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Abstract

Landslide processes are considered the major part of the natural hazards occurring on the
northern part of the Bulgarian sea side. Their monitoring can be done with high precision using
GNSS data. The objective of this study is to provide solid grounds for monitoring of the landslide
processes using GNSS and SAR data. This goal will be achieved by the implementation of the
following: 1) establishment a verified methodology for extracting high-quality information from SAR
images aimed at continuous monitoring of landslide areas integrating InterFerometric Images (IFI)
and GNSS data and 2) creation of a working prototype of an information system for monitoring and
prevention of the effects of earth crust movements (landslides, falls, etc.) based on freely accessible
data provided by ESA and national sources. One of the scientific tasks to be solved includes the
development of methodological approaches for comparison of the results from combined processing
of interferometric images from SAR, measurements at permanent GNSS stations of the national
NIGGG network in the area of study and geodetic measurements of a newly established test network
covering a specific area on the Northern Black Sea coast of Bulgaria with active landslide processes.

Introduction

The main objective of this research is to monitor the ongoing landslide
processes by complementary use of Synthesized Aperture Radar (SAR) and Global
Navigation Satellite Systems (GNSS) data. It will be achieved by means of proved
methodology for continuous monitoring of landslide areas by integrating
information from interferometric images (IFIs) and GNSS data from permanent
and local geodetic networks. The outcome of this study will deliver reliable
information for the ongoing risky geo-processes for the region of the Northeastern
Bulgaria, which is known with several large active landslides. These results could
provide a better understanding of the origin and dynamics of current landslide
processes as well as assessing the resulting hazards by creating thematic maps. The
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selection of the mentioned area is based on information provided by the national
authority responsible for the monitoring of the landslides according to which their
number has almost doubled over the past two years.

In this study, the selected landslides are located at the coastal zone of NE
Bulgarian Black Sea. The selected region is based on the fact that until now more
than 120 landslide events have been registered in the districts of Varna and
Dobrich, and 80% of landslides affect the coastal line. As a contributing factor
provoking the interest of this specific area is the weak stability of its slopes, which
can be impaired even by single events such as abrasion, erosion, prolonged
rainfalls, seismic, etc.
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Fig. 1. Map of active, stabilised and potential landslides in NE Bulgaria (according to GIS
of the Ministry of Regional Development and Public Works (MRDPW)
(http://gis.mrrb.government.bg/)

At present, the authors have investigated a short strip along the Black Sea
starting from city of Varna and ending at Kaliakra cape. The area is about 80 km
long, where large numbers (more than 120) of irregularly distributed landslides
have been registered and monitored by the competent authorities of MRDPW (Fig.
1). From the geological perspective, most of the landslides located in this region
are of complex nature [1, 2].

Obtaining reliable data and delivery of an adequate information about the
ongoing risky geo-processes of the Earth's surface is a key factor in tracking the
origin and dynamics of landslide processes as well as assessing the resulting threats
to the population and infrastructure. This is the main reason for the development
and implementation of a rapid and accurate method for their operational
monitoring. In this paper proposed is a possible solution for estimation of the
ground motions caused by landslides based on information derived from
differential interferometric processing of SAR data. It was proved that the Earth’s
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crust deformations can be registered with the magnitude of centimetres by this
method [3]. Results from SAR data processing unambiguously indicate these
movements in certain zones of the investigated areas, but GNSS measurements are
also required to obtain validated information. The main objective of this research is
formulated as follow — to study of the landslide processes by using innovative
methods. It was achieved through the extraction of high-quality and reliable
information from SAR images focused on regular monitoring of landslide areas
and integrating IFls and GNSS data. Based on the freely available SAR data and
the software provided by ESA, as well as data from national sources, a prototype of
an information system was elaborated on the basis of archive IFls produced for
monitoring the movements of the Earth's crust (landslides, subsidence, etc.).

