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Subsidence has been adversely affecting Jharia Coalfield (JCF) for the last few decades. This study
attempts to show the feasibility of the modified Persistent Scatterer Interferometric Synthetic Aperture
Radar (PS-InSAR) technique with C-band SAR data to investigate the slow surface deformation caused
by coal mine fire and underground mining activities in JCF. Also, a multi-temporal analysis of SAR
images of ENVISAT ASAR has been carried out for monitoring and mapping of temporal land subsidence
of the area under study. The modified PSI technique has proven its ability to detect land subsidence over
the vegetated and rural areas. It also resolves low spatial density of permanent scatterers by considering
partially correlated scatterers as permanent scatterers (PSs) and extracting information from these PSs.
The study has been concentrated towards detecting continuous slow rate subsidence of five major sites of
JCF. The maximum rate of slow deformation among all sites is recorded as 29 mm/year with a cumu-
lative subsidence value of 90 mm. Field validation of subsidence results obtained through PS-InSAR is
correlated with the previously published report and the master plan of JCF, showing subsidence locations.
Conclusively, the adopted methodology is practically feasible for detection, monitoring and mapping of
slow deformation using C-band SAR data in coal mine area.

Keywords. Modified PS-InSAR; multi-temporal analysis; land subsidence; Jharia coalfield (JCF);
remote sensing.

and petroleum products, depillaring of the existing
galleries and waterlogging of the abandoned gal-
leries (Chatterjee et al. 2006; Jianjun et al. 2012).
Subsidence vulnerability becomes more in those

1. Introduction

Land subsidence is considered to be a natural-
anthropogenic hazard impacting both the society

and the environment. Land subsidence occurs
mainly due to underground mining and subsurface
coal fire. Most of the land subsidences occur due to
different activities in underground mining such as
overexploitation of coal, minerals, groundwater

areas where large underground voids have been
created by extracting coals, ores, etc. (Miao et al.
2008; Guang et al. 2009; Engelbrecht and Inggs
2013; Gupta et al. 2014; Paradella et al. 2015; Qin
and Perissin 2015; Ishwar and Kumar 2017).
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JCF witnesses the maximum number of surface
and subsurface coal fires among all coalfields in
India. Underground mining as well as subsurface
coal fire are responsible for the occurrence of land
subsidence in coal mining area (Chatterjee 2006;
Jianjun et al. 2012; Shen and Poulsen 2014; Pandey
et al. 2016). Coal seams are getting burnt due to
shallow depth subsurface fire (<40 m) (Mukherjee
et al. 1991) creating the vast void and leading to
surface cracks and land subsidence (Chatterjee
et al. 2015). Chatterjee (2006) has reported that
the spatial dynamics of land subsidence may be
influenced by lateral propagation of coal fire.
Jharia town (approx. population of 82,000 accord-
ing to the census of 2001, India) has suffered from
the danger of coal fire and land subsidence due to
extensive coal extraction by the mining operation
and subsurface coal fire. Spatial-temporal moni-
toring and mapping of land subsidence with precise
measurement is the need of the hour for manage-
ment and control of surface deformation caused by
both underground mining as well as sub-surface
coal fires.

The conventional method of subsidence moni-
toring technique is based on ground methods which
depend on precise level, auto level and digital level
measuring systems. Precision leveling technique
provides a high relevant measurement with sub-
millimeter to millimeter accuracy. However, firstly,
it is very time-consuming and labour intensive
approach as compared to other space-based meth-
ods such as Global Positioning System (GPS)/
Global Navigational Satellite System (GNSS) and
remote sensing methods. Secondly, ground-based
subsidence monitoring techniques also pose safety
risks since measurements have to be taken along
subsidence prone areas. GPS/GNSS time series
analysis for deformation mapping proved its sig-
nificance through different studies (L et al. 2008;
Jing-xiang and Hong 2009; Wang et al. 2011;
Chatterjee et al. 2015). However, GPS/GNSS suf-
fers from some of the same vexing problems
affecting traditional surveys. The limitations of
GPS/GNSS techniques have been overcome by
space-borne imaging techniques. The invention of
radar interferometry elevates imaging-based
subsidence monitoring techniques to a very
notable position because of its capability of syn-
optic coverage, atmospheric conditions indepen-
dency, the flexibility of any time observations, and
high accuracy. The imaging techniques also reduce
the safety risk and decrease the expenses that are
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inherent in conventional methods due to extensive
fieldwork.

