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Summary

The mining industry is involved in the excavation of the ground and the extraction of
resources from the surface and the underground, human activities which may affect the
natural ground and cause it to become unstable. Monitoring ground behavior is important
for assessing the stability of the ground. Several useful methods can be employed to measure
ground surface displacements, for example, geotechnical instruments, surveying methods,
and GPS. Those methods are indeed useful. However, they measure the ground surface
displacements only at certain points that have been installed with sensors. If the area to be
monitored is very expansive, the number of required devices greatly increases. This leads to
high costs and inefficiency. To solve these problems, alternative methods/tools are required.

Differential Interferometric Synthetic Aperture Radar (DInSAR) has the potential to solve
the above limitations. On the other hand, there are still issues to be addressed in the practical
application of this method for monitoring displacements in rock and geotechnical
engineering projects, although the fundamental DInSAR technology has basically been
established.

The aim of this study is to investigate the applicability of DInSAR for monitoring surface
ground displacements induced by mining activities.

The main objectives of this study are 1) to investigate the effect of different Digital
Elevation Models (DEMs) on the displacement measurement results obtained by DInSAR,
2) to evaluate the applicability of DInSAR for monitoring land subsidence induced by salt
mining activities, and 3) to assess the advantages and limitations of DInSAR in cases related
to landslide phenomena.

The dissertation is composed of seven chapters as follows:

Chapter 1 explains the background, motivations, problem statement, and objectives of
this study. The theoretical background and a review of the literature relevant to this study
are given in Chapter 2.

In Chapter 3, the applicability of DInNSAR for monitoring the slope stability in an open-
pit mine is investigated. DInSAR has the potential to be a cost-effective method for
monitoring surface displacements in such areas. DInSAR requires an appropriate DEM for
its analysis. However, since the topography of the ground surface in open-pit mines changes
year by year, measurement errors can occur due to the lack of an appropriate DEM. The
effect of different DEMs on the displacement results by DInSAR is investigated at a
limestone quarry. And, the accuracy of DInSAR is examined by comparing the DInSAR

results with the results obtained by GPS monitoring.
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It is verified that the uncertainty of DEMs induces large errors in the displacement
monitoring results if the baseline length of the satellites is long. After comparing the
monitoring results of DINSAR and GPS, it is found that the root mean square error (RMSE)
of'the discrepancy between the two sets of results is less than 10 mm. DInSAR can be applied
for monitoring the displacements of mine slopes with centimeter-level accuracy by using an
updated DEM and selecting SAR data with short perpendicular baselines of less than 100-
150 m (for L-band SAR data).

In Chapter 4, an advanced time-series analysis, Small Baseline Subset DInSAR (SBAS-
DInSAR), proposed by Berardino et al. (2002), is applied for monitoring the subsidence
induced by extracting salt water from underground salt deposits in Tuzla City, Bosnia and
Herzegovina. The main purpose of this chapter is to enhance the former studies on the
subsidence in this city and to investigate whether SBAS-DInSAR could be a better method
for monitoring the subsidence. The SBAS-DInSAR results are evaluated by the results of a
GPS survey. It is found that the subsidence obtained by GPS coincides with that obtained by
SBAS-DInSAR within just a few cm.

SBAS-DInSAR can be used as a cost-effective tool and sustainable ground subsidence
monitoring method. Recently, Sentinel-1A and -1B satellites provide SAR data continuously
every 6-12 days. The main limitation of Sentinel-1 data is high decorrelation in vegetated
areas. This limitation can be solved by combining SAR data images with longer wavelengths
provided by ALOS-2 data. However, the number of AL OS-2 images is very limited and only
3-5 SAR images can be obtained for such areas in a year. Thus, this is a limitation that still
needs to be addressed.

In Chapter 5, SBAS-DInSAR is applied to two cases of monitoring landslide
displacements located near a residential area. In the first case, it is found that this method
shows a good applicability for monitoring slow displacement behavior of a few centimeters
a year. However, due to the geometrical relationship between the Line of Sight (LOS) of the
satellite and the displacement direction, it has low sensitivity when measuring displacements
in the north-south direction. This is explained through a comparison of displacements
measured by SBAS-DInSAR and GPS. In the second case, SBAS-DInSAR is applied to a
slope where a landslide failure has occurred, in order to investigate whether any signs of
slope failure can be detected. It is found that the SBAS-DInSAR method cannot detect a
clear sign of sudden large displacements or failure.

In Chapter 6, a new fundamental equation for InSAR, derived by the author and his

colleagues, is presented and verified using SAR data. The equation is newly formulated
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based on a different concept from that of the original InNSAR. Practical applications will be
the target of future work.

The general conclusions of this study and recommendations for future research are given
in Chapter 7. The chapter includes the significant findings of this study and the remaining

issues which will comprise future studies.

Vi



Acknowledgments

This study could not have been completed without the financial support of the Remote
Sensing Research Group of Yamaguchi University, Yamaguchi University scholarship for
self-financed students, and research funding from my supervisor, Professor Norikazu
Shimizu. I am very grateful for having obtained all of the above financial support.

I would like to express my sincere gratitude to my supervisor, Professor Norikazu
Shimizu, for his kind support, constant motivation, knowledge, and assistance during my
years of doctoral study and also my daily life in Ube, Japan. He is the key person who
contributed the most to the accomplishments I have achieved during my doctoral study.

I also want to thank my second supervisor, Associate Professor Shinichiro Nakashima,
for his invaluable suggestions and comments during my doctoral study. He has been the best
partner in research discussions and in relation to various technical problems encountered in
our Shimizu Laboratory.

Besides my supervisors, I would like to offer my sincere thanks to the members of the
examination committee for reviewing my dissertation, namely, Professor Masahiko Nagai,
Professor Toshihiko Aso, Professor Yukio Nakata, and Professor Motoyuki Suzuki. Their
comments and suggestions were very important and useful for improving my dissertation
manuscript.

My gratitude and special thanks are given to Uesaka-san and Furukawa-san for their
support in administrative and official matters during my study. The most important
assistance I received with these matters was from Uesaka-san when applying for the
scholarship which required writing “Kanji” in the application process. I will never forget her
kindness and support.

I also thank the lab members for creating such an amazing and comfortable research
atmosphere and for all the enjoyable times we had for over three years, Edi, Kien, Oka,
Kawamoto-Sensei, Yoshida, Tochigi, Yamato, Ozawa, Kameyama, Ueno, Kodama,
Shigetani, Kiso, Koumoto, Tsunemine, Shimai, and Shigehiro. I also thank other friends who
have already graduated, namely, Amafuji, Terada, Sakamoto, Taguchi, Okuda, Hayashi, and
Nichihara.

I thank Professor Tasuku Tanaka for his hard work, dedication, and contributions during
my study. He was the key person in bringing me to Japan.

Last, but most important to my life, I offer special thanks to my beloved wife, Ni Made

Cintya Dwi Pramesti, and our son, Made Takumi Parwata. I appreciate the patience, support,

vii



help, and love they provide in my life. Thanks also goes to my parents and other family

members. Thank you all so very much.

viii



Table of Contents

SUIMMATY  coiiiiiiiiiiiiiiiniiiiessissisiesiesssssstssstsesstsssssssssssssssssasssssssssssssssssassssssssssssssssss iv
ACKNOWICAGMENLS ...cccuureiiiiiiuiiiniiiniieiiisinticsisssniicissssissssssstssssssssssssssssssssssssssssssssssssssssssnses vii
Table of CONtENtS........ccoiviiiiiiiiiiiiiiiiniiienitccete sttt sessss e sssssesssssesasssssssssssasnes ix
LiSt 0F TaDIES..uuciiiiiiiiiiiiiiiiiiiiicitcniesnniecnniessatesseesssssssssessssssssssssssssssssssssssssssssssne xi
LSt 0F FIGUI'ES ...uuueieiiiiiiiiicitccttcsnttcsattcstetcsatssssesessssessssesssssesssssssssssssssssssssssans xiii
List 0f ADDIeviations .....couiiiiiiiiiiiiiiiiiiniiiinniiiiiniicniiicieisieeisisisisomsisemssssssssssssssens Xix
List 0f SYMDOIS...ccuuiiiiiiiiiininitntictiniiniisiicsisiensessesss st sesssessesssssssssssae e XX
Chapter 1. INtroducCtion .....cuiicieiiininiiiniaiiinneinnnsisiisionssissssessssssssssssssssssssssssssssssssssssssssses 1
1.1 BacKground ...........oooiuiiiiiiiiieiii ettt et e et e e et e e et e e eare e e eabeeeeans 1
1.2 Problem StateMENt.........ccuiiuiiiiriieieeie ettt st ete st e ste e sneens 2
1.3 ReSEArch ODJECHIVES . ...oueiiiiiiiiiiie ettt et 3
1.4 Thesis OraNIZAtION .......ecuieiuieienieeieeieeite st esie st e st e beeteesteesaeeneeseeenbeeneesaeenteeneesaeans 3
Chapter 2. Theoretical Background and Literature Review .........oieiinisieisienssennsnnnnnns 5
2.1 Theoretical back@round.............cccciuieiiiiiiiiiiiiiieeieee e 5
2.1.1 Basic concept 0f SAR ..o 5
2.1.2 InSAR technique to measure topography of Earth’s surface...........c............. 6
2.1.3 Differential InNSAR to measure displacements of Earth’s surface ................. 9
2.1.4 Overview of SBAS-DINSAR ..o 11
2.1.5 Main steps of SBAS-DINSAR ......ccoovieiiiiiiiiieeeeeeere e 13
2.1.6 Projection of 3-D displacements in LOS direction...........cccceeveeverieneennennee. 15
2.1.7 Derivation of subsidence from LOS displacements.............ccccovervrrereennnnns 16
2.2 LItETATUIE TEVIEW ...eeueieutieiiietieeiieaiieenteeseeeateeeateesseeste e beeenbeesseesmteesseeenneasneesanean 17
2.2.1 Effect of different DEMs on DINSAR 1esults.......ccccoveeviieiienienenneneenienee. 17
2.2.2 Application of DInSAR for subsidence induced by mining activities......... 20
2.2.3 Application of DInSAR for slope stability and landslides............c.cceeunee.n. 23
Chapter 3. Effect of DEMs on Slope Displacement Monitoring Using DInSAR.......... 27
3.1 INEOAUCTION ..ttt ettt et s enees 27
3.2 Study area, data sources, and methodology ...........cceceeeiieiiiiiiiniiiieeeeee 28
32,1 SHUAY GIEa.....ccciiieiieiieiiieciiesieeste et e e eie e st eebeesseesbeestaeesbeesseesnsaessaeesneennes 28
3.2.2 DAtA SOUICES ...eveeeueieeeiiieeeitieeeitieeaite e st e e st e et e e et e et e e et e e eabeeesabeeesabeeeeabeeas 30
3.2.3 MethOdOIOZY ...veieiiiieiiieciie e s 35
3.3 Results and diSCUSSION ......ieiuieiiiiiiiiiiieiie ettt ettt et eas 36
3.3.1 Results of DInSAR using different digital elevation models....................... 36

3.3.2 Validity of measured displacements by DInSAR using appropriate digital
€levation MOMEL .....ccc.eiiiiiiiiii e 40
3.4 Summary of Chapter 3 .....c.ccoiiiiiiiiiine e 46
Chapter 4. Application of SBAS-DInSAR for Monitoring the Subsidence Induced by
Underground MiNINE .........cooeiiiiiiiniininiinninneinnneninsssicssssissssscssesssssssssenees 47
A1 TNEPOAUCTION ...ttt ettt sb e ettt et et ebeeneas 47
4.2 Study area, data sources, and methodology ...........cccoveeiiiiiiiiiiiieeee, 48
421 STUAY AICA.....uieieiiiiieeiiieiieiieeeiieeteesteeereesatesbeesteeesseesseesseessseesseessseeseesssenns 48
4.2.2 Former monitoring results of subsidence.............coccevieniniiniininicnencne. 52

1X



4.2.3  DiAtA SOUICES ...uevvrreeeeiiieeeaiiieeaaaiitaeaaaatreeeassaeaeaassseaaaaassaeaeaassaeeesanssssasansssnes 56
4.2.4 Methodology (SBAS-DInSAR processing steps and parameter setting) .... 56

4.3 Results and diSCUSSION ......uiiiciiieiiiieiiir ettt eeiee e et e et e e e eeeveeeeareeeeareeeeaaeeas 58

4.3.1 Spatial distribution of SUbSIAENCE ........c.ccvviiiiiiiieiieciecieeeee e 58

4.3.2 Temporal transition of SUDSIAENCE .........cccueriuiriiniriiiiieieieeece e 63

4.3.3 Results of Sentinel-1 and ALOS-2 data..........cceoeeveiienieiinieneeeceeeeee. 70

4.4 Summary of Chapter 4 .........cocooiiiiiiiiici et 72
Chapter 5. Discussion on Applicability of DInSAR to Landslide in Small Area......... 74
5.1 INEPOAUCHION ...eiiiiiiiciiee ettt ettt et e et e e et e e etaaeesaeeesaeeeaseeeeaseeensnes 74

5.2 Slope located in residential area (Kostanjek in Zagreb, Croatia) ....................... 74

5.2.1 Study area, data sources, and methodology ..........cccecerviniiniiiiniicninienene 74

5.2.2 Results and diSCUSSION ....cc.eeiuiriiiiieriieiieieniiete ettt eeeseeens 78

5.3 Slope failure in residential area (Hrvatska Kostajnica, Croatia).............cccuuee.... 83

5.3.1 Study area, data sources, and methodology ..........cccceevueevieeviieniieiiecieenen. 83

5.3.2 Results and diSCUSSION ......ccicuiieiiiiieeiiiieciieeeiie et e et e et e e e e e eveeeeaaeeeeaseeas 87

5.4 Summary of Chapter S.......ccoviiiiiiiiiiiicieccie ettt e 90
Chapter 6. Discussion on New Concept and Equation for Topographic Mapping by
INSAR coiiinictnntnnintnsississassessatssasssessatsssssssssstsssssssssssssassssssstssassssssnssnas 91

6.1 INIrOAUCTION .....oiiitiiiciiie ettt et e e et e e st e e etaeeesaeeeaseeeesseaeesbeeeessenanns 91

6.2 New InSAR approach for topographic mapping..........ccceeeeveeereerieevieesveeireeneenns 91

6.3 Implementation of new InSAR approach to real SAR satellite data................... 93

6.4 Discussions and SUMIMATY ........cccuveiriierrireinireenteeeseeeesseeeessseessseeessseeessseesssseesns 96
Chapter 7. Conclusions and Recommendations for Future Research........ccccceecuvrennnes 98
7.1 General CONCIUSIONS ......ccuiiiiiiiiiiieeciiecciee et et eesteeeee e e e e eaeeesseeessseeeesseeenes 98

7.2 FULUIE TeSEAICH ... .eiiuiiiiiiiiiiiiiice e 98
RETEIEICES .ceeriirneriiiiinnriiininetiinicntiicissaesiesscnsiecsssnssnssssssssssssssssssssssssssssssssssssssssssssssssnnns 100
W N 1 115 1T Y 110
A.1. List of Sentinel-1 data used in Tuzla, Bosnia and Herzegovina....................... 110

A.2. List of Sentinel-1 data used in Kostanjek in Zagreb, Croatia............cccceeeueeee. 111

A.3. List of Sentinel-1 used in Hrvatska Kostajnica, Croatia...........c.ccccerevereenennen. 112



List of Tables

Table 3.1. List 0f SAR data. ......oooiiiiii e 30
Table 3.2. List of public digital elevation models for DInSAR processing........................ 31
Table 3.3. SAR data pairs for generating digital elevation models by InSAR. .................. 32
Table 3.4. InSAR main steps and parameter setting for DEM generation. ........................ 32
Table 3.5. List of SAR data for DINSAR processing..........coceevverierernerieneeiieneeneeienens 35
Table 3.6. DInSAR main steps and parameter setting for displacement measurements.
......................................................................................................................... 36
Table 3.7. RMSEs of DInSAR and GPS for each point. ..........ccccoeeeiieeiiieeiiieeieeeeeee 43
Table 3.8. RMSEs of DInSAR and GPS for each period. .........cccoooiiiiiiiiiiiniieceeee, 43
Table 4.1. SAR data sources used in SBAS-DInSAR analysis for monitoring
subsidence induced by salt mining activities in Tuzla, Bosnia and
HeIZEGOVING. ....eiciiiiieiiieee ettt ettt e et e e e e e et e e eabeeeeaaeaeeenas 56
Table 4.2. SBAS-DInSAR processing steps and parameters setting for monitoring the
ground subsidence induced by salt mining activities in Tuzla, Bosnia and
Herzegovina. ........oceiiiiiieei s 57

Table 4.3. Subsidence trend between two measurements periods, 2004-2007 (by GPS
survey) and 2014-2019 (by SBAS-DINSAR). c...oovvieiiiiiiiiieeeeeeereecieeees 70
Table 5.1. SAR data sources used in SBAS-DInSAR analysis for slope stability
monitoring near residential area in Kostanjek, Croatia. ..........cccceevevveerveennee. 77
Table 5.2. SBAS-DInSAR processing steps and parameter setting for slope stability
monitoring near residential area in Kostanjek, Croatia. .........cccceeveverennencene 77
Table 5.3. SAR data sources used in SBAS-DInSAR analysis for slope failure
(landslide) monitoring near residential area in Kotajnica, Croatia................... 85
Table 5.4 . SBAS-DInSAR processing steps and parameter setting for slope failure
(landslide) monitoring near residential area in Kotajnica, Croatia................... 86
Table 6.1. Comparison of conventional InNSAR and new InSAR approaches. ................... 92
Table 6.2. Plot of ground surface calculated from phase differences in Figure 6.5 at

pixel nuMDbErs 790-810 ....cc.coouiriiniiiiiiiiieier e 96
Table. A - 1. List of Sentinel-1A and -1B SAR data for SBAS-DInSAR analysis in

Tuzla, Bosnia and Herzegovina (Track No. 51, Descending direction, data

type/format: Interferometric wide (IW) in SLC format). .........cccooeeviienennne. 110

X1



Table. A - 2. List of Sentinel-1A and -1B SAR data for SBAS-DInSAR analysis in
Kostanjek in Zagreb, Croatia (Track No. 146, Ascending direction, data
type/format: Interferometric wide (IW) in SLC format). .........c..ccoeeeuvrennenne. 111

Table. A - 3. List of Sentinel-1A and -1B SAR data for SBAS-DInSAR analysis in
Hrvatska Kostajnica, Croatia (Track No. 24, Descending direction, data

type/format: Interferometric wide (IW) in SLC format). .........cccccoeeeiieenne 112

xii



List of Figures
Figure 2.1. Side-looking geometry of SAR satellite (figure was created based on
specifications of ALOS-PALSAR strip map in fine resolution mode). ............ 6
Figure 2.2. InSAR geometry (Pepe and Cald, 2017). ...c.ccccvveeiieiieeiieiiieieecieeieecee e 7
Figure 2.3. Relationship between perpendicular baseline and height standard
deviations (Pepe and Cald, 2017). ....eoiiuiiiiieieee e 8
Figure 2.4. Relationship between LOS displacement errors induced by DEM errors
AZ and perpendicular baseling (b L)....cccccveevieiiiiiiiiiiieieesieeeeeee e 10
Figure 2.5. Outline of processing steps for INSAR and DInSAR: (a) InSAR for
obtaining a digital elevation model and (b) DInSAR for obtaining surface

AISPIACEIMENTS. ...ttt ettt ettt et e st e et e e et eebe e aeeebeaeaeaaas 11
Figure 2.6. Block diagram of SBAS algorithm (Lanari et al., 2007). .....c..ccceevrevreennnennen. 14
Figure 2.7. Plot of spatial and temporal baselines of SBAS-DInSAR. .......c..cccveevieveennnnn. 14

Figure 2.8. Geometrical view of 3-D displacements projected into LOS
displacements: (a) for LOS in descending direction and (b) for LOS in
ASCENAING AITECHION. ..viiuviiiiiiiiieeiieeirecieeree ettt e e e seeeebeesteeebeesneesnsaessneens 16
Figure 2.9. Illustration of relationship between LOS displacement and subsidence
under assumption of no horizontal displacement. ...........ccccoceeviriirinnncnens 17
Figure 2.10. Block diagram of 2-pass, 3-pass, and 4-pass DInSAR. ......c.cccceevvvevveninnnen. 18
Figure 2.11. Comparison of subsidence obtained by 2-pass DInSAR (left) and 3-pass
DInSAR (right) (Anh et al., 2015). .ccueeiiieieeeeeeeeee e 19
Figure 2.12. Typical DInSAR results of subsidence induced by underground mining
(Zhang et al., 2018)....uiceieiiieieecieeit ettt st eaee e 22
Figure 2.13. Displacement pattern, morpho-structure, and associated interferometric
phase for three landslide types: (a) rotational slide with a single circular
slip surface, (b) translational slide with a nearly planar slip surface parallel
to the slope topography, and (c) complex slide with a series of embedded
circular slip surfaces (Schlogel et al., 2015)...cccceeviieriiiiiiieeiieeece e 24
Figure 2.14. Interpretation of rockslide by 2D InSAR data and morphological
elements: a) combined velocity and b) dip of displacement (Eriksen et al.,
2077 ). ettt ettt et st b et she et e naeen 25
Figure 3.1. Experimental site: (a) plan view, (b) aerial view, (c) vertical cross section,

and (d) view of slope monitored by GPS (Nakashima et al., 2014). ............... 29

xiii



Figure 3.2. Changes in topography at experimental site: (a) photo taken on September
26,2002 (GSI, 2002) and (b) photo taken on April 5, 2011 (Google Earth,

DOTT). eeeeeeeeeeeeee oo seeeeeeeeeeees e eees e eeesesseees e sess e eesseesees s eees s sees s seee s

Figure 3.3. Digital elevation models generated by other sources: (a) SRTM-3 V2, (b)
SRTM-1 V3, (c) GSI-DEM, (d) AW3D30-DEM, and (¢) ASTER GDEM

V2. The vertical interval of the contour lines is 10 M. «..evvvveueeeeeeeeeeieiinn..

Figure 3.4. Digital elevation models generated by InSAR: (a) InNSAR-DEM 2007, (b)
InSAR-DEM 2009, and (c) InNSAR-DEM 2010. The vertical interval of

the CONOUT TINES 1S 10 I weeneeee et e e e

Figure 3.5. Comparison of LOS displacement results obtained by DInSAR using
public and InSAR digital elevation models: (a) public digital elevation
models and INnSAR-DEM 2007, (b) public digital elevation models and
InSAR-DEM 2009, and (c) public digital elevation models and InSAR-

DEM 2070, ettt et

Figure 3.6. Relationship of absolute LOS displacement and perpendicular baseline

(b 1) from public and InSAR digital elevation models: (a) at G1, (b) at

G2, (¢) at G3, (d) at point P, and (e) location of point P. Az" is calculated

by subtracting INSAR-DEM 2010 from the public digital elevation models.

