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Abstract

This article describes the possibilities and applications of active remote sensing. It also
considers using SAR interferometry techniques in geotechnical applications in northern
Bohemia. First of all, is this problem connected with SAR (Synthetic Aperture Radar). This is
the kind of radar that scans Earth surface by receiving and measuring not only delay and
amplitude of reflected signal, but also frequency and phase. This helps resolving the problem
of resolution in flight direction and it is possible to receive data in resolution about three
orders higher. This radar is named coherent radar and it is the basic condition for using the
SAR interferometry method. In principle, radar interferometry in digital processing is
comparison of corresponding pixels in two images of the same area acquired in a very little
different looking angles. Generating the interferogram involves only pixelwise subtraction of
the phases of both images. Phase difference is closely connected with difference in distance
between Earth surface and the satellite. The advantage of the method is the possibility of very
accurate measurements of this phase difference.

The method can be applied for topographic mapping with relative precission of 10 — 15 m,
deformation mapping with precission less than 1 cm, another possibility is thematic mapping
based on change detection, and last one is measuring the atmospheric influence on satellite
movements.

We can see wide use of this method but in practice, obtaining data with such high precision is
difficult, because it’s very sensitive on many events. For instance a wet surface, snow or
vegetation has a significant influence on surface features in longer time periods, and the
interferometry method is impossible to use due to decorrelation.

Our project is focused on using of the conventional interferometry for monitoring landslides
and ground displacements caused by mining activities in northern Bohemia. We are using
data from European satellites ERS 1 and ERS 2 (Earth Resource Satellite). Hence ERS 1 is
over we plan to use data from the new biggest remote sensing satellite, ENVISAT. In our
whole solution we wanted to use only free software products, but the step named SAR
processing is not covered be this kind of service, so we used SAR processor developed in
Indian Bombay University. For an intereferometric processing, open-source product DORIS
is used. A digital elevation model (DEM) was successfully derived from a tandem pair. This
topographic information serves as input into so called three pass interferometry where three
scenes are needed. One topographic pair and one differential one, which should already
contain deformation. The purpose of our research is to test this method and compare the
results with different ground based methods on specified area of the open brown coal mine
Chabarovice. Unfortunately, deformation interferogram doesn’t show good results in the
place. Next step is to improve method using or developing different algorithms, and using
data selected with different criteria.



Abstrakt

Tento clanek popisuje moznosti a aplikace aktivniho dalkového prizkumu. Také se tyka
pouziti SAR interferometrie v geotechnickych aplikacich v severnich Cechdch. Predevsim se
tento problém tykd radaru se syntetickou aperturou (SAR). To je druh radaru, ktery snimd
povrch Zemé vysilanim a prijimdnim radarového signalu — nezpracovava se vsak jen zpozdeni
signalu a jeho amplituda, nybrz téz frekvence a faze. To nam umozni zvysit rozliseni ve sméru
letu az o tri 7ady. Tento radar se nazyva koherentni a koherence je tou zakladni podminkou
pro moznost aplikace radarové interferometrie na takto ziskana data. Radarova
interferometrie v podstaté spociva v porovnani fazi dvou snimkii stejného tizemi, sejmutych z
velmi podobnych uhlu pohledu. Tvorba interferogramu obnasi odecteni faze techto dvou
snimkii (pixel po pixelu). Rozdil fazi je uzce spojen s rozdilem vzdalenosti mezi Zemi a
satelity. Vyhodou této metody je moznost velmi presného méreni tohoto rozdilu fazi.

Tuto metodu lze uzit pro topografické mapovani s relativni presnosti 10 — 15 m, mapovani
deformaci s presnosti nizsi nez 1 cm, dalsi moznosti je tematické mapovani zalozené na
detekci zmen a posledni moznosti je mereni vlivu atmosféry na pohyb druZic.

Moznosti uziti této metody jsou rozsahlé, nicméné ziskani dat takové presnosti je v praxi
obtizné, protoze jsou zavisla na mnoha faktorech. Napriklad vihky povrch, snih ¢i vegetace
maji v Case podstatny vliv na vlastnosti povrchu, a interferometrii potom v dusledku
dekorelace nelze pouzit.

