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ABSTRACT

In a coalfield, land subsidence can occur due to variety of causes such as underground mining,
subsurface coal fires and vulnerability of old underground mine workings. This study explores the
integrated approach by overlapping the results of TIR and DInSAR data processing techniques to
separate and monitor the land subsidence affected areas due to coal fire. ASTER (90 m) thermal
infrared (TIR) data is used to detect coal fire related thermal anomalies. Differential
Interferometric Synthetic Aperture Radar (DInSAR) processing is carried out on ALOS PALSAR
data to measure the surface deformations. Jharia Coal Field (J.C.F) in the state of Jharkhand
(India) is taken as the study area. Coal fire dynamics were studied for different periods (October
2006 and November 2009). DInSAR was carried out from November 2007 to December
2010.Integrating the coal fire related thermal anomalies with the DInSAR derived land
subsidence and the mining related database helped to delineate coal fire related subsidence. The
analysis of the results in coal mining induced subsidence areas (F2 and F6) showed increase in the
spatial extent whereas the coal fire related subsidence areas (fringe ID F4 and F5) showed
decrease in their spatial coverage. Coal fire induced subsidence (F4 and F5) showed gradual
decrease in the rate of deformation, whereas the mining induced subsidence showed gradual
increase in the rate of subsidence at active mining site(F6) and increase in the rate of subsidence
at other mining site (F'2).

Keywords: DInSAR, InSAR, coal fire, land subsidence, Jharia coalfield, ASTER, ALOS
PALSAR.
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Coal Fire Induced Land Subsidence Analysis by Integrated TIR and DInSAR Data Processing approach

1. INTRODUCTION

1.1. Background

Natural resources are the backbone of the economy. Mining of these natural resources is carried
out worldwide. However various hazards are triggered due to mining of natural resources. One
such natural resource is coal, which is a non-renewable source of energy. Mining of coal is carried
out for centuries because of its numerous benefits such as source of fuel, electricity etc. Hazards

associated to coal mining are for example, land subsidence, surface and subsurface coal-fires.

1.1.1. Land subsidence and coal fires

Land subsidence may be defined as “the gradual and/or sudden sinking of landforms to a lower
level as a result of a subsurface movement of earth materials” (Zeitoun & Wakshal, 2013).

subsidence profile

original surface

Figure 1-1: Mechanism of subsidence. Source (Brady & Brown, 2006)

In the coal fields, land subsidence is caused by various factors, which includes:

e Mining of coal in an unplanned manner where extraction of material from below the surface
removes the adequate support from the overlying rocks resulting in surface collapse.

e In the past few decades, subsurface coal-fires have also been found as one of the subsidence
causing problems.

Underground coal fires can start by spontaneous ignition of coal dust or methane gas released
from the coal. Such fires are difficult to extinguish. Burning of the coal reduces the volume which
causes the surface displacements. The problem of coal fires is further ignited by mining as well as
fires themselves. Open cracks and fissures in the land surface serves as inlets for oxygen(Prakash,
Fielding, Gens, Van Genderen, & Evans, 2001). As the burned coal turns into ash, often the rock
overburden can no longer be supported and deep cracks open up. Eventually, the overburden

collapses causing huge damage to surface, buildings, transport network, etc.(Gangopadhyay,
Maathuis, & Van Dijk, 2005).

Page | 1
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Subsidence

Undergrounc Underground
Mining coal fires
Figure 1-2: Possible causes of subsidence in study area.

Many countries around the world are affected by coal fires. Some of the countries facing
the issue of coal fire where coal fires have been identified and monitored are China
(Gangopadhyay et al., 2005), India (Chatterjee et al., 2007), Australia (Ellyett & Fleming,
1974). The burning of coal fields is a worldwide challenge and it has been observed that
the subsurface coal fires have been active for many years which had already affected tons
of valuable coal reserve deposits.

Some of the effects of coal fire are listed below:

e Jarge amount of toxic and greenhouse gases, such as SO,, NO, CO, CH4 and COs,,
are emitted from the fires polluting the air(Voigt et al., 2004) resulting in degradation
of the environment and millions of people are affected due to coal-fires causing
health related problems.

e Jand deformations caused by underground coal fires affect the nearby human
settlements.

e It also obstructs further mining process. Burning of valuable coal deposits causes
huge economic loss.

For the sustainable development of the mining environment, the socio-economic
impacts, environmental impacts, health and safety issues of the local people requires
methods for monitoring and controlling fires and land subsidence from expanding
further.

1.2. Coal fires and remote sensing

To map the thermal radiation emitted by coal fires space borne satellite remote sensing is an
effective tool. Studies by using this technique have shown that mapping and monitoring of coal
fires, using space borne thermal infrared(TIR) data show up hotspots, changes in terms of
spatial coverage and propagation of coal fires (Gangopadhyay et al., 2005), (Chattetjee, 20006),
(C. Kuenzer, Hecker, Zhang, Wessling, & Wagner, 2008), (Chatterjee et al., 2007). However
mixing of false alarms such as industrial units with the thermal anomalies of coal fires is a
limiting factor of coal fire thermal anomaly detection techniques. Water bodies such as lakes,
rivers also appear as thermal anomalies while mapping coal fires (C. Kuenzer et al,
2008).Thermal remote sensing is a technique uses infrared region of electromagnetic spectrum.

Page | 2
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In thermal remote sensing, temperature estimations are made by measuring the radiation
emitted by ground objects. Thermal infrared (TIR) data is being used in a broad variety of fields
for example to assess land or sea-surface temperature dynamics, detect forest, coal and peat
fires, map urban heat islands etc.(Claudia Kuenzer & Dech, 2013).

1.3. Land subsidence and remote sensing

Differential Interferometric Synthetic Aperture Radar (DInSAR) is a tool for determination of
subsidence, uplifting and shifting of earth’s surface with a capability of measuring very small
deformations in terrain with up to 1 cm precision (Gabriel, Goldstein, & Zebker, 1989). DInSAR
has the potential to determine deformations and topographic changes on the earth’s surface due
to earthquake, landslides, land subsidence, glacier movements(Zeitoun & Wakshal, 2013),
(Motagh et al., 2008), (Tomas et al., 2013). The technique determines topographic changes which
are derived from phase information contained in multiple radar images acquired at different
times. The technique determines topographic changes which are derived from phase information
contained in multiple radar images acquired at different times. In view of the fact that DInSAR
contains only phase information, it is difficult to separate out subsidence due to coal fires and
subsidence due to mining activities from the phase information (Voigt et al., 2004), (Zhou,
Zhang, Wang, Huang, & Pan, 2013).

Synergistic use of two different remote sensing techniques by integrating thermal infrared (TIR)
for thermal anomaly detection and DInSAR for land subsidence measurements is required. Study
of multi-temporal TIR dataset provides information on dynamics of underground coal fires in
addition to their spatial extent. Multi-temporal analysis of SAR images will provide us the spatio-
temporal development of the subsidence and the speed in which it progresses. Therefore to study
the land subsidence characteristics in relation to spatio-temporal dynamics of coal fire an
approach by integrating TIR and DInSAR data processing approach is proposed. The land
subsidence characteristics to be explored in the research are the rate and type of surface
deformation in the underground coal fire combustion areas with the development of coal fire
which would help us to find out the relation of subsidence with coal fire.

With this the study aims to differentiate land subsidence resulting from coal fires and those
resulting from ordinary mining activities in the study area. The research also aims to measure the
rate of subsidence and the extent of coal fire by integrated TIR and differential radar
interferometry approach. Finally the characteristics of coal fire induced subsidence and the
characteristics of ordinary coal mining activities will be compared.

1.4. Research Identification

1.4.1. Research Objective

The main objective of the research is to study the land subsidence characteristics in relation to
spatio-temporal dynamics of coal fire.

1.4.2. Sub-objectives

% To detect and delineate surface and subsurface coal fires from multispectral night time TIR
data.
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% To decipher spatio-temporal dynamics of coal-fire from multi-temporal TIR data.

