a nonperfect knowledge of the actual height profile
(i.e., the DEM errors).

3) Ad¢op accounts inaccurate orbital information in the syn-
thesis of the topographic phase.

4) Acym denotes the phase components due to the change
in the atmospheric and ionospheric dielectric constant be-
tween the two master/slave acquisitions.

5) Adg, accounts for decorrelation phenomena (spatial, tem-
poral, thermal, etc.).

In the following, some fundamental steps and critical aspects

of interferometric processing are analyzed.

A. Image Coregistration

Coregistration performs the alignment of the SAR images
so that they could be compared pixelwise for differences. The
standard Sentinel-1 TOPS acquisition mode requires a coreg-
istration accuracy of 0.001 pixel in order to avoid introducing
nonnegligible phase error into the interferogram. The suggested
Sentinel-1 coregistration processing workflow performs a first
step based on back geocoding, followed by a further registration
method called Enhanced Spectral Diversity (ESD). The back-
geocoding approach could be seen as a mapping from SAR co-
ordinates to Cartesian coordinates with the help of very precise
orbits and DEM. The coregistration accuracy for this approach
mainly depends on the accuracy of orbital state vectors. With the
availability of precise orbital state vectors for Sentinel-1 with
an accuracy of 5 cm, this approach is suitable as initial coregis-
tration method. After that, the ESD method is applied to correct
the residual coregistration error and achieve the coregistration
requirement for TOPS. ESD compares the phase differences of
two images and the azimuth miscoregistration is derived from
this differential phase.

B. Coherence Issues

As underlined in the previous section, the coherence among
images represents a very critical issue since only high-coherence
images result in a reliable interferogram. A measure of how
much the two images are comparable, pixels by pixel, is
given by

Eluyu)

= 3
7 Eluyui|Eluaul] ©)

arg()

Interferogram is generated by multiplying two (complex) SAR images and then extracting the phase (Courtesy of ESA).

where E[-] denotes statistical expectation, u; and us represent
the two images. The coefficient values from (3) range from O
(low coherence) to 1 (high coherence). Coherence, or better
its modulus (since it is a complex quantity), provides a useful
measure of the reliability of the result. Indeed higher values of
coherence correspond to lower contribution of the interferomet-
ric noise. From literature, images with coherence higher than
0.35/0.4 lead to good results [25], [26].

The image coherence, when an interferogram must be calcu-
lated, has an important diagnostic function. Excluding random
noise, the loss of coherence is mainly caused by geometrical and
temporal decorrelations. While the former depends on the ac-
quisition geometry and can be controlled by choosing a proper
baseline, the latter depends also on the scattering properties of a
target [27]. For example, water bodies have very low coherence
because their surfaces are constantly moving; they, therefore,
appear black in coherence images. Vegetation usually presents
low coherence because of several reasons, such as, the volume
scattering, the water content, the leaf motion, the vegetation
growth, etc. However, it depends on the wavelength. Indeed,
if this holds for X-band (or C-band) SAR systems, where the
radiation can only reach the top of the canopy, for L-band (or
P-band), the radiation can generally penetrate the canopy and
can be backscattered by the terrain underneath or by the trunk
and the branches of the trees. On the contrary, rocks, build-
ings, roads, and artificial constructions present generally a high
coherence.

High-coherence values are fundamentals for the phase un-
wrapping step. Unfortunately, SAR interferometric surveys are
affected by several sources of decorrelation noise. An improve-
ment of the phase accuracy can be achieved by minimizing that
noise and this requires specific processing. The techniques used
to minimize the effect of different decorrelation sources will be
in detail explained in the workflow showing the SNAP steps.

Fig. 4 shows two examples of interferograms: one from low-
coherence images and one from high-coherence images.

C. Phase Unwrapping for DInSAR Application

One of the most challenging aspects in the successful ap-
plication of DInSAR technique is unwrapping the interfero-
metric phase [28]-[30]. The difficulties arise in attempting
to find global optimization procedures with the best possible
cost criteria for data that are both noisy and incomplete. The
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Fig. 4.

absolute unwrapped interferometric phase is directly propor-
tional to the difference in path lengths for the SAR image pair.
Interferometry applications link the unwrapped phase to geo-
physical parameters, such as elevation and deformation, due
for instance to ice motion, surface subsidence, earthquakes,
volcanic inflation/deflation, and tectonic motion. The complex-
valued interferograms, however, present an ambiguity exactly
corresponding to multiples of 27 and must be unwrapped to ob-
tain a quantitative interpretation. Phase unwrapping is the pro-
cess of restoring the correct multiple of 27 to each point of the
interferometric phase image. For a well-behaved smooth phase
field, all the unwrapped phase differences between adjacent in-
terferogram samples lie between —m and 4. When this is true,
phase unwrapping is straightforward since the unwrapped phase
can be evaluated by a simple (path-independent) integration of
the phase differences of adjacent wrapped phases, starting from
a reference location and using the assumption that all phase dif-
ferences are in the interval (—m, +). In actual interferograms,
however, phase unwrapping is more complicated because the
unwrapped phase differences, between adjacent interferogram
samples, lie outside the interval (—m, +).

