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Abstract

Geodetic/geodynamic benchmarks, equipped with both ascending and descending radar corner reflectors, and a method for integrated
INSAR and GNSS/GPS network observation were developed and applied as the continuation of the former geodetic monitoring at the
Dunaszekcs6 landslide, Hungary. The attempts to apply InSAR technologies using archive and Sentinel-1 data practically failed on the
most intensive landside areas (“Var” and “Szent Janos” hills), where proper persistent or distributed scatterers were not found.

Our concept solved this problem, where the Simple Look Complex (SLC) images are used to interpolate the movements between two
GNSS network observations using the integrated benchmarks and the method of Kalman-filtering.

Since the InSAR line-of-sight (LOS) changes are barely sensitive to the north movements, this information is essentially provided by
GNSS measurement alone, moreover, the GNSS measurements are used to: a) identify the benchmarks, b) detect the unwrapping
errors and missing cycles and c) provide the boundary values of Kalman-filtering.

After the installation of benchmarks three GPS observations were carried out and 69 ascending and 61 descending Sentinel-1 A and
B images were processed.

The data processing properly indicated the general movement history, which fit the curves of former geodetic observations, as well.
The dense data points of the East and Up (vertical) components made possible more detailed geomorphologic interpretations of the
ongoing process between two GPS observations.

During the investigated periods the deceleration of movements was experienced, however, the deceleration of the dormant state

needs the continuation of the monitoring.
Keywords
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1 Introduction
The National Cadaster of Surface Movements [1] contains
maps and descriptions of approximately 1,000 poten-
tially dangerous areas in Hungary. One of the most excit-
ing groups is the recurrent landslide along the right banks
of River Danube, which are known since Medieval and
Roman times. Over the last 2,000 years a bluff retreat of
5—-15 m per 100 year was estimated by Loczy et al. [2, 3].
During the last decades several studies were carried
out to understand the ongoing processes of bank failures
(e.g., [4—13]). These studies were performed usually after
the main events applying geomorphological procedures.
The first published geodetic monitoring of a recent
landslide was carried out in Dunaszekcsd, nearly from
the beginning of the reactivation in 2007 [14, 15]. Precise
geodetic and GPS monitoring measurements were done

using a network of stable and moving geodetic bench-
marks. These investigations revealed the different phases
of the landslide progress and indicated a correlation with
groundwater level. The layers affected by higher ground-
water table were able to move into the riverbed governing
the speed of the dominantly sinking process.

Although this technology provides three-dimensional
movements in mm level accuracy, the repeated measure-
ments of the networks are very time consuming and expen-
sive. These measurements were supported by scientific
funds between 2007 and 2012. However, this landslide pro-
cess is still active.

The application of permanent GNSS networks would pro-
vide even more accurate movement histories, but at a sig-
nificantly higher cost, therefore it is not a reasonable choice.
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The next promising technology is Satellite Radar
Interferometry (InSAR), but at the beginning the pur-
chase of SAR images was very expensive. Before ESA
(European Space Agency) released the archive (ERS-1,
ERS-2 and ENVISAT) images, the free access of data was
connected to scientific project proposals. The advent of the
ESA Sentinel-1 mission solved this problem, because the
registered user could download the images free of charge.

InSAR seems to be a more convenient technique, where
the processing of the images is carried out in the offices; how-
ever, the field validation of the result may be very important.
Besides the advantages there are some limitations, as well.
In the case of former ESA missions the revisit cycle was 35
day and the larger baselines caused a very fast decorrela-
tion of interferograms in time and space. This problem is
also solved by Sentinel-1 A and B satellites (revisit cycle
is 6 day, and the diameter of the orbit tube is only 150 m).
Furthermore, there are still vegetated areas, where proper
persistent or distributed scatterers cannot be found.