In the past decades the northeastern Black Sea coast of Bulgaria has been
the subject of scientific research and geodetic surveying by the former “Laboratory
of Geotechnics” BAS and "Central Laboratory of Higher Geodesy" today, the
Department of Geodesy. By the mid-1990s a geodynamic network was built for
monitoring the landslide processes around the town of Balchik [4]. Due to
intensive construction activities of the coastal area in the last 20 years and the lack
of funding for research and its maintenance, some of the points of the mentioned
network (pillars for precise instrument positioning) were destroyed and do not
exist. Nevertheless, an extensive and comprehensive methodology for geodetic
investigations of landslides was developed [5]. In it underlined is the significance
of the type, size and form of the landslide, the velocity of the displacements, the
availability of stable areas in the vicinity of the study object, a type of equipment to
be used according to the necessary precision.

Materials and Methods

Synthetic Aperture Radar (SAR) Data and DINSAR Processing

In this section, a short description of the SAR data and the processing steps
used to produce interferometric images (IFIs) that were combined with the geodetic
data in studying landslides is presented. The SAR data that have been processed are
from a constellation comprised two satellites (A and B) of the Sentinel-1 mission
freely distributed by ESA and were obtained from Scientific Data Hub maintained
by ESA [6]. Each satellite has revisiting time of 12 days, which means that one and
the same area is imaged every 6 days by a satellite. The SAR instrument onboard
the satellite is C-band radar (corresponding to a wavelength of 5.56 cm) with a
right-looking line of sight (LOS) regardless of the orbit direction. It operates in
four acquisition modes stripmap, interferometric wide swath (IW), extra-wide
swath and wave mode. For interferometric processing single look complex (SLC)
data obtained in IW mode must be used since in it not only the amplitude of the
backscattered signal is available, but its phase signal too. The phase signal is of
crucial importance since after appropriate processing it delivers information about
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the changes in the distance to the objects on the Earth’s surface between two
satellite overpasses [3].

The DInSAR (differential interferometric SAR data processing) is a
method that uses SLC SAR data to produce topographic and surface motion maps
based on information contained in the interferometric phase. It is based on the
acquisition of complex-valued data over the same area at different times and uses
the difference found in the phase signal to detect the horizontal/vertical changes
caused by ground deformations. Since in the measured phase, there are two
components — one corresponding to the distance of a single object from the surface
and the next reflecting the phase changes caused by the environment — a measure
of quality, known as coherence, is introduced, which is an estimate of the noise
level present in the phase signal. It is widely accepted that for the single pixel from
the phase band of the produced IFI to be considered reliable the same pixel in the
coherence band should have value above 0.3. Low values of this parameter are due
to many external factors such as the state of the troposphere at the time of
acquisition, the position of the satellites in their “orbital tube”, which defines
perpendicular baseline, presence of vegetation in the area of study, etc.

A) Ascending orbit 058 B) Descending orbit 036

Fig. 2. Shape of the SAR images from the ascending (A) and descending orbits (B)

It needs to be underlined that the information provided by the phase signal
is a relative concerning one of the SAR images, often called “master”, and
concerning a point on the ground, which is assumed to be stable. One more thing
that needs to be addressed here is that all detected deformations are measured along
the LOS of the SAR instrument and for this reason additional calculations are
needed for properly combining GNNS and SAR data to obtain vertical ground
deformations.

A drawback of the SAR data that need mention is that they cannot detect
ground changes along the track of the satellite, which results in better registering
movements in the east-west direction, then in north-south. This can be overcome
by combining information derived from IFIs from both ascending and descending
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orbits (Fig. 2). An advantage offered using the DINSAR method is the possibility to
register ground changes over large or difficult-to-access areas, thus delivering more
information than by in situ GNSS acquisitions. This does not mean that it can
completely substitute terrain measurements, but rather to provide details on the
surface movements for larger areas in the investigated region.

The processing of SAR data for the production of a deformation maps
includes the following steps — precise co-registration based on the orbital data of
the two images used in the IFI, formation of the interferogram, filtering and
speckle reduction, phase unwrapping, and geocoding. The most important step in
this procedure is the phase unwrapping since only after it the information contained
in the phase signal of [the IFI is converted into ground displacements. At this step,
by integrating the phase difference between neighbouring pixels at every 2z cycles
the difference in altitude in LOS is generated after any integer number of altitudes
of ambiguity has been deleted.

GNSS for landslide monitoring

Geodynamic networks established for landslides monitoring generally
consist of two types of points — reference or fixed points located on geologically
stable terrain and survey points located within the investigated landslide.

