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Slow, long-term ground de for ma tions in the D¹browa Ba sin (south ern Po land) were iden ti fied based on ERS-1, ERS-2 and
ENVISAT Syn thetic Ap er ture Ra dar (SAR) im ages that were pro cessed by means of Per ma nent Scat terer SAR In ter fer om e -
try (PSInSAR). The D¹browa Ba sin is a re gion where two ma jor fac tors can af fect sur face sta bil ity: in ten sive coal ex ploi ta tion 
and neotectonic pro cesses. In this study, in or der to clar ify the or i gin of sur face de for ma tions, the au thors pro pose ap ply ing a
newly de vel oped al go rithm of spatio-tem po ral PSInSAR data anal y sis. This anal y sis re vealed that sub si dence is a char ac -
ter is tic fea ture of the D¹browa Ba sin. A sig nif i cant cor re la tion ex ists be tween slow, long-term ground de for ma tions and the
lo ca tion of the main tec tonic struc ture of this re gion. The pro posed spatiotemporal anal y sis of the PSInSAR data ad di tion ally
showed some de gree of cor re la tion be tween min ing ac tiv ity and the stud ied de for ma tions. This in ter con nec tion is a sig nif i -
cant achieve ment of this study since the de for ma tion val ues de ter mined by means of PSInSAR were iden ti fied in ear lier
works solely on the ba sis of D¹browa Ba sin neotectonics.
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INTRODUCTION

The D¹browa Ba sin is a re gion in south ern Po land with a
very com plex tec tonic struc ture and a long his tory of coal ex -
ploi ta tion. Both of the fac tors make this area par tic u larly vul ner -
a ble to ground de for ma tion. Dif fer ent types of sur face de for ma -
tion have been iden ti fied in the D¹browa Ba sin – both con tin u -
ous and dis con tin u ous. Be sides rapid and in tense de for ma tions 
re lated di rectly to min ing ex ploi ta tion, slow (ca. sev -
eral mm/year), long-term ver ti cal ground move ments have also
been ob served. They were iden ti fied based on sat el lite ra dar
im ages pro cessed with Per ma nent Scat terer SAR In ter fer om e -
try (PSInSAR). This method makes use of a set of sat el lite ra -
dar im ages in or der to de tect small long-term ground de for ma -
tions (Ferretti et al., 2000, 2001). Our pre lim i nary anal y sis of
PSInSAR data re vealed a sig nif i cant cor re la tion be tween the
tec tonic struc ture of the D¹browa Ba sin and ground de for ma -
tion val ues (Graniczny et al., 2008; Leœniak and Porzycka,
2009b). Such a re sult seems to con firm re search con ducted on
neotectonic move ments in this re gion. Be sides the con firmed

cor re la tion be tween ground de for ma tions and tec tonic struc -
ture, it is also vi tal to take into ac count the im pact of in ten sive
coal ex ploi ta tion in the D¹browa Ba sin. One is sue that re quires
ad dress ing is whether the ob served sur face move ment val ues
also cor re late with min ing ac tiv ity. To per form this task, the au -
thors pro posed a spe cially de vel oped al go rithm – spatio-tem po -
ral PSInSAR data anal y sis. This tool can help de ter mine the or i -
gin of ground de for ma tion in re gions where many fac tors can af -
fect sur face sta bil ity.

In the pres ent study, sur face de for ma tion pat terns in the
D¹browa Ba sin were ana lysed on the ba sis of PSInSAR data.
The timeframe of the anal y sis was 1992–2003. The ob tained
re sults were ana lysed both for the D¹browa Ba sin as a whole
and sep a rately for the min ing area cov ered by the “Grodziec”
coal mine.

D¥BROWA BASIN AND “GRODZIEC” 
COAL MINE

The re gion ana lysed in the pres ent study, i.e. the D¹browa
Ba sin, is lo cated in south ern Po land and is a part of the Up per
Silesian Coal Ba sin (USCB). This highly in dus tri al ized re gion
cov ers an area of ~150 km2. A large part of this re gion is highly
ur ban ized and densely pop u lated. The D¹browa Ba sin is sus -
cep ti ble to var i ous types of ground de for ma tion, both nat u ral
and anthropogenic.
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TECTONIC SETTINGS

The D¹browa Ba sin, as well as the en tire Up per Silesian
Coal Ba sin, has a com plex tec tonic struc ture. Its ma jor sys tem
of faults, folds and troughs took shape dur ing the Variscan
Orog eny (the Asturian phase; Trzepierczyñski et al., 1985). The 
re search area is lo cated within a dis junc tive tec tonic zone. A
char ac ter is tic fea ture of this re gion is the oc cur rence of
SW–NE-trending struc tural units. Many faults are also lo cated
here (Fig. 1), most of which are nor mal faults with a hade as
steep as 70°. The main fault zone in this area is the Bêdziñski
Fault dat ing back to the Late Mio cene sub-ep och. The
Bêdziñski Fault trends NW–SE. The fault throw val ues grad u -
ally shift from 200 to 50 m in this di rec tion. Its south ern wing is
thrown down. The Bêdziñski Fault is in ter sected by many faults
run ning ap prox i mately me ridi on ally. The throws of these faults
vary from sev eral tens of metres to >300 m. The Al pine fault
sys tem in the stud ied re gion is mainly sec ond ary and it fol lows
the ori en ta tion of the Car bon if er ous faults.

