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Abstract. As a tool for high precision deformation monitoring in broader areas, interferometric (In-

SAR) time series of space-born Synthetic aperture radar (SAR) imagery are used. Nowadays, ERS, 

Envisat archives and Sentinel-1 images are open for the public to analyse slow moving landslides ac-

tivated between 1990 and 2017. Since Sentinel-1 satellites are considered to be the workhorse of EO 

by the ESA during next decades, it is important to assess its applicability in landslide monitoring 

and mapping. In this paper, the southern part of Dunaszekcső village was analysed with PSI inter-

ferometric stacking algorithm, using SAR imagery. The advantages and limitations of the applied in-

terferometric stacking techniques and sensors have been analysed, such as the movement history 

of the test site between 1992 and 2017. It was proven that Sentinel-1 PSI scatterers far exceeds the 

spatial coverage obtained by earlier sensors. Two orbital geometries of Sentinel-1 enabled larger 

spatial coverage and extract 2D displacements. The comparison of the two geometries, however, 

was only possible for small surfaces in the area of interest. The displacement data in the central part 

of the study site indicate the subsidence of the sliding block along the escarpment and in the east its 

movement towards the Danube. This displacement then triggered the uplift of the floodplain edges, 

or generated a slight eastward displacement.
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INTRODUCTION AND OBJECTIVES

Remotely sensed data (othophotographs, LiDAR imagery and GPS measure-

ments) are highly instrumental in mapping and monitoring landslides (G l a d e 

e t  a l. 2005). However, non-optical satellites, employing radar signals, have been 

more frequently used in surface deformation studies. Since the launch of SEA-

SAT satellite equipped with Synthetic Aperture Radars (SAR) in 1978, such ana-

lytical approaches became widespread. The ERS satellite mission began in the 

early 1990s, then Envisat satellites were put into operation in the 2000s. These 

satellites were the pioneers of  high resolution observation and monitoring 

of land deformations and the development of interferometric systems. With the 
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visualization of the imagery taken at C-band slow, extremely slow and extensive 

landslides also become detectable (Wa s o w s k i, B o w e n g a  2015).

Conventional analytical techniques, like interferometry (InSAR) or differen-

tial interferometry (DInSAR) use the coherence based on satellite image pairs to 

monitor motions. Coherence and phase difference are also the major attributes 

of other advanced analytical techniques. Nonetheless, the efficiency of InSAR and 

DInSAR systems is limited by several factors. Spatial and temporal coherence 

and motion data are regularly mitigated or corrupted by temporal decorrela-

tion, atmospheric noise and topography (H e i n  2004). With advanced interfero-

metric stacking methods, a series of SAR images are analysed at the same time, 

enabling the elimination of the majority of the above-mentioned issues (atmo-

spheric noise and the effect of topography). A widely used algorithm of this type 

is persistent scatterers (PS), introduced by A. F e r e t t i  et al. (2001), which has 

become one of the standard procedures in landslide mapping and monitoring.

The Copernicus Program of the European Space Agency, and the Sentinel 

satellite family launched within that framework, opened a new era in Earth ob-

servation. Sentinel 1-A satellites take images of the Earth surface at a 12 day 

interval. It was shortened to 6 days by the Sentinel 1-B mission. New advanced 

sensor and imagery techniques as well as the novel, modified orbital geometry 

(low base line and orbital tube) provides many challenges for the analysers. 

Therefore, we have limited information available on the accuracy of the interfer-

ometric methods (H e r r e r a  et al. 2010; H e r r e r a  et al. 2013; C h e n  et al. 2014; 

S i n g l e t o n  et al. 2014; To m á s  et al. 2014; S o w t e r  et al. 2016;) and their role 

in landslide mapping and monitoring.