% To delineate coal-fire induced land subsidence areas by combining DInSAR based subsidence
maps with thermal anomaly maps.

% To investigate the characteristics of coal-fire induced land subsidence in comparison to coal
mining induced land subsidence.

% To test if the temporal development of two subsidence types are significantly different from

each other in DInSAR processing alone.

1.4.3. Research questions

X/
°e

How well can we map thermal anomalies from ASTER data?

>

R/
*

Do all the coal fires detected show subsidence? What is the contribution of coal fire induced

*,

subsidence to overall subsidence scenario in the coalfield?

How well do the deformation observed coincide with active fire?

* X/
L XA X4

What is the nature of subsidence, gradual or sudden?

R/
A X4

How the spatial extent and the rate of subsidence vary in relation to spatio-temporal
dynamics of coal-fire?

X/
°

How the spatio-temporal characteristics of coal-fire induced land subsidence differ from

mining induced land subsidence?

X/

% What is the influence of subsidence on the development of coal fires and what are the

possible governing factors?

1.5. Scintific siginificane and innovative aspects

The uniqueness in this study is to use an integrated data processing approach combining
Synthetic Aperture Radar (SAR) and thermal infrared (TIR) data.

“Thermal Infrared + DINSAR”

The integrated TIR and DInSAR data processing approach here is to analyse the characteristics
of coal fire induced land subsidence by studying the spatial dynamics and the rate of subsidence
which will improve the separation of subsidence affected areas occurred due to coal mining and

subsurface coal-fires.

1.6. Potential use or users of the result

Uncontrollable spread of underground fires that have been burning for years in the Jharia coal
tield release poisonous smoke. Habitants near Jharia coal field have developed many health
complications due to poor air quality. Coal fires generally increase the temperature of the
surrounding areas (Prakash, Gupta, & Saraf, 1997). Urban and human settlements (buildings,
road and railway networks etc.) in and around Jharia are facing the threat of subsidence.
Subsidence issues have not only affected the surface properties but also caused financial and
social problems in the society. Burning of fires beneath the ground and subsidence phenomena
related to it pose serious challenge to the scientific community. The results of this study would
help to better assess and monitor the coal fire and its related subsidence phenomenon.
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1.7. Thesis structure

The work has been divided into seven chapters. The structure of the thesis is discussed in the
following table:
Table 1-1: The structure of thesis

Chapter | Description

Presents general overview about the research work. It describes the
Chapter 1 . . o .
basic idea of topic, research objectives, and research questions.

Chapter 2 | Deals with theoretical background of the study and literature review.
Chapter 3 | Describes the study area and its attributes.

Chapter 4 | Describes about dataset used.

Describes the complete workflow of the study and description in
Chapter 5 | details.

Describes the experiments on selected data, achieved results, its
Chapter 6 | discussion and analysis.

Describes the answer of the research questions in concluded form and
Chapter 7 | recommendations for further study.
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2. THEORY AND LITERATURE REVIEW

2.1. 'Thermal infrared remote sensing

Thermal remote sensing is the branch of remote sensing that deals with the acquisition,
processing and interpretation of data acquired primarily in the thermal infrared (TIR) region (3 to
15 um) of the electromagnetic (EM) spectrum. Atmospheric windows in the range 3 to 5 um and
8 to 14 um are used by TIR remote sensing, because these parts of electromagnetic spectrum are
not affected by atmospheric interaction. All objects with a temperature above absolute zero (0
Kelvin, which equals -273.15°C) emit electromagnetic radiation (Claudia Kuenzer & Dech, 2013).
In thermal remote sensing we measure the radiation emitted from the surface of the target,
whereas in optical remote sensing we measure the radiation reflected by the target under
consideration. Radiation emitted by ground objects are measured for temperature estimation.

TIR remote sensing has an advantage that data can be acquired independent of the sun as an
illumination source. So thermal data can also be acquired during the night, when remote sensing
in the visible and near infrared (NIR) is not possible. Night time TIR data is preferable for the
study because with afternoon data, solar masking effects obstruct the extraction of many
anomalies.

Remote sensing sensors responsive in the thermal domain have the ability to record this TIR
radiation. The temperature of the surface over a coal fire depends on various factors.

2.1.1. Heat temperature, radiant flux and heat transfer

The energy released by particles of matter in a random motion is called kinetic heat. The random
motion between the particles triggers collision, which results in change of energy state and the
emission of electromagnetic radiation from surface of materials. The internal, or kinetic, heat
energy of matter is thus converted into radiant energy.

Temperature is a measure of the concentration of heat. The Kelvin and Celcius scales relates as
follows:

T=T+273.15

Where T.is the temperature in celcius and Ty is the temperature in Kelvin

The surface of materials emits electromagnetic energy, which is known as radiant flux and is
measured in watts per square centimetre. The concentration of kinetic heat of a material is kinetic
temperature and is measured with a thermometer placed in direct contact with the material. The
concentration of a radiant flux of a body is the radiant temperature. The radiant temperature is
always equal or less than the kinetic temperature because of a thermal property called emissivity,
which is defined as radiant flux from a real material divided by the radiant flux from a blackbody.
A thermal material that absorbs all radiant energy that falls on it is termed as blackbody.

Heat energy is transferred from one place to another by three means:

Page | 7
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Table 2-1: Different modes of heat transfer

Sr. No | Heat Energy Mode of Transfer
1 Conduction | Transfers heat through a material by molecular contact.
2 Convection | Transfers heat through physical movement of heated matter.
3 Radiation Transfers heat in the form of electromagnetic waves

2.1.2. Stefan-Boltzman Law

It describes the total electromagnetic radiation emitted by a blackbody as a function of the
absolute temperature of that blackbody (Claudia Kuenzer & Dech, 2013).
The area under the radiation curve corresponds to emitted radiation.

1
Traasp = 0T kin 2-1)
TRradB = radiant flux of a blackbody [W/m?],

T = absolute kinetic temperature [K],
o = Stefan-Boltzmann constant [5.6697 * 10® Wm™ K ¥
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Figure 2-1: Relation between the wavelengths and rise in temperature. Source (J. Zhang, 2004)

The equation (2.1) shows that the higher the temperature of the radiating object the greater the
total amount of radiation (energy) it emits. The equation has a non-linear relation; radiance is
proportional to the fourth power of the black body’s temperature.
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2.2. InSAR

SAR systems record both amplitude and phase of the backscattered echoes. The main principle
of Interferometric Synthetic Aperture Radar (InSAR) is to use the phase information of the
backscattered echoes. InSAR technique uses phase of two SAR images, acquired at nearly same
incident angle. The two SAR images are combined to generate a phase difference image called
interferogram having a number of interference fringes (Li & Goldstein, 1990).

ANTENRA 1 .~  ANTENNA 2

Figure 2-2: Airborne InSAR imaging geometry with two antennae. Source (Li &
Goldstein, 1990)

The Figure (2-1) describing the imaging geometry of InNSAR demonstrates that the target A and B
will appear in same pixel in a SAR image. The targets have the same slant range to antenna 1 and
are in the same relative azimuth position and therefore the backscattered echoes are projected to
same pixel. Consequently it cannot measure the topographic height of the objects.

Two physical antennas are used to form interferometer, which are separated by baseline
corresponding to a fraction of the aircraft dimension. The phase of the backscattered echoes
recorded by the two antennae (1 and 2) will differ for the targets A and B. So for each pixel, the
height of the object can be measured based on the phase differences.

The height of the target B with respect to the terrain is calculated as:

P = 47” [ Bx sinf — By cos0] (2-2)

h = Hy — pcosO 2-3)
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where,
@ is the phase difference
H is the height of the target B

Hy is the flying height

P is the range from antenna Al to the point on the ground
0 is the look angle

A is the RADAR signal wavelength

By is baseline length between antennal and antenna 2

By is the vertical distance from intersecting point of horizontal from antennal and vertical from

antenna?

