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ABSTRACT: Space-borne and airborne SAR (Synthetic Aperture
Radar) systems and SAR application technology have recently
advanced greatly and interferometric SAR (InSAR) techniques
can now be more effectively applied and used in many geological
and engineering problems. There are several SAR data acquisition
geometries for interferometric applications and PS (Permanent
Scatter) INSAR (SAR interferometry) technique can accurately mea-
sure very small deformations on the Earth’s surface with greatly
increased precision. In this paper, the PSInSAR technique is tested
and utilized to monitor and measure the land surface subsidence
of areas near Incheon Port, and selected locations in Busan, Korea.
All available JERS-1 (Japanese Earth Resource Satellite-1) L-band
SAR data were acquired, processed and used to estimate the ground
subsidence and subsidence rates, which range up to 30 mm/year.
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I. INTRODUCTION

The performance of the well established differential INSAR
(D-InSAR) technique is limited by decorrelation problem, in
spite of the fact that the D-InSAR technique can detect ter-
rain deformation up to a fraction of the microwave wave-
length being employed. Interferometric SAR (Synthetic Aperture
Radar) cannot easily be applied to the investigation of sur-
face targets whose scattering characteristics change rapidly
with time, such as rough water surface, melting or freezing
snow covers, growing crop fields and forests, because of
temporal decorrelation problems. Some of the well-known causes
of geometric decorrelation are discussed by Zebker and Vil-
lasenor (1992). There have been numerous attempts to over-
come these decorrelation problems in InSAR and D-InSAR
computation, testing and utilizing spectral shifting (Gatelli et
al,, 1994), multiple baseline (Ferretti et al., 1996), radar polarim-
etry (Cloude and Papathanassiou, 1998), and permanent
scatterer methods (Ferretti et al., 2000).

The PSInSAR is a newly developed surface displacement
observation technique based on conventional radar interfer-
ometry (Ferretti et al., 2000). The PSInSAR technique was
first proposed by Ferretti et al. (2000), and has been further

developed and applied recently. Unlike earlier D-InSAR
techniques, the PSInNSAR requires as many interferometric
data pairs as possible, at least 20 or more, for reliable final
results. All available SAR images over the target study area
are usually exploited, because the results from PSInSAR are
more accurate when the greater the number of usable data
pairs are available. In addition, the PSInSAR calculates
instantaneously not only the motion of scatterers but also the
propagation delay due to changes such as the atmosphere
(e.g., APS; atmospheric phase screen) and the errors asso-
ciated with the external DEM. Therefore, the possibility of
misinterpretation owing to atmospheric factors and inaccu-
racies of the external DEM might be eliminated. While we
can calculate more accurate results by removing undesirable
components, ground deformation can be estimated only on
some permanent scatterers, which do not change their scat-
tering characteristics as a function of time or as a function of
small changes of incident angle. The results are therefore
sure to produce a sparse grid of displacements over a given
study area. In spite of this restriction, a multi-dimensional
interpolation scheme, such as Kriging, can give a desired esti-
mation of deformation in regions of interest, since the defor-
mation of the surface is strongly correlated in space and
time.

