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We pro vide a map of sub si dence caused by un der ground min ing in Up per Silesia, which hosts the larg est coal ba sin in Po -
land. The map com bines data ob tained us ing two InSAR pro cess ing tech niques and dif fer en tial LIDAR data. Per sis tent Scat -
terer In ter fer om e try and Dif fer en tial SAR In ter fer om e try tech niques were ap plied on im ages from the Sen ti nel-1 sat el lite
cov er ing a six-year pe riod from 2015 to 2020. As a re sult, 132 sub si dence ar eas af fected by de for ma tion of >5 mm/year cov -
er ing 430 km2 were de ter mined. Ad di tion ally, a dif fer en tial LIDAR model cov er ing the pe riod 2012–2021 was an a lyzed,
where 103 sub si dence ar eas were iden ti fied, of a to tal area of 88 km2 and where the larg est re corded de for ma tion value ex -
ceeded 10 m. De spite the large time dif fer ence be tween the two sub si dence datasets, good cor re la tion of the data re gard ing
the lo ca tion and shape of the troughs was ob served. How ever, com par i son of InSAR and LIDAR data showed a large un der -
es ti ma tion by DInSAR of val ues of sub si dence in the cen tral parts of the bas ins. We show the po ten tial of Sen ti nel-1 and
LIDAR data to de ter mine dis place ments tak ing place over large ar eas and over long pe ri ods, as a sup ple ment to tra di tional
mea sure ment meth ods.
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INTRODUCTION

INSAR METHODOLOGY

In ter fer om e try com prises a group of tech niques that uses
the com pound of two waves to ob tain in for ma tion about the
change in the wave form. Sat el lite Ra dar In ter fer om e try uses
mi cro wave im ag ing ac quired by Syn thetic Ap er ture Ra dar
(SAR). The ra dar im ag ing sys tem, in con trast to op ti cal sys -
tems, al lows pen e tra tion of clouds and is in de pend ent of sun -
light (it can op er ate at night) and there fore is im por tant for many
Earth Ob ser va tion ap pli ca tions. Each pixel of the ra dar im age
con tains in for ma tion about the am pli tude and the phase of the
sig nal re flected from the field unit. The com bi na tion of the
phase com pound of two SAR im ages of the same area is called
an interferogram. The phase change re corded on the
interferogram pro vides in for ma tion on the change of dis tance
be tween the sat el lite po si tion and the field ob ject on the Earth
back scat ter ing the sig nal. This al lows the gen er a tion of a nu -

mer i cal ter rain model and ex act mea sure ment of the sur face
dis place ments. The tech nique for cre at ing dif fer en tial interfero -
grams is called dif fer en tial SAR in ter fer om e try (DInSAR,
Massonnet and Feigl, 1998). More about the tech nique’s prin ci -
ples can be found for ex am ple in Hanssen (2001) or Ferretti et
al. (2001).

The main lim i ta tions of dif fer en tial in ter fer om e try in clude the 
de-cor re la tion re sult ing from dif fer ences in time and ge om e try
of ob tain ing two com po nent im ages, the de ter mi na tion of phase 
am bi gu ity (phase un wrap ping), and the es ti ma tion of at mo -
spheric er rors. Ad vanced pro cess ing, now called Per sis tent
Scat terer In ter fer om e try (PSI), ini ti ated by Ferretti et al. (2000,
2001), over comes these lim i ta tions. Thanks to the si mul ta -
neous pro cess ing of many scenes of the same area ac quired at 
dif fer ent times, at mo spheric er rors are re duced, and the value
of rel a tive de for ma tion is de ter mined with millimetric ac cu racy.
This method is based on the anal y sis of pix els that have a good
cor re la tion and sta ble phases dur ing a long pe riod of time in the
stack of interferograms. The re sult of the pro cess ing is a set of
points, termed per sis tent scat ter ers (PS), to which are as signed 
the val ues of the av er age ve loc ity of move ment in the
Line-Of-Sight (LOS) di rec tion cal cu lated in re la tion to the ref er -
ence point, as well as a de for ma tion time se ries with rel a tive
dis place ment val ues cal cu lated for each im age of the re cord ing 
pe riod. Con se quently, the PSI tech nique sup ple ments tra di -
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tional DInSAR dif fer en tial in ter fer om e try with data on very small 
dis place ments, of milli metres per year. The tech nique is widely
used be cause of its abil ity to de tect sub tle, seem ingly harm less, 
con tin u ous de for ma tion. Since 2000, many PSI pro cess ing al -
go rithms have been de vel oped (Crosetto et al., 2016; Wu et al.,
2020; Raspini et al., 2022), dif fer ing in ap proaches to build ing
in di vid ual interferograms and se lect ing their base con fig u ra -
tions, PS points se lec tion cri te ria and the de for ma tion mod els
used. The meth ods en able the de tec tion of land sur face
changes with very high ac cu racy while en sur ing ex ten sive data
cov er age. As a re sult, they can ex tend tra di tional geo detic mea -
sure ments and, in some cases, even re place them. The tech -
niques are based on sat el lite data, so ob tain ing them does not
re quire costly and time-con sum ing field re search. At the same
time, it is pos si ble to study de for ma tion that oc curred in the
past, thanks to the ar chiv ing of old scenes. The time of a sat el -
lite visit over a given area, from a few weeks to sev eral days, al -
lows for con tin u ous mon i tor ing and fre quent sup ple ment ing of
the re search with new ob ser va tions.

The InSAR pro cess ing tech niques be came very use ful for
the de tec tion of ground sur face move ments re lated to such
phe nom ena as earth quakes (e.g., Monterroso et al., 2020), vol -
ca nism (e.g., Po land and Zebker, 2020), min ing sub si dence
(e.g., Herrera et al., 2010), land slides (e.g., Solari et al., 2020;
Mondini et al., 2021), soil con sol i da tion (e.g., Ramirez and
Kwon, 2022) or other geohazards (e.g., Yun et al., 2020).

HISTORY OF INSAR SUBSIDENCE STUDIES OVER 
THE UPPER SILESIAN COAL BASIN

In ar eas where raw ma te ri als are mined un der ground, the
great est geohazards are as so ci ated with sur face sub si dence
above the seams ex ploited. In min ing ar eas, ver ti cal ter rain dis -
place ments are mon i tored us ing clas si cal geo detic meth ods
and oc ca sion ally us ing dif fer en tial anal y ses of high-res o lu tion
nu mer i cal ter rain mod els ob tained by LIDAR. How ever, the
main lim i ta tion of field-based geo detic mon i tor ing tech niques is
the need for fre quent field ob ser va tions, which in creases the
mon i tor ing costs. The mon i tored area is lim ited to two or three
lev el ling lines di rectly in the im pact area above the cur rent pro -
duc tion. Ar eas be yond those of great est sub si dence are not
con sid ered. In this con text, the use of sat el lite data, which, if
prop erly pro cessed, can also help to iden tify ter rain de for ma -
tion, seems to be an ideal so lu tion. It in creases the fre quency of 
a sin gle mea sure ment and sup ple ments the data with ar eas not 
cov ered by lev el ling. Since the in tro duc tion of the method, Syn -
thetic Ap er ture Ra dar In ter fer om e try has proved to be very use -
ful to track min ing-in duced ground de for ma tion world wide (e.g.,
Zhang et al., 2020; Modeste et al., 2021; Hu et al., 2023;
Declercq et al., 2023). Also, the Up per Silesia Coal Ba sin
(USCB) in Po land has been the sub ject of sim i lar re search
since 1998 (Perski, 1998; Perski and Jura, 1999) and cur rently
it is stud ied in sev eral cen tres in Po land, e.g. by Ilieva et al.
(2019), Paw³uszek-Filipiak and Borkowski (2020a), Sopata et
al. (2020), Witkowski et al. (2021) and Dwornik et al. (2021). In
PGI–NRI stud ies on InSAR ground de for ma tion, mon i tor ing of
the USCB started with the Terrafirma pro ject in 2005
(Graniczny et al., 2005) and over the years, a se ries of stud ies
have been car ried out (Graniczny et al., 2007, 2014;
Czarnogórska, 2010; Del Ventisette et al., 2013) dem on strat ing 
the suit abil ity of this method for this area. Fur ther re search fo -
cused on the ad van tages and dis ad van tages of us ing in di vid ual 
SAR sen sors to mon i tor these geo log i cal pro cesses (Przy³ucka
et al., 2014, 2015; Przy³ucka and Graniczny, 2015; Graniczny
et al., 2015; Przy³ucka, 2017). The lat est stud ies rec og nize the
pos si bil ity of con duct ing long-term and large-scale anal y ses

(Przy³ucka et al., 2022). Among other things, it was found that
the PS data from the C band made it pos si ble to de ter mine the
bound ary of the area in flu enced by min ing ac tiv ity but did not
pro vide com plete in for ma tion on sub si dence >30 mm per year.
On the other hand, the great est de for ma tion is vis i ble on tra di -
tional dif fer en tial interferograms. There fore DInSAR pro cess ing 
can sup ple ment PSI re sults, al though the dif fer ent means of
pro cess ing make com bined anal y sis of the data dif fi cult.