During the Middle Pleistocene, the main flow direction of the Danube turned 

to south and induced active erosion along the edge of the Mezőföld and the South 

Baranya Hills (P é c s i  1959). As a consequence, a series of 20 to 60-meter-high 

bluffs were formed along the right bank of the Danube. The total length of the 

high bluffs reaches 86 km (K e n e s e i  et al. 2005). The high bluffs are composed 

of Late Miocene (Pannonian) lacustrine (clayey and silty) sediments, Pliocene 

red and reddish clays and Pleistocene loess and paleosol series (P é c s i  1956, 

1959). The extremely high phyllosilicate (illite, montmorillonite and kaolinite) 

content of the sediments, the water saturation and undercutting due to the prox-

imity of the Danube create ideal circumstances for the generation of landslides. 

These processes intensely shape the high bluffs along the right bank of the Dan-

ube (K a r á c s o n y i, S c h e u e r  1972). To date, geomorphologic research has 

focused on the active development of the high bluff section between the villag-

es of Kulcs and Rácalmás and especially at the village of Dunaszekcső (Ú j v á r i 

et al. 2009; B a l o g h, S c h w e i t z e r  2011). In the 1970s and 1980s researchers 

were primarily concerned with the general description of the mass movements 

(S c h m i e d t  1966; E g r i, P á r d á n y i  1968; T ó t h n é-S c h e u e r, Ve r m e s  1968; 

K é z d i  1970; P é c s i  1971; H o r v á t h, S c h e u e r  1976; F o d o r n é  et al. 1981). 

Several papers strived to trace the triggering factors behind these geomorphic 
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processes (K a r á c s o n y i, S c h e u e r  1972; G y ö r k é  e t  a l. 1975; H o r v á t h 

et al. 1975; H o r v á t h, S c h e u e r  1976; S c h e u e r  1979; F o d o r n é  et al. 1981). 

Only sporadic information is available on the geomorphic evolution of the high 

bluffs today, since monitoring stations for the temporal tracking movements 

were only established in the town of Dunaújváros and the village of Dunasze-

kcső (Ú j v á r i  et al. 2009; B u g y a  et al. 2011; B á n y a i  et al 2014; K o v á c s 

et al. 2015). Monitoring, however, has only covered relatively small surfaces and 

is generally based on field survey methods (geodetic data acquisition and DGSP 

measurements). Nonetheless, scientific analyses of remotely sensed data, with 

the exception of the work of C. Del Ve n t i s e t t e  et al. (2013) on the Rácalmás 

high bluffs, have not yet been carried out in Hungary. Although major efforts 

and financial resources have already been invested by local governments into 

the stabilization of the actively moving sections of high bluffs, due to the limited 

availability of scientific data and the low coherence of the high bluffs, the predic-

tion of the rates and locations of future movements remains unsolved.

The objective of the current exploratory study was to adopt freely-available 

C-band SAR images for the mapping and monitoring of the stability of the land-

slide-prone high bluffs at Dunaszekcső. We also aimed at exploring the spatial 

and temporal behaviour of the detected deformations.

 SITE DESCRIPTION

The southernmost member of  the Hungarian high bluff series along the 

Hungarian reach of the Danube is the Mohács-Báta high bluff series, formed be-

tween the depressions of Sárköz and Mohács, and stretches for a length of about 

15 km (M o y z e s, S c h e u e r  1978; D ö v é n y i  2010). The village of Dunaszekcső 

is situated in the central part of the high bluff series. The most elevated part 

of the high bluffs, the Vár Hill, is situated in the northern part of the village at an 

altitude of about 140 meters a.m.s.l, about 60 meters above the mean water lev-

el of the Danube (Fig. 1). To the north and the west of the high bluffs the Lánka 

Stream flows into the Danube. No river terrace has been formed anywhere be-

tween the Danube and the high bluffs along the Dunaszekcső study site. There-

fore, here the evolution of the high bluffs is directly influenced by the Danube.

South of the confluence of the Lánka Stream, the loess plateau is lowered, 

and only elevated by 15 to 20 meters above its surroundings to an altitude 

of about 120 meters a.m.s.l.