To accomplish the objectives of this study geodetic data from these two
types of points are necessary. Data from the stable points situated in non-
deformable zone are provided by the permanent GNSS network. The newly
established points that from geodynamic networks located inside the specific
landslide will be measured in few GNNS acquisition cycles. The deformation
analysis of those geodynamic networks will be done after the third measurement
cycle by applying an appropriate approach [7].

First results and discussion

The first step to achieve the main objective was to create a local archive
with Sentinel-1A/B images for the region of Northeastern Bulgaria, consisting of
about 300 SLC images. For mapping deformations in the region of interest
interferometric images at intervals of 4 and 8 months were produced.

The stated time intervals were used, since one of the main factors affecting
the quality of the produced IFIs is the vegetation and for this reason only autumn
and spring scenes were processed. Also most of the landslides activations occur in
the said seasons caused by underground water-level change. Another factor that
should be accounted before producing IFI is the presence of snow — used data are
from days with no snow coverage [8].

In Fig. 3 presented are the displacements found in the IFI produced from
image pair from dates Nov 26", 2014 and Dec 27", 2015. On it the detected
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displacements are colored in purpura and coincide with the landslide regions where
most of the registered landslides are located (Fig. 5).

Fig. 3. Displacements obtained from IFl 26Nov2014-27Dec2015

In Fig. 4 are shown the displacements obtained from the IFI Jan 1%, 2015 —
Dec 21, 2016. The color of the pixel represents the surface movement in metric
units for the investigated period ranging from dark blue to purpura. Particularly,
vulnerable landslide areas are shown in purpura, less vulnerable in yellow and
green. The landslide activity assessment resulting from this research shows (Fig. 4)
that the subsidence range from —48 mm to —69 mm.

Fig. 4. Ground displacements obtained from the IFI Jan 1st 2015 — Dec 21st 2016
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Fig. 5. Raster heat map based on displacement values at the points
of landslides registered

The area of interest of this study is the one marked by red quadrate in
which the concentration of ground deformations has been observed (Fig. 5). This
area is called "Dalgiya yar" - a landslide circus in which several active landslides
are located. Since their boundaries overlap, it is difficult to differentiate them from
each other. Even for some of the investigated landslides located in this area a
smaller landslide could be delineated inside them. This phenomenon can be seen in
Fig. 6. In this figure the registration codes of every landslide are shown as they
appear in the landslide register maintained by MRDPW and the boundaries of the
separate landslides are shown in different colours.

The landslide "Fara" located between the village of Kranevo and the
touristic resort "Panorama™ covers only the low stage of the circus (Fig. 6). This
landslide assigned identification number VAR 02.54145-01-17 in the register of
landslides in the Republic of Bulgaria activated on October 13" 2012, destroying
the lighthouse and villas. The landslides and collapses in this area that activated in
2013 are largely attributed to the human activities that took place in the last

Twenty years mainly the illegal construction, as well as to the fact that the
requirements for civil engineering were not respected. For example, instead of
building small bungalow houses two- and three-storey buildings were erected. In
some of them, swimming pools have been built whose waters flow down the slope
of the landslide. Those flows had very serious impact, as the water from the said
pools flows down the slope where there is no drainage. Water supply network
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accidents often occur there, because landslides that tear water mains slip and, in
turn, water — regardless of its origin (from the water supply system, rains, or pools)
leads to activation and development of landslide and collapse processes.

Fig. 6. ID codes from MRDPW register and the boundaries of the investigated landslides
in the area of "Fara" landslide

In this research, the authors set their attention on a landslide located in the
investigated area — "Dalgiya yar" — “Fara”. This specific object was selected since
only for it data from previous geodetic measurements and geological observations
were made available. This fact made possible the comparison between the in situ
data and data obtained from satellites. For landslide ‘“Fara” two measurement
cycles were carried out in years 2013 and 2018 of a network consisting of 8 points
located on the road 1-9 above the landslide. The geodetic data of these points were
obtained from Geozashtita Varna Ltd. According to the Contract Ne RD-02-29-
372/11.11.2013 under the Law on Public Procurement for Execution assigned by
the Ministry of Regional Development to the contractor "Survey Group" Ltd. with
subject "Geodetic survey of landslides between bus stop Fara and bus stop Obzor,
and Kranevo village" (Fig. 7) [9-11].
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Fig. 7. Geodetic network used by Survey Group Ltd.
for determination of displacements along the road (colored in blue)