D-InSAR and PSInSAR techniques have been applied to
monitoring of surface displacements in various geological
and related engineering problems (Massonnet and Feigl,
1998; Massonnet and Feigle, 1995; Moon et al., 1998; Mas-
sonnet et al., 1995; Raymond and Rudant, 1997; Write and
Stow, 1999; Amelung et al., 1999; Sneed et al., 2001; Fer-
retti et al., 2001; Dehls et al., 2002; Declercq et al., 2005;
Kim, 2007). In Earth science, various geological and geo-
physical processes cause surface deformation, including lat-
eral movements and either surface subsidence or uplift. For
instance, tectonic movement (Dehls et al., 2002)" tidal load-
ing (Massonnet and Feigl, 1998)' volcanic activity (Masson-
net et al., 1995), mine exploitation (Raymond and Rudant,
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1997; Write and Stow, 1999), groundwater and oil withdrawal
(Amelung et al.,, 1999; Sneed et al., 2001; Declercq et al,
2005), dissolution of soluble rocks such as halite (Baer et al.,
2002), and unconsolidated basement (Kim et al., 2005) can
trigger surface subsidence or inflation, while some others are
accompanied by lateral displacements in such cases as earth-
quakes or glacial surges. Landslides often accompany both
vertical and lateral movements. There have been many stud-
ies carried out to estimate the surface deformation from the
above geological processes using InSAR technique. Some
were successful and some were not (Massonnet and Feigl,
1998; Dehls et al., 2002). In Earth science, many geological
processes related to vertical displacement can be character-
ized by their deformation behavior in terms of lateral, as
well as vertical displacements and their deformation rates.
Selected Earth’s surface processes and the geological defor-
mation processes are summarized in Table 1. (The refer-
ences mentioned above are used as information sources.)

The accuracy of PSINSAR has been investigated in several
studies (Colesanti et al., 2003; Dehls and Nordgulen, 2003).
The study by Colesanti et al. (2003) monitored the fault
creep along the Hayward Fault in California. In this case,
Colesanti et al. (2003) estimated the line of sight (LOS)
directional displacement rate due to fault creep using PSIn-
SAR technique. The projection of LOS displacement along
the fault direction was compared with creepmeter records
with less than 10 percent error. Dehls and Nordgulen (2003)
monitored land subsidence in Oslo in Norway caused by
tunnel construction and related groundwater drainage. The
subsidence of this study area was surveyed using leveling
and the field records were compared to PSInSAR results.
They were in good concordance, both in magnitude and in
the short-term changes of deformation rate.

The PSInSAR technique has proved to be effective in
many studies and is versatile to various surface deformation
monitoring tasks. However, the limitations of PSInSAR tech-
nique should also be mentioned at this point. Firstly, PSIn-
SAR technique cannot detect very rapid deformation because
of aliasing. The critical deformation rate is half a wavelength
per revisit period. In the case of JERS-1, the critical defor-
mation rate is 12.5 cm in 44 days, or 2.7 mm in a day. Sec-
ondly, if a scatterer undergoes tilting related to ground
deformation, it might change the scattering characteristics

and it would not be detected as a PS (Permanent scatterer)
(Dehls and Nordgulen, 2003). Lastly, PSInNSAR cannot be
applied to monitor the deformation of very large areas of
which the length scale is larger than the swath of the image.
This is because the InSAR techniques utilize the difference
of phase relative to a stable point. If there is no stable point
in the scene, the result will be biased as much as the defor-
mation of the reference point.

In this study, we have investigated four study areas located
in two different cities, in Korea — Incheon and Busan — and
tried to estimate the degree of surface deformation. Highly
populated urban environment restricts the detailed investi-
gation of the geological causes of deformation including
subsidence. Settling of unconsolidated basements (Kim et al.,
2005), ground water withdrawal (Amelung et al, 1999; Declercq
et al, 2005; Dehls and Nordgulen, 2003), and underground
digging (Tesauro et al., 2000; Haynes et al., 1997) are pos-
sible causes. The Incheon study site is located at the west
coast of the Korean Peninsula, along which a vast tidal flat
is produced by high tidal amplitude. In Korea, a large por-
tion of the reclaimed tidal flats are now converted into agri-
cultural, industrial and residential areas. Approximately, one
third of the urban area of Incheon is now built on such
reclaimed lands and has potential problems of land subsid-
ence. The other study sites in Busan are located at the south
eastern tip of Korean Peninsula. The Nakdong River trans-
ports and deposits enormous amounts of fine sediments in
the river mouth near Busan, and the new urban area, devel-
oped along the long narrow plain, is built on alluvial depos-
its. The PSInSAR technique was applied to monitor surface
deformation over these two study areas utilizing all available
JERS-1 SAR data acquired over the life-time of the JERS-1
satellite. The surface deformation in the Coastal Harbor of
Incheon Port, which was reclaimed in the early 70’s, and at
Juan Railway Station, located about 6 km inland, is inves-
tigated assuming a linear deformation model. The subsid-
ence of the Busan study site was first studied by Kim (2003)
using PSInSAR technique, but we have independently car-
ried out the investigation using the PSInSAR technique with
additionally available SAR data. We included the two spe-
cific areas in Busan, where subsidence were previously stud-
ied by Kim (2003) — Bum Bridge and Deokpo Station, for
mutual verification of our studies.

