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1. INTRODUCTION

Satellite radar interferometry is nowadays one of
the actively developing directions in the Earth’s stud�
ies from space. The images taken by the interferomet�
ric synthetic aperture radars (InSAR) are used for con�
structing digital elevation models (DEM) and estimat�
ing subtle displacements of the Earth’s surface and
engineering objects. The first estimates of the surface
displacements were obtained with the use of interfero�
grams generated based on two radar images obtained
from locally parallel orbits (the so called differential
interferomety, DInSAR). The interferograms show
the relative phase shift of two reflected radar signals
measured during the repeated surveying of the same
object. This phase shift is due to the displacement of
the reflecting object during the time interval between
the surveys; however, it also depends on the changes in
the atmospheric conditions, vegetation, and snow
cover. The errors of orbit determination and DEM also
contributed to the phase shift. This significantly
reduces the possibilities of the methods of differential

interferometry, although there are extensive publica�
tions on determining the displacement fields in the
regions of the earthquakes, exploitation of oil and gas
deposits, on the glaciers, and volcanoes by DInSAR
methods. The review of some results can be found, for
instance, in (Mikhailov et al., 2010; 2012).

Various methods for solving the problems of differ�
ential interferometry have been developed so far. One
of the suggested approaches is the persistent scatterer
(PS) techniques. The main idea of these methods
(referred to as the PS�InSAR techniques) is to simul�
taneously analyze a series of interferograms, on which
only the pixels with a stable, in a certain sense, behav�
ior are identified and used in the further study (Ferretti
et al., 2001). The existing algorithms of PS�InSAR
methods differ, inter alia, by the mathematical formal�
ism of stable behavior. For example, in the methods
suggested in (Ferretti et al., 2000; Crosetto et al., 2003;
Colesanti et al., 2003; Lyons and Sandwell, 2003;
Adam et al., 2009), the initial set of PSs is composed
of the pixels corresponding to the scattered signal with
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a high amplitude. Many approaches postulate the time
dependence of PS displacements, assuming it to be
linear, periodic, etc. These methods are efficient in the
urban and industrial terrains where there are many
objects with a high and stable amplitude of the scat�
tered radar signal. Alongside this, the number of PSs
identified in the areas where the buildings and con�
structions are absent is small. Nevertheless, there are
many examples of efficient application of these algo�
rithms to the natural objects including landslides (e.g.,
Kimura and Yamaguchi, 2000; Colesanti and
Wasowski, 2006; Farina et al., 2006; Farina et al.,
2007; Meisina et al., 2007; Brugioni et al., 2011).

A series of methods were suggested for identifying
the PSs in the natural objects, where the scattered sig�
nals have far lower amplitudes. One of these
approaches is based on the assumption that the dis�
placement field of the natural objects is in some way
correlated in space and time. Due to this, it is possible
to distinguish the surface deformation signal against
the noise, which is high�frequency in space (instru�
mental noise) and time (atmospheric effects and
errors in satellite tracking). Among these approaches,
we point out the method suggested by A. Hooper
(Hooper et al., 2004) and implemented in the StaMPS
(Stanford Methods for Persistent Scatterers) program
package and the SqueeSAR method (Ferretti et al., 2011).

In the present study, we consider some of the main
problems associated with applying the PS method for
estimating the displacement fields of natural objects by
the example of two landslide slopes in the region of
Greater Sochi in the Northern Caucasus. We analyze
the radar images from the ascending and descending
tracks of the ALOS and ENVISAT satellites, as well as
the images from the TerraSAR satellite acquired at a
different time. At the beginning of the paper, we out�
line the general characteristic of the regions of
study—the landslides in the vicinity of Kepsha village
and in Mamaika village—and review the satellite data
used for the analysis. Then, we briefly describe the
method used for satellite image processing, discuss the
general strategy of processing, and examine some
approaches specially designed for the study. The
results of the calculations, the interpretation, and dis�
cussion conclude the paper.