D. Data Processing Workflow

The Sentinel-1 data processing is performed through the
SNAP software platform, published under the GPL-3 license
by ESA, for EO processing and analysis [31]. One of the key
aspects of SNAP is its modular architecture that allows users to
create appropriate workflows. Specifically, in order to generate
a displacement map on the site of interest, a data processing
chain, made by different and consecutive steps, is implemented
in SNAP (Fig. 5). The entire workflow can be divided into three
main Sections.

The first main section is the preunwrapping step, where start-
ing from a pair of (master and slave) images, downloaded from
the ESA site and imported into the SNAP environment, a series
of substeps are performed. TOPSAR coregistration step is use-
ful to split out the different subswaths, with the relative selected
bursts, in separate products and to select the type of polariza-
tion. Coregistration is a necessary step to match the same points
on the earth surface in different images and a very stringent
accuracy is needed in this case. Usually, a split operation on
both master and slave image is required together with an orbit
correction, where the split operation consists into the selection
of single subswaths from the whole initial burst in each image,
accomplished inside the TOPSAR coregistration step, through
the TOPSAR-split substep. After the TOPSAR coregistration,

Examples of Interferograms from low-coherence and high-coherence images (Courtesy of ESA).

Import master Import slave
TOPSAR Coregistration

y

Interferogram Formation

v

TOPSAR Deburst

v

Goldstein Phase Filtering

v

Muitilook

y

Topographic Phase Removal > Phase Unwraping

Phase to Displacement Convertion <

v

Geocoding

v

Export data Data Analysis

Fig.5.  Workflow implemented in SNAP for the displacement map generation.

the Interferogram Formation step is carried on, where it may
be useful the flat-earth phase elimination to improve the fur-
ther steps. The flat-earth phase is included in the interferometric
signal and is due to earth curvature. If the two orbits needed
for interferometry are known, the flat-earth phase is estimated
using the available orbital information and metadata, and is then
subtracted from the complex interferogram. The Deburst step
is necessary to merge the burst related to the area of interest.
Usually to reduce the subsequent processing time, the Subset
operator is also used to extract a portion of the image. Among
all these steps, the application to the interferogram of the mul-
tilooking and the phase filtering operations is very important to
obtain optimal results in the subsequent phase unwrapping step.
Multilooking is used to reduce Speckle noise and phase filtering
(usually performed through a Goldstein filter) to then improve
accuracy during unwrapping step. The preunwrapping step ends
with the topographic phase removal.

Authorized licensed use limited to: Univ Sannio. Downloaded on October 08,2020 at 09:23:57 UTC from IEEE Xplore. Restrictions apply.



880 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 12, NO. 3, MARCH 2019

The removal of the topographic phase component is not ac-
complished when a DEM must be generated, but for this please
refer to the specific paragraph in Section V, Data Processing
and Results.

The second main section is the phase unwrapping step per-
formed through SNAPHU, a Statistical-cost Network-flow Al-
gorithm for phase unwrapping developed at Stanford University
[32]. SNAP contains the import—export functions for the exter-
nal data processing in SNAPHU. 2-D phase unwrapping is the
process of recovering unambiguous phase data from a 2-D ar-
ray of phase values, once that only modulus 27 is known. The
SNAPHU algorithm poses phase unwrapping as a maximum a
posteriori estimation problem, the objective of which is to com-
pute the most likely unwrapped solution given the observable
input data. Because the statistics linking the input data to the so-
lution depend on the measured quantity, SNAPHU incorporates
three built-in statistical models, for topography data, deforma-
tion data, and smooth generic data. The optimization problem is
solved approximately with the use of network-flow techniques.
SNAPHU produces reliable unwrapped solutions, depending
on the input interferogram, and its accuracy is comparable to
other available algorithms. As SNAPHU uses an iterative opti-
mization procedure, its execution time depends on the difficulty
of the interferogram [33]-[35]. The quality and reliability of
unwrapped results, as already underlined, strongly depends on
the input coherence of the images. Reliable results can only be
expected in areas with high coherence, although a “phase con-
tinuity assumption” is also necessary so that unwrapping can
work correctly. Explicitly the phase continuity assumption re-
quires the absolute phase difference between any adjacent pixels
be less than 7 radians in magnitude [36].

