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This paper describes the results from the recently laungiidrisatellites for the purpose of subsidence monitor-
ing over underground coal mine sites in the state of New Sdiales, Australia, using differential interferometric
synthetic aperture radar (DINSAR) technique. The qualitthe mine subsidence monitoring results is mainly
constrained by noise due to the spatial and temporal ddatiore between the interferometric pair and the phase
discontinuities in the interferogram. This paper reportgie analysis of the impact of these two factors on the
performance of DINSAR for monitoring ground deformation.

Simulations were carried out prior to real data analysed$? 8ata acquired using different operating frequencies,
for example, X-, C- and L-band, from the TerraSAR-X, ERS; HRVISAT, JERS-1 and ALOS satellite missions,
were examined. The simulation results showed that the ntllitgs ALOS, TerraSAR-X and COSMO-SkyMed
perform much better than the satellites launched befor&.200

ALOS and ENVISAT satellite SAR images with similar tempocalverage were searched for the test site. The
ALOS PALSAR DInSAR results have been compared to DInSARItesibtained from ENVISAT ASAR data to
investigate the performance of both satellites for growrzsglence monitoring. Strong phase discontinuities and
decorrelation have been observed in almost all ENVISATrategrams and hence it is not possible to generate the
displacement maps without errors. However these probleensmiaimal in ALOS PALSAR interferograms due to
its spatial resolution and longer wavelength. Hence ALOES$AR is preferred for ground subsidence monitoring
in areas covered by vegetation and where there is a high mated deformation.
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1. Introduction

Ground subsidence is the lowering or collapse of the lanfsamvhich can be caused by either natural or anthropogenic
activities. Most ground subsidence in Australia is humatuaed, and in non-urban areas is usually related to undemgro
mining, especially for coal. The magnitude (areal extert amount) of subsidence due to underground mining depends
on a number of factors, including the depth of cover, ovedystrata properties, seam thickness, panel width, chiar pi
size and surface topography (Nesbitt, 2003). The rocksaabi mine workings may not have adequate support and can
collapse from their own weight either during mining or lorfteamining has been completed. Therefore ground subsé&lenc
due to underground mining is a major concern to the miningstny, government, environmental groups and othersfGe
al., 2007). In Australia most underground coal mines employldhgwall mining technique, where a long ‘wall’ of coal
is mined in a single slice in order to maximise the recovergadl. The subsidence caused by this technique can be very
large, occur immediately after or during mining, and candfme damage infrastructure and public utilities, as aslthe
environment. The subsidence induced by this mining tealend@n have a spatial extent of several hundred metres.

Several methods are currently used for mine subsidencetaonimg, including levelling, total station surveys, and &P
(Schofield, 1993). However coverage of these techniques$iraited as they measure subsidence on a point-by-point
basis, requiring a dense network of ground survey marks deroto identify any regional-scale deformation induced
by underground mining. Space-borne radar interferomstiy iechnique which can measure the ground movement (or
deformation) that has taken place between the times of sitigui of the two radar images on a pixel-by-pixel basisslt i
therefore quicker, less labour intensive and less expemrsitnpared to the conventional ground-based survey methods

In the past, most space-borne SAR systems operated in C{hathdthe exception of the Japanese JERS-1 satellite).
Recently several new satellites with a variety of radar weavgths have been launched. The aim of the study reported her
is to investigate the performance of recently launched S#Bllges for subsidence monitoring over undergroundrodoa
sites in the state of New South Wales, Australia, using theSBR technique.
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The Geodetic Society of Japan; The Japanese Society foetBlgrSciences; TERRAPUB.
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Fig. 1. InSAR geometry.

2. Basic Theory

Space-borne repeat-pass DINSAR has already proven itat@btior ground deformation monitoring due to its high
precision and high spatial resolution. DINSAR can obsergeigd displacement along the radar line-of-sight to an ieagu
of afew millimetres. It has been used in applications such@sitoring volcanic activity (Lanasgt al., 1998), determination
of glacier movement (Goldsteigt al., 1993), measuring earthquakes/seismic deformation (dfeet and Feigl, 1995),
monitoring underground mining activities (@&eal., 2004 and 2007) and urban subsidence (Cleaiaj, 2005).

