GEOLOGIJA 50/1, 77-96, Ljubljana 2007
https://doi.org/10.5474/geologija.2007.007

PSInSAR and DInSAR methodology comparison and their
applicability in the field of surface deformations — A case of
NW Slovenia

Primerjava uporabe metodologije PSInSAR in DInSAR za opazovanje premikov
povrsja — primer SZ dela Slovenije

Kristof OSTIR' & Marko KOMAC?

!Znanstvenoraziskovalni center SAZU, Novi trg 2, 1000 Ljubljana, Slovenia; kristof@zrc-sazu.si
*Geoloski zavod Slovenije, Dimi¢eva ul. 14, 1000 Ljubljana, Slovenia; marko.komac@geo-zs.si

Key words: permanent scatterers, surface deformation, differential interferometry,
InSAR, Slovenia

Kljucne besede: permanentni sipalci, deformacije povrsja, diferencialna interferometri-
ja, InSAR, Posocje, Slovenija

Abstract

In the recent years radar interferometry (InSAR) has become an important tool in vari-
ous studies. It can be used to produce accurate digital elevation models and observe small
surface displacements. Differential interferometry (DInSAR) can detect movements in the
radar look direction that are in the order of wavelength used, i.e. less than one centi-
metre with ERS data. In the presented study DInSAR has been used to observe surface
movements in western Slovenia. Three ERS radar images have been supplemented with
an external digital elevation model to produce three differential interferograms that tem-
porally covered the Posocje earthquake, which happened on April 12, 1998. For the area
around Bovec a land subsidence of approximately 0.5 em has been observed; the largest
movements detected exceeded 2 cm. DInSAR has been compared to the permanent scatte-
rers interferometry (PSInSAR). Both methods are complementary and both have individual
advantages and disadvantages.

Izvleéek

Radarska interferometrija (InSAR) je razmeroma nova tehnika, ki se je v zadnjih nekaj
letih uveljavila v najrazli¢nejsih studijah. Najpomembnejse podrocje njene uporabe je iz-
delava digitalnih modelov vigin in opazovanje majhnih premikov. Zelo uporabna je tudi
diferencialna interferometrija (DInSAR), s katero lahko opazujemo premike tal velikost-
nega reda valovne dolzine uporabljenega radarskega valovanja, kar znasa pri satelitih ERS
priblizno pol centimetra. V predstavljeni $tudiji so bili s tremi podobami obmo¢ja Posocja
in uporabo zunanjega modela visin ustvarjeni trije diferencialni interferogrami. Z upo-
stevanjem dejstva, da so modeli, dobljeni iz razli¢nih interferogramov, odvisni, so bili do-
lo¢eni premiki, nastali ob potresu v zgornjem Posoc¢ju, 12. aprila 1998. Interferometrija je
pokazala, da se je okolica Bovca v povpre¢ju posedla za 0,5 cm, najve¢ji opazeni premiki pa
znasajo ve¢ kot 2 em. Opravljena je bila tudi podrobna analiza potenciala metode DInSAR
in primerjava z metodo permanenthih sipalcev (PSInSAR). Metodi sta komplementarni,
vsaka pa ima svoje prednosti in pomanjkljivosti. DInSAR namre¢ daje ploskovne rezultate,
PSInSAR pa tockovne, vendar omogoca daljse ¢asovno opazovanje, kar je Se posebej po-
membno v obmo¢jih pokritih z vegetacijo, kjer dekorelacija onemogoc¢a uporabo tehnike
DInSAR. PSInSAR predstavlja odli¢no alternativo tudi klasi¢nim geodetskih tehnikam,
saj jih v mnogoc¢em prekasa. Glavna prednost pred slednjimi je velika gostota merskih
tock, dolgo ¢asovno opazovanje ter moznost opazovanja brez predhodne namestitve in-
strumentov. V §tudiji zahodnega dela Slovenije je bilo mogoc¢e opazovati ve¢ kot 20 toc¢k na
kvadratni kilometer v obdobju skoraj deset let z natan¢nostjo desetinke milimetra. Poka-
zalo se je, da so premiki, dolo¢eni z metodama DInSAR in PSInSAR, enakega velikostnega
reda, a PSInSAR omogoca njihovo opazovanje skozi dalj$e ¢asovno obdobje. Raziskava,
predstavljena v tem prispevku, je pokazala, da je interferometrija permanentnih sipalcev
zelo uporabna metoda, saj predstavlja nadgradnjo “klasi¢ne” DInSAR metode in se obnese
bolje od nje povsod, razen na gosto naseljenih obmo¢jih, kjer je stopnja korelacije visoka
tudi skozi daljse obdobje. Najve¢je omejitve PSInSAR tehnike so zapletena interpretacija,
nezveznost podatkov (DInSAR lahko sluzi kot dodatna informacija), neuporabnost metode
za opazovanje poras¢enih obmo¢ij, omejeno obdobje ponovitve vzorc¢evanja, ki je vezano
na povratno dobo satelitskega snemanja in neuporabnost metode za opazovanje hitrih pre-
mikov oziroma deformacij.
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Introduction

Radar interferometry (InSAR) is a rela-
tively new technique based on stereo pairs
of aerial or satellite imagery high resolution
images of the Earth's surface. Its primary
fields of application are the production of
digital elevation models and detection of
minor displacements or deformations in
vertical direction. The latter is especially
useful in areas where the deformations are
hard to measure with classic methods (i.e.
geodetic measurements). The accuracy of
the digital elevation models is about 10 me-
ters in the horizontal (location) and several
meters in the vertical (elevation) direction.
A special InSAR method, the differential
interferometry, is a very useful method that
can be applied in ground deformation detec-
tion and measurements in the range of the
radar wavelength. For ERS satellites the
radar wavelength is 5.6 cm resulting in dis-
placement accuracy of approximately half a
centimetre (Ostir, 2000, 2006).

The radar interferometry approach uses
complex satellite radar images that are
composed of the amplitude and of the phase
of the backscattered signal. The phase is
dependent upon the surface's characteris-
tics and the travelling distance of the radar
signal (between the emitting antenna, the
surface, and the receiving antenna). The ad-
vantage of having two images of the same
area, taken from slightly different orbits,
can be, considering the viewing geometry,
exploited for creating the link between the
interferogram (the phase difference of the
two images) and the surface elevations. This
principle can only be used if both images
meet the requirements of interferometric
analyses, which are 1) they both have to be
acquired from orbits that are close to each
other, which means that they have similar
image acquisition geometry, and 2) the phase
reflectance or geophysical properties of the
surface must not change substantially be-
tween the acquisitions, which means that the
time between acquisitions of the image pairs
must be short enough to guarantee minimal
distortion of the image (Ostir, 2000).

Similarly, this principle can be used in
differential interferometry (DInSAR) for the
detection of small relative displacements or
deformations from the set of three images of
the ground area with similar image acquisi-
tion geometry. With this method, two inter-
ferograms can be calculated and with their

comparison the differential interferogram
is produced. One interferogram is created
from the first two images and the second
interferogram from the last two images. If
no changes occurred, the differential inter-
ferogram is equal to zero. If the phase re-
flectance has changed or if the surface has
undergone deformations the differential
interferogram will not be equal to zero. The
phase reflectance represents noise and its
elimination from further analyses is neces-
sary, while the second factor enables accu-
rate displacement detections (Ostir, 2000;
Hanssen, 2005).