Since last few decades, many research studies
have been carried out globally for monitoring land
subsidence induced by underground mining in
various mining fields using differential interfero-
metric SAR (D-InSAR) technique (Stow and
Wright 1997; Perski 1998; Carnec and Delacourt
2000; Strozzi et al. 2001; Perski and Jura 2003;
Raucoules et al. 2003; Cavalié et al. 2008; Engel-
brecht et al. 2011; Dong et al. 2013; Gupta et al.
2014; Przytucka et al. 2015; Qin and Perissin 2015;
Chatterjee et al. 2015, 2016; Ishwar and Kumar
2017). Earlier D-InSAR technique used the differ-
ence of phase observed by radar signals from two
different acquisitions of the study area over time to
detect ground deformation up to the sub-centime-
ter scale. However, (1) temporal and geometric
decorrelation, (2) atmospheric effects, and (3)
requirement of precise digital elevation model
(DEM) are the main limitations of D-InSAR
techniques (Zebker and Villasenor 1992; Dong
et al. 2013). Among these three, temporal decor-
relation is the leading cause of information loss at
the subsidence center (Yue et al. 2011).

After considering the limitation of the D-InSAR
technique, Ferretti et al. (2000) have developed the
Persistent Scatterer Interferometric Synthetic
Aperture Radar (PS-InSAR) technique to detect
land deformation at the millimeter level. The PS-
InSAR technique is the geodetic Synthetic Aper-
ture Radar (SAR) processing technique developed
in the early 1990s that uses two or more SAR
images to generate maps of topography or defor-
mation of the Earth’s surface (Bamler and Hartl
1998; Massonnet and Feigl 1998; Bilirgmann et al.
2000; Ferretti et al. 2001; Hanssen 2001; Kampes
2006; Simons and Rosen 2007; Prati et al. 2010;
Hooper et al. 2012). Satellite-based PS-InSAR
technique has shown its competence in the detec-
tion of surface height changes up to sub-millimeter
precision using C-band ENVISAT ASAR data.
The PS-InSAR technique reduces temporal and
geometric decorrelation by selecting stable points
or persistent scatterers (PSs), which is temporal
and geometrically coherent in nature throughout
all acquisition time-series SAR data (Crosetto et al.
2016). Additionally, PS-InSAR has the capability
to reduce atmospheric contribution using multi-
temporal time-series SAR data analysis with PSs
(Ferretti et al. 2001; Davila-Hernandez et al. 2014).
Perissin and Wang (2012) have developed a mod-
ified PS-InSAR (PSI) approach in which partially
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correlated scatterers are also included along with
permanent scatterers to increase the point target
density in the highly susceptible area for
decorrelation.

PS-InSAR technique has been adopted in the
coal-bearing area to detect land deformation using
C-Band and L-Band SAR Data (Guéguen et al.
2009; Abdikan et al. 2011; 2014; Jiang et al. 2011;
Thapa et al. 2016). The chances of temporal
decorrelation with C-band SAR data are higher
than L-band data as it is more limited to spatial
and temporal baseline (Liu et al. 2009). However,
this study emphasises to detect the slow velocity
subsidence in the coal mining area. The short
wavelength C-band is more suitable to detect slow
velocity subsidence if the optimal baseline is
maintained, whereas long-wavelength L-band can
effectively detect rapid velocity subsidence (Yue
et al. 2011; Chatterjee et al. 2015; Malik et al.
2018). Previous studies have shown that the low
density of PSs points in the coal mine area is also
one of the main problems with C-Band SAR data
(Abdikan et al. 2011). Thus, the study adopted the
modified PSI technique using C-band SAR data
with an optimum baseline.

The objectives of this study are: (1) to show the
feasibility and credibility of modified PSI technique
with C-band SAR data to detect potential slow
rated subsidence in vegetated and rural areas of
JCF, (2) multi-temporal analysis of 19 images of
C-band ENVISAT ASAR by modified PSI through
SARPROZ (Sarproz 2017) software during the
long-time period (17 March 2007-10 April 2010)
for land deformation monitoring and assessment
over Jharia coalfield. Five major sites have been
addressed with slow rate subsidence by PS-InSAR
analysis over the study area. The subsidence profile
generated through the present study was corre-
lated with the master plan of JCF, showing
subsidence locations (BCCL 2008).

