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Abstract

Mine subsidence is the lowering or collapse of the land surface, caused by underground mining activity.
Mine subsidence is of major concern to the coal mining industry, government regulators, and
environmental groups.

Subsidence is currently monitored by repeated ground survey using automatic/digital levels (in line
levelling), total stations (in EDM height traversing) and GPS receivers (in static and kinematic surveys).
Both digital levels and total stations can deliver 0.1mm height change resolution, while GPS can claim
Smm in static and 2-3cm in RTK (real-time-kinematic) height determination accuracy. These current
techniques monitor ground subsidence on a point-by-point basis and are, therefore, relatively time-
consuming and costly.

Differential radar interferometry (DInSAR) can deliver ~lcm height change resolution. The
combination of regular radar beam scanning and movement of the satellites carrying the radar sensor
enables imaging of the mining region in seconds, from which subtle ground movements can be
detected. For example, subsidence with a maximum amplitude of 1cm over 24 hours has been detected
with a resolution of 3mm using a pair of satellite images acquired by the European Space Agency. In
another example, a DInSAR result has been generated using a pair of satellite images acquired 44 days
apart by the Japanese Space Agency. Quantitative validation comparing the DInSAR-derived
subsidence profile against ground truth shows a best RMS error of 1.4cm.

However, atmospheric disturbances such as tropospheric inhomogeneity (differential tropospheric
delay) can lead to misinterpretation of DInSAR results. Differential corrections as much as several
centimetres may have to be applied in order to ensure sub-centimetre accuracy for the DInSAR result.
A methodology has been developed to use GPS (the Global Positioning System) observations to
measure atmospheric disturbances so that the DInSAR results can be corrected.

A Geographic Information System (GIS) has been extensively used to post-process InSAR results
throughout this project and. GIS can be used to present the final results in various formats, for example,
profiles for validating with ground truth, subsidence contour maps, and three-dimensional views.
Professional looking thematic maps can be generated based on these analyses, lining up with the
practice within the mining industry to deliver drawings/maps in a GIS format. Multi-temporal DInSAR
results can be analysed using GIS, and the final results compiled into an animation, showing the
subsidence region moving as time passes. A virtual reality image (“fly-through”) has been generated in
the GIS, combining DEM, aerial photography, and DInSAR subsidence results.

The UNSW InSAR-GPS-GIS Integration Software has been developed to support the seamless flow of
data among the three technologies, DInSAR, GPS, and GIS.

Several radar satellite missions, some especially designed for InSAR, are scheduled for launch over the
next few years. Therefore, in the near future radar data of global coverage with weekly or even daily
revisit will be made available at multiple radar bands. With atmospheric disturbances properly
accounted for, DInSAR will surely be a cost-effective, reliable, and operational tool that complements
traditional ground survey methods.
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1 Minesubsidence

Mine subsidence is the lowering or collapse of the land surface, caused by underground mining activity.
The rocks above mine workings may not have adequate support and can collapse from their own
weight either during mining, or long after mining has ceased. Factors affecting subsidence include
(Neshitt, 2003):
- Depth of cover,

Overlying strata properties,

Seam thickness,

Panel width,

Chain pillar size, and

Surface topography.

The need for subsidence monitoring of underground mining operations is multi-fold:
- Legidative requirement,
Subsidence prediction,
Maximise coal extraction,
Structural design,
Risk management, and
Environmental monitoring.

For example, proposals to enhance coa recovery via the use of the longwall mining method will
receive critical review and assessment as to the likely environmental impacts of subsidence. This
assessment considers all impacts on infrastructure such as roads, houses, buildings, pipelines, bridges,
aswell as public utilities such as schools, water supply and sewage systems, and dams. In addition, the
possible subsidence impact upon natural features such as streams, rivers, lakes, cliff lines, rock
formations and archeological sites are aso considered. Recommendations for ongoing monitoring and
review are included as approva conditions, with the results or reporting of such programs being
included in the annual environmental management report.

In addition, in the established coal mine fields of eastern Australia, it is becoming increasingly difficult
to select underground minesites which avoid major engineering structures, both on the surface and
underground (highways, bridges, buildings, abandoned underground workings, and so on). The Tower
Coalliery, an underground longwall mine southwest of Sydney, is a representative example, where the
surface topography overlying the mine consists of severa steep-sided river gorges. The surface is
traversed by a freeway which crosses one of the gorges. Consequently, a major surface subsidence
monitoring program has been in place for severa years, including intensive conventional line levelling,
GPS and EDM surveying, plus real time monitoring of critical components of the bridge structure.

Therefore, ground subsidence due to underground mining is of maor concern to the coal mining
industry, government regulators, and environmental groups, to name just a few.

Subsidence is currently monitored by repeated ground survey using automatic/digital levels (in line
levelling), total stations (in EDM height traversing) and GPS receivers (in static and rea-time-
kinematic surveys) (Schofield, 1993). Both digital levels and total stations can deliver 0.1mm height
change resolution, while GPS can clam 5mm in static and 23cm in RTK height determination
accuracy.
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These current techniques monitor ground subsidence on a point-by-point basis and are, therefore,
relatively time-consuming and costly. Hence, the monitoring is usualy constrained to very localised
areas, and it is very difficult to monitor any regional deformation induced by underground mining. In
addition, even in the localised area, the monitoring points are not usually close enough to assist in
understanding the mechanisms involved in ground subsidence.

Attempts are being made to map subsidence using photogrammetry or airborne laser scanning (ALS).
Both are essentially DEM generation technologies A straightforward approach to detect mine
subsidence would then be taking the difference between two DEMs generated on two different
occasions using the same technology.

The stereo-optical imaging based photogrammetry has long been the most popular DEM generation
technology, in which o images of the same area, viewed from different angles, are appropriately
combined to extract topographical information. However, a painstaking manual effort is required in
obtaining topographic information from stereo-optical images. Traditional aerial photography is still
cost efficient, digital aerial photography has a foothold, but companies are still buying conventional
cameras at great expense. A highresolution photo contains a huge amount of information, digital
cameras and associated computer hardware and software is still at a stage where it struggles to match
stereo photo techniques both in production and storage of data.

Another technique for mapping terrain which is being rapidly developed is aeria laser scanning (ALS).
ALS is a member of the so-called “Light Detection And Ranging” (LIiDAR) group of surveying
methodol ogies that include airborne laser profiling and terrestrial laser scanning. In ALS, the laser is
mounted under the plane; it is coupled with a GPS unit, and usualy an inertial measurement unit as
well insde the plane, which constantly records precisely the position, attitude and acceleration of the
aircraft. The laser "paints' the terrain, picking up points at pre-determined grid spacing on the ground.
This technique is expensive, if a whole region needs to be surveyed rather thanfor corridor type
surveys, such as roads, rail, pipelines or coastal strips.

Real-Time Kinematic (RTK) GPS (with centimetre-level accuracy) has been employed to examine the
quality of some DEMs generated by such means as photogrammetry and airborne laser scanning. The
results show that a DEM generated from airborne laser scanning has the highest accuracy with a RMS
error of 0.09 ~ 0.3m depending on the terrain, i.e., 0.09m for flat terrain and 0.3m for rougher terrain.
The RMS error of DEMS derived by photogrammetric means is 1.35 ~ 2.43m Because none of them
has centimeter level accuracy, it is impossible to detect subsidence of this level by smply differencing
two DEMs. Therefore, new technigues must be developed that are both accurate and give a fine
gpatial characterisation of the ground deformation.

Differential radar interferometry (DINSAR, Chapter 2) can deliver ~1cm height change resolution
(Massonnet et al, 1993). Since radar beams scan in the range direction, the movement of the platformin
azimuth direction completes the 2D imaging of the mining region (Stow & Wright, 1997; Perski &
Krawczyk, 2000). The current geodetic technologies mentioned earlier, however, can only measure
subsidence on a point-by-point basis. Therefore, DINSAR and geodetic technologies are
complementary for the purpose of monitoring ground subsidence due to underground mining.

Like any other remote sensing technique, radar signals originating from the satellite-borne antenna pass
through the atmosphere, strike the ground, are reflected by the surface, and pass back through the
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atmosphere, before being received by the antenna. Although radar has the ability to penetrate cloud
(and hence atmospheric disturbance has no impact on the radar image itself), it is one of the major error
sources in radar interferometry — where two radar images are combined to form the interferogram
representing the difference of phase or electromagnetic wave path between the two radar image
acquisitions. Chapter 3 explains how to use GPS (the Global Positioning System) observations to
measure atmospheric disturbances so that the DINSAR results can be corrected.

Through the life time of this ACARP project it has been found that the GIS (Geographic Information
System) is an extremely useful tool to further analyse the GPS-corrected DINSAR results (i.e.,, mine
subsidence maps). Chapter 4 explains how to use GIS to post-process DINSAR results in order to
deliver various high quality products that conform with the mining industry standards.

Therefore, through the findings of this ACARP project a prototype operational system, as shown in
Figure 1-1, has been developed for the optimal integration of the two geodetic techniques - Global
Positioning System (GPS) and Interferometric Synthetic Aperture Radar (INSAR) - and the analysis
and visualisation techniques afforded by the Geographic Information System (GIS), making it possible
to measure, on a cost-effective basis, on a regular basis, the ground subsidence due to underground
mining operations.

Chapter 5 describes the UNSW InSAR-GPS-GIS Integration Software. The functions of its modules
are given in detail. Chapter 6 summarises the findings from this ACARP-funded research. The
appendix provides a collection of results and other background information related to the project.

Third party GPS software UNSW GPS > Third party GIS software
e.g. Bernese processing procedures e.g. ArcGIS

~ l

NSW InSAR-GPS-GI

I ntegr ation Software U'\.ISW GIS
processing procedures
A
/
Third party InSAR software . UNSW InSAR GPSInSAR
e.g. Atlantis EarthView InNSAR [ ™| processing procedures results

Figure 1-1 Integration of InSAR, GPS, and GI S for monitoring mine subsidence.
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2 Radar interferometry for mine subsidence monitoring

2.1 Radar, SAR, InSAR, and DInSAR

A typical radar (RAdio Detection and Ranging) measures the strength and round-trip time of the
microwave signals that are emitted by a radar antenna and reflected off a distant surface or object.
The radar antenna alternately transmits and receives pulses at particular microwave wavelengths (in
the range 1cm to 1m, which corresponds to a frequency range of about 300MHz to 30GHz) and
polarisations (waves polarised in a single vertical or horizontal plane).

Radar differs from optical sensors in the type of data it acquires and in how this data is collected.
Typical multispectral sensors, such as SPOT and LANDSAT, collect the energy reflected from the
Earth’s surface at wavelengths roughly equivalent to those detected by our eyes. These sensors
capture the reflected energy within one or more frequency bands. Each band or channel represents a
unique picture of the Earth’s surface and can be interpreted individually or in combination with
other bands. Image processing techniques make it possible to combine these bands to produce a
colour image of the Earth’s surface.