Nas projekt se zaméruje na vyuziti konvencni interferometrie pro sledovani sesuvii a
horizontdlnich posunii zpiisobenych tézebni cinnosti v severnich Cechdch. Pouzivame data z
druzic ERS 1 and ERS 2 (Earth Resource Satellite). Jelikoz je ERS 1 jiz mimo provoz,
hodlame téz pouzit snimky z nové, nejvétsi druzice urcené pro dalkovy priizkum, jiz je
ENVISAT. Pri ieSeni problému jsme piivodné chtéli pouZit pouze softwarové produkty, které
jsou dostupné zdarma, ale krok nazvany SAR zpracovani zadny takovy software nepokryva.
Pouzili jsme tudiz SAR procesor vyvinuty na Indian Bombay University. Pro interferometrické
zpracovani pouzivame open-source software DORIS. V tomto softwaru byl z tandem dvojice
uspesné vytvoren digitalni model terénu (DEM). Tato topograficka informace je jednim ze
vstupii do tzv. three-pass interferometrie, kde se zpracovavaji t¥i scény. Z nich se vytvori dve
interferometrické dvojice, jedna topograficka (neobsahujici deformaci) a jedna deformacni
(obsahujici jak topografii, tak deformaci). Cilem naseho vyzkumu je tuto metodu vyzkouset a
vysledky porovnat s pozemnimi metodami v oblasti povrchového dolu Chabarovice.
Deformacni interferogram vsak bohuzel v tomto misté nevykazuje dobré vysledky. Dalsim
krokem bude vylepseni metody pouzitim nebo vyvojem jinych algoritmii a opétovny vybeér dat
s jinymi kritérii.

Introduction

The coal basin in nothern Bohemia is not stable with respect to landslides, ground
displacements etc. A large part of the area consists of open mines. In some regions, such as
Chabarovice, the landslides reach the value of decimeters per year, according to other
methods used.

One of the methods for measuring ground displacements is radar interferometry. For
interferometry, at least two radar images of the area are needed, forming so-called
interferometric pair. Satellite orbits of the two images have to be close to each other and the
difference in frequency of the received radar signal must not be large. Also, the way of
processing of the images must be similar.

Image radar data are then stored in SLC (single-look complex) format. This kind of
data, acquired by a coherent radar, contains two informations: the magnitude (i.e. intensity of



signal) and the phase obtained by comparing the transmitted and received signals. ERS-1/2
satellite scene covers an area of about 100 x 100 kms, corresponding to approx. 5600 x 26000
pixels of the complex radar image (resolution is approx. 4 m in the satellite flight (azimuth)
direction and 20 to 30 m in the perpendicular direction (range)).

In our project, we are processing five scenes. For data selection, very strict criteria
were used. Our aim is to test the limits of the SAR interferometry method in our conditions,
not to use interferometry for a concrete application. Hopefully, more data sets will be
available later and we will be able to improve present results.

Some theory

The theory of the SAR interferometry method looks quite easy. First, we need to
choose two radar images of the same area, considering both spatial and temporal baselines.
The spatial baseline cannot be too large because the images would be too diferent in this case
because radar reflections depend largely on the incidence angle. For ERS-1/2 satellites, this
maximum baseline is approx. 2 kms. For some applications, it can neither be too small. E. g.
for DEM (digital elevation model) generation, the perpendicular baseline should be about
100m. On the other hand, for deformation mapping, the smaller the spatial baseline, the
better.

An important condition for interferometry is so-called good coherence of ground
surface. Coherence is a number describing the ability to reflect the radar signal always with
the same phase. If the coherence is bad, the interferometry method doesn't work and the
interferogram has no fringes. This phenomenon is also known as decorrelation.

The convential interferometry solves two basic problems: DEM generation
(topographic mapping) and ground deformation mapping. In addition, interferometric results
can be used for thematic mapping and measuring atmospheric parameters.

For topographic mapping, the temporal baseline should be as small as possible. The
interferograms degrade with time. With growing temporal baseline, larger and larger regions
get decorrelated. The decorrelation is often caused by vegetation and varying soil moisture.

Ground changes may be detected only if they are ,,uniform® in the area of one pixel. In
the humid climate, the problem of decorrelation arises for temporal baseline larger than a
fraction of a second, due to vegetation. With interferometric methods, in vegetated areas no
DEM can be constructed nor an deformation map generated.

After selecting the two images, these images must be coregistered, i.e. one of the
images must be resampled onto other for the two to be exactly the same (to the order of
approx. 0.1 pixel). The coregistration is usually performed using only magnitude of the
images.

After resampling, the phases are subtracted for each pixel in order to make the
interferogram. The interferogram now contains following influences:

% flat-earth phase, i.e. the phase difference between the two images changes with different
position on the earth; this influence may be easily subtracted using known satellite
positions in the acquisition time and the reference body,

.topography, i.e. the phase difference between the two images due to the non-zero height of
the imaged area,

&.ground displacements, i.e. phase differences due to movements between the two
acquisitions,

&.atmospheric effects, i.e. phase differences due to refraction and different atmospheric delays
(depends on the humidity, ionospere etc.); this influence can be limited by data selection
with respect to weather conditions at the time of acquisition,

&.orbit errors effects, i.e. phase differences due to incorrect subtraction of the flat-earth phase,
originating from imprecise orbits; these make few fringes per scene and can be eliminated



by sophisticated methods.