Figure 3.7. Measured displacements at G-1 by GPS and in the direction of LOS: (a)
displacement in the direction of latitude, (b) displacement in the direction
of longitude, (c) displacement in the direction of height, (d) displacement

in the LOS direction, and (e) extracted incremental LOS displacement of

.29

.34

.34

.38

GPS in the period of the DINSAR measurement. ...........c.eecverveeerneeniennieennnnns 42
Figure 3.8. Comparison of LOS displacements by DInSAR and GPS: (a) — (i)

comparison at G1-G9 and (j) absolute perpendicular baseline length for

CACK PETIOM. ..iiiii et e aenaae e 44
Figure 3.9. Scatter plot of displacements by DInSAR (vertical axis) and GPS

(NOTIZONTAL AXIS). vvreirireiiiieiiireeir et ee e et e e e e e e e e saeeeesbeeesabeeeenneeesns 45
Figure 3.10. DInSAR RMSEs: (a) relationship between RSMEs and elevation of

measurement point and (b) relationship between RSMEs and

perpendicular baseline length. ...........c.coooeiiiiiiiiiiiiiniie 45
Figure 4.1. Map of Tuzla City and subsidence boundary (red dashed line)....................... 49

Xiv



Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Geological conditions of Tuzla: (a) plan view (modified from Mancini et
al. (2009a)), (b) plan view using background aerial photo from Google

Earth Pro and location of salt wells, and (c¢) vertical X-X" cross section

(Ferhatbegovic, 2004). ......cciiiiieiiecie ettt ettt ettt e ae e

Cumulative subsidence and its relationship to annual amount of brine
water pumped: (a) cumulative subsidence obtained by traditional
topographic surveys from 1956-2003 presented by contour lines (dashed
line indicates salt deposit border added by the authors) and (b) comparison
between annual average subsidence in cm/year (solid line) and annual

amount of brine water pumped in m? (dashed line). It is limited to the

period of 1956-1992 (modified from Mancini et al. (20092)). .......................

Subsidence in Tuzla obtained by GPS surveys: (a) subsidence from 2004
to 2005, (b) subsidence from 2005 to 2006, (c) subsidence from 2006 to
2007 (modified from Stecchi (2008)) (salt deposit border, safety pillar,
and mining region were added by the authors), and (d) map of GPS

densification and reference points (re-drawn from Stecchi (2008) and

Mancini et al. (20092)). ...oooivieiiiiiiiiierie e

Combinations of SAR pairs used in SBAS-DInSAR analysis. The green
diamonds indicate the number of SAR images used in the SBAS-DInSAR
analysis, the red diamonds indicate that the SAR images were either not

used or removed from the SBAS-DInSAR analysis, and the yellow

diamond indicates the super master data. ..........c.cecceeveeeniieiienieneeee e,

Subsidence distribution obtained by SBAS-DInSAR on several dates: (a)
October 21, 2014, (b) October 28, 2015, (c) October 22, 2016, (d) October

23,2017, () October 24, 2018, and (£) May 28, 2019, .....c.ovvverrrrereerreree

Figure 4.7. Comparison of subsidence distributions obtained by different methods and

Figure 4.8.

in different periods: (a) subsidence distribution obtained by SBAS-
DInSAR from May 27, 2018 to May 28, 2019, (b) subsidence distribution
obtained by GPS surveys from 2006-2007 (moditied from Stecchi (2008)),

and (c) subsidence distribution obtained by traditional topographical

surveys from 1956 to 2003 (re-drawn from Mancini et al. (2009b))..............

Subsidence obtained by SBAS-DInSAR and traditional topographic
surveys (Mancini et al. 2009b): (a) subsidence obtained by traditional
topographical surveys 1956-2003 (modified from Mancini et al. (2009b)),

XV

.53

.55

.57

.59



(b) subsidence obtained by SBAS-DInSAR October 9, 2014 to May 28,
2019, (c) section A-A’, (d) section B-B’, (e) section C-C’, and (f) section

DD e e

Figure 4.9. L.OS displacements obtained by SBAS-DInSAR and GNSS at GNSS

stations: (a) locations of GNSS stations, (b) Pannonica station, (c¢) Tusanj

station, and (d) Tuzla station (reference point)..........ccoeeeeereieiieniiieieesieeen.

Figure 4.10. Scatter plot of LOS displacements obtained by SBAS-DInSAR and

GNSS at Pannonica and Tusanj Stations............ccceeeeeeieenieerieesieecieeeeeeneenees

Figure 4.11. Locations of GPS survey points (2004-2007) superimposed with
subsidence by traditional topographical surveys (contour lines, 1956-

2003). The symbols of the points indicate the subsidence rate (mm/year)

obtained by SBAS-DINSAR (2014-2019). +...evvvveoorroereeeeereseeseeeeeersseeeseeeenen

Figure 4.12. Time transition of subsidence obtained by GPS surveys (2004-2007) and

SBAS-DInSAR (October 9, 2014 to May 28, 2019) at selected points. .......

Figure 4.13. Subsidence distribution by Sentinel-1 (from May 19, 2016 to May 20,

2017) and ALOS-2 (May 24, 2016 to May 23, 2017). .ccceeeeireeieeeeeeeee
Figure 4.14. Subsidence by Sentinel-1 and ALOS-2 at several points...........ccccceeeveerunnnne

Figure 5.1. Study area: (a) border of Croatia with surrounding countries, (b) sub-area
covered by SAR data, and (c) landslide area. The base map and country
borders were provided by Google Earth Pro images (November 27, 2018)

and GADM Version 3.6, 1€SPECtiVELY. ...cocveriiriiiiiieiiieie e

Figure 5.2. Topography of study area represented by contour lines. Vertical interval
of contour lines is 5 meters. The base photo and contour lines were

provided by Google Earth Pro images (November 27, 2018) and ALOS

World 3D 30 meters DEM (AW3D30-DEM 2006-2011), respectively........

Figure 5.3. SAR pair combinations for SBAS-DInSAR analysis at unstable slope in

Kostanjek, Croatia. The green diamonds and red diamonds indicate the

SAR pairs used in and removed from this analysis, respectively..................

Figure 5.4. Spatial distribution of LOS displacements (every year from October 27,
2014 to February 20, 2018). The base photo and contour line were
provided by Google Earth Pro images (November 27, 2018) and ALOS

World 3D 30 meters DEM (AW3D30-DEM 20060-2011), respectively......

Figure 5.5. Temporal evolution of LOS displacements at several points................c.......

Xvi

.63

.68

.69

71

75

.78



Figure 5.6. Horizontal displacement vector obtained by GPS and extensometers in the

period from December 2012 to October 2013 (Krka¢ et al., 2015)................. 81
Figure 5.7. Cumulative vertical displacements at GNSS 9, GNSS 2, GNSS 8, and
GNSS 13 (Krkac et al., 2015). .oiciiiiieiiieiieeie ettt 81

Figure 5.8. Displacement vectors obtained by DInSAR and GNSS: (a) at GNSS 2, (b)
at GNSS 8, (c) at GNSS 9 and (d) at GNSS 13. The GNSS results were
provided by Krkac (2015)...cuiiiiiiiiiiieciiccie et 82
Figure 5.9. Field surveys at GPS-9 and GPS-13. .....cccooiiiiiiiie e 83
Figure 5.10. Study area: (a) Croatia border with surrounding countries, (b) area
covered by SAR data, (c) landslide border - before landslide, and (d)
landslide area - after landslide. The base map and country borders were
provided by Google Earth Pro images (November 27, 2018) and GADM
Version 3.6, respectively. The areal photo after the landslide was provided
by Laszl6 Podolszki (private email, June 13, 2018). .....cocoeiiiiiiiiiiiieee, 84
Figure 5.11. Photo of landslide taken on March 13, 2018 at 1:24 PM (local time).
Photo source:
https.//www.usnews.com/dims4/USNEWS/b3a4b31/2147483647/thumbn
ail/970x647/quality/85/?url=http%3A%2F %2 Fmedia. beam. usnews.com
%2F0e%2F2bae74defcc068e9962ad5162d777c%2Fresizes%2F1500%2
Fmedia%3Aefd129aaf3f44f22bf961cdc40e52391Croatia_Landslide 549

Figure 5.12. SAR pair combinations for SBAS-DInSAR analysis in Kostajnica
landslide, Croatia. The green diamonds indicate the SAR pairs used for

the analysis, while the red diamonds indicate the SAR pairs removed from

The ANALYSIS. . ceieiieiie e et 87
Figure 5.13. LOS displacements at Kostajnica landslide and surrounding area: (a) and

(b) before landslide, and (c) and (d) after landslide............ccccevvverierierriiennnns 88
Figure 5.14. LOS displacements at Kostajnica landslide: (a) and (b) before landslide,

and (c) and (d) after landslide. ...........cccoiiiiriiiiiii e 89
Figure 5.15. Temporal evolution of LOS displacements at P1-P5.........cccoovvvviivieninnnen. 89
Figure 5.16. Time series of LOS displacements at points C1-C5. ........ccccevvvvvievieniennnen. 90
Figure 6.1. Geometrical view of InSAR measurements: (a) conventional InSAR

approach and (b) new InSAR approach..........ccoccoeoiiiiiiiiiiiiiieeeee, 92
Figure 6.2. Master and slave data provided by ALOS-PALSAR satellite. ..........c............. 93

xvil



Figure 6.3. Phase difference or interferogram obtained by SAR data in Figure 6.2. ......... 94

Figure 6.4. Plot of phase differences in Figure 6.3 at first line and at pixel numbers

600900 ...ttt ettt et st e bt eeae e teetesaeen 94
Figure 6.5. Phase differences as shown in Figure 6.4 at pixel numbers 782 to 820........... 95
Figure 6.6. Expected surface mapping of new InSAR approach.............cccocooiiiiiiin. 97

XViil



3-D
ALOS-PALSAR

ALOS-PALSAR-2

ASTER-GDEM

AW3D30-DEM

DEM
DInSAR
ESA

GNSS

GPS

GSI

InSAR
JAXA-EORC

LOS

MCF

PRISM

RMSE

SAR
SBAS-DInSAR

SIR-C/X-SAR
SLC

SRTM

SVD
TOPSAR
WGS84

List of Abbreviations

Three-Dimensional

Advanced Land Observing Satellite Phased Array Type of L-band
Synthetic Aperture Radar

Advanced Land Observing Satellite Phased Array Type of L-band
Synthetic Aperture Radar-2

Advanced Spaceborne Thermal Emission and Reflection

Radiometer Global Digital Elevation Model

ALOS World Three-Dimensional 30-meter Resolution Digital
Elevation Model

Digital Elevation Model

Differential Interferometry Synthetic Aperture Radar
European Space Agency

Global Navigation Satellite System

Global Positioning System

Geospatial Information Authority of Japan
Interferometry Synthetic Aperture Radar

Japan Aerospace Exploration Agency Earth Observation Research
Center

Line of Sight

Minimum Cost Flow

Panchromatic Remote-Sensing Instrument for Stereo Mapping
Root Mean Square Error

Synthetic Aperture Radar

Small BAseline Subset Differential Interferometry Synthetic
Aperture Radar

Spaceborne Imaging Radar C/X-band Synthetic Aperture Radar
Single Look Complex

Shuttle Radar Topography Mission

Singular Value Decomposition

Terrain Observation with Progressive Scans SAR

World Geodetic System 1984

XiX



b
b,

bJ_,critical

C

DE—W

S}

=

List of Symbols

Matrix of M X N (M is number of interferograms and N is number of SAR
images)

Matrix of M X N (M is number of interferograms and N is number of SAR
images) for SBAS-DInSAR considering mean displacement velocity.
Satellite baseline

Perpendicular baseline

Critical perpendicular baseline

Speed of light

Displacement provided by GPS in east-west direction

Displacement in satellite’s line of sight direction

Displacement provided by GPS in north-south direction

Displacement in vertical direction (subsidence)

Displacement provided by GPS in up-down direction

Satellite altitude

Master image

Slave image

Number of interferograms

Number of SAR images

Slant range distance

Satellite position at first acquisition

Satellite position at second acquisition

Measured at specific point

First acquisition of SAR data

SAR data acquisition at specific time

Mean phase velocity between time-adjacent acquisitions
SAR system bandwidth

Ground surface elevation

Angle between baseline and horizontal plane

Satellite heading angle
SAR wavelength

XX



Ap
A@arm

A@gisp
A@noise
Aporp
A@scare
APiopo
AZ

Az’

Satellite look angle

Local incident angle

InSAR phase difference

Flat-Earth phase

Phase due to topography

Standard deviation of estimated topographic height by InSAR
Error of InSAR phase measurement

Slant range difference

DInSAR phase

Phase component due to variation in propagation conditions of atmospheric
conditions (including ionospheric and tropospheric delays)

Phase due to surface displacement

Phase due to all phase noise contributions

Residual phase due to use of inaccurate satellite orbital data

Phase component due to changes in scattering behavior

Residual topography phase due to DEM error

DEM error

Elevation difference between InNSAR-DEM and other DEMs

XX



Chapter 1. Introduction

1.1 Background

Monitoring ground surface displacements due to natural phenomena or human activities
is very important. Several useful methods can be applied to measure ground surface
displacements, for example, field surveying, leveling, GPS surveying, etc. These methods
provide highly accurate measurement results (centimeter- to millimeter-level accuracy).
However, the methods measure the ground surface displacements only at certain points and
in limited areas (a few hundred square meters). If the area to be monitored is large (several
square kilometers), the number of required devices greatly increases. This leads to high costs
and inefficiency. To solve these problems, alternative methods or tools are required.

Interferometric Synthetic Aperture Radar (InSAR) has the high potential to solve the
above limitations. InSAR is widely used for ground surface topographic estimation and
surface displacement monitoring. Due to its ability to monitor ground surface displacements
independent of sun illumination and weather conditions, InNSAR can be used as a continuous
monitoring tool.

The first application of InSAR was to estimate the topographic height of the ground
surface (Graham, 1974; Zebker and Goldstein, 1986). The capability of InSAR to map the
world topographically was proven by the performances of Shuttle Radar Topography
Mission (SRTM) (Rabus et al., 2003) and TerraSAR-X (Tandem-X) (Zink, 2015).

More recent applications of InSAR have been to measure ground surface displacements
with a method referred to as Differential Interferometric Synthetic Aperture Radar
(DInSAR). The application of DInSAR for measuring ground surface displacements has
been reported in research works related to many topics, such as ground subsidence
(Chaussard et al., 2014; Moghaddam et al., 2013; Stramondo et al., 2008), slope stability and
landslides (Liu et al., 2016a; Rott and Nagler, 2006; Singhroy and Molch, 2004), volcanic
activities (Chen et al., 2017; Tomiyama et al., 2004; Wnuk and Wauthier, 2017), and
displacements due to earthquakes (Klein et al., 2017; Wang et al., 2017).

The above-mentioned applications were mostly performed over vast areas of several
hundred square kilometers. Although DInSAR is capable of measuring large areas,
discussions on how DInSAR can be applied to small areas (a few square kilometers) should

be promoted.



In addition to the advantages of DInSAR, there are also some limitations which must be
considered. The measurement accuracy of DInSAR is affected by several errors which are
related to the measurement results, such as satellite orbit data inaccuracy, DEM inaccuracy,
atmospheric delays, the chances of a target’s scattering behavior, and other noises.

In this thesis, the study is focused on the application of DInSAR to the measurement and
interpretation of surface displacements, such as ground subsidence and slope displacements
induced by mining activities.

This chapter provides a problem statement, research objectives, and thesis organization.

1.2 Problem statement

DInSAR requires an appropriate digital elevation model (DEM) for its analysis. In this
study, the first research location is an open-pit mine. Since the topography of the ground
surface in open-pit mines changes largely, measurement errors can occur due to the lack of
an appropriate DEM. The effect of DEM inaccuracy on the DInSAR results should be
evaluated. DInSAR has usually been applied to vast areas of more than several hundred
square kilometers, but its applicability to areas of only a few square kilometers, like mining
regions, also needs to be investigated.

Underground mining activities near residential areas tend to have negative impacts. One
common problem is ground subsidence. There are several conventional tools and methods
for monitoring ground subsidence, for example, field surveying, optical leveling, GPS
surveys, etc. However, these methods measure the ground subsidence only at certain points
and in limited areas. If the ground subsidence is large and requires continuous monitoring,
it leads to high costs and inefficiency. The applicability of DInSAR as a powerful tool or a
cost-effective method with sustainable monitoring ability needs to be evaluated.

It is important to conduct an investigation of the advantages and limitations of DInSAR
to monitor slope stability and landslides. Few comprehensive discussions have been reported
on how DInSAR can measure slope displacements if slope failures (landslides) occur during
the measurement period.

There are still fundamental issues related to the formulation of InSAR for mapping the
topography which must be addressed. A new formulation is proposed for future advances in

InSAR technology.



1.3 Research objectives

The main objectives of this thesis are as follows:

1.

To investigate the effect of different DEMs on the displacement measurement
results obtained by DInSAR (Chapter 3).

To evaluate the applicability of SBAS-DInSAR for monitoring land subsidence
induced by mining activities (Chapter 4).

To assess the advantages and limitations of SBAS-DInSAR in two cases related
to slope displacements and landslide phenomena (Chapter 5).

To propose a new equation for use in the process of InSAR to determine the

topographic height (Chapter 6).

1.4 Thesis organization

This thesis is organized as follows:

Chapter 1 explains the background, motivations, problem statement, and objectives of this

study.

Chapter 2 provides the theoretical background and a review of the literature relevant to this

study. This chapter explains the basic concepts of SAR, InSAR for measuring the
ground surface topography, and DInSAR for measuring ground surface
displacements. The key idea and main steps of a displacement time-series

analysis by the Small BAseline Subset (SBAS) are explained in this chapter.

Chapter 3 focuses on investigating the effect of different Digital Elevation Models on the

displacement measurement results by DInSAR. This chapter provides an
application of DInSAR for monitoring the displacements in a small open-pit mine.
An assessment and an evaluation of the DInSAR results using precise GPS are

presented in this chapter.

Chapter 4 presents the applicability of SBAS-DInSAR for monitoring the land subsidence

induced by salt mining activities. In this chapter, the performance of SBAS-

DInSAR is evaluated as a powerful tool and sustainable monitoring system.

Chapter 5 provides a discussion on the advantages and limitations of DInSAR using two

case studies. The cases presented in this chapter are related to slope stability
monitoring and landslide phenomena. The chapter focuses on evaluating the
advantages and limitations of DInSAR in measuring slope displacements and

landslide occurrences.



Chapter 6 presents a new concept and fundamental equation for use with InSAR for
estimating the topographic height. A comparison of the original InSAR and the
new InSAR approaches are presented. The new InSAR approach is also tested
using real satellite data.

Chapter 7 presents the general conclusions of this study, followed by suggestions for future

research works.



Chapter 2. Theoretical Background and Literature Review

This chapter presents the basic concept or theoretical background relevant to all the
studies in this dissertation. The chapter also consists of a review of several high-quality
research articles related to the dissertation. The aim of this chapter is to know the state of the

art of DInSAR and to summarize the remaining issues.

2.1 Theoretical background

This section presents the basic concepts of SAR, InSAR, and DInSAR. An overview of
the basic rationale of SBAS-DInSAR is presented, followed by an explanation of the main
steps in a SBAS-DInSAR analysis. The last part of theoretical background is the geometrical
projection of 3-dimensional displacements into LOS displacements and the conversion of

LOS displacements into vertical displacements (such as subsidence).

2.1.1 Basic concept of SAR

Synthetic Aperture Radar (SAR) consists of a radar device mounted on an aircraft or
artificial satellite that transmits microwaves to the Earth’s surface, observes the intensity and
phase of the reflected waves from the surface, and generates high-resolution imagery
(Hanssen, 2001). It can be operated all day and all night, and is independent of the weather
conditions. SAR is a side-looking imaging system, as shown in Figure 2.1.

Interferometry SAR (InSAR) is a method for taking the signal phase difference from two
scenes of SAR data (Biirgmann et al., 2000; Massonnet and Feigl, 1998), which are observed
in the same area at different times. InSAR can be used to create a topography map of the
ground under certain conditions (Bilirgmann et al., 2000; Graham, 1974; Massonnet and Feigl,
1998; Rocca et al., 2000). Differential InNSAR (DInSAR) can measure the changes in the
distance between the radar and the ground surface after removing the topographic
contribution from the interferograms (Ferretti et al., 2007). The advantage of DInSAR is that
the distribution of the ground surface displacements in the direction of the microwave
radiation can be observed over vast areas with a spatial resolution of 3-30 m without the
necessity for installing any devices on the ground.

In this section, outlines of INSAR and DInSAR are given to clarify the focus of this study.



Figure 2.1. Side-looking geometry of SAR satellite (figure was created based on specifications of
ALOS-PALSAR strip map in fine resolution mode).

2.1.2 InSAR technique to measure topography of Earth’s surface

Supposing a SAR satellite acquires two sets of SAR data over the same area at different
times, the first SAR data set comprises the master data and the second set comprises the
slave data (Massonnet and Feigl, 1998; Pepe and Calo, 2017). The phase difference ¢
between the reflection waves of the two sets of SAR data can be expressed considering the
geometrical relation among the master satellite position, the slave satellite position, and a
point on the Earth’s surface (Figure 2.2), as follows (Pepe and Calo, 2017):

n 4w by @.1)

$=- A bsin(¥y — a) _TTSinﬁ

where ¢ is the phase difference observed by the master and slave satellite positions, whose

value is between —m and 7 (Ferretti et al., 2007). 4 is the wavelength of each microwave
transmitted from the satellites, » is the baseline length (the distance between satellite
positions M and S), r is the distance between a satellite and a point 7" on the ground surface,
9, indicates the side-looking angle for transmitting the microwaves from the satellites that

correspond to the case when the Earth’s surface is flat (i.e., z =0), 9 is the side-looking angle
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that corresponds to the case when the Earth’s surface is not flat (i.e., z# 0), o is the inclination
angle of the baseline with respect to the horizontal direction, b, is the perpendicular baseline
length, and z is the topographic height or elevation (see Figure 2.2) (Pepe and Calo, 2017).

The right side of Eq. (2.1) is created by two phase forms, namely, flat-Earth component
®r1ar and topographic phase component ¢y, as follows (Pepe and Calo, 2017):

41
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Figure 2.2. InSAR geometry (Pepe and Calo, 2017).

From Eq. (2.1), topographic height z can be estimated from observed phase difference ¢
by removing flat-Earth phase component @4, as follows (Hanssen, 2001; Pepe and Calo,
2017):

A rsind
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The phase value of (¢ — @r4;) is still between —m and 7. In order to estimate topographic
height z using Eq. (2.4), the phase (¢ — @y14¢) is integrated to obtain the absolute value.
This process is called “phase unwrapping” (Ferretti et al., 2007).