Radar sensors such as JERS, RADARSAT, ERS, and Envisat make use of energy transmitted at
microwave frequencies (not detected by the human eye). These sensors operate at a single
microwave frequency, which generates one channel of data and, consequently, a black and white
image. This “one-channel” image can be combined with multi-date radar data (e.g., for change
detection) or with data from other sources to create colour images. As an active sensor, radar
transmits a microwave energy pulse directly towards the surface of the Earth. The sensor measures
the amount of energy which returns to the satellite after it interacts with the Earth’s surface, which
forms the intensity image, and also the round-trip time between the sensor and the surface, which
forms the phase image. Unlike optical sensors, radar’s microwave energy penetrates clouds, rain,
dust, or haze, and acquires images regardless of the sun’s illumination, enabling radar to collect data
under most atmospheric conditions.

In other words, an imaging radar works very much like a flash camera in that it provides its own
light to “illuminate” an area on the ground and take a “snapshot picture”, but at radio wavelengths.
A flash camera sends out a pulse of light (the flash) and records on film the light that is reflected
back at it through the camera lens. Instead of a camera lens and film, a radar uses an antenna and
digital computer tapes to record its images. In a radar image, one can see only the light that was
reflected back towards the radar antenna.

For an imaging radar system, about 1500 high-power pulses per second are transmitted toward the
target or imaging area, with each pulse having a pulse duration (pulse width) of typically 10-50
microseconds (ps). The pulse normally covers a small band of frequencies, centred on the
frequency selected for the radar. Typical bandwidths for an imaging radar are in the range 10 to
200MHz. At the Earth's surface, the energy in the radar pulse is scattered in all directions, with
some reflected back towards the antenna. This backscatter returns to the radar as a weaker radar
echo and is received by the antenna in a specific polarisation (horizontal or vertical, not necessarily
the same as the transmitted pulse). These echoes are converted to digital data and passed to a data
recorder for later processing and display as an image. Given that the radar pulse travels at the speed
of light, it is relatively straightforward to use the measured time for the round-trip of a particular
pulse to calculate the distance (or range) to the reflecting object. The chosen pulse bandwidth
determines the resolution in the range (cross-track) direction. Higher bandwidth means finer
resolution in this dimension.



A synthetic aperture radar, or SAR, is a coherent radar system that generates high resolution remote
sensing imagery. Signal processing uses magnitude and phase of the received signals over
successive pulses from elements of a synthetic aperture to create an image.

The concept of synthetic aperture radar as a mapping sensor was first introduced by Carl Wiley in
1951 (Way & Smith, 1991). In order to map the ground surface, the radar beam is directed to the
side of the platform trajectory. The antenna has a sufficiently wide beamwidth in the along-track
direction so that a given target or area is illuminated by a number of pulses. The number of
illuminating pulses is typically of the order of a thousand, and the ensemble of locations of the
antenna during the illumination of a given target constitutes the “synthetic aperture” of the system.

The distance from the sensor to the target is called the “range”, and it changes for each pulse that
the radar emits. The phase of the received signal varies with range as the sensor moves relative to
the target, causing the Doppler effect.

A unique feature of SAR is that signal processing is used to combine the backscatter received from
the many pulses illuminating a specific target into a well-focussed, high-resolution image. The
signals are combined using a matched filter, which corrects for the differences in phases from a
given target, and then adds the signals. This has the effect of “synthesizing an antenna” which is
significantly longer than the antenna itself — hence the terminology “synthetic aperture radar”.

The achievable azimuth resolution of a SAR is approximately equal to one-half the length of the
actual antenna and does not depend on platform altitude or range from the target (to a first order),
which enables satellite SAR systems to operate. However, there are limitations to the maximum
range that can be used by a SAR system, as the received signal/noise ratio (SNR) decreases with
range. For this reason, the altitude of radar satellites is usually designed to be 500 to 800km, much
lower than, say, GPS satellite altitudes.

Installed aboard aircraft or spacecraft, high-resolution synthetic aperture radar is a very effective
all-weather terrain and ground surface-change mapping tool. More modern and specialised SAR
modes of operation include ScanSAR, spotlight SAR, polarimetric radar, and interferometric SAR.

Interferometric SAR (INSAR or IfSAR) systems exploit the phase difference from two SAR images
acquired over the identical scene, thereby some useful geodetic information, such as the digital
elevation model (DEM), can be derived (Graham, 1974). Two sets of SAR image values are
registered by using correlation techniques in the INSAR processing to an accuracy of 1/8 of a pixel.
Then, the phase differences between the two images are calculated to generate the interferogram.
These phase differences in the interferogram wrap around in cycles of 2m, and need to be
“unwrapped” in order to obtain absolute phases. Finally, the absolute phase will be converted into
height information.

Consider two radar antennas, Al and A2, separated by a baseline distance B, as shown in Figure 2-1.
In the case of simultaneous imaging from two separate antennas, one both transmits and receives
the radar signal and the other only receives the reflected signal. This method is the so-called single-
pass interferometry and is used for airborne and space shuttle SAR systems. In the case where a
single-antenna SAR system is used to image the same area on the ground by revisiting after a period
of time, such a method is referred to as the repeat-pass interferometry and is used in spaceborne
SAR systems.

As mentioned earlier, when the SAR systems image the area on the ground, both amplitude and

phase of the backscatters (dependent on the scattering mechanism on the ground) are recorded by
the receiving antenna . The similarity in scattering mechanism in the two images is indicated by the
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coherence. Low coherence indicates the scattering mechanism is dissimilar between the two images
and results in phase noise. For interferometry, only the phase property is of interest.

In a simplified geometry as shown in Figure 2-1, where the radar antennas are looking directly
orthogonal to their orbit motion, the differential phase between the two SAR records is given by
(Zebker & Goldstein, 1986):

— 14 4
Ap = 7”Bsin(0—a)+7ﬂAr

(2.1)

where

@ is the look angle to a given image point,

B is the magnitude of the distance between the antenna locations, known as the spatial
baseline,

a is the angle of the baseline vector measured from the orbital horizontal,

A is the radar wavelength, and

Aris the displacement of the image point along the radar line-of-sight from one observation
time to the next.
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Figure 2-1 InSAR geometry.
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If the natural variation in Ag due to a reference surface at zero elevation is removed from Equation
(2.1), then

L
reSindo A

— 4
A@fiat = 7” Bcos(@. - a)

(2.2)

where
6o is the look angle, not to the image point but to the reference surface,
ro is the range to the reference surface, and
h is the height of the image point above the reference surface.

Equation (2.2) indicates that the first term is proportional to topography and the second term is
proportional to the topographic change. Because the wavelengths for X-, C- and L-band radar are
3cm, 5.6cm, and 23.5cm respectively, C-band radar is about four times as sensitive as L-band while
X-band radar will be twice as sensitive as C-band for mine subsidence detection.

If the two images are acquired at the same time but at different sensor locations, then the phase
difference is related to the topography. If the scene is imaged from the same location but at
different times, then the phase difference is a record of topographic change. If the scene is imaged
from different locations and at different times, then the phase difference is a record of both
topography and topographic change. Because B/ry is much smaller than one, the phase difference is
much more sensitive to ground displacement than to terrain variation.

In the case of ERS Tandem data, in which the two radar images are acquired only 24 hours apart,
the ground displacement Ar can usually be neglected, as long as there is no event such as an
earthquake, because the time interval between the “master” and “slave images” is very short.
Therefore, Equation (2.2) can be reduced to

4_/7 B h Arosin 8o
Apra="3"" L Ginge O h=""278 O¢m
(2.3)

where the perpendicular baseline is defined as B =B cos(6o—-a) .

From Equation (2.3) it can be seen that the smaller the wavelength and look angle. and the bigger
the perpendicular baseline, the higher the height resolution of the INSAR-generated DEM. However,
the smaller the wavelength and the bigger the perpendicular baseline, the more the computed
elevations will be susceptible to low coherence of the INSAR pair.

Note that Equation (2.2) is based purely on geometric relationships. When contributions from the
atmosphere disturbance, orbit error, and radar noise are considered, the interferometric phase, ¢, in

the interferogram, consists of several different components:

¢ = ¢topo + ¢disp + ¢delay + ¢orbital + ¢noise
(2.4)



where:
Ppo 1S the topographic component,

@4 1S the ground surface deformation component,
Py 1S the delay of the radar signal due to the fluctuations due to the atmosphere, in

particular the changes of water content (this will be dealt with in Chapter 3),
Yo 1S the orbital component related to the relative position of the satellite tracks (it can be

modelled and removed using orbital data during the processes), and
Pooise 1S the phase noise due to the decorrelation of the interferometric signal caused by

either long baseline distance or temporal separation between the two image
acquisitions.

Based on InSAR, a new technique called differential INSAR (DInSAR) allows for the measurement
by satellites of small deformations of the terrain (down to millimetres) that have occurred between
the two different image acquisitions. In DINSAR analysis, the topographic contribution to the phase
difference in Equation (2.4) is carefully removed using a digital elevation model. Atmospheric
disturbances can be either accounted for using GPS observations, or neglected if the atmosphere is
homogeneous at the time of radar acquisition. Orbit contribution can be corrected during DINSAR
analysis. Various filtering techniques can be used to suppress radar noise. Therefore, ground
movement has been singled out from Equation (2.4) in this process. Since the first description of the
DInSAR technique (Gabriel et al., 1989), it has been demonstrated as a very useful method of
mapping the ground deformation due to volcanic activity (Lanari et al., 1998), glacier movement
(Goldstein et al., 1993), seismic events (Zebker et al., 1994), underground mining activities
(Wegmuller et al., 2000), and so on.



2.2 Radar satellites for differential radar interferometry

Although it is possible to map mine subsidence using radar systems installed on aircraft (e.g.
AIRSAR, http://airsar.jpl.nasa.gov/) or the space shuttle (e.0. SRTM,
http://www.jpl.nasa.gov/srtm/), it is much more cost-effective to do so using spaceborne radar
systems. Figure 2-2 summarises the radar satellites collecting data which can be used for DInNSAR
analysis, in the past, currently and in the near future. The upper part of the figure illustrates the life
time of the satellites and the bottom part is a histogram showing the total number of available
satellites. From the figure it can be seen that after the first radar mission of SEASAT in 1978,
spaceborne radar missions have been dominated by the NASA space shuttles
(http://lwww.jpl.nasa.gov/radar/sircxsar/) until the launch of ERS-1 by the European Space Agency
(ESA) on 17 July 1991. As a result of the race among the European, Japanese, and Canadian space
agencies, JERS-1, ERS-2, and Radarsat-1 have been launched. A “golden period” for INSAR was
the years 1993 to 1998, especially between 1995 and 1998, when spaceborne radars were available
at two different bands (C- and L-bands, 5.6cm and 23.5cm respectively in wavelength) and the
maximum number of satellites reached 4. The climax of this period was the ERS tandem mission in
which the ERS-1 and ERS-2 satellites imaged the same area only 24 hours apart. In a new round of
interest among the European, Japanese, Canadian, American and Chinese space agencies, Envisat
has been put into orbit in 2002; ALOS, Radasat-2, and TerraSAR-X will be launched in 2005; a
small radar satellite will be launched before 2006 by China; TerraSAR-L and an InSAR dedicated
satellite have been planned in the next 5 years (not included in the figure); constellations of INSAR
satellites have also been planned for the next 5 to 10 years by the NASA and other space agencies
(Solomon et al., 2003) (not included in the figure). Therefore, the new golden period will be defined
by several radar (including some INSAR dedicated) satellites collecting data in the X-, C- and L-
bands (3cm, 5.6cm and 23.5cm respectively in wavelength).