The height (/) is computed using equation (2.3) based on the phase difference (@) and (6).

2.3. DInSAR

Topographic mapping was one of the early applications of radar interferometry. InSAR had
become a very effective tool for this application because the relative line of sight movement of
point scatterers with respect to reference locations on the image could be measured as a fraction
of wavelength. Space borne InSAR has become a widely accepted and effective tool to map
surface movements, ground deformations, mining activities and volcano dynamics (Jiang, Lin,
Ma, Kong, & Wang, 2011)

Developments in interferometry results many applications. One such well known application is
deformation monitoring. However the limitation of interferometry is that, it fails when the
effective baseline between the image pairs become greater than zero. Differential interferometry
was the solution to this technique.

Three pass DInSAR technique was first introduced by Zebker et al.(Zebker, Rosen, Goldstein,
Gabriel, & Werner, 1994).This technique uses three images of the same area to generate
displacement map of the region. The three pass DInSAR technique described in the paper
(Zebker et al., 1994) is shown:
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Figure 2-3: Three pass SAR geometry. Source (Zebker et al., 1994)

The Figure (2-3) demonstrates the imaging geometry of three pass SAR technique.The first
interferogram pair is formed by antennas at Al and A2 and the second interferogram pair is
formed by antennas at Al and A2. The signals are acquired for the same site, however the
antennas A2 and A2’ are located at different locations. The solid lines denote the signal path for
the first interferogram and the dashed lines indicate the signal path for the second interferogram.
DInSAR phase equations are explained as:

®; =p 24
®, =4(p +5p) (2-5)
D3 =4(p+8p) (2-6)

Where ¥, ¥ ,,Wsare the phases calculated from Al, A2 and A2' antenna positions to the ground
points p, (p +8 p) and(p +6 p ).

A is the RADAR signal wavelength.
From the three phase measurements derived, the Interferometric phases are derived as:

CI)l == l'l'll - l'l”z == 41-[)\8 p (2—7)

G, =V, — ¥Y;=4mASp’ (2-8)
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From the Fig 2.3.based on the cosine law, the solution for & p is formulated in (Zebker et al.,
1994)as:
(p +8p)2 =p*+ B2—2pBsin(0 — ) (2-9)

Where B is the baseline length

o is the range from antenna Al to the point on the ground

0 is the look angle

o is the angle of the baseline with respect to the sensor horizontal

From the equation, neglecting the (8 p)* order term, the modified equation turns into:

8p = Bsin(6 —a) + f—i (2-10)

According to (Zebker et al.,, 1994) for space geometries, the second term in the eq.() can be
neglected. Hence the equation becomes:

dp = Bsin(6— ) (2-11)
From the Fig.[2.2].
Bsin (6 — a) = By, (2-12)
Therefore,
6p ~ B (2-13)

So, the final Interferometric phases are formulised as:

®1 = 47“3” 2-14)

B'll is the baseline length of the second Interferometric pair. Consider the situation when
displacement has occurred during the second Interferometric pair acquisition. Hence in addition
to the topographic phase, an additional phase change due to displacement in the RADAR line of
sight is also present (Zebker et al., 1994). So the second Interferometric phase is represented as:

®2 = (B +Ap) (2-15)

Where, Ap is the additional displacement component

From the equation (2.14) and (2.15), derive the deformation component as:

A B'
Ap = [2— GH @]
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2.4. Related work

Earlier works on identification and analysis of coal-fires in Jharia coal fields were based on
optical, multispectral, infrared data(Chatterjee, 2006),(Chatterjee et al., 2007). The dynamics of
coal fire were studied using night time Landsat-5 TM thermal infrared (TIR) and shortwave
infrared (SWIR) data and day time Landsat-7 ETM+ TIR data in terms of changes in spatial
extent of fire affected areas and propagation of coal fire in (Chatterjee et al., 2007).

Analysis of multi-diurnal low resolution Moderate Resolution Imaging Spectroradiometer
(MODIS) thermal data for coal fire-related thermal anomaly detection in Jharia coal fields was
performed by(C. Kuenzer et al., 2008). The study combined three approaches: first, use of low-
resolution MODIS data for coal fire area analyses. Second, data from four different times of day
(morning, afternoon, evening and predawn) and for three different bands (MODIS bands 20, 32
and a ratio thereof) was analysed. Third, for thermal anomaly extraction of local thermal
anomalies an unbiased automated algorithm was used. The analysis of MODIS multi-diurnal data
indicated that evening and predawn data are more suitable for thermal anomaly extraction and
also bands 20, 32 and ratio bands thereof, have a high potential for the detection of coal fire hot
spot zones. It also concluded that the data utilized in the study is not suitable for a quantitative
coal fire analysis in relation to fire outline, fire temperature or fire classification into surface and
subsurface fires.

Study using ASTER data in combination with a Temperature/ Emissivity separation (TES)
algorithms to estimate the surface temperature (Gangopadhyay et al., 2005) demonstrated the
capabilities of ASTER data for detecting coal fire thermal anomalies in comparison to ground
observations in Wuda coal fields, China. The TES algorithms used were Reference Channel
Method (RCM) and Normalised Emissivity Method (NEM). Using TES approach, it was
observed that ASTER based thermal anomalies cortesponded well (accuracyt 15°C) with actual
measurements.

Previous study for the investigation of surface elevation changes in the Jharia coal fields was
carried out by (Gupta, Mohanty, Kumar, & Banerjee, 2013). Investigation was performed by
generating digital elevation model (DEM) using synthetic aperture radar interferometry (InSAR)
using ERS-1/2 (European Remote Sensing Satellite) tandem and RADARSAT-1 data. The
accuracy of the DEM was examined by comparing the elevation profiles with the digitized
elevation contour data. Results showed that the InSAR derived heights and topographic heights
were comparable (with root mean square error of +2.3m). It also demonstrated the capability of
DEM generated using InSAR due to its high spatial details is ideal for the detection and
estimation of surface elevation changes in mining areas. On the other hand it was not possible to
measure the rate of deformation of the ground terrain using this technique.

Consequently DInSAR has proven to be an effective technique for detection and measurement
of land subsidence due to exploitation of groundwater (Fan, Deng, Ju, Zhu, & Xue, 2011) ,
mining activities (Yang, Zhang, Zhao, Ji, & Zhu, 2010),(Dong, Yin, Yao, & Zhang, 2013). A case
study was performed in Spain (Tomas et al., 2013) reviewing DInSAR data utilization related to
ground subsidence phenomenon (groundwater, mining, soil compaction and evaporate
dissolution subsidence) and addressing the investigation of active subsidence with DInSAR
techniques in terms of spatial and temporal resolution, precision of the measurements, and utility
of the data.
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Land subsidence and coal fire hazards in a coal mining area (the Rugigou coal field in the Hui
Autonomous region in the north-west China) using data fusion techniques was investigated by
(Prakash et al., 2001). The data used for the study was Landsat Thematic Mapper (TM), Landsat
TM thermal infrared band (TM band 6), ERS-1 Synthetic Aperture Radar(SAR) images, Digital
Elevation Model (DEM) with spatial resolution of 90 m and field data collected was GPS
measurements, thermal profiles and field photographs. Fusion product of optical, thermal and
microwave data was represented in False Color Composite( FCC) to represent three different
pieces of information in three different colors (red for coal fires, blue for coherence from InSAR
and green for subsidence areas). It was estimated that most of the fires which fall within the area
of low correlation have large role in causing subsidence. On the other hand from the fusion
product, in areas of very low correlation, the phase information could not be determined and
quantitative estimation of the range change could not be performed.