Radar measures the amplitude (strength) and phase (tintle¢ oficrowave signals that are emitted by a radar antenna
and reflected off a target on the ground. "Repeat pass” entanietry is a method which makes use of a single-antenna
SAR system imaging an area by revisiting after a period oétilWhen the SAR system images the ground, both amplitude
(strength) and phase (time) of the backscatters are reddnyglethe antenna. The amplitude indicates the target refigcti
and the phase is related to the distance between the raganartp the target. Two SAR images acquired at differentgtime
can be combined to generate a radar interferogram, whid¢hdas the information about the (static) topography and any
displacement in slant range direction that may have ocdlreéveen the two image acquisitions. The simplified gedmetr
configuration is shown in Figure 1 where 8nd S are two radar antennas separated by the so-called "baskditamce”

B. DInSAR make uses of the phase difference from two SAR irmageuired over the same area. This phase difference is
given by (Zebker, 1994 and Hanssen, 2001):

A¢ = 4TWBsin(G—oz)—i- 4TWAR 1)

wheref is the look angle; B is the baseling;is the angle of the baseline vector measured from the otmtdtontal;\
is the wavelength of the radar signal; aAAR is the displacement that has occurred during two radarisitigns along the
line-of-sight if repeat-pass radar interferometry is parfed.

The first term in equation (1) consists principally of two maomponents: 1) a spheroidal earth with no topography,
and 2) the topography. The phase term due to the spheroidalveith no topography is often referred to as the "flat earth
phase” and is removed from the interferogram phase.

Ah 4
—A 2
Rsin 6 + A r (2)

wheref, is the look angle to the reference surface; is the flat eardis@h

A — Adfrar = %B cos(fp — )

After the flat earth fringe is removed from the interferograhase, the first term in equation (2) represents the topogra-
phy and the second term indicates the displacement aloriméef-sight of the radar signal.

The phase shown in equation (2) is only for a simplified geoimebnfiguration. In the case of real data analysis, the
effect of atmospheric disturbances, orbit error and detation noise should also be considered. Hence, the indenketric
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phase can be written as:
A¢ = ¢Top0 + ¢Def0 + ¢Atrrms + ¢Orbit + ¢N0ise (3)

whereA¢ is the phase difference between the two images,, is the phase due to the topography. . is the phase
due to the geometric displacement of the poiit;...s is the phase due to atmospheric disturbangess;; is the phase
due to orbit error, ang ;s is the phase due to decorrelation noise.

The topographic phasgr,,, and deformation phasgp. r, can be expressed by (Nolan and Fatland, 2003):

Ar Ah 47 Ah
¢Top0 — TBCOS(Ginc - a)m - T.RSTQWLCBJ_ (4)
4
SDefo = TWAR ©

whereB; is the perpendicular baseline separation between thditestaindd;,,. is the incidence angle.

It is possible to determine the deformation that has takangbetween the two radar image acquisitions on a pixel-by-
pixel basis by eliminating the other components in equaf®)n In the results reported here, the topographic phase is
carefully removed using a 25m resolution external digitavation model (DEM). The atmospheric disturbance is agglim

to be insignificant as the spatial extent of the mine site eoegidered here is only of the order of several hundred metre
(Carnecet al., 1996). The phase variation due to atmospheric heteroyaadypically of the order of several kilometres.
The orbit error contribution can be corrected during DInS&Rilysis, and the phase noise can be reduced by applying an
adaptive filter. What remains is the line-of-sight displaeat that has occurred between two image acquisitions.

The accuracy of the deformation detection is often limitgdhHe DEM errors. Accurate DEMs and small perpendicular
baseline can reduce topographic noise and hence improvactheacy of deformation detection. The effect of DEM
vertical error on the uncertainty of DINSAR results can bdeined by assuming that a signal-to-noise ratio of 0 dB is
the minimum requirement to ensure valid interpretation eByatingprop. 10 ¢pe, in equations (4) and (5), the equation
for measuring detectable deformation error in line-ohsi.OS) direction due to DEM error can be derived (Nolan and

Fatland, 2003):
Ah
" Renbe ©

Without SAR data from both ascending and descending o#iiks, it is not possible to derive a 3-D deformation vector
without making certain assumptions. The deformation dusderground mining activity is predominantly in the veatic
direction, with the horizontal deformation being much deralPeng, 1986). The ground survey data measured using GPS
at one of the test sites, Appin, of this paper shows a simglswlt. The GPS measurement suggests that at the centre of the
long-wall panel the typical ground deformation in 35 days &50mm, -18mm, 104mm in vertical, easting and northing
directions, respectively. Due to insufficient DINSAR resulerived from various orbits and look angles, it is assumduis
paper that the horizontal deformation is negligible for &ase of calculation. Based on this assumption, the lirsghft
displacement can be converted into vertical displacemgnt b

AR

AR

B cos(Oine)

AS = (7)

whereAS is the surface displacement in the vertical direction.