Permanent (also persistent) Scatterers
InSAR (PSInSAR) technique is an upgrade
of DInSAR. For analytical purposes this
method uses coherent radar targets that can
be clearly distinguished in all images and
do not vary in their properties (Ferretti et
al., 2001). Based on their permanent proper-
ties they are called permanent scatterers. By
using permanent scaterers the atmospheric
effects can be filtered out and the temporal
and geometrical decorrelation can be elimi-
nated. The drawback of this method is a
loss of data continuity. The data are a set of
points with a density depending on the form
and coverage of the surface. These coherent
radar targets are abundant in urban areas,
but are very scarce in the vegetated and
mountainous areas.

The theoretical background of interfer-
ometry has been known for more than two
decades and over fifteen years ago the first
successful interferometric analysis was con-
ducted (Zebker in Goldstein, 1986). The
real breakthrough in the field of interferom-
etry came in 1991 with the launch of the first
European satellite for Earth observation, the
ERS-1. Since then this technique has been
applied in many fields of terrestrial research,
from hydrology (Borgeaud & Wegmiiller,
1997; Goldstein et al., 1989; Rodriguez
et al., 1996), seismology (Massonnet et al.,
1993; Massonnet etal., 1994; Dixon, 1995;
Peltzer et al.,, 1996; Massonnet et al.,
1996; Peltzer et al., 1999; Carnec & De-
lacourt, 2000), glaciology (Mohr & Mad-
sen, 1997), ecology (Dixon, 1995; Ludwig
et al.,, 2000), volcanology (Massonnet et
al., 1995, Salvi et al., 2004), subsidence
(Ferretti et al., 2000), and slow-landslide
detection (Ferretti et al., 2001; Hilley et
al., 2004). Despite the wide range of applica-
tions, the interferometry still hasn't reached
its full operational stage, either due to the
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lack of data processing standards, due to
the complex software or because of the dif-
ficulties in combining interferograms. Since
the PSInSAR technique is a relatively young
method, which is only gaining its recogni-
tion among a wider user domain, its appli-
cation is still very limited.

This paper will in short present the theo-
retical background of interferometry, the
differential interferogram analyses and the
permanent scatterer technique. The results
of the DInSAR and PSInSAR analyses in the
upper Soca valley in north-western Slovenia
will be compared and evaluated.

Study area and data used

The study area was defined as an intersec-
tion of DInSAR and PSInSAR data acquisi-
tion range (Fig. 1). The north-western part
of Slovenia was chosen as the study area
due to its neotectonic activity (Poljak et al.,
2000; Zupancic¢ et al., 2001; Grenerczy

et al., 2005) and due to a number of land-
slide, rockfall and debris flow occurrences
(Komac et al., 2005). Prior to the PSInSAR
data acquisition in the NW part of Slovenia,
the DInSAR analyses were conducted in the
Bovec basin in order to analyse the influ-
ence of radar interferogram combination on
digital elevation and movement accuracy
(Ostir, 2000).

For the DInSAR analyses of surface de-
formations, related to the earthquake of 12"
April 1998 in the Soca valley area, three
ERS-2 satellite images were used. Images
were acquired before and after the earth-
quake. The digital elevation model of the
area was calculated from two images, taken
before the event in the so-called tandem ac-
quisition where satellites ERS-1 and ERS-2
acquired images with a 24-h delay. One day
difference in image acquisition enables good
coherence between images. The description
of images used for the DInSAR analyses is
shown in Table 1.

Legend:

* INSAR ref. point - Tolmin

PSInSAR

Displacements
Subsidence
Relatively stable points
Uplifting

—— State boundary

[ ] DInsAR data areas

Fig. 1.

The study area
is located in the
NW part
of Slovenia.
Slika 1.
Obravnavano
obmocje se
nahaja v SZ
delu Slovenije.
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Table 1. Description of images used for the DInSAR analyses of the study area
Satellite Orbit Path Frame Date Time Use
ERS-2 15235 351 2673 20.3.1998 9:56 deformations
ERS-2 15736 351 2673 24.4.1998 9:56 deformations
ERS-2 16237 351 2673 29.5.1998 9:56 deformations
ERS-1 24888 351 2673 18.4.1996 9:56 elevations
ERS-2 5215 351 2673 19.4.1996 9:56 elevations

As a part of Interreg III B project Climate
Change, Impacts and Adaptation Strategies
in the Alpine Space (ClimChAlp) perma-
nent scatterers in the north-western part of
Slovenia, between Tolmin in the south and
Kranjska Gora in the north, were analysed.
The area extends over 700 km?* The pri-
mary goal of the research was to determine
the slope mass movements using PSInSAR
technique and at the same time to determine
the use of this method for other geologi-
cally based applications. For this purpose
57 images from the descending orbits of
ERS-1 and ERS-2 satellites were used. Im-
ages were acquired in the period between
April 21% 1992 and December 29 2000.
As the reference image, the image taken on
September 26" 1997 was selected. Based
on the preliminary data analyses and geo-
logical prospection for the reference point
(stable or a “zero* displacement point), the
location near the town of Tolmin was cho-
sen. The location of the reference point is
46°1173.44"'N, 13°447°45.127E, the velocity
of the point — 0.13 mm/year and the overall
coherence 0.84. The average density of per-
manent scatterers is 23 per square kilome-
tre, and the minimum density required for
analysis is 15 per square kilometre. Average
displacements in the line of sight were de-
termined for the whole population of targets
with a coherence higher than 0.5. Altogether
16304 permanent scatterers were used. For
approximately ten most reliable percent of
the population (1646 PS with a coherence
higher than 0.74) the displacement data
of all 57 acquisitions were calculated. For
these targets, time series of displacements
from 1992 to 1994 and again from 1995 to
2000 was derived.

Methodology

Radar interferometry

Radar interferometry is a technique that
has been successfully applied in different
fields. The Earth’s topography can be ob-

served with interferometry by using two
approaches, with either one or two passes
(overflights). In the first approach emission
and reception antennas are placed on the
same platform (airplane or satellite), while
in the second approach, which is usually
used in satellite acquisition, the same or
identical platform overflies the same area
with a time lag from slightly shifted orbits
(Ostir, 2000, 2006). All equations are taken
from Os§tir (2000).

In Fig. 2 the two radar antennas, located
in points O; and O,, simultaneously observe
the surface. Vector B is called baseline has
a distance B, which represents the distance
between the radar antennas, is inclined at
angle ¢ in respect to the horizontal plane.
The first antenna (O,) is located at elevation
H above the selected reference plane (h = 0).
The distance between the antenna O, and
the observed surface is defined by r, while
the distance between the antenna O, and
the same point on the observed surface is
defined by r + d. The phase of the backscat-
tered wave is:

2r
g = 7(';, +r,)=¢,+¢, Eq.1

where ¢ represents phase, indexes t and r
represent emission and reception. The inter-
ferogram of the images with a common emit-
ter represents only the reception part of the
phase since the distance from the emitting
antenna to the target is the same for both
receptors. This is due to the same location
of emitting source and hence the difference
is equal to zero. In the described case one
antenna emits and receives the radar signal
and the other only receives the signal. Both
antennas are placed on the same platform,
plane, space shuttle or satellite. A different
situation occurs when there are two emit-
ters located on the same platform or when
the same antenna system images the same
area twice. In this case the interferogram
represents the difference of two distances
between the antenna and the target.
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A X

The interferogram is derived through an
exact coregistration of images and through
a complex multiplication of pixel values
from the first image with the conjugated
pixel values of the second image. The phase
difference is defined as:

2mp

b= —b=—-9 Eq.2

o= ﬁ7 Eq. 3
2p

where p stands for the number of emitting
antennas (p = 1 for one source and p = 2 for
two sources/antennas). The phase that is
shown on the interferogram is a modulus
of absolute phase. The procedure of defin-
ing the absolute phase ¢ from the measured
phase ¢,, is called phase unwrapping.

