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Summary

Properly selected methods of dynamics and ranggoaind displacement monitoring can be
fruitful in environmental protection. One of vemnportant techniques is satellite radar
interferometry for permanent scatterer - PSINnSARgives us possibility to measure small,
long period ground deformations which can be causgdhuman activities (e.g. water
pumping, coal exploitation, roads use) or naturalycurring (neotectonic movements,
landslides). Long period ground deformations cardaegerous for surface and subsurface
infrastructure.

In this article the GIS methods were used to amatlie PSINSAR data. This analysis includes
the study of the ground displacements in space tame. In order to do this work the
ortophotomap and topography map were used. A vectap, which was obtained by
digitalizing the ortophotomap, was used in the ygial The GIS analysis of PSINSAR data
gives us possibilities to study stability of grouddring the last several years. This analysis
derives information which are very important whit@king decisions aimed to protect surface
and subsurface infrastructure in areas threatenetefain deformations. The results of

analysis are also important for planning the laedetopment.
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Introduction

The ground deformations, with different rates antkensities, occur in many regions in

Poland. They can have natural or anthropologicatatter. The explanation of the origin and
mechanism of these ground displacements is vergritapt while making decisions aimed to

protect surface and subsurface infrastructure. dléllfthis requirement, the permanent

monitoring of unstable areas is necessary. The uneaents of ground deformations can be
performed using different methods. In Poland thestmemmmon method is levelling. The

development of satellite radar interferometry desitechniques which provide very precise



measurements of ground displacements for larges.af@ae of these techniques is PSINSAR
(Permanent Scatterer Interferometry Synthetic ApertRadar) method, which derives
information about small, long period displacemeuitpoints which are stable radar targets
[4].

In order to perform effective monitoring of unswldreas, except measurements methods
selection, we have to work out the rules of analysi data which are derived by these
methods. The schemes and algorithms have to taeatount the spatial character of data
and their dynamics changes in time. In case ofyaisabf PSINSAR data the good solution is
to use the GIS (Geographic Information System)st@old methods. Integration of the results
of geostatistical analysis of PSINSAR data withedént measurements (e.g. leveling, INSAR
data) enables to monitor the unstable areas in efbogent way.

Description of PSINSAR technique

The PSInSAR method is an improvement of widely Us&AR (Interferometry Synthetic
Aperture Radar) technique [7, 8]. PSINSAR techaigxploits dozens of satellite radar
images in order to identify the stable radar target called PS (Permanent Scatterer) points.
These points have stable phases and amplitudesackstattered radar signal in each
exploited radar image and they correspond very wath ground development (e.g.
buildings, bridge, viaduct, outcrops and lanter®)r each PS point the value of average
annual motion rate and coherence coefficient oaraggnal are determined. In PSINSAR
technique we use the archival radar images andaweneasure the values of previous ground
deformations. It is very important that this tecue enables monitoring of large areas and
derives dense, irregular grid of PS points (foramrtareas the density of PS points can be
higher then 100 PS/Kih PSINSAR method can be also used to study thailisy of
individual buildings. The accuracy of this techreqgis very good. When we use more than
thirty radar images we can detect ground deformatigp to 0.1 mm/yr. The main limitations
of the method are values of ground displacementghvican be measured. PSINnSAR
technique can only detect small ground deformations larger than several centimeters per
year. This limitation is connected with lengthsadlar wanes used by SAR system. PSINSAR
also does not give good results in monitoring rar&as, because there are no stable radar
targets. There are a lot of published results wisitcbwed that PSINSAR technique is very
useful in studying the ground deformations causgcely. water pumping [2] or volcano
activity [3]. This method finds also applicability monitoring ground movements for mining

and postmining areas [5, 6].



Due to mentioned constraints of PSINSAR techniguean not be independent tool for

monitoring ground displacements in unstable arkas.necessary to complements PSINSAR
data by other measurements performed using e.gllifey or INSAR method. We can

perform this task using GIS software. Such a sofutgives us possibilities to perform

efficient analyze for all ground deformations wishecessary to recognition hazards which
are caused by these ground movements. Using GlSamealso perform risk analysis

connected with ground deformations.

GlSanalysis

The development of computer science and systendatabase management caused the huge
progress of Geographic Information Systems. NowsdzS is an irreplaceable tool to work
with geographically referenced data [10]. The nmaims of GIS are: processing, analysis and
visualization of data which come from different smas and have different scales. Using GIS
we can modify and present objects that fulfill defi requirements in a very fast way.
Geographic information systems are used also tisstal data analysis. Without any doubts
we can say that GIS is a system aimed to supporsida-making process based on analysis
of geographically referenced data.

Nowadays various of commercial and free GIS sofwtapls are available to process raster
and vector data. GIS GRASS and SAGA-GIS are vepomant open source, free software.
In this work the analysis of PSINSAR data was pentxl using commercial ArcGIS software
produced by ESRI which is the word leader in GI&c@&S is a complete tool to work with
data which are spatial referenced.