2. THE REGIONS OF STUDY 
AND SATELLITE DATA

We have studied two landslides at the foothills of the
Greater Caucasus. One landslide is located near Kep�
sha village in the vicinity of the tunnel of the newly
constructed road connecting Adler and Krasnaya
Polyana, and another, in the northern suburb of Sochi
in Mamaika village above the tunnel of the Tuapse–
Sochi railroad. The landslide bodies are composed of
marlstone interbedded by clays, which lose their
strength when saturated with water.

The conditions for applying SAR interferometry in
these two regions are strikingly different. The

Mamaika landslide is located within the territory of
urban development of Sochi, where there are scores of
engineering objects that reflect the satellite radar signals
quite well. The landslide in the region of Kepsha village is
a slope that is almost fully covered by vegetation, where
the scattering conditions are much worse. In both cases,
we had no data of the ground instrumental observations;
therefore, it was only possible to verify the results of satel�
lite image processing by visual observations.

The landslide slope in the region of Kepsha village
has a size of 500 × 800 m and a steeper upper part. The
height contrast is 200 to 1200 m. The landslide slope is
strongly water�saturated and almost fully covered by
various species of subtropical vegetation. All this,
together with the sparse coverage of this area by the
well�scattering constructions impede the application
of SAR interferometry.

For studying the landslide near Kepsha village, we
used the SAR images taken by the ENVISAT satellite
(C�band with a wavelength of 5.6 cm) covering the
interval from August 2004 to March 2012 and the
images from the Japanese ALOS satellite (L�band sig�
nals with a wavelength of 23.4 cm) for the period from
January 2007 to September 2010. The time intervals of
the surveys and the distances between the survey points
(baselines) are shown in Fig. 1a. The survey geometry
is illustrated in the corresponding figures displaying
the results of the calculations.

The interval of surveying from the ascending
track 85A of the ENVISAT satellite partially overlaps
the surveying interval from the ascending orbital
track 588A of the ALOS satellite. Since ENVISAT was
placed in a new orbit in October 2010, the joint pro�
cessing of the entire series of images from the descend�
ing 35D orbital track is impossible. We have grouped
the images from this track into two series, one for the
interval before orbit correction (November 2007 to
July 2010) and the other, after the correction (Novem�
ber 2010 to March 2012). These series include 12 and
13 satellite images, respectively.

In terms of the size, the Mamaika landslide does
not significantly differ from the landslide in Kepsha
village: its landslide slope is about 600 × 800 m. How�
ever, here, the topography is quite smooth, and the dif�
ference in the heights is rather small (0 to 300 m). The
landslide is located in a densely populated region with
many buildings and constructions, which are perfect
scatterers for the satellite radar signals. This provides
quite favorable conditions for radar interferometry.

The images from ENVISAT tracks 85A and 35D
(Fig. 1a) also cover the region of the Mamaika land�
slide. Since 2011, we have started requesting the
images from TerraSAR satellite (track 54A), which
span the interval from December 24, 2011 to May 24,
2013 (Fig. 1b). The southern margin of the landslide
immediately above the tunnel is void of the scattering
targets; therefore, we installed the artificial corner
reflector (CR) on November 22, 2012 there. CR with
a side of 1 m is made of black metal and is aluminum
paint to protect it from corrosion (Fig. 2).
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3. THE PROCEDURE OF SAR IMAGE 
PROCESSING

The method suggested by A. Hooper and imple�
mented in the StaMPS program package (Hooper
et al., 2004) is intended for identifying PSs in poorly
reflecting natural terrains. This method analyzes the
phase stability of the reflected signal over time assum�
ing that the displacement field is temporally and spa�
tially correlated. It is remarkable that this method does
not hypothesize the time dependence of the displace�
ment velocity. This is particularly important for the
natural objects whose displacement velocity can sig�
nificantly vary with time, and fixing the intervals of
activation of these displacements is one of the prob�
lems addressed by SAR interferometry.

Identifying the PS and constructing the time series
of the displacements is implemented in three steps. At
the first step, the phase stability of each pixel is esti�
mated. The second step is direct selection of the per�
sistent scatterers from the entire set of pixels. At the

third step, phase unwrapping is conducted, and defor�
mation is estimated for the selected stable targets. The
StaMPS package also includes the algorithms for mit�
igating the atmospheric effects and reducing the
DEM�related errors, as well as the algorithms for the
three�dimensional phase unwrapping in time and
space (Hooper et al.,, 2007).