The phase difference between both sig-
nals depends upon the geometry of obser-
vation and upon the height (k) of the target
above the reference plane (h = 0). Consider-
ing the fact that observation geometry can
be influenced or defined with adequate ac-
curacy, the elevation of targets h(x,y) can be
determined. The achieved accuracy can be
in the range of several metres, with the pre-
condition of phase uncertainty elimination.

Fig. 2. The geometry
of radar interferometry.

- Slika 2. Geometrija
O, radarske interferometije.

From Fig. 2 the following two rules can
be concluded:

h=H —rcosf, and Eq. 4
y=rsind, Eq. 5

where 6 represents the incidence angle of
the radar signal to the Earth's surface and
hence the angle of observation. From Eq. 2,
3 and 4 the desired elevation of the target or
the surface can be derived:
Ap
272pB ) L

Elevations derived from radar interferom-
etry represent the average elevation of the
pixel (or the basic resolution element) in the
image. Usually the size of the pixel is ten or
several tens of metres. With the ERS satel-
lite data the resolution achieved can reach
between 20 and 25 metres.

h(y,¢)=H —yxctg (.f - arcsin(

Displacement observation using DInSAR

What happens with interferograms if
deformations of the surface occur between
two acquisitions? Is it still possible to define
the topography of the surface? The answer
to these questions depends upon the dimen-
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sion of the difference or deformation. If the
relative position of scatterers within a pixel
changes for more than the wavelength of
used radar signal, the measurements can’t
be conducted. In that case the phase correla-
tion is lost and the comparison of images or
production of topography is impossible. The
only information available is that differenc-
es are greater than the wavelength, not even
knowing in which direction they occurred.

The differences of two elevation models
which were calculated one from the image-
pair acquired before and the other from the
image-pair after the event (i.e. earthquake,
subsidence...) can be used to determine sur-
face deformation. The accuracy of such sur-
face deformation model is identical to the
accuracy of primary elevation models. In
case of ERS satellites the accuracy would
be several metres (Ostir, 2000; Hanssen &
Ferretti, 2002; Hanssen, 2005).

Deformations can also be observed when
the displacements on the surface are coher-
ent and spread over several neighbouring
pixels. In this situation the user assumes
that the scatterers’ locations within a pixel
haven’t changed, while the whole area of
pixel and its neighbours has shifted up-
wards, downwards or to the side. In this
case the phase comparison of images can be
conducted. The so-called differential phase
contains the information on the change in
the direction of the observation or in the
line-of-sight (LOS).

The displacement measurement accu-
racy that can be achieved with differential
interferometry is in the range of less than
the radar signal wavelength. Usually the
dimensions vary from several millimetres
to several centimetres. With systems ERS-1
and ERS-2 that have the wavelength of 1 =
5.6 cm measurement accuracy of half a cen-
timetre can be achieved (Ostir, 2000). The
high accuracy is the consequence of observ-
ing the difference of interferograms and not
the actual elevation models or their changes.
This enables the highly accurate target mo-
tion detection. To achieve such high accu-
racy of motion detection, a good knowledge
about topography and the position and di-
rection of the antennas is necessary.

Phase difference measurements based on
two successive radar images enable the defi-
nition of only one component of the move-
ment vector in space, in the sensor-target
direction (LOS). Only one-dimension meas-
urements are a substantial drawback of this

technique, while the big advantage is the
possibility of spatial coverage of the ob-
served area. Combining the radar data from
ascending and descending orbits in analyses
would enable the definition of two compo-
nents of movement, which is usually suffi-
cient for analyses.

Motion measurements with radar inter-
ferometry depend upon the nature of the
motion. There are two basic conditions for
satisfactory results (Ostir, 2000):

* Changes during the acquisition of im-
ages must not be too big. This applies
especially to their gradient, which
should not be too big within a pixel.

¢ Radar scattering within a pixel at the
time of acquisition must be as equal as
possible. More precisely, the position of
emitters within the observed resolution
cell should not change more than 20%
of the wavelength of the used micro-
wave radiation.

The first condition is generally not a ma-
jor problem. If large changes occurred dur-
ing image acquisition — e.g. due to a volcano
outburst or a destructive earthquake — the
elevation model before and after the event
is simply subtracted. In this way changes
within the range of several metres can be
detected. Of course the production of a pre-
cise elevation model before and after the ob-
served event may present a limitation of the
described method.

The second condition is considerably
more problematic. When it is not fulfilled,
we speak about time decorrelation. Time
decorrelation is one of major problems in
the use of radar interferometry, because it
renders difficult or even impossible compar-
ison of two phases of radar images. Decor-
relation — partial or complete — can be ob-
served in images obtained at a few hours’
intervals on areas covered with vegetation
and exposed to wind. On the other hand a
good phase correlation can be achieved even
among images taken several months or even
years apart. The condition for a high corre-
lation between images is the observation of
the surface which is not covered with veg-
etation, e.g. desert or urban areas. In general
bare areas are more adequate than vegetat-
ed, dry areas are better than wet and radars
with a larger wavelength are more appropri-
ate than those with smaller. The difficulties
with decorrelation can be solved by perma-
nent scatterers technique, which takes into
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account only those areas (points) which are
coherent (i.e. phase stable).

In order to understand differential inter-
ferometry we can imagine two radar anten-
nas observing the Earth’s surface at differ-
ent time intervals (Ostir, 2000; Hanssen,
2005; Hanssen & Ferretti, 2002). This is
the so called repeat pass interferometry. The
phase of an individual pixel in the radar
image is equal to the sum of the travelling
part (contribution due to the double path
between the satellite and the observed area)
and the radiation part (due to the interac-
tion between the radar wavemotion and the
ground). In case that the surface properties
have not changed between image acquisi-
tions, the radiation part may be removed by
subtracting the phases of two images. Only
the part remains that is directly related to
the geometry of observation.

If the approximation of parallel signals
is again taken into account, the following
equation is obtained

6 =Bsin({-0)=B,. Eq. 7

Here B, is a component of the baseline in
the radar signal movement direction. If it is
assumed that there is another interferomet-
ric pair where one of the images is equal to
the image in the first interferogram. In this
case r and 6 remain unchanged, thus ena-
bling the comparison of phases of individual
pixels. The other interferogram has a differ-
ent baseline B’ and its orientation ¢'. If the
equations are combined, the result for an
interferogram pair is

¢:4—ITB“,

A Eq. 8
\ 47[ 1 )
$=7 B

The relation between phases of the first
and the second interferogram depends only
on the relation of the parallel components
of the baseline and is completely independ-
ent of topography, because the wavelength
is the same in all image acquisitions.

Let us change observation conditions by
including the Earth’s surface movements
due to an earthquake or volcanic activity
and assume that there are three images, two
of which were created prior to “the event”
and one after it. The movements should be
of the type where several resolution ele-
ments moved in correlation, meaning that
radar reflections are of the same type. In

this case, due to the surface topography, in
the observed phase also an additional phase
change because of the movement A in the di-
rection of radar signal movement has to be
taken into account (Fig. 3). In this case the
phase of the second interferogram is

#= = (5+0)=

:%(Bsin(§—0)+A): 47”(3 "+A).