The river bank in Dunaszekcső is built up of the series of Pleistocene loess 

and paleosols of 100 m thickness, superpositioned on the underlying Pliocene 

red clays and Pannonian clayey sediments positioned below the mean level 

of the Danube at 82 m a.m.s.l. (P é c s i, S c h w e i t z e r  1995). The Dunaszekcső 

site is the only member of the Hungarian high bluff series where landslides took 

place on Pleistocene sediments (M o y z e s, S c h e u e r  1978). The residential 
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areas of Dunaszekcső are located in the valley of the Lánka Stream, the adjacent 

sloping surfaces and the stable western slopes of the Vár Hill, as well as in front 

of the high bluffs on the landslide blocks to the south. Land use in the broader 

vicinity of the village is dominated by farmlands and floodplain forests.

According to F. K a s z á s  and J. K r a f t  (2009) and J. K r a f t  (2011) the first 

documented landslides in Dunaszekcső date back to the period of the second 

Fig. 1: Location map of Dunaszekcső. 1= main bluff, 2 = primarily road, 3 = secondary, tertiary and 

residential roads, 4 = residential area, 5 = endangered slope with recent landslides, 6 = loess plateau, 

7 = floodplain, island, 8 = valley
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military survey (1860s). Later, large and well-documented mass movements 

were recognized on multiple occasions in 1965, 1976, 2008 and 2011, however all 

movements were associated with the sediments of the Vár Hill. Landslides on 

the Vár Hill have occurred repeatedly since their most recent initiation in 2006. 

A nearly 0.5·106 m3 block of the Vár Hill slid almost 9 meters within few hours in 

2008 (Ú j v á r i  et al. 2009). Additional ruptures appeared in 2011 in the formerly 

stable surface behind the current block escarpment face (K o v á c s  et al. 2015). 

The southern part of the currently active block of 30 m width and 100 m long has 

moved 4 meters vertically between 2011 and 2016. The majority of the movement 

occurred in 2016 at a mean rate of 0.5 mm per day (authors’ unpublished data).

South of the actively moving zone, the older bank section was partly struc-

turally stabilized and terraced at a costs of approximately 300 million HUF (about 

1 million Euros), the removed sediments were deposited in the bottom of the es-

carpment and the slopes of the currently active block. Nevertheless, hitherto 

only the Vár Hill section of the high bluffs were analysed in details, no data on 

movement rates are available for the broader vicinity of the Vár Hill. Therefore, 

the current study aims to analyse the area south of the Vár Hill landslide. The 

landslide-affected surface covers an area of 0.358 km2 which equals to about 22% 

of the entire land surface of the village (1.559 km2).

Despite the abundance of monitored data on the Vár Hill, our research does 

not study the mass movement processes of the hill. Although interferometric 

data could easily be verified by ground measurements, still, waves are scattered 

and diverted by the dynamic changes of vegetation and only a small fraction re-

turns to the satellite, consequently loss of coherence occurs, which makes data 

unsuitable for further processing and analysis. Furthermore, with adequate land 

cover (e.g. corner reflectors placed on the landslide blocks) a sufficient level 

of coherence is maintained, while at the same time, based on our field survey, 

the rate of mass movements exceeds the wavelength-determined detection lim-

its of the sensors.

 MATERIALS AND METHODS

SATELLITE IMAGES

The available C-band ERS-1, ERS-2, Envisat-1 and Envisat-2 images were 

downloaded via the Eolisa client. The 41 ERS images, taken on descending orbits 

covers the period of 1992 to 1999, while 28 Envisat images of ascending orbits 

were taken between 2002 and 2010.

The mean temporal baseline (Bt) of the ERS images is around 70 days, while 

for the ascending Envisat images it was increased to 105 days (Table 1).

The Sentinel-1 mission was launched in October, 2014 therefore the mini-

mum number of 20 images that enables the successful operation of the PS proce-

dure, were already available in 2015. Twenty images, however, cover only a short 
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period of time, insufficient for the filtering of the aforementioned atmospheric 

noise. An additional problem is that many pictures were taken during the active 

vegetative phase, due to which significant coherence loss is expected. To miti-

gate the effect of the previously mentioned noises, in the current study we anal-

ysed all available time series data covering the entire 3-year period.