However, this ACARP project started at a very challenging time (2002) when there were only two
C-band satellites available, namely Radarsat-1 and ERS-2. Making the research more difficult was
the fact that Radarsat-1 is also a commercial satellite and it is very expensive to purchase its data.
The gyroscope aboard the ERS-2 satellite also failed in early 2001 (http://www.tbs-
satellite.com/tse/online/sat_ers_2.html), making the ERS-2 data unsuitable for InSAR. Although
Envisat was launched in March 2002 after some delay, it took much longer than anticipated for the
satellite to become operational, since there are more than ten different instruments on the same
spacecraft (http://envisat.esa.int/instruments/). Therefore, the studies have concentrated on
historical data collected by JERS-1, ERS-1 and ERS-2.
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2.3 Background of DINSAR for mine subsidence monitoring

This section gives a general review of the available literature that have employed DInSAR for the
purpose of mine subsidence monitoring. The issues of what has been achieved and what are the
potential limitations and difficulties of the DINSAR are discussed.

There are in the open literature four case studies of monitoring underground mining-induced
subsidence with DINSAR. One is the Vauvert salt mine in France (Raucoules et al., 2003), and
others are the underground coal mines in the Ruhrgebiet (Germany) (Wegmuller et al., 2000;
Spreckels et al., 2001), Gardanne (France) (Carnec et al., 1996; Carnec & Delacourt, 2000), and
Selby (UK) (Wright & Stow, 1997;1999).

Vauvert salt mine (France)

The salt formation of Vauvert is located at a depth of between 1900m and 2800m. The expected
subsidence rate is 0.5 ~ 1cm / year with the affected area size being 4km across. ERS-1/2 data are
used in this study to try to detect mine subsidence. It was indicated that the vegetation cover of the
local area was unfavourable for INSAR and degrades the coherence between the radar images. The
INSAR pairs have been selected carefully to have the shortest perpendicular baselines (< 100m) to
limit geometric decorrelation and topographic errors. Interferogram stacking method is used in this
study to reduce the effect of the noise in the interferogram, as the power of residual noise will be
divided by the square root of the number of “stacked” interferograms. The amplitude of the mine
subsidence detected by DINSAR is between 2 ~ 2.2cm / year with the affected area of
approximately 8km in diameter. The data validation shows a mean and RMS value of 0.16 and
0.198cm / year respectively against ground truth.

Ruhrgebiet (Germany)

Underground coal mining in the German Ruhrgebiet is at depths of about 950m. Ruhrgebiet
consists of three mine sites located in the cities of Gelsenkirchen, Dorsten and Recklinghausen.
ERS-1/2 radar images were used for the investigation. The selection of the radar images was
restricted to short acquisition time intervals (about 35 and 70 days, i.e. one and 2 repeat cycles of
ERS-1/2 satellites) and short spatial baseline (< 200m), considering the high deformation velocities
expected for the active mining areas. Also winter acquisitions were preferred for the higher
coherence over agricultural areas as most of the subsiding area is non-urban. An adaptive bandpass
filter was employed to reduce the phase noise of the differential interferograms. The phase-
unwrapping is a problematic step due to discontinuities and inconsistencies of the phase fringes
caused by the high phase noise. Nevertheless the interferograms can precisely represent the location
of the so-called “zone of affected ground”. The conventional ground surveying data (ground truth)
and subsidence models are combined to validate the DINSAR results. The subsidence profiles
derived from DInSAR results are very similar to the measured subsidence being only up to an
amount of about 8cm. This is because for higher deformation rates the phase gradients became too
large to be correctly solved for during the phase-unwrapping process. The authors suggested that in
order to avoid this phase-unwrapping problem, in the case of high phase gradients as observed for
active excavation sites, that a SAR sensor with a longer wavelength, such as a L-band radar system,
should be used.

Gardanne (France)

The authors point out that atmospheric propagation heterogeneity (atmospheric delay) has less
impact on small spatial extension than wide-field deformation, so that it is not an accuracy-limiting
factor for mine subsidence monitoring. Suitable ERS-1 radar images were selected, acquired from a
relatively idle season in terms of vegetation and moisture change. The mining depth was about 750
~ 1150m.
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In Carnec et al. (1996) only three ERS-1 radar images acquired in 1992 were selected to form the
INSAR pairs, with the temporal separation less than 70 days (2 repeat-cycles of ERS-1) and the
spatial baseline less than 150m. The mine subsidence detected by DINSAR has a maximum vertical
component of 42mm, and this result was compared with an elastic deformation model for data
validation with the RMS errors of 3.7mm and 4.59mm along two profiles. Unfortunately, the
comparison between the DINSAR and ground surveying data was unavailable. The authors stated
that “DINSAR is not suitable for applications with high deformation gradients associated with short-
time evolution on steeply sloping terrains.” Spaceborne radars with sharper resolutions and shorter
orbital cycles are also suggested by the authors as alternative solutions.

In Carnec & Delacourt (2000), the same area has been investigated again using ERS-1/2 data
acquired between 1992 and 1995. Twelve InSAR pairs were selected. For the three interferometric
combinations covering intervals of 3, 12 and 15 days, the maximum deformation is 6, 17 and 23mm
respectively. Underground workings map was used and superimposed on the differential
interferogram to examine the location of the detected subsidence with respect to the active working
face. For a mine section which has the maximum expected deformation about 3.5mm on the 15 day
interferogram, the noise level of the interferogram due to atmospheric heterogeneities may mask
part of the deformation phase signal. Due to low temporal sampling of ground survey data (between
6 months and 1 year), a systematic comparison with interferometric data was difficult. The
comparison shows that the amount of effective land subsidence is similar over short periods with
the maximum subsidence less than 4cm in this study. The authors state that “monitoring of the
mining subsidence by interferometry could usefully complement other commonly used methods of
investigation and overcome the limitations due to the inaccessibility of the sites”.

Selby (UK)

The main purpose of the investigation was to use the DINSAR technique to improve the accuracy of
subsidence prediction models implemented by the mining industry. The Selby Coalfield in the UK
has subsidence that is well-controlled and limited to 1m in magnitude. ERS-1/2 images were used to
monitor the mine subsidence. In order to optimise interferogram coherence, the images are carefully
selected so that the spatial baseline is less than 200m and temporal separation is 35 days or less, and
being acquired between September and March (winter) with no rainfall during or immediately
before image acquisition. The Selby site is problematic because it is predominantly agricultural,
therefore long separation interferograms (6 months or more) exhibit very little coherence. The
interferogram has been filtered to improve the phase statistics. The typical subsidence detected in
the interferogram has the circular (or sometimes elliptical) concentric fringe features. Two pairs of
ERS tandem data have been processed and analysed but no obvious subsidence features could be
seen. It may be due to the amount of subsidence occurring in a 24 hour period at the Selby site is
too small to be distinguished from the phase noise. The detected subsidence is about 11cm in 35
days. No data validation was presented by the authors.

The above DINSAR results from the open literature have been summarised in Table 2-1. ERS-1/2 is
the main, and only data source, in the studies referred to above. Due to the wavelength of ERS-1/2
(5.6cm), the signal is sensitive to the changes of the vegetation or agricultural cover of the surface.
In order to optimise the coherence of the interferometric pairs, shorter temporal and perpendicular
baselines are preferable. The winter (or less active) period of vegetation is also preferable. The
ERS-1/2 interferograms are limited to detecting the subsidence fringes with high surface
deformation rate. For mine subsidence monitoring, only subsidence up to 8cm can be accurately
detected over a small spatial extent. Even though for higher deformation rates the phase gradients
become too large to be correctly solved, the so-called “zone of affected ground” can still be
identified.



Mines Mining | Satellite Band / Expected DInSAR Validation (RMS)
Depth used wavelength | subsidence | subsidence rate Model Ground
(m) rate Truth
Vauvert salt 1900 ~ | ERS-1/2 C-band / 05~1cm 2~22cm n/a 0.198cm / year
mine (France) 2800 5.6 cm / year / year
Ruhrgebiet 950 ERS-1/2 C-band / Max. 34 cm 8 cm/ 70 days n/a Only correct
(Germany) 5.6 cm / 70 days up to8.cm
Gardanne 750 ~ | ERS-1/2 C-band / n/a 6 mm/ 3 days 3.7mm& n/a
(France) 1150 5.6 cm 17mm/ 12 days | 4.59 mm/
23mm / 15days 35 days
Selby (UK) 300~ | ERS-1/2 C-band / Uptolmin | 1lcm/ 35 days n/a n/a
990 5.6 cm total

Table 2-1 Summary of DInSAR results on mine subsidence in the open literature.

In our studies, both C- (ERS-1/2) and L-band (JERS-1) radar images were used to investigate the
feasibility of differential radar interferometry for mine subsidence monitoring in Australia. The test
site near Appin township, NSW, was initially chosen due to its easy access from Sydney. The
methodology of DINSAR, and the data analysis and validation, are discussed in more detail in the

following sections.
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2.4 InSAR for digital elevation model generation

The test site near Appin township is located about 71km south-west of Sydney. There are three
underground coal mining collieries near the test site, as shown in Figure 2-3: the Tower (blue),
Appin (red) and West CIiff (orange) collieries. The ground survey levelling lines (one in Appin and
four in West CIiff) are illustrated in yellow.

:SYDNEY

<4
APFIN = LLONGONG

?AN BERRA ¥

Figure 2-3 Location of test site Appin with respect to the major cities in NSW and mine plans
overlaid on the aerial photo.

When the project started there was no high resolution digital elevation model (DEM) available for
this test site. Therefore, both the AUSLIG 9 arc second (about 250m horizontal resolution) and 3
arc second (about 100m horizontal resolution) DEMs
(http://www.ga.gov.au/nmd/products/digidat/dem_9s.htm) had been used for DINSAR analysis as
external DEMs in order to remove the topographic contribution (Equation (2.4)). Because the
DEMs were provided in small tiles and their format was incompatible with the DINSAR processor,
a suite of software tools (more details in Chapter 5) had to be developed to aggregate the small tiles
into larger ones and also to re-format them so that the DINSAR processor could read them directly.
Because the 3” DEMs were actually interpolated from the 9” ones, several tests had found that both
were not detailed enough for DInSAR analyses, and the DInSAR interferogram had so
muchresidual topographic information that no ground subsidence could be detected with confidence.

The clarity of the deformation signal — mine subsidence in DINSAR - is dependent on the accuracy
with which we eliminate the topography; that is, errors in modelling the topography will introduce
residual noise into the deformation signal. This uncertainty in topography can introduce a noise
floor above the subsidence signal level, especially with shorter-wavelength sensors that have less
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signal strength. Therefore, DEM accuracy plays a key role in increasing the DINSAR signal-to-
noise ratio and thus the resolution.

When small baselines are used, the influence of topography is small and the quality of the DEM
used for the synthetic interferogram is less important. Unfortunately, baselines vary over a wide
range in the spaceborne sensor case, meaning that many pairs of data are unusable because
baselines are too large (due to spatial decorrelation). Traditionally, DEM errors have restricted
results to the detection of signals of the order of a centimetre or more; but recent, more accurate
DEMs can reduce topographic noise to the point where millimetre-scale change detection may be
possible with substantially relaxed spatial baseline requirements, increasing the number of useful
pairs of radar image acquisitions.