2. Materials and methods

2.1 Study area

JCF is the largest coking coal producer in India
with an area of approximately 450 km? containing
various underground and open cast mines. It is
a sickle shaped Gondwana coalfield occurring in
the form of a basin truncated with a major bound-
ary fault on the southern flank. Technically,
Gondwana coalfield basin was formed by the
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down-faulting of the crystalline basement floor,
boundaries of which are marked by high angle
normal faults of enchelon type. The general
stratigraphic succession of the area is that the
basement of metamorphic rocks is overlain by the
Talcher Formation followed by the Barakar For-
mation which is the main coal bearing horizon.
Barren measures come above Barakar Formation
which is followed by the coal-bearing Raniganj
Formation. The Raniganj Formation is the
uppermost coal bearing formation in the JCF. It
is situated in the heart of Damodar river valley
towards the north-west of Kolkata at about
250 km distance and about 1150 km southeast of
Delhi. In this study, a part of JCF which is
confined between latitudes 23°42'00"-23°48'30"N
and longitude 86°19'30"-86°30'00"E is considered
as a study area (figure 1).

2.2 Datasets and data processing

For this study, according to the availability of data
for study area 19 SLC images of ENVISAT ASAR
covering the study area during the period of March
17, 2007-April 10, 2010 are downloaded from
European Space Agency website. By considering
scene acquired on 6th of December, 2008 as a
master, the spatial and temporal baseline for the
selected interferometry stack, are calculated and
given in table 1. The graph plotted between spatial
and temporal baseline is shown in figure 2. In this
figure, the position of each slave image corre-
sponding to master image in spatial-temporal
baseline space is depicted by dots. The master date
is selected considering that no precipitation would
have happened on that day. The overall distribu-
tion of the baseline looks good from the perspective
of interferometry stacking and only two images are
found, having the spatial baseline more than
300 m.

The spatial and temporal baselines are the
important factors in choosing a suitable data pair
for deformation analysis. The spatial baseline is the
distance between the orbits of two SAR acquisi-
tions, whereas, temporal baseline refers to the time
difference (in days) between two SAR acquisitions.
Depending upon the application and the spatial
resolution of the data, the appropriate spatial and
temporal baseline configuration can be preferred.
In this study, PS-InSAR approach was incorpo-
rated to investigate the deformation of various
regimes in JCF using multi-temporal SLC images
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Figure 1. Location map of study area with test sites in JCF as seen in Landsat-8 OLI standard FCC image.

Table 1. ENVISAT images with spatial and temporal baseline.

Spatial Temporal
Sl baseline baseline
no. Date (m) (days)
1 17 March 2007 —335 630
2 21 April 2007 —74 595
3 26 May 2007 -31 560
4 04 August 2007 47 490
5 08 September 2007 —135 455
6 13 October 2007 106 420
7 01 March 2008 228 280
8 14 June 2008 198 175
9 27 September 2008 81 70
10 06 December 2008 00 00
11 10 January 2009 —46 35
12 14 February 2009 —144 70
13 08 August 2009 29 245
14 12 September 2009 364 280
15 17 October 2009 182 315
16 21 November 2009 —299 350
17 26 December 2009 40 385
18 30 January 2010 —288 420
19 10 April 2010 —193 490

of ENVISAT ASAR with maximum spatial and
temporal baseline of 364 m and 630 days, respec-
tively. Two-pass PS-InSAR method is used to
perform the target point based analysis which

has been accomplished in SARPROZ interfero-
metric processor and developed in MATLAB®.
SARPROZ is capable in processing long time series
data with different DInSAR approaches (Perissin
and Wang 2012; Ruiz-Armenteros et al. 2016). The
method has the ability to find deformation over
those areas where the coherent targets (i.e., PSs)
throughout the whole study time period are very
few due to the decorrelation occurred in the study
area. A graphical representation of the processing
steps adopted in PS-InSAR processing on SAR-
PROZ software is shown in figure 3.

The SLC images are brought into the SARPROZ
software environment and a subset area for JCF
region is extracted for this study. In this study,
single reference scheme is considered to generate
the stack of interferograms, in which the
SLC image of date December 6, 2008 is taken as
the master image. The slave SLC images are
co-registered with the reference to the selected
master image. More than 2000 tie points in the
co-registration process are used to ensure sub-pixel
co-registration accuracy. The possible numbers of
interferograms are generated and Boxcar filter is
applied on each interferogram to suppress the
noise. This filter is used because of its efficiency to
detect the subsidence fringes in homogenous areas
(Chao et al. 2013). A boxcar filter has the potential
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Figure 2. Spatial and temporal baseline graph.