The Sentinel-1A single look complexes (SLC) acquired in Interferometric 

Wide (IW) swath were downloaded from ESA’s Sentinels Scientific Data Hub 

(https://scihub.copernicus.eu). Terrain Observation with Progressive Scan SAR 

(TOPSAR) processing method was used for Sentinel-1 images. This method is dif-

ferent from the once widely employed ScanSAR (ERS, Envisat) algorithm. In this 

imaging method each satellite-acquired image is composed of multiple bursts 

(ESA 2013). Each burst overlaps with its bordering neighbours. Therefore, the 

overlap provides sufficient coverage for the entire image. During the processing 

instead of the entire image only the necessary bursts were imported; therefore, 

calculation capacity and time were significantly reduced.

The Sentinel SLCs span a period of three years (Fig. 2). Average return times 

of the satellites in Dunaszekcső site ranged between 10 to 11 days (12-day for 

Sentinel-1, later, when Sentinel-2 was launched, it was reduced to 6 days). This 

provides a unique opportunity for the detection of surface movements where 

movement rates are less than 2.8 cm per 10–11 days.

It should be noted that ERS and Envisat imagery offers a spatial resolution 

of 25 m, while Sentinel-1 sensors provide a more enhanced 15 m raw resolution 

for interferometric processing.

Ta b l e  1

Temporal distribution of the analysed images at Dunaszekcső (based on own sources).

ERS-1/2

descending

Envisat-1/2

ascending

Envisat-1/2

descending

Sentinel-1A

ascending

Sentinel-1A 

descending

Time

of imaging

First 

image
1992.06.18 2002.11.17 2002.11.01 2014.10.29 2014.10.21

Last 

image
1999.11.28 2010.09.26 2010.09.10 2017.08.26 2016.08.24

Number

of images
41 28 41 106 98

Time lapse 

between 

image 

acquisitions

Minimum 1 35 35 6 6

Maximum 548 525 350 36 48

Standard 

Deviation
92 98 66 5 7

Mean 68 106 72 10 11

Median 35 70 35 6 6
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M ETHODOLOGY

During the current study surface deformations observed in the village 

of Dunaszekcső were analysed with the SARscape 5.4.0. add-in module of the 

Envi 5.4.1 software. The persistent scatterer (PSI) procedure, built in the module, 

was carried out on the ERS, Envisat and Sentinel-1 images. The phase signals, 

acquired by SAR antennas and used for the detection of ground surface defor-

mations, are determined by the following parameters:

Δφ i( x,y) = Δφdisp + Δφtopo + Δφatm+ φres ;

where Δφ is the phase, Δφdisp = is ground displacement, Δφtopo = topography, 

Δφatm = atmospheric noise, φres = residual noise.

Topography and atmospheric noise significantly influences the detection 

of displacements. It is a major issue for the conventional InSAR and DInSAR pro-

cedures, where only a limited possibility exists for their filtering. Therefore, the 

PSI algorithm uses multiple image pairs (interferograms) for the quantification 

and the filtering of the atmospheric noise and impact of topography.

Although our research site only covers an area of a few km2, a larger area 

of about 15×20 km was used for the analyses of the satellite images. The reason 

for the use of the extended area was to enable the successful land dissection 

at grid sizes of 5×5 km in the second stage of the processing algorithm, and to 

achieve satisfactory efficiency during filtering (convolution matrixes).

To remove the topography phase and unpack the interferograms, the 

SRTM-v4 digital terrain model was used. Nevertheless, the resolution and quality 

Fig. 2. Spatial distribution of detected scatterers after data processing. A = ERS descending geometry, 

B= Envisat ascending geometry, C = Envisat descending geometry, D = Sentinel-1 ascending geometry, 

E = Sentinel-1 descending geometry, ra = residential area, sc = scarp, es = landslide-affected slope
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of the terrain model fundamentally determines the success rate of the removal 

of the topographic phase and the accuracy of the final displacement data.