The Car bon if er ous de pos its of the study area, i.e. the
D¹browa Ba sin, are highly di verse in terms of both li thol ogy and 
fa cies. They are also char ac ter ized by a vary ing thick ness. This 
area fea tures three lithostratigraphic se ries: a paralic se ries
(Namurian A), an Up per Silesian sand stone se ries (Namurian B 
and C), and a mudstone se ries (Westphalian A and B). A
sketch of the range of pro duc tive Car bon if er ous coal-bear ing
rocks in the ana lysed area is shown in Fig ure 2. The paralic se -
ries is dis tin guished by the pres ence of coal seams and ma rine
and coal-de fi cient de pos its. The se ries is com posed of con -
glom er ates, sand stones, claystones, siltstones, coal shale and
coals. The Up per Silesian sand stone se ries marks the be gin -
ning of the sed i men ta tion of car bo na ceous de pos its of the Up -
per Silesian Coal Ba sin and con sists mainly of sand stones and
con glom er ates, as well as thick coal seams. Within this se ries,
two lithostratigraphic mem bers can be dis tin guished: Sad dle
Beds and Ruda Beds lay ers. It is in the sad dle lay ers that the
thick est coal seams are found. The Ruda Beds with a thick ness

of up to 24 m in the study area, are a char ac ter is tic fea ture of
them. On the other hand, the Up per Silesian sand stone se ries
fea tures no lev els with ma rine fauna, which oc cur in the paralic
se ries. Over ly ing se ries is the mudstone se ries. It is di vided into
two lithostratigraphic units: the Za³ê¿e and Orzesze units, and
made up pri mar ily of small-scale de pos its (mainly mudstones).
Coal lay ers are very nu mer ous but thin, of ten over grown with
gangue.

The “Grodziec” coal mine is lo cated on the north ern side of
the Bytom Trough. Nu mer ous foldings are a char ac ter is tic fea -
ture of this re gion. The in cli na tion of the lay ers var ies from 0 up
to 70°. The coal de posit in this mine is in ter sected by many
faults of dif fer ent ex tents and throws. The two ma jor faults in
this re gion are the Grodziecki Fault and the Wojkowicko -
-Bêdziñski Fault (Fig. 3). In the Grodziecki Fault the west ern
side is thrown down, while in the Wojkowicko-Bêdziñski Fault
the SW side is thrown down. The throw val ues of the for mer
fault vary from 170 to 250 m, while in the case of the lat ter they
are close to 170 m. These faults di vide the coal de pos its into
four tec tonic blocks. In each of these blocks, the coal beds are
lo cated at dif fer ent depths.

MINING SETTINGS

The D¹browa Ba sin, as well as the Up per Silesian Coal Ba -
sin as a whole, is a paralic ba sin. Coal min ing in this area be gan
in the 18th cen tury when the first mines were opened. The thick -
ness of the coal beds in this area var ies from sev eral metres up
to 24 m (Ciepiela, 2003). The coal beds are in ter sected by nu -
mer ous faults with throws reach ing over 300 m. The av er age
hade is >0°, which makes the min ing op er a tions very dif fi cult.
Over the years, the ex trac tion depth has sig nif i cantly in creased
and now a days it ex ceeds 500 m. The most com mon ex ploi ta -
tion sys tem in all mines of the ba sin is the long wall sys tem with -
out back fill ing. In some cases, when the min ing con di tions are
dif fi cult, the shortwall or other spe cial sys tems are used
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Fig. 1. The D¹browa Ba sin re gion and the lo ca tion of ma jor faults



(Ciepiela, 2003). Only a very small per cent age of coal mines
uti lize a long wall sys tem with back fill ing. There are seven coal
mines lo cated in the D¹browa Ba sin: “Kazimierz- Juliusz”,
“Por¹bka-Klimontów”, “Sosnowiec”, “Pary¿”, “Sat urn”,
“Grodziec” and “Jowisz” (Fig. 4). Al most all of them were closed
be tween 1995 and 2004. The only still ac tive mine is the
“Kazimierz-Juliusz”.

The “Grodziec” coal mine is lo cated in the north ern part of
the D¹browa Ba sin. Its min ing area is di vided by faults into four
tec tonic blocks: A–D (Fig. 3). Coal ex trac tion be gan in this mine 
in 1901. Dur ing the pe riod cov ered by the pres ent study
(1992–2003), the ex ploi ta tion was con cen trated in the
SW block (block B). Coal was mined from a depth of ~500
m. In 1992, the an nual out put of the “Grodziec” coal mine
was ~627,300 tonnes. Dur ing the study pe riod, its an nual
out put de creased to 449,740 tonnes (in the year 1998).
The last tonne of coal was ex tracted in the mine in De -
cem ber 1998. The mine was closed as coal ex ploi ta tion
had be come un prof it able due to very dif fi cult geo log i cal
con di tions.