The third main section is the postunwrapping section, where
the unwrapped phase is directly converted into a displace-
ment because the topographic contribution to the interferomet-
ric phase has been already removed within the preunwrapping
steps. It is worth noting that, in real applications, the unwrapped
phase may still contain residuals from the removal of the DEM
phase because of topography errors. The phase to displacement
operator generates the displacement values in accordance with
(1). The calculation of these displacements is performed along
the LOS of the remote sensing system. To obtain the vertical
displacements, it is necessary to know the incident angle and
multiply the calculated displacements times the LOS-vertical
factor, assuming only vertical displacement. After that, a range
doppler orthorectification for geocoding the data must also be
applied [37]. Finally, the georeferenced displacement map can
be exported to different formats and used within a GIS applica-
tion, such as Google Earth.

IV. CASE-STUDY RESERVOIRS

The present paper is focused on two large reservoirs in Italy:
the Campolattaro and the Campotosto reservoirs. In the first
case, the reservoir is made by a unique earth dam obstructing
the river Tammaro; in the second case, the reservoir is formed by
three dams, two of which are of concrete typology (Rio Fucino
and Sella Pedicate), while the third one (Poggio Cancelli) is

Concrete dam
Earth dam
Recording station

@ FCB (0.31g)

u
Poggio.Cancelli

Rio Fucino
a
9"1SCT (012 0)
MSC (0.1 g)

oSPD (0.10.0)

Sella.Pedicante

Fig. 6. Maps showing the Campolattaro and Campotosto reservoirs, on the
left and on the right, respectively: in the frame, the exact locations of the dams
are reported over Italy.

an earth dam. In Fig. 6, the Campolattaro and the Campotosto
reservoirs are shown on the left and on the right, respectively.

A. Campolattaro Reservoir

The Campolattaro dam is placed in Benevento, which is one
of the most seismic areas in Southern Italy. The embankment
was built between 1986 and 1992. The maximum water storage
of the reservoir is of about 125 millions of m?. The geometrical
features of the dam embankment are the following:

1) Crest elevation: 387.40-m a.s.l. (above sea level);

2) Crest width: 9 m;

3) Length of the crest: 820.60 m;

4) Maximum embankment height: 62.90 m.

The geotechnical characterization of the foundation and dam
soils are based on the results of two recent investigations, carried
out in 2009 and 2016. The dam core is made of low-plasticity
clayey silt with sand; the shells and the drains are made of
gravels with sand, while the foundation soils consist of silty
clayey sandstone dating back to the Miocenic Age.

The dam is under the control of the “Agenzia Sannita Energia
Ambiente” ASEA (an agency of the Benevento Province), that
has its technical and economic management [39]. The dam is
in the stage of the trial fillings, i.e., it is subjected to filling and
emptying at predetermined time cycles to monitor its response
before the achievement of the maximum storage capacity. Set-
tlements of the dam embankment are measured by means of
assestimeters placed in different vertical lines within the dam
body. The system consists of a probe, connected to a measur-
ing cable, and a number of spider magnets positioned along a
guide tube that crosses the earth embankment. Several magnets
are placed in the guide tube at different depths. The first sensor
is generally at the head of the guide tube. The magnets follow
soil displacements. Reading is obtained by inserting the probe
into the guide tube until it finds one magnet, and the depth of
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Fig. 7. Position of the assestimeters (red circles) and high-precision leveling
targets (numbers) for the Campolattaro dam.

interception can be read from the probe. It is worth noting that
in this type of instrument the value 0 of the measurement corre-
sponds to the first time the sensors have been mounted and read,
so the displacement is always calculated relatively to the initial
configuration of the guide tube.

As shown in Fig. 7, six assestimeters are mounted on the
Campolattaro dam: three positioned along the crest and three
along the intermediate berm. The assestimeters are placed in
three different cross Sections of the embankment (Sections 5, 10,
and 13), in such a way to compare vertical displacements along
the same section in at least two different points of the structure.
For the sake of clarity, the whole assestimeter configuration is
the following: Assestimeter 1 and 6 at Section 5, Assestimeters 2
and 5 at Section 10, and Assestimeters 3 and 4 at Section 13. The
Assestimeter 1 has 11 sensors, the Assestimeter 2 and 3 have 14
sensors, and the Assestimeters 4, 5, and 6 have 6 sensors. The
recorded ground data are available from May 2009 up to January
2017 (data kindly provided by the Province of Benevento).

Vertical and horizontal displacements of the dam boundary
are also measured by high-precision leveling through several
target points, as shown in Fig. 7.