The PSI algorithm used in SARScape is based on the permanent scatterer 

technique, developed by F e r r e t i  et al (2001). This algorithm in general seeks 

point-like reflective areas of distinct geometry, where coherence permanently 

maintained over the period of interest (P a s q u a l i  et al. 2014). Such objects 

typically include houses and other engineering structures in residential areas. 

Nonetheless, for the successful removal of atmospheric noise displacements 

need to be modelled which is only feasible in a linear fashion for the PSI. The 

non-modelled components are likely removed by the atmospheric filter (F e r-

r e t i . 2014). Therefore, the PSI method only provides true results for linear sur-

face displacements. In general, atmospheric noise is well correlated in space 

but poorly in time. Hence, it can be filtered with both spatial and temporal con-

volution matrixes (F e r r e t i  et al. 2000). However, by increasing the efficiency 

of noise filtering significant data loss may occur, therefore, filter setting was pre-

pared with extreme caution (365 days and 1,200 m).

For the geocoding of Sentinel-1A data a coherence of 0.75 and pixel size 

of 15 m were used, while for earlier sensors coherence of 0.62 and pixel size of 

25 meter were found the most satisfactory.

Our results are presented in the form of a 1-dimensional line of loss (LOS) 

velocities, which, with the adequate sign (negative or positive) describe at what 

velocity the object approaches or gets farther away from the position of the sat-

ellite. Velocity values calculated from multiple images were imported into GRASS 

GIS 7.2.0. and further actions were only carried out on the area of interest. Maps 

were generated in QGIS 2.16.14.

R ESULTS

SPATIOTEMPORAL BEHAVIOUR OF SCATTERERS

During the processing phase we analysed all Sentinel-1 archive resourc-

es, which meant increased processing time as the number of images exceeded 

the image numbers of the former sensors manifold. All the three sensors indi-

cate lower point densities for the area of interest than for the residential areas. 

In general, higher point densities were measured in descending geometries than 

in ascending geometries. Table 2 indicates the low point density of ERS and Envi-

sat images compared to the results of Sentinel-1. The spatial distribution of scat-

terers (obtained from three different sensors) in the area of  interest showed 

a heterogeneous pattern.

Scatterers were concentrated on the engineered structures and objects 

(Fig. 2) of the village. Only the Sentinel descending and Envisat ascending ge-

ometry provide scatterers for the uncovered part of the floodplain (labelled as 

es and indicated by arrows on Figures 2B and 2A). The best overlap was found 
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between Sentinel-1 geometries, however there are several dissected small areas 

covered only one geometry of Sentinel-1.

The displacement history of the scatterers on Figure 4 shows a marked dif-

ference among the ERS, Envisat and Sentinel-1 sensors. In the case of the Senti-

nel-1 data a relatively higher standard deviation of the data is found, while for 

Fig. 3: LOS displacements (mm y–1). A = ERS descending PSI, B = Envisat ascending PSI, C = Envisat de-

scending PSI, D = Sentinel ascending PSI, E = Sentinel descending PSI, 1 = residential area, 2 = landslide-

-affected slopes, 3 = scarp (edge of high bluff), 4 = contour line (2.5 m increment), a - j = displacement 

zones, f = abandoned houses, lm1 – lm2 = zones of lateral movements, s1 – s3 = zones of subsidence
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the earlier sensors this value is significantly lower. The deviation of the Senti-

nel-1 data is around a few mm, which is likely induced by the thermal expansion 

of the scatterers.

DETECTED DISPLACEMENTS

Sentinel-1 ascending and descending data indicate a higher degree of over-

lap than in the case of the earlier sensor designs. Hence, description and inter-

pretation of spatial blocks with different movement trends were done according 

to Sentinel-1 results. Velocities derived from ERS and Envisat imagery were con-

sidered additional data, which could extend time series of points and provide 

long term movement history of the identified blocks in case of spatial overlap 

with later imagery.

