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Abstract: This article applies radar interferometry technologies implemented in the ENVI
SARscape and SNAP software environment provided by the processing of data from the
Sentinel-1 satellite. The study was carried out based on six radar images of Sentinel-1A and
Sentinel -1B taken from September 2017 until February 2018 with an interval of one month
and on the radar-module of the already mentioned SNAP software. The main input data for
solving the considered problem are radar images received from the satellite Sentinel-1B on
the territory of Stebnyk-Truskavets for six months with an interval of one month. Monitor-
ing of the Earth’s surface using radar data of the Sentinel-1A with a synthesized aperture
is implemented with the application of interferometric methods of Persistent Scatterers and
Small baselines interferometry for estimating small displacements of the Earth’s surface
and structures. The obtained quantitative and qualitative indicators of monitoring do not
answer the processes that take place and lead to vertical displacements the six months but
do provide an opportunity to assess the extent and trends of their development. The speci-
fication in each case can be accomplished by ground methods, which greatly simplify the
search for sites with critical parameters of vertical displacements which can have negative
consequences and lead to an emergency.
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1. Introduction

In recent years there is a tendency to increase the number of radar systems for remote
sensing of the Earth’s surface with a high spatial resolution (1-8 m). This is explained by
many advantages: the ability to take an image at any time of day independently of cloud
cover, the high penetrating ability of radar radiation, and application of different states of
the polarization ellipse. However, the more sophisticated side-view technology and co-
herent radiation require fundamentally different methods and a different data-processing
algorithm than used for the optical wave range. In practice, Persistent Scatterers Inter-
ferometry and Small Baselines Series Interferometry realized in the SARscape software
are used to solve problems of space radar monitoring of landslides and deformations
of the Earth’s surface and structures. Satellite interferometric radars work with different
resolutions, in different wavelength ranges and with different frequencies of the survey
for the same territory. Atmospheric and ionospheric interference, vegetation, and snow
cover also influence survey results. Interferometric data are stored in archives and can
be purchased from space agencies (satellite owners). The ability to use archival data is
a considerable advantage of satellite interferometry since it allows exploring not only
modern deformations but also deformations over long periods.

On September 30, 2017, near the towns Drohobych and Truskavets (Ukraine), an
earthquake happened. Thereupon in the territory of LLC “Polymineral”, a huge natural
crater with a diameter of about 300 m and depth up to 50m opened, and it can increase.
Another 50 meters of this site can subside (Figure 1). The location of the crater is located
over the former salt mines, which are not currently operating. Within many decades,
potash salt was extracted here until the early 2000s. As a result, huge underground cav-
erns remained. In 2004 a project for conservation of the mines was developed, but it had
not been implemented.
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Fig. 1. The surface deformation caused by natural crater near Truskavets and Stebnyk, Lviv regions
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There are many methods of studying this type of disaster, both terrestrial and remote.
One of the most effective remote methods is the application of radar interferometry.
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Many methods exist for the detection and measurement of ground subsidence. Radar
interferometry is the most effective method. Therefore, this work aims to determine the
changes of the natural crater on the Earth’s surface near the city of Stebnyk (Ukraine)
for a half-year period using space radar images received from the satellite Sentinel-1A.

A large group of scientists, mostly from Western Europe, the USA, Canada, Japan,
and less from Russia and Kazakhstan, Ukraine was studying the application of radar in-
terferometry to determine the displacement of the Earth’s surface. Many scientists have
been engaged in the development of theoretical foundations of interferometry. Notable
is the scientific works published since the early *70s of the last century. Recent works
include (Berardino et al., 2002; Ferretti et al., 2001; Rosen et al., 2000; Papathanassiou
and Cloude, 2001). The scope of radar interferometry was significantly expanded af-
ter the development of various modifications of the method of persistent scatterers. The
basic idea is the identification of image pixels contained in so-called persistent scatter-
ers (Ferretti, 2000). If, as it is usually the case, the dimensions of persistent scatterers
do not exceed the dimensions of the resolution element, then the value of coherence is
acceptable even for those interferograms for which the interferometer base is close to
the critical value. Besides, the entire available set of images can be included in the in-
terferometric calculations. The identification of persistent scatterers allows us to assess
atmospheric impediments and eliminate them from differential interferograms, which
increases the accuracy of estimations of landslides on the Earth’s surface. In Feretti’s
method, persistent scatterers are distinguished by the results of the analysis of the be-
havior of scattering sites in time.