ANALYSIS OF GROUND DEFORMATION
IN THE D¥BROWA BASIN

Dif fer ent types (con tin u ous and dis con tin u ous) of
ground de for ma tion were ob served within the area of the 
D¹browa Ba sin. They dif fer in scale and in ten sity. The
large-scale de for ma tions are mainly con tin u ous and with 
slower rate than the small-scale de for ma tions that can
be much faster and can cre ate dis con tin u ous dis lo ca -
tions. The ground de for ma tions in the D¹browa Ba sin
are usu ally mon i tored us ing pre cise sur face lev el ling.
Geo detic mea sure ments of de for ma tions are rou tinely
made in min ing ar eas since they are man da tory un der
the Pol ish Geo log i cal and Min ing Law. They are re -

peated con tin u ously at the same mea sure ment point net work
dur ing the en tire ex ploi ta tion pe riod. Un for tu nately, these reg -
u lar mea sure ments are very ex pen sive, es pe cially in the case
of large-area mon i tor ing. 

Mea sure ments of ver ti cal ground dis place ments caused by
min ing ac tiv ity in the USCB (in clud ing the D¹browa Ba sin) were
also made with clas sic sat el lite ra dar in ter fer om e try (DInSAR –
Dif fer en tial In ter fer om e try SAR), which made it pos si ble to
mon i tor the for ma tion of sub si dence troughs caused di rectly by
coal min ing. The DInSAR anal y sis per formed in the USCB re -
vealed the oc cur rence of sub si dence in ar eas where coal ex -
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Fig. 2. The range of pro duc tive Car bon if er ous rocks in the ana lysed part 
of the D¹browa Ba sin

Fig. 3. Min ing area of the “Grodziec” coal mine and the lo ca tion 
of ma jor faults and the ex ploi ta tion field
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ploi ta tion had been con ducted (Perski, 1999). The re sults are
very use ful for as sess ing the im pact of min ing ac tiv ity on sur -
face sta bil ity.

In ad di tion to re search aimed at mon i tor ing de for ma tion
caused di rectly by coal ex ploi ta tion, very slow, long-term ver ti -
cal ground dis place ments were also mea sured in this area. The 
first study of such de for ma tions was con ducted in 1960 and
based on lev el ling data ob tained dur ing the pe ri ods 1926–1937
and 1953–1955. The next anal y sis of Earth’s crust move ments
in Po land was per formed in 1977–1987. In this case, lev el ling
data from 1947–1950 and 1974–1982 were used. In 2006, re -
search ers de ter mined the ve loc i ties of ver ti cal ground dis place -
ments in Po land, again on the ba sis of lev el ling data (from the
two lev el ling cam paigns of 1974–1982 and 1997–2003) as well
as on mareographic data (Kowalczyk, 2007). The straight for -
ward con clu sion from this anal y sis is that, among other things,
the D¹browa Ba sin area is sub sid ing. The mea sure ments
taken in this area re vealed a sub si dence rate equal to
–3.5 mm/year. It can be also ob served that the sub si dence rate
in the D¹browa Ba sin in creases from NE to SW.

DATA USED

In the pres ent study, in or der to in ves ti gate the pat tern of
sur face de for ma tions in the D¹browa Ba sin, the au thors made 
use of PSInSAR data ob tained within the frame work of the
GMES (Global Mon i tor ing for En vi ron men tal and Se cu rity)
pro ject.

PSInSAR TECHNIQUE

The PSInSAR tech nique was de vel oped at the end of the
20th cen tury. It in volves us ing a large set of SAR im ages to de -

tect small, long-term ground de for ma tions (Ferretti et al., 2001). 
A re view of PSI meth ods can be found in Crosetto et al. (2016). 

The PSInSAR tech nique is widely ap plied in the Earth sci -
ences. Ex am ples in clude as fol lows: tec tonic ac tiv ity (Massiro -
nia et al., 2009; Antonielli et al., 2016), hydrogeological prob -
lems re lated to wa ter ex trac tion (Declercq et al., 2005;
DePrekel et al., 2018), vol ca nic erup tions (Ferretti et al., 2008),
seis mic ity pat tern anal y sis (Lagios et al., 2012), mea sure ments
of dis place ments caused by earth quakes (Ishitsuka et al.,
2015), and min ing-in duced ground de for ma tion mon i tor ing
(Huang et al., 2019).