An integrated remote sensing approach was used by (Voigt et al., 2004) to detect, analyze and
monitor near surface coal seam fires by observing land surface changes (in thermal surface
anomalies, spectral surface characteristics and land subsidence) induced by the fires in the
Rujigou coal field, the Wuda coal field, the Ke-erJian coal field and Tieliecke coal field respectively.
ERS data acquired during tandem mission of the ERS-1/2 satellites was used to estimate surface
subsidence rates by means of DInSAR. Landsat-7 ETM data was used for multispectral
characterization of coal surface properties. MODIS, BIRD, ASTER and ETM data were used for
thermal analyses of coal fires. This approach was able to detect and analyze mature and
developed coal fires but has a limitation of not detecting very small and young fires. Also it does
not differentiate land subsidence affects resulting from coal fires and those resulting from other
subsidence sources.

Another method was exploited by (Zhou et al., 2013) to reveal the spatial and temporal behavior
of large and highly non-linear subsidence induced by underground coal fires in Wuda coal fields,
China. The ALOS PALSAR L- band data from Japan Aerospace Exploration Agency (JAXA)
was used in the study for DInSAR processing. The coal fire distributions mapped in field work in
2008 and thermal anomaly contours generated using ETM scenes from October 2006 to
September 2009 were overlaid with DInSAR results between October 2006 and January 2008. It
provided a spatial extent and temporal evolution of the land subsidence behavior accompanying
the coal fires. The study also showed significant potential of ALOS PALSAR data to detect land
subsidence of interest. However the study was not able to show how two subsidence types (coal
fire induced land subsidence and coal mining induced subsidence) are different from each other.
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3. STUDY AREA

The study area consist of Jharia coalfield in the state of Jharkhand.It is located in the eastern part
of India. The area is bounded between 23°40'00" to 23°50'00" N latitude and 86°10'00" to
86°30'00" E longitude covering an area of 450 km? approximately. The major city located in the
study area is Dhanbad which is also known as the “Coal Capital of India”. Other townships
surrounding Dhanbad are Maheshpur, Katrasgarh in the north, Jharia, Dobari in the east. It is
also surrouned by Katri river in the east and Damodar river in the south.
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Figure 3-1: Geographical area of study area
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3.1. Attributes of study area

It consists of mainly sedimentary rocks.
The major river in the study area is Damodar which flows in the south of this coal filed.
This coal field has more than 100 coal mines.

L

In this coal field there are underground mining activities and also opencast mining activities.

But, major mining procedure is done by opencast mining method.

5. Underground mining areas are densely populated and population in affected areas is high
which approximates to 1.1 million which are facing problems like resettlement and
rehabilitation.

6. The coal field has three main coal formations namely

a) Barakar,
b) Barren measures and
¢) Raniganj formations.
Barakar and Raniganj formations are coal bearing but Barren measure is a non-coal bearing

formation.

3.2. Geology of study area

3.2.1. Coal reserves of Jharia Coalfield (J.C.F) and reclamation measures adopted

Within the leasehold of Bharat Coking Coal Limited (BCCL), the geological coal reserves of
Jharia coalfield was up to a depth of 1200m in April 2007. The total surface area of BCCL
affected due to fire had been assessed to be 8.9 km? in 1995 against the earlier area of aboutl7
km? at the time of nationalization. The quantum of coal burnt as per earlier assessment is 37
million tones and total reserves are about 17,077 million tonnes. According to the research work
of (Chatterjee et al., 2007) various reclamation measures have been adopted by BCCL, Dhanbad
for preventing coal fires from further propagation. Some of the mentioned techniques are surface
blanketing by incombustible material, infusion of inert gas, hydraulic blind flushing through
boreholes, etc.

3.2.2. Mining history of J.C.F and present scenario

Coal mining was started in J.C.F in the early 1890’s. J.C.F was one of the best for mining because
it had several thick coal seams which were at relatively shallow depths beneath the surface. It was
proven that the falcate shaped basin of the coal field has approximately 1 billion tonnes of coal
reserves (Singh, Jain, Paul, Gupta, & Raju, n.d.). Coal mining is performed by both open cast
(OC) and under-ground (UG) methods. Coal is the primary source of energy in India. Mining in
this coalfield was started 100 years ago approximately and is still continuing. Bharat coking coal
limited (BCCL) is the primary mining agency in this area and it supplies about 40% of nation’s
coking coal.
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3.3. Scientific significane of study area

Geologic formation of the coalfield and being primary coking coal reserve are not only the
characteristics which define the uniqueness of this coalfield but also the mine fires, land
degradation and also the environmental pollution. It is considered to be one of the world’s most
degraded coal field. Environmental problems and land degradation problems in this coal field are
due to various factors such as

a) Mining activities,

b) Overburden dumps,

c) Abandoned quarries,

d) Ground water depletion

e) Degraded vegetation and

f) Coal fires.

Land subsidence and coal fires are major factors of land degradation in and around Jharia coal
field (JCF). This coal field is much degraded and it exhibits severe environmental problems in
land, air and water (Singh et al., n.d.). It is evident that different types of scatteres are found in
this study area which are:
a) Permanent scatterers: Urban features such as buildings in and around Dhanbad city and
other villages act as permanent scatterers.
b) Volume scatterers: The vegetation in this region acts as volume scatterers.

The water bodies like Katri river in the east and Damodar River in the south of the study area
causes specular reflection to the RADAR signal. The terrain in this region is continuously
changing with time due to mining activities. Interferometric pairs with low temporal baselines
over this study area would be feasible to get accurate deformation measurements.

Dumping of the fire-affected portions of the affected coal seams and overburden dumps at a safe
place to let burn out naturally and completely is one such coal fire reclamation practise. This
place will also be detected as thermal anomaly in remotely sensed image.
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4. DATASET USED

4.1. ASTER

ASTER is one of the five state-of-the-art instrument sensor systems on-board Terra a satellite

launched in December 1999. It was built by a consortium of Japanese government, industry, and

research groups. ASTER monitors cloud cover, glaciers, land temperature, land use, natural

disasters, sea ice, snow cover and vegetation patterns at a spatial resolution of 90 to 15 meters.

Table 4-1: ASTER Satellite system: Sensor Characteristics

Launch Date

18 December 1999 at Vandenberg Air Force
Base, California, USA

Equator Crossing

10:30 AM (north to south)

Orbit

705 km altitude, sun synchronous

Orbit Inclination

98.3 degrees from the equator

Orbit Period

98.88 minutes

Ground Track
Repeat Cycle

16 days

Resolution

15 to 90 meters (depending on in spectral

band)

The ASTER instrument consists of three separate instrument subsystems:

1. Visible Near Infrared (VNIR)
2. Short Wave Infrared (SWIR)
3. Thermal Infrared (TIR)

Table 4-2: ASTER Band Specifications

Instrument VNIR SWIR TIR

Bands 1-3 4-9 10-14
Spatial Resolution 15m 30m 90m
Swath Width 60km 60km 60km

Cross Track Pointing

+ 318km (+ 24 deg)

+ 116km (£ 8.55 deg)

+ 116km (£ 8.55 deg)

Quantisation (bits)

8

8

12
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4.1.1. ASTER band selection
Table 4-3: ASTER TIR Band Specifications

Bandpass Effective
Bands Wavelength
(nm) (nm)
10 8.125-8.475 8.291
11 8.475-8.825 8.634
12 8.925-9.275 9.075
13 10.25-10.95 10.657
14 10.95-11.65 11.318

The TIR bands of ASTER are closely associated in wavelength and their content is highly
correlated. In order to highlight the differences between these highly correlated bands, rationing
is necessary. But in this case it is not possible. Band 10 (the shortest wavelength TIR band) was
selected for detection since due to its short wavelength is the most sensitive band for higher

temperature anomalies.

» Level 1B product is used in the study, one of the standard products of ASTER.

» It is geo-referenced, radiometric and geometric corrected data.

» TIR of two different time petiods was used which are 25 October 2006 and 27
November 2009.