The difficulty in selecting stable scattering targets
for estimating the displacement field is associated with the
fact that the phase from each element of the interferogram
is the sum of five phase components wrapped modulo 2π:

(1)

where  is the phase contribution due to the dis�
placement of the reflecting target towards the satellite;

 is the phase associated with the change in the
conditions of atmospheric propagation of electromag�
netic waves between two acquisitions;  is the
phase shift caused by orbit errors;  is the phase
contribution due to the errors in the determination of
the look angle of the satellite;  is the contribution of
various noise (including instrumental) and unac�
counted errors; and W is the operator of modulo 2π
wrapping. Here, index i denotes the number of the
interferogram, and j denotes the pixel number in it. By
definition, the pixel is assumed to be stably reflecting
if the noise from this pixel is low compared to the other
components.

Component  is directly proportional to the per�
pendicular baseline B

⊥
, which is the distance along the

normal dropped from the point of acquisition of the
repeated pass towards the ray direction from the acqui�
sition point of the first pass. Since B

⊥
 is known quite

accurately, this component is efficiently removed
(Hooper et al., 2004). Let us now compare the charac�
ter of variations in the other phase components in
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Fig. 1. The radar images used for studying the landslide
processes: (a) in the region of Kepsha village; (b) in the
region of Mamaika village.

Fig. 2. The corner reflector installed in the lower part of the
landslide slope near Mamaika village.
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Eq. (1) in space and time. Many natural phenomena
(landslides, glaciers, volcanoes, displacements on the
tectonic faults) and some anthropogenic processes
have been evolving irregularly in time: periods of dras�
tic activation alternate with periods of slow motion.
The PS methods are applied just for fixing the slow
motion. Here, it is important that for many slowly
evolving natural processes it can be hypothesized that
the displacement field is temporally and spatially cor�
related. The characteristic scale of variations in the
atmospheric conditions is typically larger than a few
km; therefore, the atmospheric delays of the signals
are spatially correlated within a single image but
noticeably different over a series of successive images;
i.e., they are temporally decorrelated. The orbital
errors also produce phases that slowly vary in space but
are not correlated between the successive images.
Based on these relationships, we can separate the first
four long�period components in the right�hand side of
Eq. (1) after bandpass filtering of the interferograms
over the spatial coordinates and eliminating the phase
component proportional to B

⊥
. Thus, we obtain an

estimate of the noise  that is neither spatially nor
temporally correlated (Hooper et al., 2004). From the
noise estimate, we can calculate the phase dispersion
for each pixel and select those pixels from which the
noise dispersion does not exceed a given threshold.

The processing of the SAR image and identifying
the PSs include a series of procedures. In particular, it
is required to optimally crop the studied area in the
images, to specify the parameters of bandpass filtering,
to reject the images with high noise level; and to spec�
ify the area relative to which the displacements will be
calculated (the reference area). In complicated condi�
tions, when there are only few radar images and they
are weakly coherent, the results can strongly depend
on the selected processing strategy. General hints on
performing particular steps of the processing can be
found in (Hooper et al., 2010). Below we describe
some special approaches that we applied at certain
stages of processing, taking into account the specific�
ity of the studied regions.

Selecting the Image Crop

The radar images cover huge territories; therefore,
it is common practice to crop an area of interest in the
image for further study in order to reduce the time of
computations. In contrast to the regions with a smooth
topography, the crop area in mountainous regions
should be selected with particular thoroughness.
When changing the size of the area of computations,
one should include or exclude the mountain peaks or
valleys with rugged topography and varying atmo�
spheric conditions, as well as the steep slopes charac�
terized by large DEM offsets. The optimal size of the
area of study in mountainous terrains should be rather
small to minimize the height differences within it;
however, the area should be sufficiently large to avoid

,i jn

the boundary effects and provide efficient image
matching (the so�called coregistration).