Equations (5)and (7) suggest that the sensitivity of tharéat subsidence detection is dependent on the wavelendttha
incident angle. The quality of ground subsidence monitptising radar interferometry is mainly constrained by ndise

to the spatial and temporal decorrelation between thefertametric pair and the phase discontinuities in the iet@gram.

In this study these two factors are used to analyse the peafuce of different satellites for monitoring ground defation.
The phase difference between any two adjacent pixels imteeférograms should be less than half a cycle in order tmlavo
aliasing during the phase-unwrapping process (Chen ankier,ep002). Therefore the maximum deformation of a whole
subsidence bowl that can be detected without phase discitytcan be written as:

A
Smax,LOS = L T (8)

Gresolution 4

whereSnax, Los is the maximum deformation of the subsidence bow! in the-tiftsight direction that can be detected
without phase discontinuity-csoiution IS the ground resolution of the SAR sensor, w is the radiub®kubsidence bowl
and /4 is the distance corresponding to a one-half cycle of thterfierogram’s phase. Assuming a subsidence bowl with
radius 150m, theoretically the maximum deformation that loa detected (without phase discontinuity) is approxitgate
8cm, 7cm, 48cm, 86cm, 39cm and 39cm for the wavelengths of ERSISAT, JERS, ALOS, TerraSAR-X and COSMO
SkyMed satellites respectively, along the slant-rangeatiion.
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Table 1. SAR satellite characteristics relevant to sinmestudies.

Satellite ERS JERS ENVISAT ALOS TerraSAR-X COSMO SkyMed
Sensor AMI SAR ASAR PALSAR - -
Wavelength (cm) 5.67 23.53 5.62 23.61 3.1 3.1
Incidence angle?) 23 35 42 .5* 38.7** 45* 45*
Ground resolution (m) 30 18 30 10 3 3
Altitude (km) 785 568 800 692 514 620

* Relatively large incidence angle is chosen in this simatafor satellites that have variable incidence angle ciipalin order to
increase the maximum detectable subsidence and miningsutisidence error due to DEM error.

** ALOS PALSAR also has variable look angle capability witicidence angle range froni-860°. However incidence angle of 38.%
chosen in this simulation to match with the real data usetigstudy. The simulation result will be different if diffamt incidence angle
is used.

3. Simulation

Following the first radar mission SEASAT in 1978, subsequpaice-borne radar missions had been dominated by the
NASA space shuttles (http://www.jpl.nasa.gov/radacisar/) until the launch of ERS-1 by the European Space Agenc
(ESA) on 17 July 1991. Soon after the launch of ERS-1, therlzgmand Canadian space agencies launched JERS-1 and
Radarsat-1, respectively. On 21 April 1995 ERS-2 was laaedchllowing the ERS tandem mission to take place. Space-
borne radars were operated at two different bands betweEhar 1998 (C-bands for ERS-1/2 and Radarsat-1, and L-band
for JERS-1). However, there are several limitations foséhgatellites, such as low ground resolution and fixed logkean
There has been renewed interest among the European, Japlaléen and Canadian space agencies in the last few years.
The ESA C-band satellite ENVISAT was launched in 2002 wittyirag look angle. Other recently launched satellites are
the L-band ALOS, C-band Radarsat-2, and X-band satellisegsaBAR-X and COSMO SkyMed-1 and 2. These provide
high ground resolution as well as varying look angle cajitgbiFrom equations (5), (7)and (8), it can be seen that the
maximum deformation of the whole subsidence bowl that caddbtected depends on the incidence angle, wavelength and
ground resolution. Therefore the feasibility of ground sidbnce monitoring using radar interferometry can be freat
improved by SAR imaging with high ground resolution and wagyook angle.