The launch of the Eu ro pean sat el lite Sen ti nel-1 in 2014
opened up en tirely new pos si bil i ties. Ac cess to free data with a
time in ter val of 12 days (or even ev ery 6 days for the full con stel -
la tion Sen ti nel-1A/B, avail able to De cem ber 2021) now al lows
the anal y sis of data from the same sen sor for sev eral years of
ob ser va tion, and the com bi na tion of com ple men tary (ac quired
from the same set of scenes) in for ma tion from PSI and DInSAR 
pro cess ing. Our study ad dresses this par tic u lar theme.

LIDAR HIGH RESOLUTION DIGITAL ELEVATION MODELS

LIDAR (Light De tec tion and Rang ing) is a re mote sens ing
tech nique that uti lises la ser pulses to map the ter rain, build ings
and ob jects on the sur face. A la ser scan ner lo cated on board
the air craft col lects in for ma tion about the ter rain dur ing a sin gle
flight over the area. This tech nol ogy finds var i ous ap pli ca tions
in such fields as ge ol ogy, ar chae ol ogy, spa tial de vel op ment
and en vi ron men tal pro tec tion (Liu, 2008). The un de ni able ad -
van tage of this method is the large cov er age of the mea sure -
ments achieved in a short time. The ab so lute ac cu racy of the
mea sure ment is the sum of the ac cu racy of the scan ning sys -
tem, nav i ga tion and in er tial data, as sump tions and cal i bra tion of 
data blocks, and de pends on the ex tent and the di ver sity of the
re lief and its veg e ta tion cover. Typ i cally, the height ac cu racy of
the point cloud is in the range of 0.1 to 0.3 m, while the sit u a -
tional ac cu racy is in the range of 0.2 to 0.5 m. In min ing, air -
borne la ser scan ning is used in, for in stance, the anal y sis of
ground sur face sub si dence, in ter na tional ex am ples of which
can be found in the lit er a ture (e.g., Froese and Mei, 2008; Hu et
al., 2022; Behera and Rawat, 2023). In the USCB, the re sults of
the com par i son of ter rain height val ues be tween dif fer ent time
in ter vals and maps of sub si dence bas ins for se lected min ing ar -
eas have been de scribed, for ex am ple, in Polanin (2017). Cur -
rently, there is a trend in the Pol ish min ing in dus try to per form
photogrammetric flights in or der to up date the sit u a tional and
height maps of the min ing ar eas.

By open ing ac cess to the high-res o lu tion LIDAR ter rain
model data cov er ing the en tire coun try, the Pol ish Head Of fice
of Ge od esy and Car tog ra phy made it pos si ble to com pare
changes in the ter rain sur face for a pe riod of 9 years
(2012–2021) for the en tire USCB. We de scribe the re sults ob -
tained, fo cus ing on sub si dence troughs caused by un der ground 
coal min ing, and com pare them with InSAR re sults.

THE GOAL OF THIS STUDY

We show ex ten sive and long-term sub si dence, caused by
un der ground min ing and ob tained from re mote sens ing data,
cov er ing an area of 5,600 km2 of the USCB. Firstly, we de scribe
re sults ob tained from InSAR (DInSAR and PSI) pro cess ing of
Sen ti nel-1 SAR data cov er ing a pe riod of 6 full years from 2015
to 2020. The anal y sis of tra di tional dif fer en tial interferograms in -
cluded the merge of the in for ma tion ob tained from 140 in di vid -
ual time in ter vals. The summed maps of the sub si dence al -
lowed as sess ment of the im pact of coal min ing ac tiv i ties and
de ter mi na tion of the sub si dence that oc curred dur ing 6 years
across the en tire area. More over, the pres er va tion of in di vid ual
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interferograms made it pos si ble to ana lyse the de vel op ment of
in di vid ual troughs and in creases in de for ma tion in in di vid ual
years. Fur ther more, the PSI pro cess ing per formed on 260
scenes from the same data path of the Sen ti nel-1 sat el lite re -
sulted in ob tain ing over 10 mil lion PS points, for which the av er -
age ve loc ity of move ment and time se ries of rel a tive dis place -
ments were de ter mined. The PS points al lowed us to sup ple -
ment the in for ma tion on large-scale de for ma tion with the re sid -
ual move ments oc cur ring at the bound aries of the sub si dence
bas ins.

In the sec ond part, the re search fo cuses on dif fer en tial
LIDAR. The dif fer ence in the nu mer i cal mod els from 2021 and
2012 al lowed for the iden ti fi ca tion of sub si dence bas ins cor re -
spond ing to a pe riod of 9 years. Then, com par i son be tween
LIDAR and InSAR re sults on se lected pro files of sub si dence
troughs is made. Fi nally, the ad van tages and dis ad van tages of
the meth od ol o gies de scribed are dis cussed. 

STUDY AREA

The re search area is lo cated in the USCB, one of Eu rope’s
larg est hard coal min ing ar eas (Fig. 1). Ad min is tra tively, the
USCB is lo cated within the Œl¹skie and Ma³opolskie
voivodeships in Po land and the Czech Re pub lic, and its area is
es ti mated at 7,200 km2, with 5,600 km2 on the Pol ish part,
which is the area of this study. As much as 30% of the en tire ba -
sin is oc cu pied by ur ban ized ar eas, form ing the Up per Silesian
In dus trial Dis trict, the larg est in dus trial dis trict in Po land. The
ex ploi ta tion of hard coal started in the mid-17th cen tury and sig -
nif i cantly in flu enced the re gion’s de vel op ment. Cur rently, the
ba sin’s re sources in clude 100 coal de pos its, of which 81 still
have cur rent con ces sion sta tus (Szuflicki et al., 2022; Fig. 1). 

The bound aries of the ba sin are de ter mined based on the
ex tent of Upper Car bon if er ous de pos its and fault lines. In the
west, the bound ary is de ter mined by folded Lower Car bon if er -
ous flysch de pos its. In the north-east, the coal-bear ing suc ces -
sion lies be neath Perm ian and Tri as sic de pos its and above
folded Lower Pa leo zoic rocks and De vo nian and Lower Car -
bon if er ous strata. The south ern bound ary is ero sive and is
over lapped by Carpathian flysch (Cheæko and G³ogowska,
2010).

Min ing ac tiv ity be gan in the 17th cen tury and con tin ues to
this day. Be tween 1945 and 1979, an av er age of 200 mil lion
tons of coal was mined an nu ally (Konopko, 2010). Since the
end of 1980, a steady de cline re sulted in a re duc tion in min ing
to 45 mil lion tons of coal in 2020 (Szuflicki et al., 2022). Un der -
stand ably, min ing and in dus trial de vel op ment was fol lowed by
ur ban iza tion, which now takes the form of 37 ur ban ag glom er a -
tions (partly con nected) and three mil lion in hab it ants.

Sub si dence is one of the most sig nif i cant threats re lated to
un der ground min ing. When the rock mass is dis turbed by coal
ex ca va tion, de for ma tion and changes in stresses in the over -
bur den oc cur, and as a re sult, dis place ments on the land sur -
face arise. These can be im me di ate or long-term, re lated to
con sol i da tion and pres sure dis si pa tion in the rock. Sub si dence
can cause se vere dam age to build ings and in fra struc ture in the
area. The ef fect of sub si dence de pends on many fac tors re -
lated to the type and amount of ex trac tion, the type and size of
build ings, as well as the rate of change it self. Sub si dence re sult -
ing from un der ground coal min ing with a long wall sys tem and
roof col lapse fol lows the work front and is im me di ate.

How ever, the area po ten tially en dan gered by min ing sub si -
dence, i.e. the sub si dence trough, is larger than the min ing
area. The bound ary of this zone is de ter mined by the ex trac tion
lead an gle and the in flu ence an gle, which var ies from 55 to 70°

de pend ing on the seam in use (Strozik, 2016). Min ing sub si -
dence in the USCB has been stud ied (e.g., Kowalski, 2015,
2020).

The two most fre quently used min ing sys tems in the area
are a long wall sys tem with a fall of the roof, and hy drau lic back -
fill. The de pres sion over a typ i cal min ing wall lo cated at a depth
of 680 m, 2.5 m high and 250 to 400 m long reaches up to 70%
of the layer height, which cor re sponds to the most sig nif i cant
ver ti cal dis place ment of 0.75–2.0 m in the cen tral part of the ba -
sin (Dobak et al., 2009). Due to the ex ploi ta tion of many seams,
summed ver ti cal dis place ments in the area can lo cally reach
tens of metres. Min ing work is usu ally con cen trated on 3–4
faces per year so that the im pact on the sur face is as small as
pos si ble (Borecki, 1980).

In the USCB, the larg est to tal dis place ment reaches 40 m.
Klabis and Kowalski (2015) dem on strated sub si dence bas ins in 
Bytom of up to 27 m in their geo detic mea sure ments cov er ing a
pe riod of 33 years of min ing op er a tions. It is es ti mated that over
600 km2 is af fected by ver ti cal dis place ments (Kowalski, 2020).
Even if the ma jor ity of these are ag ri cul tural and for est ar eas,
ter rain de for ma tion also af fects ur ban ar eas and con trib utes to
the de struc tion of build ings and in fra struc ture.