In Hooper et al. (2004) a method for analyzing the distribution of persistent scatterers
over space is proposed. This method is independent of how the rate of landslide changes
over time. Later, the method of small baselines was developed. The idea of the method
is close to Hooper’s approach and is based on finding such scattering sites, in which the
influence of decorrelation and noises is minimal. For such pixels, the separation of phase
associated with phase deformations arising as a result of atmospheric interference and
inaccuracies in DEM is performed.

A large number of projects were presented regarding the application of interferomet-
ric technology for measuring landslides of the Earth’s surface. In this sphere, there are
the trends of joint analysis of radar data from different satellites in order to increase the
volume of analyzed data, to obtain a more complete and accurate picture of deforma-
tions, and to perform a retrospective analysis (Chen et al., 2016; Haghshenas Haghighi
et al., 2016). Interferometric processing is performed applying SBas and PS methods
using the software Gamma, Doris, SARscape, StamPS, and Sentinel-1 Toolbox. The
control of the obtained results is based on observations from the ground (Garthwaite et
al., 2015). Great attention is paid to technologies and methods of using space radar data
in systems for monitoring of natural and anthropogenic objects and prevention and elim-
ination of the consequences of natural disasters accompanied by landslides of the Earth’s
surface that include landslides, volcanic eruptions, earthquakes, and floods. The methods
of radar interferometry are most widely used in the study of geodynamic phenomena and
deformations of structures (Meyer et al., 2015; Floyd et al., 2014). Search and mapping
of surface changes are performed based on the analysis of both phase and amplitude layer
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of radar data (Ajadi et al., 2016). Solving the problem of using the radar interferome-
try method to determine landscape changes has been considered in (Mora et al., 2003;
Treuhaft and Siqueira, 2000; Feranec et al., 2007). The method of radar interferometry
is used for the study of forest cover (Garestier et al., 2008; Lee et al., 2009).

Since our task is to determine the changes in the relief of the Earth’s surface caused
by its subsidence, we are particularly interested in the works (Schneider et al., 2006;
Livingstone et al., 2002; Colesanti et al., 2003; Lanari et al., 2004), which describe the
application of radar interferometry namely for deformation processes and creation of
digital elevation models.

2. Main concepts of radar interferometry

The quality of the results of interferometric processing directly depends on the value
of the perpendicular component of the baseline. On the one hand, the quality of the
map of displacements of the Earth surface obtained by the interferometric method can
be improved by decreasing the length of the perpendicular baseline. In the case when
the baseline is equal to zero, the interferogram, calculated on such a pair of images,
generally contains only the phase of displacement. On the other hand, when exceeding
a specific critical value of the baseline, interferometric processing becomes in principle
impossible due to spatial decorrelation (Lachaise et al., 2012; Krieger. et al., 2010; Fritz
et al., 2011; Belcher, 2008).

The critical value of the perpendicular spatial baseline for each pair of images can
be calculated using the following formula:

_ ARtan(0)

By cr = R, )

where: B, .- is the critical baseline; A is the length of the radar sensor wave; R, is the
spatial resolution in the direction of the slant range.