4.2. ALOS PALSAR

ALOS (Advanced Land Observing Satellite) was successfully launched by JAXA (Japan
Aerospace Exploration Agency) on 24th January, 2006. PALSAR (Phased Array type L-band
Synthetic Aperture Radar) is the sensor which is carried by ALOS. It can operate at four primary
modes with different polarizations and off-nadir angles:

a) High resolution single-polarization (FBS) mode,

b) High-resolution dual-polarization (FBD) mode,

¢) Fully-polarimetric (PLR) mode, and

d) ScanSAR mode.
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Table 4-4: PALSAR satellite system: Sensor Characteristics

Imaging Frequency . Band at 1270 M
Orbit Sun Synchronous
Mean Altitude 691.65 km
Inclination 34.3°.
Orbit Period 100 min or 14 times a day
Repeat Cycle 46-days

ALOS orbits at an altitude of 691.65 km (at the equator) with 46-days repeat cycle. The centre
frequency of PALSAR is 1270 MHz, resulting in a wavelength of 23.62 cm and incidence angle
34.3°.

Table 4-5: ALOS PALSAR Data Specifications

S.No | Orbit | Date of Pass | Mode | Polarization | Frame Node
1 05421 | 30/01/2007 FBS HH 460 | Ascending
2 10118 | 18/12/2007 | FBS HH 460 | Ascending
3 10789 | 02/02/2008 FBS HH 460 | Ascending
4 11460 | 19/03/2008 | FBS HH 460 | Ascending
5 15486 | 20/12/2008 | FBS HH 460 | Ascending
6 | 20854 | 23/12/2009 | FBS HH 460 | Ascending
7 21525 | 07/02/2010 | FBS HH 460 | Ascending
8 26222 | 26/12/2010 FBS HH 460 | Ascending

4.3. Digital Elevation Model (DEM)

Merged SRTM (Shuttle Radar Topographic Mission) and CARTOSAT DEM (2006 and 2011) of
25m and 10m spatial resolution respectively are used in the study with projection UTM
(Universal Transverse Mercator), zone 45N and datum WGS-84. The vertical accuracy is 8m and
horizontal accuracy is 15m.

4.4. LISS 3 and CARTOSAT 2 pan sharpened image

Geocoded LISS 3 and CARTOSAT 2 pan sharpened image was is also used to remove the false
alarms, such as anomalous pixels from urban and industrial heat sources, river etc.
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5. METHODOLOGY

5.1. Methodology adopted in the study
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Figure 5-1: Flowchart of methodology
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5.2. Algorithm: To detect coal fire anomalies

The following algorithm is based on the work of (C. Kuenzer et al., 2008), (J. Zhang, 2004) and
(Hecker, Werff, & Bakker, 2011) used as implemented in IDL. This algorithm detects
anomalously warm pixels based on comparison with background (i.e. neighbouring) pixels.

5.2.1. Automated moving window approach

In this approach a subset window of M1 columns and N1 rows is moved over an image having M
number of rows and N number of columns (M1<=M and N1<=N). The window runs the

anomaly test on all the pixels inside it.
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Figure 5-2: Moving window method, where subsets are divided through a moving window over it. Source (J. Zhang,
2004)

In figure (5-2), the window moves over the image with the step X (X<= M-M1) in the column
direction and step Y (Y<= N-N1) in the row direction. The different kernels are in green and red
blob indicates same coal fire area sampled several times with different kernel positions and kernel
sizes.

The anomaly test: The histogram is calculated within the window every time it moves. To
extract the thermal anomalies from the background pixels, threshold is applied. Threshold
criterion classifies the image into binary image consisting of anomaly and the background.
Threshold value is determined based on the statistics within each sub-segment of an image and
the conditions to determine threshold value are mentioned below:

A primary condition: for the division between the anomalous pixels and background pixels is the

first local minimum (or the first turning point) after the global maximum of the histogram.
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A secondary condition: is that this point has to be at least at mean + standard deviation.

Moving window is decided by the user by setting parameters on kernel sizes to be analysed and
by the increment the kernel is moved over the image. The kernel size parameters are explained in
the next section.

Pixel is calculated many times in different subsets with all possible neighbourhood pixels. All
pixels with values greater than the threshold point are considered anomalous. If there is no local
minimum after the global maximum, no pixel is considered anomalous. However anomalous
pixels in the image increase with the decrease in threshold values.

Window size (or kernel size): Depending on the spatial dimensions of coal fire, window size is
decided to move over the image. In this case, window size is varied from 11*11 to 35 by 35. For
each window size a result is kept in memory.
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Figure 5-3: Saved output of different window sizes ranging from 11*11 to 35*35 and the normalized output of all
the layers.

In each layer, the digital number of the saved output is equal to the number of times the pixel has
been termed as thermally anomalous. For example, the DN holds a value 100 for a window size
of 11*11that means, the pixel has been sampled 11*¥11= 121 times, out of which it has been
termed as thermally anomalous 100 times.

The maximum value in the first layer is the 11*11= 121, similarly for second is 169 and for 13"
layer is 1225. Bach layer is normalized to the same maximum value as the 13™ layer through its
DN value times 1225 divided by the maximum value of the layer. After normalization, all the

layers are summed up produce the 14" layer which represents the accumulation of the moving
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window results. Its simulated threshold can be calculated as the mean of the 13 layers’ threshold
images.

Cut-off percentage: The number of times a pixel has been termed as anomalous, is visualised
using cut-off percentage on the average ‘layer 14°. The cut-off percentage strongly influence the
output. Different results were observed with varying cut-off percenatges. With lower cut-off
percentage, thermal anomalous pixels increases which results in higher number of false
alarms.When the cut-off percentage is set low as 50%, there will be more number of thermal
anomalous pixels extracted by the moving window. Also when it is set high such as 90%, there
are less number of thermal anomalies in the output image. In this case, we have used cut-off
percentage as 70%, which showed good reults in detecting coal fire related anomalies in China
detected by (J. Zhang, 2004) and in Jharia by (C. Kuenzer et al., 2008).

Removing false alarms: Some false alarms, such as industrial sources and water bodies were also
detected as thermally anomalous in comparsion to neighbouring pixels with this technique.
Anomalies detected using cut-off percentage of 70% were overlaid on optical Pan sharpened
image (Liss 3 and Cartosat 2) to remove the false alarms.

5.3. Validation of coal fires
The surface plans mapped using on-site field surveys in 2007-08 are used. A qualitative visual
inspection of the coal fire anomalies detected using ASTER data were compared and validated
with the surface plans.
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5.4. Differential SAR interferometry
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Figure 5-4: Flowchart of differential interferometry process
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5.4.1. Multi-looking and co-registration
The raw files are imported into SARscape and converted into Single Look Complex (SLC)
format. Master image and slave image is created by observing the date of pass. Multi-looking is
performed for interpreting the actual boundary because it is difficult to interpret the features in
this format. Subset of SLC images are utilized for baseline estimation and interferogram
generation.

5.4.2. Baseline estimation

To obtain information about the baseline values and other orbital parameters related to the input
pair, baseline estimation is carried out. When the ground reflectivity acquired with at least two
antennae overlap interferogram generation is feasible (“Synthetic Aperture Radar and SARscape,”
2009). When the perpendicular component of the baseline crosses further than a certain limit it is
characterized as critical baseline. (“Synthetic Aperture Radar and SARscape,” 2009). As a result of
geometric de-correlation no phase information is preserved at this stage causing loss of
coherence. The critical baseline is calculated as follows:

__ AR tané

B
no Ry

(-1
where, Rr is the range resolution, and 8 is the incidence angle

5.4.3. Interferogram generation

The SLC image is in the form of a two-dimensional array, wherein each pixel is associated with
the phase and the amplitude. The amplitude is associated to surface reflectivity. The changes at
the surface are associated with phase. Repeat pass acquisition is carried out in order to extract
useful information from phase, for which a correlation between the phase terms can be deduced.
Subtracting the two phases gives the height of the pixel in relation to the height of the sensor.
Eventually, an interferogram is generated by multiplying one image by the complex conjugate of
the other. The phase difference contributions from atmosphere, noise, topography and also any
movement occurred during the master and slave acquisitions are incorporated in the generated
interferogram. Hence, the interferogram generation is the process of pixel by pixel calculation of
the Hermitian product of two co-registered SAR images.