Table 1. Examples of Earth’s surface deformation: displacement and time ranges

Geological Processes Range (km) Vertical Deformation (cm) Time (year)
Tectonic Motion 10*~10° ~10° per year Long period deformation.
Volcanic Activity 10! ~10" Hourly ~ 10°

Mine Exploitation 10° ~10" 10'~10?

Soluble Rocks 10° ~10' 10"'~10°
Unconsolidated Basement 10°~102 ~10" per year 10°%~
Groundwater or Qil Extraction 10' ~10? 10"'~10'
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2. PSInSAR TECHNIQUE

The PSInSAR is quite different from the traditional InNSAR
(SAR interferometry) technique. If N+1 Single Look Com-
plex (SLC) images are re-sampled to a common master
image, one can make N interferograms. One can remove the
influence of the Earth’s curvature from orbit information and
of topography using both orbit information and external
DEM. Then, one can get a series of phases for each pixel.
The phases of an interferogram are influenced by several
factors, such as linear phase ramp, inaccuracy of external
DEM, atmospheric phase screen, the displacement of scat-
terer, and speckle and decorrelation noise. One of the com-
mon errors encountered in interferogram computation is a
linear phase ramp (LPR) caused by inaccurate orbit deter-
mination. Inaccurate orbit information usually results in a repeat-
ing additional phase cycle along the range direction. Such a
phase cycle is also found along the azimuth direction, but
this usually has a longer wavelength and is caused by inac-
curacies in satellite attitude and incomplete parallel orbits.
For a small area, these cyclic phase patterns are usually
eliminated assuming a linear phase model. Another factor
influencing phase is the inaccuracy of external DEM or
DEM error. In order to compute the differential interfero-
gram, one needs to remove the phase from the topography.
Although the topographic phase has removed the influence
of topography from the interferogram, inaccurate external
DEM remains the input causing non-zero residual phases in
the interferogram. Residual phase due to inaccurate external
DEM is different from interferogram to interferogram because
the normal baseline of SAR data acquisition geometry is dif-
ferent from interferogram pair to interferogram pair. The
third phase-influencing factor comes from the movement of
target scatterers during two data acquisition periods. This is
what one has to figure out, if the scattering characteristics of
the target scatterers can be assumed to be fixed during the
data acquisition periods. The fourth influencing factor is atmo-
spheric phase delay. The atmosphere has a certain amount of
water vapor content and it delays the propagation of micro-
waves emitted from the SAR antenna (Zebker et al., 1997).
SAR records the retarded phase, as if the microwave has
traveled a longer path. This is dubbed atmospheric phase
screen (APS) (Ferretti et al., 2000, Ferretti et al., 2001). Some
InSAR applications over high-relief areas report that remain-
ing phases are related to the topography of the scattering sur-
face because of the stratification of the atmosphere (Zebker
et al., 1997; Kim, 2003). In this study, however, the effect of
the stratified atmosphere is not considered because the study
areas are flat and the effect of the atmosphere would be
removed afterwards in PSInSAR process. The Busan study
site has considerably more relief, but most permanent scat-
terers are distributed mostly over flat areas. The last factors
are temporal and geometrical decorrelation noise. Temporal
decorrelation results from the change of scattering charac-

teristics of targets as a function of time. Temporal decorre-
lation is commonly found over agricultural crops, forest or
vegetated areas. Geometrical decorrelation is due to the
change of scattering characteristics as a function of radar
geometry. Severe changes of scattering characteristics lower
coherence and InSAR application becomes difficult or even
impossible. A detailed summary of error factors associated
with interferogram generation is given in Gens and Gen-
deren (1996).