According to this formula, the critical perpendicular baseline for the ENVISAT
ASAR Image Mode data is about 900-1500 m, and for ALOS — PALSAR data is about
6500 m in FBS mode and 13,000 m in FBD mode (6500 m when cross-processing of
FBS and FBD modes). The optimal perpendicular baseline for calculating displacements
in the case of both the above-mentioned satellites ranges from 0 to 30% of the critical
baseline. The interval of time between acquisitions of images that make up an inter-
ferometric pair is called the temporal baseline. The concept of a temporary baseline is
directly related to such an essential problem as temporary decorrelation which occurs
due to changes in the relief, vegetation, humidity and other properties that reflect the
radar beam on the surface that occurred during the period between the image acquisi-
tions. The problem of temporal decorrelation can be solved by increasing the wavelength
(which increases the “penetrating” power of the waves) or the reduction of the temporal
baseline, i.e., the interval between the image acquisitions. During the monitoring of the
Earth surface displacements, we apply the abovementioned approach of interferometric
processing of image pairs selected according to the principle of the smallest baselines
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from all possible image pairs. Based on that, the processing result was presented in the
form of displacement maps for the periods between the first image acquisition and each
subsequent image acquisition, one after the other. That is, the result shows the devel-
opment of the displacements in time, as well as the final map of displacements for the
entire period of observations.

In addition to the spatial and temporal baselines, the difference in the positions of
the Doppler centroid of the Earth’s rotation for a pair of images is an important param-
eter that determines the possibility or impossibility of interferometric processing. All
processed pairs are characterized by low or average values of this parameter, which has
a positive effect on the processing. If the values of the spatial and temporal baselines,
as well as the difference in the positions of the Doppler centroid, allows interferometric
processing, then it is possible to calculate the interferogram. Each radar image of the in-
terferometric pair contains an amplitude and phase layers. The amplitude layer is more
suitable for visual analysis. The resulting phase F', obtained during interferometric pro-
cessing of phase layers of interferometric image pair, generally consists of the following
components:

F:E0p0+Fdef+Fatm+Fn (2)

where: Fj,p, is the phase shift component due to observation of the topography with
two different angles; Fy.r is the phase shift component due to the displacement of the
reflective surface between image acquisitions; Fy, is the phase shift component due to
the difference of lengths of the line of sight caused by refraction; F, is the phase variation
due to electromagnetic noise.

The last two components do not carry information about the topography of the sur-
face. Therefore, with the help of correction and filtering, they are excluded.

47'L'BL
Ft()po = - mz + E‘lat_earlh s (3)

where: B is the perpendicular component of the baseline, which connects the position of
the satellite during reacquisition of a specific point of the Earth’s surface; ® is the angle
of view of the surface during the first pass; A is the wavelength of scanning irradiation;
r is the distance between the antenna and the point on the surface; z is the height of the
surface over the reference ellipsoid; Fyus carn 18 the determined phase, calculated from
the model of the reference ellipsoid.

Removal of the obstructive component Fy; cqrsn 1S necessary to reduce the high-
frequency phase transitions that arise on the interferogram due to the difference of
distance the signal passes when acquiring images from different positions, as well as
changes caused by the relief of the surface. Information for calculating Fpys_eqrsn can be
a digital low-resolution relief model, for which we can use GTOPO30 CMS (Global 30-
Arc-Second digital elevation model) or digitized topographic maps of scale 1 : 100 000,
1:200 000. The size of the pixel of GTOPO30 is about 500 m for the middle latitudes,
the inaccuracy of the referencing and distortion in the matching of separate parts of the
maps make this relief rough and can spoil the interferometric phase. Vectorization of iso-
lines and height points on topographic maps and further interpolation in order to obtain
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a homogeneous grid (smoothing) is a rather laborious process that increases the time of
DEM creation. During the processing of interferometric data of different satellites, it has
been established that the best variant of the reference relief is the surface with constant
height, the value of which is calculated as the average from the GTOPO30 DEM onto the
area covered by the radar image. During the interferometric data processing of different
satellites, it has been established that the best variant of the reference relief is the surface
with constant height, the value of which is calculated as the average of the GTOPO30
DEM on the area covered by the radar image. In this case, there are no unreasonable
sharp bursts of the phase, and the residual uncertainties caused by the registration range
of the phase of the reflected signal from O to 27 are eliminated at the stage of phase
unwrapping.

The value of the Earth’s surface displacement Ar, which occurs during the time be-
tween repeated acquisitions is reflected in phase component Fy,r

Fier = 4%tAr. “)

From equations (2)—(4), it follows that the interferometric phase F' contains infor-

mation on both the relief and the displacement. At this Fj,,, manifests itself, the more

significant the higher the value B, is, i.e., the further the satellite is in its re-pass from
the first position.