Available PSINSAR data

In this work the analysis of PSINSAR data was pentd for area which covers
approximately 27k It corresponds to part of the Sosnowiec town,ciwhis located in the
Dabrowskie Coal Basin. It is industrial region wééne coal exploitation was carried on for
about two hundred years. This region is particyl#nreatened by ground deformations. It
needs to be stressed that Sosnowiec has the highless of population density in area of
Dabrowskie Coal Basin. Therefore the ground defdionan this region has to be monitoring
permanently and very accurately.

The PSINnSAR data, which were used in this workewadstained as a result of radar images
processing performed by ERS-1, ERS-2 and ENVISAielgas which belong to ESA
(European Space Agency). In area of study 1701dr8spwere identified. For each of them



the value of average annual motion rate (betweersy@992-2003) and the coherence
coefficient were determined. For each PS point rédative ground deformations, which
occurred between times when the two SAR images penfermed (about 35 days), were also
measured. In the figure 1 we can observe thatttetibn of PS points, in the studying area, is
very irregular. In the areas without building demhent the number of PS points is lower
then in the built-up areas, where PS points coeerly well with roofs of buildings. We can
also select regions without PS points. These regioverlap with e.g. forests, meadow
(without stable radar targets) and areas whereesabfl ground deformations are to high to be
detected by PSINSAR technique. Average annual matte for all PS points in the area of
study is equal to -2.19 mm/yr and the maximum cdteubsidence is 11.6 mm/yr. In the area
of study there are no PS points for which measueddes of displacements can indicate the
ground lifting.

The GIS analysis of PSINSAR data, described inwlugk, includes three stages. In the first
one the unreliable PS points were removed fromseatén the next part of work the values of
ground displacements were interpolated to evaltnigesubsidence values at points for which
the ground movements ware not measured by PSIn®a8Rnigue. This interpolation was
performed not only for space but also for time @ach moment between years 1992-2003).
Third part of analysis includes selections of badg which are located in the area with
highest values of subsidence. In presented wokk,viues of ground displacements along
main roads were also studied. In order to perfohis tanalysis the PSINSAR data,
ortophotomap, topography map and vector maps (wiéphesent buildings and main roads)

were integrated in GIS environment.

The elimination of unreliable PS points

In his work the PSINSAR technique were used toctedeeas with the highest values of
ground displacements. The accuracy of the resepents on the reliability of data which
were used. Therefore in the first step of analyises PS points with the highest values of
displacements were examined very carefully in otdeemove these PS points for which the
measured displacements are unreliable (due to dewerrelation of radar signal caused by
temporal changes of observed surface). This taskeng important because these unreliable
measurements can have great impact on the acoofraesults of analysis.

The GIS software gives us possibility to selecttbe map features which fulfill defined
requirements. In this part of work the PS pointthveiverage annual subsidence rate higher

then 3 mm/yr were selected (selection by attributedm selected subset, PS points which



correspond with buildings were removed (selectignidzalization). From 1701 PS points
only 4 of them satisfy defined criteria of selentioBased on analysis of ortophotomap it was
found that two of selected PS points corresponth wansition poles, one with glasshouse
and one PS point is located in area without stedddlar targets, near some bushes (Fig. 2c).
For last mentioned PS point buffer of distance ed@akm was created and for PS points
which were located in this buffer the average ahmdtion rates were checked. It was found
that their values are considerably lower than \&hfeground deformations measured in point
for which buffer was created therefore this poimtswemoved from PSINSAR dataset and it
was not used in the analysis. In figure 2a andhzbtypical PS points were showed, they

correspond with the roofs of buildings.

The geostatistical analysis of PSINnSAR data

The next stage of the performed analysis includhes interpolation of values of ground
deformations at points in space and in momentnoé tior which the ground movements were
not measured by PSINSAR technique. In order tdhdbthe geostatistical methods were used.
They were developed for analysis and interpretatimingeographically referenced data. The
main tool in geostatistics is a semivariogram whichefined as a semivariance evaluated as

a function of distance (Eq.1) [9].

M) = 5> (2(s) - 2s +h)’ )

where:

z(s),z(s +h) -values of parameter at points within the distéaequal to vectdr,
N, - number of pairs of points within the distance&do vector,

The geostatistical method of interpolation of atipalar parameter is called kriging. A
standard and widely uses version of kriging is einary kriging. The estimator has form of

weighted average (Eq. 2).

2oy = YW (5)2(5) @

where:
W (s,) - are weighted coefficients

The values of weighting coefficients for kriging tenpolation are based on spatial

autocorrelation of analyzed parameter, describefdibgtion of semivariogram.