From Eq. (2.4), it can be seen that a longer perpendicular baseline b, produces a more
accurate topographic height estimation. It can be expressed as the standard deviation of the

estimated topographic height (0z), as follows (Pepe and Calo, 2017):

A rsind

0Z = _ETa(ptOpo (25)

where 6@ p, is the error in the INSAR phase measurement. Eq. (2.5) indicates that a longer

perpendicular baseline length b, produces a more accurate estimated topographic height.
However, there is a limit value for perpendicular baseline length b, referred to as critical

baseline b, critical, Which can be expressed as follows (Bamler, 1997):

AW r-tan(9 — a)
c

(2.6)

by critical =
where W is the SAR system bandwidth and c is the speed of light. Once perpendicular
baseline b, exceeds critical perpendicular baseline b, (yiticar, the interferometric phase is
completely decorrelated and useless as a topographic height estimation.
Figure 2.3 depicts a plot of the standard deviations in estimated topographic height Az
and perpendicular baseline b, calculated by Eq. (2.5).

Figure 2.3. Relationship between perpendicular baseline and height standard deviations (Pepe and
Calo, 2017).

The topographic height estimation by InSAR was successfully demonstrated in 1986
using SAR sensors mounted on an aircraft (Zebker and Goldstein, 1986). The topographic



mapping on a global scale using InSAR (spaceborne and satellite-based) was effectively
presented by Shuttle Radar Topography Mission (SRTM) (Rabus et al., 2003) and
TerraSAR-X (Tandem-X) (Zink, 2015).

2.1.3 Differential InSAR to measure displacements of Earth’s surface

Differential InSAR (DInSAR) is a technique for measuring the displacements of the
Earth’s surface; it is based on the process of InNSAR. Removing topographic component
®topo and flat-Earth phase component @f;4; (see Egs. (2.2) and (2.3)) from observed phase
difference ¢, the remaining phase can be expressed as follows (Pepe and Calo, 2017):

41

1 Dpos + A<»01.“opo + A@orp + DOatmo + AOscart + APnoise 2.7

Ap =
where AQ = @ — Qtopo — Priar can be computed by the observed ¢ and Egs. (2.2) and
(2.3). Dy s is the unknown ground surface displacement in the direction between a satellite
and the Earth’s surface, which is called the Line of Sight (LOS) displacement. Ay, is the
residual phase due to the error in the topographic elevation of the Earth’s surface, A@,,., is
the residual phase due to the use of an inaccurate satellite orbital position, A@,¢pm, 1s the
effect of the atmospheric phase delay, A@g 4+ indicates the phase scatter due to changes in
the conditions on the ground surface, and A@,, ;.. 1s the phase due to the noise contribution.
The phase unwrapping process is applied to phase Ag to compute the LOS displacement,
d;os» in a similar manner to that given in section 2.1.2.
Focusing on the errors due to the residual topography, A@ape, they can be expressed as

follows:

4m b,
A rsind

A(ptopo = (2.8)
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Figure 2.4. Relationship between LOS displacement errors induced by DEM errors AZ and
perpendicular baseline (b ).

Figure 2.4 shows the deformation errors induced by the DEM errors based on Eq. (2.8).
In the ALOS-PALSAR case, r is about 865 km and the incidence angle (9) = 34.4 degrees.
If b, is small (near zero), there is almost no effect of the DEM errors on the displacement.
Conversely, a longer b length introduces larger errors to the monitored displacements. The
best way to reduce the effect of DEM errors is to use SAR image pairs with small or near
zero b, . However, in the ALOS-PALSAR case, the number of image pairs with near zero
b, is very limited, since the ALOS-PALSAR orbit tube is about 3 km (even in 2007, it had
decreased to 1 km) (Sandwell et al., 2008). This kind of residual topography error is
discussed comprehensively in Chapter 3.

Dy o5 is obtained from Eq. (2.7), while A@top0, AQorn, AP atmos APscate» and A@y ;e are
included as errors. If the errors can be removed completely, the displacement in the LOS

direction can be calculated as follows:

41
Dios = - Ag 2.9

This is the fundamental procedure of DInSAR for measuring displacements of the Earth’s
surface. The procedures for INSAR and DInSAR are outlined in Figure 2.5 (Franceschetti
and Lanari, 1999; Hein, 2004).
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Figure 2.5. Outline of processing steps for InNSAR and DInSAR: (a) InSAR for obtaining a digital
elevation model and (b) DInSAR for obtaining surface displacements.

2.1.4 Overview of SBAS-DInSAR

The interferograms produced by a single SAR data pair (DInSAR) tend to be affected by
noises, as shown by Eq. (2.7). Such errors can be reduced by using multiple SAR pairs and
the stacking process (i.e., DInNSAR time-series approaches). Several DInSAR time-series
algorithms have been developed. One such algorithm was proposed by Ferretti et al. (2000)
and is referred to as the Permanent Scatterers (PS) method. Another algorithm was proposed
by Berardino et al. (2002) and is referred to as the Small BAseline Subset method (SBAS).

In this study, the SBAS method is employed to generate time-series displacements. This
method employs a simple combination of interferograms produced by multiple SAR data
pairs. The SAR data pairs are characterized by small spatial and temporal baselines. The key
objective of the selection of SAR data pairs with small spatial and temporal baselines is to
mitigate the decorrelation phenomena and maximize the number of pixels exploited (Tizzani
etal., 2007).

This section briefly summarizes the basic rationale of the SBAS method and provides a
short explanation of the main steps involved in implementing the approach. The availability
of aset of N+ 1 SAR data images relevant to the same area is supposed and then acquired
at ordered times (to, ..., ty). Those SAR data images are co-registered with respect to a
single SAR data image (referred as the super master) in order to obtain a common reference

grid.
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The SBAS analysis is started from an unwrapped interferogram, referred to as M. M
interferograms can be produced as Ay, ... , A@y. Let us now refer to a pixel of SAR images
with azimuth and range coordinates (x,y), respectively. Assume that the unwrapped
interferograms are calibrated using at least one known displacement value (reference point).
Usually the reference point is located in a stable area with zero displacement (stable point).

The expression of the j — th unwrapped interferogram produced by the SAR images

acquired at time tg and tj, is as follows (Berardino et al., 2002):

Ap;(x,7) = @(tg,x,7) — @(tg,x,7), Vj=1,..,M (2.10)
where @(tg, %, 1) and @(t,,x, 1) are the phases of the SAR images acquired at times tg and
ta, respectively, and with respect to t, assumed as a reference. In this case, @(ty, x,r)=0,
V(x,r).

Let
" =[o(ty), .., p(ty)] (2.11)
be the vector of the N (unknown) phase values associated with the displacement of the
considered pixel and
ApT = [A@,, ..., Apy] (2.12)
be the vector of the M (known) values of the computed unwrapped interferograms.

The following two vectors are then defined as
IE = [IE,, ..., 1Ey], 1S =[ISy, ..., ISy] (2.13)
where IE represents the master images and IS represents the slave images in chronological

order, i.e., IE; > IS;, Vj = 1, ..., M. From these index vectors, Eq. (2.10) can be rewritten as

follows:

£pie) = o (tig) =0 (tis),  ¥i=1,.,M (2.14)

Eq. (2.14) defines a system of M equations for N unknowns which can be recognized by

using matrix formalism, namely,

A-¢ =g (2.15)
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Matrix A is an M X N matrix for which Vj = 1, ..., M. It makes A (j, IS]-) =-1 ifIS]- * 0,
A (j, IE]-) = 41 and 0 otherwise. For instance, if A@; = @, — @, and Ap, = @3 — @, then

A will have the following form:
0 -1 0 +1
A= o 0 +1 0 .. (2.16)

Note that A is an incidence-like matrix, directly depending on the set of interferograms
generated from the available data. Due to this characteristic, if all the acquisitions belong to
a single subset, it turns out that M > N and A is an N-rank matrix. If the acquisitions belong
to two or more subsets, an additional mathematic formulation, i.e., the Singular Value
Decomposition (SVD), should be performed to solve this problem. A more detailed
explanation of the SVD operation in the SBAS-DInSAR concept can be found in Berardino
et al. (2002).

In this study, all acquisitions belong to a single subset and the SBAS-DInSAR with a
linear model is employed. The SBAS considering the mean displacement velocity between

time-adjacent acquisitions is applied and can be expressed as follows:

Bv = A (2.17)

where B is an M X N matrix and v is the mean phase velocity between time-adjacent

acquisitions. It can be expressed as follows:

T _ __ % _ (PN—(PN—1] 218
v [vl ey v, Uy —tN . (2.18)
The M X N matrix in Eq. (2.17) defines several elements, as follows:
0 elsewhere

2.1.5 Main steps of SBAS-DInSAR
The main steps of the SBAS method are shown in Figure 2.6 (Lanari et al., 2007); each
step will be explained briefly.
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Figure 2.6. Block diagram of SBAS algorithm (Lanari et al., 2007).

a) Selection of SAR data pairs. The first step of the SBAS process is the selection of SAR
data pairs done by giving threshold values to the temporal and spatial baselines. This
process will produce a graph showing the possible pairs that will be analyzed after

assigning the baseline thresholds (spatial and temporal baselines), as seen by Figure 2.7.

LT I Y I B

Spatial baseline (M)

2 I[IIIIIII|III|||III|IIIIIIIIIIIIIIIIIII
P—%UI—M 14-Feb-15 1-Oct-15 17-May-16 1-Jan-17

Temporal baseline (date)

Figure 2.7. Plot of spatial and temporal baselines of SBAS-DInSAR.

All the SAR images are shown by diamonds. The super master is indicated by the yellow
diamond. In total, there are 41 SAR images in Figure 2.7. The lines indicate the possible
combinations of SAR data pairs. In this case, the total number of possible SAR data pair

combinations is 148.
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b) Interferogram generation (DInSAR), filtering, and phase unwrapping. In this step, the
differential interferograms are generated followed by multi-looking and the co-
registration process. The reduction of noise, the phase filtering process, is conducted.
Then, phase unwrapping is done to obtain unwrapped interferograms. These processes
are applied for all combinations, and several interferograms are produced (in this case,
148 unwrapped interferograms). The products of these steps are interferograms,
coherence images, and unwrapped interferograms.

¢) Inversion of Singular Value Decomposition (SVD)-based interferograms and removal of
topography artifacts. The inversion process is conducted to generate the LOS
displacement time-series. However, the LOS displacement products contain the residual
topographic phase (topography artifacts), A@Qep,. The residual topographic phase will be
removed in this step for each interferogram.

d) Space-time filtering. This filtering process removes such atmospheric artifacts (A@,¢m )-
It is based on the observation that the atmospheric artifacts are highly correlated in space,
but have very low correlation in time (Ferretti et al., 2000; Goldstein, 1995). This process
applies a square-shaped filter with a spatial size of 1.2 km x 1.2 km, according to the
spatial correlation length of atmospheric artifacts (Hanssen, 2001). This step is followed
by a temporal high-pass filter operation using a window whose size is 365 days. Finally,
after the atmospheric artifacts and other errors are removed, the generation of the LOS

displacement time-series is conducted.

2.1.6 Projection of 3-D displacements in LOS direction

In order to evaluate the accuracy of the displacements obtained by DInSAR, the 3-D
displacements provided by GPS are converted into displacements in the LOS direction.
Figures 2.8 a and b show the vector projection from the 3-D displacements provided by GPS
into LOS displacements for descending and ascending directions, respectively.

Based on Figure 2.8, the conversion of the 3-D GPS displacements into LOS
displacements in the ascending direction can be expressed as follows (Fialko et al., 2001; He

etal., 2015; Jo et al., 2017; Polcari et al., 2016):

—sinf-sind
] (2.20)

Dyos = [Dn-s Dg-w Dy-pl- [— cos B -sind
cosV
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The conversion of the 3-D GPS displacements to LOS displacements in the descending
direction can be expressed as follows (Fialko et al., 2001; He et al., 2015; Jo et al., 2017;
Polcari et al., 2016):

—sing-sinf
] (2.21)

Dios = [Dn-s Dg-w Dy-p]- [ sin 9 - cos 8
cos v

where (3 is the azimuth angle of the SAR satellite orbit (flight direction). Dy_g, Dg_w, and
Dy_p are displacement components in the directions of latitude, longitude, and height,

respectively. 9 is the incident angle (see Figure 2.2).

Figure 2.8. Geometrical view of 3-D displacements projected into LOS displacements:
(a) for LOS in descending direction and (b) for LOS in ascending direction.

2.1.7 Derivation of subsidence from LOS displacements

The displacements obtained by DInSAR are one dimensional along the line of sight
(LOS), as shown in Figures 2.8 a and b. An additional operation is required to convert the
LOS displacements to subsidence. It is simply assumed in this study that the displacements
are mainly caused by subsidence (vertical movements) and that the horizontal displacements
are very small compared to the subsidence and can be ignored. The relationship between the

LOS displacement and the subsidence is shown in Figure 2.9. 9; is the local incident angle.
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Following the above assumption, the vertical displacement or subsidence can then be
obtained from the LOS displacement by Eq. (2.22). Subsidence Dg,y, is assigned with a
minus sign.

SAR satellite

Horizontal plane

7 DSub

/ ¥

Figure 2.9. Illustration of relationship between LOS displacement and subsidence under
assumption of no horizontal displacement.

Dyos
D = — 2.22
Sub cos 9; (2.22)

2.2 Literature review
The literature review focuses on several issues related to the measurement accuracy of
DInSAR, the application of DInSAR for monitoring subsidence induced by underground

mining activities, and the application of DInSAR for slope stability and landslide monitoring.

2.2.1 Effect of different DEMs on DInSAR results

Having an understanding of the limitations or error sources of DInSAR is very important.
The main error sources of DInSAR are the satellite orbit data inaccuracy, the DEM
inaccuracy, atmospheric delays, the chances of a target’s scattering behavior, and other
noises (Pepe and Calo, 2017). This section focuses on a review of the research work related
to the effect of an external DEM on the DInSAR results (DEM inaccuracy). The accuracy of
DEMs becomes very important when the target area of DInSAR experiences very large
changes in elevation, for example, open-pit mines. DEMs should be updated regularly to
ensure that the elevation provided by the DEMs is appropriate for representing the most

recent mining elevation. If an inappropriate DEM is input into a DInSAR analysis, the phase
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error due the DEM inaccuracy will become very large and cause artificial LOS
displacements.

The research works that have been reviewed below mostly used term 2-pass, 3-pass, and
4-pass DInSAR. Details on those methods are given in Figure 2.10. Basically, 2-pass
DInSAR is the same as the DInSAR term used in this dissertation.

2-pass DINSAR

SAR data 1
Interferogram 1 Differential
SAR data 2 interferogram
Interferogram 2 {DInSAR)

External DEM Simulated

3-pass DINSAR

SAR data 1

Interferogram 1 Differential
SAR data 2 interferogram

Interferogram 2 {DInSAR)
SAR data 3

4-pass DInSAR

SAR data 1
Interferogram 1

SAR data 2 Differential
interferogram
SAR data 3 (DInSAR)
Interferogram 2

SAR data 3

Figure 2.10. Block diagram of 2-pass, 3-pass, and 4-pass DInSAR.

Sowter and Warren (2005) investigated the effect of DEMs on the LOS displacements of
DInSAR. Their research target was the Bam earthquake in Iran. They conducted 2-pass
DInSAR and 3-pass DInSAR (without using a DEM). Theoretically, 3-pass DInSAR
produces better accuracy of the LOS displacements because the effect of the DEMs is very
small. Unfortunately, this is not realistic as the phase errors of 3-pass DInSAR are very large.
2-pass DInSAR using a DEM, referred as DInSAR, is still more appropriate for displacement
monitoring than 3-pass DInSAR. Sowter and Warren (2005) mentioned that DInSAR using

18



a high-resolution DEM (e.g., SRTM 90-meter resolution) shows better results than DInSAR
using a low-resolution DEM (low resolution and low accuracy).

Similar to Sowter and Warren (2005), Anh et al. (2015) conducted research on 2-pass
DInSAR using a DEM and 3-pass DInSAR without a DEM. However, the target area of Anh
et al. (2015) was subsidence in a city area. Their results show that 2-pass DInSAR using a
SRTM 90-meter resolution presents better results than 3-pass DInSAR (Figure 2.11).
However, they recognized that SRTM 90-meter was not accurate enough because they used
Envisat SAR data in 2004, while SRTM was acquired in 2000. Within that period of 4 years,

many buildings were constructed. Therefore, a great deal of artificial subsidence and uplift

were recognized in the DInSAR results due the DEM inaccuracy.

Figure 2.11. Comparison of subsidence obtained by 2-pass DInSAR (left) and 3-pass
DInSAR (right) (Anh et al., 2015).

Liu et al. (2016) proposed 4-pass DInSAR to reduce such phase errors due to the DEM
inaccuracy. Their target was to estimate the surface displacements of a mountain glacier.
The main characteristic of glacier areas is similar to that of open-pit mines, i.e., the changes
in elevation are very large over time. Based on their results, the proposed 4-pass DInSAR
without an external DEM produced good accuracy in the displacement results. However, it
should be noted that 1 SAR pair of images was used to generate a DEM and it was done
without an external DEM during the DEM generation. They did not analyze the quality of
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their DEM by InSAR. The use of an external DEM during DEM generation is very important,
as has already been proven by Chunxia et al. (2005) and Nitti et al. (2011).

Gaber et al. (2017) conducted research on how to minimize errors due to DEM
inaccuracies in estimating the land subsidence in Port-Said City, Egypt. They employed
SBAS-DInSAR using only 9 ALOS-PALSAR images. To reduce the errors due to DEM
errors, they generated a new DEM from ALOS/PRISM optical images acquired on
September 9, 2014. The final resolution of ALOS/PRISM was very high, i.e., 2.5 m. They
evaluated the DEM from ALOS/PRISM and SRTM using 16 GCPs from ground truth data
and found that ALOS/PRISM DEM is much better than the SRTM DEM with RMS by about
2.598 m. For the SBAS-DInSAR analysis, they only used the DEM from ALOS/PRISM; the
DEM by SRTM was not employed in the SBAS-DInSAR processing. Thus, it is difficult to
compare how much better ALOS/PRISM DEM is than SRTM DEM for improving the final
displacement by SBAS-DInSAR. There is no clear, strong evidence.

Tao et al. (2017) conducted research to investigate the effect of an external DEM on the
DInSAR results in monitoring subsidence due to mining activities. They processed DInSAR
using several DEMs, i.e., 1:5 million DEM (referred to as 25-m DEM), ASTER-GDEM V2,
and SRTM 90-meter DEM. There are subsidence results by DInSAR for each DEM. Then,
those subsidence results by each DEM are compared with the subsidence obtained by
leveling. They found that using the 25-m DEM generates better subsidence results than using
the other DEMs. However, they did not present the relationship between the DEM
inaccuracy and the subsidence results. They only showed that a DEM with higher resolution
produces better subsidence results.

From the above-mentioned circumstances, there is no comprehensive research that
explains the effect of an external DEM on the LOS displacements by DInSAR in a
relationship with the elevation errors provided by each DEM, the spatial resolution of each
DEM itself, the relationship with the perpendicular baseline, etc.

To overcome these issues, research has been done and is presented comprehensively in
Chapter 3 of this dissertation. In addition, the quality and accuracy of the DInSAR results

are evaluated using precise and real-time GPS monitoring results.

2.2.2 Application of DInSAR for subsidence induced by mining activities
In the last decade, DInSAR has been widely used in several applications, such as
monitoring the ground surface displacements induced by natural processes and man-made

activities. In this section, a review is done that focuses on the application of DInSAR to
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monitor the subsidence induced by mining activities. The main advantages of DInSAR for
monitoring subsidence is that no devices need to be installed in the monitoring area. The
typical DInSAR results for subsidence induced by underground mining are presented in
Figure 2.12.

Chang et al. (2004) utilized DInSAR to measure the subsidence induced by underground
coal mining. Then, those subsidence results were used in an Environmental Impact
Assessment of the coal mining itself. The DInSAR results, i.e., measured displacements,
comprise one of the important parameters for mining companies and for considering future
plans. However, this research was conducted at a very early stage of SAR and the number
of SAR images was very limited. Thus, the results lack temporal data and time-series
displacements.

Jarosz and Zahiri (2007) conducted research using DInSAR for monitoring subsidence
induced by block caving mining. They demonstrated that DInSAR is a very useful and cost-
effective monitoring tool for monitoring the subsidence induced by mining. The subsidence
results they obtained by DInSAR have a good correlation with the subsidence results
obtained from leveling data. Similar to Chang et al. (2004), their results lacked temporal
resolution because the number of images was very limited at that time. They mentioned that
in the near future, DInSAR would become a promising tool and that the amount of available
SAR data would increase.

Ng et al. (2015) monitored the land subsidence induced by off-shore oil and natural gas
extraction. They employed a SqueeSAR time-series analysis using ALOS-PALSAR data to
generate the time evolution of the subsidence. This research is very comprehensive; their
subsidence results were validated using ground survey data and it was found that the
discrepancy is about 4 mm/year. They presented good spatial coverage (due to using L-band
data) and moderated temporal resolution (the shortest temporal baseline is 46 days).
However, they used very old DEM data, i.e., SRTM DEM. Even though the SqueeSAR
algorithm can reduce such DEM inaccuracies, the use of more up-to-date DEM data is
recommended. This is because the ALOS-PALSAR perpendicular baselines are usually very

large (a hundred meters to a few kilometers).
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Figure 2.12. Typical DInSAR results of subsidence induced by underground mining
(Zhang et al., 2018).

Du et al. (2016) conducted research to monitor the subsidence induced by coal mining
using a combination of L-band (ALOS-PALSAR) and C-band (Envisat) data. They utilized
a time-series INSAR (TS-InSAR) algorithm to generate the time-series subsidence. The TS-
InSAR algorithm is based on the development of SqueeSAR. This research included a
comparison of L-band and C-band data, and it was reported that L-band data have better
spatial coverage than C-band data. This is because the L-band has a longer wavelength than
the C-band. However, the L-band has lower accuracy than the C-band. Such a clear example
is very important for SAR users when deciding which wavelength is appropriate for their
particular target. They mentioned that the L-band is very useful for monitoring large
subsidence, like that induced by mining activities, whereas the C-band is useful for
monitoring small subsidence, like that in a city area. Similar to Ng et al. (2015), they
employed the old SRTM DEM in their analysis. It should be noted that old DEM data tend
to produce larger errors due to changes in elevation in the mining area.

Yuan et al. (2017) utilized new Sentinel-1 SAR data in DInSAR to monitor the subsidence
induced by coal mining. They used very short temporal baseline data (12 days). However,
they did not present the time-series subsidence; they only presented the subsidence from
certain periods. Their main goal is very interesting, i.e., to employ the DInSAR technique to
effectively monitor the land subsidence caused by underground mining and as an effective
tool for law enforcement of over-mining activities.

From the reviews of the above research works, several issues remain, i.e., conventional

DInSAR lacks temporal resolution in monitored areas, several time-series DInSAR analyses
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are still using old DEM data (SRTM data), and new Sentinel-1 has a tandem mission
(Sentinel-1 A and B) that should be utilized to obtain better temporal coverage.