Interferometric processing of a pair of images generally consists of a few primary
stages (Figure 2).

First image [master) Second image (slave)

Image matching

Calculation of interferogram

Removing of the obstructive phase

Filtration of interferogram

Phase unwrapping
Correction of the orbit

D Removing of the obstructive phase

Recalculation of the phase into the
heights

Correction, interpolation, averaging of
heights

Digital elevation models

Recalculation ofthe phase into the
displacements

Map of displacements

- Digital elevation models of high
resolution

Fig. 2. Stages of interferometric processing
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3. The method of determining the deformation of the earth’s surface
by radar images

Scientists from the Institute of geodesy of Lviv Polytechnic National University have
been researching the monitoring of the vertical displacements on the natural crater near
Truskavets and Stebnyk cities. The researches were implemented using the GNSS sur-
vey, accompanied by the application of inclinometers (Petrov, 2019). The researches had
started in six months after the creation of the natural crater and are continuing up to now.
For the second six months period, the value of subsidence determined by these geodetic
methods was near 20 cm that indicates a decrease in vertical displacements comparing
with our researches. We have decided to fill the first half-year gap with radar interferom-
etry data.

The primary input data for solving the considered problem are radar images re-
ceived from the satellite Sentinel-1B on the territory of Stebnyk-Truskavets for the six
months with an interval of one month, namely: 04.10.2017, 27.10.2017, 14.11.2017,
21.12. 2017, and 23.1.2018, 26.2.2018. These images are acquired in the C-range with
polarization VV+VH and Interferometric Wideswath (IW) survey mode. In this case,
the swath of each image is 250 km.

Sentinel-1A images are available in three processing levels: Level-0, Level-1, Level-
2. Our input data is of the first processing level. Level-1 data are the generally available
products intended for most data users. Level-1 products are produced as Single Look
Complex (SLC) and Ground Range Detected (GRD). Level-1 SLC products consist of
focused SAR data geo-referenced using orbit and attitude data from the satellite and pro-
vided in zero-Doppler slant-range geometry. The products include a single look in each
dimension using the full transmit signal bandwidth and consist of complex samples pre-
serving the phase information. Interferometric processing of radar images is performed
with special software (Fig. 2). Today leaders are the SARscape and Gamma software
products. These are full-featured software products that contain a set of tools for per-
forming all significant stages of radar data processing. The main difficulty is since this
software is commercial, which limits the possibility of its use in low-budget projects. Al-
ternatively, free software is available. DORIS and SNAP (Sentinel-1 Toolbox) are among
the most popular products. These software products have the essential ability to process
radar images, while there are certain limitations in the set of functions.

In our study, we use the software ENVI SARscape and SNAP for the processing
of radar images. We select the main image, which is automatically co-registered (mu-
tually identified) with all other images of the interferometric series. The accuracy is up
to 1/100 of a pixel. The images (Source Product) are selected — menu Read, Read (2) at
the stage of co-registration. Then subwath and bursts are selected, which should be the
same for both images. We have selected the following pairs: 04.10.2017 and 27.10.2017,
27.10.2017 and 14.11.2017, 14.11.2017 and 21.12.2017, 21.12.2017 and 23.01.2018,
23.01.2018 and 26.02.2018 to estimate the dynamics of deformations of the Earth’s sur-
face, and the pair 27.10.2017 and 26.02.2018 to estimate how the surface was deformed
for the period of half a year from the beginning of deformation. Since in our case, we are
interested only in the six months before the beginning of the geodetic monitoring and
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using Sentinel images, we can obtain an accuracy not exceeding the wavelength, and
then we consider that it is sufficient to use six images to obtain displacement data for the
six months.