In the study reported in this paper, simulations were cdroiet prior to real data analyses in order to investigate the
performance of different satellites under ideal cond#io8AR data with different operating frequencies, for exiang-,

C- and L-band, from the TerraSAR-X, COSMO SkyMed-1/2, ER&-ENVISAT, JERS-1 and ALOS satellites, have been
considered. The basic characteristics of the satellited imsthis study are listed in Table 1.
3.1 Effect of DEM Errors

Based on equation (6), it is possible to estimate the subsalerror due to the DEM uncertainty for different satedlite
The relationship between DINSAR accuracy and DEM error@whin Figure 2, under the assumption of a perpendicular
baseline of 250m. The LOS distance from satellite to grosngroportional to the altitude of the satellite; therefdre t
influence of DEM error is mainly dependent on the altitudehef $atellite, incidence angle and the perpendicular reeseli

Figure 2 suggests that subsidence detected by ENVISAT ¢ é&fected by DEM error due to its high altitude and large
incidence angle, followed by COSMO SkyMed-1/2, ALOS, T&AR-X, JERS-1 and the C-band satellite ERS-1/2. In
addition to the vertical DEM accuracy, the horizontal resioh is another important factor impacting on the quality o
DInSAR results. The residual topographic signal in the BARSesult is expected to be much smaller when the DEM’s
horizontal resolution is finer than the ground resolutiothef satellite image. This is due to higher coregistratiarueacy
between the master and DEM simulated image. Therefore, feigiution satellites such as TerraSAR-X and COSMO
SkyMed require DEMs with much higher horizontal resolutidrhis is a concern because many commonly used DEMs
do not have high enough resolution, and hence there is atiedun vertical accuracy if they are used to remove the
topographic phase from the TerraSAR-X and COSMO SkyMedfertegram.

3.2 Assessment of Radar Interferometry Performancewith Different Peak Subsidence

3.21 Subsidence Model Used for Simulation A subsidence model (Figure 3) is derived using ALOS PALSAR
DInSAR and is rescaled to 1 metre resolution for the simotagtudy. The model has a peak subsidence of 50cm.
Differential interferograms are simulated based on thesisigmce model using parameters of different satellite®l€Ta
1), and are then converted into LOS displacement by unwnggpie differential interferogram phase.

3.2.2 Simulated Interferogram The simulations have assumed both noise-free and noisygt@iel = 30 in phase)
conditions. The temporal and baseline decorrelation iansidered in the noise-free simulation. The noise levéhén
noisy simulation is assumed to be normally distributed wigtandard deviation of 30

The subsidence model is rescaled based on the ground resalfisatellite and is converted into absolute phase using
equation (7). The absolute phase is then wrapped to genleeaddferential interferograms (Figures 4 and 5). The satad
differential interferograms from ERS and ENVISAT show theape fringes in the interferogram representing the ground
surface displacement are saturated. This is mainly dueetbitih phase gradient in the subsidence model. The maximum
amplitude of subsidence using ERS and ENVISAT data is 9cml@adh, respectively, which are much smaller than the
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Fig. 2. DEM vertical accuracy versus detectable subsidence for different satellites for an assumed perpendidoieeline (Bperp) of 250m.

peak subsidence (50cm). In contrast, the phase fringegidifferential interferograms from ALOS, JERS, TerraSAR-X
and COMOS SkyMed data are reasonably clear.

The simulated interferogram phase is unwrapped using thE M€thod (Costantini, 1998), and is then converted into
vertical displacement (Figures 6 and 7). The results gtesitbw that the subsidence map from ERS and ENVISAT give
an incorrect result. Figure 8 shows the cross section ofubsidence maps under noise-free conditions. The maximum
subsidence ERS and ENVISAT can detect from the subsidendelisabout 8cm, which is much lower than the actual peak
subsidence (50cm). However, the phase from the otherigeddal correctly unwrapped, and is accurate (when compared
with the actual value).

3.2.3 Error Analysis Using Subsidence Model with Different Peak Subsidence The original subsidence model
(with peak subsidence of 50cm) was multiplied by a factor rideo to investigate the displacement error for different
maghnitudes of peak subsidence. The Root Mean Square EBHR between the simulated displacement and actual
displacement is used as an indication of the performancédffefreht SAR satellites for different magnitudes of peak
subsidence. The RMSE between two data sets can be calcatated
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Fig. 3. Subsidence model derived from ALOS PALSAR DInSARdwnulation purposes.
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Fig. 4. Simulated differential interferograms from vaoBAR satellites based on the subsidence model under mesednditions. The displacement
value in the subsidence model is indicated by the colour bapger left and the phase value in all the interferogramsnalieated by the colour bar at
lower left.