METHODOLOGY

In the stud ies de scribed, in or der to de ter mine min ing-in -
duced sub si dence and to take full ad van tage of the po ten tial of
the Sen ti nel-1 data, a com plex meth od ol ogy was ap plied, con -
sist ing of sep a rate pro cess ing of ra dar scenes us ing the clas si -
cal dif fer en tial in ter fer om e try tech nique and the PSI tech nique.

Pre vi ous stud ies have shown that sat el lite ra dar in ter fer om -
e try is suit able in the USCB as a com ple men tary method of
mon i tor ing ter rain sur face dis place ment. To en sure that the fi -
nal iden ti fied sub si dence val ues are the most re li able, the in for -
ma tion ob tained at the PS points and on the dif fer en tial inter -
ferograms should be an a lyzed jointly. Przy³ucka et al. (2015)
de scribed this pro cess ap plied to the Bytom city area, where the 
PS data showed re sid ual sub si dence on the edges of the form -
ing trough. At the same time, the dif fer en tial interferograms al -
lowed the iden ti fi ca tion of sig nif i cant changes oc cur ring in its
cen tral part. Paw³uszek-Filipiak and Borkowski (2020b) also
pro duced sim i lar stud ies in the area of the Rydut³owy mine. The 
na ture of the ground sur face move ments caused by un der -
ground coal min ing in the USCB means that the PS points are
not suf fi cient to iden tify the most sig nif i cant dis place ment due to 
its highly non-lin ear be hav iour over time. At the same time, re -
sid ual dis place ments are not vis i ble on the interferograms.
There fore, these two tech niques com ple ment each other and
to gether al low for a com plete de scrip tion of the ter rain changes.

An ad di tional source of in for ma tion on sub si dence were
LIDAR dig i tal ter rain mod els. The avail abil ity of new and ar -
chived data en sured full cov er age of the re search area and the
iden ti fi ca tion of all sub si dence bas ins formed over a pe riod of 9
years.

PSI

This work used sat el lite scenes from the Sen ti nel-1 sat el lite
de scend ing path 124. In the PSI pro cess ing, a to tal of 260
scenes re corded at min i mum in ter vals of 12 days (for one Sen -
ti nel-1 sat el lite) or ev ery 6 days for the en tire Sen ti nel-1 A / B
con stel la tion, cov er ing the pe riod 2014/10/26 – 2020/06/26,
were used (Fig. 2). The re sult ing set in cludes 10,201,730 PS
points over an area of 8,150 km2, giv ing an av er age den sity of
1,252 PS/km2. How ever, the oc cur rence of PS points is ir reg u -

Maria Przy³ucka et al. / Geo log i cal Quar terly, 68: 17 3

https://www.pgi.gov.pl/docman-tree-all/publikacje-2/ksiazki/naukowe-i-metodyczne/252-zasady-dokumentowania-warunkow-geologicznych-dla-celow-likwidacji-kopaln/file.html
https://doi.org/10.3390/rs12020242
https://doi.org/10.3390/rs70505300


4 Maria Przy³ucka et al. / Geo log i cal Quar terly, 68: 17

8
1

0
2 r

e
v

o
C 

d
n

a
L 

e
nir

o
C 

e
ht f

o 
d

n
u

or
 g

k
c

a
b 

a 
n

o 
a

er
a 

y
d

ut
s 

e
h

T .
1 .

gi
F

.l
e

d
o

m 
ni

a rr
et l

ai t
n

 er
e ffi

d 
1

2
0

2-
2

1
0

2 
R

A
DI

L 
e

ht f
o 

si
 s

a
b 

e
ht 

n
o 

d
e

ni
 mr

e t
e

d 
s

n
oi t

a
 c

ol 
e

c
n

e
 di

 s
b

u
s 

er
a 

s
a

 er
a 

ni
 s

a
b y

er
g 

kr
a

d 
e

h
T .

st i
s

o
 p

e
d l

a
o

c 
dr

a
h f

o 
s

eir
 a

d
n

u
o

b 
e

ht 
er

a 
s

n
o

 gyl
o

p 
k

c
al

b 
e

h
T

g
n i

s
s

e
 c

or
p 

R
A

S
nI

D r
of 

d
e

s
u 

s
a

 er
a t

e
 s

b
u

s 
er

a 
s

e
m

arf 
d

er 
e

h
T



Maria Przy³ucka et al. / Geo log i cal Quar terly, 68: 17 5

Fig. 2. Di a gram of time in ter vals be tween suc ces sive Sen ti nel-1 SLC SAR scenes 
used for DInSAR (black) and PSI (blue) pro cess ing.

T a  b l e  1

Main char ac ter is tic of the InSAR datasets. The lower right part in cludes a his to gram of PS point 
mean ve loc ity val ues
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Fig. 3. InSAR pro cess ing and dif fer en tial LIDAR re sults

A – PS point mean ve loc ity in mm/year and DInSAR ba sin ar eas in a yel low-red col our scale. Dif fer en tial LIDAR sub si dence troughs in a
blue-pur ple col our scale; B–G – sub si dence on DInSAR re sults cu mu la tively with a one-year in ter val on the en larged area of Ornontowice:
(B) 2015, (C) 2015–2016, (D) 2015–2017, (E) 2015–2018, (F) 2015–2019, (G) 2015–2020; H – an ex am ple of one dif fer en tial interferogram
from Sen ti nel-1, dates 2020/02/21–2020/03/04, phase im age in blue-red col our bar for ra dian val ues; I – PSI and DInSAR re sults plus zone
of sub si dence of more than –5 mm per year dis tin guished as red con tour; J – dif fer en tial LIDAR sub si dence troughs on the en larged area of
Ornontowice with se lected con tours in metres



lar (Fig. 3). Their high est den sity is ob served in ur ban ized ar eas 
and the low est in for est ar eas. It should also be noted that there
are no points for ar eas where the de for ma tion rate is greater
than 100 mm/year. Such ar eas are char ac ter ized by highly
non-lin ear de for ma tion in time, too much loss of co her ence,
which re sults in the re jec tion of PS points in the mid dle parts of
the troughs by all pro cess ing al go rithms. The pro cess ing was
per formed us ing Interferometric Tool box Of PGI (InTOP) soft -
ware (Perski et al., 2019).

DInSAR

For the DInSAR pro cess ing, 195 scenes were ob tained,
from which 182 dif fer en tial interferograms were made, with time 
in ter vals of 12, 24, 36 or 48 days (Fig. 2). The dataset cov ers
the pe riod from 2015/01/18 to 2020/12/29: see Ta ble 1 for ba sic 
char ac ter is tics of the dataset. For a sig nif i cant num ber of data
pairs, interferograms from one frame cov ered only part of the
study area; there fore, it was nec es sary to make two inter -
ferograms from two dif fer ent frames to cover the en tire area
(Ta ble 2). The pro cess ing was per formed us ing Eu ro pean
Space Agency Sen ti nel Ap pli ca tions Plat form (SNAP) soft ware
with the SNAPHU plugin, us ing both the GUI and SNAP com -
mand line Graph Pro cess ing Tool (gpt) as well as SNAP API
from Py thon (snappy) tools. Trend elim i na tion was per formed in 
R soft ware, ras ter merg ing in Global Map per and other GIS
anal y ses in ESRI ArcGIS. More de tailed in for ma tion on the pro -
cess ing steps re al ized is pro vided be low.

The DInSAR pro cess ing meth od ol ogy in cluded clas sic pro -
cess ing of con sec u tive dif fer en tial interferograms us ing sin gle
look com plex (SLC) wide interferometric mode im ages in VV
po lar iza tion. The Shut tle Ra dar To pog ra phy Mis sion (SRTM) 1
arc-sec (30 m res o lu tion) DEM, pro vided by the US Geo log i cal
Sur vey, was used to re move the top o graphic phase, and the
Goldstein fil ter was ap plied.

Be fore phase un wrap ping, in or der to minimalize the at mo -
spheric er ror ef fect, 12 sub sets of the im ages were de fined
(Fig. 1). The sub sets were se lected to cover ac tive min ing ar eas 
where the most sig nif i cant sub si dence oc curs, es pe cially those
not iden ti fied at the PS points. The fol low ing pro cess ing steps
were per formed sep a rately for each sub set. Phase un wrap ping
was done within the SNAPHU (Chen and Zebker, 2002) SNAP
plugin with the MST ini tial method and DEFO sta tis ti cal-cost
mode. The un wrapped phase was then con verted into dis place -
ment val ues (Phase to dis place ment tool) and geocoded with
the Range Dopp ler Ter rain Cor rec tion method. Af ter that, the
op er a tor ex am ined each re sult ing im age to elim i nate those for
which the phase had not been un wrapped suc cess fully. Sub se -

quently, the sub set’s im ages from one cal en dar year were
summed. Then, the elim i na tion of the trend over the sub si -
dence sum ob tained was ap plied by fit ting a sec ond-or der poly -
no mial to sub tract over lap ping at mo spheric er rors.

In the last stage, im ages of the sub si dence from one cal en -
dar year for an in di vid ual sub set were com bined, cre at ing a de -
for ma tion im age for the en tire re search area. As a re sult, dis -
place ment im ages for each of the 6 years of ob ser va tion were
ob tained. Fi nally, sum ming the im ages of the en tire USCB al -
lowed the fi nal sub si dence map for the pe riod
2015/01–2020/12 to be pro duced (Fig. 3).