Eq. 9
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Fig. 3. Geometry in differential radar
interferometry

Slika 3. Geometrija diferencialne radarske
interferometrije.

According to the equation the surface
movement has to be added to the topogra-
phy part, resulting in an additional element
in analyses. Fortunately the contribution
of topography can be removed by subtract-
ing the correctly weighted first interfero-
gram, so that only the part depending on the
movements of surface A remains. This can be

expressed as
B '
A A (¢~__ ¢)_

“az\" B

Eq. 10

The movements are determined only by
phases ¢ and ¢’ of individual interferograms.
Differential interferometry thus enables the
measuring of small movements in the direc-
tion of radar look angle for each point of the
differential interferogram.

The relation of baselines is a function
of the look angle 0, which is dependent as
well from the geometry of the radar system
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as also from the topography of the observed
surface in each point of radar image. In or-
der to determine the movements, a model of
elevations has to be either constructed from
one interferometric pair or it has to be ob-
tained from another source.

Precision of interferometry

A radar interferogram phase is, as has
been illustrated, dependent to topography
and to the movements which occurred during
image acquisition. The sensitivity of phase
measurements to topography and move-
ments is calculated by differentiation of the
equation for the phase by h elevation and A
(movements). The relation h = H — rcosf is
taken into account and derived first by el-
evations and then by movements.

of 0@ 88 _ dmously-6) B

oh 00 oh Asin@
%_4_” Eq. 11
oA A

Since the baseline B is much smaller than
the slanting distance r, phase difference is
much more sensitive to surface movements
than to changes in elevation. Radar interfer-
ometry enables the measuring of absolute el-
evation within some metres' accuracy, while
movements can be determined with the pre-
cision of one centimetre or even millimetre.
Satellite ERS, orbiting at the elevation H =
770 km and facing the Earth's surface at an
average angle 0 = 23° with the wavelength
4 =5.6 cm, has at a baseline B’ = 300 m and
the signal-noise relation SNR = 10 dB and
phase error g, = 0.6, an elevation error g, =
3.3 m. Under the same circumstances the
inaccuracy of movement measurements o,
is 2.8 mm, which is more than a thousand
times more precise (Ostir, 2000).

A higher precision in the detection of ver-
tical movements is achieved by repeated ob-
servations and averaging of pixels, and also
by decreasing the baseline, thus decreasing
the system noise. The size of movements
which can be detected by differential inter-
ferometry is strongly influenced also by the
wavelength of the sensor. One colour circle
on the interferogram corresponds to the
change of one half of the wavelength. Due to
the relatively short wavelength (1 = 5.6 cm)
satellites ERS are almost ideal for move-
ment observation.

Differential interferometry has two very
important limitations (Ostir, 2000; Hans-
sen & Ferretti, 2002). The reflected radar
radiation of all three images must be in cor-
relation — there must be no time decorrela-
tion. The second, more important limita-
tion is that interferogram phases have to be
developed prior to their comparison. Only
then can the second interferogram be used
to detect small changes in the surface. This
problem may well be solved by having a dig-
ital elevation model and by having sufficient
knowledge of recording geometry. However,
in this case a differential interferogram is
obtained, for which later a phase must be
unwrapped in order to be able to determine
absolute movements. Therefore the move-
ments of at least a few points on the Earth's
surface have to be known.

Processing procedure

The procedure of interferometric process-
ing is in spite of the more or less explicit
theoretical basis relatively complex. It can
roughly be divided into some basic steps,
which are schematically illustrated on the
next page (Fig. 4; Ostir, 2000):

¢ selection of image pairs,

* co-registration of images,

* preparation of the external digital ele-
vation model’,

interferogram generation,
interferogram enhancement,

phase unwrapping,

production of a digital elevation and
movement model, and

e geocoding.

Interferometry is very sensitive to input
parameters and used algorithms. The fact is
that the quality of results is influenced by
each individual step. While today’s hard-
ware equipment is efficient enough for
processing, software still presents a major
problem, since it is limited in algorithm ca-
pacity, in speed optimization, and in memo-
ry demands.

! The extrenal digital elevation model is used in two
ways in interferrometric processing. The first one is the
increased precision of the produced height models, be-
cause the knowledge of the rough form of the surface
reduces the interferogram's complexity and facilitates
phase development. In differential interferometry the
extrenal elevation model makes redundant the need for
three images and enables the detection of differences al-
ready from two images.



PSInSAR and DInSAR methodology comparison and their applicability in the field of surface ... 85

master slave
image image

coregistered
slave image

coregistration

interferogram
generation

|
\
L

interferogram

interferogram
enhancement

enhanced

interferogram
unwrapped
phase

phase
unwrapping

phase to
displacement
conversion

digital
displacement
model

Fig. 4. The procedure of interferometric
processing (Ostir, 2000).

Slika 4. Potek interferometri¢ne obdelave podob
(Ostir, 2000).

Displacement observation using
PSInSAR

Also the differential InSAR method has
its limitations such as changes in the reflec-
tion of objects or areas, atmospheric influ-
ences, and signal disturbances. A statistical
minimization of these disturbances can be
achieved by using radar data over a longer
period and by determining coherent radar
targets — permanent scatterers. This method
is named Permanent Scatter Interferomet-
ric Synthetic Aperture Radar or PSInSAR.
Fig. 5 shows the basic principles of InSAR
permanent scatterer functioning.

The unit of length used in INSAR is the wavelength:
A NN

7

R1

A

AR=c " A}

Interferometry
) =5.66cm
7,

. /’,A‘ //' A\ AN
IAVAViA

1stacquisition
2nd acquisition
at = 35 day (ERS)

‘Az _cos o *aR
at at

Fig. 5. Basic principle of PSInSAR (Premanent
Scatterer Interferometric Side Aperture Radar)
functioning (after Ferretti & Crespa, 2006).

Slika 5. Osnovni principi delovanja PSInSAR
metode (po Ferretti & Crespa, 2006).

Satellites (ERS-1 in ERS-2) providing
images that are the main source for PSInSAR
(Permanent Scatter InSAR) have an orbit
cycle of 35 days. Movements (A) in the line
of sight which are during this time smaller
than half of the wavelength used (5.6 cm),
can be registered on the basis of wave differ-
ence (Ag) of the backscattered signal.

The methodology can be used to register
surface changes, i.e. subsidence or elevation
of the surface, with the emphasis on move-
ments in the direction of emitted signals (A).
The registration of relative changes in sur-
face elevations is interesting for numerous
areas. Land subsidences can be an indicator
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of a subsiding area due to mining or surface
exploitation, groundwater pumping, lands-
liding, subsidence due to ground consolida-
tion after construction and similar. The re-
sults are most applicable also in the analysis
of tectonic movements of the Earth's crust.
The method is still in the phase of applica-
tion development, therefore the span of its
applications is actually undefined.

Similarly as differential GPS measure-
ments, all PS measurements are based on
the measuring of changes in relation to the
reference radar target. This property or con-
dition has impact on the precision of InSAR
measurements. Precision is determined by
several factors such as: the number of imag-
es used, the density of permanent scatterers,
atmospheric conditions in the time of re-
cordings, the distance of the measured loca-
tion from the reference point etc. By averag-
ing the InSAR data over a longer period and
by the definition of coherent radar targets —
permanent scatterers — the above mentioned
disturbances can be reduced to a minimum.
The measurements of changes of surface (or
observed objects) with the PSInSAR method
are very precise, since the measurements of
movements in the direction of signal trav-
elling can reach a yearly accuracy of under
one millimetre. Table 2 gives descriptions of
usual measurement quality values for a lo-
cation at less than 2 km distance from the
reference point.