to compute the output image pixel as an equal
weighting of a neighborhood of pixels of the cor-
responding input image pixel. It is comparatively
better than other low pass filter. In APS process-
ing, a network of PS targets is formed by applying
a threshold of 0.70 on ASI to acquire the initial
parameters and estimate APS. Thereafter, reflec-
tivity map, amplitude stability indices (ASI), and
temporal and spatial coherence are calculated for
each radar image. The Shuttle Radar Topography
Mission (SRTM) DEM is used with ground reso-
lution 3 arcsec (90 m) to remove the topography
from interferogram and to generate the differential
interferograms. It is also used for flattening and
geocoding of interferograms. In atmospheric phase
screen (APS) processing, a network of PS targets is
formed by applying a threshold of 0.70 on ASI to
estimate the initial parameters and APS. The

Readingthe images/ ™ ____ selection of the common .
—___area

ot

Selection of GCP & External DEM and
Synthetic Amplitude in SAR co-ordinate /

1

4

SPS Processing |— 'prsrse|e;t'i°'n S

Refiectivity and Amplritude
stability index calculation

Page 5 of 10 146

formula used in the calculation of ASI is given as
follows:

ASI=1-74, 1)
my
where m,4 and o4 are the mean and the standard
deviation of the amplitude values, respectively.
The estimated APS is removed from the differ-
ential interferograms to reduce the atmospheric
phase delay contribution. After APS removal, the
final step of SPS processing is carried out which is
applied on the PSs network to get the final esti-
mation of height and line of sight (LOS) velocity
for the generation of cumulative displacement map
over the PS points (Perissin and Wang 2012).

3. Results and discussion

The 19 SLC images with the master image
(December 6, 2008) were used to generate 18
interferograms using modified PS-InSAR, approach
through SARPROZ software. After analyzing
these 19 SLC images, the maximum perpendicular
and temporal baseline were found to be 364 m and
630 days, respectively, while the minimum per-
pendicular baseline is 29 m, and the temporal
baseline is 35 days. The PSs were selected on the
basis of the ASI threshold value of 0.70, which
signifies the stability of target points. The lower
value of ASI observations for a target indicates low
stability of the ground. This threshold value of ASI
was picked to get a sufficient number of
stable targets in the study area. The LOS dis-
placement was improved by using APS and atmo-
spheric phase delay correction. Later, the LOS
displacement velocity on PS locations was

Import of the All
__Images

|

)¢ Co-registration

APS Processing " PS selection 5 (Connection processing™ > APS Estimation & removal )

PS processing Geo-coding & Visualization

Figure 3. Flow chart of PS-InSAR processing on SARPROZ software.
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estimated. The results showed that there is an
occurrence of subsidence in all the five locations of
JCF viz., Alkusha, Ena, Bastacola, Bera—Dobari,
and CK-Siding. The sites are non-urban areas and
highly sensitive for temporal change of surface
features. Therefore, less number of PS points for
the above-mentioned threshold was observed over
the test sites. Around each test site, a buffer zone
was created. Those number of PS points which
matched the threshold value of ASI and belonged
to the buffer zone of the test site were considered
for the estimation of subsidence rate during the
whole study period of 3 yrs and 1 month (figure 4).
The temporal coherence of all the selected PSs was
also tested. The PSs, which were having a temporal
coherence value <0.5, have been discarded from
further processing. The PS points having ASI value
of 0.7 and above, and temporal coherence of 0.5
and above, gave a relatively stable estimation of
LOS velocity. The following results of various
locations of the study area are summarized in
terms of yearly subsidence (i.e., subsidence rate

(mm/year)).

J. Earth Syst. Sci. (2020) 129:146

Alkusha is under area VIII of BCCL. Here 10 PS
points were considered out of which four PSs were
showing cumulative subsidence around 90 mm
during the whole study period with an yearly rate
of subsidence amounting to 27 mm/yr (figure 5a).
The occurrence of the subsidence has also been
reported by the BCCL Master Plan (BCCL 2008)
during the study period. In this region, seams XIV,
XIII, XII and XI are affected by the fire and
declared as a subsidence prone area. Some schemes
such as blind flushing and surface sealing have been
adopted by mine authority to control fire and fire-
induced land subsidence. Figure 6(a) illustrates the
influence of land subsidence habitant area near
Alkusha colliery. Thus the land subsidence results
for the Alkusa site obtained from SAR data anal-
ysis are correlated with documented results by
BCCL.