B. Campotosto Reservoir

Campotosto lake, located within the Province of L’ Aquila
among the municipalities of Campotosto, Capitignano, and
L’ Aquila, is a man-made water reservoir with a capacity of 300
millions of m®. It is impounded by three dams: Poggio Cancelli,
Sella Pedicate, and Rio Fucino, and is one of the largest reser-
voir in Europe. Reservoir filling was completed in the 1970’s
and its water is used for electric power production. Located in
one of the most seismically active area of Italy, in the last ten
years the Campotosto site has been affected by different seismic
events of higher magnitude (e.g., Abruzzo earthquake of 2009
with moment magnitude Mw = 6.1 and the recent 2016-2017

Central Italy seismic sequence with Mw reaching the value of
6.5 on October 30, 2016).

The key features of the three dams are recalled from the GEER
Report (2016) [38] and summarized hereinafter.

Poggio Cancelli, whose photo of the embankment is shown
in Fig. 8 on the left, is an earth dam crossing the Rio Castellano,
a tributary of Tronto river. The dam is located about 18 km from
the epicenter of the mainshock that occurred on August 24th,
2016, in Italy, in Abruzzo Region. The embankment is 27.5-m
high (crest elevation at 1327.5-m a.s.l.) and 600-m long. The
dam is composed of a central core, with sand filters and shells.
The core is composed of clayey silt; the upstream shell is formed
by calcareous material, whereas the downstream shell can be
subdivided into two zones, the upper one made of arenaceous
material and the lower one of calcareous material. The foun-
dation soils are characterized by coarse-grained alluvial sands
and gravels with lenses of fine-grained soils, superimposed on
the arenaceous bedrock. The Poggio Cancelli dam is monitored
by a complex ground system which includes several control
points, located at the crest, within the core and beneath the base
of the dam, where settlements and pore pressure are measured.
By combining the measurements provided by assestimeters and
from collimation, the system allows obtaining separately the
settlements of the core and those in the foundation soils. In the
immediate aftermath of the August 24th, 2016 earthquake, few
millimeters in terms of settlements at the crest of the dam were
measured, as after April 6th, 2009 when the other devastating
earthquake affected L’ Aquila. The Poggio Cancelli dam hosts
the PCB station, which, during the August 24th earthquake,
recorded a peak ground acceleration (horizontal component) of
about 0.31 g. Despite the severity of ground motion, the seis-
mic response of Poggio Cancelli dam was very satisfactory at
that date.

Sella Pedicate dam, 20.75-m tall and 750-m long, over most
of its length is a concrete dam, while at one of its extremities
it is an embankment with a clayey central core and a concrete
foundation diaphragm. Fig. 8 (at the center) shows a photo of
the concrete dam. The upstream face is very steep, while the
downstream face has a much gentle inclination. The dam was
built from 1965 to 1971. During the August 24th earthquake,
the SPD station recorded a peak ground acceleration of about
0.11 g, and even in this case, the response to the seismic event
was satisfactory.

Rio Fucino, the third dam enclosing the Campotosto reser-
voir on the eastern side, is a concrete gravity dam, with an
almost triangular cross section and a straight longitudinal axis,
as shown in Fig. 8 on the right. The maximum height of the
dam is 49 m (crest elevation at 1327.5-m a.s.l.; deepest foun-
dation level at 1278.5-m a.s.l.) and the length of the crest is
equal to 154 mm. The body of the dam is subdivided into 12
ashlars through 11 joints located along vertical planes. An al-
ternating stratification of sandstone and marlstone constitutes
the foundation substratum. The Rio Fucino dam is located in
the proximity of the Campotosto fault, also known as Fault of
Monti della Laga [40]. After both the 2009 L’ Aquila earthquake
[41] and the 2016-2017 Central Italy seismic sequence [38], no
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Fig. 9. Position of the area under observation (indicated with an orange small
square) with respect to the Sentinel-1 acquisition swaths (represented with great
transparent red squares).

significant damage was observed by the ENEL staff on the Rio
Fucino dam.

V. DATA PROCESSING AND RESULTS

As mentioned before, the aim of this paper is to validate the
DInSAR results from Sentinel-1 data with on-site measurements
in order to demonstrate the feasibility of integrated approaches
that can improve the monitoring process of dams as well as of
their surrounding areas, mainly in terms of number and location
of the observed measurement points.

A. Campolattaro Case Study

The first case study concerns the Campolattaro dam for which
a DEM was first generated through a high-coherence interfero-
metric pair. Then, some differential interferograms were gener-
ated and the relative displacements derived.