At the bottom of the high bluffs three groups of scatterers were identified 

(s1, s2 and s3 on Figures 3D and 3E) which move away from the sensors in both 

geometries. Area s1 moves away from the sensor at a velocity of –2.5 mm y–1 in 

ascending geometry, while this value increase to –3.5 mm y–1 in descending ge-

ometry. Area s2 moved at velocities of –3.5 to –2.5 and –2.5 mm y–1 in ascending 

and descending geometry, respectively. Area s3, located north of area s2 moved 

at a velocity of –2.5 mm y–1on the ascending orbit and at –2.0 mm y–1 in descend-

ing geometry. Scatterers has been moving away at a uniform velocity from the 

Sentinel-1 sensors. Therefore, we may assume the presence of a series smaller 

subsidence units (s1, s2 and s3 on Figure 3D and 3E). Unfortunately, no scatter-

ers were detected here when earlier images were analysed, therefore active and 

ongoing movements here can only be verified here since 2014.

Further to the east from the previous zone displacements were observed on 

the Sentinel images (letters b and f on Figures 3D, 4b and 4lm1a), as scatterers 

move away from the sensor. These zones are also present on Envisat imagery, 

where velocities of –2 to –8 mm y–1 were measured (letters a and e on Figures 3B, 

4a and 4e). Envisat and Sentinel-1 data indicate active mass movements of differ-

ent rates here between 2002 and 2017.

Considering the surroundings of the mentioned points and both geometries 

of Sentinel-1, two distinct groups (lm1, lm2 on Figures 3D and 3E) of scatterers 

can be identified, where scatterers moved toward the satellite on the ascending 

orbit while moved away in descending geometry (lm1a, lm1d, lm2a and lm2d on 

Figure 4). The lm1 area on the ascending path moved away from the sensor at 

velocities of –2.5 to 3 mm y–1 while on the descending path it moved toward the 

sensor at velocities of 2 to 2.5 mm y–1. The area north of lm1 moved at velocities 

of –4 to –3 5 mm y–1 and +1.5 to 2.5 mm y–1 when data were derived from the as-

cending and descending orbits, respectively. The movement of scatterers toward 

the satellite on the descending path and their increasing distance (lm1a, lm1d, 

lm2a and lm2d on Figure 4) from the sensor in ascending geometry likely indi-

cates their lateral (horizontal) displacement. Moreover, the rate of movement 
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away from the satellite in ascending geometry is higher than the rate of move-

ment toward the sensor is descending geometry. Therefore, the actual 2-dimen-

sional movement has two components, a weaker subsidence part and a more ro-

bust horizontal, eastward-moving element. Two abandoned houses were found 

and observed (location of Photos 1 and 2 is marked with letter f on Figure 3) at 

the same location, where external deformations and cracks unambiguously in-

dicate the calculated lateral movements.

The edge of the floodplain (letter g on Figures 3E and 4g) and the north-cen-

tral portion of the study site (letter h on Figures 3E and 4h), moves toward the 

satellite on the descending path. Scatterers indicated by letter g reached mean 

velocities of +2 to +4.9 mm y–1 while area h was moving at velocities of +1.8 – 

–+3.5 mm y–1. Movement of part of the floodplain towards the satellite was ob-

served in ascending geometry of the Envisat images (marked with letter g’ on 

Figure 3B). This zone remains incoherent (Fig. 3C) on the images taken on de-

scending orbit and no scatterers were identified. Location h remain undetected 

in other geometries and sensors hence any further interpretation of the defor-

mations is questionable here.

Besides these scatterers a group of a few points moves away in a more 

or less uniform fashion from the satellite in the northern part of the study site 

(I on Figures 3E and 4i). Areas I and j move away from the satellite at –2.5 mm 

y–1 and –2 mm y–1, respectively. Scatterers only slightly overlap the Envisat data 

obtained on the ascending orbit (Figs. 3B and 4j).