Taking into account these factors and the pixel size
in the images from different satellites, for the landslide
near Kepsha village, we selected box�shaped crop with
a size of 3500 pixels along the satellite path and
700 pixels perpendicular to it for ENVISAT images;
the crop for ALOS images was 4700 × 800 pixels. The
calculations for the crops having similar sizes show
that the estimates of the displacement fields are robust.
The size of the crop for the Mamaika landslide does not
affect the results of the calculations since the topography
is gentle and the height contrast is rather low.

Selecting the Master Image

In the technology of persistent scatterers, all the
images should be coregistered with a certain image,
which is referred to as the master. The master image
should be best correlated with all the images of a given
series. For selecting the master image, we initially
picked a few images with small baseline components
(perpendicular B

⊥ 
and time T) and Doppler frequency

FDC based on the functional (Hooper et al., 2007):

 (2)

where  Tc, , and  are the critical

values of the corresponding parameters at which the
coefficient of correlation is zero. The value of 
which characterizes the instrumental noise, was
assumed to be constant.

For each candidate for a master image, we calcu�
lated the interferogram pairs with all the images of the
series and constructed the corresponding coherence
maps by the following formula:

 (3)

where E( ) is the operator of averaging over a spatial
ensemble, z1 and z2 are the complex�valued signals
corresponding to the same scene (the areas on the sur�
face of the Earth) in the two images forming the differ�
ential interferogram, and * is the operator of complex
conjugate. The coherence map is a matrix in which
each element is equal to the value of the coherence
corresponding to its scene element on the Earth’s sur�
face (the pixel of the differential interferogram). The
interferometric coherence is a real�valued quantity
ranging from 0 to 1; it reflects the degree of decorrela�
tion between two images. Decorrelation is contributed
by a number of sources, including a low signal�to�
noise ratio, atmospheric noise, snow, and long time
gap between the acquisitions. In our analysis, the
image for which the interferograms have the best
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coherence with all the other images of a series in the
studied area has been eventually selected as the master
image. This approach not only considers the geometry
of the survey but also takes into account the contribu�
tions of the atmosphere, vegetation, and snow cover.

It is worth noting that the suggested procedure for
selecting the master image should be applied for a par�
ticular studied area since the coherence is not identical
in different segments of the image: the coherence in
the densely populated regions is barely sensitive to the
vegetation cycles, whereas in the forested areas it is sig�
nificantly season�dependent. The landslides in the
region of Kepsha village are covered with snow for a
few months in winter. In the region of Mamaika, snow
cover only persists for a few days. Thus, the master
image selected for the calculations over different seg�
ments of the image is not necessarily the same.

Digital Elevation Model (DEM)

DEM is required to eliminate the topographic
phases. In our study, we have analyzed three DEMs:
SRTM3, ACE�2, and ASTER. For the landslide near
Kepsha village, the heights at the characteristic points
of the three models were compared to the correspond�
ing values read from the detailed surface topography
map. The height differences in the eastern part of the
landslide, which is ravined by streams, attain 30 m.
The ACE�2 and SRTM3 models provide an identical
degree of detail (90 m); however, SRTM3 has the gaps
in the west segment of the studied area in the region of
the Mzymta river valley, which can result in errors.
The degree of detail of ASTER DEM is much higher
(30 m); at the same time, in the central part of the
Kepsha landslide the heights differ by 8 m from the
corresponding values in the SRTM3 and ACE�2 mod�
els and from the ground geodetic data. The ASTER
model is based on the optical data, and in the condi�
tions of densely vegetated terrain, it corresponds to the
tops of the trees. The landslide near Kepsha village is
almost completely covered by various vegetation rang�
ing from dense shrublets to lofty relic trees; therefore,
in this case we selected the ACE2 DEM, which is
coarser but better fits the ground data. For the
Mamaika landslide, where the vegetation cover is far
less extensive, we used the finer�detail ASTER model.