InSAR technology can estimate accurate (1 mm— 1 cm)
surface movements in satellite line-of-sight (LOS) direc-
tions along ascending (ASC) and/or descending (DSC)
satellite passes, which are acquired in different epochs.
The combination of ASC and DSC movements can estimate
only vertical and east-west movements [16]. Additionally,
there are only a few scatterers, which probably can be
observed from both directions even over densely popu-
lated areas. Since InSAR is a double range technique the
changes between two measurement epochs should be less
than half wavelength (in case of Sentinel-1 ~28 mm), oth-
erwise there are missing cycle in the time series.

In spite of the limitations there are numerous success-
ful attempts to monitor landslides or other surface move-
ments if optimal environmental conditions and proper
data processing software are available (e.g., [17-27]).
In these investigations usually geometric models of the
investigated phenomenon (e.g., slope parameters) are used
to compensate the geometric deficiency of ASC and DSC
LOS movements.

There were also attempts to investigate the recent
landslide area in Dunaszekcsé using InSAR technol-
ogy. During the international DORIS project [28] ERS-1,
ERS-2, ENVISAT, ALOS and Terrasar-X images were
analyzed. Unfortunately, proper scatterers were not found
on the moving blocks. Only the processing of Terrasar-X
images found four scatterers down at the foot of the mov-
ing bluff indicating 8-15 mm vertical sinking between
May 2012 and Jan 2013 [29].
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Sentinel-1 images were processed during the active
period by Kovacs et al. [30]. This investigation concen-
trated on the InSAR processing technology estimating
average ASC and DSC velocities by ScanSAR software.
Although Sentinel-1 images were processed, only two per-
sistent caterers were found to the south of the most signifi-
cantly moving part of the "Var" hill area.

Considering our geodetic experiences and the char-
acteristics of InSAR technology we designed and inves-
tigated integrated geodynamic/geodetic benchmarks
together with a proper processing strategy supported by
an ESA PECS project.

In the following sections, we shortly introduce this meth-
odology, demonstrate the results of landslide monitoring
of "Var" hill area in Dunaszekcs6 and propose an optimal
monitoring strategy for important and dangerous areas.

2 Methodology and the used devices
2.1 Study area and the monitoring network
In this study the "Var" hill area of Dunaszekcs6 is inves-
tigated (Fig. 1), where former geodetic measurements
[14, 15] and landslide fracture zone investigation [31, 32]
were carried out by our institute.

There are numerous papers describing the geological
and geomorphological setting of Dunaszekesé (e.g., [8, 30,
33-37).

Fig. 1 The elevation model of "Var" hill and the monitoring network
in two blocks (SB and SMB). The black circles show the geodetic
benchmarks of the first observation period while the new benchmarks
are signed by white circles. The two triangles are the borehole tiltmeters
and the name of collocated integrated benchmarks is given in brackets
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The main characteristics of this area are shortly sum-
marized. The basement is Jurassic limestone located at
200-250 m below the surface, which is covered by clayey
and sandy sediments formed in the Upper Miocene and
the Pliocene. These sediments are about 70 m deep under
the "Var" hill. The highest point is 142 m, and the nearly
vertical loess wall (20-30 m) is above the former slopes
(1020 m), which consists of reworked loess from past
landslides and fluvial mud, sand and gravel deposits of the
Danube. The ground water is recharged from percolated
rainfalls and the Lanka Stream, which resides in the lower
part of the young and more porous loess deposits. These
slopes can be recognized in Fig. 1, where the benchmarks
of former geodetic investigations are also presented.
The SB block is bounded by scarp edges (solid lines) of the
intensive subsidence on 22.02.2008 (~6—8 m sinking in
a few hours, which was corrected in the elevation model).
The second block (SMB) started to move slowly in 2009
bounded by dashed lines.

To compensate the still present fast decorrelation in
time of Sentinel-1 images caused by the environment,
integrated geodetic benchmarks (IBs) were designed and
installed at the study area. The theoretical and practical
investigations of IBs are presented in Banyai et al. [38].
The 1 m? reinforced concrete basement of IBs holds trun-
cated trihedral triangle corner reflectors (oriented to both
ASC and DSC directions), reference adapter for geodetic/
GPS measurements and other marks to control the possible
tilt of the IBs at moving areas (Fig. 2). This arrangement
assures the common application of ASC and DSC LOS
series, which can be controlled by GNSS observations.