The area surrounding the lake is shown in Fig. 9, with a small
orange spot, to highlight how the dam is in a critical point for
the choice of the images to be used, since it is in the intersection

Photos of the embankment of Poggio Cancelli (left), Sella Pedicate (center), and Rio Fucino (right) (GEER report, 2016 [38]).

of three different acquisition orbits, corresponding to different
acquisition swaths. This means that although images for the
same area are frequently acquired, it is difficult to find two
Sentinel-1 products with a small time distance, acquired along
the same orbit and that are captured inside the same swath,
because it may happen that the two images have been acquired in
adjacent subswaths, next to or previous the other one [42]. On the
contrary, to proceed with the TOPS coregistration of the images,
they must be acquired on the same orbit and belong to the same
swath, even if acquired at different time periods. Furthermore, in
order to obtain reliable interferometric results, the SAR images
have to be chosen with a proper baseline [25]. Given that there
is not an optimum baseline, additional considerations must be
done to accomplish the baseline choice. In particular, for DEM
generation, following conditions should be noticed.

1) Interferograms with a very small perpendicular baseline
(<30 m) though easy to unwrap, are almost useless due
to their high sensitivity to phase noise and atmospheric
effects [27], [28].

2) About atmospheric artifact, characterizing SAR interfer-
ograms as a limiting factor, it is important to note that
limiting the analysis to small areas, as in our case in which
we consider just the dam body, they are negligible and can
be considered as a constant phase screen.

3) Interferograms with a large baseline (>450 m) are virtu-
ally impossible to unwrap without a priori available DEM
and if the surface is not uniform; even in the case of a pri-
ori available DEM and with a flat surface, which allows
to completely eliminate the topographic and geometric
contribution from the interferometric phase, such a basic
line causes low consistency problems due to volumetric
scattering and geometric declination, which increase the
noise phase up to make the data unreliable [43]—-[45].

4) The coherence values are affected by local weather con-
ditions, such as rain, snow, and strong winds, that can
cause phase coherence loss and moreover night-time ac-
quisitions are generally less affected by atmospheric ef-
fects, while the images in particularly hot days are to be
avoided because the hot air contains much more steam
than the cold air [46].

1) Generation of DEM From High-Coherence Interferomet-

ric Images: For DEM generation, the images must have a small
temporal difference and a greater overall coherence. The two
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Fig. 10.
rectangle indicates the subset of the dam under test (see Fig. 11).

0.04

Fig. 11.  On the left, the coherence for the subset of the image represented in
Fig. 10 and, on the right, the zoomed portion (green rectangle) with the dam
body pixels.

images, selected in this case, are one by Sentinel-1B, acquired
on November 8th, 2016 and one by Sentinel-1A, acquired on
November 14th, 2016, because they have an acceptable perpen-
dicular baseline (116.48 m). The area under observation falls
in the second subswath, IW2, for both images, and a VV po-
larization is used. The high coherence of the selected images is
clearly visible in Fig. 10.

From the entire image, a subset is derived to consider only
the dam and the nearby area. Fig. 11, on the left, shows the
coherence of the image subset and on the right a zoomed portion
of this subset with the dam body pixels. The number of pixels
with a coherence greater than 0.35 (the value considered as the
lowest extremity below which the results are no longer reliable
because the phase noise is predominant) is about 44.9%, that
means that overall the image presents an acceptable coherence
value, that however is not so high and this can be easily explained
because the image refers to an area that also contains the water
reservoir.

To further improve accuracy, the obtained interferogram must
be filtered before the unwrapping. The Goldstein phase filter
parameters used are as follows.

1) The adaptive filter exponent is set equal to 1.0.

2) The FFT size, the number of points on which the Fourier

discrete transformation is evaluated, is 64.

3) The window size is set to 3.

4) The coherence threshold is 0.2.

3
s

Coherence of selected Sentinel-1A and Sentinel-1B images acquired, respectively, on November 14th, 2016 and November 8th, 2016. The orange

It is worth noting that the number of points on which the
Fourier discrete transformation is evaluated can be raised, to
lower the speckle noise and improve the final result. Yet, this
implies increasing the computational load and in addition, if
the starting selected subset is too small, the risk increasing the
number of points to calculate the FFT is a degradation of the
final image instead of improving it [47], [48]. It is worth to
say that to generate a DEM, ground control points (GCPs) are
necessary because phase measurements are relative. Yet, when
the SNAP tool is used, such as in the case we are referring to
for Sentinel-1 images processing, the GCPs could be inserted
and embedded in the metadata. Then, everything is inside SNAP
and in this case we only need to use the necessary operator for
the specific product. What we need to do is not removing the
topographic component from the interferogram phase, as it is
usually done through the “topographic phase removal” operator,
because it is exactly that component which defines the ground
height necessary for the DEM creation. To execute the height
calculation, it is necessary to change the export settings of the
phase image in the SNAP tool, because the image must be
unwrapped using the SNAPHU tool, and the “statistical-cost
mode” parameter must be set to TOPO (topographic) [49].