Selecting the Reference Area

SAR interferometry is only capable of estimating
the relative displacements; therefore, a reference point
or reference area should be specified in order to fix
these displacements. By default, the displacements in
the StaMPS package are calculated with respect to the
average phase over the entire studied area. This is
acceptable when processing large images, where spa�
tial averaging suppresses the different noise and the
overall motion of the area can be assumed to be zero.
If a significant part of the area is occupied by the land�
slide, the average displacement could probably be

nonzero. In this case, the estimates of the landslide
velocity will be undervalued, while the stable segments
will apparently start moving in the opposite direction
to the landslide. When selecting the reference area, we
set two criteria: (1) the reference area should be stable
during the survey interval; (2) this area should be
located as close as possible to the landslide so that the
atmospheric and other artifacts within the landslide
and within the stable area are similar. Since the region
of Kepsha village hosted extensive building activities,
it was impossible to specify a known stable area there;
therefore, the reference area was selected in accor�
dance with the coherence estimates.

This was done by the following procedure. First,
based on the calculated coherence maps, we localized
the highly coherent pixels assuming that they are most
likely to correspond to the manmade scatterers. These
targets are simpler to identify in the images and they
are more likely to turn out to be stable. Due to the
specificity of the procedure of selecting the stable scat�
terers applied in the StaMPS package, not all the
highly coherent pixels are picked out as the PSs and,
correspondingly, could be considered as a reference
area. Therefore, at the first step, we selected a few (N)
small, highly coherent areas that included at most
three PSs. Then, we calculated the time series of the
displacements Wij(t) for all the candidate areas (i =
1,2,…, N) by successively selecting each area (j =
1,2,…, N, i ≠ j) as the reference area. If for two areas k
and l that are sufficiently distant from each other, the
time series of the displacements Wkl(t) did not contain
a noticeable time trend and if the variance of the time
series was rather low, both areas were considered stable
and suitable for use as the reference areas. As a result
of applying this procedure, at least two possible refer�
ence areas are selected. When conducting the calcula�
tions for the landslide slope, it is reasonable to select
the reference area that is closest to the landslide. In
this case, the time series for the reference area and the
time series for the landslide will most probably contain
the same noise, which is eliminated in the calculations
with the selected reference area.

As mentioned above, in the conditions of sparse tar�
gets that reflect the radar signals quite well and with the
rather short time series of the images, the results may turn
out to be dependent on the strategy of processing and on
the selected parameters. In our study, we conducted
extensive calculations with different values of the param�
eters and different master images. The results in which
the number of the identified stable reflecting targets was
maximal provided that the root mean square (rms) devia�
tion of their displacement velocities from the linear trend
did not exceed the given limit were treated as the best.

4. THE RESULTS OF THE CALCULATIONS 
AND DISCUSSION

Figures 3–6 show the results of calculating the
average displacement velocities projected on LOS
(VLOS) for the stably persistent scatterers identified on
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the landslide slope near Kepsha village. The calcula�
tions are based on a series of ENVISAT and ALOS
images. The reference area, marked by an asterisk in
the figures, was selected by the procedure described
above. In all cases, the variance is at most 3 mm per
annum and only for the results based on ALOS data it
attain 5 mm per annum.

The number of the persistent scatterers identified
on this slope turned out to be sufficient for estimating
the displacements. The position of the PSs on the
landslide near Kepsha village determined from the
data of different satellites is satellite�specific, because
the images used for these calculations were acquired in
different frequency bands from both the ascending and
descending tracks, and they cover different time intervals.

In 2009, the lower part of the Kepsha landslide
slope was deforested and the power electric line was
constructed. Besides, at the foot of the slope (in the
northwestern part of the studied area), the construc�
tion camp was built (Fig. 6). Due to this, the number
of PSs identified from the images corresponding to
ENVISAT track 35D (from November 29, 2010 to
March 23, 2012) in the lower part of the slope has sig�
nificantly increased. We have also processed the
images from the TerraSAR X�band satellite
(track 107D, acquisition period from July 13, 2012 to
January 16, 2013). This analysis identified the PSs
almost exclusively in the lower part of the landslide,
where artificial objects appeared as a result of building.

Therefore, these results are poorly suited for monitor�
ing the forested part of the landslide and are therefore
not considered here.