4. Results

The processing of each pair is done in semi-automatic mode with the following four
steps:

1. Automatic co-registration, calculation of interferogram, synthesis of a phase of

relief, removing the obstructive phase from an interferogram, filtering of the dif-

ferential interferogram, calculation of coherence, phase unwrapping.
2. Collection of points with known coordinates and heights for correction of orbital

parameters.
3. Calculation of corrected differential interferograms and unwrapped phases.
4. Inversion of the obtained cross-time unwrapped phases with the restoration of

consecutive in time history of the displacements. At the same time, as a result,
the chronology of displacements from the first image of the series to the last is
restored.
After analyzing the differential interferograms obtained during processing, there
were indicated the sites created trough subsidences.
These trough subsidences of the Earth’s surface are located in the area of the natural
crater formation near Stebnyk city (Figure 3).

a) b) c)

AT T

Fig. 3. Interferogram of the time-period: a) 04.10.2017-27.10.2017; b) 27.10.2017-14.11.2017;
¢) 14.11.2017-21.12.2017; d) 21.12.2017-23.01.2018; e) 23.01.2018-26.02.2018

Calculation of displacements with menu Phase to Displacement is implemented by
the formula (5):
AR = — A4t Puyr (5)

and represents LOS-displacement, taken with a minus sign and measured in meters.
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Calculation of vertical displacements by unwrapped interferogram includes the fol-
lowing steps (Figure 4):
1. Creation of a new band with the formula for calculating landslides.
2. Removing from it the area with low coherence.
3. Selection of the points that are immobile and determination of the value of their
height.
4. Calculation of the value of this height from all points of the image.

Fig. 4. Vertical displacements on the crater near Stebnyk

The next step is to create a new band, in which one must enter the vertical displace-
ment equation:
-1
4-m-cos(a)’

(6)

where @ is an unwrapping phase; A is the wavelength, cm; « is an incident angle.

The unwrapping phase is the name of the band with an unwrapped interferogram of
the current product. For Sentinel-1, the length of a wave is 5.55 cm. The incident angle
is taken from Tie-Point Grids. The result is a vertical displacement in centimeters. After
that, it is necessary to delete areas of low coherence. The limit value of coherence varies
and starts at about 0.3. Now we have a relative vertical displacement between the two
images.

According to the results of the implemented research, it was determined that the
vertical deformation of the Earth’s surface within the limits of the formed natural crater
near the town of Stebnyk in the period from 04.10.2017 to 26.02.2018 is 29 cm in total.
More detailed land subsidence in the studied periods is given in Table 1.

Table 1. Subsidence of the Earth’s surface within the natural crater near the town of Stebnyk

Subsidence of the Earth’s surface

04.10.2017- | 27.10.2017- | 14.11.2017- | 21.12.2017- | 23.01.2018-
27.10.2017 14.11.2017 21.12.2017 23.01.2018 26.02.2018
e 7 6 6 5 5
A fq“aé“_l;a“ve index | (7 days (13 days (19 days (24 days (29 days
of subsidence (cm) since event) since event) since event) since event) since event)

As seen from the obtained information, the largest vertical displacements within the
natural crater were observed in the first months after the disaster and were 7 cm and
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6 cm. In the last study period, the displacement was 5 cm. It can be assumed that the
vertical displacements will decay if the seismic activity will not be observed in this area.

Using the results of the monitoring for the half-year period, the map of vertical dis-
placements was created. As the area of the researched site is rather small in the limits of
Sentinel image parameters, the map of vertical displacements was edited in the software
Surfer for better representation. The scale of displacements is shown in centimetres and
has a range of 7 cm at the start of the study and up to 29 cm in the last month of re-
search. The map shows that the largest vertical displacements occurred in the northwest
and southeast parts of the natural crater.

215

-26.5

Fig. 5. Vertical displacement map or the research area
from 04.10.2017 to 26.02.2018 (cm)

5. Conclusions

The obtained quantitative and qualitative indicators of monitoring do not answer the
processes that take place and lead to vertical displacements but provide an opportu-
nity to assess the extent and trends of their development. The specification in each case
can be accomplished by ground methods, which significantly simplifies the search for
places with critical parameters of vertical displacements, which can have negative con-
sequences and lead to an emergency.

The possibility of all-weather space monitoring of large territories using free space
information will significantly save public funds and will enable the creation of an effec-
tive system for preventing emergencies.
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