Therefore, the researchers were forced to generate high resolution DEMs for the site themselves.
Three ERS tandem pairs were processed in different ways, for example either with or without the
aid of using the 9” DEM as a reference. A total of seven different versions of high resolution (one
arc second, about 30m resolution) DEMs (B to F in Figure 2-4) were generated and compared to the
ground truth (labelled as DEM A) along the four ground survey lines established by the BHP
company. Figure 2-4 shows the result of comparison along the Appin line. Table 2-2 summarises
the comparisons on all the ground survey lines (West Cliff D line data were not available). As can
be seen from the table, the best DEM F (illustrated in Figure 2-5) agree with the ground truth to
within 5m. Figure 2-6 is the 9” DEM for comparison with the INSAR DEM. It is obvious that the
INSAR generated DEM gives much more detail of the terrain in the site area.
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DEM Profiles along Appin Line
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Figure 2-4 DEM profiles compared to ground truth.

P West Cliff
A B C

Max - Min 127.45 37.32 67.01 77.17

DEM E 10.46 6.23 12.46 592

DEM H 9.63 538 7.93 6.85

E DEM G 14.34 7.48 9.15 10.74
o DEM C 9.61 10.50 10.30 9.47
5 DEM D 27.88 12.88 14.14 15.23
DEM B 14.07 7.72 1544 6.22

DEMF 314 3.59 3.10 4.38

Table 2-2 Root mean square of the DEM profiles calculated against ground truth.
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Figure 2-5 DEM derived using InSAR based on the C-band ERS Tandem Mission data
acquired on 29th and 30th October 1995.
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Figure 2-6 AUSLIG 9 arc second DEM released in July 1994.

In order to determine what is the minimum detectable mine subsidence using a DEM of 5m
accuracy we assume that a signal-to-noise ratio of 0dB is the minimum required to ensure valid
in Equation (2.2) yields an equation for detectable
subsidence versus DEM height error that can be parameterised by baseline as shown graphically in
Figure 2-7. Note that the units of the horizontal axis are mm. Therefore, if the baseline of the radar

pair is 250m, mine subsidence as small as 2.5mm can be detected using a DEM accurate to 5m.
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Relationship between DEM Vertical Accuracy and Phase-signal Strength
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Figure 2-7 Detectable subsidence signal versus DEM vertical accuracy parameterised by
perpendicular baseline.
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2.5 Differential radar interferometry for monitoring mine subsidence

This project uses the repeat-pass spaceborne DINSAR technique to monitor mine subsidence.
DINSAR processing is performed using the EarthView INSAR (EV-InSAR 1.2) software developed
by the Canadian company Atlantis (2003). The DInSAR processing is shown in the flowchart in
Figure 2-8.

Master Slave

DEM SAR Image SAR Image
Simulated

SAR

i Y y Y
Image Image

Coregistration Coregistration

‘ Interferogram ‘ ‘ Interferogram

- +

Differential
Interferogram

)

‘ Phase Unwrapping ‘

)

‘ Geocoding ‘

)

‘ Displacement Map ‘

Figure 2-8 Flowchart of DInSAR processing.

Firstly, two SAR images are carefully selected to form an interferometric pair, and then co-
registered precisely to each other, in other words, superimposed on top of each other. The phase
difference, or the so-called interferogram, can then be calculated pixel-by-pixel between the two
images.

If the topographic phase component is eliminated, and noise components have been considered and
reduced, the deformation component (differential interferogram) can be interpreted in order to
measure the ground movement (see Equation (2.4)). This is the technique of DInSAR. A digital
elevation model (DEM) is therefore required to simulate the topographic phase component. The
DEMs can be derived by INSAR, as described in the last section, or from laser scanning or using
conventional techniques such as airborne photogrammetry.

The measured phase values of the interferogram are “wrapped” in the modulo of 2m, in orther words,
the values can only be between [0, 2r]. For example, one fringe, which is the complete cycle of
colour change in an interferogram, corresponds to half the radar signal wavelength of displacement
in the radar look direction (slant range). Thus, in order to measure the absolute ground deformation,
the continuity in the interval [-co, o] of the phase at each pixel needs to be restored by comparing it
to its neighbours. The process of solving the ambiguity of the phase is called “phase-unwrapping”.
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After phase-unwrapping, the amplitude of the ground deformation is measured in the radar looking
direction. Therefore, a geocoding process is required to reproject the pixels from the slant range
onto the universal cartographic grid, for example, the UTM. Finally, the ground deformation map is
produced.

The images in Figure 2-9 summarise the DINSAR process. The data selection, interpretation and
validation of DINSAR for monitoring mine subsidence in this project are discussed in more detail in
the following sections.

Image A1 -

Differential ubsidence
Interferogram map in slant
range

. : .H(ED
Initial Ny -
Interferogram

Simulated Residual
SAR orbital fringes

Figure 2-9 DInSAR process illustrated by the image products from EV-InSAR.

2-17



2.5.1 Data Selection

ERS-1/2 and JERS-1 satellite image databases were searched for the available images over the test
site. A coherence test was conducted to examine if the coherence between the images of the
interferometric pairs was sufficient. Coherence is affected by the local slope of the terrain,
properties of the surface being imaged, temporal separation between the acquisitions, the baseline
distance and the quality of the co-registration between the images. Generally speaking, built-up
urban areas tend to conserve higher coherence than the agricultural or vegetation covered rural areas;
the shorter baseline or temporal separation has higher coherence than the longer ones. However, the
quality of co-registration of the images may depend on manual operation.

Image co-registration between the two radar images can be done automatically by the EV-InSAR
software. DINSAR processing requires one additional step to co-register the DEM simulated image
to one of the two radar images (the “master”). This process, however, has to be done manually by
identifying and entering the identical pixels (the so-called tie-points) in both images. A high quality
co-registration can only be achieved by having sufficient tie-points (approximately 40 ~ 50) evenly
distributed across the images. This process is therefore very time-consuming and frustrating.

A tool, Overlay Tie-pointing Method (OTM), developed in this project, can be used to
automatically identify and locate the tie-points for image co-registration (more details in Chapter 5).
This solution saves a lot of time for co-registration during DINSAR processing.

The data selection and coherence test for ERS-1/2 and JERS-1 radar images are discussed in the
next two sections.

25.1.1 ERS Data Selection

There were five ERS-1 and 13 ERS-2 image acquisitions available from September 1995 to May
1996, and October 1995 to October 2001 respectively. Among these 18 ERS-1/2 images, there are 3
tandem pairs in which the ERS-2 image is acquired 24 hours after the ERS-1. A total 153 possible
combinations of INSAR pairs were formed and 48 of them have the baseline distance less than the
theoretical limitation of usable baseline distance of 800m for C-band InSAR.

The test result showed that only 9 pairs, including 2 tandem pairs, had sufficient coherence level
that the phase fringes caused by subsidence can be distinguished from the phase noise.

Examples of the coherence histogram of various ERS-1/2 interferometric pairs are shown in Figure
2-10. The horizontal axis represents coherence from 0 (low coherence) to 1 (high coherence), while
the vertical axis the number of pixels.

Figure 2-10 (a) is an example of an InSAR pair having insufficient coherence, and it is therefore
difficult to phase-unwrap the interferogram due to the high phase noise. The two ERS-2 images of
the INSAR pair were acquired on 30/10/95 and 4/12/95 with 35 day separation and a perpendicular
baseline distance of 211 metres.

Figure 2-10 (b) shows a pair with a slightly higher coherence than pair (a), and it can be partially
phase-unwrapped with those areas having insufficient coherence being masked out. The two ERS-
1/2 images in the pair were acquired on 9/9/96 and 14/10/96 with 35 day separation and a
perpendicular baseline distance of 296 metres.
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Figure 2-10 (c) is a pair with much shorter perpendicular baseline distance than (a) and (b),
therefore it has better coherence. The two ERS-1/2 images in the pair were acquired on 30/10/95
and 3/12/95 with 34 day separation and a perpendicular baseline distance of 64 metres.

Figure 2-10 (d) is an InSAR pair of ERS-1/2 tandem images acquired on 29/10/95 and 30/10/95
with 1 day separation and a perpendicular baseline distance of 49 metres.

Figure 2-10 (e) is an InSAR pair of ERS-1/2 tandem images acquired on 3/12/95 and 4/12/95 with 1
day separation and a perpendicular baseline distance of 174 metres.

Both (d) and (e) are tandem pairs with only 24 hours difference between the image acquisitions.
Therefore, very good coherence can be achieved with such a short temporal separation. Furthermore,
pair (d) has much shorter perpendicular baseline distance than (e), so that the coherence in (d) is
even better than (e).

These phenomena highlight the importance of strict satellite orbit control (shorter baseline) and the
more frequent re-visit rate (shorter temporal separation) of the satellite in order to maintain the high
coherence of the interferometric pairs. The former can be addressed by InSAR dedicated satellites
and the latter constellations of INSAR satellites (Solomon et al, 2003).
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Figure 2-10 Histograms of coherence of different ERS InSAR pairs.
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The temporal coverage of the 9 ERS interferometric pairs is shown in Figure 2-11. The baseline
distance and temporal separation between the image acquisitions are also indicated. DINSAR results
from these pairs will be discussed later. The maximum usable temporal separation for ERS is 105
days, i.e., 3 re-visit cycles.
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Figure 2-11 The temporal coverage of the ERS-1/2 interferometric pairs.

25.1.2 JERS-1 Data Selection

There are 13 JERS-1 image acquisitions available from August 1993 to January 1996. The
theoretical limitation of usable baseline distance for L-band (23.5cm in wavelength) INSAR is about
1,400 metres. Based on this theoretical limitation, twenty eight interferometric pairs were formed
and tested for their strength of coherence. The results show that only 11 pairs have sufficient
coherence to distinguish the phase caused by subsidence from the noise. The examples of the
coherence of the JERS-1 interferometric pairs are shown in Figure 2-12. In Figure 2-12 (a) the
INSAR images were acquired on 26/9/1993 and 21/03/1994 with 176 day separation and a
perpendicular baseline of 1368 metres. In Figure 2-12 (b) the images were acquired on 9/11/1993
and 21/3/1994 with 132 day separation and a perpendicular baseline distance of 271 metres. Once
again it can be seen that the pairs having shorter baseline distance and/or temporal separation show
much better coherence.
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(b)
Figure 2-12 Histograms of coherence of different JERS-1 InSAR pairs.

The temporal coverage of the 11 JERS-1 interferometric pairs is shown in Figure 2-13. The baseline
distance and temporal separation between the image acquisitions are also indicated for each pair.
The maximum usable temporal separation for JERS-1 is 132 days, i.e., 3 re-visit cycles.
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Figure 2-13 The temporal coverage of JERS-1 interferometric pairs.
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The coherence test results for the C- and L-band interferometric pairs are summarised in Figure 2-
14. The red triangles are the interferometric pairs having high phase noise in their interferograms.
The blue circles are the pairs having good coherence so that subsidence fringes can be identified. It
has been shown clearly that the coherence degrades (or the phase noise increases) when the
temporal and/or perpendicular baseline distances increase. Figure 2-14 shows that the L-band (i.e.
the longer wavelength) is more tolerant to the physical and temporal separations between the radar
image acquisitions, and preserve higher coherence, than C-band (i.e. the shorter wavelength) due to
the fact that longer wavelengths are less sensitive to changes caused by vegetation than shorter ones.
From the figure it can also be seen that, in general, the maximum usable temporal separation and
baseline distance are 105 days and 200m for ERS (C-band) and 132 days and 900m for JERS-1 (L-
band) respectively. Therefore, long wavelength radar systems such as the L-band JERS-1 SAR are
more suitable for monitoring mine subsidence in vegetated regions like Appin.
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Figure 2-14 Comparison of coherence tests between ERS-1/2 (C-band) and JERS-1 (L-band)
radar data.