LIDAR

As a sec ond ary source of in for ma tion con cern ing long-term
sub si dence over the whole of Up per Silesia, a dif fer en tial ter rain 
model ob tained from high-res o lu tion LIDAR data was used.
The dif fer en tial model was cre ated on the ba sis of two LIDAR
mod els in a 1 m grid whose height ac cu racy is not less than
15 cm, rep re sent ing the sur face from 2012 and 2021 (Fig. 1).
The mod els were made avail able by the Pol ish Head Of fice of
Ge od esy and Car tog ra phy. The re sult ing ras ter was resampled 
to a res o lu tion of 20 m, close to the res o lu tion of the fi nal ras ter
ob tained from InSAR data. The dif fer en tial model was cre ated
in Global Map per soft ware and fur ther anal y ses were per -
formed in ESRI ArcGIS.

RESULTS

The re sults ob tained by PSI, DInSAR and dif fer en tial
LIDAR meth ods are shown in Fig ure 3. In par tic u lar, Fig ure 3A
in cludes the sub si dence bas ins iden ti fied and summed on
InSAR interferograms cov er ing a pe riod of 6 years, and, su per -
im posed on them, bas ins de ter mined from the dif fer en tial
LIDAR model and PS points with ad di tion ally the value of the
–5 mm per year de for ma tion con tour. The map also shows the
bound aries of coal-min ing ar eas. The meth ods shown suc cess -
fully al lowed the iden ti fi ca tion of places where ground sur face
de for ma tion oc curred in se lected pe ri ods, al though each
method showed a dif fer ent scale of use ful ness in iden ti fy ing in -
di vid ual val ues.

PSI RESULTS

The PSI pro cess ing of the Sen ti nel-1 A/B data re sulted in
10 mil lion PS mea sure ment points. Each of these has sev eral
at trib utes, the most im por tant be ing the mean ve loc ity and the
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Year
Im age cov er age

Num ber of DInSAR time in ter vals
South part of USCB North part of USCB Whole USCB

2015 18 15 0 19

2016 6 6 5 11

2017 14 14 12 26

2018 8 8 22 30

2019 0 0 29 29

2020 0 0 25 25

sum 182 140

T a  b l e  2

Scheme of Sen ti nel-1 SLC SAR scene ac qui si tion from de scend ing path 124 for DInSAR pro cess ing
for the study area with the num ber of interferogram time in ter vals

https://doi.org /10.1109/TGRS.2002.802453


time se ries of cu mu lated dis place ment value, which is rel a tive
to the mas ter im age, in this case in the mid dle of the time frame, 
i.e. 2017-08-29. The dis tri bu tion of es ti mated dis place ments on 
PS, mea sured as an av er age ve loc ity along sat el lite LOS dur -
ing the whole time span, is shown in Fig ure 3A with a his to gram
and the main char ac ter is tics of the dataset in Ta ble 1. The neg -
a tive skew ness in the LOS ve loc ity his to gram is ex plained by
the dom i nant sub si dence de tected in the USCB. The mean
stan dard de vi a tion is nearly 0 mm/year.

It can be ob served that the ma jor ity of PS points are placed
in built-up ar eas, smaller and larger towns and on com mu ni ca -
tion routes, while sig nif i cant data gaps char ac ter ize for est and
ag ri cul tural ar eas. Sim i larly, a lack of PS points is no tice able in
the mid dle parts of the zones of cu mu la tive sub si dence, de fined 
by min ing ar eas. Al though the high est ob served ve loc ity is as
much as 120 mm/year (Ta ble 1), most of the points where sub -
si dence has been ob served do not ex ceed 20 mm/year (see
his to gram in Ta ble 1). Faster ter rain move ments cause a re jec -
tion of PS points due to decorrelation as de scribed above.

The PS da ta base made it pos si ble to be come ac quainted
with the scale of sub si dence caused by un der ground min ing,
which took place over 6 years from 2015 to 2020. The PS points 
show sim i lar changes in the ter rain sur face as pub lished in
other stud ies (Graniczny et al., 2015; Przy³ucka et al., 2022),
where data from other sen sors were used. Un doubt edly, the
broad cov er age of the dataset and its high den sity en ables us to 
draw pre lim i nary con clu sions re gard ing the en tire area and in di -
vid ual min ing sites. Firstly, it can be seen that de spite the re duc -
tion in coal ex trac tion in re cent years, the area is still sub ject to
sig nif i cant change, and built-up ar eas are not free from the risk
of sub si dence. The lack of PS points in the cen tral parts of the
ac tive min ing ar eas sug gests that the dis place ment there is
very large. Sub si dence has been ob served over 65 out of 81
ex ca vated hard coal de pos its.

The PS points, af ter in ter po la tion, form a sur face of the av -
er age ve loc ity of move ments, which is eas ier to in ter pret than
the point data. On the ba sis of the sur face, zones within which
sub si dence of more than 5 mm/year oc curs were des ig nated
(Fig. 3A). The to tal area of these zones is 430 km2, of which
111 km2 are built-up ar eas. Part of the sub si dence falls out side
the bound aries of the min ing ar eas, spe cif i cally 68 km2.

DINSAR RESULTS

Pro cess ing dif fer en tial interferograms us ing the meth od ol -
ogy de scribed in the pre vi ous sec tion re sulted in the cre ation of
a sub si dence map for each year of ob ser va tion sep a rately. The
suc ces sive sums of the ar eas ob tained al lowed the ob ser va tion 
of sub si dence cu mu la tively from 2015 to 2020, and the fi nal im -
age of the to tal dis place ments that oc curred in 6 years. The
DInSAR anal y sis al lowed us to de ter mine the max i mum sub si -
dence of up to 70 cm in one year and –1.35 m in the cu mu lated
im age of to tal mea sured dis place ment. In to tal, 132 bas ins with
an area from 0.005 to 8.189 km2 were ob served, with a to tal
area of 65.479 km2, of which 11 km2 are built-up ar eas (Fig. 3).
Most of these oc cur within the bound aries of ac tive min ing ar -
eas in the pe riod ana lysed. Some bas ins fall out side the ar eas
of ex ploited de pos its, sim i lar to sub si dence zones de ter mined
us ing the PSI tech nique. The small troughs iden ti fied out side
the sub si dence zones of the PS points can be con sid ered
phase un wrap ping er rors. As in the case of the PSI tech nique,
co her ence losses in veg e ta tion-cov ered ar eas re sulted in an in -
com plete pic ture of dis place ments in ag ri cul tural and for est ar -
eas. Also, man ual anal y sis of in di vid ual interferograms af ter
phase un wrap ping re vealed sig nif i cant er rors in ob tain ing re li -
able val ues.

Ob ser va tion of the im ages of sub si dence iden ti fied in sub -
se quent years and the im ages of cu mu la tive sub si dence al lows
us to track the de vel op ment of bas ins and changes in the
bound aries of ar eas where the larg est dis place ments oc cur. An
ex am ple of the de vel op ment of sub si dence in the Ornontowice
min ing area is shown in Fig ure 3B–G. Each fig ure shows the
ac cu mu lated sub si dence at an nual in ter vals. Fig ure 3G shows
the to tal ac cu mu lated sub si dence for the years 2015–2020,
while Fig ure 3I ad di tion ally shows the re sid ual ve loc i ties re -
corded at PSI points and the bound ary of the area sub ject to de -
for ma tion at –5 mm per year and Fig ure 3J the dif fer en tial
LIDAR re sults.

Of ten, where sub si dence in the mid dle part of the troughs
was large and fast, it was pos si ble to no tice at least two or even
three interferometric fringes in the 12-day in ter val im age, as
seen on an ex am ple of the phase of a dif fer en tial interferogram
from the dates 2020/02/21–2020/03/04 in Fig ure 3H. In many
cases, how ever, due to the ir reg u lar ity in the co her ence of in di -
vid ual pix els, it was not pos si ble to prop erly un wrap the phase
and, as a re sult, the val ues ob tained were un der es ti mated. The
cov er age of the dis place ment in for ma tion was in com plete.

The troughs iden ti fied by DInSAR are lo cated ex actly in the
zones des ig nated by PS points (Fig. 3A). This cor rob o rates the
main as sump tions of the anal y sis, i.e. de ter min ing the lim its of
the re sid ual dis place ment based on PS data and sup ple ment -
ing it with the most sig nif i cant de for ma tion val ues us ing
DInSAR. Also, it is clear that the to tal dis place ments on the
maps ob tained from DInSAR did not al low for de ter mi na tion of
small, mi nor changes, which, how ever, were vis i ble at PS
points. This anal y sis leads to the con clu sion that the more com -
plete pic ture of de for ma tion from the InSAR data in the USCB
can be ob tained only by com bin ing in for ma tion from two meth -
ods. At the same time, the na ture of ter rain sur face changes
and the pres ence of veg e ta tion over a large part of the study
area make us re al ize that even the com bi na tion of PSI and
DInSAR re sults will not give a com plete pic ture of the ex ist ing
de for ma tion.