The phase of an interferogram is calculated as follows:

_ —1 (Imag()
¢ = tan (Real(])) (>-2)

where, Imag (I) and Real (I) are the imaginaty and real parts of the interferogram
The interferogram pairs generated are displayed in appendix B.

5.4.4. Interferogram flattening and topographic phase removal
As a consequence of the InSAR imaging geometry, the interferogram generated in section (5.3)
comprises of the flat earth effect. The flat earth effect is a consequence of the non-zero baseline.
Because of the presence flat earth effect the points with the same height on the ground does not
have the same interferometric phase (Y. Zhang, 2005). The Interferogram flattening is performed
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to generate a residual interferogram which is free from topography. This process is carried out
using a high quality external DEM as reference. The resultant interferogram contains fringes only
related to displacements, change in elevation, noise and atmosphere. In this study two different
external DEM were used. The details of the DEM are mentioned in section (4.3). Consequently,
the generated differential interferograms comprises of the deformation fringes.

5.4.5. Filtering and coherence generation
The filtering process incorporates the reduction of noise in the interferogram. In an
interferogram temporal de-correlation, baseline de-correlation and also thermal noise generated
by the sensor are the sources of phase noise.
Coherence which is an indicator of phase quality is generated. The coherence calculated from two
input co-registered SAR images (§1) and (S§1) is defined as (“Synthetic Aperture Radar and
SARscape,” 2009):

— 2181 ().S2(x)*|
VEIS1 ()2 X1S2 (x)[2

(5-3)

The phase stability between the master-slave acquisitions is indicated by coherence. The
coherence image values ranges between 0 and 1. The change in surface properties between
acquisition will tends to zero causing the decrease of the coherence degree. So, a small change in
the position and/or the physical characteristics of the surface scatterers within a given pixel is
detected as low coherence (Abdelfattah & Nicolas, 2010).

The coherence is a function of complete spatial de-correlation and temporal de-correlation
between master-slave acquisitions (“Synthetic Aperture Radar and SARscape,” 2009). In general,
coherence is inversely proportional to temporal baseline between master and slave image. Longer
the time interval between master-slave acquisitions lower is the coherence. Phase related
measurements are not derived interferogram pairs with low coherence.

The reliable surface information is present in the phase of the interferogram. Therefore, phase
noise filtering is considered as an essential process to reduce the phase noise(Chao, Chen, & Lee,
2013).

In view of the fact that Boxcar filter operates well for homogeneous areas (Chao et al., 2013), it
was used to detect the subsidence fringes.

The output of filtering and coherence is displayed in appendix C.

5.4.6. Phase unwrapping
The phase increases gradually as the terrain height increases. The interferometric phase values are
of 27 cyclic nature. After reaching 27 the phase values get wrapped automatically. Deleting any
integer number equivalent to an integer number of 21 phase cycles, the flattened interferogram
provides a measurement of the actual altitude variation. The process of adding the correct integer
multiple of 2n to the interferometric fringes is called phase unwrapping (Fletcher, European
Space Agency, European Space Research and Technology Centre, & ESTEC, 2007).
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5.4.7. Line of sight (LOS) path difference

A¢=%QM) (5-4)
ApA
b =57 6-5)

where,
A¢ = the phase difference between the subsidence fringe and the background
Ap = LOS path difference

A = wavelength of the radar pulse
In case of ALOS PALSAR A=23.62 cm

5.4.8. Subsidence
The subsidence measurements derived from the LOS path difference are calculated as follows:

(5-0)

Subsidence = Ap *

cos 38°

where, cos 38°=0.95

5.4.9. Validation of land subsidence areas

Land subsidence due to underground mining is monitored by the agencies working in the coal
field. The results were validated with the data provided by the agencies. The mining period of
Jamadoba 6&7 mining site was from April 2006 to December 2007 and the rate of subsidence
was 7.9 cm/ year. According to DInSAR observations, the subsidence rate was found to 8.74 cm
per year. However, validation of coal fire induced land subsidence could not be conducted in the
coal fire zones, because as such no data was available.

5.5. Detection of coal fire induced land subsidence
Coal fire induced land subsidence areas were detected by overlapping the results of thermal
anomaly map (union of 2006 and 2009) over the DInSAR derived land subsidence map
calculated between 2007 and 2010.
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6. RESULTS AND DISCUSSION

This chapter describe the research outcomes from the procured data and discussion of the

results.

6.1. Detection of coal fire affected areas and their spato-temporal
dynamics
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Figure 6-1: Coal fire affected areas in Jharia coalfield

In the year 2006, minimum spatial coverage of coal-fires was found to be 0.007 Km® near
Maheshpur and maximum was found 0.20 Km® in the eastward direction of Katrasgath.
Minimum spatial coverage of coal-fires in the year 2009 was found 0.02 Km”near Bastakolaand
maximum was found to be 0.08 Km”® near Jogta.

The areas marked in red highlights the areas with consistent fires detected in 2006 as well as in
2009. Some new fires have also been detected in some areas in the year 2009. Consistent coal fire
zones are observed near Dobari, Katrasgarh, Jharia, Maheshpur. Coal fire dynamics for two
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observation periods in the figure (6-3) indicates decrease from 1.46 Km?® to 1.35 Km® in 2006 and
2009 respectively.

Coal Fire
Dynamics
- M Coal
NE fires -
X 2006
=
= ® Coal
:?) fires -
2009

Observation Period

Figure 6-2: Coal fire dynamics.

The decrease in the spatial extent of coal fire areas is possible due to fire reclamation efforts
carried out by the mining agencies (discussed in section 3.2.1). It is also possible that some fires
can be mature enough to increase the temperature of the coal fire zone to be detected as
thermally anomalous pixel in a satellite image. General direction of movement of fire in aster
images is towards east.While investigating the coal fire dynamics, factors such as wind direction,
wind speed, dip directions of the coal seam and air temperature are not considered in the present
study. More likely dip directions of the coal seams would make burning of the fires in an up dip

direction.
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6.2. Detection of coal fire induced land subsidence areas
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Figure 6-3: Land subsidence affected area detected using DInSAR.

Observations in figure (6-3) indicates land subsidence phenomena in the coalfield by DInSAR
processing. According to the database provided by agencies, subsidence near Bhelatand (fringe id
F6), Jamadoba 6&7 (fringe id F8) and Digwadih (fringe id F9) is due to ongoing active

underground coal mining.
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COAL FIRE INDUCED LAND SUBSIDENCE AFFEDCTED AREAS
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Figure 6-4: Coal fire induced land subsidence affected areas.

From the integrated approach we are able to recognize coal fire related land subsidence by
overlapping the thermal anomalies with the DInSAR derived land subsidence results. Coal fire
induced land subsidence was detected in the north of Jharia coalfield. However, so far no
comparison with direct field measurements of subsidence rates induced by coal fires could not be

conducted.
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6.3. Investigation of the characteristics of coal fire induced land
subsidence in comparison to coal mining induced land subsidence.