Fig. 2 One example of collocated traditional (2005) and integrated bench-
mark (IB2). The left and right corner reflectors are illuminated by ascending
and descending SAR observations, respectively. The rod in the middle is
the reference geodetic adapter. The relative positions of the phase centers
and other marks are measured precisely to compute tilt corrections

The new monitoring network consists of the former
reinforced concrete pillars placed on "stable" areas (points
100, 200, 300, 400 (Fig. 1) and 500). Close to the points
400, 2005, 1004 and 1006 four IBs were deployed in 2016
(Fig. 1). This ensures the continuity of the collocated
benchmarks, since their relative positions were measured
by GNSS in 2016. The points 2005, 1004 and 1006 were
established in 2009 after the intensive subsidence epi-
sode. Their former GPS derived movements together with
point 1000 were used for the interpretation of the results.
All the GPS derived changes are shown in Fig. 3. Point
1000 started to move only after the intensive subsidence
similarly to 1004 and 1006.

Despite the unfavorable circumstances the selected
points can be measured properly by GPS/GNSS technique
and can be illuminated by both ASC and DSC Sentinel-1
passes.

2.2 Data processing and the available data

In an early stage of InSAR applications one interferogram
derived from two images were used to estimate the rel-
ative line-of-sight (LOS) changes. This technology pro-
vided very useful information in areas of large earth-
quakes and volcanos characterized by very low spatial
and temporal decorrelation. In subsequently developed
processing methods a stack of interferograms were used to
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derive average LOS displacement velocities, where aver-
aging was used to filter the error sources. In recent times
the different versions of Persistent Scatterer and/or Small
Baseline Interferometry are the preferred method, which
select and process only those pixels, which possess a selec-
tion of preliminary requirements (e.g., high coherence and
low phase noise). In addition to the average velocities, the
LOS time series are also provided.

Based on the integrated benchmarks we have developed
the ISIGN (Integration of Sentinel-1 Interferometry and
GNSS Networks) procedure and software package [39].
The computation process is based on the geo-referenced
"normalized power", "coherence" and "diff" images pre-
processed by the Gamma DIFF&GEO software [40].
The LOS displacements series are estimated by StaMPS/
MTI (multi-temporal InSAR) software, which does not
require a preliminary deformation model [41]. The pix-
els dominated by IBs are identified using the normalized
power images and the GPS derived positions.

The ASC displacements are interpolated in the epochs
of DSC data and vice versa, together with the epochs
of starting and closing GNSS observations. The differ-
ences of ASC and DSC LOS displacement series (com-
puted between "stable" IB1 and "moving" IB2-4 points)
are processed by Kalman-filter estimating north, east and
up components together with their instantaneous veloci-
ties. In this strategy the displacements between two GNSS
measurements are interpolated using ASC and DSC LOS
data, therefore the number of GNSS measurements can be
limited to a reasonable level.

During this investigation the tilt measurements and the
GPS network observations were carried out in 28.09.2016,
26.04.2017 and 08.11.2017. Altogether 69 ascending
(between 2016.09.12 and 2017.11.18) and 61 descending
(between 2016.09.16 and 2017.11.16) Sentinel-1 A and B
images were processed. Three bursts of one Sub-Swath
(IW1 or IW2) of the SLC images were selected, which
cover the investigated area. No multilooking was applied
and only the pixels dominated by IBs were processed by
ISIGN. According to the ratio of average normalized pick
power of selected pixels and their near background 0.3 mm
precision of LOS data can be expected [38]. The computa-
tions were carried out in two intervals.

3 Results

For the demonstration of capabilities of integrated bench-
marks the averaged and normalized ASC and DSC power
images are presented between 26.04.2017 and 08.11.2017
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in Fig. 4. It is clearly visible that the pixels of peak pow-
ers are dominated by IBs producing ghost scatterers in the
nearby pixels, as well.