PSInSAR DATA FOR THE D¥BROWA BASIN 
AND “GRODZIEC” COAL MINE

The PSInSAR data used in this study were com puted on
the ba sis of 79 se lected SAR im ages gath ered by ERS-1,
ERS-2 and ENVISAT sat el lites be tween 1992 and 2003. Most
of the im ages were col lected with a 35-day tem po ral base line.
How ever, the ana lysed dataset also fea tures sev eral tem po ral
base lines lon ger than 35 days (mainly 70 days) and 8 tem po ral 
base lines equal to 1 day. The ra dar im age pro cess ing was
per formed en tirely by the Mi lan-based Ital ian com pany TRE
(Tele- Rilevamento Europa) and sup plied to the au thors within
the frame work of the GMES programme. SAR data pro cess -
ing helped iden tify 24723 PS points in the D¹browa Ba sin (Fig. 
4). The av er age de for ma tion ve loc ity (in mm/year) and co her -
ency were de ter mined for each PS point. In ad di tion, the rel a -
tive de for ma tions be tween each sat el lite im age and the ref er -
ence im age (ac quired at 13.08.1997) were as sessed for 6105
PS points.

The PS points are un evenly dis trib uted in the D¹browa Ba -
sin. There are hardly any PS points in some parts of the stud ied
re gion (out side ur ban ar eas) while in other parts (in the main cit -

Fig. 4. The D¹browa Ba sin, and the lo ca tion of PS points and bound aries 
of min ing ar eas



ies) their den sity ex ceeds 1000 PS points per km2 (Fig. 5). The
PS point den sity is very low in for ests and ag ri cul tural ar eas
(<100 PS points per km2), as well as in ar eas where sub si dence 
rate is too high to be de tected by means of the PSInSAR
method and C-band SAR im ages.

A more de tailed anal y sis was per formed for the “Grodziec”
coal mine in the town of Bêdzin. Its min ing area con tains 1846
PS points (Fig. 6). Five hun dred and thirty-six PS points from
this set pro vide a de tailed his tory of de for ma tions in a 35-day
time pe riod. The dis tri bu tion of PS points in this min ing area is
un even. The built-up ar eas are lo cated mainly in the cen tral part 
of the min ing area and this is the re gion where most of the PS
points were iden ti fied. In some parts, where the lev el ling sur vey
re vealed in ten sive sub si dence, only a small num ber of PS
points are ob served. The rea sons are poor co her ence (<0.3),
the pro cess ing method used, and a ra dar wave length which
was too short to eval u ate un am big u ously the re flec tor shift be -
tween two time-ad ja cent ra dar im ages.

PSInSAR DATA ANALYSIS

Pre vi ous stud ies re vealed a sig nif i cant cor re la tion be tween
small, long-term ground de for ma tion and the lo ca tion of the main 
tec tonic units in the Up per Silesian Coal Ba sin (Graniczny et al.,
2008; Leœniak and Porzycka, 2009b). The au thors of the study
per formed spa tial and tem po ral anal y ses based on PSInSAR in
the D¹browa Ba sin. The pur pose of these anal y ses was to study
ad di tional cor re la tions, namely the in ter con nec tion be tween
ground de for ma tion val ues and min ing ac tiv ity.

SPATIAL ANALYSIS OF PSInSAR DATA

The aim of the first stage of PSInSAR data spa tial anal y sis
was to iden tify a re gional trend. This trend was stud ied for dif -
fer ent di rec tions. In Fig ure 7, the ground de for ma tion ve loc i -
ties mea sured for the PS points were pro jected onto per pen -
dic u lar NW–SE and SW–NE planes. Best-fit poly no mial mod -
els were drawn up for both di rec tions. The trend was only iden -
ti fied for a SW–NE di rec tion that is per pen dic u lar to the line of
the Bêdziñski Fault. In the case of the SW–NE di rec tion, the
de for ma tion val ues are in creas ingly neg a tive. The big gest
change in de for ma tion ve loc i ties oc curs near the line of the
Bêdziñski Fault.

The shape of the SW–NE trend shown in Fig ure 7 sug gests
the use of sec ond-or der poly no mial for re gional trend ap prox i -
ma tion. To model the trend and cre ate a smooth sur face, the
au thors ap plied the lo cal poly no mial in ter po la tion method.

The re sults show (Fig. 8) that the Bêdziñski Fault di vides the 
stud ied re gion into two parts with dif fer ent de for ma tion ve loc i -
ties. In the case of the down thrown block, sub si dence was the
pre dom i nant fea ture, most in tense in the cen tral part (near the
fault line) and in the east ern part (in the min ing area of the
“Kazimierz-Juliusz” coal mine) of the re gion. In the upthrown
block of the Bêdziñski Fault, de for ma tion rates de crease to
0 mm/year in a NE di rec tion. The mean value of ground de for -
ma tion ve loc i ties in the down thrown block of the fault is equal to
–2.7 mm/yr, and for the upthrown block it is –0.7 mm/yr. These
re sults con firm pre vi ous stud ies, which showed that the de for -
ma tion val ues are strongly as so ci ated with the lo ca tion of tec -
tonic units in the D¹browa Ba sin (Graniczny et al., 2008).