2.5.2 Interpretation and Validation of DINSAR Results

This project is divided into two phases. Phase 1 was concentrated on the mines near the Appin
township, our initial test-site. Information regarding the locations of available ground levelling lines
and their corresponding ground survey data were made available after the preliminary DINSAR
results were delivered. Unfortunately, there is no match of the time interval between the DINSAR
results and ground survey data at this test-site. Further investigations of the neighbouring
underground coal mines in Phase 2 were conducted in order to find any possible time overlap
between our DINSAR results and ground truth data. This section presents the interpretation and
validation of the DINSAR results of Phases 1 and 2.

Geographic information system (GIS) software is used to interpret the DINSAR results (more details
in Chapter 4). The combination of DINSAR and GIS allow an integration of information from
various sources, hence making the interpretation of data more effective.

2.5.2.1 Phasel: DInSAR of the Tower, Appin and West CIiff collieries

Figure 2-15 shows the aerial photograph, underground mine plans and locations of ground levelling
lines (in yellow) provided by the BHP Billiton company.
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Figure 2-15 Three underground coal mines: Tower (blue), Appin (red) and West CIliff
(orange).

The nine repeat-pass interferometric pairs, including 2 tandem pairs in C-band and eleven pairs in
L-band, were analysed. The impact of phase noise in the interferogram varies depending on the
baseline distance and the temporal separation between the image acquisitions. Figure 2-16 shows
the two examples of the interferograms from C- and L-band data.

In Figure 2-16 (a) the interferogram from two ERS-1 images acquired on 29/10/95 and 03/12/95 (35
day separation) are overlaid with mine plans. Figure 2-16 (b) is the enlarged interferogram of Figure
2-16 (a) at the West CIiff colliery.

Figure 2-16 (c) is the interferogram from two JERS-1 images acquired on 09/11/93 and 21/03/94
(132 day separation) overlaid with mine plans. Figure 2-16 (d) is the enlarged interferogram of
Figure 2-16 (c) at the Appin and West CIiff collieries.

The phase caused by mine subsidence has the typical circular or elliptical, and concentric, fringe
features as shown in Figures 2-16 (b) and (d). The subsidence phases can be clearly identified in the
interferograms if the noise level is not too high. The interferograms for all of the interferometric
pairs are included in Appendix A.
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(d)

Figure 2-16 Comparison between C- (a) and L-band (b) interferograms.

The locations of the subsidence regions indicated by the fringes in Figures 2-16 (a) and (c) have
been confirmed by comparing with the mine schedules of these 3 collieries. Comparing the two
interferograms in Figures 2-16 (a) and (c), it can be seen that the background in (c) is mostly either
blue or green. In Figure 2-16 (a), however, the background is much more colourful. In the absence
of ground truth this can be explained by the fact that C-band is either more sensitive (hence can pick
up subtle changes that are invisible in the L-band INSAR) or more susceptible to interference. As
mentioned earlier, each complete phase fringe represents a full cycle (2m) of phase change and is
equivalent to a height change of half of the wavelength in the radar look direction. For example, the
phase changes from red to green, to blue, then to red, is 5.6cm / 2 = 2.8cm and 23.5cm / 2 =
11.75cm in height change for C- and L-band respectively. Therefore, as a rough estimation, the
subsidence in the West CIiff colliery would be about 36cm since there are three fringes visible
along the major axis in the upper part of Figure 2-16 (d). More quantitative results will be presented
later.
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Due to the special orientation of the longwall structure, the “zone of affected ground” of the mine
subsidence is narrower along the axis perpendicular to the longwall (minor axis) and broader along
the axis parallel to the longwall (major axis). The gradient of height change therefore is much
greater along the minor axis and very difficult to be resolved. This is also why the subsidence
fringes appear rather blurred.

Two pairs of ERS tandem data have also been processed and analysed. As mentioned earlier, due to
the very short temporal separation (24 hours) between the two acquisitions, the coherence is very
high and the phase noise is very low. The interferograms of these two pairs are shown in Figure 2-
17.
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(b) 03/12/95 ~ 04/12/95 with 147 m baseline
Figure 2-17 Interferograms of two ERS tandem DInSAR pairs.

Figure 2-17 (a) shows a clear circular phase change in blue against the uniform green background at
the West CIiff colliery. This location has been confirmed to be affected by the mine-induced
subsidence by studying the mine schedule. However, phase changes, if there are any, elsewhere in
Tower or Appin collieries in Figures 2-17 (a) and (b), cannot be singled out with confidence. This is
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probably because the amount of subsidence occurred in the 24 hour period at the Appin and Tower
collieries in Figure 2-17 (a), or anywhere in Figure 2-17 (b), is too small to be detected by DINSAR.
It is also possible that the longer baseline in Figure 2-17 (b) leads to higher phase noise level and
makes the subsidence phase invisible.

Further analysis was made for the ERS tandem pair acquired on 29/10/95 ~ 30/10/95. The
subsidence that occurred during the 24 hour period is extracted and colour coded as shown in Figure
2-18 (a). It shows the location and the amplitude of the subsidence , and it is overlaid with the mine
structure and date of the mine schedule. The unwrapped subsidence phase in the interferogram is
shown in Figure 2-18 (b). Two subsidence profiles are drawn along the minor axis (blue) and major
axis (green). It shows that the subsidence has the maximum 1cm amplitude occurring during the 24
hours and the phase noise introduces a background of about + 3mm.
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Figure 2-18 Further analysis of ERS tandem DInSAR result.

(a) The affected area of subsidence detected by tandem DINSAR overlaid with the mine plan and
schedule. (b) The phase-unwrapped subsidence profiles drawn across and along the longwall.
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The interferograms of all the INSAR pairs are further phase-unwrapped in order to obtain the
absolute value of height deformation. Figure 2-19 shows examples of the final subsidence maps for
the C- and L-band DINnSAR results. Figures 2-19 (a) and (b) are examples of two ERS
interferometric pairs. Figures 2-19 (c) and (d) are examples of two JERS-1 interferometric pairs.
The amplitude of subsidence is colour coded as shown in the images. More results can be found in
Appendix B.

Subsidence

[0-1¢cm
[01-2cm ;

(d) 21/04/95~04/06/95 (44 days)
Figure 2-19 Subsidence maps from DInSAR results.

By having the DInSAR results overlaid with the aerial photograph, mine plans and levelling lines in
a GIS, the validation of the locations of subsidence can be easily compared with the active mine
schedule corresponding to the period of image acquisitions. Also, it is very important to know
whether the “zone of affected ground” has overlapped with the levelling lines in order to make a
quantitative validation.

A lot of effort (including visits to the surveyors at the collieries and the Mine Subsidence Board)
was made in order to find as much as historical ground survey data collected between 1993 and
1997 (durng the period corresponding to the derived DINSAR results) as was available. However,
only some ground survey data with half to 1 year intervals are available so that it is very difficult to
have both temporal and spatial overlaps between the DINSAR results and the ground survey data.
Most of the data were collected along the levelling line at the Appin Colliery. The temporal overlap
between the L-band DINSAR results and the Appin levelling data is shown in Figure 2-20. The
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dates of ground survey are indicated by the dotted line. Red bars correspond to DINSAR pairs with
spatial overlap between subsidence regions and the ground survey line. Yellow bars indicate
DInSAR results with no spatial overlap with the ground survey line.
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Figure 2-20 Overlap between L-band DInSAR results and ground survey data in Appin.

It can be seen from the figure that spatial overlap does exist between DINSAR results and the
ground survey. However, there is no temporal overlap. In order to compare the DInSAR result
against ground survey, the two should overlap both spatially and temporally, because mine
subsidence is a non-linear process and interpolation or extrapolation is not applicable. As there is
no matched period between the DINSAR results and the ground surveying data in this test-site,
further investigations were conducted at neighbouring underground mines within the same radar
coverage area. More data interpretation and validation for other mines are discussed in Phase 2 of
this project in next section.
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2.5.2.2 Phase2: DInSAR at Tahmoor, Metropolitan, Cordeaux, Elouera and Avon collieries

The full radar coverage of a single JERS-1 image is about 75km by 75km. The full scene DINSAR
result of a JERS-1 interferometric pair is shown in Figure 2-21. The subsidence features are
highlighted in yellow. Interpretation of such a full scene DINSAR result must be done very carefully
since atmospheric disturbances might be misread as ground movement (more in Chapter 3).

In addition to the three collieries that had been investigated earlier in Phase 1, there are an
additional five mines, namely Tahmoor, Metropolitan, Cordeaux, Elouera and Avon, also covered
by the same radar images. These mines have been further studied in detail by dividing the areas into
smaller zones, as shown in Figure 2-22, in order to find DInSAR results overlapping with ground
survey data.

Figure 2-21 Full scene JERS-1 DInSAR result with images acquired on 09/11/93 and 21/03/94.

|
éTFgPO LI

Figure 2-22 Coverage of four sub-scenes for further DInSAR analysis.
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DInSAR interferograms from possible combinations were carefully examined to determine if mine
subsidence can be detected. The interferograms with subsidence phases are summarised in Table 2-
3. The dates (in yymmdd format) indicate that subsidence fringes are detected in interferograms at
these sites during the corresponding periods. It can be seen from the table that although DINSAR
analyses were carried out on the same pool of radar images, the number of successful INSAR pairs
is different at the sites due to differences in vegetation cover. For example, Metropolitan has the
most favourable environment for INSAR.

Examples of the interferograms for each mine are shown in Figure 2-23. Subsidence contours have
been overlaid on radar intensity images since aerial photos for these sites are not available. The
amount of subsidence has been colour coded at 2cm intervals. Figure 2-23 (a) is a DINSAR derived
subsidence map for Tahmoor with radar images acquired on 13/08/93 and 23/12/93; Figure 2-23 (b)
for Metropolitan with acquisitions on 08/03/95 and 04/06/95; Figure 2-23 (c) for Cordeaux with
acquisitions on 09/11/93 and 21/03/94; and Figure 2-23 (d) for Elouera & Avon with acquisitions
on 08/03/95 and 04/06/95. The complete collection of interferograms for these 5 collieries are
attached in Appendix C.

Mine site Tahmoor Metropolitan
930813 931223 930813 931223
930926 931109 930813 940321
INSAR pairs 931109 940321 931109 940321
931223 940321 931223 940321
940913 950421 940913 950421
950718 951127 950308 950421
950308 950604
950421 950604
951127 960111
Mine site Cordeaux Elouera & Avon
930813 931223 930813 931223
931109 940321 930813 940321
INSAR pairs 950308 950604 930926 931109
950421 950604 931109 940321
931223 940321
950308 950421
950308 950604
950421 950604

Table 2-3 Summary of JERS-1 DInSAR results for the four sub-scenes.
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Figure 2-23 Subsidence maps derived from DInSAR at the five additional collieries.