Photo 1. Building damage on an abandoned house at the southern part of Dunaszekcső. Foundation 

of the house was broken.
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Point d (Figs. 3E and 4d) indicates stable surface in descending geometry 

of Sentinel-1 and non-coherent in the ascending geometry. Point d overlaps point c 

(Fig. 3A) derived from ERS imagery and the point moved towards the sensor. The 

mean velocity of this point was +4.7 mm y–1. This point appeared as a non-coher-

ent surface on the subsequent Envisat images (Fig. 3B), hence no information is 

available on its movement history for the period of 2002 to 2010.

Other scatterers with velocities higher than 15 mm y–1 and lower than 

–15 mm y–1 are also observed on the Envisat ascending images (Fig. 3B) but Senti-

nel or ERS imagery. Scatterers with velocities of less than –15 mm y–1 are located 

on the southern and northern part of the study area. Nonetheless, due to their 

sporadic distribution, they do not indicate a distinct spatial pattern.

DISCUSSION

The Sentinel-1 interferometric results significantly exceed the coverage/

scatterer density obtained by the earlier sensors (D e l  Ve n t i s e t t e  et al. 2013). 

The differences in the number of scatterers in ascending and descending geom-

etries follow from the topography of the test site (F e r r e t t i  2014).

The difference of spatial densities of the Sentinel-1 and older sensors is in-

terpreted in the light of the lower (25 m) resolution of ERS and Envisat sensors 

and the advanced (15 m) pixel size of Sentinel-1. In addition, the new acquisition 

technique (TOPSAR) of Sentinel-1 (shorter Bts and advanced temporal image 

Photo 2. Damages to a residential property at the southern part of Dunaszekcső. Foundation and the 

walls of the house were ruptured due to shear stresses.
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separation) preserves the coherence, hence increased number of scatterers are 

found. However, the low spatial coverage of ERS and Envisat scatterers is not 

only caused by their lower spatial resolution but by the poor temporal separa-

tion of the images. The loss of coherence may also be the consequence of both 

the ERS and Envisat time series when movement velocity exceeds the detect-

able range of the sensor (½ λ/Bt). When high velocities are detected by the sen-

sors the temporal coherence may be interrupted and are not found. Hence the 

surface segments with high velocities will not be present as scatterers on the 

final velocity image. It may be the reason why low scatterer density is present 

on the area of interest compared to other parts of the village. However, another 

explanation can be the sparse spatial appearance of engineered structures and 

objects in the area of interest.

Owing to the better temporal separation of the data, the impact of the devi-

ation of thermal expansion is more pronounced in the Sentinel images compared 

to the earlier sensors, because Sentinel imagery offer fine temporal resolution. 

Therefore, to better understand the deformation- and landslide-triggered dis-

placement behaviour, thermal properties and expansion characteristics of the 

media (sediments) should be analysed, and, if necessary, thermal noise should 

be filtered.

According to our findings the landslide-affected slopes do not move as one 

large block but rather as multiple small units. It has already been reported that 

individual landslide blocks along the Danube’s high bluff move independently 

from their surroundings (Ú j v á r i  et al. 2009; K o v á c s  et al. 2015) most typical-

ly on the vertical wall in the village of Dunaszekcső. C. De l  Ve n t i s e t t e  et al. 

(2013) investigated the Rácalmás Landslide, which has a geomorphological set-

ting similar to the study site presented in the current paper. The authors also cat-

egorized surface segments of active landslides of similar displacement velocities 

based on ERS and Envisat data. However, 2D movements have not been observed 

there. Additionally, according to our observations based on Sentinel-1 imagery 

the Rácalmás Landslide shows the same spatial trends as the Dunaszekcső test 

site (paper under revision in the journal Natural Hazards).