308 Andrzej Leœniak and Stanis³awa Porzycka-Strzelczyk

Fig. 5. The den sity of PS points in the D¹browa Ba sin



Be sides the ex is tence of a re gional trend, lo cal fac tors may
af fect sur face sta bil ity. To ana lyse short-range vari a tions in
ground de for ma tion ve loc i ties, the de tected trend was re moved 
from the PSInSAR data and the ob tained re sid u als were fur ther
ana lysed.

The spa tial autocorrelation and di rec tional vari a tion of re -
sid ual ground de for ma tion ve loc i ties were stud ied us ing geo -
statistical meth ods. These meth ods can be used to ana lyse
data that are spa tially and/or tem po rally cor re lated (Wecker -
nagel, 1995). First, to study ani so tropy, the au thors cal cu lated
the di rec tional semivariograms. A semivariogram plots the
semi variance be tween data points as a func tion of dis tance.
The val ues of these semivariograms were es ti mated by Equa -
tion 1:
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h . In the pres ent study, di rec tional semivariograms were cal cu -

lated for the fol low ing az i muths: 0°, 30°, 60°, 90°, 120° and 150°
(Fig. 9).

The anal y sis re vealed the oc cur rence of geo met ri cal ani so -
tropy. The range of autocorrelation in an ap prox i mately NE di -
rec tion (az i muth 60°) is clearly greater than the range in an ap -
prox i mately SE di rec tion (az i muth 150°). The em pir i cal semi -
variograms were fit ted by spher i cal mod els (Fig. 9). The the o -
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Fig. 6. Min ing area of the “Grodziec” coal mine, fea tur ing PSInSAR data

Fig. 7. Trend anal y sis in di rec tions par al lel and per pen dic u lar
to the line of the Bêdziñski Fault
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ret i cal model ob tained for an az i muth equal to 60° takes the
form pre sented in Equa tion 2.
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The range of autocorrelation for this az i muth is equal to
3.21 km. The ani so tropy ra tio is equal to 1.33, which means that 
the range of autocorrelation for az i muth 60° is 1.33 times
greater than the range for az i muth 150°. The de tected geo met -
ri cal ani so tropy was in cor po rated into sub se quent pro ce dures.

To in ter po late the ground de for ma tion ve loc i ties at un mea -
sured points, the or di nary kriging tech nique was used for re sid -
ual data. This method re sults in pre dic tions in the form shown in
Equa tion 3:
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where: wi are the kriging weights, and z(si) is the value of the pa ram -
e ter mea sured at lo ca tion si. 

The kriging weights are de ter mined on the ba sis of in for ma -
tion on the spa tial autocorrelation be tween the data quan ti fied
and de scribed by semivariograms. The kriging re sults are pre -
sented in Fig ure 10. Within the stud ied re gion of the D¹browa
Ba sin there are clearly sev eral ar eas with high sub si dence val -
ues that were not re vealed on the map ob tained us ing the lo cal
poly no mial in ter po la tion method. Most of these ar eas are lo -
cated in the down thrown block of the Bêdziñski Fault in the min -
ing ar eas of the “Kazimierz-Juliusz”, “Por¹bka-Klimontów”,
“Sat urn” and “Jo wisz” coal mines.

In ad di tion to the kriging re sults, a pre dic tion vari ance map
was also cal cu lated (Fig. 11). This makes it pos si ble to asses
er rors in the in ter po la tion pro ce dure. The pre dic tion vari ance
val ues were cal cu lated us ing Equa tion 4.

s jok = - +åC w s C s si i( ) ( , )0 0 [4]

where: C(s0,si) is a covariance be tween the in ter po lated point and

data point, C is a sill (hor i zon tal as ymp tote) of semivariogram, and j
is called a Lagrange mul ti plier.

The high est kriging er rors oc cur within the min ing ar eas of
the “Jowisz” and “Kazimierz-Juliusz” coal mines.

Fig. 8. Re sults of lo cal poly no mial in ter po la tion 
of an nual de for ma tion ve loc i ties

Fig. 9. Em pir i cal di rec tional semivariograms
with fit ted the o ret i cal mod els
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The re sults may in di cate that the iden ti fied re gional trend
may be the re sult of neotectonic move ments and any short -
-range vari a tion may be caused by more tem po ral fea tures
such as coal ex ploi ta tion. To ver ify this hy poth e sis the au thors
per formed a tem po ral anal y sis of the PSInSAR data.

TEMPORAL ANALYSIS OF PSInSAR 
DATA

The ground de for ma tion val ues ob tained by means of the
PSInSAR tech nique de pend on many lo cal fac tors that af fect

Fig. 10. Map of kriging re sults

Fig. 11. Map of kriging er ror



par tic u lar sta ble ra dar tar gets. In many cases, de for ma tion val -
ues ap prox i mated for a PS point on the ba sis of a lin ear model
(as is done in the stan dard PSInSAR al go rithm) re sult in the
loss of im por tant in for ma tion (Gehlot et al., 2005). Such a sit u a -
tion may lead to er ro ne ous in ter pre ta tions of de for ma tion mea -
sure ments. On the other hand, over-in ter pre ta tion may am plify
the ir rel e vant fac tors.