From the coherence image, we get the pixel coordinates from
which to extrapolate the height values for the final DEM pro-
vided by SNAP, which is used as a general topographic refer-
ence, as shown in Fig. 12, on the left.

Using the SNAP “Profiler Plot” tool, it is possible to draw a
broken line along the dam profile, generating the pixel elevation
graph, as shown in Fig. 12, on the right. It can be seen that the
height of the dam body is between 386 and 389 m and rises
at the end for the presence of a hill to the left of the structure.
The results are in agreement with the technical data provided
by the ASEA handler, listed before, where the crest plate was
387.40-m a.s.l.

Through the Sentinel data acquisitions, the 3-D model of the
entire reservoir is generated by the pair of satellite images after
correcting the low-coherence pixels, as shown in Fig. 13 on the
top. The 3-D model has been generated through a Q-GIS open-
source software external to SNAP. The 3-D model of the dam
body has also been generated for the zoomed area shown on the
right of Fig. 11 through a smoothing process to flat the spikes
generated by low-coherent pixels in the DEM, which may still
be present over the structure. This 3-D model is shown in Fig. 13
on the bottom.
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Fig. 13.  3-D digital elevation model of the entire reservoir area (on the top)
and 3-D image of the dam in the zoomed image (on the bottom).

2) Differential Interferometry on Multiple Satellite Images:
Given the critical location of the dam area, to select the images,
three different orbits were chosen and differential analysis was
performed for terrain displacement detection using compatible
products. For each pair of products, it has been necessary to
verify the length of the perpendicular baseline and the subswath
in which the structure was located. It is important to consider
that SNAP allows to calculate from the unwrapped phase of the
interferograms only the displacement of the terrain along the
radar LOS, as already explained. In addition, the value provided
by the “Phase to displacement” operator, made available by

S 10 15 20 25 30 35 40 45 S0 S5 60
Path in pixels

DEM provided by SNAP used as a general topographic reference with a zoom (blue rectangle) in the area for the profiling pins selection (on the left)

SNAP, is to be regarded as a relative value that needs to be
corrected by choosing a reference point assumed as the fixed
point, whose reference phase must be subtracted or added to
the rest of the phase image. This operation should also be done
using more than one reference point, as the phase tends to grow
or decrease as it moves vertically along the image [50]. However,
the dam is a structure that develops mainly in length and thus
falling into a fairly uniform horizontal section of the image,
where the phase variation can be considered limited to a single
point of reference.

To find this reference, we chose the pixel with the highest
value of coherence in the interferogram among those with the
lowest deformation probability, according to the geotechnical
characteristics of the areas and thanks to in sifu monitoring. We
assumed that this point (coherence value practically close to
one) may be considered stable. It is worth noting that manual
selection refers to this added supervised information.

Through the pixel coordinates, from the unwrapped image,
the reference phase value is taken and a new image is generated
through the “Band Maths” operator and the command: “Unw_
phase-ref_ pixel_ phase,” that uses the selected pixel phase value
to normalize all the other pixels phase values. As regard the
reference point indication, this is a point corresponding to the
dam body (inside the white area of the green rectangle in Fig. 11
on the right). To calculate the vertical displacements, the “Band
Math” operator is still used and another image, that contains
all the vertical displacements obtained from the normalized un-
wrapped phase, is generated.

It is worth to underline that since the center frequency of the
Sentinel-1 sensor is 5.405 GHz, corresponding to a wavelength
of 0.055 m, shifts of the order of millimeters may be appreciated.

The displacements have been calculated with respect to the
positions corresponding to the first three assestimeters along the
crest of the dam for all the orbits. The position of the assestime-
ters is shown in Fig. 7. The obtained results have then been
compared with the ground data.

Coming back to satellite data, the first orbit has provided three
images of May 6th, May 18th, and May 30th, 2016. The second
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orbit has covered the month of June with only two acquisitions,
corresponding to June Sth and June 29th, 2016. The third orbit
has included acquisitions with greater time differences, covering
the entire July to December period. However, some of these
images pair cannot be used because their baseline was too low
and the relative interferogram was practically useless, due to
its high sensitivity to phase noise and atmospheric effects [27],
[28]. For instance, this has been the case of the September
9th-21th couple and of the December 14th—-26th couple. As a
consequence, the results obtained by these pairs have not been
taken into account in evaluating the overall trend of the structure
movement.