For DEM creation applications, image pairs with short temporal baseline are optimal,
so that there is just a short time for the decorrelation, deformations and atmospheric changes
to occure. In addition, the correlation gets worse as the temporal baseline gets longer.

For deformation mapping applications, on the other side, the temporal baseline must
be set carefully, in order for the images to be correlated enough and in order for the
deformations to occur. Now, the topographic phase difference in the interferogram is an
artifact and must be removed. There are two possibilities to make it: to use another
interferometric pair (three-pass interferometry: both pairs have common master images to
which the other two images are resampled), or to use an external DEM (two-pass
interferometry). Both methods have both advantages and disadvantages which will be
discussed later.

After generating the interferogram, we need to unwrap it, i.e. convert the complex
numbers with phase in the interval of (-rt, 7) to real numbers corresponding to the altitude or
deformation size. This problem looks quite easy: taking the points of the interferogram one by
one and computing the phase difference between the neighboring pixels; and this difference is
added to the phase of the neighboring pixel to get the value of the pixel. But in practice, this
problem is ambiguous due to two circumstances: the first are too steep slopes causing the
phase difference between two adjacent pixels to be larger than m; and the other is the noise,
causing the pixel having different phase when computing it's phase using different paths. To
distinguish the noisy and non-noisy points, external information is used: coherence images.
These images show the ,,reliability* of the phase in each point.

The open-source software SNAPHU [3] implementing phase unwrapping takes the
magnitude into account; e.g. if the magnitude is larger for a pixel, the presence of layover or
foreshortening is considered and the slopes are estimated with respect to it. This software
works on a statistical basis and the results are often good.

After an interferogram is unwrapped, it needs to be geocoded. Geocoding could be
done only with the orbit information if it would be precise enough; usually the results are
unusable and tie points need to be used, both for the horizontal and vertical positionioning.

Let's stress here that the deformation map is not the same as the one obtained from
other methods: the radar is only able to measure the distance, the deformations are therefore
known only in the range direction. There is no possibility to obtain the deformations
perpendicular to this direction. If we process two interferograms, one from ascending flyover
and the other from descending, we are able to reliably compute the vertical displacement. But
we are never able to compute the displacement in the azimuth direction. Deformations in the
flight direction cause decorrelation of the images and the area cannot be often evaluated at all.

Comparison of two-pass and three-pass interferometry

As already suggested, there are two methods to subtract the topography from a
deformation interferogram: we can use either another interferogram with the same master
image, or an external DEM. We are using a DEM obtained from SRTM (Shuttle Radar
Topography Mission), which can be downloaded for free [4]. An important advantage of the
three-pass method is the ,,automatic* coregistration of the two interferograms; the external
DEM (converted to the radar system) is shifted due to the orbit and timing errors and must be
coregistered manually which is not so accurate.

In addition, the resolution of the SRTM DEM is only 3 arc sec, i.e. about 100 m. Due
to the topographic radar effects (shadows, layover, foreshortening) there are some ,,blank
spots® in the radarcoded DEM — some originating from the SRTM acquisitions, some
originating during the radarcoding procedure. After radarcoding, the DEM must be
interpolated. On the other hand, the topographic interferogram has the same resolution as the



deformation interferogram and has no ,,blank spots*.

But all interferograms are sometimes decorrelated due to vegetation and other effects
and therefore this area cannot be analyzed (this area is usually decorrelated in the deformation
interferogram too). In addition, the topographic interferogram usually contains also the orbit
errors and atmospheric influence and therefore can be ,,sloped*. When using this
interferogram for removing the topographic influence from the deformation interferogram,
these errors transfer to the differential interferogram and make the ,,deformation spots* more
difficult to identify.

A solution may be to adjust the observations to a plane and subtract this plane;
another, more sophisticated solution may be found in [5]. These methods were not
implemented yet.

Coregistration

Before generating the interferogram, both images must be precisely coregistered (i.e.

a point in one image must correspond to the same point in the other image). This is done by
resampling but before that, coregistration parameters must be computed. This is performed by
computing correlation between regions in each image; the shifts in each region are then
approximated by a polynomial function and the slave image is resampled.

This step is very trickybecause due to decorrelation, many corresponding may be lost,
together with coregistration accuracy. This error is then directly propagated into the
interferogram.

Coefficients of the polynomial function depend on the images coregistered; they are
different when coregistrating different cutouts of the image.

Results

In this section, we will show some interferograms of the northern Bohemia. Due to the
limited space here, the images are undersampled; for full resolution images (and also current
state of the project), see [2].