For the landslide near Kepsha village, the LOS dis�
placement velocities (VLOS) according to the ENVISAT
data do not exceed 10 mm per annum. The estimates
based on the ALOS data are somewhat higher; how�
ever, here, it should be taken into account that the
positions of the identified PSs do not coincide. The
rms deviation of the LOS velocities is at most 3–5 mm
per annum. Thus, this landslide has been moderately
stable since at least 2004. We note however that defor�
esting in the lower part of the landslide mass and
exploitation of the railroad tunnel that is dug through
this massif can trigger the activation of landslide pro�
cesses. Therefore, it would be reasonable to continue
monitoring the activity of the slope in this area.

We note that comparing the data from the ascend�
ing and descending tracks is a difficult task, since they
correspond to the projection of the velocity vector on
significantly different directions (shown in Figs. 3–6).
The exposure of the landslaide slope near Kepsha vil�
lage is such that the LOS displacements are negative
for the ascending orbital tracks and positive for the
descending tracks (see Figs. 3–6). If the data on the
displacements are available from two tracks for
approximately the same period, it is possible to deter�
mine the direction of the displacement vector assum�
ing that the displacements occur along the topo�
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Fig. 4. The same as Fig. 3, ALOS data acquired from the ascending 588A track from January 2007 to September 2010. The white
areas correspond to the PSs moving towards the satellite. The area within the white PS is deforested, and there are new engineer�
ing objects installed. The Google Earth optical images used in the study are taken before the beginning of the building operations.
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Fig. 5. The same as Figs. 3 and 4, ENVISAT data acquired from the descending 35D track during the interval of November 2007
to July 2010. For the descending track, the northeastward displacements are positive, i.e. directed opposite to LOS.
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Fig. 6. The same as in Figs. 3–5, ENVISAT data acquired from the descending 35D track after orbit correction from November 29,
2010 to March 23, 2012. Just as in Fig. 5, the downward displacements along the slope are positive (directed opposite LOS).
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Fig. 7. The distribution of the OSs and their average displacement velocities on the landslide in Mamaika village obtained with
the use of the StaMPS program package. The calculations are carried out from 13 images taken from descending track 35 of
ENVISAT satellite from November 2010 to March 2012. The color scale shows the average LOS displacement velocities over the
interval of the acquisition. The displacements directed away from the satellite (in this case, downwards along the slope) are shown
red. The displacements that are close to zero are shown green. 
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graphic surface. The application of this approach to
the Kepsha landslide in (Dmitriev et al., 2012) showed
that the displacement vector is directed opposite to the
gradient of the topography. Reconstruction of the dis�
placement vector from its LOS projection in the con�
text of this assumption demonstrated good agreement
between the displacement velocities determined from
different satellites and different tracks.

The results of calculating the average LOS dis�
placement velocities (VLOS) for the persistent scatterers
identified on the landslide slope in Mamaika village
from a series of ENVISAT images (descending
track 35D (November 2010 to March 2012)) are illus�
trated in Fig. 7. The results for the Mamaika landslide
from other series of ENVISAT images refer to the ear�
lier time interval (before the intense building activities
associated with the Olympiad in Sochi); therefore, we
do not present them here.

Quite expectedly, from all the series of images,
within the Mamaika landslide, significantly more per�
sistent scatterers were identified than on the natural
hillsides near Kepsha village. The particularly detailed
results were inferred from the TerraSAR images. The
images were taken by both satellites of the TerraSAR�X–
TanDEM�X tandem pair. The images obtained from
both satellites can be processed jointly; however, the
spatial baselines between the TerraSAR�X and Tab�
DEM�X satellites attain 200–300 m, which impedes the
calculations. The attempts to obtain reliable results for the
entire series of 38 images using the StaMPS PS method
have been unsuccessful; however, the small�baseline (SB)
technique implemented in the StaMPS package yielded
good results. Using 152 interferometric pairs on the
cropped part of the images, we identified 117306 PSs.