In the pres ent ar ti cle, the au thors per formed a tem po ral
anal y sis of the PSInSAR data. The aim of this part of the study
was to ex am ine trend changes in ground de for ma tion val ues
for each PS point. In or der to per form this task a spe cial al go -
rithm was de vel oped. The al go rithm was pro posed by
Porzycka and Leœniak (2010). The al go rithm makes it pos si ble 
to ap prox i mate the ground de for ma tion val ues for each PS
point us ing two lines.

The al go rithm was de signed to en sure fast and pre cise
anal y sis of large PSInSAR datasets. All its parts were per -
formed us ing the R sta tis ti cal com put ing en vi ron ment. The R is
based on S lan guage (Rizzo, 2007).

In the first step of the al go rithm, all 79 de for ma tion val ues
mea sured be tween the years 1992 and 2003 were ap prox i -
mated for each PS point us ing two lines. The first of these lines
was matched to the first n mea sure ments, while the sec ond
was matched to the other (79-n) mea sure ments. For each sta -
ble ra dar, tar get value n var ies be tween 15 and 63, so the ap -
prox i ma tion is per formed for a min i mum of 15 val ues. Such a
so lu tion al lows any trend change to be de tected within a nar -
rower time pe riod be tween X.1993 (the 15th mea sure ment) and 
IV.2000 (the 63rd mea sure ment). 

In the next step of the al go rithm, the au thors tested if the fit -
ted mod els sat isfy the as sump tions of lin ear re gres sion. The
nor mal ity dis tri bu tion of re sid u als was de ter mined for each
model, us ing the Shapiro-Wilk test (Sen et al., 1990). In a cor -
rectly es ti mated model, the re sid u als are nor mally dis trib uted.
The con stancy of re sid u als was as sessed for each model us ing
the Breusch-Pa gan test. The vari able vari ance of re sid u als may 
in di cate that the used model is un re li able be cause the re sid u als 
are not ran dom. In the next step, the al go rithm as sesses the
pres ence of any autocorrelation be tween the re sid u als. To per -
form this task the Durbin-Wat son test (Sen et al., 1990) was
used. The pres ence of autocorrelation may in di cate the ex is -
tence of a fac tor which was not in cluded in the model. As a re -
sult of this part of the study, only pairs of lines meet ing three
con di tions (the re sid u als are nor mally dis trib uted, have con -
stant vari ance, and zero cor re la tion) were cho sen for each PS
point. The PS points that could not be ap prox i mated us ing two
lines were not taken into con sid er ation later in the study.

In the third part of the al go rithm, the best fit ted pair of lines
was cho sen for each PS point. In or der to do this the de ter mi na -
tion co ef fi cient R2 and the re gres sion stan dard er ror RSE were
cal cu lated for each es ti mated model.

In the fi nal part of the al go rithm, the dif fer ences in the slopes 
of fit ted mod els were de ter mined for each PS point. If the dif fer -
ence was >20°, the PS point to gether with the date and cat e -
gory of trend change were re corded. In the pres ent study, the
trend changes were di vided into four cat e go ries:

  cat e gory I – in crease in sub si dence ve loc ity, 
  cat e gory II – de crease in sub si dence ve loc ity, 
  cat e gory III – in crease in ground lift ing ve loc ity,
  cat e gory IV – de crease in ground lift ing ve loc ity.

The pro posed tem po ral anal y sis was per formed at 6105 PS 
points. Trend changes were iden ti fied in 2520 of them. The re -
sults of the anal y sis are shown in Ta ble 1. More de tailed in -
sights into the re sults can be found in Porzycka et al. (2010).

Tem po ral anal y sis of PSInSAR data re vealed that trend
changes oc curred in 41% of all the sta ble ra dar tar gets in cluded

in the anal y sis. The ta ble shows that the num ber of PS points for
which trend changes were de tected var ies in time. Most changes 
oc curred be tween X.1993 and XII.1995 (al most 38% of all
changes) and be tween III.1999 and IV.2000 (45% of all
changes). As can be read in Porzycka et al. (2010) an in crease in 
sub si dence ve loc ity is a typ i cal fea ture of the first of these time
pe ri ods (cat e gory I), while a de crease in sub si dence ve loc ity was
the most com mon trend change (cat e gory II) in the sec ond pe -
riod. Such a sit u a tion may in di cate that some fac tors af fect ing
ground de for ma tion val ues oc curred dur ing these time in ter vals. 

The re sults of PSInSAR data tem po ral anal y sis were ana -
lysed sep a rately for the min ing area of the “Grodziec” coal
mine. In this re gion, 536 sta ble ra dar tar gets were iden ti fied.
The re sults of the anal y sis are pre sented in Ta ble 2. More de -
tailed in sights into these re sults can be found in Porzycka et al.
(2010).