From the anal y sis of the fi nal im age, it can be spec u lated
that the to tal InSAR val ues are un der es ti mates. Sim i lar con clu -
sions can be drawn by com par ing the val ues ob tained with pub -
lished val ues from geo detic mea sure ments, for ex am ple, by
Ilieva et al. (2019) and Kowalski et al. (2021). Ilieva et al. (2019)
showed 1 m of sub si dence in the Miechowice area in Bytom
city, which oc curred only in half a year be tween April and Oc to -
ber 2017, and Kowalski et al. (2021) de scribed sub si dence of
nearly 2.2 m in Ruda Œl¹ska for a three-year pe riod be tween
Jan u ary 2018 and No vem ber 2020. Mean while, our map, which 
cov ers a more ex tended pe riod, shows 0.31 and 0.81 m of de -
for ma tion at these places, re spec tively.

Nev er the less, the anal y sis al lows es ti ma tion of the scale of
the sub si dence that oc curs in the study area. The lo ca tions of
the troughs and their bor ders de ter mined by re sid ual sub si -
dence are clearly as so ci ated with min ing ar eas. The map al lows 
us to iden tify ar eas where de for ma tion oc curs and com pare
these with top o graphic data.

DIFFERENTIAL LIDAR RESULTS

The dif fer en tial ter rain model was made by sub tract ing the
sur face from 2012 from the 2021 sur face. To fur ther com pare
the re sults with the InSAR im age of ground sub si dence, an 
anal y sis of the ac cu racy of the dif fer en tial model was made. A
sin gle ter rain sur face model has a height ac cu racy of 15 cm, so
it should be as sumed that in the case of an un fa vour able ac cu -
mu la tion of er rors of both mod els when cre at ing their dif fer ence, 
the er ror may reach 30 cm. This was con firmed in the anal y sis
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car ried out in GIS on 204 se lected points, where dis place ments
dur ing the pe riod 2012–2021 should not oc cur, but the av er age
value of the dif fer en tial ter rain model is 25 cm.

In or der to se lect only those ar eas that cor re spond to sub si -
dence troughs, the sur face ob tained from the dif fer en tial model
was re placed with con tours. Tak ing into ac count the low ac cu -
racy of the dif fer en tial ter rain model (an er ror of up to 30 cm),
con tour lines with a value of –50 cm were con sid ered as de fin -
ing the bound aries of the sub si dence troughs. From the set of
places where sub si dence oc curred, seg ments with an area of
<0.1 km2 were re moved as ir rel e vant. Based on the im age of
these con tours, the sub si dence troughs were cut out from the
ras ter im age of the dif fer en tial ter rain model. The re sult ing sub -
si dence troughs so ob tained were taken into ac count in fur ther
anal y ses.

In to tal 103 bas ins were iden ti fied, cov er ing an area of
88 km2. Lo cally, the dif fer ence in height value reached up to -38
m; how ever, these sig nif i cant, large val ues were as so ci ated
with open pit min ing or changes in land cover (e.g. road con -
struc tion). The great est value of de for ma tion in the cen tral part
of the ba sin re lated to un der ground min ing was –108 cm.

DISCUSSION

Many stud ies have eval u ated InSAR re sults for ground sub -
si dence mon i tor ing (e.g., Ferretti et al., 2007; Del Soldato et al.,
2021), usu ally re veal ing a good qual ity of the pro cess ing re sults 
for small ar eas. In most cases, com par i son with geo detic data,
tra di tional lev el ling or GNSS mea sure ments showed a good
agree ment of the de for ma tion val ues ob tained. As al ready dis -
cussed in pre vi ous sec tions, it has also been shown that within
the USCB, the PSI tech nique fails to es ti mate large de for ma tion 
val ues in the cen tral part of the sub si dence troughs due to their
mag ni tude and a non lin ear mech a nism. At the same time, it
was also widely noted in pre vi ous pub li ca tions that the DInSAR
method, al though it is able to de tect high rates of sub si dence,
can not pro vide very ac cu rate mea sure ments due to at mo -
spheric lim i ta tions. How ever, most stud ies which have fo cused
on de ter min ing the qual ity of InSAR re sults were based on short 
pe ri ods, sev eral months or a year, and small study ar eas, e.g.
one min ing area or even sin gle bas ins. The use of cu mu la tive
DInSAR pro cess ing re sults for six years of ob ser va tions cov er -
ing an area of five thou sand km2 de creases the ac cu racy of in di -
vid ual ob tained val ues be cause the er rors ob tained on each
interferogram are summed. The un der es ti ma tion of large-scale
de for ma tion in the mid dle parts of the troughs re sult ing from
phase un wrap ping er rors dur ing a short pe riod would not be as
vis i ble as fol low ing sum ming over the en tire pe riod. In turn, the
most re li able value ob tained as a re sult of PSI pro cess ing is not
the de for ma tion value (as is the case in geo detic mea sure -
ments) but the av er age ve loc ity value of the point.

The re sults ob tained from the InSAR data were com pared
with the dif fer en tial LIDAR ter rain model be tween 2012 and
2021. The com par i son with LIDAR data is less ac cu rate than
with the lev el ling data, but it al lows us to eval u ate the re sults ob -
tained for the en tire sur vey area.

The ac cu racy and qual ity of the re sult ing sub si dence map
from InSAR mea sure ments were as sessed in two stages. First,
a qual i ta tive as sess ment was per formed, con sist ing of a vi sual
in ter pre ta tion of the dif fer ences be tween the two de for ma tion
im ages (Fig. 4). The fol low ing con clu sions can be drawn: sub si -
dence ba sin maps show a good cor re la tion in terms of iden ti fy -
ing the oc cur rence of de for ma tion. The places of oc cur rence of
the troughs co in cide and are closely re lated to ac tive min ing ar -
eas. Nev er the less, as many as 48 places were not de tected on

the InSAR map, where sub si dence ex ceeds 0.5 m on the dif fer -
en tial LIDAR model. The to tal area of bas ins not iden ti fied in
sat el lite data is 17.9 km2. The anal y sis of these places, to gether 
with the CLC2018 land cover data, showed that these bas ins
oc cur mainly in ar eas cov ered by veg e ta tion and ag ri cul tural
crops, and the places lo cated in ur ban ised ar eas were small
poly gons (the av er age area of the poly gon in ur ban ised ar eas
within these bas ins was <0.05 km2). These are the rea sons for
the oc cur rence of low co her ence on the SAR data pix els, which
made it dif fi cult to de tect the de for ma tion. At the same time, al -
though the DInSAR data did not de tect large-scale sub si dence
vis i ble on the dif fer en tial model, 38 out of 48 of these poly gons
lie within the zones of re sid ual sub si dence de ter mined based
on PS data.

In the sec ond val i da tion stage, a quan ti ta tive com par i son of
the val ues on both maps was per formed in two steps. First,
7984 points were gen er ated in a 500 m reg u lar grid cov er ing the 
area of in ter est. The dif fer ence be tween the val ues of the fi nal
InSAR sur face of de for ma tion and the dif fer en tial LIDAR model
was cal cu lated for each point. The root mean square of the dif -
fer ences be tween the val ues ob tained at the points was used to 
cal cu late the Root-Mean-Square-Er ror (RMSE). This er ror
amounted to 1.26 m. In the sec ond step, 43 lin ear pro files pass -
ing through the sub si dence bas ins were plot ted on the map
(Fig. 4). These pro files were drawn man u ally, and it was up to
the op er a tor to lo cate the pro file so that it passed through the
centre of the ba sin and in ter sected the area where the dis place -
ments were re corded. On each pro file, points were de ter mined
ev ery 20 m, with a to tal num ber of 7330 points. The dif fer ence
be tween the val ues on the two sur faces ob tained (InSAR and
dif fer en tial LIDAR) was de ter mined for each point, and the
RMSE er ror was re cal cu lated based on these dif fer ences. This
er ror amounted to 1.86 m.

The fourty three des ig nated pro files were also used to vi su -
ally com pare the most crit i cal places in terms of de for ma tion re -
corded based on two mea sure ment meth ods. Se lected pro files
are shown in Fig ure 5. Vi su al iza tion of cross-sec tions in the ver -
ti cal plane fur ther high lighted the dif fer ences in the val ues.
While the shape and lo ca tion of the de for ma tion more or less
match, as also shown in the hor i zon tal map in Fig ure 4, the un -
der es ti ma tion in the InSAR data in many cases ex ceeds 1 m
(as cal cu lated by the RMSE er ror). Even con sid er ing the er ror
of the dif fer en tial LIDAR model (0.3 m), the com par i son value
ob tained of the InSAR map is sig nif i cant. This can be ex plained
partly by the fact that the two maps cover dif fer ent pe ri ods (the
LIDAR model cov ers 9 years, whereas the InSAR map 6 years
ex actly in the mid dle of the LIDAR pe riod). Nev er the less, such
a size able mean er ror of the val ues ob tained con firms the as -
sump tions pre sented at the be gin ning of this sec tion, that the
re sult ing InSAR sub si dence map can not be treated as a map of 
ac cu rate, re li able de for ma tion val ues but only as an ap prox i -
mate im age of them. On the other hand, the dif fer en tial LIDAR
model con tains noise and in cor rect val ues within a few tens of
centi metres, which make it im pos si ble to iden tify very small dis -
place ments and cor rectly as sess the bound aries of the bas ins
vis i ble on the map of PSI points.