The results of processing the entire series of 38 Ter�
raSAR images by the SB StaMPS method are shown in
Fig. 8. The time coverage and the sizes of the baselines
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Fig. 8. The distribution of PSs and their average displacement velocities on the landslide in Mamaika village, which are obtained
by the SB technology implemented in the StaMPS package. The calculations are conducted from 38 images acquired from Ter�
raSAR satellite from December 24, 2011 to May 24, 2013. The color scale shows the average velocities in the direction of the sat�
ellite during the interval of acquisition. The displacements towards the satellite (in this case, downward the slope) are shown blue.
The green areas correspond to the displacements that are close to zero. The time series of the displacements for the points marked
by the yellow asterisks with figures are shown in Fig. 9. The location of the corner reflector is marked by the CR flag. The calcu�
lations are conducted from short�wavelewnght high�resolution images from the TerraSAR satellite in the region with a large num�
ber of building yield robust results, which do not depende on the processing method and the selection of the reference area.
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Fig. 9. The time series of LOS displacements for the points shown by the yellow circles with figures in Fig. 8 and for the corner
reflector (CR). The left column of the graphs shows the displacements obtained by the processing of a series of 14 images acquired
from the ascending track 54 of TerraSAR satellite from November 29, 2012 to May 24, 2013 (after the installation of the corner
reflector on November 22, 2012). The processing is based on PS technology implemented in the StaMPS package. The right col�
umn of the graphs is the same obtained by the processing of 38 images (from December 24, 2011 to May 24, 2013) by the StaMPS
small baseline method.
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are presented in Fig. 1b. These results fully agree with
those provided by the PS StaMPS method for the
series of 14 images after the installation of the corner
reflectors (shown by the gray circles in Fig. 1b). The
coincidence of these results is illustrated by the time
series shown in Fig. 9.

The Mamaika landslide is much more active than
the landslide near Kepsha village. By processing the
images from the ENVISAT and TerraSAR satellites,
we managed to localize the area within the Mamaika
landslide, where the LOS displacement velocities VLOS
attain 60 mm per annum (Figs. 7 and 8). We again note
that, when comparing the results obtained from the
ascending and descending tracks, one should take into
account the exposure of the landslide slopes. This
question is considered in more detail in (Mikhailov
et al., 2013).

As shown by the calculations by different technol�
ogies, the estimates of the displacement field on this
landslide are robust and they insignificantly depend on
the processing strategy. The size of the landslide slope
is 300 × 300 m. This area is confidently identified in
the images from both satellites, i.e., from the ascend�
ing and descending tracks. The ground observations
demonstrate significant surface deformations on this
segment.

CONCLUSIONS

Although the environmental conditions in the
Northern Caucasus are unfavorable for applying SAR
interferometry, the obtained result show that the
methods of persistent scatterers are efficient for mon�
itoring the landslide processes even on the forested
landslides. Considering the fact that landslide pro�
cesses are quite widespread in the Northern Caucasus,
SAR interferometry can be acknowledged as an effi�
cient tool for monitoring the changes in the mobility
of the landslide slopes.

Monitoring the landslide displacements on the
mountain slopes of the Northern Caucasus can rely on
radar images from satellites transmitting in the L�, C�,
and X�bands. In order to increase the reliability of the
obtained estimates of the displacements, it is prefera�
ble to use the images from both the low� and short�fre�
quency bands.

Application of SAR interferometry in mountainous
regions in conditions of densely vegetated terrains
imposes special requirements on the strategy of pro�
cessing and selecting the parameters of calculations.
Particular attention should be paid to the selection of
the cropped segment of the image and the reference
area. The procedure for selecting the reference area
based on analyzing the coherence maps, which is sug�
gested in this paper, proved to be quite efficient. By
applying this procedure, we obtained the consistent
estimates of the average displacement velocities of
landsliding near Kepsha village using the data from
different satellites and different tracks. For the

Mamaika landslide, within which there are a consider�
able number of good reflectors whose topography is
quite smooth and low, the selection of the reference
area is not vital. The best results for the Mamaika
landslide are obtained with the use of the images from
the short�wavelength TerraSAR satellite, while for the
complex landslide conditions, such as the landslide
near Kepsha village, the data from the longer�wave�
length satellites are preferable.

Installation of an artificial corner reflector allowed
us to estimate the displacement velocities of the land�
slide in the area where the natural persistent scatterers
are absent from the TerraSAR data. A more reliable
interpretation of the results of satellite SAR interfer�
ometry requires ground observations, which unfortu�
nately were absent.
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