Table 2. Usual measurement quality values
for a location at less than 2 km distance from
the reference point (according to Ferretti &

Crespa, 2006)

Location E-W N-S Vertical
Precision (1s) 6 m 3m 2m
LOS* error | Average error Single
measurement
Precision (1s) | 0.5 mm/year 3 mm

*LOS - Line Of Sight

Advantages and limitations of the
PSInSAR technology

Like any other measuring technology, also
the PSInSAR technology has its advantages
and limitations (Table 3). The PSInSAR
technology can be due to its precision of
measurements in the vertical direction very
useful as a supplementary method to clas-

sic approaches such as GPS, which is very
precise in the horizontal direction. In addi-
tion to its precision in the vertical direction,
the advantages of the PSInSAR methodol-
ogy are also a high spatial density of data or
measurements and periodic (monthly) rep-
etition of measurements for the entire ob-
served area. Due to the quality of data this
technology can serve also as an aid in the
optimization of GPS station locations. The
advantages of GPS methodologies are pre-
cise measurement in the horizontal direction
and very dense time measurements, while
their limitation is a very low spatial den-
sity of measurements. The two methods thus
supplement each other like two items in the
complex of observations of the Earth's sur-
face. Together they enable the elimination of
systematic errors in PS measurements and
the observation of three-dimensional move-
ments.

Table 3. Advantages and limitations of the
PSInSAR technology (Ferretti & Crespa, 2006)

Advantages Limitations

Regular and
financially acceptable
measurements

of larger areas

High density of PS
(up to 1.000 PS/km?)

Fast data processing
/ little need for
inclusion of end user

Vegetated areas
disable the use
of PSInSAR

Inapplicability on
continous surfaces

Time measurements
are limited with the
satellites’ orbiting
intervals

Detection of slow
deformations

(<10 em/year in the
LOS direction)

High accuracy

Simple export into
GIS

As it has been mentioned, the application
areas of PSInSAR technology are still in the
development phase. In geology and related
sciences this technology can be applied in
the observation of surface subsidence due to
excavations or surface mining or due to re-
source exploitation (oil, gas and water), for
the detection and monitoring of landslides.
It can be used to detect tectonic activities of
the observed area, and also to monitor the
movement of individual objects (buildings,
bridges, dams, long-distance mains...).

Comparison of DInSAR and PSInSAR

The biggest limitation of the “classic”
differential radar interferometry (DInSAR)
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in the observation of surface movements is
the loss of coherence that is of phase rela-
tion between recordings (Ferretti et al,
2001; Ferretti & Crespa, 2006). This pre-
sents a problem especially in areas covered
with vegetation and where surface diversity
causes the appearance of shadows. In the
observed area of western Slovenia observa-
tion is practically impossible due to tempo-
ral and geometric decorrelation. Poor co-
herence completely disables the observation
already during successive recordings. Fig. 6
illustrates that it is possible to obtain obser-
vations in several temporal spans only for
smaller parts of unconnected surface.

The problem can be sucessful overcome
by a special processing technology, where

only Permanent Scatterers InSAR or PSIn-
SAR are observed. The PSInSAR techno-
logy functions with the same procedure as
“classic” InSAR, only it does not observe
the entire surface, but only individual ob-
jects called permanent scatterers (Ferretti
et al., 2001, 2005). Permanent scatterers are
objects which can be recognized on satel-
lite radar recordings and are coherent over
a longer period of time. In other words this
means that their properties practically
do not change. The technology of perma-
nent scatterer detection was developed at
Politecnica in Milan, and it is applied by
their “spin-off” company Tele-Rilevamento
Europa. The process was protected by the
European patent »Process for Radar Mea-

- Kranjska Gora

— J

Fig. 6. Areas with the degree of coherence that enables phase development. Different shades of grey
denote areas which are “interferometrically stable”, meaning that they can be observed differentially.

Slika 6. Obmo¢ja z razliéno stopnjo koherence, ki omogo¢a razvoj faze. “Interferometri¢no stabilna”
obmo¢ja so prikazana z razli¢nimi odtenki sive in dolo¢ajo povrsine, ki jih je mozno opazovati z metodo
diferencialne interferometrije.
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surement of the Movement of City Area and
Landsliding Zones« (Nr. 1,183,551 granted
in 2004).

The PSInSAR technology gives the best
results in urban areas and in areas with bare
rocks, and overall where it is possible to
identify objects the reflection of which does
not change with time (Ferretti et al., 2001;
Dixon etal.,, 2006; Birgmann et al., 2006).
Due to the wavelength of the emitted signal
this methodology is useful for movements
that are smaller than the wavelength of
emission in the period between two acquisi-
tions in the signal travelling direction. With
ERS satellites, the images of which are most
frequently used, this value is approximately
5 cm in the period of 35 days. The move-
ments are actually determined relatively
with regard to the reference point within the
observed area. As a rule, this is a well mea-
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sured geodetic point which is estimated not
to be subject to major movements.
Permanent scatterers can be natural,
e.g. rock outcrops, or artificial, such as buil-
dings, bridges, dams, antennas, and similar
objects (Ferretti et al., 2001). Also inten-
tionally constructed scatterers may be used,
like simple metallic plates or rectangular
reflectors constructed from three rectangu-
lar plates (Fig. 8). The PSInSAR technology
analyses an area of several thousand square
kilometres and by the searching of scatterers
creates a sort of “natural geodetic network”,
by which surface deformations and stability
of certain objects can be determined. The
technology enables the determination of the
scatterers’ geographical coordinates, usu-
ally the geographical latitude and longitude
in the WGS 84 reference system, and the
degree of movements within the precision

Fig. 7. Permanent scatterers are mostly found on artificial objects, rarely also on rocks or on bare
ground. Red points represent PS where temporal displacements are available (PSInSAR(t)), and blue
points represent all PS in the area (PSInSAR). Example is from the Bovec basin. The background of the
image is a digital orthophoto in the scale 1 : 5.000
(source: DOF 5, 1999-2004, © Geodetska uprava Republike Slovenije).

Slika 7. Najpogosteje se kot permanentni sipalci pojavljajo umetni objekti, redkeje pa tudi izdanki
kamnin ali gola tla. Z rde¢o barvo so ozna¢eni PS s ¢asovnim nizom premikov (PSInSAR(t)), z modro pa
so oznaceni vsi PS na predstavljenem obmocju (PSInSAR). Predstavljeno obmo¢je se nahaja v Bovski
kotlini. Podoba v podlagi je digitalni ortofoto v merilu 1 : 5.000
(vir: DOF 5, 1999-2004, © Geodetska uprava Republike Slovenije).
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of 0.1 mm/year, depending on the quantity
of acquisitions used and the density of per-
manent scatterers. It is possible to observe
the “history” of movements of an individual
scatterer with the precision of about 1mm
for each movement (Ferretti et al., 2001,
2005).

The measurements acquire an added val-
ue if they are included in the geographical
information system (GIS) and correlated
with other data. The major disadvantage of
PSInSAR compared to DInSAR is measure-
ment discontinuity, since points are dealt
with in the first case and planes in the sec-
ond. On the other hand, measurements with
usual differential interferometry over a
longer period of time are mostly not possible
due to decorrelation. Moreover, PSInSAR
technology is considerably more precise; it
eliminates undesired atmospheric influences
and is less sensitive to the geometry of im-
age acquisition. PSInSAR needs between 15
and 20 acquisitions for a successful result,
while DInSAR requires only 2 (Ferretti et
al., 2001).