Fig. 8. Points of the new geodynamic network in and around the landslide "Dalgiya yar”
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For this specific study a geodynamic network covering the landslide area
"Dalgiya yar" — “Fara” (Fig. 8) was established by the authors. It consists of 30
stabilised points with some being metal pipes 35 cm long, while other are metal
bolts nailed in the rock. The GNSS measurements were carried with 2 receivers of
type CHC i80 GNSS with horizontal precision 2.5 mm + 0.1 ppm RMS and
vertical 3.5 mm + 0.4 ppm RMS and 1 receiver - P3E GNSS sensor used for
reference station. The static mode was applied for the GNSS measurements. The
two stations of the permanent GNSS network (Varna, Krushartsy) maintained by
the private company GeoVara Ltd. and located in the non-deformable zone of the
landslide were used as stable points. The newly established geodynamic network
(Fig. 8) located inside the landslide will be measured once a year. In the mentioned
geodynamic network "Dalgiya yar" all old six points that were found on the terrain
from the network used to monitor deformations along the road (blue colored in
Fig. 7 and Fig. 8) are included. The first measurement cycle of the geodynamic
network was carried out on June 19-23, 2019. Thus, it is the third cycle of
measuring the deformations along the road. The results of the GNSS measurements
were processed using "CHC Geomatics Office 2" software in the coordinate system
WGS84. Since the point coordinates from the measurements made in 2013 and in
2018 are in the national geodetic system 1970, K-7, the software "BGSTrans" was
used to transform the points obtained in 2019 into it. This process was done in
order to able to use the data in the next processing.
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Fig. 9. Horizontal displacements for the period 2018-2013
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Fig. 9 illustrates the horizontal displacements of 8 points along the road
I-9. The largest displacements for the area under consideration were found in the
southwest part of the site. The horizontal displacements shown in Table 1 were
obtained from the measurements conducted in years 2013, 2018 and 2019.

Table 1. Horizontal (AD) and vertical (AH) displacements for the periods 2018—2013 and
2019-2018

Point number 2018 — 2013 2019 - 2018

old new AD, [m] AH, [m] AD,[m] AH, [m]

2008 101 0.607 —0.088 0.085 —0.056
375 102 1.034 —0.465 0.094 —-0.072
2002 103 0.648 —-0.375 0.148 —0.054
1004 104 0.242 -0.068 0.105 -0.074
2004 105 0.092 0.019
1005 0.164 -0.038

1003 0.159 0.017

1001 106 0.139 0.054 0.087 —-0.037

Horizontal deformations obtained for the period 2013-2018 along the road
I-9 are in the range from 0.61 to 1.04 m and vertical ones are in the range between -
0.088 up to 0.465 m. It was established that the overall movement of the terrain
located in the southwestern part of the area after a turn of the road 1-9 (points 2002,
375, and 2008). The maximum displacements are at the point 375 — horizontal
1.034 m and vertical —0.465 m. In the northern part of the road 1-9 (points 1001,
1003, 1004) slight movements of the terrain were obtained that are in the range
from 0.139 m to 0.242 m in the horizontal plane and from 0.05 to —0.07 m in
height.

For the 11" period (2018-2019), which is only 10 months long, the
deformations have lower values ranging from 0.085 to —0.148 m in the horizontal
plane and in vertical the maximum is 0.074 m.

The obtained first results of the landslides investigation presented in this
paper can be summarised as follows:

1. Extensive research was performed on the recent activations of
landslides and old and new geodetic data concerning the deformations
were selected;

2. A local image archive of Sentinel-1 satellites was created for the
region of Northeastern Bulgaria;
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3. A set of interferometric images was created at fixed intervals -
monthly, every 4 months, 8 months, a year;

4. Thematic interferometric images used in mapping deformations for
the region of Northern Black Sea coast are generated,

5. The relationship between geodetic and satellite derived
information concerning ongoing landslide processes is confirmed.