In the text, the use of ‘normal’ and ‘vertical’ is distin-
guished, in which both terms have the meaning of perpendic-
ular relationship. The use of ‘normal’ is restricted to the use
of ‘normal baseline’ which is the perpendicular component
of baseline with respect to ‘line of sight’ direction. The use
of ‘vertical’ is always related to the direction perpendicular
to the ‘ground’, including for example, vertical deformation
rate and vertical distance to satellite.

One can write a matrix formula describing the phase val-
ues of selected points (Ferretti et al., 2000).

o= q)phnse ramp T Dprrsemor+ q)defarmalmn +E (])
where @ is a N (number of interferograms) by M (number of
permanent scatterers) matrix and ®; represents the phase of
the /™ permanent scatterer in the i" differential interferogram.
For small processing areas, @ppase ramp €an be represented as
D phase ramp = a+ E;ZZT+ 13,,?7T, where & is the mean phase,
zf and f),, are the phase gradients along the range and azi-
muth directions respectively, and & and ?7 are range and azi-
muth coordinates of permanent scatterers. They represent
the equations of plane for each element. In physical sense, a
linear phase ramp is due not only to inaccurate orbit and atti-
tude determinations but also to very low frequency water
vapor distribution in the troposphere. Gradual increase or
decrease of phase delay caused by long wavelength variation
of water vapor contents has an identical effect to a linear
phase ramp in the interferogram (Ferretti et al., 2001). The
phase due to DEM error is determined from DEM error by
a simple proportionality relationship. In the case of repeat
pass interferometry, the relation is ¢= errsﬁl %, where B is the
normal baseline—baseline component perpendicular to LOS, 4
is DEM error, A is wavelength, r is distance from satellite to
scattering target, &is the incident angle, and ¢ is phase in the
interferogram due to DEM error. Like many other geophys-
ical problems, the deformation rate can be found using a
model; one can select which deformation model would be
engaged. In many cases, surface deformation can be simpli-
fied as a time constant deformation (Ferretti et al., 2001) or
a sinusoidal periodic deformation (Kampes and Hanssen,
2004). Deformation can even be considered as a stochastic
one, but not deterministic (Ferretti et al., 2000). The time
constant deformation model, however, was used in this
study for the sake of simplicity. For the linear deformation
model, the phase difference due to the moving scatterers is
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Fig. 1. Flow chart of PSInSAR technique.

calculated from ¢= 477[ Tv where T is a temporal baseline
and v is the target velocity or deformation rate.

Because we know the normal baseline and temporal base-
line of all interferogram pairs from the header file informa-

tion, one can find the linear phase ramp, deformation rate
and DEM error that will give the least error. This is a kind
of over-determined problem because there are more known
parameters (the normal baseline and temporal baseline of N
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interferograms) than two unknown parameters (deformation
rate and DEM error). What makes this problem more complex
is that the phases are wrapped. Some different approaches to
solve Equation with wrapped phase are given in Ferretti et al.
(2001) and Kampes and Hanssen (2004). We made a two-
dimensional model space of deformation rates and DEM
error values, and calculated the ensemble phase coherence
for each set of interferogram pairs in the model space in
order to determine maximum coherence with the deforma-
tion rate and DEM error of that case. The ensemble phase
coherence of j™ PS is defined as 3 = i]l\fie(%pqmlmvﬂl:
which is the coherent sum of residual phases after deformatio
rate and DEM error are determined, or its amplitude in this
context. The last term E in Equation 1 is the combination of
the nonlinear atmospheric phase screen (APS) and decorrela-
tion errors. Because the APS is highly related to spatial direc-
tion, one can separate the two contributions by a process of
interpolation such as Kriging (Ferretti et al., 2000).