L w
1
RMSE = \| =% >~ (8}, — 5272 9)
=1 w=1
where W is the width of the image by w and L is the length of thegmby |
Both noise-free and noisy conditions are considered iretegsulations. The simulation for noisy conditions is repda
ten times for each subsidence model with different peakidabse. The detectable subsidence errors with differesit pe
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Fig. 6. Detectable subsidence under noise-free conditions

subsidence under both conditions are shown in Figures 9 @nBidure 9 shows that more recent satellites such as ALOS,
TerraSAR-X and COSMO-SkyMed are able to measure the dispiant with larger maximum detectable subsidence and
lower detectable subsidence error. The L-band ALOS PALS#Rbie to maintain a low subsidence error with relatively
high maximum detectable subsidence. High RMSE is obsernvé&NVISAT and ERS for subsidence model with peak
subsidence greater than 10cm, and the maximum detectdidiglence will be further reduced after noise is included.

The simulated results show that the more recent satellitse8S\ TerraSAR-X and COSMO SkyMed perform much
better than older satellites for ground subsidence mdngorX band satellites TerraSAR-X and COSMO SkyMed have
demonstrated their ability to monitor simulated groundssdénce in conditions where temporal decorrelation due to
different terrain is not considered. The simulation resulggests that finer resolution and greater incidence acgles
be used to overcome the high phase gradient.

4. Test sites
The underground coalmines monitored in this study emplog\eall mining techniques. The subsidence induced by this
technique is expected to have a spatial extent of the ordeevaral hundred metres. Two test sites were chosen for this
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Fig. 7. Detectable subsidence under noisy conditions.
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Fig. 8. Cross section of subsidence detected from the \&smnulated subsidence maps.

study: (a) Tahmoor (Figure 11), an underground mine loclggtbath an urban area, in order to investigate the perfa@nan
of multi-platform satellites with respect to phase disaunties; (b) Appin (Figure 12), an underground mine siteosé
surface terrain is partially covered by vegetation, in otdénvestigate the effects of both temporal decorrelatiod phase
discontinuities.

The width of each longwall panel in the underground minessua 300m, which is 150m from the edge to the centre
of a longwall panel (GeoTerra, 2006). The depth of the coadsin the test sites is between 420m and 480m (GeoTerra,
2006). The mine subsidence at the test sites have typicklgreplitudes of 20 to 50cm, and even greater during the period
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Displacement EMSE in different peak subsidence
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Fig. 9. Detectable subsidence errors with different magieis of peak subsidence under noise-free conditions.

1-2 months after the mine process has ceased, and can be @16®6m over a full year.

As the peak subsidence at the mine site is much greater thanakimum subsidence that SAR on ERS and ENVISAT
can detect, the phase fringes in the ERS and ENVISAT integi@m corresponding to the ground surface displacement are
expected to be saturated.

5. Spaceborne SAR DATA

Real C-band ENVISAT ASAR and L-band ALOS PALSAR data wereduse determine ground deformation. The
performances of past satellites such as ERS-1/2 and JEBS+irfe subsidence monitoring have already been discussed i
a previous study (Get al., 2007).
5.1 Test site1: Tahmoor

The Tahmoor Colliery is one of the underground coalminesctet! in this study to investigate the performance of
DInSAR in the presence of phase discontinuities. Accordinthe mining schedule (GeoTerra, 2006), the underground
coalmine operated under a residential area from Decemi®& t20February 2007. The width of each longwall panel in the
mine is about 300m (ibid, 2006). Three differential inteofgrams were generated from one ascending and one desgendin
ENVISAT ASAR pair and an ascending ALOS PALSAR pair, as showrrigure 13. The fringes in the differential
interferogram derived from the ALOS pair are very clear dr@ghase can be easily unwrapped. However, interferograms
derived from both ENVISAT pairs show phase saturation nearcentre of the subsidence bowl, while the fringes at the
rims of the subsidence bowl are reasonably clear. The ertmgfams in Figure 13 are unwrapped using the MCF method,
and are converted into vertical displacement (Figure 14xrdss section of the displacement maps between A and B in
Figure 14 is computed (Figure 15), which shows that the phiadeoth ENVISAT differential interferograms are incortlgc
unwrapped due to the phase saturation. The maximum sulocsidbeth ENVISAT pairs detected from the interferograms is
about 5cm, whereas the maximum subsidence the ALOS partddtis about 45cm (Figure 15).
5.2 Test site2: Appin