Conclusions

On the basis of the obtained results from processing GNSS and SAR data,
it can be concluded that both used data sources lead to similar results (the
registered displacements are in the range of centimeters) and they confirm the
overall behaviour of the landslides under study. The differences between them
could be explained by the large number of external factors affecting SAR data such
as vegetation and temporal decorrelation. When comparing the two methods, it
should also be taken into account that the values of the IFIs elements correspond to
a much larger area (15 x 15 m), while the GNSS refers to point measurements.
Nevertheless, the results of this study are encouraging and the authors will continue
their research on the investigation of the landslide zones using SAR data. Another
factor that supports the usage of IFIs in landslides investigation is that the price and
the man effort are much lower than those necessary for GNSS measurements.
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HPUJIOKEHUE HA TAHHUM OT 'HCC U1 PCA 3A MOHUTOPUHI'
HA CBJIAYHMIIIA 110 YEPHOMOPCKOTO KPAHBPAXKHE
HA BBJII'APUSA

M. Amanacoesa, X. Huxonos, K. Bacunesa

Pe3rome

CBlayuOIHUTE MPOLECH CE€ CUMUTAT 332 OCHOBHA 4YacT OT HPUPOJIHUTE
ONACHOCTH, BH3HUKBAILM B CEBEPHATa 4acT Ha OBITapCKOTO YEPHOMOPCKO Kpaii-
Opexue. TeXHUSAT MOHUTOPUHT MOXE J]a CEe peallu3upa ¢ BUCOKA TOYHOCT, KaTo ce
M3MOJ3BAT JaHHH OT II0aTHN HaBuranuoHHU ciibTHUKOBU cuctemu (I'HCC). Len-
Ta Ha TOBA U3CJICJIBAHE € J]a IPETOCTABH HAJECKIHU PE3YITATH TP MOHUTOPHHT Ha
CBIAYMINHUTE TIporiecH, m3nomsBaiiku nanan oT [[HCC u pamgapu ¢hC CHHTE3WpaHa
aneptypa (PCA). Ta me O0bae mocTuraara upes mpuiaraHe Ha: 1) ch3zgaBaHe Ha
JI0Ka3aHa METOJMKa 3a M3BIMYaHE Ha BHCOKOKauecTBeHa MH(popmanus or PCA
n300paXKeHusl, HaCOYeHa KbM HEMPEKbCHAT MOHUTOPHHI HA CBIIAYMILHHUTE 30HHU,
uHTerpupamm narepdepomerprann nzoopaxkenus (MOU) u nanuan or THCC, u 2)
ch3laBaHe Ha padoTel] MPOTOTHUII Ha MHPOPMAIIMOHHA CHCTEMa 3a HaOJIIo/eHHE U
NpeNoTBpaTsBaHe Ha eQeKTHTE OT ABIKCHHETO Ha 3eMHara Kopa (CBiauuiia,
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nponajanus u Jap.) Oa3upaHa Ha CBOOOJHO JOCTBHITHH JAaHHU IMPEIOCTABCHU OT
EKA v HanuoHamHW W3TOYHUIM. EnHA OT Hay4yHHTE 3aJlaud, KOUTO TpsOBa 1a
OBJaT pEIIeHU BKIIOYBA pa3pa0OTBAaHETO HA METOJOJOTHYHMA TIOAXOIH 32
CpaBHEHHE Ha pe3yiTaTuTe OT KOMOWHUpaHa 00paboTka Ha WHTEpPepoMeTpHIHI
n3oopaxenus ot PCA, u3mepBanus oT HallMoHaNHaTa Mpexa nepmadentau [THCC
cTaHIMM Ha HaruoHanmHHs WHCTUTYT O TeodH3HKa, reoje3us W reorpadus,
HaAMHpAI¥d Ce B W3CJICABAHUS PAlOH, KAKTO M TEOJE3UYCCKU W3MEpBaHHS Ha
HOBOCBH3/Ia/IcHa TECTO-Ba IeOJJMHAMUYHA MPEKa, 00XBalllallla KOHKPETHa 30Ha 110
CeBepHoTo UepHoMopHe Ha bhirapus, B KOSTO ca MPOSBEHU aKTUBHU CBIIAYUITHH
MPOIIECH.
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