6.3.1. Spatial dynamics of subsidence areas
The overlapping subsidence fringes observed in the DInSAR processing were used to monitor
the subsidence phenomenon. The subsidence fringes which overlapped with the coal fire zones
having fringe ID (F4 and F5). The details of the fringe statistics are discussed in Appendix-E.
The subsidence zones having fringe IDs F2 and F6 mentioned in figure (6-3) do not overlap with
the coal fire areas.
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Figure 6-5: Coal fire induced land subsidence spatial dynamics (F4)
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Figure 6-6: Coal fire induced land subsidence spatial dynamics (F5)
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Figure 6-7: Mining induced land subsidence spatial dynamics (F2)
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Figure 6-8: Active mining induced land subsidence spatial dynamics (F10)

The spatial extent of coal fire related land subsidence affected areas was found to decrease with
passage of time in figure (6-5) and figure (6-6). As some of the fires would be mature enough to
cause subsidence. However in case of the spatial coverage of mining induced subsidence areas is
increased. The affected areas increase with the subsidence phenomena caused by ongoing

underground mining activities. The mined areas are not provided the pillar support completely.
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6.4. To test if the temporal development of two subsidence types are
significantly differ from each other in DInSAR processing alone.
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Figure 6-9: Coal fire induced land subsidence
observed using DInSAR for (F4)
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Figure 6-10: Coal fire induced land subsidence
observed using DInSAR for (F5)
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Figure 6-11: Mining induced land subsidence
observed using DInSAR for (F2)
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Figure 6-12: Active Mining induced land subsidence
observed using DInSAR for (F10)

From the DInSAR processing, out of 28 intererogram pairs generated, only four interferogram
pairs revealed informative fringes. These interferogram pairs have better coherence than other
pairs. Loss of coherence could be the reason for the loss of information. The detailed
information about the interferogram pairs is mentioned in the appendix A.

The time series of the subsidence rates could not be generated due to limited number of
repetitive fringes inside a subsidence zone. However, with these limited number of repetitive
fringes, coal fire induced land subsidence areas shows decrease in the rate of subsidence with the
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passage of time. The mining induced subsidence phenomena shows gradual increase in
subsidence rates at active mining site and decrease at another at other mining site.
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7. CONCLUSION AND RECOMMENDATIONS

7.1. Conclusions

The spatial dynamics of coal fire observed helped to know the fire propagation direction. The
DInSAR processed results demonstrated its capability of mapping and monitoring land
deformations. Combining the results of coal fire related anomalies and land subsidence areas
facilitated to detect and analyse coal fire induced land subsidence. The findings of the research
carried out helped in answering the following questions.

1. How well can we map thermal anomalies with ASTER data?
A qualitative visual inspection indicates that the thermal anomalies agree well with the coal fire
maps derived from on-site field surveys. According the surface plans the total area covered by
coal fire zones is 16.48 Km” of the total study area. However, the ASTER data derived coal fires
showed spatial coverage of coal fires 1.45 Km® and 1.36 Km’ in the year 2006 and 2009
respectively.
In general coal fire is a very local phenomenon. In many cases, cracks and voids of few meters
are not hot enough to saturate a pixel of 90 meters to be considered as thermal anomaly in
comparison to background. The cumulative temperature of the pixel depends on location, surface
type, spread, and temperature of fire/crack and its surroundings. The detection capability of a
dataset for coal-fire-induced thermal anomalies is dependent on the image spatial resolution, the
temperature and size of a thermal anomaly, and also the temperature contrast between a thermal
anomaly and the background. It is subject of further investigation to detect and monitor coal fires
considering the above the mentioned factors.

2. How well do the deformations observed coincide with the coal fire?
The observations showed satisfactory results where the deformations showed good coincidence
with the coal fires. Not all the coal fire areas developed subsidence. The outcomes of the study
demonstrated that the integrated analysis of combing thermal anomalies with DInSAR results to
differentiate the land subsidence effects related to coal fire from those related to other subsidence
sources. So far no comparison with direct field measurements of subsidence rates induced by
coal fires could not be conducted.

3. Do all the coal fires detected show subsidence? What is the contribution of coal

fire induced land subsidence to overall subsidence scenario?

According to the observations, not only the coal fires are the reason for subsidence. Coal mining
carried out in the coalfield is also one of the reason of land subsidence. The overall subsidence
scenario observed using DInSAR data processing approach during a period of 2007-2010 is 3.14
Km® Out which 1.07 Km® area is affected by land subsidence due to coal fires which
approximate 34% of the total subsidence phenomena.

4. What is the nature of subsidence, gradual or sudden?
As discussed in the previous section (6.4) due to limited number of repetitive subsidence fringes
in subsidence affected zones, the time series of the subsidence rate could not be generated. So far
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with the results obtained from DInSAR processing, the nature of subsidence due to coal fires is
observed to be gradual.
5. How the spatial extent and rate of subsidence vary in relation to spatio-temporal
dynamics of coal fire?
The coal fire induced subsidence phenomena was observed only at two different locations in the
coal field. From the spatial dynamics of coal fire and the land subsidence observations, it was
perceived that the spatial extent of subsidence phenomena was moving in the same direction as
the coal fire.
6. How the spatio-temporal dynamics of coal fire induced land subsidence differ
from mining induced land subsidence?
The spatio-temporal characteristics of coal fire induced land subsidence shows that the spatial
coverage of affected areas is decreased on the other hand the spatial extent of mining induced
subsidence affected areas increased with the passage of time.
The assessment of coal fires using differential radar interferometry still has to be further
developed in order to serve as reliable analysis and monitoring tool.
7. What is the influence of subsidence on the development of coal fire and what are
the possible governing factors?
Ignition of underground coal fires is a slow process. Generally, cracks developed due to land
subsidence serves as inlets for oxygen to ignite underground coal fire spread. In present research,
coal fire pixels were observed in 2009 on the earlier developed land subsidence zone.

7.2. Recommendations

e To better understand the coal fire dynamics, it is recommended to consider factors such
as wind direction, wind speed, dip angle, air temperature of the study area.

e Also the dynamics of coal fire are studied only for two years in the present research, it
recommended to investigate the dynamics with higher number of observation period.

e It is also recommended for future studies to measure field based subsidence rates in the
coal fire zones and establish their quantitative comparisons.
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APPENDIX-A

Details of interferogram pairs

Table A-1: Details of interferogram pairs

2D
DAY OF PASS BASELINE AMBIGU | DOPPLER COH]“fERENC
MASTER ITY
s. | ORBIT- CENTROID | RANGE | AZIMUT | qp )
No | SLAVE DIFFERENC | SHIFT | HSHIFT | =5y
ooE | MASTER | SLAVE | NORMAL | CRITICAL | TEMPORA | HEIGHT ! (pixels) (pixels) Mean | St
SCENE SCENE (m) (m) L (DAYS) (m) (CRITICAL=2 Dev
159.827 Hz)
: 156‘12118 1/30/2007 | 12/18/2007 | 1320308 | 13112631 322 48.668 8.651 2038036 | -397.073 | Jan-Dec | 0.155 | 0077
) 1535;9 1/30/2007 | 2/2/2008 1851.591 13111.783 368 34702 11.102 27.877 94138 | Jan-Feb | 0157 | 0.087
\ fﬁé{) 1/30/2007 | 3/19/2008 | 1676413 | 13111783 414 38328 16,057 42,846 117516 | Jan-Mar | 015 | 0844
A fgj;é 1/30/2007 | 12/20/2008 |  809.634 13111783 690 79,361 0.224 45257 100818 | Jan-Dec | 0125 | 0.071
; 535;4 1/30/2007 | 12/23/2000 |  784.466 13111783 1058 81.907 9.508 49098 2159827 | Jan-Dec | 0.107 | 0.069
. ;f;s 1/30/2007 | 2/7/2010 | 1160089 | 13111783 1104 55.387 7373 2839 135013 | Jan-Feb | 0112 | 0.071
; ;;g;z 1/30/2007 | 12/26/2010 |  1994.59 13111.783 1426 32214 0187 41107 103.647 | Jan-Dec | 0.094 | 0.055
. 11%%89 12/18/2007 | 2/2/2008 534579 13027.664 46 119,598 2,045 1939352 | 384175 | DecFeb | 055 | 0481
. 11(;116%‘ 12/18/2007 | 3/19/2008 | 356375 13027.664 92 179.403 72 1934364 | 387093 | Dec-Mar | 0364 | 0144
" 11(;%86 12/18/2007 | 12/20/2008 | 2126318 | 13027.664 368 30.068 9.081 1933764 | 385283 | DecDec | 0146 | 0.085
y 12%183 12/18/2007 | 12/23/2009 | 582232 13027.664 736 109.809 18.365 1932.362 384368 | DecDec | 0123 | 08
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2P
DAY OF PASS BASELINE AMBIGUIT | DOPPLER COHFIERENC
MASTER Y RANG | AZIMU

s. | ORBIT- CENTROID E TH | SEASO
No (S)II‘QE MASTER | SLAVE | NORMAL | CRITICA | TEMPORAL | HEIGHT DIFFEERENC (S:XI:;Z) (s;:g;r) N Vean | St
SCENE SCENE (m) L (m) (DAYS) (m) (CRITICAL=2 Dev