CONCLUSIONS

We have ana lysed PSI and DInSAR pro cess ing re sults to -
gether with a dif fer en tial LIDAR model in or der to cre ate an in te -
grated map of sub si dence over the USCB. In or der to en sure
cov er age of the en tire coal ba sin, Sen ti nel-1 SLC SAR scenes
of de scend ing path 124 were used. 260 scenes from the pe riod
2014/10/26–2020/06/26, pro cessed with the PSI tech nique,
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Fig. 4A – com par i son of sub si dence iden ti fied by DInSAR (yel low poly gons), dif fer en tial LIDAR (blue poly gons) and PSI pro cess ing
(pink poly gons). The pro files used for the com par i son of the dif fer en tial LIDAR model and InSAR map are shown as black lines.
B–G – en large ment of ar eas of se lected pro files for graphs on Fig ure 5 (marked with num bers) with sub si dence re sults from
DInSAR (red-yel low con tours), dif fer en tial LIDAR (blue-pur ple ras ter) and PSI (blue-red points with red –5 mm/year con tour)



formed a da ta base of av er age ve loc i ties with a mean den sity of
1252 PS/km². Next, 195 scenes were pro cessed with the
DInSAR tech nique, sup ple ment ing the sub si dence in for ma tion
with 182 dif fer en tial interferograms, cov er ing the pe riod
2015/01/18–2020/12/29. From these two pro cesses, sum mary
maps of sub si dence were cre ated: re sid ual (the av er age ve loc -
ity of PS points) and sig nif i cant de for ma tion (by sum ming the
dis place ment re vealed on the interferograms). To take full ad -
van tage of the Sen ti nel-1 data, these maps were com bined into
one, cre at ing an in te grated sub si dence map for the en tire
USCB, cov er ing six years. This map pro vides a pic ture of both
ma jor and mi nor sub si dence. Based on these re sults, 132 ar -
eas of sub si dence troughs were de ter mined and 430 km2 are
af fected by de for ma tion greater than 5 mm per year. The high -
est ob served value of sub si dence was 1.35 m.

Ad di tion ally, a dif fer en tial ter rain model ob tained from
high-res o lu tion LIDAR from 2021 and 2012 en abled the iden ti fi -
ca tion of de for ma tion that oc curred over a pe riod of 9 years.
LIDAR re sults showed 103 places where un der ground min -
ing-in duced land sur face changes reached >10 m and in to tal
cov ered an area of al most 90 km2.

Com par i son be tween InSAR and the dif fer en tial LIDAR data
al lowed de ter mi na tion of the InSAR ac cu racy of the val ues ob -
tained as low, of the or der of sev eral tens of centi metres, but in a
re li able and com pre hen sive man ner show ing the over all pic ture
of change in the ter rain sur face caused by long-term min ing ac -
tiv ity. In ad di tion, the anal y sis of in di vid ual de for ma tion sur faces
ob tained from the sum of dif fer en tial interfero grams in the an nual
pe ri ods made it pos si ble to ana lyse the de vel op ment of in di vid ual 
bas ins and to track in cre ments of sub si dence.

InSAR pro cess ing, like any mea sure ment method, is not
free from weak nesses. The lack of data in low co her ence ar eas, 
er rors as so ci ated with at mo sphere in flu ence and dif fi cul ties in
phase un wrap ping re sult in a low ac cu racy of the fi nal val ues,
es pe cially over such a long pe riod. Com plex anal y sis of the re -
sults of two types of pro cess ing cov er ing the area of the en tire
coal ba sin, the larg est in Po land, made it pos si ble to de ter mine
sub si dence troughs and de scribe the scale and range of de for -
ma tion in re cent years,. In ad di tion, they en sured the cre ation of 
a map cov er ing a very long pe riod of six years of ob ser va tions.

How ever, the com par i son with the dif fer en tial LIDAR ter rain
model showed a very large un der es ti ma tion of the data in the
cen tral parts of the bas ins, de scribed by an RMSE er ror of 1.86
m. On the other hand, re sid ual sub si dence de ter mined on the
ba sis of PS points has not been mea sured on ei ther DInSAR
maps or the LIDAR dif fer en tial model. The map of PS points al -
lowed the de ter mi na tion of ar eas sub ject to sub si dence of more 
than -5 mm per year and thus sup ple mented the in for ma tion on
large sub si dence re vealed by DInSAR and dif fer en tial LIDAR.

In sum mary, the InSAR meth od ol ogy de scribed al lows for
coarse mon i tor ing of min ing-in duced sub si dence. Al though the
dis crep ancy be tween re sult ing InSAR de for ma tion map and dif -
fer en tial LIDAR data clearly shows that in this spe cific case
InSAR data are in ef fec tive for op er a tional use, USCB is one of
the few ar eas in the world where, due to unique style of de for ma -
tion, InSAR tech niques so far fail de spite their very prom is ing re -
sults. In or der to prop erly mon i tor ar eas like the USCB we need
lon ger wave length SAR such as, e.g., the L-band sys tem (which
has higher co her ence in veg e tated ar eas and, due to the lon ger
wave length, can iden tify larger dis place ments with out sig nal
decorrelation in the mid dle parts of the bas ins) with long-term
cover sim i lar to Sen ti nel-1, and InSAR ded i cated ac qui si tion
modes. The de tec tion of sub si dence caused by un der ground
min ing us ing dif fer en tial LIDAR mod els has shown great po ten -
tial. The sub mis sion of data cov er ing a pe riod of 9 years al lowed
the iden ti fi ca tion of all ar eas where large sub si dence bas ins de -
vel oped, even where veg e ta tion pre vented InSAR mea sure -
ments. How ever, LIDAR data may not be avail able for short time
in ter vals, and up dat ing them over such a large area is very ex -
pen sive. In or der to mon i tor in de tail, or to sup ple ment in for ma -
tion about suc ces sive de for ma tion in cre ments in shorter pe ri ods, 
it is rea son able to use DInSAR mea sure ments.

Ac knowl edge ments. This re search was car ried out as
part of a pro ject fi nanced by the Na tional Fund for En vi ron men -
tal Pro tec tion and Wa ter Man age ment of the Pol ish Geo log i cal
In sti tute – Na tional Re search In sti tute “Interferometric Mon i tor -
ing of the Pol ish Area (InMoTeP) – stage II”, con tract num ber
343/2021 / Wn-07 / FG- go-dn / D.
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Fig. 5. Sec tions through the dif fer en tial LIDAR model and DInSAR re sults on se lected lin ear pro files 
(lo ca tion of pro files in Fig. 4)



REFERENCES

Behera, A., Rawat, K.S., 2023. A brief re view pa per on min ing sub -
si dence and its geo-en vi ron men tal im pact. Ma te ri als To day:
Pro ceed ings, 1; https://doi.org/10.1016/j.matpr.2023.04.183

Borecki, M., 1980. Ochrona powierzchni przed szkodami
górniczymi (in Pol ish). Wyd. Œl¹sk, Katowice.

Cheæko, J., G³ogowska, M., 2010. Eval u a tion of CO2 stor age lo ca -
tion brine strata and coal seams in Up per Silesian Coal Ba sin
(GZW) re gion (in Pol ish with Eng lish sum mary). Przegl¹d
Górniczy, 66: 97–102.

Chen, C.W., Zebker, H.A., 2002. Phase un wrap ping for large SAR
interferograms: Sta tis ti cal seg men ta tion and gen er al ized net -
work mod els. IEEE Trans ac tions on Geoscience and Re mote
Sens ing, 40: 1709–1719;
https://doi.org /10.1109/TGRS.2002.802453

Crosetto, M., Monserrat, O., Cuevas-González, M., Devanthéry,
N., Crippa, B., 2016. Per sis tent scat terer in ter fer om e try: a re -
view. ISPRS Jour nal of Photo gram metry and Re mote Sens ing,
115: 78–89; https://doi.org/10.1016/j.isprsjprs.2015.10.011

Czarnogórska, M., 2010. Dy nam ics of Earth’s sur face move ments
in se lected re gions of the Up per Silesian Coal Ba sin based on
sat el lite in ter fer om e try (in Pol ish with Eng lish sum mary). Ph.D.
The sis. Pañstwowy Instytut Geologiczny – Pañstwowy Instytut
Badawczy, Warszawa.