The ta ble shows that trend changes oc curred in nearly 46%
of all the PS points from the “Grodziec” min ing area. Most of
these changes (56.8%) oc curred be tween III.1999 and IV.2000. 
As was re vealed in Porzycka et al. (2010) these are cat e gory II
changes in volv ing a de crease in sub si dence ve loc ity. Twenty-
 six per cent of trend changes oc curred within the first 26 months
of the ana lysed time in ter val. These are mostly cat e gory I
changes (in crease in sub si dence ve loc ity).

The aim of the next stage in the pres ent study was to an a -
lyse the spa tial dis tri bu tion of PS points for which trend changes 
were de tected in suc ces sive time in ter vals. To per form this
task, maps of rel a tive den sity of PS points were pre pared for the 
time pe ri ods in which most trend changes were de tected. The
rel a tive den sity of val ues of PS points was de ter mined us ing a
two-di men sional ker nel den sity es ti ma tor (KDE).

Ker nel es ti ma tion is a nonparametric method. It makes it
pos si ble to es ti mate the den sity func tion val ues of a ran dom
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T a  b l e  1  

Re sults of tem po ral anal y sis of PSInSAR data 
for the D¹browa Ba sin

Time pe riod/cat e gory Num ber of PS points

X.93–XI.94 544

XI.94–XII.95 431

XII.95–I.97 160

I.97–II.98 102

II.98–III.99 155

III.99–IV.2000 1128

To tal 2520

T a  b l e  2  

Re sults of tem po ral anal y sis of PSInSAR data
for the “Grodziec” coal mine

Time pe riod/cat e gory Num ber of PS points

X.93–XI.94 31

XI.94–XII.95 32

XII.95–I.97 10

I.97–II.98 16

II.98–III.99 16

III.99–IV.2000 138

To tal 243



vari able based on a fi nite num ber of data points (Wal ter and
Gotway, 2004). The es ti ma tor of two-di men sional den sity func -
tion at point s = (u0, v0) takes the form pre sented in Equa tion 5
(Wal ter and Gotway, 2004)
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where: K is a ker nel func tion, and bu and bv are es ti ma tion
bandwidths for vari ables u and v. In the pres ent study, a Gaussi an
func tion [Equa tion 6] was used as a ker nel func tion.
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The smooth ing of the sur face thus ob tained de pends on the 
es ti ma tion bandwidths. In this work, val ues bu and bv were cal -
cu lated us ing the for mula pro posed by Silverman (Equa tion 7;
Silverman, 1986).
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In the pres ent study, the maps show ing the rel a tive den sity
of PS points with trend changes were only pre pared for two time 
pe ri ods in which the most of the changes were re vealed. Firstly, 
the au thors pre pared the maps show ing the rel a tive den sity of
PS points, for which trend changes oc curred be tween X.1993
and XI.1994 (Figs. 12 and 13). These maps were pre pared sep -
a rately for trend changes fall ing within cat e gory I and those
from cat e gory II. It ought to be men tioned that dur ing this pe riod
of time all seven coal mines were in op er a tion. Anal y sis of the
maps re vealed that dur ing this pe riod, cat e gory I trend changes
were typ i cal. Their high-den sity val ues are typ i cal through out al -

most the en tire study area, es pe cially in the case of the down -
thrown block of the Bêdziñski Fault. Cat e gory II trend changes
were only de tected in some ar eas in the upthrown block of the
Bêdziñski Fault.

In the sec ond step, the au thors pre pared rel a tive den sity
maps of PS points for which trend changes oc curred be tween
III.1999 and IV.2000 (Figs. 14 and 15). The high est num ber of
trend changes were de tected dur ing this time pe riod. Most of
them (~75%) in di cate a de crease in sub si dence ve loc ity. It
should be pointed out that only three coal mines were in op er a -
tion dur ing this time: “Kazimierz-Juliusz”, “Jowisz” and
“Por¹bka - Klimontów”. In De cem ber 1999, the “Por¹bka-
 Klimontów” coal mine fin ished ex ploi ta tion ac tiv ity. The rel a tive
den sity of PS points with cat e gory II trend changes is high
through out al most the en tire study re gion. The high est val ues
were re corded within the min ing area of the “Sosnowiec” coal
mine. The rel a tive den sity of PS points with cat e gory I trend
changes was high in the min ing area of the “Jowisz” coal mine.
In this coal mine, ex ploi ta tion ac tiv ity con tin ued un til the end of
IV.2000.

A sep a rate anal y sis of rel a tive den sity of PS points with
trend changes was per formed for the min ing area of the
“Grodziec” coal mine. Fig ures 16 and 17 pres ent rel a tive den -
sity maps of PS points for which trend changes oc curred be -
tween X.1993 and XII.1995. These maps were pre pared sep a -
rately for cat e gory I and cat e gory II changes. They show that
dur ing the ana lysed time pe riod, an in crease in sub si dence ve -
loc ity was typ i cal in ar eas near the ex ploi ta tion field. On the
other hand, cat e gory II trend changes are char ac ter is tic of the
north part of the min ing area.