To solve those problems and to demonstrate the ability of Sentinel-1A and -1B data,
research has been done by means of a SBAS-DInSAR analysis. The research utilized a more
up-to-date DEM than SRTM DEM, i.e., AW3D30-DEM. The Sentinel-1A and -1B data with
a very short temporal baseline (6 days) is employed; it generated very nice time-series

subsidence results.

2.2.3 Application of DInSAR for slope stability and landslides

Monitoring slope stability and landslides by DInSAR is still challenging even now. The
main problems are: slope steepness, slope directions, the displacement velocity of the slope
itself, vegetation coverage, etc. To know the state-of-the-art applications of DInSAR for
monitoring slope stability and landslides, several recent research works are reviewed and
explained in this section.

Zhu et al. (2014) proposed a method for slope displacement monitoring by combining
DInSAR and GPS techniques. The TerraSAR-X data are used in this analysis. They installed
several corner reflectors in a monitored slope and referred to this technique as “corner
reflector InNSAR” or CR-InSAR. The LOS displacements of CR-InSAR are corrected and
improved using the displacements obtained by GPS. Then, the corrected LOS displacements
are used for generating 3-dimensional displacements. After several corrections, they
presented superior displacement accuracy obtained by CR-InSAR (about 1.1 mm). This
method is very useful and highly accurate. However, it is very expensive to install corner
reflectors and GPS sensors. And they are not suitable for use at unstable slopes because it is
very dangerous to install and maintain such devices in unstable slopes and remote areas.

Schlogel et al. (2015) analyzed the ALOS-PALSAR data using the DInSAR method to
monitor a landslide area. Their research was focused on interpreting landslides by means of
a geomorphological interpretation. The concept of this research is very nice for simulating
the type of landslide and interpreting the DInSAR phase changes, as seen by Figure 2.13.
Their results mostly coincide with the geomorphological interpretation concept. However,
this research lacks the temporal evolution of landslide displacements, because they used only

a limited number of SAR images.
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Figure 2.13. Displacement pattern, morpho-structure, and associated interferometric
phase for three landslide types: (a) rotational slide with a single circular slip surface, (b)
translational slide with a nearly planar slip surface parallel to the slope topography, and (c)
complex slide with a series of embedded circular slip surfaces (Schlogel et al., 2015).

Liu et al. (2016a) monitored the slope displacement in a landslide area by DInSAR using
TerraSAR-X data. This research developed the SBAS-DInSAR and modified several
algorithms in SBAS-DInSAR to improve the displacement results. The displacements of
DInSAR were compared to the displacements obtained with in situ GPS, but in different
observation periods. Due to it being a highly vegetated area, the displacements could only

be obtained at a few points.
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Eriksen et al. (2017) monitored an unstable slope by DInSAR using TerraSAR-X data.
This research utilized ascending and descending SAR data. They comprehensively
visualized and interpreted the slope displacements (Figure 2.14). The target was located in
an area near the North Pole which has the high possibility of snow cover. To maintain the
coherence, only the SAR data taken during the summer season were used. The missing
observation times during the winter were filled in by assuming that the displacement velocity
would be constant during the winter season. Their results are very nice and offer a good
interpretation. However, it is important to monitor the slope stability during the winter
season. Ignoring the displacement during the winter is not good idea. Landslides are

sometimes triggered due to snow cover and the melting of snow during this season.

Figure 2.14. Interpretation of rockslide by 2D InSAR data and morphological elements:
a) combined velocity and b) dip of displacement (Eriksen et al., 2017).

The slopes of the above-mentioned research works are mostly facing the east-west
direction. This is good for DInSAR. The applicability of DInSAR to monitor slopes facing
the north-south direction should be investigated. On the other hand, those research works
mostly conducted the monitoring after a landslide had occurred. For some of them, the slope

was monitored, but the monitoring did not include the landslide event during the observation
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period. The applicability of DInSAR to monitor slope displacements that include a landslide
should be investigated.

To discuss the above-mentioned problems in detail, research has been done and will be
presented in Chapter 5. The main goal is to investigate and evaluate the advantages and

limitations of DInSAR for monitoring slope stability and landslides.
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Chapter 3. Effect of DEMs on Slope Displacement Monitoring Using DInSAR

3.1 Introduction

Displacement monitoring plays an important role in assessing the stability of slopes.
There are many useful instruments for monitoring displacements, for example,
extensometers, inclinometers, etc. The advantage of these instruments is that they provide
displacements in real-time with high accuracy. On the other hand, these instruments measure
the displacements only at certain points on the ground and can be applied only to limited
areas of less than about 100 m in length. Therefore, a large number of devices would be
required if the displacements over the entire area of a large slope needed to be measured. In
practice, this would lead to high costs and inefficiency. Although the Global Positioning
System (GPS) is one of the solutions for monitoring displacements over extensive areas
(Shimizu et al., 2014), it provides the displacements only at the points where sensors have
been installed. In order to monitor the displacement distribution over an extensive area, many
GPS sensors would need to be installed. This would be expensive and inefficient.

Synthetic Aperture Radar (SAR) has the potential to overcome the above difficulty,
namely, monitoring the distribution of displacements over an extensive area (Ferretti, 2014).
Practically, Differential Interferometric SAR (DInSAR) can provide the displacement
distribution of the Earth’s surface in a large area without installing any devices on the ground
surface. Recently, the capability of DInSAR to measure the displacements of the Earth’s
surface has been studied in various topics in rock and geotechnical engineering, such as land
subsidence (Chaussard et al., 2014; Stramondo et al., 2008; Yastika et al., 2019), landslides
(Rott and Nagler, 2006; Singhroy and Molch, 2004; Zhu et al., 2014), and other ground
movements (Eriksen et al., 2017; Klein et al., 2017; Liu et al., 2011; Wang et al., 2017; Woo
et al., 2012). DInSAR has also been applied to open-pit mine slope monitoring (Mura et al.,
2016; Paradella et al., 2015).

In the process of DInSAR, the elevation of the ground surface is required in order to
obtain the displacements. Usually a public digital elevation model (map) is used for this
purpose. However, the topography of mine slopes often changes due to mining activities,
and public digital elevation models do not include changes in the topography such as those
of the local slopes of open-pit mines. This means that some errors are encountered when
applying public digital elevation models for these specific cases. This is one of the

fundamental issues in DInSAR (Massonnet and Feigl, 1998; Biirgmann et al., 2000), and
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several works related to this issue have been published by Anh et al. (2015), Gaber et al.
(2017), and Tao et al. (2017). However, their studies addressed the application of DInSAR
for monitoring the subsidence in flat areas, where the surface topography does not change
much during monitoring. Therefore, the errors in the digital elevation models are not large
and their effect is small. The effects of digital elevation models should be investigated before
applying DInSAR to monitor the displacements of excavated slopes. However, they have
not been discussed enough in relation to open-pit mines.

This chapter focuses on investigating the influence of the errors in digital elevation
models on the DInSAR results in their practical application to an open-pit mine slope. The
excavation activities are seen to affect the changes in the topography of the mining area. Six
different digital elevation models are used to clarify the effect of errors on the elevation, and
an appropriate digital elevation model is recommended. In order to verify the model, the
DInSAR results are compared with the results of precise GPS displacement monitoring

conducted for a period of three years at the same limestone quarry.

3.2 Study area, data sources, and methodology

3.2.1 Study area

A limestone quarry located in a northern prefecture of Japan was selected as the
experimental site for this research, since continuous displacement monitoring by GPS has
been conducted there for many years (Nakashima et al., 2014, 2012) and the results of
DInSAR can be compared with those of GPS. Figure 3.1 presents an outline and photographs
of the site (Nakashima et al., 2014, 2012).

Figures 3.2 a and b show aerial photographs of the quarry taken on September 26, 2002
(GSI, 2002) and on April 5, 2011 (Google Earth, 2011), respectively. As seen in Figure 3.2
b, the main quarry was excavated to the present bottom (-135 m from sea level) before 2006,
and the mining area was expanded to the west and northwest areas of the quarry after 2006.
In Figure 3.2 a, the south part of the inside of the quarry and the west and the northwest areas

of the quarry were not excavated. The shape of the mining area has changed.
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Figure 3.1. Experimental site: (a) plan view, (b) aerial view, (c¢) vertical cross section, and (d) view
of slope monitored by GPS (Nakashima et al., 2014).
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Figure 3.2. Changes in topography at experimental site: (a) photo taken on September 26, 2002
(GSI, 2002) and (b) photo taken on April 5, 2011 (Google Earth, 2011).
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3.2.2 Data sources

3.2.2.1 SAR dataset

This research uses the SAR data observed by the ALOS-PALSAR satellite (Advanced
Land Observing Satellite using the Phased Array type L-band Synthetic Aperture Radar) in
operation from 2006 to 2011 by JAXA (Japan Aerospace Exploration Agency). The ALOS-
PALSAR satellite employs the L-band microwave with a frequency of 1270 MHz and a
wavelength A of 23.62 cm (JAXA-EORC, 2008). Table 3.1 presents all the SAR data which
were observed for the study area during the operation of ALOS-PALSAR. The data are used
in this study.

Table 3.1. List of SAR data.

No. Acquisition date Track number Frame number Orbit direction
1 July 20, 2007 401 800 Ascending
2 September 4, 2007 401 800 Ascending
3 October 20, 2007 401 800 Ascending
4 December 5, 2007 401 800 Ascending
5 April 21, 2008 401 800 Ascending
6 June 6, 2008 401 800 Ascending
7 January 22, 2009 401 800 Ascending
8 March 9, 2009 401 800 Ascending
9 July 25, 2009 401 800 Ascending
10 September 9, 2009 401 800 Ascending
11 April 27,2010 401 800 Ascending
12 June 12, 2010 401 800 Ascending
13 July 28, 2010 401 800 Ascending
14 September 12, 2010 401 800 Ascending
15 October 28, 2010 401 800 Ascending

3.2.2.2 Digital elevation model data
3.2.2.2.1 Public digital elevation models

There are several public digital elevation models which can be used in DInSAR
processing. This study uses five of them: “SRTM-3 V2 and “SRTM-1 V3” by SRTM
(Shuttle Radar Topography Mission), “GSI-DEM” by GSI (Geospatial Information
Authority of Japan), “AW3D30-DEM” by ALOS-PRISM (Panchromatic Remote-sensing
Instrument for Stereo Mapping), and “ASTER-GDEM V2” by ASTER (Terra satellite using
the Advanced Spaceborne Thermal Emission and Reflection Radiometer). The data

acquisition date and the ground resolution are different for each digital elevation model (see

Table 3.2).
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The levels of accuracy for the elevation in the five digital elevation models are as follows:
5.6 — 9.0 m for SRTM-3 V2 and SRTM-1 V3 (Rodriguez et al., 2006), 5 m for GSI-DEM
(GSI, 2016), 5 m for AW3D30-DEM (Tadono et al., 2014; Takaku et al., 2014), and 6.1 m
in flat areas and 15.1 m in mountainous areas for ASTER-GDEM V2 (Tachikawa et al.,
2011).

Table 3.2. List of public digital elevation models for DInSAR processing.

Name of
Ground Data
digital Space/Airborne/Satellite
No. Sensor name resolution acquisition Publish date
elevation name
(meters) date
model

1 SRTM-3 V2 Spaceborne The Shuttle Radar 90x90 February 11, April 17,2013
Imaging Radar- Topography Mission 2000
C/X-band
(SIR-C/X-SAR)

2 SRTM-1 V3  Spaceborne The Shuttle Radar 30x30 February 11, September 23,
Imaging Radar- Topography Mission 2000 2014
C/X-band
(STR-C/X-SAR)

3 GSI-DEM Optical Sensor Airborne 10x10 2002 October 1,
(Photogrammetry) 2016

4 AW3D30- The Panchromatic ~ ALOS Satellite 30x30 2006-2011 May 31,2016

DEM Remote-sensing

Instrument for
Stereo Mapping
(PRISM)

5 ASTER The Advanced Terra satellite 30x30 October 17, November 16,

GDEM V2 Spaceborne 2011 2011

Thermal Emission
and Reflection

Radiometer

3.2.2.2.2 Digital elevation models by InSAR

The InSAR procedure can provide digital elevation models (Figure 2.5 a). This study
employs InSAR to generate updated digital elevation models using pairs of SAR data, as
shown in Table 3.3. Three digital elevation models are generated; they are called InSAR-
DEM 2007, InSAR-DEM 2009, and InSAR-DEM 2010.
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Table 3.3. SAR data pairs for generating digital elevation models by InSAR.

SAR data pair Perpendicular Temporal
DEM product . .
Master Slave baseline (meters) baseline (days)
InSAR-DEM 2007 July 20, 2007 September 4, 2007 161.880 46
InSAR-DEM 2009 July 25, 2009 September 9, 2009 511.037 46
InSAR-DEM 2010 June 12, 2010 July 28,2010 363.292 46

Envi version 5.4 and SARscape version 5.4 (SARMAP, 2016) were used to conduct the

InSAR analysis; details on the parameters are presented in Table 3.4.

Table 3.4. InSAR main steps and parameter setting for DEM generation.

Processing step

Parameter name

Parameter value/setting

Range looks 1 look
Azimuth looks 8 looks
(1) Interferogram Co-registration with DEM | True
generation 1. SRTM-3 V1
External DEM 2. SRTM-1V3
(in sequential processing)
Coherence generation True
(2) Adaptive filter and :
_ Adaptive filter True
coherence generation
Filtering method Goldstein

(3) Phase unwrapping

Unwrapping method

Minimum cost flow

Coherence threshold

0.2

(4) Refinement and re-

Refinement method

Polynomial refinement

Polynomial degree

3

flattening Geographic GCPs
Refinement GCP file
(Manually generated)
Product coherence
0.2
threshold
(5) Phase to height :
Geoid type EGM96
conversion and geocoding
Elevation type Ellipsoidal
Pixel size (resolution) 25x25m
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3.2.2.3 Comparison of public and InSAR digital elevation models

Figure 3.3 shows the five public digital elevation models (Table 3.2) corresponding to the
study area. SRTM-3 V2, SRTM-1 V3, and GSI-DEM (Figures 3.3 a, b, and c, respectively)
were created using data observed around 2000-2002. Comparing them with the photograph
taken in 2002, shown in Figure 3.2 a, the three models seem to represent the actual
topography in 2002, while SRTM-3 V2 is very low resolution. On the other hand, when they
are compared with the photograph taken in 2011, shown in Figure 3.2 b, it is found that the
models could not accurately represent the expanded (excavated) areas to the west near the
surface, to the northwest or to the south of the inside of the quarry. The digital elevation
models contain large errors for the areas excavated from 2006-2011.

AW3D30-DEM (Figure 3.3 d) was developed using the data observed from 2006-2011
and seems to coincide well with the photograph taken in 2011. The ASTER-GDEM V2
(Figure 3.3 e) is not adequate for the topography of the inside of the quarry in 2011, even
though this model was developed in 2011.

Figure 3.4 shows the digital elevation models produced by the InSAR procedure in 2007,
2009, and 2010. Comparing Figure 3.4 ¢ with the photograph in Figure 3.2 b, INSAR-DEM
2010 seems to represent the actual topography.

Therefore, some public digital elevation models may not be adequate for representing the
present topography of a study area, because they were created on a certain date (during a

certain period). The InSAR procedure can update the elevation model of an area.
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Figure 3.3. Digital elevation models generated by other sources: (a) SRTM-3 V2, (b) SRTM-1 V3,
(c) GSI-DEM, (d) AW3D30-DEM, and (¢) ASTER GDEM V2. The vertical interval of the contour
lines is 10 m.

141°32'0"E [ 141 0" 14

Figure 3.4. Digital elevation models generated by InSAR: (a) INSAR-DEM 2007, (b) InSAR-DEM
2009, and (c) InSAR-DEM 2010. The vertical interval of the contour lines is 10 m.

3.2.2.4 GPS data
Continuous displacement monitoring has been conducted with GPS at this site since

November 18, 2006 (Nakashima et al., 2014). After conducting two steps of error corrections,
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the accuracy (standard deviation) is within a few mm. The first step was to correct the
tropospheric delays by the Modified Hopfield model (Hofmann-Wellenhof et al., 2001) and
the second step was to estimate the real displacement by applying the Trend Model method
(Shimizu, 1999, 2014). The GPS accuracy was confirmed by an experiment in which the
actual given displacement and the GPS measured displacement were compared (Nakashima
et al., 2014). The monitoring results of GPS are used for assessing the accuracy of the

DInSAR results.

3.2.3 Methodology

The DInSAR procedure is employed to estimate the surface displacements (Figure 2.5 b)
using the SAR data pairs shown in Table 3.5. In order to investigate the effect of the digital
elevation models on the DInSAR results, the DInNSAR procedure is applied using all the
public digital elevation models (Table 3.2) and three digital elevation models by InSAR
(Table 3.3) in separate processes. Then, several LOS displacements are produced from the

same SAR data pairs, but with different digital elevation models.

Table 3.5. List of SAR data for DInSAR processing.

SAR data pair Perpendicular  Temporal
Period baseline baseline
Master Slave
(meters) (days)

1 July 20, 2007 September 4, 2007 161.880 46
2 September 4, 2007 October 20, 2007 270.948 46
3 October 20, 2007 December 5, 2007 131.961 46
4 April 21, 2008 June 6, 2008 -34.481 46
5 January 22, 2009 March 9, 2009 433.270 46
6 July 25, 2009 September 9, 2009 511.037 46
7 April 27, 2010 June 12, 2010 -3.418 46
8 June 12, 2010 July 28, 2010 363.292 46
9 July 28,2010 September 12, 2010 116.502 46
10 September 12, 2010 October 28, 2010 413.760 46

Envi version 5.4 and SARscape version 5.4 (SARMAP, 2016) were used to conduct the
DInSAR analysis. The Goldstein Filter (Goldstein and Werner, 1998) was used in the
process to filter the interferograms, and the Minimum Cost Flow (MCF) algorithm
(Costantini, 1998) was applied to conduct the phase unwrapping. The detailed parameters

for the DInSAR processing are presented in Table 3.6.
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Table 3.6. DInSAR main steps and parameter setting for displacement measurements.

Processing step Parameter name Parameter value/setting
Range looks 1 look
Azimuth looks 8 looks
Co-registration with DEM | True
1. SRTM-3 V1
(1) Interferogram 2. SRTM-1V3
generation 3. GSI-DEM
External DEM 4. AW3D30-DEM
5. InSAR-DEM
6. ASTER-GDEM
(in sequential processing)
Coherence generation True
(2) Adaptive filter and
) Adaptive filter True
coherence generation
Filtering method Goldstein
Unwrapping method Minimum cost flow
(3) Phase unwrapping
Coherence threshold 0.2
Refinement method Polynomial refinement
(4) Refinement and re- Polynomial degree 3
flattening Geographic GCPs
Refinement GCP file
(Manually generated)
) Product coherence
(5) Phase to displacement 0.2
) . threshold
conversion and geocoding
Pixel size (resolution) 25x25m

3.3 Results and discussion
3.3.1 Results of DInSAR using different digital elevation models

The LOS displacement distributions obtained by DInSAR are shown in Figure 3.5. The
contour lines in this figure represent the elevations of the digital elevation models. Figures
3.5 a, b, and ¢ show the LOS displacement results obtained by DInSAR using the public
digital elevation models and InSAR-DEM 2007, InNSAR-DEM 2009, and InSAR-DEM 2010,
respectively. The LOS displacements are represented by a color scale from -50 mm to 50

mm. The red color indicates the areas moving far away from the satellite, the green color
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indicates the areas with almost no or only small displacements, and the blue color indicates

the areas moving toward the satellite.

S
Period (2000)

:_Ss..[, tember 4

B, =46

Slave:
October

B, = 46

), 2007

B, = Temporal baseline (days)
B 1= Perpendicular baseline (m)

Slave:
March 9, 2009
B =46d

B, =433270m
Period-6
Master:

SL[\-C‘

September 9, 2009
B,=46d

I
‘\‘
4

B, = Temporal baseline (d

-50mm 0 50mm

37



InSAR-DEM
2010
Period-7 At
Master:
April 27,
Slave: e
June 12,2010
B, = 46 days
B, =-3418m

July 28,2010

1seline (m)

Figure 3.5. Comparison of LOS displacement results obtained by DInSAR using public and InSAR
digital elevation models: (a) public digital elevation models and InSAR-DEM 2007, (b) public
digital elevation models and InSAR-DEM 2009, and (c) public digital elevation models and
InSAR-DEM 2010.

The excavations of the main quarry were completed before 2006, as previously mentioned,
and it has been confirmed that there have been no remarkable displacements at the slopes of
the quarry since that time (Hirabayashi et al., 2009; Nakashima et al., 2014). Therefore, the
displacement distribution should be green over the whole area, except for the newly
expanded area. Any areas with non-green colors indicate different displacement results
caused by the use of different digital elevation models.

Figure 3.5 shows that the red color, representing large displacements, is found in the
results acquired with the public digital elevation models, except for AW3D30-DEM,
especially in Periods-1, -2, -5, -6, -8, and -10. They can be taken as errors in the LOS
displacements brought about by the inaccuracy of the digital elevation models. In the case
of using ASTER-GDEM V2, a large error is found in the center of the quarry because the
topography of the whole quarry is incorrect (see Figure 3.3 e). In the cases of using SRTM-
3 V2, SRTM-1 V3, and GSI-DEM, errors are found in the south and west areas of the quarry

because the topography in those areas is not correct.
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On the other hand, the results acquired with AW3D30-DEM and InSAR-DEMs are
mainly green (displacements are within £10 mm), although there are no results (white area)
for some of the northwest area during this period. This is because the excavation area was
expanded to the northwest part of the quarry during the DInSAR measurement period, i.e.,
2007-2010; and thus, the ground surface conditions changed and no results could be obtained.

In order to discuss the effect of the digital elevation models in detail, the LOS
displacement and the perpendicular baseline length for each case using different digital
elevation models are presented in Figure 3.6. Four points, namely, G1, G2, G3, and P, shown
in Figure 3.6 e, are selected as examples for comparison. G1, G2, and G3 are the GPS
monitoring points, as shown in Figure 3.1, and point P is located at the bottom of the quarry.
The LOS displacements are extracted from the DInSAR results during each period (Period-
1 to Period-10), and they are plotted as the absolute values. Each error in the public digital
elevation mode, Az’, is defined by taking the differences in elevation between the public
digital elevation models and InSAR-DEM 2010.

Almost all the absolute LOS displacements are within 10 mm at G1 (see Figure 3.6 a),
because the value of Az’ is small (less than 30 m) for all the digital elevation models. At G2
and G3, the LOS displacement in the case of using ASTER-GDEM V2 increases as the
perpendicular baseline length increases, while the LOS displacement in the case of using the
other digital elevation models is within about 10 mm. This is because the Az’ of ASTER-
GDEM V2 is large at both G2 (Az'= 63.26 m) and G3 (Az'= 125.88 m), as seen in Figures
3.6 b and c, respectively.