Results and discussion

Analysis of observation of western Slov-
enia with DInSAR technology

In the study, the DInSAR technology was
used in the area of western Slovenia to ob-
serve coseismic movements at the Posocje
earthquake event. The area was on 12"
April 1988 at 12:55 local time struck with
one of the strongest earthquakes with the
epicentre in Slovenia in the 20" century. The
earthquake occurred in the Krn mountain
range, at coordinates 45.309° N and 13.632°
E at a depth of 7.6 km. Its local magnitude
calculated from four records of the national
monitoring network was MLV = 5.6. The
earthquake’s intensity in the wider epicen-

Fig. 8.
Artificial rectangular
permanent scatterer

(TRE, 2006).

Slika 8.
Umetna permanentna
sipalca (TRE, 2006).

tre area was VII-VIII according to the Euro-
pean macroseismic scale EMS-98 (Gosar et
al., 1999).

The focus mechanism of the earthquake
shows that the earthquake was the conse-
quence of either a pure right displacement
along the vertical fault in the NW-SE direc-
tion (Dinaric direction) or a left displace-
ment along the fault in the NE-SW direc-
tion (transverse-Dinaric direction). On the
basis of the prevailing direction of the af-
ter-earthquakes, which usually occur on the
plane of the main earthquake, it was con-
cluded that the earthquake occurred along
the Dinaric fault. Morphologically the most
typical fault in this direction in the Posocje
area is the Ravne fault, extending from the
confluence of the Soc¢a and the Koritnica,
over Lemez, by the Krn lake into the Tol-
minka valley and towards the Baca valley.
The earthquake of 1998 in the Posocje area
caused several rockfalls, but there has so far
been no proof of a co-seismic movement on
the surface. Due to the earthquake’s magni-
tude and great depth of the focus it is quite
possible that there was no rupture on the
surface (Gosar et al., 1999).

The aim of interferometric observation
of the Posoc¢je area was to discover possi-
ble coseismic movements and surface subsi-
dence. The selection of adequate ERS satel-
lite images presented a significant limitation
in the observation of movements, since it
was very difficult to obtain useful interfero-
grams (Ostir, 2000). The best results were
obtained by using an external elevation
model and combining the images acquired on
20. 3. 1998 (first image), 24. 4. 1998 (second)
in 29. 5. 1998 (third) — that is before and af-
ter the earthquake.

The three elevation models enabled con-
troled merging, yet there were substantial
difficulties with interferogram processing
due to the “non-ideal” season. The third
image was taken at the end of May when
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vegetation is already well developed, while
the first two were made before the period
of intensive growth. Coherence of the first
interferogram (I,,) is in spite of terrain di-
versity rather high, while it is very low in the
other two (I,; in I,;) (Fig. 9; O&tir, 2000).
The final movement model was construct-
ed by means of controled combination tech-
nology, where the first interferogram brought
amajor contribution in the weighted average
(Fig.10). The result of merging shows small
vertical ground movements for the Posoéje
earthquake, registered in the Bovec basin.
Radar interferometry allows the conclusion

- KristoiOStir & Marko Komac

that the surface on the southern side of the
Soca is relatively stable, since approximate-
ly 1-cm movements can only be observed
in the vicinity of Cezso¢a. Quite more dy-
namic is the area to the north of the river,
where beside some “stable” areas, especially
around the sports aerodrome, also areas with
substantial movements can be observed. The
largest movements recorded have the size of
over 2 cm and they can be observed in parts
of Bovec, in the vicinity of Kaninska vas, in
Rakovnica and south-west of the aerodrome
(in Brezje). The largest movement where
probably also landslides and subsidence oc-

Fig. 9. Radar satellite recording of western Slovenia. Geometric anomalies may be observed, which
hinder interferometric processing.

Slika 9. Satelitski radarski posnetek zahodne Slovenije. Opazne geometri¢ne anomalije otezujejo
interferometri¢no obdelavo podob.
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Fig. 10. Vertical movements recorded at the Bovec basin, an area struck by an earthquake on 12 April
1998. The model was produced with controlled merging of image interferograms acquired on 20. 3.,
24. 4. and 29. 5. 1998. Movements obtained from the first pair contribute the most to the model, because
the coherence of the other two is relatively low because of vegetation growth.

Slika 10. Vertikalni premiki, nastali ob potresu v Poso¢ju, dne 12. 4. 1998. Model je bil izdelan po
postopku nadzirane zdruzitve interferogramov, pridobljenih 20. 3., 24. 4. in 29. 5. 1998. K podatkom
modela najveé¢ prispevajo premiki, pridobljeni iz prvega interferogramskega para podob, saj je
koherenca pri drugih dveh parih zaradi rasti vegetacije relativno nizka.

curred can be observed in the relatively steep
part west of Kaninska vas (Zavrzelino). A
better insight into the geodynamics of the
earthquake area could be obtained with the
analysis of a larger area, but the application
of radar interferometry was not possible on
the larger area of Poso¢je due to its rugged
topography (Ostir, 2000).

Comparison to PSInSAR measurements

A direct comparison of interferometric
results to “classic” geodetic measurements
is not possible, because the above men-
tioned area was not observed in detail prior
to the earthquake. However, a comprehen-
sive analysis with the PSInSAR technology
was conducted by the Geological Survey of
Slovenia in cooperation with the company
TRE from Milan within the project Climate
Change, Impacts and Adaptation Strategies
in the Alpine Space (A Programme initiative
of the Community INTERREG III B — Alpine
area) (Komac, 2006).

As it has been noted, the PSInSAR tech-
nology provides point measurements and
enables comparison over a longer time peri-
od. For analytical requirements in western
Slovenia 57 images, acquired by ERS-1 and
ERS-2 satellites between 1992 and 2000,
were used. The average density of perma-
nent scatterers in the observed area is 23
scaterers/km?, and the minimum required
density for analysis is 15 scaterers/km?®.
Average yearly movements were calculated
for all of 16304 scatterers, i.e. points with
a coherence higher than 0.5. The PSInSAR
technology can be used to observe the rising
of the Julian Alps region with the precision
of up to 0.1 mm/year. The method is very
useful in the observation of slower move-
ments of slope masses, especially of deep
landslides and of larger-scale landslide ar-
eas, of road and bridge subsidence and po-
tentially also of smaller linear infrastruc-
tural objects. Although analyses are still
going on, the first results are very promising
(Komac, 2006).



A sample of temporal displacements for
nine permanent scatterers with coherence
higher than 0.85 that were located in the
vicinity of Bovec (Fig. 11) is shown in the
Fig. 12. The time frame of displacement data
(Fig. 12) is spanning from pre- to post- Krn
earthquake event on April 12" 1998. Aver-
age displacement values for nine selected
permanent scatterers indicate constant
trend of subsidence in comparison to refer-
ence point, set in Tolmin for the period from
1992 to 2000 (Fig. 13). The most obvious
deviations from the trend are related to the
Krn earthquake; however the displacements
do not occur immediately after the earth-
quake, but later, in the period between April
24" and May 29™ 1998, where the average
subsidence for the nine permanent scatter-
ers is — 10.46 mm. Following this subsidence,
even more obvious uplift (to an average 6.85
mm) and another subsidence (to an average
- 0.52 mm) occurred (Fig. 13). All displace-
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ment values are expressed relatively to the
reference point. These oscillations of surface
obviously indicate that the observed area
subsided, uplifted and subsided again due to
tectonic activity. Whether the displacement
lag is a consequence of post-earthquake
surface equilibration or a consequence of
some other factor (i.e. data processing lag)
remains unanswered. Considering the na-
ture of displacements the most probable
explanation is the post-earthquake surface
equilibration.