Maps show ing the rel a tive den sity of PS points with trend
changes in the “Grodziec” coal mine were also pre pared for the
time pe riod be tween III.1999 and IV.2000 (Figs. 18 and 19).
These in di cate that dur ing this time pe riod, cat e gory II trend
changes pre dom i nate through out al most the whole min ing
area. A de crease in sub si dence ve loc ity is es pe cially ev i dent in
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Fig. 12. The rel a tive den sity of PS points for which trend changes oc curred 
be tween X.1993 and XI.1994 (cat e gory I) 
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Fig. 13. The rel a tive den sity of PS points for which trend changes oc curred 
be tween X.1993 and XI.1994 (cat e gory II)

Fig. 14. The rel a tive den sity of PS points for which trend changes oc curred
 be tween III.1999 and IV.2000 (cat e gory I)
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Fig. 15. The rel a tive den sity of PS points for which trend changes oc curred 
be tween III.1999 and IV.2000 (cat e gory II)

Fig. 16. The rel a tive den sity of PS points for which trend changes oc curred 
be tween X.1993 and XII.1995 (cat e gory I)
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Fig. 17. The rel a tive den sity of PS points for which trend changes oc curred 
be tween X.1993 and XII.1995 (cat e gory II)

Fig. 18. The rel a tive den sity of PS points for which trend changes oc curred 
be tween III.1999 and IV.2000 (cat e gory I)



the area lo cated near the ex ploi ta tion field. It should be pointed
out that coal ex ploi ta tion in this mine came to an end in De cem -
ber 1998.

DISCUSSION

The pres ent study dem on strated that slow, long-term
ground de for ma tions are a char ac ter is tic fea ture of the
D¹browa Ba sin area. Spa tial anal y sis of these de for ma tion
val ues re vealed the pres ence of a re gional trend. Reg u lar
changes in de for ma tion val ues were de tected in a SW–NE di -
rec tion (per pen dic u lar to the Bêdziñski Fault line). Sub si dence 
is typ i cal for the down thrown block of the Bêdziñski Fault. The
high est sub si dence rate val ues were de tected near the fault
line. The de for ma tion ve loc ity val ues de cline to zero in the
upthrown block of the Bêdziñski Fault. Such a pat tern may in -
di cate the oc cur rence of neotectonic move ments along the
fault plane. The anal y sis of short-range vari a tion per formed in
this study re vealed the pres ence of ar eas with high sub si -
dence rates in the down thrown block of the fault. These de for -
ma tions, which were not iden ti fied by re gional trend anal y sis
and are char ac ter ized by spa tial autocorrelation, may be
caused by coal ex ploi ta tion.

As was re vealed in a pre lim i nary anal y sis de scribed in
Porzycka et al. (2010), a spatiotemporal anal y sis of ground
de for ma tion val ues re vealed trend changes in 41% of all PS
points. The au thors found that PS points char ac ter ized by
trend changes be long ing to par tic u lar cat e go ries are not
equally dis trib uted in time and space. The anal y sis re vealed
that 38% of these trend changes oc curred be tween X.93 and
XII.95. Eighty per cent of the changes in volved an in crease in
sub si dence ve loc i ties. Most of the trend changes oc curred be -

tween III.1999 and IV.2000, 75% of which were the changes
that in volved a de crease in sub si dence ve loc ity. Spa tial anal y -
sis of PS point den sity was per formed for those points where
trend changes be long ing to par tic u lar cat e go ries were dis cov -
ered. It showed some reg u lar ity in den sity changes dur ing par -
tic u lar time in ter vals. The anal y sis of PS point den sity val ues
for the pe ri ods X.93–XI.94, XI.94–XII.95 and III.1999–IV.2000
showed that these val ues are gen er ally ori ented in a di rec tion
par al lel to the Bêdziñski Fault line.

CONCLUSIONS

The spatiotemporal anal y sis per formed for the min ing area
of the “Grodziec” coal mine re vealed a cor re la tion be tween sub -
si dence ve loc ity and min ing ac tiv ity. The ob served cor re la tion is 
too dis tinc tive to be treated as ac ci den tal. How ever, fur ther
anal y sis in cor po rat ing much more de tailed in for ma tion about
coal ex ploi ta tion is re quired.

The use of ap pro pri ate PSInSAR data anal y sis meth ods
can help as sess the im pact of var i ous fac tors on ground move -
ment. The main fac tor af fect ing slow, long-term ground de for -
ma tion val ues in the D¹browa Ba sin is the neotectonic ac tiv ity
of this re gion. How ever, the im pact of an ad di tional fac tor, i.e.
min ing ac tiv ity, has also been ob served.
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by the AGH – Uni ver sity of Sci ence and Tech nol ogy, Fac ulty of
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Fig. 19. The rel a tive den sity of PS points for which trend changes oc curred 
be tween III.1999 and IV.2000 (cat e gory II)
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