At point P, since Az’ is large in the cases of using ASTER-GDEM V2 (Az' = 154.06 m),
SRTM-1 V3 (Az'= 59.63 m), SRTM-3 V1 (Az' = 77.06 m), and GSI-DEM ( Az'= 89.54
m), the absolute LOS displacements increase as the perpendicular baseline length increases.
AW3D30-DEM (Az'= 5.54 m) and InSAR-DEMs are accurate; and thus, the absolute LOS
displacements are within about 10-20 mm.

Finally, it is found that if elevation error Az'is large, the error in the LOS displacements
increases. In some cases, the error becomes more than 100 mm. Such a tendency increases
when the perpendicular baseline length is long. It is a natural relationship from Eq. (2.5). As
long as the updated digital elevation model is used, the errors in the displacements will

remain within 10-20 mm at this quarry.
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The InSAR procedure is one of the effective solutions for updating the digital elevation
models at this site. It is very important to check and update the digital elevation models

before applying DInSAR to open-pit mine slope monitoring.

0 SRTM-3 V1

& SRTM-1 V3

A GSI-DEM

o AW3D30-DEM

e INSAR-DEM

< ASTER-GDEM V2

ne (mj)

Figure 3.6. Relationship of absolute LOS displacement and perpendicular baseline (b ) from
public and InSAR digital elevation models: (a) at G1, (b) at G2, (c) at G3, (d) at point P, and (e)
location of point P. Az’ is calculated by subtracting InNSAR-DEM 2010 from the public digital
elevation models.

3.3.2 Validity of measured displacements by DInSAR using appropriate digital
elevation model

In order to investigate the accuracy of the displacements measured by DInSAR, the LOS
displacements are compared with the displacements measured by GPS in this section. The
results acquired by DInSAR using InSAR-DEMs are used as the LOS displacements.
Continuous displacement monitoring has been conducted with GPS at this site since
November 18, 2006. The accuracy (standard deviation) of this GPS monitoring system is
within a few mm (Nakashima et al., 2014).

To make an appropriate comparison between GPS and DInSAR, the three-dimensional

displacement components in the directions of latitude, longitude, and height, obtained by
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GPS, should be transformed to the direction of the LOS displacements, as explained in
section 2.1.6.

Figures 3.7 a—d show the three-dimensional displacements at G1 continuously measured
by GPS for four years (Nakashima et al., 2014), and the calculated LOS displacements are
given in Figure 3.7 d. The GPS monitoring system has been measuring the displacements
every hour since November 18, 2006. The monitoring results at the other points are similar
to those at G1. Therefore, it is found that there were no remarkable displacements during
this period.

In this research, the GPS data from November 18, 2006 to October 28, 2010 are used. In
order to compare the displacements obtained by DInSAR and GPS, the displacements
measured hourly by GPS were averaged into daily data. Since DInSAR obtains the
incremental displacements for each period based on the master and slave data (see Table
3.5), the incremental displacements for the same period were calculated from the results of

the GPS monitoring (see Figure 3.7 e).
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Figure 3.7. Measured displacements at G-1 by GPS and in the direction of LOS: (a) displacement
in the direction of latitude, (b) displacement in the direction of longitude, (c) displacement in the
direction of height, (d) displacement in the LOS direction, and (e) extracted incremental LOS
displacement of GPS in the period of the DInSAR measurement.

Figures 3.8 a—i show comparisons of the LOS displacements obtained by DInSAR and
GPS for all the GPS points, G1-G9, respectively. The discrepancy in the displacements by
DInSAR and GPS is less than 10 mm, except at certain points and during certain periods.
The root mean square errors (RMSEs) in the measurement results for DInSAR and GPS are
given in Tables 3.7 and 3.8. Table 3.7 shows the RMSE at each measurement point, while
Table 3.8 shows the RSME for each period.

The RMSEs in the LOS displacements by DInSAR and GPS for each point are 3.9-8.8
mm and 1.0-2.2 mm, respectively (Table 3.7). The RMSE in the discrepancy between
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DInSAR and GPS is 4.1-8.6 mm. If the measurement accuracy is expressed by the RMSE,
it is seen that DInSAR can measure displacements with cm-level accuracy at the slope of
this quarry.

Figure 3.9 presents the correlation between the LOS displacements by DInSAR and GPS.
It shows that the results of GPS are within + 3mm, while the DInSAR results are mostly

within = 10 mm.

Table 3.7. RMSEs of DInSAR and GPS for each point.

Point Elevation(m) RMSE of DInSAR (mm) RMSE of GPS (mm)  RMSE DInSAR-GPS (mm)
Gl -11 4.5 1.1 4.7
G2 -58 4.9 1.8 53
G3 -115 6.3 22 7.2
G4 -11 39 1.0 4.1
G5 -56 4.0 1.5 4.4
G6 -89 6.4 1.9 6.5
G7 -11 5.1 1.2 4.7
G8 -54 7.3 1.2 7.0
G9 -89 8.8 1.2 8.6

Table 3.8. RMSEs of DInSAR and GPS for each period.

Period Perpendicular baseline (m) RMSE of DInSAR (mm) RMSE of GPS (mm) léll\)/[SS(Emz;l SAR-
Period-1 161.880 2.5 0.5 2.7
Period-2 270.948 5.9 2.1 7.9
Period-3 131.961 3.1 1.0 4.0
Period-4 -34.481 2.3 1.9 0.8
Period-5 433.270 8.2 NA (maintenance) NA (maintenance)
Period-6 511.037 9.0 1.5 8.1
Period-7 -3.418 3.6 1.5 23
Period-8 363.292 6.4 1.8 7.8
Period-9 116.502 6.6 0.8 7.6
Period-10 413.760 8.9 1.7 7.4
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Figure 3.8. Comparison of LOS displacements by DInSAR and GPS: (a) — (i) comparison at G1-
GG9 and (j) absolute perpendicular baseline length for each period.

Figure 3.10 a shows the relationship between the RMSEs in the DInSAR results and the
elevation of the measurement points. It is found that the RMSE increases as the elevation
becomes deeper. G3, G6, and 9 are located at deeper elevations than the other points (see
Figure 3.1). G8 and G9Y are located near the corner of the quarry. The displacements at those
points seem to have been influenced not only by the depth, but also by being in the corner.
The results at G7 are totally good, because the RMSE is about 5 mm and only the results of
Period-6 are scattered. This scatter seems to have been caused by the length of the

perpendicular baseline. This issue will be discussed next.
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Figure 3.10 b shows the relationship between the RMSEs in the DInSAR results and the
length of the perpendicular baseline. As seen in section 2.1.2, a long perpendicular baseline
has a large influence on the results in terms of errors in the digital elevation models. From
Figure 3.10 b, the large discrepancies mostly appear during the periods of a long
perpendicular baseline length. The RMSEs in Periods-2, -5, -6, -8, -9, and -10 are larger than
the others. The perpendicular baseline lengths for those periods are larger than 200 m, except
for Period-9. This means that the perpendicular baseline length is also an important

parameter for obtaining better results by DInSAR.
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Figure 3.10. DInSAR RMSEs: (a) relationship between RSMEs and elevation of measurement
point and (b) relationship between RSMEs and perpendicular baseline length.
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It is found that DInSAR, using the updated digital elevation model, can provide good
results with RMSEs of less than 10 mm compared to the GPS results. To provide cm-level
accuracy in the monitoring results, the selection of SAR data with short perpendicular

baselines (less than 200 m in this study) is recommended.

3.4 Summary of Chapter 3

In this chapter, the effects of different digital elevation models on the displacement results
by the DInSAR technique have been examined, and the applicability of DInSAR to
displacement monitoring at a limestone quarry has been investigated. The following
conclusions can be made:

1. Public digital elevation models do not seem to be adequate for representing the
topography of the open-pit mine in this study because the digital elevation models are
generated on certain dates and not regularly updated. On the other hand, the InSAR
procedure can overcome such a problem by updating the digital elevation model at the
site.

2. Errors in public digital elevation models affect the measurement results of DInSAR. In
some cases, the error becomes more than several 100 mm. Such a tendency increases
when the perpendicular baseline length is long. As long as an updated digital elevation
model is used, errors in the displacement will remain within 10-20 mm at this quarry.

3. DInSAR, using the updated digital elevation model by InSAR, can provide good results
with RMSE:s of less than 10 mm compared to the GPS results. If the monitoring requires
cm-level accuracy, the selection of SAR data with short perpendicular baselines (less
than 200 m in this study) is recommended.

4. InSAR is one of the effective solutions for updating digital elevation models for open-
pit mine slopes. It is very important to check and update the digital elevation models

before applying DInSAR to open-pit mine slope monitoring.
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Chapter 4. Application of SBAS-DInSAR for Monitoring the Subsidence
Induced by Underground Mining

4.1 Introduction

The subsidence in Tuzla has been creating a large hazard for a long period of time, mainly
since 1950. It has been reported that the major factor in this subsidence is the salt mining
activities (Mancini et al., 2009a, 2009b; Stecchi, 2008; Stecchi et al., 2009). Subsidence of
up to 12 m was reported to have been measured by traditional topographic surveys from
1956 to 2003 (Mancini et al., 2009b). The next series of studies on the subsidence in Tuzla
was conducted four times by means of static GPS surveys in 2004, 2005, 2006, and 2007
(Mangcini et al., 2009a; Stecchi, 2008). These GPS surveys produced subsidence information
for three periods, namely, 2004-2005, 2005-2006, and 2006-2007, and it was found that the
subsidence was generally decreasing, except in the area near Pannonica Lake (Mancini et al.,
2009a; Stecchi, 2008).

The present subsidence is being monitored by means of classical geodetic measurement
and the real-time kinematic GNSS monitoring system. Three GNSS stations have been
installed: one is for the reference point and the other two are for measurement points
(Celikovi¢ and Imamovié, 2016). Since this monitoring system provides temporal
subsidence information only at certain points and annual information at a few benchmarks,
the results show a lack of spatial coverage.

The problems of subsidence monitoring in Tuzla can be summarized as follows: (1) there
is a lack of information on the spatial distribution of the present subsidence, (2) conducting
conventional, annual or periodical GPS surveys is costly, requires much labor and time, and
involves difficulties in terms of obtaining the continuous temporal transition of the
subsidence, and (3) the installation of a number of real-time kinematic GNSS sensors is one
solution for improving the spatial and temporal coverage of the monitoring results; however,
it is costly.

Therefore, an efficient, effective, and economic method is required to overcome the above
problems. Differential Interferometric Synthetic Aperture Radar (DInSAR) is employed in
the present study for this purpose. With DInSAR, it is possible to measure ground surface
displacements with accuracy of a few centimeters from the satellite data which were taken
more than 500-700 km away from the Earth’s surface (Ferretti, 2014). This accuracy can be

improved by applying several error corrections and using a large amount of satellite data
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(Berardino et al., 2002; Ferretti et al., 2000). The other advantages of DInSAR are that it can
monitor extensive areas (i.e., over thousands of square kilometers) without any sensors or
targets on the ground surface.

DInSAR has been applied to various projects related to rock mechanics and geotechnical
engineering, such as land subsidence (Vervoort and Declercq, 2018; Wempen and McCarter,
2017), landslides (Barla, 2018; Delle Piane et al., 2016), and other ground displacements
(Ciantia et al., 2018; Janna et al., 2012; Rutqvist et al., 2016). Several examples of the
application of DInSAR related to ground movement induced by mining activities have been
given by Guido et al. (2015), Herrera et al. (2010), Vervoort and Declercq (2018), Wempen
and McCarter (2017), and Woo et al. (2012). Those researches demonstrated the
applicability and effectiveness of DInSAR; however, the results were seen to depend on the
ground surface conditions, topography, and other conditions. Therefore, the availability of
its application must be investigated in detail and the computing process should be tuned
appropriately for each applied case.

The main objectives of this part of the study are: (1) to evaluate the validity and
applicability of DInSAR for monitoring the subsidence in target areas from the viewpoints
of spatial distribution and temporal transition and (2) to enhance the former subsidence
information and to provide the present situation of the subsidence in Tuzla. In this study, the
Synthetic Aperture Radar (SAR) data from the Sentinel-1A and -1B satellites, operated by
the European Space Agency (ESA), are used. The Small Baseline Subset algorithm

(Berardino et al., 2002) is employed to obtain the time-series subsidence.

4.2 Study area, data sources, and methodology
4.2.1 Study area

The study area is located in Tuzla City, in the northeast part of Bosnia and Herzegovina
(Figure 4.1). Tuzla is the third largest city in Bosnia and Herzegovina. It has a population of

about 110,000. Tuzla is famous for salt mining, and massive salt exploitation was conducted

during the years of 1956 to 1988 (Mancini et al., 2009b).
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Figure 4.1. Map of Tuzla City and subsidence boundary (red dashed line).

4.2.1.1 Geological setting and salt mining history

The Tuzla salt deposit geology has been investigated by several authors (Cici¢, 2002;
Hrvatovié, 2006; Jovanovi¢, 1980; Katzer, 1903; Sokli¢, 1982, 1964, 1959; Stevanovic,
1977; Tari and Pami¢, 1998; Vrabac, 1999). The Tuzla salt deposit region is located beneath
Tuzla City and is approximately 2 km? in size (Figure 4.2 a). It consists of five separated
series, or ground layers, which contain salt deposits embedded in syncline with one of the
wings close to the surface of the city center (Figure 4.2 c¢). The maximum thickness of the
salt formation is 600 meters. It is composed of marl with clay sandstones, band marl, weak
rock, salt, anhydrate, and peripheral leaching products, as shown by the vertical section of
X-X" in Figure 4.2 c.

The origin of this salt deposit region is related to the paleo-geological Pannonian Basin
and the Paratethys Sea. It was a large shelf sea, stretching from Germany to China, during
the beginning of the Oligocene epoch (about 34 million years ago). After
paleomorphological changes, the Black Sea, Caspian Lake, and Aral Lake are today’s
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remnants of the Paratethys Sea. The Tuzla Basin was one of the most important basins at the
southern edge of the Central Paratethys (Pannonian Basin) during the Miocene epoch (from
the Badenian stage to the Pontian stage). The conditions of the lagoon sedimentation and the
arid climate contributed to the formation of salt deposits in the Tuzla Basin in the period of
the Early Badenian stage. For a relatively short geological period, the Central Paratethys was
isolated, but for most of the time it was connected to the Eastern Paratethys (Vrabac, 2005).
The rock salt deposit is located inside the "striped series" of marls. It consists of five series,
marked as I, I, TITA, ITIB, and IV, and is shown in Figure 4.2 ¢ (Ferhatbegovic, 2004).

The primitive salt exploitation was done by natural brine and shallow salt water wells in
the Neolithic period 6000 years ago. This was confirmed by the discovery of the ceramic
fragments of holders from 3500 BC, used to boil saltwater above hot charcoal (Bakalovic,
2005; Stecchi, 2008). During the Ottoman-Turkish Empire, salt water exploitation was done
by shallow wells, at depths of about 60 m, and the production of salt in that period amounted
to 2500 kg/day (Jokanovic, 1952).

The salt deposit region in Tuzla consists of three main areas, i.e., underground salt mining
in the Tusanj area, borehole salt mining in Hukalo and Trnovac, and the safety pillar area,
as shown in Figure 4.2 ¢ (Ferhatbegovic, 2004).

Underground mining was conducted in Tusanj from 1967 to 2002 by means of the
classical room-pillar method and crude-dry salt was extracted during this period. In the same
mine in Tusanj, from 1983 to 1992, so called “controlled leaching™ was conducted in lower
mining rooms to extract dissolved salt, which was pumped out of the underground mine
through pipelines. The Tusanj mine was flooded by dissolved salt and had to be closed from
2002 to 2004 (Tomi¢ et al., 2005). Salt water extraction was conducted in the Hukalo and
Trnovac areas, from 1906-2006, using a borehole method (Celikovié et al., 2014). This
method is known as the “uncontrolled leaching method” because it is impossible to control
which part of the deposit is leached. The location of boreholes (salt wells) are indicated by
bullets in Figure 4.2 b. Borehole salt mining was initially carried out by the injection of fresh
water to speed up the dissolution process. The fresh water injection process was conducted
for only 6 months; it was stopped due to the appearance of a 50-m-diameter sinkhole in a
suburban area in 1987 (Mancini et al., 2009a; Stecchi et al., 2009). The area between the
underground mining in Tusanj and the borehole mining in Hukalo and Trnovac was
unexcavated and left as a safety pillar. A safety pillar is a type of natural protection; it does

not require any additional construction work or reinforcements (Ferhatbegovic, 2004).
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(b) plan view using background aerial photo from Google Earth Pro and location of salt wells, and
(c) vertical X-X’ cross section (Ferhatbegovic, 2004).
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The intensive production of salt water (by the uncontrolled leaching method) caused
extensive subsidence of up to -12 m of the terrain in the urban area of Tuzla. It induced
serious damage to buildings and the infrastructure, such as water supply systems, sewage
networks, and electric powerlines (Stecchi et al., 2009). For this reason, more than 2000
buildings collapsed or needed to be demolished and about 15,000 people had to evacuate the
most affected area (Stecchi et al., 2009). Another report (Ibrelji¢ et al., 2007) mentioned that
2300 apartment buildings were destroyed between 1965 and 1990 due to the subsidence
phenomenon. The decision to stop the exploitation of salt was made in order to reduce the
subsidence. In the period from March 2006 to May 2007, a gradual suspension of the salt
well exploitation was carried out. The official date of termination of the Tuzla salt deposit

exploitation is May 29, 2007 (Celikovi¢ and Imamovié, 2016).

4.2.2 Former monitoring results of subsidence

Several investigations and geodetic surveys have been conducted to monitor the
subsidence in different periods, i.e., traditional topographic surveys (1950-2003) (Mancini
et al., 2009b), static GPS surveys (2004-2007) (Stecchi, 2008), and real-time kinematic
GNSS monitoring (2010-present day) (Celikovi¢ and Imamovié, 2016).

4.2.2.1 Traditional topographic surveys until 2003

The first geodetic survey was conducted in Tuzla in 1914 (Mancini, 2009b). Then, an
annual geodetic survey to measure the subsidence due to salt mining was started in 1956. It
was continued until 1992 when it was temporarily suspended due to the Balkan War. These
long-term surveys produced a large amount of topographical data. From 1992-2003, the
results of the geodetic surveys were not as reliable as in the previous period due to the loss
of data from several measurement points that were destroyed during the war. One analysis
of the topographical data was conducted by Mancini et al. (2009a, 2009b) and revealed that
the ground surface had sunk up to -12 m. These results are presented in Figure 4.3 a by
contour lines (Mancini et al., 2009a). It was found that large subsidence extended to the north
part of the city, including the residential area, and was shaped like a bowl.

Figure 4.3 b presents the relationship between the annual average subsidence in cm/year
(solid line) and the annual amount of brine water pumped in m?® (dashed line). The annual
volume of extracted salt water was estimated from the mining database, and the annual

average subsidence was calculated by the representative subsidence for the whole area and
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during the period of 1956-1992 (Mancini et al., 2009a). A remarkable correlation is shown
around 1982 when the salt water extractions were reduced and the subsidence rate decreased
(Figure 4.3 b). It is seen that halving the salt water extraction from the year 1982 induced a
reduction in the annual subsidence rate to approximately one half of that of the previous

value (Mancini et al., 2009a).
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Figure 4.3. Cumulative subsidence and its relationship to annual amount of brine water pumped:
(a) cumulative subsidence obtained by traditional topographic surveys from 1956-2003 presented
by contour lines (dashed line indicates salt deposit border added by the authors) and (b) comparison
between annual average subsidence in cm/year (solid line) and annual amount of brine water
pumped in m® (dashed line). It is limited to the period of 1956-1992 (modified from Mancini et al.
(2009a)).
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4.2.2.2 Static GPS surveys

Static GPS surveys were conducted four times, namely, in 2004, 2005, 2006, and 2007
(Mangcini et al., 2009a; Stecchi, 2008). The survey network was composed of six reference
points and 60 densification measurement points (Mancini et al., 2009a). The results of the
GPS surveys are presented in Figure 4.4. Figures 4.4 a, b, and ¢ show the subsidence
distributions, while Figure 4.4 d shows the location of the densification and reference points
of the GPS surveys.

The GPS results for 2004-2005 show that the subsidence continued at a rate of -10 ~ -20
cm/year in the north part of Pannonica Lake (Figure 4.4 a), although the subsidence rate had
decreased a great deal compared with that of the previous period (1956-2003). A
considerable part of the northeast part of the city was subjected to subsidence rates of -2 ~ -
5 cm/year. In the period of 2005-2006, the subsidence rate totally decreased to -10 ~ -20
cm/year around Pannonica Lake (Figure 4.4 b). Mancini et al. (2009a) and Stecchi (2008)
stated that the last GPS results from 2006-2007 showed that the subsidence was approaching
the end almost everywhere, except for in the area near Pannonica Lake where the subsidence

rate was still about 10 cm/year (Mancini et al., 2009a; Stecchi, 2008).
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Figure 4.4. Subsidence in Tuzla obtained by GPS surveys: (a) subsidence from 2004 to 2005, (b)
subsidence from 2005 to 2006, (¢) subsidence from 2006 to 2007 (modified from Stecchi (2008))
(salt deposit border, safety pillar, and mining region were added by the authors), and (d) map of

GPS densification and reference points (re-drawn from Stecchi (2008) and Mancini et al. (2009a)).

4.2.2.3 Real-time kinematic GNSS monitoring
The real-time kinematic GNSS monitoring system was installed to monitor the

subsidence in Tuzla. Three GNSS sensors were installed in the city (Celikovi¢ and Imamovié

2016). The results will be shown in section 4.3.2.
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4.2.3 Data sources

The SAR data acquired with TOPSAR (Zan and Guarnieri, 2006) by means of the
Sentinel-1A and -1B satellites, operated by the ESA, are used in this study. Since the data
from Sentinel-1A and -1B is available free of charge, economical monitoring can be realized.

The total amount of data used in this study comprises 199 sets of SAR data (Table 4.1),
which were taken from October 9, 2014 to May 28, 2019 in the descending orbit direction.
The path and the frame numbers of the SAR data are 51 and 442-446, respectively. Details
of the Sentinel-1 dataset are presented in the Appendix (Table. A - 1). Since Sentinel-1A and
-1B are in active operation, the SAR data can be updated every 6-12 days.

In addition, the SAR data from the Advanced Land Observing Satellite-2 (ALOS-2) is
used to complement the Sentinel-1 data. Only a single pair of SAR data is used. The master
data were obtained on May 24, 2016 and the slave data were obtained on May 23, 2017. The

time span is almost one year.

Table 4.1. SAR data sources used in SBAS-DInSAR analysis for monitoring subsidence induced
by salt mining activities in Tuzla, Bosnia and Herzegovina.