159.827 Hz)
0 12(;151285 12/18/2007 | 2/7/2010 170157 | 13027.664 782 375739 1484 19349'23 380288 | DecFeb | 0127 | 0764
10118 193491
» oy | 12/18/2007 | 12/26/2010 | 703195 | 13027664 1104 90.92 8.67 A 386,841 | Dec-Dec | 0103 | 0.104
14 11(;18690‘ 2/2/2008 | 3/19/2008 | 182358 | 13006.259 46 350.148 4955 14968 | 25344 | Feb-Mar | 044 | 0148
15 | 10789 322 Feb-D 0.083
15486 2/2/2008 | 12/20/2008 | 2656.016 | 13006.259 24041 11.326 16749 | 8.866 eb-Dec |14 | O

16 g%;ii 2/2/2008 | 12/23/2000 | 1113121 | 13006259 690 57,363 2061 20964 | 0452 | Feb-Dec | 0125 | 0.078
17 12(;758295 2/2/2008 | 2/7/2010 693754 | 13006259 736 92,039 3729 0352 | 40905 | Feb-Feb | 0126 | 008
18 1206728292 2/2/2008 | 12/26/2010 | 322237 | 13006259 1058 198.153 10.915 13202 | 113290 | FebDec | 011 | 0072
19 111516806’ 3/19/2008 | 12/20/2008 | 24829 13010393 276 25724 16.282 1739 | 16454 | MarDec | 0139 | 008
20 1210‘;6504 3/19/2008 | 12/23/2000 | 931.125 | 13010393 644 68.595 25,565 5081 | 25802 | MarDec | 0121 | 0075
21 1211456205 3/19/2008 | 2/7/2010 522205 | 13010393 690 122309 8.684 14623 | 15568 | MarFeb | 0128 | 008
2 1216‘;6202 3/19/2008 | 12/26/2010 | 389.839 | 13010393 1012 163.838 15.87 1669 | 12034 | MarDec | 0107 | 0069
23 1250‘;853 12/20/2008 | 12/23/2000 | 1591.944 | 13102.934 368 4034 9.283 4252 | 7351 | DecDec | 0166 | 0.093
24 1251‘;8265 12/20/2008 | 2/7/2010 | 1959.582 | 13102934 414 32772 7597 16353 | 3202 | DecFeb | 0167 | 0.091
25 1256‘;262 12/20/2008 | 12/26/2010 | 2802422 | 13102.934 736 22916 L0412 3.303 4415 | Dec-Dec | 0114 | 0.066
26 22(;855245 12/23/2009 | 2/7/2010 461416 | 13043168 46 138416 16881 206 41374 | DecFeb | 05 | 015
27 22068252‘; 12/23/2000 | 12/26/2010 | 1218468 | 13043.168 368 52,519 9,695 7633 | 13763 | DecDec| 05 | 015
28 2216522252 2/7/2010 | 12/26/2010 | 872617 | 13033.501 322 73,294 7.186 12934 | 27578 | Feb-Dec | 0182 | 0104
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APPENDIX-B

Coherence images of interferogram pairs

Figure B-2: Interferogram pair (10118-11460)
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Figure B-4: Interferogram pair (20854-21525)
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APPENDIX-C

Filtered output of interferogram fringes

Figure C-2: Filtered image pair (10118-11460)
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Figure C-4: Filtered image pair (20854-21525)

Page | 50



Coal Fire Induced Land Subsidence Analysis by Integrated TIR and DInSAR Data Processing approach

APPENDIX-D

UNWRAPPED IMAGES

Figure D-2: Unwrapped image (10118-11460)
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Figure D-4: Unwrapped image (20854-21525)
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APPENDIX-E

Subsidence fringe statistics

Table E-1: Subsidence fringe statistics

InSAR Pair Temporal Unwrapped Phase Statistics Phase LOS Path Subsidence
.. P Fringce Difference Difference (in cm) Area
(Acquisition Baseline g .
Period) ID Fringe Background (in Km?)
(Days) . . Max. | Average | Max. | Average | Max. | Average
(min to max) (min to max) ©
-2.44 + 0.65 -3.48 + 0.31
F1 2.52 1.04 4.73 1.95 4.967 2.0475 0.28
(-4.27 to -0.58) (-4.15 to -3.1)
-2.15%0.82 -3.15%£0.19
F2(a) 3.22 1 6.05 1.87 6.353 1.9635 0.19
(-3.37 to 0.33) (-3.39 to -2.89)
_ -1.79 + 1.02 -3.32£0.16
10118-10789 46 F3 3.65 1.53 6.85 2.87 7.193 3.0135 0.12
(Dec 07-Feb 08) (-3.12 t0 0.57) (-3.61 to -3.08)
-2.17 £ 0.61 -3.13 £ 0.20
F4(a) 2.99 0.96 5.61 1.8 5.891 1.89 0.86
(-3.34 to 0.04) (-3.58 to -2.95)
-213+0.74 -3.0+0.19
F5(a) 3.25 0.87 6.1 1.63 6.405 1.7115 0.21
(-3.16 to 0.45) (-3.27 to -2.8)
2.38 £ 0.62 1.77+0.3
F4(b) 3.21 0.61 6.03 1.14 6.332 1.197 0.29
(0.89 to 5.6) (1.32 to 2.39)
1.83 £ 0.79 091 £0.13
F5(b) 3.51 0.92 6.59 1.72 6.92 1.806 0.18
(0.75 to 4.63) (0.71 t0 1.12)
2.87 £ 0.66 2.04+02
F6 1.75 0.83 3.2 1.55 3.36 1.6275 0.13
10118-11460 9 (1.81 to 4.21) (1.73 to 2.46)
(Dec 07-Mar 08 ) 238109 1.4+03
F7 2.65 0.98 4.9 1.84 5.145 1.932 0.04
(1.32 to 4.41) (0.83 to 1.76)
2.87 £0.76 1.75 £ 0.22
F8 2.9 1.12 2.1 2.1 2.205 2.205 0.24
(1.68 to 5.07) (1.35 to 2.17)
2.77+£0.85 175+ 0.3
F9 2.87 1.02 5.39 191 5.66 2.0055 0.16
(1.56 to 4.9) (1.02 to 2.03)
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InSAR Pair Temporal . Unwrapped Phase Statistics 'Phase L.OS Path Sul.)51dence
. .. X Fringe Difference Difference (in cm) Area
(Acquisition Baseline D . 2
Period) (Days) ! Fringe Background Max Average Max Average | Max Average (in K9
(min to max) (min to max) ) 5 5 ' 5
B 021+14 -0.81 = 0.63
10789-11460 46 F10(a) 2.83 1.02 5.31 1.91 5.576 2.0055 0.15
(Feb 08-Mar 08) (-3.7 to 2.57) (-2.61 to -0.20)
-2.84£1.73 -3.21£0.66
085421505 F2(b) 1.99 0.36 3.73 0.67 3.917 0.7035 0.03
(Dec 09-Feb 10) 46 (-6.01 to -0.07) (-4.22 to -2.06)
F10(b) 1672 0.64 276 £0.21 2.68 1.09 5.03 2.04 5282 | 2142 0.22
(-2.810 0.19) (-3.25 t0 -2.49) ' ) o ] ] ' '
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APPENDIX-F

Figure (a), (b), (c) and (d) shows coal fire affected areas. The areas encircled in red colour are the cracks
from where the smock comes out.
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