In our project, deformation interferogram was processed from images acquired on
March 8, 1999, and December 28, 1998, and the topographic interferogram was generated
from images acquired on March 8, 1999, and March 7, 1999. One of the images is acquired
by ERS-1 and the other by ERS-2: at that time the satellites were in so-called tandem mode,
one following the other after approx. 24 hours.
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Figre 1: topographic interfroarfl of the area of interest (tandem iterfeogm)

Figure 2: visualisation of the DEM generated from interferogram in figure 1



Figure 1 shows the topographic interferogram of the area of interest which is the mine
near to Chabatovice (near to Usti n. L.), the temporal baseline is only 24 hours here. An
orientation point in this image can be the Labe river on the right. The DEM shown in figure 2
is generated from this inteferogram.

"% 5

Figure 4: deformation inerfrogram of the area of interest (two-pass)

The deformation interferograms in figures 3 and 4 show the deformations in the area
of interest: for the three-pass methods, the differences occured between December 28, 1998



and March 7, 1999; for the two-pass methods, the differences occured between December 28,
1998 and February 2000 (when SRTM images were acquired). Three-pass method means
using the topographic information obtained from the topographic interferogram, two-pass
method means using an external DEM to subtract the topographic influence.

Unfortunately, almost the entire area of interest (pointed out in the images) is
decorrelated in the deformation interferograms (although it is not decorrelated in the
topographic interferogram): this can be caused by vegetation (although there was winter), soil
moisture change, ,,nonuniform® landslides, or by landslides in the azimuth direction. The
decorrelation can be also seen in the coherence images in figure 5, white color means good
correlation, black means decorrelation.

As to comparison of the two-pass and three-pass methods, there are differences in the
images: more different-colored spots can be seen in the two-pass interferogram. This can be
caused by not-so-accurate coregistration of the interferogram and the external DEM, SRTM
DEM errors or by a longer temporal baseline (longer time for the deformations to occur). It is
very difficult to distinguish the deformation from other influences, which are DEM errors,
atmospheric changes and coherence loss. With such a small data set we cannot recover such
an information. But, considering coherence image and local topography, we can find areas
suspicious of deformation. These are pointed out in the images.

After recovering the suspicious spots, we need to estimate the deformation size.
Unfortunately, using these images, it would be very imprecise without removing the long-
wavelength errors - orbit errors and atmospheric influence.

On the other hand, the two-pass interferogram is more ,,sloped* in comparison to the
three-pass interferogram: this phenomenon is caused by the fact that the orbit errors of the
two image pairs (topographic and deformation) compensate each other a bit. The three-pass
interferogram is ,,sloped* just a little.

Figure 5: Coherence of topographic (A) and deformation interferogram (B), the area of
interest



Fgure 6:iterferogam of the northern-bohemian coal basin obtained by three-pss
interferometry, orbit errors are clearly visible. The area of interest is contained as well.

igure 7: interferogram of the northern-bohemian coal basin obtained by two-pass
interferometry (defo pair, using SRTM), also possible to see the trend caused by not accurate
orbits.



Figures 6 and 7 show the difference between the two-pass and three-pass methods: in
the two-pass interferogram there are more than two fringes caused by orbit errors causing the
interferogram waving (sloped in fact); there is just a fraction of fringe in the three-pass
interferogram.

In both interferograms, there are differently-colored spots (details are in figures 8 and
9). These are probably agricultural fields and the displacements are caused by different
farming methods. This deformation is not bigger than 2 cms.
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Figure 9: deformation 1nterfroam of the south-western of the coal basin (two-pass)



Problems

There are several problems in our project. First of all, we don't have enough data to
produce reliable estimates of deformations. For data selection, very strict criteria were used
because of the fear of coherence lost due to vegetation and atmosphere. Fortunately, even the
interferogram with temporal baseline longer than two months and spatial baseline of approx.
100 m shows good coherence in more than 50 % of the area.

There is also another deformation pair selected, but there are some problems with
coregistration so an interferogram cannot be generated. This problem is probably caused by
convergence of orbits and therefore the resampling step cannot be covered by the polynomial
transformation.

Another problem of our application are the orbit and atmospheric errors which cannot
be distinguished (their influence is very similar and both can be corrected by the same
procedure — setting the ,,artificial* baseline — see e.g. [6]).

Future work

First, we plan to order another data; the criteria for data selection should not be so
strict now. We would like to process data with shorter perpendicular baseline (in order to
prevent such a strong influence of errors) and different seasons (not just winter). We would
also like to improve results by testing other algorithms.

We would also like to implement interferogram adjustment in order to eliminate the
orbit errors: we would like to adjust the measurements to a plane (but this procedure is
dependent on the success of phase unwrapping which is not certain), implement some
sophisticated methods both with and without use of tie points.
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