A flow chart for the PSInSAR technique is given in Figure 1.
In order to calculate linear phase ramp (LPR) and APS,
permanent scatterer candidate (PSC) is selected first. Pix-
els likely to be PS are selected as PSC, whose coherence
is high and whose amplitude dispersion is not too big.
Generally hundreds to thousands of PSCs are selected.
LPR and APS are calculated from PSC. Because these two
components have relatively little spatial variation, one can
interpolate them into a uniform image grid, taking into
account the power spectrum of APS (Williams et al.,
1998). When these two components are removed from
each interferogram, PS searching processing is followed in
pixel by pixel basis. We may concern only two parameters,
DEM error and deformation rate in this stage, because
LPR and APS is already removed.

3. THE STUDY AREAS AND DATA SETS

The study areas investigated in this paper are located in
two different cities, Incheon and Busan, but both situated in
coastal areas of the Korean peninsula. These two cities
include large reclaimed coastal areas, with probably large
areas of unconsolidated ground material. The city of
Incheon is located on the west coastline and Busan on the
south eastern tip of the Korean Peninsula. Figure 2 shows
geological maps of the two cities.

3.1. Incheon Study Area

The western coast of the Korean Peninsula is well known
for its very high tidal amplitude. Gyeonggi Bay located
approximately at the center of western coastline is one of the
areas with tides reaching up to 9 meters. One of the world’s
largest tidal flats has developed along the shore of this bay.
Incheon Port is located at the center of Gyeonggi Bay. To
overcome a severe shortage of industrial space, a large por-
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Fig. 2. The location and geological map of (a) Incheon and (b)
Busan Study areas (Black area is reclaimed land).

tion of tidal flats have been reclaimed since the 1960’s, and
approximately one third of Incheon City is now built on
reclaimed lands. (Fig. 2) A large portion of this reclaimed
land is used for industrial and port supporting facilities, or
simply as landfill sites. This study is conducted over the
Coastal Harbor of Incheon Port and Juan Railway Station.
The Coastal Harbor is built on reclaimed land, shaped as a
small peninsula. It is used partly as a port, petroleum storage
tanks, and partly as a residential area. Juan Railway Station
is located about 6 km inland from the shore and surrounded
by buildings standing on a granite basement. The railway
runs in an east-west direction.
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3.2. Busan Study Area

The tidal amplitude of the south eastern coast of the
Korean Peninsula is very small, at approximately 1 m or
less, and relatively small tidal flats are developed in the
vicinity of Busan City. Busan is not only one of the oldest
commercial ports but also the second largest city in Korea.
Various port facilities have been developed in Busan City
over the last hundred years and almost every pier of Busan
Port is built on some form of reclaimed land. Another geo-
logical factor that should be considered here is that, Nak-
dong River deposits large volumes of fine sediments on its
mouth just behind Busan City. The delta areas of the Nak-
dong River mouth are used for various agricultural fields
and industrial park developments, including the new airport
facilities. Land subsidence events in the Busan area have
previously been investigated by Kim (2003) using PSInSAR
technique. There were two areas of noticeable subsidence;
one is the Bum Bridge area and the other is the area around
Deokpo Subway Station. In this study, four additional inter-
ferograms were added to the previous study (Kim, 2003)
and the same PSInSAR processing was carried out as a way
of verification of the result of Incheon Area.