Satellite Number of Period Orbit Observation
name SAR data from to direction mode
Sentinel 1 A | 199 scenes | October 9, | May 28, | Descending | Right-
and B 2014 2019 looking
ALOS-2 2 scenes May 24, | May 23, | Ascending Right-
PALSAR-2 2016 2017 looking

4.2.4 Methodology (SBAS-DInSAR processing steps and parameter setting)

In this study, the Envi SARscape version 5.5.2 (SARMAP 2019) is used as the SAR
processor for conducting the SBAS-DInSAR analysis. The first step is the selection of the
SAR data pair combinations done by assigning threshold values to the temporal and spatial
baselines. The maximum temporal baseline and the maximum spatial baseline are set at 48
days and 150 meters, respectively. This produces the possible combinations from the 199
sets of SAR data (Table 4.1), as shown in Figure 4.5. These threshold values result in a total
of 544 combinations (interferograms) to be analyzed. Then, all the possible pairs are
processed using the conventional DInSAR method. The digital elevation model (DEM)
provided by JAXA (Japan Aerospace Exploration Agency), ALOS World 3D - 30m
(AW3D30) (Takaku and Tadono, 2017), is used to remove the topographic phase effects.
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The interferograms and the coherence, which are indices representing the reliability of the
results of the interferograms, were produced in this step and are checked. The eight sets of
SAR data with low coherence (presented by the red diamonds in Figure 4.5) are removed
from the SBAS analysis in order to reduce the errors in the analysis.

After the SBAS process, the time-series spatial distribution of the LOS displacements is
obtained for all the dates on which the SAR data were observed. The spatial resolution of
the displacement is 25 m x 25 m in this study. Details on the data processing parameters are

presented in Table 4.2.
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Figure 4.5. Combinations of SAR pairs used in SBAS-DInSAR analysis. The green diamonds
indicate the number of SAR images used in the SBAS-DInSAR analysis, the red diamonds indicate
that the SAR images were either not used or removed from the SBAS-DInSAR analysis, and the
yellow diamond indicates the super master data.

Table 4.2. SBAS-DInSAR processing steps and parameters setting for monitoring the ground
subsidence induced by salt mining activities in Tuzla, Bosnia and Herzegovina.

Processing step Parameter name Parameter value/setting
(1) Connection Maximal perpendicular baseline (b)) 150 m
graph Maximal temporal baseline (b;) 24 days
(2) Interferometric | External DEM AW3D30-DEM
process Range looks 6 looks

Azimuth looks 1 looks
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Co-registration with external DEM True
Unwrapping method Minimum cost flow
Unwrapping threshold 0.2
Filtering method Goldstein

(3) Refinement and | GCPs file Geographic GCPs

re-flattening Refinement method Residual phase
Refinement polynomial degree 3

(4) Inversion: First | Product coherence threshold 0.4

step Displacement model Linear model

(5) Inversion: Product coherence threshold 0.4

Second step Atmospheric low pass filter window size | 1200 m
Atmospheric high pass filter window size | 365 days

(6) Geocoding Coordinate system projection Geographic WGS84
Final pixel size (resolution) 25mx25m

4.3 Results and discussion

4.3.1 Spatial distribution of subsidence

The results of the distribution maps of the subsidence were obtained by SBAS-DInSAR,
as described in section 4.2.4. The total number of maps is 198. Figure 4.6 shows some of
them as examples; they indicate the time transition of the subsidence distribution.

It is clearly found that the larger subsidence area, represented by yellow and red colors,
is located in the northeast part of Pannonica Lake (Figure 4.6 f). The accumulated subsidence
from October 2014 to May 2019 is around 100-200 mm in this area, while it is less than 100
mm in the area above the salt mine deposit. Around the safety pillar, which is an unexcavated
area, as well as the area outside of the salt deposit around the downtown section of the city,
almost no subsidence has occurred over the last four and a half years.

On the other hand, there are no results for some parts of the maps especially in the area
with high vegetation coverage. This is due to the weak or the lack of microwave reflections
and to the changes in the growing situation in high vegetation areas that cause the low
coherence of the interferograms, which means SBAS-DInSAR cannot provide reliable

solutions (Ferretti, 2014).
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Figure 4.6. Subsidence distribution obtained by SBAS-DInSAR on several dates: (a) October 21,
2014, (b) October 28, 2015, (¢) October 22, 2016, (d) October 23, 2017, (¢) October 24, 2018, and
(f) May 28, 2019.




Figure 4.7. Comparison of subsidence distributions obtained by different methods and in different
periods: (a) subsidence distribution obtained by SBAS-DInSAR from May 27, 2018 to May 28,
2019, (b) subsidence distribution obtained by GPS surveys from 2006-2007 (modified from Stecchi
(2008)), and (c) subsidence distribution obtained by traditional topographical surveys from 1956 to
2003 (re-drawn from Mancini et al. (2009b)).

The spatial distribution of the subsidence obtained by SBAS-DInSAR for a year (from
May 2018 to May 2019) is compared with distributions by GPS surveys (from 2006 to 2007)
and traditional topographical surveys (from 1956 to 2003) in Figure 4.7. It is found that the
subsidence distribution by SBAS-DInSAR is similar to those by the GPS surveys, while it
is different from those by the traditional topographical surveys. The location of the large
subsidence area is seen to have moved to the southeast border of the salt mine deposit
(northeast of Pannonica Lake), while it was located in the center of the salt mine region in
the previous period (1956-2003). This means that the subsidence has continued in the same

place since the last GPS survey even after the termination of the salt water extraction in 2007.
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A comparison of the subsidence shapes and values, obtained by the traditional
topographical surveys and by SBAS-DInSAR, is illustrated in Figure 4.8 in section lines A-
A’ and B-B’.

Figure 4.8 ¢ shows the subsidence along section line A-A’. A large subsidence of more
than 1 m (up to -12 m) appeared from a distance of around 400 m to 1400 m from point “A”,
and its peak was found at a distance of around 910 m from point “A” during the period of
1956-2003 (Mangcini et al., 2009a). According to the SBAS-DInSAR results, the magnitude
of subsidence decreased greatly and subsidence of up to -115 mm occurred at a distance of
1650 m from point “A” during the period of 2014-2019.

The subsidence by SBAS-DInSAR and the traditional topographic surveys along section
line B-B” are shown in Figure 4.8 d (Mancini et al., 2009a). The figure shows that a larger
subsidence than -40 mm occurred at a distance of 1000 to 1800 m from point “B”. The
subsidence between this distance of 1250 and 1570 m from point “B” could not be computed
because of the low coherence of the interferograms due to the vegetation conditions.

Section lines A-A’ and B-B’ were set by Mancini et al. (2009a) to show the shapes and
the maximum subsidence obtained by the traditional topographical surveys in the vertical
section. In a similar way, to investigate the SBAS-DInSAR results, two section lines, C-C’
and D-D’, were newly set to present the distributions of subsidence obtained by SBAS-
DInSAR, including the maximum subsidence. Figures 4.8 e and f show subsidence of more
than -40 mm (up to -160 mm) along lines C-C’* and D-D’ from a distance of about 700 m to
1900 m from point “C”, and from a distance of about 600 m to 1200 m from point “D”,
respectively. It is found that the area of the maximum subsidence is located outside of the
salt deposit around the northeast part of Pannonica Lake. The extent of the subsidence area

has been reduced, and its amount has also greatly decreased.
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Figure 4.8. Subsidence obtained by SBAS-DInSAR and traditional topographic surveys (Mancini
et al. 2009b): (a) subsidence obtained by traditional topographical surveys 1956-2003 (modified
from Mancini et al. (2009b)), (b) subsidence obtained by SBAS-DInSAR October 9, 2014 to May
28,2019, (c) section A-A’, (d) section B-B’, (e) section C-C’, and (f) section D-D’.

4.3.2 Temporal transition of subsidence
The subsidence obtained by the GNSS monitoring system is used to validate the
subsidence obtained by SBAS-DInSAR. The GNSS stations have been installed at three
points, namely, Tusanj, Pannonica, and Tuzula, and those stations are monitoring
displacements by the real-time kinematic method (Celikovi¢ and Imamovié, 2016). Tusanj
and Pannonica stations are the monitoring points and Tuzula station is the reference point.
To make an appropriate comparison, the 3-dimensional displacements obtained by GNSS

are projected into LOS displacements, as explained in section 2.1.6.
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Comparisons of the LOS displacements by GNSS and SBAS-DInSAR at Tusanj and
Pannonica stations are shown in Figure 4.9. Since the GNSS results were greatly scattered,
very few of them could be used. Figure 4.10 illustrates the relationship between the SBAS-
DInSAR and GNSS results at Pannonica and Tusanj stations. It is seen that the SBAS-
DInSAR results coincide with the GNSS results and that the discrepancy between the results
is less than 10 mm. Figure 4.9 c is the LOS displacement at Tuzla station, which is located
in a stable place. The displacement is within a few mm for the monitoring period, and it
shows that there is almost no displacement.

From the above results, it is found that the SBAS-DInSAR results in this study are

acceptable.
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Figure 4.10. Scatter plot of LOS displacements obtained by SBAS-DInSAR and GNSS at
Pannonica and Tusanj stations.

In order to assess the present trend of the subsidence, the time transitions from 2014 to
2019 obtained by SBAS-DInSAR are compared with the subsidence measured by GPS from
2004 to 2007 (Mancini et al., 2009a; Stecchi, 2008) at the GPS measurement points, as
shown in Figure 4.11. Both time transitions of the subsidence by GPS and SBAS-DInSAR
are presented at the selected points in Figure 4.12. The average subsidence rates per year
were calculated for the GPS and SBAS-DInSAR results, as shown in Table 4.3.

The subsidence rates at points 10, 11, and 14-16 are still not small in both periods, 2004-
2007 and 2014-2019 (Table 4.3). The average rates during 2014-2019 are -10 ~ -40 mm/year.
Points 10 and 14 are located in areas where the subsidence reached more than 10 m during
the period of 1956-2003 (Figure 4.13). This means that the subsidence in the areas near these
two points has continued from 1956 until the present. Points 15 and 16 are located in the
northeast part of Pannonica Lake where the maximum subsidence has been occurring since
at least 2004 (see Figure 4.7). The points with the present subsidence rate of -10 ~ -40
mm/year are denoted by the bullet symbols in Figure 4.11 and Table 4.3.

The subsidence rates at points 5-7, 17-19, 25, 26, and 29-31 have been reduced to -3 ~ -
10 mm/year. Those points are denoted by solid triangles in Figure 4.11. Figures 4.12 d-h
show the results at points 6, 7, 19, 25, and 26, respectively.

At the other points, the subsidence rates have become very small, namely, within -3

mm/year, as shown in Table 4.3. Those points are located outside of the salt deposit area and
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are denoted by circles in Figure 4.11. Figures 4.12 i-n show the results at points 20, 24, 36-
38, and 41, respectively.

There are two points denoted by “X” in Figure 4.11 where no results were obtained due
to the low coherence (less that the threshold value of 0.3) caused by the highly vegetated
area.

As shown in section 4.2.2.2, the subsidence rate in the area near Pannonica Lake was
about -10 ~ -20 cm/year from 2006-2007. SBAS-DInSAR detected that the subsidence rate
decreased to -10 to -40 mm/year in the same area and in the area where the large subsidence
occurred from 1956-2003. The GPS results also showed that the subsidence seemed to
approaching the end everywhere except for the area of Pannonica Lake from 2004-2007.
However, SBAS-DInSAR detected that some small subsidence is still continuing to occur in
the area above the salt mine deposit, which is presented by the yellow color in Figure 4.6
and by the bullets and solid triangles in Figure 4.11. Therefore, it is important to continue to

monitor the subsidence in this area.
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Figure 4.11. Locations of GPS survey points (2004-2007) superimposed with subsidence by
traditional topographical surveys (contour lines, 1956-2003). The symbols of the points indicate the
subsidence rate (mm/year) obtained by SBAS-DInSAR (2014-2019).
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Point' 16

Figure 4.12. Time transition of subsidence obtained by GPS surveys (2004-2007) and SBAS-DInSAR
(October 9, 2014 to May 28, 2019) at selected points.
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Table 4.3. Subsidence trend between two measurements periods, 2004-2007 (by GPS survey) and
2014-2019 (by SBAS-DInSAR).
Subsidence velocity (mm/vear)

Station 20142019 Symbol in Fig.
2004-2007 (GPS) 14
(SBAS-DInSAR)

1 333 0.89 0
2 -6.67 0.73 6}
3 0.00 0.42 0
4 -10.00 -0.33 o}
5 -53.33 -3.42 A
6 -50.00 -3.05 A
7 -200.00 -6.21 A
6.67 0.48 0

9 -6.67 0.77 0
10 27333 -10.26 )
11 -46.67 -12.17 [ ]
12 5.00 -0.75 0
14 -36.67 -14.71 (
15 -210.00 -25.98 (]
16 -133.33 -36.28 )
17 0.00 -3.44 A
18 -6.67 -3.33 A
19 -6.67 -8.38 A
20 0.00 -0.77 0
21 0.00 1.04 0
22 -10.00 0.25 e}
23 -6.67 0.56 6}
24 -20.00 1.09 0
25 -20.00 -4.41 A
26 -10.00 -6.32 A
27 -3.33 -1.71 0
28 0.00 No results X
29 13.33 -5.78 A
30 -6.67 -5.51 A
31 333 413 A
32 -10.00 No results X
33 -5.00 -1.60 0
34 0.00 0.05 6}
35 -6.67 -0.37 0
36 0.00 0.16 6}
37 -6.67 -0.10 0
38 -46.67 -1.26 0
39 6.67 0.20 0
40 6.67 -0.09 0
41 -5.00 0.88 0
42 6.67 -0.31 0
43 6.67 0.90 0
44 6.67 0.39 0

4.3.3 Results of Sentinel-1 and ALOS-2 data

The ALOS-2 data were analyzed in this study as complementary results to the Sentinel-1
results. A single SAR data pair was used. The master and slave dates are May 24, 2016 and
May 23, 2017, respectively. Due to limited number of SAR images, the conventional
DInSAR method was used to obtain the subsidence. A comparison of the Sentinel-1 and
ALOS-2 results for similar periods are shown in Figure 4.13.

Figure 4.13 shows that ALOS-2 presents better spatial coverage than Sentinel-1. This is
because ALOS-2 uses a longer wavelength than Sentinel-1, namely, the L.-band (A=23.6 cm).
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Figure 4.13. Subsidence distribution by Sentinel-1 (from May 19, 2016 to May 20, 2017) and
ALOS-2 (May 24, 2016 to May 23, 2017).

A detailed comparison of the subsidence obtained by Sentinel-1 and ALOS-2 at several
points is shown by Figure 4.14. In general, the results of Sentinel-1 and ALOS-2 coincide

with each other. Only a few points show a large discrepancy (about 10 mm), i.e., GPS-5,

GPS-7, and GPS-10.
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Subsidence by Sentinel-1 and ALOS-2
from May 2016 to May 2017
GPS Points
GPSS GPS-7 GPS-10 GPS-14 GPS-15 GPS-19 GPS-25 GPS-16

7
S

Subsidence by Sentinel-1 Subsidence by ALOS-2

Figure 4.14. Subsidence by Sentinel-1 and ALOS-2 at several points.

4.4 Summary of Chapter 4

This chapter has focused on monitoring the subsidence induced by salt mining activities in

Tuzla, Bosnia and Herzegovina by means of SBAS-DInSAR. The conclusions can be given

as follows:

1.

The validity and applicability of SBAS-DInSAR to monitor the subsidence induced by
salt mining activities were evaluated using the former subsidence results (traditional
topographic and GPS surveys) and the present real-time kinematic GNSS monitoring
system. It was found that SBAS-DInSAR was able to provide reasonable results with
good accuracy (the discrepancy between SBAS-DInSAR and GNSS was within 10 mm)
and spatial coverage.

SBAS-DInSAR detected that the subsidence is still on-going in some areas of Tuzla,
especially the northeast part of Pannonica Lake. It was found that the maximum
subsidence reached up to -40 mm/year during the period of 2014 to 2019 and that some
small subsidence, with a rate of up to -10 mm/year, is continuing to occur in the
subsidence area above the salt mine deposit. Thus, it is important to keep monitoring
the subsidence in this area.

This study has proved that SBAS-DInSAR can be employed as a useful and effective

subsidence monitoring tool for Tuzla on into the future.
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4. The combination of Sentinel-1 and ALOS-2 data was seen to provide useful results.
ALOS-2 provides better spatial coverage than Sentinel-1. However, Sentinel-1 provides

better temporal coverage than ALOS-2.
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Chapter 5. Discussion on Applicability of DInSAR to Landslide in Small Area

5.1 Introduction

This chapter is focused on a discussion of the advantages and limitations of DInSAR in
terms of its practical uses. Two cases are selected for the study, namely, a slope located in a
residential area and a slope failure located in a residential area. Each case is explained and
discussed in a sequence. The main objective of this chapter is to investigate and evaluate the
advantages and limitations of DInSAR in measuring the slope stability and displacements
due to a landslide.

The two cases have different characteristics, for example, the slope located in the
residential area is unstable and has a very slow displacement velocity, while the slope failure
has generated very fast and large displacements. DInSAR is expected to be able to measure

and interpret such slope displacement behavior.

5.2 Slope located in residential area (Kostanjek in Zagreb, Croatia)

It is very important that this slope be monitored because it is located very close to a
residential area. Many devices have been installed to monitor the displacements in this area,
namely, the static GNSS monitoring system, inclinometers, and extensometers (Becirevié et
al., 2013; Krkac et al., 2015, 2014). Those measurement devices can be used to investigate
and evaluate the DInSAR results. However, in the next chapter, only the GNSS monitoring

results will be used to assess the DInSAR results.

5.2.1 Study area, data sources, and methodology

5.2.1.1 Study area

The slope is located in Kostanjek in Zagreb, Croatia (Figure 5.1). On the upper side of
the slope, there is a residential area, while on the lower side of the slope, there is an
abandoned cement factory. The Kostanjek landslide is an example of a reactivated deep-
seated large translational landslide formed in soft rock and hard soil, for example, marls. The
displacement velocity of the slope has been changing over the last 50 years, from the

landslide activation until today. Recently, the displacement velocity is becoming very slow

(Arbanas and Krkac, 2013).
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Figure 5.1. Study area: (a) border of Croatia with surrounding countries, (b) sub-area covered by
SAR data, and (c) landslide area. The base map and country borders were provided by Google
Earth Pro images (November 27, 2018) and GADM Version 3.6, respectively.

75



Figure 5.2. Topography of study area represented by contour lines. Vertical interval of contour
lines is 5 meters. The base photo and contour lines were provided by Google Earth Pro images
(November 27, 2018) and ALOS World 3D 30 meters DEM (AW3D30-DEM 2006-2011),
respectively.

The topography of the slope is presented in Figure 5.2 by contour lines. The vertical
interval of the contour lines is 5 m. It was generated from ALOS World 3D 30 meters DEM
(AW3D30-DEM).

5.2.1.2 Data sources

Table 5.1 shows the information on the SAR data used in this study. SAR data from the
Sentinel-1A and -1B satellites, spanning from October 3, 2014 to February 20, 2018, were
employed. A detailed list of the SAR data from those years is presented in the Appendix
(Table. A - 2).
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Table 5.1. SAR data sources used in SBAS-DInSAR analysis for slope stability monitoring near
residential area in Kostanjek, Croatia.

Satellite Number of Period Orbit Observation
name SAR images from to direction mode
Sentinel 1 A | 145 scenes | October 3, | February 20, | Ascending Right-
and B 2014 2018 looking

5.2.1.3 Methodology (SBAS-DInSAR processing steps and parameter setting)
This study employed the SBAS-DInSAR method explained in sections 2.1.4 and 2.1.5.

The processing steps and parameter setting are based on the Envi-SARscape software

Version 5.4 (SARMAP, 2016) (see Table 5.2).

Table 5.2. SBAS-DInSAR processing steps and parameter setting for slope stability monitoring

near residential area in Kostanjek, Croatia.

Processing step

Parameter name

Parameter value/setting

(1) Connection

Maximal perpendicular baseline (b, )

150 m

graph Maximal temporal baseline (b;) 24 days

(2) Interferometric | External DEM AW3D30-DEM

process Range looks 6 looks
Azimuth looks 1 looks
Co-registration with external DEM True

Unwrapping method Minimum cost flow
Unwrapping threshold 0.2
Filtering method Goldstein
(3) Refinement and | GCPs file Geographic GCPs
re-flattening Refinement method Residual phase
Refinement polynomial degree 3
(4) Inversion: First | Product coherence threshold 0.4

step Displacement model Linear model

(5) Inversion: Product coherence threshold 0.4

Second step Atmospheric low pass filter window size 1200 m
Atmospheric high pass filter window size | 365 days

(6) Geocoding Coordinate system projection Geographic WGS84
Final pixel size (resolution) 25x25m
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By setting the maximum temporal and perpendicular baselines, as shown by Table 5.2,
the possible SAR pair combinations in this analysis are presented in Figure 5.3. Several SAR

images were removed from the SBAS-DInSAR analysis due to low coherence.

Time-position plot

Figure 5.3. SAR pair combinations for SBAS-DInSAR analysis at unstable slope in Kostanjek,
Croatia. The green diamonds and red diamonds indicate the SAR pairs used in and removed from
this analysis, respectively.

5.2.2 Results and discussion

The LOS displacements of the SBAS-DInSAR analysis are presented in Figure 5.4. The
LOS displacement maps were generated every year from the beginning of the SAR data
acquisition. They are presented in blue-green-red colors and scaled from 100 mm to — 100
mm. A positive value means that the ground surface moves toward the satellite, whereas a
negative value means that the ground surface moves far away from the satellite.

Figure 5.4 shows that the top of the slope is subsiding, while the bottom is moving upward.
This indicates that this landslide is a translational slide type. Details on how DInSAR
presents the type of landslide was presented well by Schlgel et al. (2015).
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Figure 5.4. Spatial distribution of LOS displacements (every year from October 27, 2014 to
February 20, 2018). The base photo and contour line were provided by Google Earth Pro images
(November 27, 2018) and ALOS World 3D 30 meters DEM (AW3D30-DEM 20060-2011),
respectively.

The temporal evolution of the LOS displacements at several selected points is presented
in Figure 5.5. The points were selected based on the locations of the GNSS stations, as shown
in Figure 5.6. Those points will be used in a comparison of the displacements between the
DInSAR and the GNSS results and will be discussed in the next section.

Figure 5.5 shows that the area at point GNSS 9 is rising, while the areas at the other points

are subsiding.
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Figure 5.5. Temporal evolution of LOS displacements at several points

The horizontal displacements obtained by the GNSS stations are presented in Figure 5.6.
The results were provided by Krka¢ (2015). It is seen that the displacement vectors are
mostly moving in a southern direction. The time-series vertical displacements were also
provided by Krkac¢ (2015), as presented in Figure 5.7. Both sets of results show similar
displacement directions. DInSAR and GNSS show that the area at GNSS 9 moved upwards.
The other three points, GNSS 02, 08, and 13, show subsidence behavior.