Finally, thanks to the assistance from Waddington Kay & Associates Mine Subsidence Engineering,
one overlap has been found between the DINSAR result and ground survey data at Tahmoor
between September and November 1993. The interferogram and phase-unwrapped DINSAR results
are overlaid with the mine plan and shown in Figure 2-24. The maximum subsidence detected is at
Longwall 12 during the period. This location has been confirmed by comparing with the actual

mine schedule.
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(a)

(b)
Figure 2-24 JERS-1 DInSAR results from images acquired on 26/09/93 and 09/11/93 (44 days)
and overlaid with mine plan in GIS: (a) Interferogram; (b) height change map.

To validate the result, the subsidence profile derived by DInSAR is compared against the ground
survey data. Considering uncertainties introduced by datum conversion during the georeferencing,
two more lines were drawn parallel to the original levelling line 900, as shown in Figure 2-24 (b).
The original levelling line 900 is in the blue colour, while other slightly displaced lines are in green
(900 Line 2) and red (900 Line 3). The DINSAR subsidence profiles drawn from the 3 lines are
compared with the ground survey data measured in August, September and November 1993, and
the best fit of the three (900 Line 3) is shown in Figure 2-25.

Subsidence Profiles - DINSAR v.s. Ground Survey

2.00
o
0.00 ‘ ‘ sy
) 100 200 g 500 600 700 800 900 1000
2.00

-4.00 /4/‘/
=]
6. 5 o Ground Survey (Sept 03~ Nov 93)

—=— Ground Survey (Aug 93 ~ Nov93)
—— DIinSAR (1993/09/26~1993/11/09) 900_3

Subsidence (cm)

Distance from the 1st levelling point along the 900 line (m)

Figure 2-25 Validation of DInSAR derived subsidence profiles against ground truth at the
Tahmoor colliery.

Figure 2-25 shows that the maximum subsidence occurred within the first 400 metres from the first
levelling point along the line. The subsidence detected by DINSAR is for the period of 26
September to 09 November 1993. However, unlike the data measured in August and November, the
record in September is only up to the 19™ levelling mark (about 390m from the first ground mark).
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The ground survey data beyond the 400m mark is therefore added to the September ~ November
data from August ~ November 1993 in order to validate the whole line. The discrepancies have
been measured by calculating the RMS values (standard deviation of the errors) of the subsidence
profiles against the ground truth data. The results are summarised in Table 2-4. It shows the
subsidence profile along 900 Line 3 has the smallest RMS error of 1.4cm.

Comparing the RMS from row 3 and 4 in the table, it can be seen that the DINSAR result agrees
better with the whole survey line (row 3) than with only the maximum subsidence region. This is
also obvious from Figure 2-25. In fact, the “sink hole” between the 2" and 6™ marks introduces
most of the error. Away from the sink hole, the DINSAR result follows the ground truth very well.
Comparing rows 2 and 4, although the ground survey data have been truncated so that they have the
same spatial overlap, one month difference in temporal overlap leads to more than 1cm difference
in the RMS (e.g. 2.1cm vs 3.3cm). Therefore it is crucial to ensure there is spatial and temporal
overlap between the DINSAR result and the ground survey in order to assess the remote sensing
result. Comparing rows 3 and 5 it can be seen that although this is still not the ideal spatial and
temporal overlap we have been looking for (since the ground survey beyond the 400m mark was not
done in the epoch of September 1993), the RMS is now as low as 1.4cm. Furthermore, the exact
dates of the ground survey are not available. The difference between these dates and those of
satellite image acquisitions would also inflate the RMS error. Bearing also in mind the uncertainties
in the georeferencing and the contribution from the sink hole, there is every reason to claim that in
this case the DInSAR result has delivered sub-centimetre accuracy.

Index RMS (cm
1 Reference Data 900 900 900
Line Line 2 Line 3
2 Ground Survey 3.7 2.7 2.1
(Sep ~ Nov 93)

3 Ground Survey 3.2 2.4 2.1
(Aug ~ Nov 93) whole line

4 Ground Survey 5.1 3.7 3.3
(Aug ~ Nov 93) up to 400 m

5 Ground Survey (combined) 2.4 1.8 1.4

900~918 (Sep ~ Nov 93) <400m
919 ~ 945 (Aug ~ Nov 93) > 400m

Table 2-4 RMS (standard deviation) of DInSAR subsidence profiles against ground truth.

The zone of affected ground and the magnitude of subsidence can now be easily measured in the
subsidence contour map shown in Figure 2-26, produced using GIS (more details in Chapter 4).
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Figure 2-26 Subsidence contour map derived from DInSAR pair 26/09/93 ~ 09/11/93 (44 days).
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2.6 Further Research on Differential INSAR

As explained in Section 2.2, this ACARP project commenced at a very challenging time when radar
satellite image availability was at its lowest. Therefore the researchers were forced to use historical
data collected by the JERS-1 and ERS-1/2 missions. Spaceborne radar interferometry requires high
quality and regular acquisition of radar images. Nevertheless, this report has demonstrated that
shorter satellite revisit time will not only reduce the phase noise but also the gradient of deformation
fringes in the interferograms. Thus, some difficulties caused by the high phase change rate during
the phase-unwrapping process can be reduced. Also the combinations of SAR wavelengths are very
important in order to measure the ground deformation at different scales. For example, radar with a
shorter wavelength, such as C-band (5.6cm), are more sensitive to small changes on the ground (as
demonstrated by the ERS tandem DInSAR result in Figure 2-18) and suitable for detecting the slow
deformation; while radar of longer wavelength, such as L-band (23.5cm), is less affected by the
vegetated surface and more suitable for higher rate deformation detection.

ENVISAT (C-band), the new European satellite, launched in March 2002, carries on the services of
the ERS-1/2 missions. ALOS (L-band), the next generation of JERS-1 from Japan, is scheduled to
be launched in early 2005. RADARSAT-2 (C-band), a Canadian satellite, will provide data
continuity with RADARSAT-1, with up to 3 metres resolution, and also will be launched in 2005.
The first German SAR satellite, TerraSAR-X (X-band), will be launched in 2006. With these
satellites not only spaceborne radar image availability will be significantly improved in the next few
years, but also for the first time in history radar data in the X-, C- and L-bands will all be collected
by satellites on a regular basis.

In addition to the new SAR satellites already scheduled, the NASA Solid Earth Science Program
has recommended the launch a single L-band dedicated INSAR satellite with weekly global access
for the purpose of surface deformation monitoring in the next 1 ~ 5 years. A long-term goal of
constellation of INSAR satellites for daily deformation map generation is also under consideration
for the next 5 ~ 10 years (Solomon et al., 2003).

With such a promising availability of SAR satellites in the next few years, DINSAR will be able to
monitor mine subsidence, and ground deformation in general, on a cost-effective and operational
basis and complement other high quality ground-based geodetic techniques in terms of coverage,
precision, accuracy and reliability.

Furthermore, the subsidence fringes detected in the interferogram indicate the ground deformation
in the radar look direction, or the so-called slant-range. Phase-unwrapped subsidence maps are
calculated based on the assumption that only vertical displacement has occurred. Most studies of
land subsidence to date have neglected horizontal displacements.

When horizontal displacements occur it is possible to measure them by comparing the DINSAR
results from ascending and descending satellite passes. If the displacement maps derived from the
interferograms of different acquisition geometries differ significantly, it infers the presence of
horizontal displacements. This technique allows two components (vertical and horizontal) of the
displacement vectors to be resolved (Hoffmann & Zebker, 2003). This technique allows for the
analysis of ground deformation movements in great detail, especially near or over important
facilities and structures such as bridges and telecommunication cables.
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2.7  Summary

Mine subsidence monitoring using the DINSAR technique as a cost-effective and complementary
method to conventional geodetic techniques has been demonstrated in this project. The series of
ERS-1/2 and JERS-1 radar images used for interferometric processing demonstrate the ability of
DINnSAR to locate the affected areas caused by mine subsidence in a vegetated region in New South
Wales. For mine subsidence monitoring the JERS-1 (longer wavelength) DINSAR is more robust in
the presence of vegetated or agricultural ground cover, and also more suitable for areas
experiencing high rate ground deformation, compared to ERS-1/2 (shorter wavelength) DINSAR.
However, DINSAR of short wavelength is much more sensitive to mine subsidence. For example,
subsidence with a maximum amplitude of 1cm over 24 hours has been detected using a Tandem
ERS pair with a resolution of +3mm. C-band radar is four time as sensitive as L-band, while X-
band radar will be twice as sensitive as the C-band ERS radar for mine-induced groundsubsidence
detection.

After data interpretation and validation with the aid of a GIS (more details in Chapter 4), the
subsidence maps derived from DINSAR at the Appin and West CIiff collieries show the migration
of subsidence correlates closely with mine operations. One temporal and spatial match between the
ground truth and a JERS-1 DInSAR result is found at the Tahmoor colliery during September -
November 1993. The quantitative validation by comparing the DInNSAR derived subsidence profile
against the ground truth shows a best RMS error of 1.4cm. Considering the georeferencing
uncertainties and contribution of the sink hole, there is no doubt that this DINSAR result has
demonstrated sub-centimetre accuracy.

Several radar satellite missions, some especially designed for INSAR, are scheduled for the next five
years. Therefore, in the near future radar data of global coverage with weekly or even daily revisit
will be made available at multiple bands, for example, X-, C- and L-band. With atmospheric
disturbances properly accounted for (more details in Chapter 3), DInSAR will be a cost-effective,
reliable, and operational complement to traditional ground survey methods.
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3 Mapping atmospheric disturbance using GPS

As mentioned in the last chapter, Differential Interferometric Synthetic Aperture Radar (DINSAR)
techniques have been recognised as an ideal tool for many ground deformation monitoring
applications. However, the spatially and temporally variable delay of the radar signal propagating
through the atmosphere is a major limitation to accuracy. The dominant factor to be considered is
the tropospheric inhomogeniety, which can lead to misinterpretation of INSAR results. In this
chapter a between-site and between-epoch double-differencing algorithm is developed to map
atmospheric disturbance using GPS measurements, in order to generate tropospheric corrections for
DINnSAR results. In order to correct the radar results on a pixel-by-pixel basis, the GPS-derived
corrections have to be interpolated. Using experimental data it has been found that the inverse
distance weighted and kriging interpolation methods are more suitable than the spline interpolation
method. Differential corrections as large as several centimetres may have to be applied in order to
ensure sub-centimetre accuracy for the INSAR result. The algorithm and procedures described in
this chapter could easily be implemented in a continuous GPS network data centre. The interpolated
image of between-site, single-differenced tropospheric delays can be derived as a routine product to
assist radar interferometry.