Due to the low coherence of images used
in the DInSAR analyses, the comparison of
both technologies is, as already indicated in
the text above, possible only in the area of
Bovec and its surroundings (Fig.14), where
123 permanent scatterers occur with an ave-
rage coherence of 0.62 and the highest 0.92
(minimum was 0.50). The analysis showed
that 43 scatterers are rising and 80 descend-
ing, their movements ranging from approxi-

PSInSAR
9§ Displacements (mm)

@ -103
-1,02--0,50
-0,49-0,00
0,01-0,50
0,51-0,63

Fig. 11. Permanent scatterers in the surroundings of Bovec where temporal displacements are available.
In the figure average displacememnts of permanent scatterers are shown according to their magnitude.
The background of the image is a digital orthophoto in the scale 1 : 5.000 (source: DOF 5, 1999-2004,
© Geodetska uprava Republike Slovenije).

Slika 11. Lokacije premanentnih sipalcev v okolici Bovca, pri katerih so dodtopni podatki o premikih
skozi ¢as. Legenda prikazuje trende povpre¢nih premikov permanentnih sipalcev glede na magnitude.
Podoba v podlagi je digitalni ortofoto v merilu 1 : 5.000 (vir: DOF 5, 1999-2004, © Geodetska uprava
Republike Slovenije).
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Displacement (mm)
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Fig. 12. Sample of temporal displacements for nine permanent scatterers with coherence higher than
0.85. PS are located east of Bovec. Note the obvious subsidence of PS only some time after the Krn
earthquake that occured on April 12" 1998 (in the period between April 24" and May 29" 1998),
followed by the extreme uplift and again subsidence.

Slika 12. Izsek premikov na devetih lokacijah vzhodno od Bovca s koherenco, vecjo od 0,85, skozi ¢as.

Zelo opazni so premiki (posedki) opazovanih lokacij, ki pa so se zgodili s ¢asovnim zamikom glede na

potres, ki se je zgodil 12. 4. 1998 (v obdobju med 24. 4. in 29. 5. 1998). Posedkom sledi moc¢an dvig in
nato zopet posedanje.

Displacement (mm)

INSAR acquisition date

Fig. 13. Average displacements in millimetres for nine permanent scatterers from Fig. 12 relatively to the
reference point. The post-earthquake surface equilibration is obvious.

Slika 13. Relativni povpreéni premiki (v mm) za devet permanentnih sipalcev s slike 12 glede na
referenéno to¢ko v Tolminu. O¢itno je popotresno “valovanje” povrsja.

mately — 9 mm to approximately 6 mm per
year. It can be concluded that the Bovec ba-
sin is subsiding with an average of — 0.41
mm/year.

The DInSAR measurements cover a short-
er time period, during which considerable
instantenous movements occurred. The co-
herence of recordings is very low, averaging
at only 0.25 even for the selected area, and
only in rare points surpassing 0.5, which
is the condition for permanent scatterer
analysis. Similar to PSInSAR, also DInSAR
measurements are relative, meaning that
the movements have to be compared to the
reference point. A more detailed analysis

was performed by observing 23 permanent
scatterers, mostly located in urban areas
(Fig. 7,12 and 14). The comparison of coher-
ence shows that it is high as well in DInSAR
(average 0.56) as also in PSInSAR (0.81).
Both technologies provide almost exactly
the same average movement amounting to
— 0.50 mm in DInSAR and - 0.56 mm in
PSInSAR, while the dispersion is slightly
bigger in PSInSAR (standard deviation is
1.34 mm compared to 0.66 mm in DInSAR,
Fig. 15). It can be concluded that both tech-
nologies provide good measurements, while
for a single event, such as an earthquake,
DInSAR gives a clearer picture because of
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Fig. 14. The position of permanent scatterers in the DInSAR analysis. A more detailed comparison
of DInSAR and PSInSAR was performed for scatterers with a known history of movements, which are
shown in red.

Slika 14. Lokacije premanentnih sipalcev na kontinuiranem modelu premikov, dobljenem z DInSAR
metodo. Za 23 tock z znanimi premiki skozi ¢as (oznacene z rdec¢o barvo) je bila izdelana primerjava

med DInSAR in PSInSAR rezultati
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Fig. 15. Difference between displacements (in mm) defined by DInSAR
and PSInSAR for 23 permanent scatterers.

Slika 15. Razlike v premikih (v mm) med DInSAR in PSInSAR
metodama za 23 permanentnih sipalcev.

o

continuity. This is the case
in spite of the fact that co-
herence is relatively low in
the larger part.

Concluding remarks

Radarinterferometry has
recently become an indis-
pensable tool in numerous
studies. It can be used to
construct precise elevation
models and to observe very
small movements of the
Earth’s surface. The differ-
ential method may be used
to observe surface move-
ments of the size of a part
of the wavelength, which
is about half a centimetre
with ERS satellites. Due
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to the large amount of radar — satellite and
airplane — systems, interferometry enables
good temporal and spatial coverage, and
provides precise results because of favo-
urable microwave properties.

In the presented study, three images of
the Posocje area and an external elevation
model were used to create three differential
interferograms. Taking into account the fact
that models obtained from various inter-
ferograms are related, movements which oc-
curred in the upper Posoc¢je area earthquake
on 12 April 1988 were determined. Inter-
ferometry showed that the vicinity of Bovec
subsided by 0.5 cm on the average, while the
largest movements observed exceed 2 cm.

A detailed analysis of the DInSAR tech-
nology potential was made and compared to
PSInSAR. It was found out that the move-
ments are in the same size range, but the
technologies are nevertheless difficult to
compare. The fact is that DInSAR gives con-
tinous results and PSInSAR gives point re-
sults, but enables observation over a longer
time span. This is of importance especially in
vegetated areas, where decorelation disables
the use of DInSAR. PSInSAR presents an
excellent alternative also to classic geodetic
technologies, surpassing them in several as-
pects. The main advantages over the latter
are a large density of measurement points,
long-term observation and the possibility of
observation without preliminary installa-
tion of instruments. In the study of the west-
ern part of Slovenia more than 20 points per
square kilometre could be observed during a
period of almost ten years and with the ac-
curacy of a tenth of a millimetre.

The PSInSAR technology has proved ex-
tremely effective and it can be stated that it
is (except for the observation of urban en-
vironment) more adequate than the classic
DInSAR. Its biggest limitations are a more
complicated analysis or interpretation, the
need for additional spatial modelling in
case a continuous model is required (where
a combination with DInSAR may be of sig-
nificance), and a patent protection of the
processing procedure.

Data about temporal permanent scaterers
elevation changes are very useful in further
analyses of the impact of earthquake activ-
ity on surface movements in the research
area and of the influence of seismic activity
and precipitation on slope mass movements,
which are the primary research objectives
within the ClimChAlp project.

Acknowledgments

The authors would like to thank the In-
terreg I1II B — Alpine Space Programe for
co-financing of the research, which was
conducted within the scope of the project
Climate Change, Impacts and Adaptation
Strategies in the Alpine Space (ClimChAlp)
and to the Geological Survey of Slovenia for
the support in the project.