In our work the interpolation of ground deformasonas performed using ArcGIS packages
for geostatistical analysis. The interpolation wasformed using ordinary kriging method. In
the figure 3 the ortophotomap of Sosnowiec town wssd as a background of presented
results of kriging. The black, dotted lines encldbe areas with the highest values of
subsidence and the black lines enclose the stabées.aFor area of study the subsidence can
be easily noticed. We can distinguish four regianth average annual motion rate higher
then -3 mm/yr and two stable regions located ineth&t and south-west part of area of study.
It is very important that PSINSAR technique deriv@&®rmation not only about values of
ground deformations in space but also it supplidsrination about ground displacements
which occurred between moments in time when the 3&& images were performed. Using
geostatistical methods we can interpolate valuegrofind displacements for any period of
time between years 1992-2003. In this work mapsgbund displacements were prepared
for each month within the period 1992-2003. Thesgpsnenable us to study the correlation
between values of ground deformations and factdielwcan influence on these ground
movements (e.g. coal exploitation, water pumpirig)the figure 4 the maps of relative
ground deformations are presented. Figure 4a pieshe map of interpolated values of
displacements which occurs between 05.1992-05.19fb figure 4b presents interpolated
values of displacements which occurred between9@8-D8.2003. It can be observed that for
second analyzed period of time the range of highalstes of subsidence is smaller than for
first period of time. These changes can be coedlatith termination of the coal exploitation
in two mines “Sosnowiec” (1997 — end of coal exalton) and “Niwka-Modrzejow” (1999 —
end of coal exploitation). Using PSINSAR technigue can also estimate the values of
ground displacements which can occur in the futlirés very important information for
planning the land development. In the figure 5 diegram of ground displacements of PS

point, which correspond with building located atoBta street in Sosnowiec, is presented.

Buildings stability and ground defor mations along main roads

The next stage, of the presented work, was to tskléltings which are located in the areas
with the largest values of subsidence revealed Byn®AR technique. In order to perform

this task the maps of previously performed krignegults were used. In this analysis the
vector map represents buildings in area of study alsao used (6a). This vector map which
was prepared by digitalizing the topography maphef Sosnowiec town. Using methods of
selection by attributes and space location thedimgbk located in the areas with average

annual subsidence rate higher then 3 mm/yr weraisd. In the figure 6a these buildings



are marked as black and in the figure 6b they ate@p ortophotomap of Sosnowiec. It needs
to be stressed that selected buildings located emtral part of studying area are in
neighborhoods of “Sosnowiec” coal mine whereascsetebuildings in south part of region
are in neighborhood of “Niwka-Modrzejow” coal minghe information about the stability of
individual buildings can help us to identify thet@atial hazards and allows better protection
of these objects.

In this work the analysis of values of ground defations along main roads was also
performed. Based on the topography map the vewtgr of main roads was prepared (Fig.
7). Around the main roads the distance buffers weeated. PS points which are located
within the distance of 30m from these roads werdus this analysis. Figure 7 presents the
ortophotomap with vector map of main roads and R%&oints used in analysis. The average
value of annual motion rate for all selected PShisois equal -2.33 mm/yr and it is not
significantly different from average for all 1705 Points. However in the figure 7 we can
observe that the average values of subsidenceiféeeedt for particular parts of roads. The
largest values of subsidence can be observed &oisravhich are located in the central part of
area of study. These results indicate the non-tmifsubsidence of road, what can be the

reason for their deformations and pavement damages.

Conclusions

The performed analysis of PSINSAR data, using Giistand methods, gave us possibility of
elimination the unreliable PS points, which do ootrespond with stable radar targets. This
task was very important in order to increase thikabuity of analysis results. The
geostatistical analysis, which included the intéapon of ground deformations at points for
which the ground movements were not measured by3?& technique, revealed four
regions with the values of subsidence higher thenn®yr. In this work the map of terrain
deformations for each month in period 1992-2003ewssrformed. Integration of PSINSAR
data, results of their geostatistical analysis (m&kriging) and vector maps (which represent
buildings and roads) enabled us to select buildiagd fragments of roads threatened by
terrain deformations.

Application of GIS methods to PSINSAR data enabiedo perform their precise and fast
analysis. Using GIS method we can monitor grourfdrdgations not only in space but also in
time to select areas which are the most threatdnederrain deformations. All results
obtained in performed analysis develop the databaiseut ground deformations in

Sosnowiec. Their integration with different datancsupport decision-making in which the



problem of ground displacements has to be takenaotount. It has to be said that about the
usability of the maps decide not only their accyrbat also their accessibility. The SVG
(Scalable Vector Graphics) language allows presentdully scalable vector maps in the
Internet [1]. Using SVG formats firms and instituts can use these maps in easy way. All
maps performed in this work can be export to SMésfusing ArcGIS. The exchange and

reentrancy of data are crucial in ground defornmetimonitoring.
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Figures:

Fig.1. Topography map of area of study (a) with locavd®S points (b)

Fig.2. Localization of PS points with high values of sdesce

Fig.3. Kriging results superimposed on ortophotomap afifdaviec

Fig.4. Maps of displacements which occurs between 05-089P995 (a) and between
08.1999-08.2003 (b)

Fig.5. Values of ground deformations for selected posatiMeen years 1992-2003 (reference
scene: 1997.08.13)

Fig.6. Vector map of building (a) superimposed on ortaphap of Sosnowiec (b)

Fig.7. Ortophotomap of Sosnowiec with main roads and &8t which are located within

the distance of 30m from these roads
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