Declercq, P.Y., Dusar, M., Pirard, E., Verbeurgt, J., Choopani, A.,
Devleeschouwer, X., 2023. Post min ing ground de for ma tions
tran si tion re lated to coal mines clo sure in the Campine Coal Ba -
sin, Bel gium, evidenced by three de cades of MT-InSAR data.
Re mote Sens ing, 15: 725; https://doi.org/10.3390/rs15030725

Del Ventisette, C., Ciampalini, A., Manunta, M., Calà, F., Paglia,
L., Ardizzone, F., et al., 2013. Ex ploi ta tion of large ar chives of
ERS and ENVISAT C-band SAR data to char ac ter ize ground de -
for ma tions. Re mote Sens ing, 5: 3896–3917;
https://doi.org/10.3390/rs5083896

Del Soldato, M., Confuorto, P., Bianchini, S., Sbarra, P., Casagli,
N., 2021. Re view of works com bin ing GNSS and InSAR in Eu -
rope. Re mote Sens ing, 13: 1684;
https://doi.org/10.3390/rs13091684

Dobak, P., Dr¹gowski, A., Frankowski, Z., Frolik, A., Kaczyñski,
R., Kotyrba, A., Piniñska, J., Rybicki, S., WoŸniak, H., 2009.
Zasady dokumentowania warunków geologiczno-in¿ynierskich
dla celów likwidacji kopalñ (in Pol ish). Pol ish Min is try of
Enviroment, War saw, 12–14 (84). ISBN 978-83-60117-86-6;
https://www.pgi.gov.pl/docman-tree-all/publikacje-2/ksiazki/na
ukowe-i-metodyczne/252-zasady-dokumentowania-warunkow-
geologicznych-dla-celow-likwidacji-kopaln/file.html

Dwornik, M., Porzycka-Strzelczyk, S., Strzelczyk, J., Malik, H.,
Murdzek, R., Franczyk, A., Ba³a, J., 2021. Au to matic de tec tion
of sub si dence troughs in SAR interferograms us ing math e mat i -
cal mor phol ogy. En er gies, 14: 7785;
https://doi.org/10.3390/en14227785

Ferretti, A., Prati, C., Rocca, F., 2000. Non lin ear sub si dence rate
es ti ma tion us ing Per ma nent Scat ter ers in Dif fer en tial SAR In ter -
fer om e try. IEEE Trans ac tions on Geoscience and Re mote
Sens ing, 38: 2202–2212; https://doi.org/10.1109/36.868878

Ferretti, A., Prati, C., Rocca, F., 2001. Per ma nent scat ter ers
InSAR In ter fer om e try. IEEE Trans ac tions on Geoscience and
Re mote Sens ing, 39: 8–20; https://doi.org/10.1109/36.898661

Ferretti, A., Savio, G., Barzaghi, R., Borghi, A., Musazzi, S.,
Novali, F., Prati, C., Rocca, F., 2007. Submillimeter ac cu racy of 
InSAR time se ries: experimental val i da tion. IEEE Trans ac tions
on Geoscience and Re mote Sens ing, 45: 1142–1153; 
https://doi.org/10.1109/TGRS.2007.894440

Froese, C.R., Mei, S., 2008. Map ping and mon i tor ing coal mine
sub si dence us ing LiDAR and InSAR. GeoEdmonton, 8:
1127–1133.

Graniczny, M., Kowalski, Z., Jureczka, J., Czarnogórska, M.,
2005. Terrafirma pro ject-mon i tor ing of sub si dence of north east -
ern part of the Up per Silesian coal ba sin. Pol ish Geo log i cal In sti -
tute Spe cial Pa pers,  20: 59–63.

Graniczny, M., Kowalski, Z., Leœniak, A., Czarnogórska, M.,
Pi¹tkowska, A., 2007. Anal y sis of the PSI data from the Up per
Silesia – SW Po land. The In ter na tional Fo rum on Sat el lite EO
and Geohazards, The In ter na tional Geohazard Week 5–9 No -
vem ber 2007 ESA-ESRIN Frascati, Rome.

Graniczny, M., Kowalski, Z., Przy³ucka, M., 2014. Ob ser va tion of
the Min ing-In duced Sur face De for ma tions Us ing C and L SAR
Bands: The Up per Silesian Coal Ba sin (Po land) Case Study.
Math e mat ics of Planet Earth, Springer, Berlin, Hei del berg: 
249–255; https://doi.org/10.1007/978-3-642-32408-6_57

Graniczny, M., Co lombo, D., Kowalski, Z., Przy³ucka, M.,
Zdanowski, A., 2015. New re sults on ground de for ma tion in the
Up per Silesian Coal Ba sin (south ern Po land) ob tained dur ing
the DORIS Pro ject (EU-FP 7). Pure and Ap plied Geo phys ics,
172: 3029–3042; https://doi.org/10.1007/s00024-014-0908-6

Hanssen, R., 2001. Ra dar In ter fer om e try: Data In ter pre ta tion and
Er ror Anal y sis. Dordrecht, Hol land, Kluwer Ac a demic Pub lish -
ers; https://doi.org/10.1007/0-306-47633-9

Herrera, G., Tomás, R., Vicente, F., Lopez-Sanchez, J.M.,
Mallorquí, J.J., Mulas, J., 2010. Map ping ground move ments
in open pit min ing ar eas us ing dif fer en tial SAR in ter fer om e try.
In ter na tional Jour nal of Rock Me chan ics and Min ing Sci ences,
47: 1114–1125; https://doi.org/10.1016/j.ijrmms.2010.07.006

Hu ,L., Navarro-Hernández, M., Liu, X., Tomás, R., Tang, X., Bru,
G., Ezquerro, P., Zhang, Q., 2022. Anal y sis of re gional
large-gra di ent land sub si dence in the Alto Guadalentín Ba sin
(Spain) us ing open-ac cess ae rial LiDAR datasets. Re mote
Sens ing of En vi ron ment, 280: 113218;
https://doi.org/10.1016/j.rse.2022.113218

Hu, L., Tomás, R., Tang, X., López, V., Herrera, G., Li T., Liu Z.,
2023. Up dat ing Ac tive de for ma tion in ven tory maps in min ing ar -
eas by in te grat ing InSAR and LiDAR datasets. Re mote Sens ing, 
15: 996; https://doi.org/10.3390/rs15040996

Ilieva, M., Polanin, P., Borkowski, A., Gruchlik, P., Smolak, K.,
Kowalski, A., Rohm, W., 2019. Min ing de for ma tion life cy cle in
the light of InSAR and de for ma tion mod els. Re mote Sens ing,
11: 745; https://doi.org/10.3390/rs11070745

Klabis, L., Kowalski, A., 2015. Min ing ex ploi ta tion in safety pil lar
for the city cen ter of Bytom, his tory and the pres ent (in Pol ish
with Eng lish sum mary). Przegl¹d Górniczy, 71: 33–43.

Konopko, W., 2010. Coal min ing and rock mass de struc tion in the
Up per Silesian Coal Ba sin (in Pol ish with Eng lish sum mary).
Przegl¹d Górniczy, 66: 1–10.

Kowalski, A., 2015. Deformacje powierzchni w Górnoœl¹skim
Zag³êbiu Wêglowym (in Pol ish). Wydawnictwo G³ównego
Instytutu Górnictwa, Katowice.

Kowalski, A., 2020. Deformacje powierzchni na terenach
górniczych kopalni wêgla kamiennego (in Pol ish). GIG, 2020,
Katowice. ISBN: 978-83-65-50323-7.

Kowalski, A., Gruchlik, P., Polanin, P., Kie³biowski, K.,
Rutkowski, T., 2021. Min ing ex trac tion in Ruda Œl¹ska –Wirek,
de for ma tions and pro tec tion of the church build ing (in Pol ish
with Eng lish sum mary). Przegl¹d Górniczy, 77: 16–35.

Liu, X. 2008. Air borne LiDAR for DEM gen er a tion: some crit i cal is -
sues. Prog ress in phys i cal ge og ra phy, 32: 31–49;
https://doi.org/10.1177/0309133308089496

Massonnet, D., Feigl, K.L., 1998. Ra dar in ter fer om e try and its ap -
pli ca tions to changes in the earth’s sur face. Re views of Geo -
phys ics, 36: 441–500; https://doi.org/10.1029/97RG03139

Modeste, G., Doubre, C., Masson, F., 2021. Time evo lu tion of min -
ing-re lated re sid ual sub si dence mon i tored over a 24-year pe riod 
us ing InSAR in south ern Al sace, France. In ter na tional Jour nal
of Ap plied Earth Ob ser va tion and Geoinformation, 102: 102392;
https://doi.org/10.1016/j.jag.2021.102392

Mondini, A.C., Guzzetti, F., Chang, K.T., Monserrat, O., Mar tha,
T.R., Manconi, A., 2021. Land slide fail ures de tec tion and map -
ping us ing Syn thetic Ap er ture Ra dar: Past, pres ent and fu ture.
Earth-Sci ence Re views, 216: 103574;
https://doi.org/10.1016/j.earscirev.2021.103574

12 Maria Przy³ucka et al. / Geo log i cal Quar terly, 68: 17

https://doi.org/10.1016/j.matpr.2023.04.183
https://doi.org /10.1109/TGRS.2002.802453
https://doi.org/10.1016/j.isprsjprs.2015.10.011
https://doi.org/10.3390/rs15030725
https://doi.org/10.3390/rs5083896
https://doi.org/10.3390/rs13091684
https://www.pgi.gov.pl/docman-tree-all/publikacje-2/ksiazki/naukowe-i-metodyczne/252-zasady-dokumentowania-warunkow-geologicznych-dla-celow-likwidacji-kopaln/file.html
https://doi.org/10.3390/en14227785
https://doi.org/10.1109/36.868878
https://doi.org/10.1109/36.898661
https://doi.org/10.1109/TGRS.2007.894440
https://doi.org/10.1007/978-3-642-32408-6_57
https://doi.org/10.1007/s00024-014-0908-6
https://doi.org/10.1007/0-306-47633-9
https://doi.org/10.1016/j.ijrmms.2010.07.006
https://doi.org/10.1016/j.rse.2022.113218
https://doi.org/10.3390/rs15040996
https://doi.org/10.3390/rs11070745
https://doi.org/10.1177/0309133308089496
https://doi.org/10.1029/97RG03139
https://doi.org/10.1016/j.jag.2021.102392
https://doi.org/10.1016/j.earscirev.2021.103574