References

Borgeaud, M. & Wegmiiller, U. 1997: On the
use of ERS SAR interferometry for the retrieval of
geo- and bio-physical information. — In Guyenne,
T.D., Danesy, D. (eds.), Proceedings of the ‘Fringe
96" workshop on ERS SAR interferometry, ESA,
83-94.

Biirgmann, R., Hilley, G., Ferretti, A. &
Novali, F 2006: Resolving vertical tectonics in
the San Francisco Bay Area from permanent scat-
terer INSAR and GPS analysis. — Geology, 34/3,
221-224.

Carnec, C. & Delacourt, C. 2000: Three
years of mining subsidence monitored by SAR
interferometry, near Gradane, France. — Journal
of Applied Geophysics, 43, 43-54.

Dixon, TH. 1995: SAR interferometry and
surface change detection (ed.). —- Report of a Work-
shop Held in Boulder, Colorado: February 3-4,
1994, Universtity of Miami. (http://southport.jpl.
nasa.gov/scienceapps/dixon/index.html, 2006)

Dixon, HT, Amelung, F, Ferretti, A., No-
vali, F, Rocca, F, Dokka, R, Sella, G., Kim,
S.W., Wdowinski, S. & Whitman, D. 2006:
Subsidence and flooding in New Orleans. — Na-
ture, 441, 587-588.

Ferretti, A. & Crespa, S. 2006: Advances in
Differential SAR Interferometry: from DInSAR to
PSInSAR™. — CSTARS “Height” Workshop Octo-
ber, 24" 2006, Miami, Florida.

Ferretti, A., Bianchi, M., Prati, C. & Roc-
ca, F. 2005: Higher-Order Permanent Scatterers
Analysis. - EURASIP Journal on Applied Signal
Processing, 20, 3231-3242.

Ferretti, A., Prati, C. & Rocca, F 2000:
Nonlinear subsidence rate estimation using per-
manent scatterers in differential SAR in-terfer-
ometry. — IEEE Trans. Geosci. Remote Sensing,
38/5, 2202-2212.

Ferretti, A., Prati, C. & Rocca, F. 2001: Per-
manent Scatterers in SAR Interferometry. - IEEE
Transactions On Geoscience And Remote Sens-
ing, 39/1, 8-20.

Goldstein, R.M., Barnett, TP. & Zebker,
H.A. 1989: Remote sensing of ocean currents.
— Science, 246, 1282-1285.

Gosar, A., Ziveéié, M., I Cecié, I &
Zupancic, P. 1999: Seizmoloske znacilnosti
potresa 12. aprila 1998. — Ujma, 13, 57-65.

Grenerczy, G., Sella, G. Stein, S. & Keny-
eres, A. 2005: Tectonic implications of the GPS
velocity field in the northern Adriatic region.
— Geophys. Res. Lett., 32, L16311, 0i:10.1029/
2005GL022947.



Kristof Ostir & Marko Komac

Hanssen, R.F. 2005: Satellite radar interfer-
ometry for deformation monitoring: a priori as-
sessment of feasibility and accuracy. — Interna-
tional Journal of Applied Earth Observation and
Geoinformation, 6, 253-260.

Hanssen, R.F & Ferretti, A. 2002: Defor-
mation Monitoring by Satellite Interferometry.
— GIM International, 16/9, 52-57.

Hilley, G.E., Biirgmann, R., Ferretti, A,

Novali, F & Rocca, F. 2004: Dynamic of slow-
moving landslides from permanent scatterer
analysis. — Science, 304/ 5679, 1952-1955.
_ Komac,M,,Sinigoj,J.,Krivic, M., Kumelj,
S., Hribernik, K. & Vehovec, A. 2005: Pregled
in analiza podatkov v obstoje¢ih bazah plazov
za novelacijo baze GIS_UJME. — Geoloski zavod
Slovenije, 51 str., Ljubljana.

Komac, M. 2006. Za koliko se dvigajo Julijske
Alpe? Delo 24. 8. 2006, priloga Znanost: 20.

Ludwig, R., Hellwich, O., Strunz, G,
Roth, A. & Eder, K. 2000: Applications of digi-
tal elevation models from SAR interferometry for
hydrologic modelling. — Photogrammetrie, Fern-
renkundung, Geoinformation, 2, 81-94.

Massonnet, D., Rossi, M., Carmona, C.,
Adragna, F, Peltzer, G, Feigl, K. & Rabau-
te, T. 1993: The displacement field of the Landers
earthquake mapped by radar interferometry.
— Nature, 364, 138-142.

Massonnet, D., Feigl, K.L.., Rossi, M. &
Adragna, F 1994: Radar interferometric map-
ping of deformation in the year after the Landers
earthquake. — Nature, 369, 227-230.

Massonnet, D., Briole, P & Arnaud, A.
1995: Deflation of Mount Etna monitored by
Spaceborne Radar Interferometry. — Nature, 375,
567-570.

Massonnet, D., Thatcher, W. & Vadon, H.
1996: Detection of post-seismic fault zone col-
lapse following the Landers earthquake. — Na-
ture, 382, 612-616.

Mohr, J.J. & Madsen, S.N. 2000: Automatic
generation of large scale ERS DEMs and dis-

placement maps. — In Guyenne, T.D., Danesy, D.
(ed.), Proceedings of the ‘Fringe 96’ workshop on
ERS SAR interferometry, ESA, 83-94.

Ostir, K. 2000: Analiza vpliva zdruzevanja ra-
darskih interferogramov na natanc¢nost modelov
visin in premikov zemeljskega povrsja. — Doktor-
ska disertacija, 175 str., Univerza v Ljubljani.

Ostir, K. 2006: Daljinsko zaznavanje. —
Zalozba ZRC, pp. 250, Ljubljana.

Peltzer, G., Rosen, PA., Rogez, F. & Hud-
nut, K. 1996: Postseismic rebound in fault ste-
povers caused by pore fluid flow. — Science, 273/
5279, 1202-1204.

Peltzer, G., Crampé, F. & King, G. 1999:
Evidence of the nonlinear elasticity of the crust
from Mw 7.6 Manyi (Tibet) earthquake. — Science,
286/5438, 272-276.

Poljak, M., Ziv¢éié, M. & Zupancic, P. 2000:
The seismotectonic charcteristics of Slovenia.
— Pure Appl. Geophys., 157, 27-55.

Rodriguez,E. & Martin, J. 1992: Theory and
design of interferometric SARs. — Proceedings of
the IEEE, 139, IEEE, 147-159.

Salvi, S., Atzori, S., Tolomei, C., Allievi,
J., Ferretti, A., Rocca, F, Prati, C.,, Stra-
mondo, S. & Feuillet, N. 2004: Inflation rate
of the Colli Albani volcanic complex retrieved
by the permanent scatterers SAR interferometry
technique. — Geophysical Research Letters, 31/12,
1.12606.

TRE, 2006: TRE - Tele-Rilevamento Europa,
www.treuropa.com.

Vir prostorskih podatkov: © 1999-2004 Geo-
detska uprava Republike Slovenije.

Zebker, HA. & Goldstein, R.M. 1986: Topo-
graphic mapping from interferometry synthetic
aperture radar observations. — Journal of Geo-
physical Research, 91/B5, 4993-4999.

Zupancic, P, Cecic, I, Gosar, A., Placer,
L., Poljak, M. & Zive¢ié, M. 2001: The earth-
quake of 12 April 1998 in the Krn Mountains
(UpperSoca valley, Slovenia) and its seismotec-
tonic characteristics. — Geologija, 44/1,169-192.