The displacements obtained by GNSS seem to be much larger than those obtained by
DInSAR. To look at this matter more closely, a comparison of the displacement vectors
measured by GNSS and DInSAR is conducted; the results are presented in Figure 5.8. From
the results, it can be seen that DINSAR has very low sensitivity in measuring the

displacement in the north-south direction. This is one of geometrical limitations of DInSAR.
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GNSS 15

Figure 5.6. Horizontal displacement vector obtained by GPS and extensometers in the period from
December 2012 to October 2013 (Krkac et al., 2015).
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Figure 5.7. Cumulative vertical displacements at GNSS 9, GNSS 2, GNSS 8, and GNSS 13 (Krkac
etal., 2015).
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Figure 5.8. Displacement vectors obtained by DInSAR and GNSS: (a) at GNSS 2, (b) at GNSS 8,
(c) at GNSS 9 and (d) at GNSS 13. The GNSS results were provided by Krka¢ (2015).

To prove and validate the DInSAR results, a field survey was conducted in the landslide
area. Several photos were taken and are presented in Figure 5.9. Figure 5.9 a shows the
location at GNSS 13 and Figures 5.9 b and ¢ present the conditions at GNSS 9.

GNSS 13 is located near a residential area and GNSS 9 is located at the bottom of a slope.
It can be clearly seen that the area at GNSS 9 is wavy and some of the ground surface has

been uplifted. This coincides well with the DInSAR results.
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Figure 5.9. Field surveys at GPS-9 and GPS-13.

5.3 Slope failure in residential area (Hrvatska Kostajnica, Croatia)

This slope failure is located in Croatia. The slope collapsed on March 13, 2018. The main
factor in this failure was the heavy rainfall and massive amount of snow that melted. SBAS-
DInSAR was applied after this landslide event to evaluate whether the method could detect
displacements before and after the landslide. If DInSAR can detect such remarkable
displacements before a landslide occurs, it will become very important and useful
information for developing an early warning system for urban safety.

Unfortunately, no ground measurement data exist for this landslide area. Thus, it is
difficult to compare the DInSAR results with other results. However, many photos and
videos are available on the conditions after the landslide. Those photos and videos are very

useful for seeing the size of the displacements occurring before and after the landslide.

5.3.1 Study area, data sources, and methodology
5.3.1.1 Study area

The location of the landslide area is shown in Figure 5.10. The total landslide and affected
area is about 300 m x 300 m. The landslide destroyed several houses and a road. Figure 5.11

presents a photo of the landslide taken on March 14, 2018.
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Landslide location SAR data coverage area Landslide border

Figure 5.10. Study area: (a) Croatia border with surrounding countries, (b) area covered by SAR
data, (c) landslide border - before landslide, and (d) landslide area - after landslide. The base map
and country borders were provided by Google Earth Pro images (November 27, 2018) and GADM
Version 3.6, respectively. The areal photo after the landslide was provided by Laszl6 Podolszki
(private email, June 13, 2018).
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O 2ol 7 ) ; i ,
Figure 5.11. Photo of landslide taken on March 13, 2018 at 1:24 PM (local time). Photo source:
https.//www.usnews.com/dims4/USNEWS/b3a4b31/2147483647/thumbnail/970x647/qualit
w85/ ?url=http%%34%2F %2 Fmedia.beam.usnews.com%2F0e %2 F2bae74defcc068¢996 2ad
5162d777c%2Fresizes%2F1500%2Fmedia%3Aefdl29aaf3144122b1961cdc40e52391Croat
ia Landslide 54908.jpg

5.3.1.2 Data sources

The SAR data used in this study are shown in Table 5.3. 150 SAR images from Sentinel-
1A and -1B are used in this analysis. The data span from December 1, 2014 to June 13, 2018.
The orbit direction and observation mode of those images are in the descending direction

and in a right-looking observation mode, respectively.

Table 5.3. SAR data sources used in SBAS-DInSAR analysis for slope failure (landslide)
monitoring near residential area in Kotajnica, Croatia.

Satellite Number of Period Orbit Observation

name SAR images from to direction mode

Sentinel 1 A | 150 scenes | December 1, | June 13, | Descending | Right-
and B 2014 2018 looking

5.3.1.3 Methodology (SBAS-DInSAR processing steps and parameter setting)
This study employed the SBAS-DInSAR method explained in sections 2.1.4 and 2.1.5.

The processing steps and parameter setting were based on the Envi-SARscape software
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(SARMAP, 2016) (see Table 5.4). The maximum perpendicular baseline and temporal

baseline allowed are 150 m and 24 days, respectively. Those thresholds result in the possible

SAR data pair combinations given in Figure 5.12. The red diamonds in Figure 5.12 indicate

the SAR data removed due to low coherence.

An external DEM (AW3D30-DEM) provided by JAXA was used for the topographic

phase removal, the residual phase removal, geographic GCP generation, and the geocoding

process.

Table 5.4 . SBAS-DInSAR processing steps and parameter setting for slope failure (landslide)
monitoring near residential area in Kotajnica, Croatia.

Processing step

Parameter name

Parameter value/setting

(1) Connection

Maximal perpendicular baseline (b, )

150 m

graph Maximal temporal baseline (b;) 24 days

(2) Interferometric | External DEM AW3D30-DEM

process Range looks 6 looks
Azimuth looks 1 looks
Co-registration with external DEM True

Unwrapping method Minimum cost flow
Unwrapping threshold 0.2
Filtering method Goldstein
(3) Refinement and | GCPs file Geographic GCPs
re-flattening Refinement method Residual phase
Refinement polynomial degree 3
(4) Inversion: First | Product coherence threshold 0.4

step Displacement model Linear model

(5) Inversion: Product coherence threshold 0.4

Second step Atmospheric low pass filter window size 1200 m
Atmospheric high pass filter window size | 365 days

(6) Geocoding Coordinate system projection Geographic WGS84
Final pixel size (resolution) 25x25m
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Time-position plot

Figure 5.12. SAR pair combinations for SBAS-DInSAR analysis in Kostajnica landslide, Croatia.
The green diamonds indicate the SAR pairs used for the analysis, while the red diamonds indicate
the SAR pairs removed from the analysis.

5.3.2 Results and discussion
5.3.2.1 Spatial distribution of LOS displacements

Figure 5.13 shows the LOS displacements over the whole area. It should be noted that
the LOS displacement map is scaled from -100 mm to 100 mm. The red and yellow polygons
indicate the landslide area and the possible unstable area, respectively. The blue polygons

indicate the cropping/farming areas.
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Figure 5.13. LOS displacements at Kostajnica landslide and surrounding area: (a) and (b) before
landslide, and (c) and (d) after landslide.

The distribution of LOS displacements focused in the landslide area are shown by Figure
5.14. It is seen that DInSAR could not detect the large displacement induced by the landslide.
A displacement, about 2 cm in length, was detected in the center of the landslide area.

However, the real displacement was a few meters in length.
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Figure 5.14. LOS displacements at Kostajnica landslide: (a) and (b) before landslide, and (c¢) and
(d) after landslide.

5.3.2.2 Temporal evolution of LOS displacements

To know the temporal evolution of the LOS displacements, several points are selected to
extract the LOS displacement values. The points are located inside of the landslide area, as
shown in Figure 5.14, i.e., P1-P5. The temporal evolution of the LOS displacements at P1-

PS5 are shown in Figure 5.15.
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Figure 5.15. Temporal evolution of LOS displacements at P1-P5.
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It is seen that no remarkable displacements were detected before the landslide. Even after

the landslide, the displacement detected by DInSAR was only a few centimeters in length.

5.3.2.3 Temporal evolution of LOS displacements in cropping/farming area

Large LOS displacements appeared in the cropping/farming areas, as shown in Figure
5.13. To understand the temporal evolution of the LOS displacements in this area, several
points are selected, as shown in Figure 5.13, namely, C1-C5.

The results of the temporal evolution at points C1-C5 are shown in Figure 5.16. It seems
that all points show LOS displacements with linear behavior. A further investigation will be

required to find the reason for these results.

Figure 5.16. Time series of LOS displacements at points C1-C5.

5.4 Summary of Chapter 5
This chapter focused on investigating the advantages and limitations of applying DInSAR
for monitoring slope stability and a landslide area. Based on the results and a discussion of
this chapter, several conclusions can be made, as follows:
1. DInSAR is applicable for measuring slope displacements with a low displacement
velocity and can recognize the different types of slope failures.
2. DInSAR has low sensitivity in measuring slope displacements in the north-south
direction. This is due to the geometrical limitations of DInSAR.
3. DInSAR cannot measure large displacements due to landslides. This is because the
large displacements exceed the maximum detectable phase change by DInSAR in a

single acquisition.
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Chapter 6. Discussion on New Concept and Equation for Topographic
Mapping by InSAR

6.1 Introduction

As mentioned in section 1.1, the first application of InSAR was for measuring the
topography of the Earth’s surface. A detailed explanation of the concept and equation for
InSAR to measure the topography of the Earth’s surface was presented in section 2.1.2. A
discussion of the new concept and equation for topographic mapping using SAR data was
presented by the author and his colleagues (Tanaka et al., 2020). This approach uses a new
mathematical formulation of the geometrical relationship between two satellite positions and
two measured points on the ground surface. In this chapter, the new InSAR approach is

tested using real satellite data to verify its applicability from a fundamental viewpoint.

6.2 New InSAR approach for topographic mapping

The difference between the conventional approach and the new approach of InSAR is
presented by Figure 6.1. The figure shows the conventional and new approaches of InSAR.
The conventional InSAR approach uses two SAR satellite positions (M and S) and observes
a point P on the ground (Figure 6.1 a). A reference ellipsoid is required in the calculation to
estimate the elevation of the ground surface.

On the other hand, the new approach uses two SAR satellite positions (M and S) and
observes two points on the ground, P; and P (Figure 6.1 b). It utilizes additional components

Al and Al (see Figure 6.1 b) to estimate the height of P; and P». The parallel component,
Aly, can be obtained by Al; = —, where c is the speed of light and S; is the SAR sampling
| I~ 2sr

rate. Sr is given or defined by the SAR satellite operator.
A comparison of the conventional and the new InSAR approaches is presented in Table

6.1.
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M = Master (first satellite position)
£ = Slave (second salellite position) Ly

Figure 6.1. Geometrical view of InNSAR measurements: (a) conventional InSAR approach and (b)
new InSAR approach

Table 6.1. Comparison of conventional InSAR and new InSAR approaches.

Conventional InSAR approach

New InSAR approach

Phase difference at point P

Pp = Psp — Pmp

4nb in(o ) 4m b,
$p = = DSIWo = &) = N g

V4

Phase difference at P1

Pr1 = Ps1 — Pm1
Phase difference at P2

Pp2 = Ps2 — Pm2

@p = Prlatatp T Ptopoatp

4

Phase difference between Pland P2
dAp = (P52 — Pm2) — (V51— Pm1)

Pflatatp = — 1 bsin(9y — a)
4t b,
Ptopoatpr = —TTSiI’lﬂZ
Height estimation at P Height estimation at P1 and P2
A rsind Al c
Zp = i b, (©p — @riat at p) = 26
A Ym1 b”

Al, = ———dAp — —Al
LT Tamp, P T, O

where Sr is SAR sampling rate. It is
determined by the space agency or the

operator of the satellite.
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6.3 Implementation of new InSAR approach to real SAR satellite data

The new approach is tested using real SAR satellite data provided by the ALOS-PALSAR
satellite. The master (primary) data were taken on July 20, 2007 and the slave data
(secondary) were taken on September 4, 2007 (Figure 6.2). The master and slave data were

cropped from their original sizes and became 1000 pixels in azimuth and 1000 pixels in

range.

1000

Figure 6.2. Master and slave data provided by ALOS-PALSAR satellite.

The phase difference (interferogram) was calculated from the master and slave data using
the  Envi-SARscape  version 5.3  (https://www.harrisgeospatial.com/Software-
Technology/ENVI-SARscape) application software; the results are shown in Figure 6.3. The
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multi-look process is applied by 1:4 (1 in range, 4 in azimuth). Then, the interferogram size

become 250 pixels in azimuth and 1000 pixels in range (Figure 6.3).

Figure 6.3. Phase difference or interferogram obtained by SAR data in Figure 6.2.

The pixel value (phase difference) in the first line of the interferogram is extracted at pixel

numbers 600-900; it is presented in Figure 6.4. The value of the phase difference is in the

2w cycle, between —m and +1t.

Phase (rad)

Figure 6.4. Plot of phase differences in Figure 6.3 at first line and at pixel numbers 600-900.

For a manual calculation, several pixel values are selected from Figure 6.4, i.e., pixel
numbers 782 to 820, as shown in Figure 6.5. Figure 6.5 shows that there are significant phase

differences at some points. Then, a manual calculation is conducted to estimate Aljj and Al,.

The ALOS-PALSAR parameters are given as follows:

Sr=16 MHz
Tm1 = 848.3 km
b, =161.9m
b =424.0 m
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From those parameters, the parallel component, Alj|, is equal to 9.36 m and it is constant

for all points. The perpendicular component, Al,, is calculated by Al, = —ﬁr;"—l dAp —
1

?Al” and the results for all points are presented in Table 6.2.
1

Pixel number

Figure 6.5. Phase differences as shown in Figure 6.4 at pixel numbers 782 to 820.

Table 6.2 shows that the calculated Al from the real SAR data is scattered between one
point and the other points. For example, at pixel number 791, the calculated Al; is 68.3460
m and just at the next point (at pixel number 792), the calculated Al, is -53.0865. Those
results are not reasonable, and they are due to the noisy data. However, if the data are

observed to have just small noises, the results should be reasonable.
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Table 6.2. Plot of ground surface calculated from phase differences in Figure 6.5 at pixel numbers
790-810

ixel number  dy (rad)

(0. 7069 -0.3190

().4605 -1).2463

=0).0991)

-0 1144

0.2714 (). 3859 -62 5880

-26.0720

=42 5640

6.4 Discussions and summary
As shown in Table 6.2, the calculated Al, is scattered. However, if the value for Al is not
scattered or the difference between one point and the next point is relatively small, the

ground surface height can be constructed as shown in Figure 6.6. As mentioned before, A,

is constant and Al, depends on the phase difference between one point and the next point.
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Figure 6.6. Expected surface mapping of new InSAR approach.

A new approach for estimating the topographic height has been presented in this chapter.
A comparison of the conventional and the new approaches has been explained. The new
approach was tested using ALOS-PALSAR data. Although the results show scatter, it seems
that this new approach will provide good results if the input phase difference is smooth

(fewer noises).
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Chapter 7. Conclusions and Recommendations for Future Research

7.1 General conclusions

DInSAR is a useful tool for monitoring slope stability, such as that in open-pit mine areas.
The main characteristic of open-pit mines is the large change in topography that occurs in
the mine itself. This change induces errors in the DInSAR results. These errors were
investigated in Chapter 3 by utilizing different DEMs in the DInSAR process. One of the
solutions for reducing these errors is to use only SAR data pairs with very short
perpendicular baseline lengths, i.e., less than 100 m - 150 m (for L-band SAR data). However,
the number of SAR data pairs with short perpendicular baselines is very limited. To
overcome this limitation, the use of highly accurate DEM data is needed. Employing a DEM
that is up-to-date and highly accurate will reduce the errors in the DInSAR results.

SBAS-DInSAR presents a useful performance for monitoring ground subsidence due to
underground salt mining, as presented in Chapter 4. It was found that SBAS-DInSAR can
be used as a cost-effective tool and sustainable ground subsidence monitoring system, as
long as the SAR data are available continuously. The SAR images in the study area in
Chapter 4 are available every six days. They are provided by the Sentinel-1A and -1B
satellites. Such very short temporal baselines produce very useful monitoring results.

The main limitation of the Sentinel-1 data is the high decorrelation in vegetated areas.
This can be solved by combining the SAR data with the longer wavelengths provided by the
ALOS-2 data. However, the number of ALOS-2 images is very limited. Typically, only 3-5
SAR images are obtained in a year.

In the case of monitoring slope stability and landslides, as presented in Chapter 5, SBAS-
DInSAR can provide important displacement results if the slope displacement is very slow.
It is difficult for DInSAR to measure large slope displacements, for example, landslides.
This problem occurs when the displacement of the landslide exceed the maximum detectable
displacement by the DInSAR system.

A new concept and equation for use with InSAR in estimating the topographic height was

presented in Chapter 6.

7.2 Future research
Updating the DEMs is important for improving the accuracy of DInSAR, as mentioned
in Chapter 3. The use of an Unmanned Aerial Vehicle (UAV) (like a drone) is promising for
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producing accurate DEMs at a low cost in small mining areas. It would be very beneficial to
combine tools in order to achieve the required measurement accuracy and meet the needs of
practical applications in the mining field.

From the results of Chapter 4, it was indicated that the combination of DInSAR and GPS
is useful for monitoring subsidence. Sentinel-1 data are updated at least every six days. It is
appropriate to use such slow surface displacements (such as subsidence). In addition, to
ensure the accuracy and consistency of DInSAR, the GPS results can be used to validate and
assess the DInSAR results. The combination of DINSAR and GPS could be used as a
sustainable and economical monitoring system.

Beyond those advantages of the DInNSAR method, there is a limitation regarding the
sensitivity of DInSAR for measuring horizontal displacements. Since the GPS results show
that there are displacements in the horizontal direction, DInNSAR should consider the
horizontal displacement component. One possibility for solving this problem is to use a
combination of ascending and descending SAR data. However, this solution requires the
acquisition of both types of data (ascending and descending) and that they be acquired at the
same time.

As mentioned in Chapter 5, DInSAR has low sensitivity in measuring horizontal
displacements in the north-south direction due to the direction of the satellite orbit. One
future solution is to utilize the ascending-descending data and the left-right looking sensor.
Unfortunately, Sentinel-1 provides only the right-looking observation mode.

ALOS-2 is one of the SAR satellites which has a left-right looking observation mode.
However, ALOS-2 lacks temporal coverage. It is difficult to implement it for continuous
monitoring.

The results of the new concept and the equation of InSAR for estimating the topographic
height are scattered. This is probably due to the value of the calculated phase differences. If
this phase differences are scattered, the results of the new InSAR approach become scattered.

Further studies on the phase difference calculation should be conducted.
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Appendix

A.1. List of Sentinel-1 data used in Tuzla, Bosnia and Herzegovina

Table. A - 1. List of Sentinel-1A and -1B SAR data for SBAS-DInSAR analysis in Tuzla, Bosnia
and Herzegovina (Track No. 51, Descending direction, data type/format: Interferometric wide (IW)

in SLC format).
No.| Platform Frame |Acquisition date No. | Platform Frame |Acquisition date No.| platform Frame [Acquisition date No.| platform Frame |[Acquisition date
number | (YYYY-MM-DD) number [ (YYYY-MM-DD) number | (YYYY-MM-DD) number | (YYYY-MM-DD)