3.1 Introduction

As explained in the last chapter, INSAR interferogram contains several types of information: 1)
topographic pattern, a contour-like pattern representing the topography of the area; 2) geometric
pattern, a systematic striped pattern caused by differences between the two SAR sensor trajectories;
and 3) differential pattern, fringes associated with any change of the range between the two SAR
images, the sources of which include ground displacement, change of atmospheric refraction, and
phase change by reflection due to, for example, growth of vegetation. The geometric pattern can be
removed by modelling the geometry of the satellite orbits and ground targets. A high-resolution
digital elevation model (DEM) can be used to remove the topographic pattern from the
interferogram. After removing these two patterns, the residual interferogram will contain only the
differential pattern.

Due to its high spatial resolution, ability of SAR to penetrate clouds, and cost effectiveness, INSAR
has definite advantages over many conventional deformation monitoring techniques. Many
earthquake rupture zones and volcanoes have been studied using INSAR (Massonnet et al., 1993; Lu
et al., 1997). Studies, however, have shown that a change of atmospheric refraction (e.g. caused by
a cold front moving across the region being imaged) can result in biases, which can lead to a
misinterpretation of the INSAR results (Zebker et al., 1997; Hanssen et al., 1999).

For example, Figure 3-1 shows the effect of a cold front on: (A) the DINSAR result; and (B) as
measured by a weather radar system for the same region (Hanssen et al., 1999). The two patterns
are very similar, and there was no ground displacement in the region, hence the DINSAR fringes are
entirely due to atmospheric inhomogeneities. Table 3-1 shows the temporal and spatial scales for
atmospheric dynamic processes. (Those atmospheric disturbances which affect DINSAR results
have been identified in bold type.)

Fortunately, mine subsidence, especially the short term effect from underground mining, is very
localised. For example, the width of a longwall is 200m and this will roughly be the length of minor
axis of the elliptical subsidence region. The major axis along the longwall will be less than 500m in
length. Since this small area of 200m by 500m is singled out for subsidence analysis, only
turbulence will be of concern because effects due to other atmospheric dynamic processes listed in
the table can be considered uniform. However, if a much larger area or even the full scene (e.g.
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100km by 100km) is to be analysed, it is crucial to correct for horizontal atmospheric
inhomogeneities such as shown in Figure 3-1 in order to reliably derive ground subsidence from the
DInSAR results.

—
Slant delay [mm] 40

Figure 3-1 The effect of a cold front on: (A) the DInSAR result; and (B) as measured by a

weather radar system.

Spatial range (m) Disturbance Temporal range (sec)
10° - 10° Turbulence 10" -10°

10" - 10° Convection 10% - 10°*

10° - 10° Mesoscale systems 10° - 10°

10° - 10’ Synoptic scale systems 10* - 10°

> 10’ Hemispheric scale 10° - 10’

> 10’ Seasonal 10" - 10°

> 10’ climatic > 10°

Table 3-1 Temporal and spatial scales for atmospheric dynamic processes.

The atmospheric inhomogeneity can be partitioned into tropospheric and ionospheric portions. In
general, the troposphere can be divided into a wet component and a dry component. The ionosphere
extends, in a number of distinct layers, from about 50km to 1000km above the Earth's surface. The
SAR satellite orbit altitudes are typically in the range of 500-800km. The effect of the variations
caused by the ionospheric layers lower than the SAR satellite altitude will be much smaller than that
from the troposphere because the area penetrated by the radar is much smaller. For example, for a
SAR satellite at 800km altitude the extent of the image in the ionosphere at the height of 400km is
40km, while it will be about 80km within the troposphere. Therefore, the ionospheric delay on the
radar signal is usually considered to be uniform within one SAR image and can mostly cancel
because the SAR images are acquired at the same time of the day, and hence the residual effect can
be neglected. It is the tropospheric variations that can lead to misinterpretation of INSAR results.
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While the dry component of the tropospheric delay is well modelled, the wet component is much
more difficult to model because of the large variations of water vapour content with respect to time
and space (Spilker, 1996).

Since 1997 researchers (including the key researchers involved in this project) have been
developing methodologies to correct INSAR results for these biases using measurements from other
techniques, such as GPS (e.g. Bock and Williams, 1997; Ge et al., 1997; Ge, 2000). However,
progress has been slow because in order to integrate INSAR with GPS both datasets have to be
available for the same region, at the same time, and the region under study has to be experiencing
ground displacement. The establishment of continuous GPS (CGPS) arrays in many parts of the
world has eased such difficulties significantly (SCIGN 2003, GSI 2003, and also SydNET and
GPSnet described in Appendix D).

Because of these difficulties, the wet delay in the zenith direction (ZWD) has been derived from
numerical weather prediction (NWP) models. Such models are run operationally at national weather
services, and make use of physical models (governing equations), initial atmospheric conditions,
and observations (e.g. radiosonde profiles, ground meteorological data, etc.), in order to predict
variables such as temperature, pressure, and humidity. However, the spatial and temporal
resolutions of corrections generated from these models are not high enough. For example, the
HIRLAM (HIgh Resolution Limited Area Modelling) is a complete analysis and forecast NWP
system over a limited area. Its horizontal spatial resolution is 0.2°x0.2° (latitude/longitude ~
2x10°m), and the temporal resolution is 3 hours (~10* seconds), and generates ZWD values with an
accuracy of about 15mm. Referring to Table 3-1, this means that the disturbances that arise from
turbulence, convection, and mesoscale systems will remain uncorrected.

In this chapter a between-site and between-epoch double-differencing algorithm for the generation
of tropospheric corrections to INSAR results based on GPS observations is tested. The tropospheric
parameters are interpolated in order to enable the radar results to be corrected on a pixel-by-pixel
basis. Experimental results generated from data collected in two CGPS networks are presented.



3.2 GPS-derived tropospheric delay

The troposphere can be defined as the neutral (i.e. non-ionised) part of the atmosphere that stretches
from the Earth’s surface to a height of approximately 50km. The dominant impact of tropospheric
path delay on radio signals occurs in the lower part, typically below 10km (Spilker, 1996). The
tropospheric delay is dependent on temperature, atmospheric pressure and water vapour content.
The type of terrain below the signal path can also have an effect. The tropospheric effect can be
divided into two components, the dry and the wet components. The dry component accounts for
about 90% of the effect and can be accurately modelled using surface measurements of temperature
and pressure. However, due to the high variation in the water vapour content, it is very difficult to
model the remaining wet component.

Several models based on a ‘standard atmosphere’ have been developed to account for the
tropospheric delay in the absence of accurate ground meteorological data, e.g. the Hopfield model
(Hopfield, 1969), Saastamoinen model (Saastamoinen, 1973) and Black model (Black, 1978). As
recommended by Mendes (1999), the Saastamoinen model has been used in this study. This model
utilises the gas laws to deduce refractivity, and the tropospheric delay is therefore a function of
zenith angle, pressure, temperature and the partial pressure of water vapour. Saastamoinen (1973)
used the refractivity constant given by Essen & Froome (1951) for mid-latitudes and average
conditions. The original model has subsequently been refined to include two correction terms: one
being dependent on the station height (B) and the other on the height and the zenith angle (JR).
Both terms can be obtained from tables.

The tropospheric delay, expressed in metres, is then given by Bauersima (1983):

_ 0.002277 1255 (3 1)

dTrop p+ ==+005 e-Btan’z +JR
COSz T

apr

where z denotes the zenith angle of the satellite, p the atmospheric pressure in millibars, T the
temperature in Kelvin, and e the partial pressure of water vapour in millibars.

For high precision surveys, an additional parameter can be introduced into the least squares
reduction of the observations to estimate the residual tropospheric delay (after modelling). The total
tropospheric delay correction dTrop; can be expressed as (Rothacher & Mervart, 1996):

dTrop} = dTrop . fupe (24) + dTrop ( (t) f(z}) (3.2)

where dTrop,,., denotes the tropospheric delay according to the a priori model, which is time-

invariant (i.e. dependent on the station height only) if a standard atmosphere is used. z; denotes the
zenith angle (for satellite i and station k), £,,. the mapping function (different for each a priori

model), dTrop,(¢) the time-dependent troposphere parameter for station k, and £(z;) is the mapping
function used for the parameter estimation, which may be different from f, . and is usually 1/cos z.

In this study the Bernese GPS data processing software was used to derive tropospheric delay
parameters for the individual stations of the network during parameter estimation. The user can
specify the number of correction parameters to be estimated within the observation period.
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3.3 Double-differencing algorithm for tropospheric delay corrections

Only the relative tropospheric delay (the tropospheric inhomogeneity) between two SAR imaging
points and between the two SAR image acquisitions will distort the deformation information
derived by INnSAR, because it is the phase difference that is used and deformation is always
referenced to a stable point (site) in the image. Therefore, a between-site and between-epoch
double-differencing algorithm can be used to derive the corrections to the INSAR result from GPS
observations.

3.3.1 Single-differences
Assume that A is a stable site in the SAR image to be used as a reference point. B is another site in
the same SAR image. If the tropospheric delay estimated from GPS for A and B at SAR imaging
epoch j is denoted as D/ and D} respectively, the between-site difference of the delays is:

Djy=Dj-Dj (3.3)

Using site A as the reference, single between-site difference delays at other GPS sites can also be
calculated using equation (3.3), which are then interpolated (see next section) to generate a
tropospheric delay image product similar to the radar SLC (single-look-complex) data.

3.3.2 Double-differences
Assuming two sites A and B, and two epochs j (master SLC image) and k (slave image), two single-
differences may be formed according to equation (3.3):

Dy=D4=D]

(3.4)
Diy =D}~ D

A double-difference is obtained by differencing these single-differences:

. .
D}Iw _DﬁB _D/Ju;
= (D; - DY) - (D - D)) (3.5)
= (Dy-Dj)-(Di- D))

Equation (3.5) illustrates two possible approaches to double-differencing, either between-site (BS)
differencing first and then between-epoch (BE) differencing (BSBE approach), or between-epoch
differencing first and then between-site differencing (BEBS approach). The BSBE approach is
preferred because the BS difference can be interpolated to generate a single-difference correction
product. This product will be associated with only the SLC image and hence can be used freely to
form combinations for further BE differences as soon as INSAR pairs have been formed from SLC
images.
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3.4 Interpolating tropospheric delay corrections

Continuous GPS networks may be as dense as one station every 25km at the national level, as is the
case for the GEONET in Japan (GSI, 2003), or as dense as one station every few kilometres at the
regional level, as is the case for the SCIGN in the USA (SCIGN, 2003). However, in order to
correct the INSAR result on a pixel-by-pixel basis (ERS SAR resolution ~25m), the GPS-derived
tropospheric corrections have to be interpolated.

In this section the utility of three interpolating methods will be discussed. Each interpolation
technique makes assumptions about how to determine the estimated (interpolated) values.
Depending on the phenomenon being modelled (i.e. differential tropospheric delay) and the
distribution of sample points (in this case, GPS stations), one interpolator may produce better
models of the actual surface (the tropospheric delay correction model) than others. Regardless of
the interpolator, as a rule-of-thumb, the more input points and the more even their distribution, the
more reliable the results.

3.4.1 Inverse distance weighted (IDW) interpolation
Inverse distance weighted interpolation (Lancaster & Salkauskas, 1986) explicitly assumes that
things that are close to one another are more alike than those that are farther apart. To predict a
value for any unmeasured location, IDW will use the measured values surrounding the prediction
location. Those measured values closest to the prediction location will have more influence on the
predicted value than those farther away. Thus, IDW assumes that each measured point has a local
influence that diminishes with distance, hence the name ‘inverse distance weighted’.