Ena falls under area VIII of BCCL. In this area,
10 PSs were identified (figure 4c). Each PS showed
a different rate of subsidence. The fastest moving
point was showing an yearly subsidence rate of
28 mm/year (figure 5b), while the slowest one was
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Figure 4. Selected PS points over test sites in JCF (a) composite sites, (b) Alkusha, (¢) Ena, (d) Bastacola, (e) Bera-Dobari, and

(f) CK-siding.
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showing a subsidence rate of 10 mm/year. This
area is also affected by fire in seam XIV and
seam XV, which is one of the important causes of
subsidence. Visual subsidence has been reported in
this region as per BCCL master plan (BCCL 2008).
The report has also recommended various schemes
to deal with the coal fire (e.g., trench excavation
and soil filing) and subsidence (e.g., blind flushing
and surface sealing) at Ena colliery.

Bastacola is located on the east side of Dhan-
bad-Sindri road under area IX of BCCL, as shown
in figure 4(d). In this region, coal seam III has been
depillared by Bord and Pillar method. In Bord and
Pillar method of coal extraction, coal pillars are
formed as natural support in mines. Six PSs were
found to exhibit subsidence among the significant
number of PSs in this area. The average subsidence
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rate of 6 PSs is around 10 mm/yr, and another 10
PSs of the area signifies a very slow rate of subsi-
dence which might be due to the Bord and Pillar
working method in this vicinity.

Bera—Dobari as illustrated in figure 4(e) belongs
to area IX of BCCL. Fourteen numbers of PSs were
observed in this region with varying subsidence
rates. Some PSs were found to show a high rate of
subsidence (28 mm/year), with the cumulative
displacement of 87 mm and remaining PSs appear
almost stable. Various seams such as seam num-
bers X, VIII, VII, VI, and V are affected by a coal
fire, as mentioned in the master plan (BCCL 2008),
which is the major factor of subsidence in this area.
The pervious study confirmed the land subsidence
in Bera—Dobari with the help of DInSAR technique
(Chattrejee et al. 2015). Cracks and local
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Figure 5. Estimated LOS subsidence at (a) PS point 1 (Alkusha area) and (b) PS point 2 (Bera area).
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Figure 6. Visualization of subsidence in the study area (a) cracks developed, (b) subsidence occurred, (¢) damaged building,

(d) Bera-Dobari, and (e) CK-siding.

subsidence reported during the time span also
support the results obtained by PS-InSAR tech-
nique (figure 6d).

CK-Siding is located near Ghanuadih under
area IX of BCCL, which is shown in figure 4(f).
This region also contains the appropriate number
of PSs with mostly showing subsidence rate in
between 10 and 21 mm/yr, whereas, few points
are practically stable. A significant number of
permanent features were observed in this area,
such as residential houses and railways tracks for
wagon loading. So, large numbers of PSs were
noticed in this vicinity. It was also found that this
area was less affected by mining excavation,
which might be responsible for low subsidence
rate than other test sites except for Bastacola test
site. Figure 6(e) depicts the subsidence affected
zone under CK-Siding.

4. Conclusions

In the present study, slow land deformation in JCF
due to underground activity and subsurface fire has
been explored from multi-temporal C-band
ENVISAT ASAR data by modified PS-InSAR
technique. The adopted technique with C-band
SAR data has shown its capability to witness slow
subsidence from coherent targets as well as par-
tially coherent targets in vegetated and rural areas
such as Alkusha, Ena, Bastacola, Bera—Dobari,
and CK-Siding of JCF. From the obtained results,
it is evident that the studied area is undergoing a
significant rate of subsidence mainly due to the
underground mine activity as well as subsurface
coal fire on coal seams. Few sites, as identified in
the study area, are severely affected by subsidence.
Alkusa site is showing a higher rate of subsidence,
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close to 29 mm/yr, and cumulative subsidence of
90 mm. The subsidence profile generated for the
above-mentioned sites in JCF was substantiated
by the visual observations as well as BCCL master
plan reporting subsidence locations. Hence it may
be concluded that the modified PS-InSAR tech-
nique has good potential to detect land subsidence
in Jharia coalfield having adverse land use land
covers (vegetated and rural areas).

It is further concluded that the multi-temporal
analysis of C-band SAR data with adopted method-
ology is practically feasible for detection, monitoring,
and mapping of the slow rate of surface subsidence in
coal mine areas. However, the accuracy of the sub-
sidence rate estimation can be significantly improved
by analyzing more number of images with the
extended time period of observations.
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