The Appin Colliery is the second underground coalmine setefor this study. Based on the mining schedule the
underground mine operated under an area covered by vegefistim June 2007 to early July 2007, under an area partially
covered by vegetation in mid July 2007, and under an areaweiti little vegetation from mid July 2007 to August 2007
(Figure 12). By comparing the differential interferograover the areas covered with and without vegetation it isiptess
to investigate the influence on multi-platform satelliteghwthe effect of temporal decorrelation. A subsidence ngp i
generated using an ALOS PALSAR pair and is overlaid on the S8IRBLSAR intensity image (Figure 16al) and it shows
that subsidence was detected in both heavily vegetatedtdadiégetated areas. The area that is heavily vegetatbthan
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Fig. 10. Detectable subsidence errors with different nmages of peak subsidence under noisy conditions.

Fig. 11. Tahmoor Mine Site with longwall structure overlaid the LANDSAT images.

little vegetated area can be easily distinguished in the BIBAL SAR intensity image, where the bright colour represtre
heavily vegetated area and dark colour indicates areaittiehdr no vegetation. The fringes in the differential ifegogram
derived from the ALOS pair are very clear and the phase caasiy@inwrapped even in the heavily vegetated area (Figure
16a2). A maximum subsidence of 40cm has been measured aiptia Aine site for the period 200706220070814
(Figure 16al). The ENVISAT pairs acquired during a simileripd are expected to show subsidence of similar magnitude.
The differential interferogram generated by the ENVISAT ghows phase saturation in the centre of the subsidenck bow
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Fig. 13. Differential Interferogram generated by: (leff)@S PALSAR data with Bperp = 530.4m, image acquisition p260061227.20070211 (46
days), ascending, incident angle = 38.Tmiddle) ENVISAT ASAR data with Bperp = -240m, image acdtitsm period 2006121820070114 (35
days), ascending, incident angle: 28.&ight) ENVISAT ASAR data with Bperp = -240m, image acqti@ period 2006120820070112 (35 days),
descending, incident angle: 33.9

(Figure 16b2). Unlike Figures 13 b & c, the fringes at the rihthee subsidence bowl in Appin are only clear in the upper
parts of the image (low vegetation area) and are very noigyedbwer parts (heavily vegetated area) (Figure 16b2)ceen
ENVISAT results can be easily affected by vegetation. This also be seen by comparing the upper subsidence bowl
(Westcliff), which is not covered by heavy vegetation, amallower subsidence bowl (Appin), which is partially covebs
vegetation in Figure 16b2.

6. Discussionsand conclusions
The performance of recently launched SAR satellites fougdsubsidence monitoring purposes was investigatedsn thi
study. The impact of decorrelation and phase discontiriaitgnine subsidence monitoring applications could be misau
by having SAR satellite missions with longer radar wavetangreater incident angle and finer ground imaging resmhuti
Simulation studies have shown that the recently launchisdlisas ALOS, TerraSAR-X and COSMO-SkyMed perform
much better than past SAR satellites for ground subsidera@taring due to underground mining. X-band satellites,
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Fig. 14. \Vertical displacement maps generated by: (leftOSLPALSAR data with Bperp = 530.4m, image acquisition pef686122%-20070211
(46 days), ascending, incident angle = 38.(fniddle) ENVISAT ASAR data with Bperp = -240m, image acdfin® period 2006121820070114 (35
days), ascending, incident angle: 28.&ight) ENVISAT ASAR data with Bperp = -240m, image acqtig period 2006120820070112 (35 days),
descending, incident angle: 33.9
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Fig. 15. Cross section of displacement maps between A andrB Figure 14.

TerraSAR-X and COSMO SkyMed, have demonstrated theirtgalidi monitor ground subsidence in simulation studies

where temporal decorrelation due to different terrainoisaonsidered. The simulation results suggest that finetutsn

and greater incidence angles can be used to overcome thlmégle gradient. However, it is known that X-band is very

sensitive to ground vegetation, and higher temporal detaifon is expected compared to C- and L-band systems. DEM
requirements is another issue when using SAR satellitds vigth resolution such as TerraSAR-X and COSMO SkyMed.