1 |Sentinel-1A| 443 2014-10-09 51 |Sentinel-1B| 442 2016-10-16 101 [Sentinel-1B| 445 2017-09-05 151 [Sentinel-1B 443 2018-08-07
2 |Sentinel-1A| 442 2014-10-21 52 |Sentinel-1A| 445 2016-10-22 102 |Sentinel-1B| 445 2017-09-17 152 |Sentinel-1B 443 2018-08-19
3 [Sentinel-1A| 442 2014-12-08 53 |Sentinel-1B| 442 2016-10-28 103 |Sentinel-1B| 445 2017-09-29 153|Sentinel-1A 443 2018-08-25
4 |[Sentinel-1A| 442 2014-12-20 54 |Sentinel-1A[ 445 2016-11-03 104 [Sentinel-1B| 445 2017-10-11 154 [Sentinel-1B 443 2018-08-31
5 [Sentinel-1A| 442 2015-01-01 55 [Sentinel-1B| 443 2016-11-09 105 [Sentinel-1A| 443 2017-10-17 _ [155|Sentinel-1A 443 2018-09-06
6 |Sentinel-1A| 442 2015-01-25 56 |Sentinel-1A[ 445 2016-11-15 106 |Sentinel-1B| 445 2017-10-23 156 | Sentinel-1B 443 2018-09-12
7 |Sentinel-1A| 442 2015-02-06 57 [Sentinel-1B| 443 2016-11-21 107 [Sentinel-1B| 445 2017-11-04 157 | Sentinel-1A 443 2018-09-18
8 |[Sentinel-1A| 442 2015-02-18 58 |Sentinel-1A| 445 2016-11-27 108 [Sentinel-1A| 443 2017-11-10 158 [Sentinel-1B 443 2018-09-24
9 |Sentinel-1A| 442 2015-03-02 59 [Sentinel-1B| 443 2016-12-03 109 |Sentinel-1B| 445 2017-11-16 159 |Sentinel-1A 443 2018-09-30
10 |Sentinel-1A| 442 2015-03-14 60 [Sentinel-1A| 445 2016-12-09 110|Sentinel-1A| 443 2017-11-22 160 | Sentinel-1B 443 2018-10-06
11 |Sentinel-1A| 442 2015-03-26 61 |Sentinel-1B| 443 2016-12-15 111|Sentinel-1B| 443 2017-11-28 161|Sentinel-1A 443 2018-10-12
12 |Sentinel-1A| 442 2015-04-07 62 |Sentinel-1A| 445 2016-12-21 112 [Sentinel-1B| 443 2017-12-10 162 [Sentinel-1B 443 2018-10-18
13 |Sentinel-1A| 442 2015-05-01 63 |Sentinel-1B| 443 2016-12-27 113|Sentinel-1A| 443 2017-12-16 163 |Sentinel-1A 443 2018-10-24
14 |Sentinel-1A| 443 2015-05-13 64 |Sentinel-1A[ 445 2017-01-02 114 [Sentinel-1B| 443 2017-12-22 164 |Sentinel-1B 443 2018-10-30
15 |Sentinel-1A| 442 2015-05-25 65 |Sentinel-1B| 443 2017-01-08 115 [Sentinel-1A| 443 2017-12-28 165 [Sentinel-1A 443 2018-11-05
16 |Sentinel-1A| 442 2015-06-06 66 [Sentinel-1A| 445 2017-01-14  [116(Sentinel-1B| 443 2018-01-03 166 |Sentinel-1B 443 2018-11-11
17 |Sentinel-1A| 443 2015-06-18 67 [Sentinel-1B| 443 2017-01-20 117|Sentinel-1A| 443 2018-01-09 167|Sentinel-1A 443 2018-11-17
18 |Sentinel-1A| 442 2015-06-30 68 [Sentinel-1B| 443 2017-02-01 [118(Sentinel-1B| 443 2018-01-15  [168|Sentinel-1B 442 2018-11-23
19 |Sentinel-1A| 442 2015-07-12 69 |Sentinel-1A| 445 2017-02-07 119 [Sentinel-1A[ 443 2018-01-21 169 [Sentinel-1A 443 2018-11-29
20 |Sentinel-1A| 442 2015-07-24 70 |Sentinel-1B| 443 2017-02-13 120|Sentinel-1B| 443 2018-01-27 170|Sentinel-1B 442 2018-12-05
21 [Sentinel-1A| 442 2015-08-17 71 [Sentinel-1A| 445 2017-02-19  [121|Sentinel-1A| 443 2018-02-02  [171|Sentinel-1A 443 2018-12-11
22 |Sentinel-1A| 444 2015-08-29 72 |Sentinel-1B| 443 2017-02-25 122 [Sentinel-1B| 443 2018-02-08 172 [Sentinel-1B 442 2018-12-17
23 |Sentinel-1A| 442 2015-09-10 73 |Sentinel-1A| 445 2017-03-03 123|Sentinel-1A| 443 2018-02-14 173|Sentinel-1A 443 2018-12-23
24 |Sentinel-1A| 442 2015-10-04 74 |Sentinel-1B| 443 2017-03-09 124|Sentinel-1B| 443 2018-02-20 174|Sentinel-1B 442 2018-12-29
25 [Sentinel-1A| 442 2015-10-16 75 [Sentinel-1A| 445 2017-03-15  [125(Sentinel-1A| 443 2018-02-26  [175(Sentinel-1A| 443 2019-01-04
26 [Sentinel-1A| 442 2015-10-28 76 [Sentinel-1B| 443 2017-03-21  [126(Sentinel-1B| 443 2018-03-04  [176|Sentinel-1B 442 2019-01-10
27 |Sentinel-1A| 445 2015-11-09 77 |Sentinel-1A| 445 2017-03-27 127 [Sentinel-1A[ 443 2018-03-10 177 [Sentinel-1A 443 2019-01-16
28 |Sentinel-1A| 445 2015-11-21 78 |Sentinel-1B| 443 2017-04-02 128|Sentinel-1B| 443 2018-03-16 178 Sentinel-1B 442 2019-01-22
29 |Sentinel-1A| 444 2015-12-03 79 |Sentinel-1A| 445 2017-04-08 129 [Sentinel-1A[ 443 2018-03-22 179 [Sentinel-1A 443 2019-01-28
30 |Sentinel-1A| 445 2015-12-15 80 |Sentinel-1A[ 445 2017-04-20 [130(Sentinel-1B| 443 2018-03-28  [180|Sentinel-1B 442 2019-02-03
31 |Sentinel-1A| 445 2016-01-08 81 |Sentinel-1B| 443 2017-04-26 131 (Sentinel-1A| 446 2018-04-03 181|Sentinel-1A 443 2019-02-09
32 |Sentinel-1A| 444 2016-01-20 82 |Sentinel-1A| 445 2017-05-02 132|Sentinel-1B| 442 2018-04-09 182 |Sentinel-1B 442 2019-02-15
33 [Sentinel-1A| 446 2016-02-01 83 [Sentinel-1B| 442 2017-05-08  [133[Sentinel-1A| 446 2018-04-15 [183(Sentinel-1A| 443 2019-02-21
34 |Sentinel-1A| 445 2016-02-25 84 |Sentinel-1A[ 445 2017-05-14 134 [Sentinel-1B| 442 2018-04-21 184 [Sentinel-1B 442 2019-02-27
35 |Sentinel-1A| 446 2016-03-20 85 [Sentinel-1B| 442 2017-05-20  [135(Sentinel-1A| 446 2018-04-27  [185(Sentinel-1A| 443 2019-03-05
36 |Sentinel-1A| 445 2016-04-13 86 |Sentinel-1A[ 443 2017-05-26 136 [Sentinel-1B| 442 2018-05-03 186 [ Sentinel-1B 442 2019-03-11
37 |Sentinel-1A| 445 2016-04-25 87 |Sentinel-1B| 445 2017-06-01 137|Sentinel-1A| 446 2018-05-09 187 |Sentinel-1A 443 2019-03-17
38 |Sentinel-1A| 445 2016-05-19 88 |Sentinel-1A| 443 2017-06-07 138 [Sentinel-1B| 442 2018-05-15 188 |Sentinel-1B 442 2019-03-23
39 |Sentinel-1A| 443 2016-05-31 89 |Sentinel-1B| 445 2017-06-13 139 |Sentinel-1A| 446 2018-05-21 189 [Sentinel-1A 443 2019-03-29
40 [Sentinel-1A| 445 2016-06-12 90 [Sentinel-1A| 443 2017-06-19  [140|Sentinel-1B| 446 2018-05-27  [190|Sentinel-1B 442 2019-04-04
41 |Sentinel-1A| 445 2016-07-06 91 [Sentinel-1B| 445 2017-06-25 141 [Sentinel-1B| 443 2018-06-08 191 [Sentinel-1A 443 2019-04-10
42 |Sentinel-1A| 443 2016-07-18 92 [Sentinel-1A| 443 2017-07-01  [142(Sentinel-1A| 443 2018-06-14  [192|Sentinel-1B 442 2019-04-16
43 [Sentinel-1A| 445 2016-07-30 93 |Sentinel-1A| 443 2017-07-13 143 |Sentinel-1B| 443 2018-06-20 193 |Sentinel-1A 443 2019-04-22
44 [Sentinel-1A| 443 2016-08-11 94 |Sentinel-1B| 445 2017-07-19 144 |Sentinel-1A| 443 2018-06-26 194 |Sentinel-1B 442 2019-04-28
45 |Sentinel-1A| 445 2016-08-23 95 |Sentinel-1A[ 443 2017-07-25 145 [Sentinel-1B| 443 2018-07-02 195 [Sentinel-1A 443 2019-05-04
46 |Sentinel-1A| 445 2016-09-04 96 |Sentinel-1B| 445 2017-07-31 146 [Sentinel-1B| 443 2018-07-08 196 [Sentinel-1B 442 2019-05-10
47 [Sentinel-1A| 445 2016-09-16 97 |Sentinel-1A| 443 2017-08-06  [147|Sentinel-1A| 443 2018-07-14 197 [Sentinel-1A 443 2019-05-16
48 |Sentinel-1A| 445 2016-09-28 98 |Sentinel-1B| 445 2017-08-12 148 [Sentinel-1B| 443 2018-07-20 198 [Sentinel-1B 443 2019-05-22
49 [Sentinel-1B| 442 2016-10-04 99 |Sentinel-1B| 445 2017-08-24 149 [Sentinel-1A[ 443 2018-07-26 199 [Sentinel-1A 443 2019-05-28
50 |Sentinel-1A| 445 2016-10-10 100 |Sentinel-1A| 443 2017-08-30 150 [Sentinel-1B| 443 2018-08-01

110



A.2. List of Sentinel-1 data used in Kostanjek in Zagreb, Croatia

Table. A - 2. List of Sentinel-1A and -1B SAR data for SBAS-DInSAR analysis in Kostanjek in
Zagreb, Croatia (Track No. 146, Ascending direction, data type/format: Interferometric wide (IW)

in SLC format).
No. | Platform Frame [Acquisition date No.| Platform Frame |Acquisition date No. | Platform Frame | Acquisition date No. | Platform Frame | Acquisition date
number| (YYYY-MM-DD) number | (YYYY-MM-DD) number | (YYYY-MM-DD) number | (YYYY-MM-DD)

1 |Sentinel-1A| 148 2014-10-03 41 |Sentinel-1A 145 2016-02-07 81 |Sentinel-1A[ 147 2017-02-01 121|Sentinel-1A| 148 2017-09-29
2 |Sentinel-1A| 148 2014-10-15 42 |Sentinel-1A 143 2016-02-19 82 |Sentinel-1B 144 2017-02-07 122 |Sentinel-1B| 143 2017-10-05
3 [Sentinel-1A| 148 2014-10-27 43 |Sentinel-1A 145 2016-03-02 83 |Sentinel-1A 147 2017-02-13 123 [Sentinel-1A| 148 2017-10-11
4 |Sentinel-1A| 148 2014-11-08 44 [Sentinel-1A 145 2016-03-14 84 |Sentinel-1B 144 2017-02-19 124 [Sentinel-1B| 143 2017-10-17
5 [Sentinel-1A| 148 2014-11-20 45 |Sentinel-1A 145 2016-03-26 85 |Sentinel-1A 147 2017-02-25 125 |Sentinel-1A| 148 2017-10-23
6 |Sentinel-1A| 148 2014-12-02 46 [Sentinel-1A 144 2016-04-07 86 |Sentinel-1B| 144 2017-03-03 126 [Sentinel-1B| 143 2017-10-29
7 |[Sentinel-1A| 148 2014-12-14 47 |Sentinel-1A 145 2016-04-19 87 |Sentinel-1A 147 2017-03-09 127 |Sentinel-1A| 148 2017-11-04
8 |Sentinel-1A| 148 2014-12-26 48 |Sentinel-1A 144 2016-05-01 88 |Sentinel-1B| 144 2017-03-15 128|Sentinel-1B| 143 2017-11-10
9 |Sentinel-1A| 148 2015-01-07 49 |Sentinel-1A 145 2016-05-13 89 |Sentinel-1A[ 147 2017-03-21 129 |Sentinel-1A| 148 2017-11-16
10 |Sentinel-1A| 148 2015-01-19 50 |Sentinel-1A 145 2016-05-25 90 |Sentinel-1B 144 2017-03-27 130 |Sentinel-1B| 143 2017-11-22
11 |Sentinel-1A| 148 2015-01-31 51 |Sentinel-1A 148 2016-06-06 91 |Sentinel-1A 147 2017-04-02 131 |Sentinel-1A| 148 2017-11-28
12 |Sentinel-1A| 148 2015-02-12 52 |Sentinel-1A 147 2016-06-30 92 |Sentinel-1B 144 2017-04-08 132 |Sentinel-1B| 143 2017-12-04
13 |Sentinel-1A| 148 2015-02-24 53 |Sentinel-1A 147 2016-07-12 93 [Sentinel-1A 147 2017-04-14 133[Sentinel-1A| 148 2017-12-10
14 |Sentinel-1A| 148 2015-03-08 54 |Sentinel-1A 147 2016-07-24 94 |Sentinel-1B| 144 2017-04-20 134 [Sentinel-1B| 143 2017-12-16
15 |Sentinel-1A| 148 2015-03-20 55 |Sentinel-1A 147 2016-08-05 95 [Sentinel-1A[ 147 2017-04-26 135 |Sentinel-1A| 148 2017-12-22
16 |Sentinel-1A| 148 2015-04-01 56 [Sentinel-1A 147 2016-08-17 96 |Sentinel-1B| 144 2017-05-02 136 [Sentinel-1B| 143 2017-12-28
17 |Sentinel-1A| 148 2015-04-13 57 |Sentinel-1A 146 2016-08-29 97 |Sentinel-1A 147 2017-05-08 137 |Sentinel-1A| 148 2018-01-03
18 |Sentinel-1A| 148 2015-04-25 58 |Sentinel-1A 147 2016-09-10 98 |Sentinel-1B 144 2017-05-14 138 |Sentinel-1B| 143 2018-01-09
19 |Sentinel-1A| 145 2015-05-07 59 |Sentinel-1A 147 2016-09-22 99 |Sentinel-1A 147 2017-05-20 139 |Sentinel-1A| 148 2018-01-15
20 |Sentinel-1A| 148 2015-05-19 60 |Sentinel-1B 144 2016-09-28 100 [Sentinel-1B 144 2017-05-26 140 |Sentinel-1B| 143 2018-01-21
21 |Sentinel-1A| 148 2015-05-31 61 [Sentinel-1A 147 2016-10-04 101 [Sentinel-1A 148 2017-06-01 141 |[Sentinel-1A| 148 2018-01-27
22 |Sentinel-1A| 148 2015-06-12 62 |Sentinel-1B 144 2016-10-10 102 | Sentinel-1B 148 2017-06-07 142 |Sentinel-1B| 143 2018-02-02
23 |Sentinel-1A| 148 2015-07-06 63 |Sentinel-1A 147 2016-10-16  |103|Sentinel-1A[ 148 2017-06-13 143 [Sentinel-1A| 148 2018-02-08
24 |Sentinel-1A| 148 2015-07-18 64 | Sentinel-1B 143 2016-10-22 104 |Sentinel-1B 143 2017-06-19 144 |Sentinel-1B| 143 2018-02-14
25 |Sentinel-1A| 148 2015-07-30 65 | Sentinel-1A 147 2016-10-28 105 [Sentinel-1A 148 2017-06-25 145 |Sentinel-1A| 148 2018-02-20
26 |Sentinel-1A| 147 2015-08-11 66 |Sentinel-1B 143 2016-11-03 |106|Sentinel-1B| 143 2017-07-01

27 |Sentinel-1A| 147 2015-08-23 67 |Sentinel-1A 147 2016-11-09 107 [Sentinel-1A| 148 2017-07-07

28 |Sentinel-1A| 147 2015-09-04 68 |Sentinel-1B 143 2016-11-15 108 [Sentinel-1B 143 2017-07-13

29 |Sentinel-1A| 147 2015-09-16 69 |Sentinel-1A 147 2016-11-21 109 | Sentinel-1A 148 2017-07-19

30 |Sentinel-1A| 147 2015-09-28 70 [Sentinel-1B 143 2016-11-27 110|Sentinel-1B 148 2017-07-25

31 |Sentinel-1A| 148 2015-10-10 71 [Sentinel-1A 147 2016-12-03 |111|Sentinel-1A| 148 2017-07-31

32 |Sentinel-1A| 147 2015-10-22 72 |Sentinel-1B 143 2016-12-09 112 [Sentinel-1B 148 2017-08-06

33 |Sentinel-1A| 147 2015-11-03 73 |Sentinel-1A 147 2016-12-15 113|Sentinel-1A| 148 2017-08-12

34 |Sentinel-1A| 144 2015-11-15 74 |Sentinel-1B 144 2016-12-21 114|Sentinel-1B 148 2017-08-18

35 |Sentinel-1A| 145 2015-11-27 75 |Sentinel-1A 147 2016-12-27 115 [Sentinel-1A| 148 2017-08-24

36 |Sentinel-1A| 144 2015-12-09 76 |Sentinel-1B 144 2017-01-02 |116|Sentinel-1B 143 2017-08-30

37 |Sentinel-1A| 145 2015-12-21 77 |Sentinel-1A 147 2017-01-08 117 [Sentinel-1A| 148 2017-09-05

38 |Sentinel-1A| 144 2016-01-02 78 |Sentinel-1B 144 2017-01-14 |118|Sentinel-1B| 143 2017-09-11

39 |Sentinel-1A| 145 2016-01-14 79 |Sentinel-1A 147 2017-01-20 119|Sentinel-1A| 148 2017-09-17

40 [Sentinel-1A[ 144 2016-01-26 80 [Sentinel-1B 144 2017-01-26  |120|Sentinel-1B| 143 2017-09-23
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A.3. List of Sentinel-1 used in Hrvatska Kostajnica, Croatia

Table. A - 3. List of Sentinel-1A and -1B SAR data for SBAS-DInSAR analysis in Hrvatska
Kostajnica, Croatia (Track No. 24, Descending direction, data type/format: Interferometric wide
(IW) in SLC format).

No.| Platform Frame | Acquisition date No.| Platiorm Frame |Acquisition date No. | Platiorm Frame [Acquisition date No. | Platiorm Frame Acquisition date
number | (YYYY-MM-DD) number | (YYYY-MM-DD) number [ (YYYY-MM-DD) number (YYYY-MM-DD)

1 |Sentinel-1A| 442 2014-10-14 41 |Sentinel-1A| 442 2016-06-05 81 |Sentinel-1A 440 2017-04-13 121 [Sentinel-1A 442 2017-12-21
2 |Sentinel-1A| 442 2014-10-26 42 |Sentinel-1A| 442 2016-06-29 82 |Sentinel-1B 443 2017-04-19 122 [Sentinel-1B 442 2017-12-27
3 |Sentinel-1A| 442 2014-12-01 43 [Sentinel-1A| 440 2016-07-11 83 |Sentinel-1A| 440 2017-04-25 123 |Sentinel-1A 442 2018-01-02
4 |Sentinel-1A| 442 2014-12-25 44 |Sentinel-1A| 442 2016-07-23 84 |Sentinel-1B 443 2017-05-01 124 |Sentinel-1B 442 2018-01-08
5 |Sentinel-1A| 442 2015-01-18 45 |Sentinel-1A| 440 2016-08-04 85 |Sentinel-1A 440 2017-05-07 125 [Sentinel-1A 442 2018-01-14
6 |Sentinel-1A| 442 2015-01-30 46 |Sentinel-1A| 442 2016-08-16 86 |Sentinel-1B 442 2017-05-13 126 |Sentinel-1B 442 2018-01-20
7 |Sentinel-1A| 442 2015-02-23 47 |Sentinel-1A| 440 2016-09-09 87 |Sentinel-1A 440 2017-05-19 127 [Sentinel-1A 442 2018-01-26
8 |Sentinel-1A| 442 2015-03-07 48 |Sentinel-1A| 440 2016-09-21 88 |Sentinel-1B 442 2017-05-25 128|Sentinel-1B 442 2018-02-01
9 |Sentinel-1A| 442 2015-03-19 49 |Sentinel-1B| 442 2016-09-27 89 |Sentinel-1A 440 2017-05-31 129 [Sentinel-1A 442 2018-02-07
10 |Sentinel-1A| 442 2015-03-31 50 |Sentinel-1A| 440 2016-10-03 90 |Sentinel-1B 440 2017-06-06 130 [Sentinel-1B 442 2018-02-13
11 |Sentinel-1A| 442 2015-04-12 51 |Sentinel-1B| 442 2016-10-09 91 |Sentinel-1A 442 2017-06-12 131 [Sentinel-1A 442 2018-02-19
12 |Sentinel-1A| 442 2015-05-06 52 |Sentinel-1A| 440 2016-10-15 92 |Sentinel-1B 440 2017-06-18 132|Sentinel-1B 442 2018-02-25
13 |Sentinel-1A| 442 2015-05-18 53 |Sentinel-1B| 442 2016-10-21 93 |Sentinel-1A 442 2017-06-24 133 [Sentinel-1A 442 2018-03-03
14 |Sentinel-1A| 442 2015-05-30 54 |Sentinel-1A| 440 2016-10-27 94 |Sentinel-1B 440 2017-06-30 134 [Sentinel-1B 442 2018-03-09
15 |Sentinel-1A| 443 2015-06-11 55 |Sentinel-1B| 442 2016-11-02 95 [Sentinel-1A 442 2017-07-06 135 |Sentinel-1A 442 2018-03-15
16 |Sentinel-1A| 442 2015-06-23 56 |Sentinel-1A| 440 2016-11-08 96 |Sentinel-1B 440 2017-07-12 136 |Sentinel-1B 442 2018-03-21
17 |Sentinel-1A| 442 2015-07-17 57 |Sentinel-1B| 442 2016-11-14 97 |Sentinel-1B 440 2017-07-24 137 [Sentinel-1A 442 2018-03-27
18 |Sentinel-1A| 442 2015-07-29 58 [Sentinel-1A| 440 2016-11-20 98 [Sentinel-1A[ 442 2017-07-30 138|Sentinel-1B 442 2018-04-02
19 |Sentinel-1A| 443 2015-08-22 59 [Sentinel-1B| 442 2016-11-26 99 |Sentinel-1B 440 2017-08-05 139 |Sentinel-1A 440 2018-04-08
20 |Sentinel-1A| 442 2015-09-03 60 |Sentinel-1A| 440 2016-12-02 100 [Sentinel-1A 442 2017-08-11 140|Sentinel-1B 442 2018-04-14
21 |Sentinel-1A| 442 2015-09-15 61 |Sentinel-1B| 442 2016-12-08 101 [Sentinel-1B 440 2017-08-17 141 [Sentinel-1A 440 2018-04-20
22 |Sentinel-1A| 442 2015-10-21 62 |Sentinel-1A| 440 2016-12-14 102 [Sentinel-1B 440 2017-08-29 142 [Sentinel-1B 442 2018-04-26
23 |Sentinel-1A| 442 2015-11-02 63 [Sentinel-1B| 442 2016-12-20 103 |Sentinel-1A 442 2017-09-04 143 [Sentinel-1A 440 2018-05-02
24 |Sentinel-1A| 442 2015-11-14 64 |Sentinel-1A| 440 2016-12-26 104 [Sentinel-1B 440 2017-09-10 144 |Sentinel-1B 442 2018-05-08
25 |Sentinel-1A| 442 2015-11-26 65 |Sentinel-1A| 440 2017-01-07 105 [Sentinel-1A 442 2017-09-16 145 [Sentinel-1A 440 2018-05-14
26 |Sentinel-1A| 442 2015-12-08 66 |Sentinel-1B| 443 2017-01-13 106 [Sentinel-1B 440 2017-09-22 146 [Sentinel-1B 442 2018-05-20
27 [Sentinel-1A| 442 2015-12-20 67 [Sentinel-1A| 440 2017-01-19 |107|Sentinel-1A| 442 2017-09-28 147 [Sentinel-1A 440 2018-05-26
28 |Sentinel-1A| 442 2016-01-01 68 |Sentinel-1B| 443 2017-01-25 108 [Sentinel-1B 440 2017-10-04 148 |Sentinel-1B 440 2018-06-01
29 |Sentinel-1A| 442 2016-01-13 69 |Sentinel-1A| 440 2017-01-31 109 [Sentinel-1A 442 2017-10-10 149 [Sentinel-1A 440 2018-06-07
30 |Sentinel-1A| 442 2016-01-25 70 |Sentinel-1B| 443 2017-02-06 110 [Sentinel-1B 440 2017-10-16 150 [ Sentinel-1B 443 2018-06-13
31 [Sentinel-1A| 443 2016-02-06 71 [Sentinel-1A| 440 2017-02-12  |111|Sentinel-1A| 442 2017-10-22

32 |Sentinel-1A| 442 2016-02-18 72 |Sentinel-1B| 443 2017-02-18 112 [Sentinel-1B 440 2017-10-28

33 |Sentinel-1A| 442 2016-03-01 73 |Sentinel-1A| 440 2017-02-24 113 [Sentinel-1A 442 2017-11-03

34 |Sentinel-1A| 442 2016-03-13 74 |Sentinel-1B| 443 2017-03-02 114 [Sentinel-1B 440 2017-11-09

35 [Sentinel-1A| 443 2016-03-25 75 [Sentinel-1A| 440 2017-03-08 |115]|Sentinel-1A| 442 2017-11-15

36 |Sentinel-1A| 442 2016-04-06 76 |Sentinel-1B| 443 2017-03-14 116 [Sentinel-1B 440 2017-11-21

37 |Sentinel-1A| 443 2016-04-18 77 |Sentinel-1A| 440 2017-03-20 117 [Sentinel-1A 442 2017-11-27

38 [Sentinel-1A[ 442 2016-04-30 78 [Sentinel-1B| 443 2017-03-26  [118]Sentinel-1B 442 2017-12-03

39 [Sentinel-1A| 443 2016-05-12 79 [Sentinel-1A| 440 2017-04-01 119 |Sentinel-1A 442 2017-12-09

40 |Sentinel-1A| 443 2016-05-24 80 |Sentinel-1B| 443 2017-04-07 120 [Sentinel-1B 442 2017-12-15
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