The numeric identification is carried out in one step
using combination and permutation calculation, which
is based on the minimum dispersion of the distances
between the candidate pixel and GPS derived positions.
The small differences of identified pixel positions are
the consequence of different geometric positions of ASC
and DSC master image and the errors of SRTM elevation
model applied during the georeferencing of images.

The LOS displacement series and velocities estimated
by StaMPS are basically referenced to the mean value of
the whole investigated area. As usual in InSAR processing
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a reference pixel (or pixels of reference area) is selected
for the interpretation of the results. In our case the "stable"
IBI1 is selected as reference and its phase values are sub-
tracted from IB2, IB3 and IB4 phase values. The relative
velocities estimated by StaMPS are given in Table 1.

There is no need for great skill to conclude that these
relative velocities cannot provide the displacement mea-
sured by GPS (Fig. 3). One might conclude that this tech-
nology doesn't work even in the presence of corner reflec-
tors. Nevertheless, the LOS displacement series compared
to GNSS derived LOS values can be used to reconstruct
the displacement trends.

For the demonstration of manual procedure to correct
the missing cycles the ascending IB4-IB1 data (between
26.04.2017 and 08.11.2017) were selected (Fig. 5). The
curve of small circles presents the LOS displacements
after the feasible unwrapping errors were numerically cor-
rected. This correction significantly improved the velocity
(~150 mm/y), but the curve is not as monotonic as it would
be according to Fig. 3, and approximately -90 mm is miss-
ing to approach the GPS derived LOS displacement.

If the LOS displacements between two consecutive
epochs are larger than the half wavelength (~28 mm), the

Table 1 Relative velocities estimated by StaMPS

Time 28.09.2016 - 26.04.2017  26.04.2017 - 08.11.2017
intervals:
Orientation:  ascending descending ascending  descending
velocity: (mm/year) (mm/year) (mm/year) (mm/year)
1B2 - IBI -5.76 6.06 -13.5 -6.88
IB3 - IB1 -3.14 0.54 1.01 0.47
1B4 - 1B1 -1.29 0.05 -2.02 -0.09
© Corrected LOS © Original LOS —— oNss
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Fig. 5 Estimated and reconstructed LOS displacements of IB4-1B1
ascending curve and the linear GNSS trend (mm) between 26.04.2017
and 08.11.2017

missing cycles cannot be computed similarly to unwrap-
ping procedures. Nevertheless, the opposite movement
(jumps), which does not fit to the overall tendency, may
indicate the possible positions of missing half wavelength,
which can be manually corrected. (In Fig. 5 three values
were modified.) The manual correction is a usual method
in practical InSAR applications [24].

After the manual corrections, when the InSAR and
GPS derived LOS changes are as near as possible in the
epochs of GPS measurements, the ASC curves are inter-
polated in the epoch of DSC curve and vice versa together
with the epoch of starting and closing GNSS observations.

The interpolated ASC and DSC curves between two
GPS measurements (starting with zero values) are given in
Figs. 6 and 7. In the second interval the deformations are
~50% smaller.

After the manual corrections the differences between
the InSAR and GPS derived LOS values are only few mm,
typically less than 10 mm, therefor in the Kalman filter
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procedure the estimated local coordinates (North, East
and Up) are fitted to more accurate GPS derived displace-
ments as boundary values.

The results of Kalman-filtering are plotted in Figs. 8—10
covering the whole investigated time period. It is clear that
the north movements are basically provided by GPS obser-
vations and the straight lines are identical to those in Fig. 3.

4 Discussion

The velocities in the first period (Table 1) are similar to
Kovacs et al. [30], where two persistent scatterers were
found south of the "Var" hill indicated negative ASC and
positive DSC velocities. During this investigation between
2014 and 2016 July, the IBs was not yet installed, therefore
the results cannot be compared directly.