Table 2. Used JERS-1 SAR Data and orbit parameters (Incheon)

4. SAR AND DEM DATA SETS

The L-band JERS-1 SAR data used include 27 scenes
(row 89/path 238) over the Incheon area during the time
period between 1992 and 1998. Detailed information on the
SAR data is summarized in Table 2. The JERS-1 orbit was
a near polar orbit and the orbit section was calculated from
the CEOS header information as plotted in Figure 3a. The
baseline diagram is plotted in Figure 3b. For Incheon, after
reckoning in the normal baseline and temporal baseline, the
scene acquired on Mar. 24, 1996 (#11) was set as the master
scene and 26 interferograms were generated from SLC
images. Unfortunately, only 23 interferograms were avail-
able in PSInSAR analysis because 3 SLC images (#4, #6,
and #18) were acquired too far from the orbit tube, and pro-
duced very low-coherence interferograms. The PSInSAR
technique has the potential to exploit the interferograms
whose normal baselines are longer than the so-called critical
baseline. For the three abandoned interferograms, however,
we could not identify the linear fringe pattern due to orbit
indeterminacy, and so these three interferograms were
excluded. The rest of PSINSAR processing was carried out
using 23 interferograms over the Coastal Harbor Peninsula

# Date Normal baseline (m) Temporal baseline (years) Coherence
1 1992/9/25 -2476.53 -3.493569 0.2509
2 1992/11/8 -490.98 -3.373101 0.3268
3 1992/12/22 -840.857 -3.252634 03124
4 1993/2/4 5621.158 -3.132166 Excluded
5 1993/3/20 29.55603 -3.011698 0.3148
6 1993/5/3 5904.169 -2.891230 Excluded
7 1993/6/16 1071.217 -2.770762 0.3013
8 1994/1/22 1914.88 -2.168422 0.2839
9 1994/8/30 -1397.78 -1.566083 0.3017
10 1995/2/22 -1235.21 -1.084211 0.3121
11 1996/3/24 Master Master Master
12 1996/5/7 1909.499 0.120468 0.3054
13 1996/6/20 848.1624 0.240936 0.3339
14 1996/8/3 1551.696 0.361404 0.3030
15 1996/12/13 2648.202 0.722807 0.2540
16 1997/1/26 2303.731 0.843275 0.2851
17 1997/4/24 2496.395 1.084211 0.2785
18 1997/7/21 -5182.69 1.325147 Excluded
19 1997/10/17 -2520.09 1.566083 0.2496
20 1997/11/30 -1675.56 1.686551 0.3009
21 1998/1/13 -714.489 1.807019 0.3319
22 1998/2/26 -2620.77 1.927487 0.2544
23 1998/4/11 -2051.04 2.047954 0.2594
24 1998/5/25 1653.179 2.168422 0.2921
25 1998/7/8 -1764.21 2.288890 0.2806
26 1998/8/21 -604.832 2.409358 0.3179
27 1998/10/4 -6.53814 2.529826 03118
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and Juan Railway Station in Incheon, assuming a linear
deformation model.

For the Busan study area, 33 JERS-1 SAR scenes (row 83/
path 242) were acquired during approximately the same
period (Table 3). The scene acquired on Jun. 15, 1996 (#19)
was set as the master scene and 26 interferograms were gen-
erated from SLC images and used in the PSInSAR analysis.
According to Kim (2003), Bum Bridge and Deokpo Subway

Station were the centers of local subsidence areas. These two
area data were reprocessed and the results were analyzed in
parallel with the previous results as a reference (Kim, 2003).
The orbit section and baseline diagram of the Busan study
area is given in Figure 4. A regional SAR image and high-
lighted study area maps of Incheon and Busan area are given
in Figure 5a and b, respectively.

In this study, the public domain DEM from the NASA
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Table 3. Used JERS-1 SAR Data and orbit parameters (Busan)