For each displacement image, we can trace the “Profile Plot”
of all the pixels belonging to a line that runs over the crest of
the dam. From the profile graph extrapolated by the October
15th—27th, 2016 pair of the third orbit and shown in Fig. 14, it
is shown that all the points of the crest have negative vertical
displacements, which indicates a subsidence of the dam, even if
all measurements are within a few millimeters.

It should be pointed out that Fig. 14 could help in detecting
which dam zones are settling more than others in a fixed time
interval. Conversely, as the assestimeters provide point-based
information and typically only a few vertical lines of the em-
bankment are equipped in this way, a comprehensive picture
of the deformation mode of the dam embankment cannot be
achieved by traditional monitoring. Furthermore, satellite data
may suggest the dam Sections worth of attention, where tradi-
tional monitoring needs to be intensified.

From the profile graph, knowing the position of the pixels
corresponding to the position of the in sifu instrumentation,
it is possible to extract the displacement of the single pixel.
Retrievals are made near the assestimeter heads, at the reference
cross Sections of the dam (Fig. 7), and are shown in Fig. 15.
The figure shows that Section 5, close to assestimeter 1, has
undergone lower displacements, while along Section 13, close
to the assestimeter 3, embankment displacements are higher.

As the in situ data concern, assestimeter and high-precision
leveling measurements are available from May 2009 up to the
end of 2016. Ground data were zoomed on the period May
2016-December 2016, in order to make them consistent with
the satellite interferometric retrievals. They are shown in Fig. 16
for the three reference cross Sections (5, 10, and 13) of the dam
embankment. It is possible to notice that in this time interval
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Fig. 16. Displacements from assestimeters and from high-precision leveling
over the May 2016-January 2017 period compared to satellite interferometric
measurements.

dam displacements—as expected—are very small with the order
of a few millimeters. It should be pointed out that since the
dam had been built almost 30-years ago, consolidation of the
foundation soils has reached its final stage and no appreciable
settlements of the soil layers are therefore expected. In addition,
in the considered reference period, the reservoir level was almost
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constant (maximum water level is in between 366- and 370-m
a.s.l. for this dam), being the dam not yet used for hydroelectric
scope. However, considering the high seismic hazard associated
to the dam site, the correspondence between traditional ground
measurements (the only available in common surveillance of
large dams) and satellite data could be of paramount relevance
to interpret possible diffuse deformation modes caused by future
strong earthquakes. It is worth noting that after a severe seismic
event, that might occur, dam accessibility may be obstructed
by damage to road infrastructures so that ground monitoring
could become difficult to be carried out for a long time after the
mainshock.

From Fig. 16, it can be observed that SAR and high-precision
leveling data denote an increasing trend in displacement evolu-
tion, while the assestimeters are less sensitive to highlight the
above change with time. All ground data, however, corroborate
the important finding obtained from SAR measurements, that
is, from May 2016 to December 2016, Section 5 has undergone
lower displacements (around 3 mm) compared to Section 13
(around 7 mm).

This is an outstanding result since the vertical displacements
provided by the traditional monitoring (assestimeters or precise
leveling) is limited to a few measurement points, while the
satellite interferometric measurements are widespread, and thus
they can highlight critical zones that the in situ instrumentation
cannot. Moreover, the satellite interferometric application may
help government agencies in charge of dam safety to make a
cross check on data provided by dam owners after emergency
caused by extreme events, such as earthquakes or floods.

B. Campotosto Case Study

In the case of the Campotosto dam, it has not been possi-
ble to compare directly the satellite surveys with the in situ
measurements, since ground data are not publicly available. For
this reason, the following procedure has been performed: an in-
terferometric analysis was carried out both with respect to the
earthquake of August 24th and that of October 30th, 2016, for
the entire area of interest, and then the obtained results were
compared and validated with those calculated and published by
the Italian National Institute of Geophysics and Vulcanology
(INGV) and also with those presented by Cheloni in [51]. Such
models are obtained both from satellite and on ground measure-
ments.

To produce the interferograms, images from 21st August
Sentinel-1A and 27th August Sentinel-1B have been selected
for the earthquake of August 24th, 2016, and images from 26th
October Sentinel-1B and 1st November Sentinel-1A have been
selected for the earthquake of October 30th, 2016. Movements
up to 20 cm in the first earthquake (Fig. 17) and up to 70 cm
(Fig. 18) for the second in the areas of interest were detected.
The results are completely in line with those found in [52] and in
both INGV [53] and [54] for the events of the 24th August and
30th October, respectively, besides those found in [51], where
the algorithms used are different. Specifically, in the latter case,
many of the figures were made by using the Version 3.1 of
the Generic Mapping Tools software [55], and different InSAR

Accumoli

Amatrice

Fig. 17. Image of the displacements, related to August 24th earthquake—
displacements up to 20 cm.