A DEM with a finer resolution than the ground resolution of faellite image is necessary to maximise the quality of the
DInSAR results. Most commonly used DEMs do not have as highlugion as the ground resolution of satellites such as
TerraSAR-X and COSMO SkyMed, which is a problem for 2-passIAR processing. Three-pass DINSAR processing
may be required in such cases.

The analysis using real data showed that ALOS PALSAR intenfetric pairs were less affected by the impact of
decorrelation and phase discontinuity due to its spatsdltgion and longer wavelength with respect to the wavdteng
used by other SAR satellites. Hence ALOS PALSAR is prefefoedjround subsidence monitoring in areas covered by
vegetation and where there is a high rate ground deformation

Ground movement or deformation may be caused by both natisesters and anthropogenic activities. The deformation
may also have various amplitudes, rates and coverage, diggeon the causes. The height ambiguity of DINSAR is related
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Fig. 16. (al) Subsidence maps and (a2) differential integimm generated by ALOS PALSAR data with Bperp = 44.75mgenacquisition period
20070629-20070814 (46 days), ascending, incident angle =38#1) Intensity maps and (b2) differential interferograengrated by ENVISAT
ASAR data with Bperp = 89.94m, image acquisition period Z0W@5~20070809 (35 days), ascending, incident angle  Ithe upper subsidence
bowl is located at the Westcliff mine site and the lower sdésce bowl is located at the Appin mine site.

to the wavelength of the radar signal used, as everplzase change between two pixels in a differential integeam is
equivalent to a ground displacement at a half of the waveéealgng the radar’s look direction. It implies that for a gleo
radar wavelength, e.g. C-band used by ENVISAT and ERS-liRmore sensitive to the ground deformation than a longer
wavelength, e.g. L-band used by ALOS. The measurement ofhgrdeformation using DINSAR is restricted by the phase
gradient in the interferogram. When the phase gradient ifferéntial interferogram is converted to ground displaeat,
imaging resolution, incidence angle and wavelength of tAR System have all been taken into account. To generalise
this, by assuming having the same imaging resolution aridénce angle, DINSAR with shorter radar wavelengths is more
sensitive to small ground movement while system with lomgelar wavelengths is more suitable for large deformation
in order to avoid the phase saturation problem. Thereforg Sétellites with short wavelength may be more suitable for
monitoring mine sites with low rates of ground deformation.

The subsidence caused by longwall mining technique can helasge, immediately after or during mining. It is not
straight forward to measure the relationship between ttedlisa repeat time and the subsidence rate as the subsidenc
rate is non-linear. However most of the deformation due toimgj activity occurs in the first 30-40 days after the coal
seam is removed. Satellite with shorter repeat time shoale migher successful rate for detecting the subsidence due
to underground mining given that the satellite configurai®the same. This is mainly due to two reasons: 1) image
pair with short time period is expected to have less tempaeabrrelation; 2) the magnitude of subsidence will be less
over a shorter time span, therefore, it has less chance findvahase saturation. Although shorter satellite repiezd t
may improve the performance for detecting mine subsideihég,bounded to the maximum detectable phase gradient.
The range of deformation rate suitable for each satellite lba estimated based on equation (8). Theoretically, the
expected maximum deformation rate that can be detected iffieaethtial interferogram (without phase discontinuitg)
approximately 0.5mm/m, 0.5mm/m, 3.3mm/m, 5.9mm/m, 2.6mmhd 2.6mm/m for ERS, ENVISAT, JERS, ALOS,
TerraSAR-X and COSMO SkyMed satellites respectively, glitre LOS direction.

More radar satellite missions are scheduled for launcheérctiming years. COSMO-SkyMed-3 and 4 will be launched in
2008/2009. Four small S-band radar satellites will be l&aeddn 2008/2009 by China; and there have been announcements
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of plans to deploy constellations of INSAR satellites in theire by NASA and other space agencies (Solorebal.,
2003). As a result, in a few years time radar data will be atéd in multiple bands, for example, X-, C-, S- and L-
bands, with weekly or even daily revisit cycles. The DInSARhnique will be a cost-effective technique that is in many
ways complementary to conventional ground surveying tieghas for many deformation monitoring applications inchen
mine-induced ground subsidence.
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