Monterroso, F., Bonano, M., Luca, C.D., Lanari, R., Manunta, M.,
Manzo, M., Onorato, G., Zinno, I., Casu, F., 2020. A global ar -
chive of coseismic DInSAR prod ucts ob tained through un su per -
vised Sen ti nel-1 data pro cess ing. Re mote Sens ing, 12: 3189;
https://doi.org/10.3390/rs12193189

Paw³uszek-Filipiak, K., Borkowski, A., 2020a. Com par i son of PSI
and DInSAR ap proach for the sub si dence mon i tor ing caused by
coal min ing ex ploi ta tion. The In ter na tional Ar chives of Photo -
gram metry, Re mote Sens ing and Spa tial In for ma tion Sci ences,
43: 333–337;
https://doi.org/10.5194/isprs-ar chives-XLIII-B3-2020-333-2020

Paw³uszek-Filipiak, K., Borkowski, A., 2020b. In te gra tion of
DInSAR and SBAS tech niques to de ter mine min ing-re lated de -
for ma tions us ing Sen ti nel-1 data: the case study of Rydu³towy
mine in Po land. Re mote Sens ing, 12: 242;
https://doi.org/10.3390/rs12020242

Perski, Z., 1998. Ap pli ca bil ity of ERS-1 and ERS-2 InSAR for land
sub si dence mon i tor ing in the Silesian coal-min ing re gion, Po -
land. In ter na tional Ar chives of Photo gram metry and Re mote
Sens ing, 32: 555–558.

Perski, Z., Jura, D., 1999. ERS SAR in ter fer om e try for land sub si -
dence de tec tion in coal min ing ar eas. Earth Ob ser va tion Quar -
terly, 63: 25–29.

Perski, Z., Brzeziñski, M., Przy³ucka, M., Pacanowski, G.,
Musiatewicz, M., Nowacki, £., Graniczny, M., Kowalski, Z.,
Che³miñski, J., Czarniak, P., Stêpieñ, U., Czapowski, G.,
2019.  Mon i tor ing geodynamiczny w zakresie interferometrii
satelitarnej pasa wysadów solnych w Polsce oraz próba okre -
œlenia ruchliwoœci soli w czwartorzêdzie z wykorzystaniem
tomografii elektrooporowej i technik modelowania 3D, Raport
Koñcowy (in Pol ish). Pol ish Geo log i cal Insitute – NRI, War saw
2019. Ma te rial ef fect from the im ple men ta tion of a task within
the scope of the na tional geo log i cal ser vice, agree ment no.
913/2014/Wn-07/FG-GO-DN/D from 23.12.2014r.

Po land, M.P., Zebker, H.A., 2022. Vol cano ge od esy us ing InSAR in
2020: the past and next de cades. Bul le tin of Vol ca nol ogy, 84:
27; https://doi.org/10.1007/s00445-022-01531-1

Polanin, P., 2017. Mon i tor ing of ground de for ma tion by use ae rial
la ser scan ning il lus trated with the ex am ple of the city of Bytom
(in Pol ish with Eng lish sum mary). Przegl¹d Górniczy, 73: 22–30.

Przy³ucka, M., 2017. Geostatistical anal y sis of ver ti cal ground dis -
place ments iden ti fied by sat el lite in ter fer om e try in the Up per
Silesian Coal Ba sin (in Pol ish with Eng lish sum mary). Przegl¹d
Górniczy, 73: 9–17.

Przy³ucka, M., Graniczny, M., 2015. Com pre hen sive use of InSAR
and PSInSAR in the study of ver ti cal ground move ments in se -
lected re gions of the GOP (in Pol ish with Eng lish sum mary).
Przegl¹d Górniczy, 71: 80–88.

Przy³ucka, M., Graniczny, M., Herrera, G., 2014. In ves ti gat ing
Strong Min ing-In duced Ground Sub si dence With X-Band SAR
In ter fer om e try In Up per Silesia In Po land. Pro ceed ings 5th
EARSeL Work shop on Re mote Sens ing and Ge ol ogy Sur vey ing 
the GEOsphere: 104–109. 

Przy³ucka, M., Herrera, G., Graniczny, M., Co lombo, D., Béjar-
Pizarro, M., 2015.  Com bi na tion of con ven tional and ad vanced
DInSAR to mon i tor very fast min ing sub si dence with
TerraSAR-X data: Bytom City (Po land). Re mote Sens ing, 7:
5300–5328; https://doi.org/10.3390/rs70505300

Przy³ucka, M., Kowalski, Z., Perski, Z., 2022. Twenty years of coal
min ing-in duced sub si dence in the Up per Silesia in Po land iden -
ti fied us ing InSAR. In ter na tional Jour nal of Coal Sci ence &
Tech nol ogy, 9: 1–11;
https://doi.org/10.1007/s40789-022-00541-w

Ramirez, R.A., Kwon, T.H., 2022. Sen ti nel-1 per sis tent scat terer
interferometric syn thetic ap er ture ra dar (PS-InSAR) for
long-term re mote mon i tor ing of ground sub si dence: a case
study of a Port in Busan, South Ko rea. KSCE Jour nal of Civil En -
gi neer ing, 26: 4317–4329;
https://doi.org/10.1007/s12205-022-1005-5

Raspini, F., Caleca, F., Del Soldato, M., Fes ta, D., Confuorto, P.,
Bianchini, S., 2022. Re view of sat el lite ra dar in ter fer om e try for
sub si dence anal y sis. Earth-Sci ence Re views, 235: 104239;
https://doi.org/10.1016/j.earscirev.2022.104239

Solari, L., Del Soldato, M., Raspini, F., Barra, A., Bianchini, S.,
Confuorto, P., et al., 2020. Re view of sat el lite in ter fer om e try for 
land slide de tec tion in It aly. Re mote Sens ing, 12: 1351;
https://doi.org/10.3390/rs12081351

Sopata, P., Stoch, T., Wójcik, A., Mrocheñ, D., 2020. Land sur face
sub si dence due to min ing-in duced trem ors in the Up per Silesian 
Coal Ba sin (Po land) – case study. Re mote Sens ing, 12: 3923;
https://doi.org/10.3390/rs12233923

Strozik, G., 2016. Oc cur rence and in flu ence as sess ment of mine
rooms and gal ler ies on ground sur face (in Pol ish with Eng lish
sum mary). Zeszyty Naukowe Wy¿szej Szko³y Technicznej w
Katowicach, 8: 151–168.

Szuflicki, M., Malon, A., Tymiñsk, M., (ed.), 2022. Bilans
perspektywicznych zasobów kopalin Polski wg stanu na 31.12.
2021 r. (in Pol ish). Pañstwowy Instytut Geologiczny –
Pañstwowy Instytut Badawczy, Warszawa. ISSN 229-4459.

Witkowski, W., Mrocheñ, D., Sopata, P., Stoch, T., 2021. In te gra -
tion of the lev el ing ob ser va tions and PSInSAR re sults for mon i -
tor ing de for ma tions caused by un der ground min ing. 2021 IEEE
In ter na tional Geoscience and Re mote Sens ing Sym po sium
IGARSS: 6614–6617;
https://doi.org/10.1109/IGARSS47720.2021.9553988

Wu, S., Le, Y., Zhang, L., Ding, X., 2020. Multi-tem po ral InSAR for
ur ban de for ma tion mon i tor ing: prog ress and chal lenges. Jour -
nal of Ra dars, 9: 277–294; https://doi.org/10.12000/JR20037

Yun, Y., Lü, X., Fu, X., Xue, F., 2020. Ap pli ca tion of spaceborne
interferometric syn thetic ap er ture ra dar to geohazard mon i tor -
ing. Jour nal of Ra dars, 9: 73–85;
https://doi.org/10.12000/JR20007

Zhang, L., Ge, D., Guo, X., Liu, B., Li, M., Wang, Y., 2020. InSAR
mon i tor ing sur face de for ma tion in duced by un der ground min ing 
us ing Sen ti nel-1 im ages. Pro ceed ings of the In ter na tional As so -
ci a tion of Hy dro log i cal Sci ences, 382: 237–240;
https://doi.org/10.5194/piahs-382-237-2020

Maria Przy³ucka et al. / Geo log i cal Quar terly, 68: 17 13

https://doi.org/10.3390/rs12193189
https://doi.org/10.5194/isprs-archives-XLIII-B3-2020-333-2020
https://doi.org/10.3390/rs12020242
https://doi.org/10.1007/s00445-022-01531-1
https://doi.org/10.1007/s40789-022-00541-w
https://doi.org/10.1007/s12205-022-1005-5
https://doi.org/10.1016/j.earscirev.2022.104239
https://doi.org/10.3390/rs12081351
https://doi.org/10.3390/rs12233923
https://doi.org/10.1109/IGARSS47720.2021.9553988
https://doi.org/10.12000/JR20037
https://doi.org/10.12000/JR20007
https://doi.org/10.5194/piahs-382-237-2020
https://doi.org/10.3390/rs70505300