ISIGN processing revealed that there were missing half
wavelengths in the relative curves, which could lead to the
misinterpretation of the velocities. This is a consequence
of the unwrapping errors and the movements larger than
the half wavelength in the revisit cycle.

There were larger discrepancies in the first observation
period, but fortunately it was possible to recover the curves
by manually correcting the unwrapped deformations. This
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is of course not an exact solution, but our former experi-
ences were used to provide feasible solution. In the second
period only, a few manual steps were needed which is the
consequence of the decelerated movements. In the case of
more rapid movements the InSAR technologies cannot be
used at all.
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The main point of the ISIGN procedure is the use of
GNSS observations which provides the boundary values
for the Kalman-filter. Since the ascending and descending
displacements are not sensitive to the north movements
the north components are estimated basically by GNSS
observation. Fortunately, in this case the north component
of the deformations are small (1-5 cm).

The GPS derived curves (Fig. 3) indicate the decelera-
tion of the movements in the last two periods and the esti-
mated curves (Figs. 8—10) fit to the GPS data.

Both the East and Up (vertical) curves indicate differ-
ent movement tendencies, which cannot be described by
one average velocity.

In the case of Up components four subsidence periods
can be distinguished at all points:

1. 2016 Oct — 2016 Jan: nearly linear fast movements,

2. 2016 Feb — 2017 May: nearly linear, but slower move-

ments,

3. 2017 June—July: acceleration of the movements,

4. 2017 Aug—Oct: deceleration to nearly stationary state.

In the case of smaller East components, the curves are more
complex:
1. 2016 Oct—Dec: nearly linear fast movements at all
points,
2. 2017 Jan—Apr: opposite movements started, then
retained at points IB2 and 1B4,
3. 2017 Jan—June: very small linear movements at point
IB 3,
4. 2017 July-Oct: after a short growth very small move-
ments nearly to the stationary state at all points.

The contradictory movements of points IB 2 and IB 4
in the East components may be explained by the tilt of
the creeping plate affecting the escape of the deep plastic
materials into the Danube.

5 Conclusions

The integrated benchmarks (Fig. 2) and the ISIGN proce-
dure proved to be a useful approach to investigate land-
slides, or other surface deformations, where the traditional
InSAR processing cannot be applied. The combination of
a sparse GNSS observation and the processing of more
frequent Sentinel-1 images compensate their disadvan-
tages. The GNSS measurements can be used to identify
the pixels dominated by IBs; to provide the boundary val-
ues of Kalman-filtering and estimate the north movements,
which cannot be determined by InSAR technologies.

If the movements are partly larger than the half wave-
length between two consecutive epochs the manual steps
may help to reconstruct the movement process. Of course,
it does not work if the changes are very fast, but the results
of GNSS measurements can be used itself, as well.

Despite the very sophisticated InSAR technologies the
results may be misleading if there is no proper field control.
Fortunately, the north components are the smallest in this
area; however, there may be more significant in other cases.

The six-day repeat cycle of Sentinel-1 satellites pro-
vides a detailed movement history, which demonstrated
several movement periods of Up (vertical) and East com-
ponent that are very useful in the geomorphologic inter-
pretation of the landslides.

In the case of important and endangered areas the intro-
duced procedure may be a useful monitoring technology:

* At the first step optimal IBs network should be
planned, established and initially measured by
GNSS network technology.

* In the next step the SAR images can be processed.

o If the InNSAR processing indicates probable move-
ments, the GNSS network observations have to be
repeated and the data processing have to be carried out.

» The last two steps need to be repeated according to
the experienced movements.

The repeat cycle of GNSS network observation depend on
the magnitude of experienced movements, which ensures
minimal user interactions during the data processing.
During the network planning it is reasonable to study
several important aspects:
* fracture zone investigation to define stable and
potentially moving parts,
» estimation of average normalized radar background
power using available Sentinel-1 images.
» control of GNSS satellite configuration and the visi-
bility of ASC and DSC Sentinel-1 passes.
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