The general formula of IDW is:
2) N
(AO!¢O)=;W1‘D(AI‘1¢1‘) (3-6)

where 15(/\0,¢0) is the interpolated tropospheric delay for a location point with easting A, and
northing ¢,, N is the number of GPS stations surrounding the prediction location that will be used

in the interpolation, and w; (i = 1, 2, ... N) are the weights assigned to each GPS-derived delay
value that will be used. For IDW these weights will decrease with distance to the interpolated
location. D(A,¢,) is the GPS-derived delay (either single-differenced or double-differenced) at

location easting A and northing ¢, .

The weights are determined as follows:

d; N
w; =2 and Y w=1 (3.7)

1

> di” =
i1

From equation (3.7) it can be seen that as the distance becomes larger, the weight is reduced by a
factor of p. The quantity djo is the distance between the prediction location (4,, ¢,) and each of the
GPS stations (4;, ¢, ). The power parameter p influences the weighting of the GPS-derived delay on
the interpolated value: as the distance increases between the GPS stations and the prediction
location, the weight (or influence) that the measured point will have on the prediction will decrease
exponentially. By defining a high power, more emphasis is placed on the nearest points, and the
resulting surface will have more detail (be less smooth). Specifying a lower power will give more
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influence to the points that are further away, resulting in a smoother surface. A power of 2 is most
commonly used. The weights for the GPS-measured locations that will be used in the prediction are
scaled so that their sum is equal to 1.

3.4.2 Spline interpolation

This general-purpose interpolation method fits a minimum-curvature surface through the input
points (Schultz, 1973). Conceptually, this is like bending a sheet of rubber to pass through the
points while minimising the total curvature of the surface. It fits a mathematical function (a
minimum-curvature, two-dimensional, thin-plate spline) to a specified number of the nearest input
points while passing through all input points. Therefore, the idea behind a spline fit is to
approximate a function by a polynomial which is defined piecewise. This method is best for
gradually varying surfaces. It is not appropriate when there are large changes within a short
horizontal distance because it can overshoot estimated values. Hence, it would not be applicable to
correct atmospheric interference induced by extreme weather conditions that may be caused by a
cold front moving across the area.

For simplicity, the 1D *basis’ splines (B-splines) are described here, which became popular when de
Boor (1978) developed a package of FORTRAN routines for their numerical application. For
example, a cubic spline fit uses cubic polynomials which are defined over distinct, non-overlapping
regions. The term spline means that the coefficients of the polynomial are chosen so that the
following conditions are satisfied at the borders when two regions abut: (a) the values of the fit
polynomials are the same, and (b) one or more of the derivatives match as well so that the slope
(first derivative), etc., are continuous. For cubic splines, it is possible to match the function values
and first derivatives (slopes) at both ends of the interval, resulting in a sufficiently smooth join for
most purposes.

The idea behind B-splines is to expand the function in “basis’ splines B(x), which are zero over most
of the domain to be fitted. The B(x) are splines, not simple polynomials — i.e. they are different
polynomials in different regions. Consider the simplest useful B-splines, the cubic splines. The B(x)
will be non-zero in the region between x[i] and x[i+3], whereas B(x)=0 for x < x[i] or x > x[i+3]. In
order to be continuous, B(x/i/)=B(x[i+3])=0. The function B(x) can be written for a cubic B-spline
as:

B(x) = A(x = x[i])3 + B(x = x[i +1])3 (3.8)

+Ca =i+ 2% + D(x = i +3])3 '
where (X-y)« is (x-y) if (x-y) > 0 and O otherwise. Thus, in the left-most interval, only the term
proportional to A contributes, while in the right-most interval all of the terms contribute. The
additional conditions on the derivatives of B(x) at the end of the right-most interval, namely
B’(x[i+3])=B”(x[i+3])=0, result in the B-spline being unique up to a normalising constant which
multiplies B. The resultant B-splines are bell-shaped functions which are non-negative. B-splines
can be defined for higher degrees but cubic B-splines are generally used in practice.

Beyond the endpoints of the domain there are points which are needed to define the B-spline at the
edge of the domain. De Boor (1978) typically chooses x[-3]=x[-2]=Xx[-1]=X[0] at the left-hand end,
X[0] being the endpoint of the domain, and similarly at the right-hand side. These points x[i], at
which the fit is defined, are typically called the knots or breakpoints of the splines. Often, the knot
spacing is uniform within the domain, i.e. x[i+1]-x[i]=dx is a constant, although this is not
necessary.
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The process of fitting a function by splines involves determining the coefficients of the splines
which satisfy the user-imposed conditions, which are typically to match the specified function and
its derivatives on a set of points. This is done by building a spline approximation to the function
from overlapping B-splines. The first cubic B-spline might cover the region from x[0] to x[3]; the
next would be defined over x[1] to x[4], and so on. Recall that each cubic B-spline, as defined
above, has one free parameter, its scale factor. Performing the fit requires determining this scale
factor. Because at the ends of its range the B-spline takes on the value 0, there will be three non-
zero B-splines contributing to the value of the sum at each interior point. The linear system which
must then be solved to fit the B-spline approximation to a set of function values is, then, a tri-
diagonal system within the interior of the domain. Because of the multiple knots at the edges it is
somewhat more complicated at either end. Such a system is still banded, and so generally can be
solved without the complexity of a full system solver.

One interesting feature of B-splines is the locality of influence. The value of a function to be fitted
influences only the coefficients of the B-splines which are non-zero over that interval. Thus, for
cubic splines, only four coefficients are affected.

3.4.3 Kiriging interpolation

This interpolation method assumes that the distance or direction between sample points reflects a
spatial correlation that can be used to explain variations in the surface. Kriging fits a mathematical
function to a specified number of points, or all points within a specified radius, to determine the
output value for each location. Kriging is a multistep process including exploratory statistical
analysis of the data, variogram modelling, creating the surface, and (optionally) exploring a
variance surface (Stein, 1999). This function is most appropriate when there is a spatially correlated
distance or directional bias in the data.

Like IDW, kriging weights the surrounding GPS-measured values to derive a prediction for a non-
measured location. The general formula for the kriging interpolator is the same as IDW, i.e.
equation (3.6). However, in IDW the weight w; depends solely on the distance to the prediction
location. Kriging also takes into account the overall spatial arrangement among the measured points
by quantifying the spatial autocorrelation. Thus, in ordinary kriging, the weight w; depends on a
fitted model to the measured points, the distance to the prediction location, and the spatial
relationships among the measured values around the prediction location.

In order to create the empirical semivariogram the distance and squared difference between each
pair of locations has to be calculated. The distance d;; between two locations (A, 4,) and (A;,¢,) is

determined by the Euclidean distance:

dy =X = 1)+ (¢, - ) (3.9)

The empirical semivariance s; is half the square of difference between the GPS-derived
tropospheric delay for the two locations:

5y =5 1D 8) - DA, )1 (3.10)

With larger datasets (more GPS stations) the number of pairs of locations will increase rapidly and
will quickly become unmanageable. Therefore it is necessary to group the pairs of locations, in a
process referred to as “binning’. In this case, a bin is a specified range of distances. That is, all
points that are 0<d, <1 kilometre apart are grouped into the first bin, those that are
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1<d; <2 kilometres apart are grouped into the second bin, and so forth. The average empirical
semivariance of all pairs of points in a bin is taken as the semivariance of the bin.

Now the average semivariance can be plotted against the average distance of the bins, to produce
the empirical semivariogram. However, the empirical semivariogram values cannot be used directly
because standard errors for the predictions might be negative; instead, a model must be fitted to the
empirical semivariogram. Once this is done, the fitted model can be used to determine
semivariogram values for various distances. For simplicity, the model to be fitted is a least squares
regression line, which has been forced to have a positive slope and pass through zero. Many other
models can also be used. The slope k& of the regression line is then used to determine the
semivariance J; at any given distance:

y;=kd; (3.11)

where dj; is the distance between two GPS stations at (A, ¢,) and (A, ¢;) calculated using equation

(3.9). In order to interpolate the tropospheric delay at location (A,,#,), @ matrix /~and a vector g
can be defined using the semivariance of equation (3.11):

Yuu o ywy 1 Vo1
M O M M M
= , g= (3.12)
Yy Yy 1 Yon
1 .. 1 0 1

The 1s and Os in the bottom row and the right-most column of /7 as well as the last element in g,
arise due to unbiasedness constraints. Now that the matrix /~and the vector g have been defined, the
kriging weights vector w can be solved for:

w= =g (3.13)

where /' is the inverse matrix of /- The m is an unknown to be estimated, arising from
unbiasedness constraints.

Therefore, the interpolation can now be carried out using equation (3.6). It should be noted that
kriging uses the GPS-derived delay data twice: the first time to estimate the spatial autocorrelation
of the data, and the second to make the predictions.



3.5 Experimental data analysis: SCIGN

Data from the Southern California Integrated GPS Network (SCIGN, 2003) were used to investigate
the feasibility of the above methods to derive tropospheric delay corrections from GPS observations.
Of the 23 stations considered, 14 were treated as measured locations (reference stations) and nine
were used as prediction locations for which tropospheric delay corrections had to be determined and
compared with their GPS-derived delays. A 2-hour session was observed on 2 August 2001 (DOY
214) and again on 6 September 2001 (DOY 249), simulating a typical ERS SAR satellite single
repeat cycle of 35 days. Data were collected at a 30s sampling rate for a period of one hour before
and after the simulated flyover of the radar satellite. Figure 3-2 shows the location of the GPS sites
within a typical ERS SAR image frame (the dashed lines) for this area. A close-up of the GPS sites
is also shown, where the reference stations are denoted by triangles, while the sites to be
interpolated are indicated by circles.

GPS Network (SCIGN) and INSAR Image Frame
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Figure 3-2 SCIGN stations within the ERS SAR image frame (left), and a close-up showing

reference stations (triangles) and prediction stations (circles) (right).

For all sites precise coordinates were obtained using the Scripps Coordinate Update Tool (SCOUT)
provided by the Scripps Orbit and Permanent Array Center (SOPAC, 2003). This service computes
the coordinates of a GPS receiver (whose data are submitted to the website) by using the three
closest SCIGN reference sites and precise GPS ephemerides. In this case the coordinates were
determined by taking the mean of six 24-hour solutions obtained in two blocks of three successive
days (DOY 213-215 and 248-250). The average baseline lengths ranged from 2-7km. The
repeatability of these six coordinate solutions was at the sub-centimetre level for all but one GPS
site, indicating a solid, stable network. Site LBC1 showed relatively large coordinate variations
indicating lower quality data or a possible displacement of 3.5cm and has therefore been left out of
the subsequent interpolation.

3.5.1 GPS-derived tropospheric delay corrections
The Bernese GPS data processing software (Rothacher & Mervart, 1996) was used to process the
network on both days, the coordinates of CIT1 being held fixed as the primary reference station.
Baseline lengths vary from 7km to 49km, and the largest height difference is 270m. For each site
tropospheric delay corrections were determined every 20 minutes, resulting in six parameters per
site throughout the 2-hour observation span. Single-differenced tropospheric corrections (equation
(3.3)) were then obtained by forming the differences relative to CIT1. These corrections range from
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