The interpretation of  displacements is highly encumbered due to the 

non-perfect overlap between Sentinel-1 geometries and older sensors in the re-

cent test site. Hence, both the spatial and the temporal data show a mosaic pat-

tern in the area of interest. Distinct subsidence at the bottom of the main scarp, 

lateral movements of the middle part of the area and uplift and the lateral move-

ment of the floodplain indicate slow creeping or sliding of former landslide ma-

terials. However, displacements are not uniform spatially and temporally. The 

lateral displacement towards the Danube in the middle of the area of interest 

are distinct and clearly observable. This finding is validated by the rupture and 

displacement structure on two buildings (Photos 1 and 2). However, validation 

of slow displacement in the range of a few mm y–1 is doubtful as other houses 

in the village have been maintained at a regular basis. Both abandoned houses, 
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however, are located in an active landslide zone, where mass movements have 

been confirmed for the past 25 years, therefore their impacts are more obvious.

Displacements on the floodplain of the Danube were detected by Envisat 

and Sentinel-1 sensors. However, movement toward the sensor in Envisat as-

cending geometry can be interpreted in two ways. Firstly, it may refer the uplift 

of the area or may indicate the horizontal, westward movement of the floodplain. 

The latter theory may be ignored due to the geomorphologic position of the area, 

as the landslide blocks or their immediate foreground is unable to move uphill 

since gravitational potential points to the low-lying floodplain in the immediate 

foreground. Also, there is no such a mass in the foreground which could trigger 

the block rotation or upthrusting of the compressed foot of the landslide. The 

movement toward the sensors in Sentinel descending geometry is interpreted as 

vertical uplift and is explained by several factors. The scatterers are positioned 

on the margin of the Danube channel, where large amounts of silt have been de-

posited, and sediment accumulation is reflected as increasing surface elevation 

on the images. Additionally, the deformation of the im1 zone, located above the 

bank may also trigger vertical displacements. According to the latter, the move-

ment of the scatterers to the Sentinel-1 sensor in descending geometry is inter-

preted as an eastward oriented dislocation. Smaller displacement zones are also 

observed in the area (h and i on Figure 3E and j on Figure 3B). The dislocation 

of zone h is only verified by data from the Sentinel-1 descending geometry (h on 

Figure 4), however, the data becomes incoherent in other images obtained with 

other satellites and geometry. Similarly, zone i (I on Figure 4) also moved away 

from the sensor according to Envisat ascending orbit data. The two temporal-

ly distant data implies the continuous subsidence of the area, however, at least 

two uncertainties are associated with this statement: (i) absence of scatterers 

in Envisat descending orbit and (ii) the time elapse of four years between the 

Envisat and Sentinel-1 stacks).

CONCLUSIONS

Scatterer density of interferometric data, derived from Sentinel-1 images, 

far exceeds the spatial coverage obtained by the earlier sensors. The two orbital 

geometries (ascending and descending) enable larger spatial coverage and due 

to the overlap between the two orbital datasets, permit the detection of horizon-

tal 2D displacements. However, the comparison of the two geometries is only 

possible for small areas. The studied area indicated partial stability between 

1992 and 2010 by Envisat and ERS data, yet some areas may be in motion, but 

movement rates are beyond or below the detection range of the sensors. Some 

of the displacements of this period may be tracked on Sentinel data, and their 

displacement history for the past 25 years may be interpreted. The displacement 

data in the central part of the study site indicate the subsidence of the sliding 
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block along the escarpment, while to the east it is moving towards the Danube. 

This displacement then triggers the uplift of the floodplain edges, or generates 

a slight eastward displacement. These movements seem to be similar to the sur-

face displacements at the northern high buff of the Danube at Rácalmás.

Apart from the previously discussed example, displacement history and 

spatial distribution of displacements are heterogeneous in the study site. Field 

validation of the measurements and exploration of surface deformation in areas 

devoid of scatterers makes further research indispensable for the better under-

standing of deformation behaviours and patterns of the high bluff sections along 

the Hungarian reaches of the Danube.

Moreover, to increase prediction accuracy, locate deformations and to bet-

ter understand the influence of climate and water level changes on mass move-

ments, temporal behaviour of landsides should be correlated with available cli-

mate and water regime data.
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