Interferogram of October 30th earthquake with displacements up to

data acquired by different satellites (Sentinel-1, ALOS-2, and
COSMO-SkyMed) were used for analysis.

In this paper, the first part of the analysis has been used to val-
idate the procedure applied to SNAP for processing the Sentinel
data. After that, to carry on the analysis of the Campotosto dam,
the October 26th Sentinel-1B and the November 1st Sentinel-
1A images, around the event of October 30th have been chosen
because of higher coherence with respect to the others on the
specific area of interest. The subswath 2 has then been chosen
because it covered the entire reservoir.

The analysis has led to the results illustrated in the Figs. 19 and
20, where vertical movements of the area around the Campotosto
dam and the map of displacements are shown.

It is noticed that the most affected dam is the Poggio Cancelli
earth dam, the closest to the earthquake zone (on the left top of
Fig. 20).

Vertical displacements between —13 and —18 cm are found
near this dam. The other two have also significant displacements:
smaller in the case of Sella Pedicate dam (about —8 cm), and
large displacements for the Rio Fucino dam (about —15 cm).
The latter case can be explained because this dam is built on
a fault directly linked to that activated during the earthquake,
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Fig. 19.  Vertical movements of the area around the Campotosto dam.

Fig. 20.

Map of displacements.

although we have to say that images, available and retrieved
in this case, had a lower coherence, therefore they were less
reliable.

VI. DISCUSSION AND CONCLUSION

The usage of DInSAR in infrastructure monitoring is very
promising, also for the availability of free data and tools, but
the expected performance should still better assessed. In fact,
even if the recent remote sensing literature proposes many ap-
proaches to the dam monitoring issue, only a few works provide
validation analyses. This fact is mainly due to the lack of in situ
measurements and to the necessity of interdisciplinary research
teams to compare and interpret the data.

The aim of this paper has been to validate the application
of DInSAR processing chain to dam monitoring, using open
access data and free tools from the Copernicus programme. In
particular, a DInSAR processing workflow has been proposed
and discussed in detail.

To validate the proposed approach, the method has been ap-
plied to the case study of the Campolattaro dam, for which
comparisons have been performed with in situ measurements,
acquired by means of assestimeters and high-precision leveling.
The comparison between satellite data and in sifu measurements
highlights the reliability of the developed interferometric pro-
cedure since the results reflect the general trend observed from
ground instrument acquisitions. The developed methodology
has later been applied also to the Campotosto reservoir, whose
safety during the seismic sequence occurred in Central Italy in
2016 has caused huge concern in both dam owners and popu-
lation placed downstream. In this latter case, data from ground
instruments owned by the dam managers are still subject to con-
fidentiality procedures. Therefore, the results obtained by the
interferometric procedure were compared and validated with
those published by INGV and by Cheloni in [55]. The unavail-
ability of data even more convinced us of the importance of
establishing immediate procedures that are quite easy to repro-
duce, such as those based on simple interferometric analysis.
In fact, once these procedures have been completely settled and
validated, we can be sure of having control and monitoring tools,
which are independent of the on ground data management poli-
cies, with a view to putting the protection of human lives at the
first place.

In general, the suggested approach is to use satellite data,
available on wide areas, to integrate and improve ground data,
which are instead limited to a few instrument locations, by
optimizing time and costs. The exclusive use of remotely sensed
data, however, sometimes becomes a necessary condition in
scenarios where ground measurements cannot be performed, as
for instance, in inaccessible sites, when catastrophic events have
occurred. However, interferometric procedures need still to be
assessed, in order to be fully reliable.

The results presented in this paper validate the proposed ap-
proach and encourage to adopt it when a fast and simple method
of analysis is necessary, independent on ground data availability.

Furthermore, the possible implementation of different spe-
cific procedures for other case studies could increase the
widespread of such monitoring technique. Indeed, on the ba-
sis of the reassuring results obtained in the different fields of
applications, it is possible to emphasize the advantages that this
technique has demonstrated.

1) Excellent cost-benefit ratio for wide area monitoring ap-

plications.

2) High precision (subcentimeter) in deformation assessment

(comparable to the most advanced techniques like GPS).

3) Very high densities of monitored points (from hundreds

to thousands of points per km?).

4) Accuracy in target georeferencing (less than 5 m).

Finally, a further development of this paper could be the
improvement of the overall coherence of SAR interferograms, as
investigated in [56], [57]. Many of the unusable low-coherence
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images contain in fact specific information for the observation
period and the area of interest, therefore their recovery and reuse
would be of great importance for further analysis applications
of the area.

Future work will also include the use of data from other
Sentinels of the Copernicus Programme, such as the optical
data of Sentinel-2 in order to enhance the overall information
over a specific area.
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