# Date Normal baseline (m) Temporal baseline (years) Coherence
1 1992/11/03 1672.97 -3.614037 0.4317
2 1992/12/17 2612.74 -3.493569 0.3593
3 1993/1/30 5028.47 -3.373101 Excluded
4 1993/3/15 128.469 -3.252634 0.5285
5 1993/4/28 3765.09 -3.132166 Excluded
6 1993/6/11 -648.337 -3.011698 0.5409
7 1993/7/25 1436.52 -2.891230 0.4451
8 1993/9/7 1070.34 -2.770762 0.4830
9 1993/10/21 414.17 -2.650294 0.5328
10 1994/1/17 1024.11 -2.409358 0.4811
11 1994/3/2 1967.44 -2.288890 0.4120
12 1994/4/15 2556.17 -2.168422 0.3610
13 1994/5/29 2383.20 -2.047954 0.3784
14 1994/7/12 -5288.40 -1.927487 Excluded
15 1995/5/16 -2605.36 -1.084211 0.3600
16 1995/8/12 -1734.58 -0.846275 0.4654
17 1995/11/8 -1443.15 -0.602340 0.4910
18 1996/5/2 2.76837 -0.120468 0.7441
19 1996/6/16 Master Master Master
20 1996/10/25 -149.642 0.361404 0.6488
21 1997/1/21 350.157 0.602340 0.6325
22 1997/6/2 -23.9296 0.963743 0.4927
23 1997/7/16 -5288.79 1.084211 Excluded
24 1997/8/29 -4008.50 1.204679 Excluded
25 1997/10/12 -3149.99 1.325147 0.3360
26 1997/11/25 -1677.79 1.445615 0.4080
27 1998/1/8 -1082.04 1.566083 0.4965
28 1998/2/21 -1525.36 1.686551 0.4507
29 1998/4/6 -3626.91 1.807019 Excluded
30 1998/5/20 632.746 1.927487 0.5689
31 1998/7/3 -1716.52 2.047954 0.4343
32 1998/8/16 -1099.24 2.168422 0.5023
33 1998/9/29 -1948.95 2.288890 0.3829

Shuttle Radar Topography Mission (SRTM) acquired in
February 2000 was used as the external DEM. The U.S.
Government has opened to the public the SRTM DEM with
only a 3 arc second resolution, and its relative vertical accu-
racy is less then 10 meter (http://srtm.usgs.gov/Mission/
quickfacts.html). The Coastal Harbor Peninsula is almost
flat land, but SRTM DEM over this area shows significant
effects of buildings and other facilities; the DEM value
shows slight relief from 0 to 20 meter. This variation is
apparently due to the influence over the area of buildings
and is suppressed to be approximately 10 meter uniformly
and the corrected SRTM DEM was used in the PSInSAR
analysis of the Incheon study area. In the Busan study area,
the original SRTM DEM was directly used without adjust-
ment.

5. PSInSAR COMPUTATION RESULT

There are two areas of subsidence detected in the Incheon
study area during the period of the JERS-1 SAR data acqui-
sition between 1992 and 1998. The area with substantial
subsidence is located in the Coastal Harbor Peninsula and
another smaller area of subsidence is around the Juan Rail-
way Station. In the Coastal Harbor area, the total area where
PSInSAR technique was processed is approximately 5.25
km by 4.92 km and its land portion is 9.47 km?, excluding
the water covered areas. There were 3167 permanent scat-
terers (or PSs) detected when the ensemble phase coherence
threshold was set to be 0.8, which corresponds approxi-
mately to 334 PSs per square kilometer. This number of PSs
in the study area is moderate to dense compared to some
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Fig. 5. Averaged backscattering intensity map of (a) Incheon and
study area and (b) Busan study area.

other study areas observed with the same PSInSAR tech-
nique (Ferretti et al., 2000; Colesanti et al., 2003; Dehls and
Nordgulen, 2003; Ferretti et al., 2001). The total area of
investigation around Juan Railway Station is approximately
3.8 km by 4.6 km. Using the same coherence criteria, a total
of 12183 PSs were detected, which is approximately 697
PSs per square kilometer, and this is a slightly greater PS
density than the Coastal Harbor area. The area in the vicinity
of Juan Railway Station is almost fully urbanized with very
little vegetation cover.

The subsidence detected in the Coastal Harbor Peninsula
area is significant (Fig. 6a). In the southern part of the
Coastal Harbor Peninsula, there are petroleum storage facil-
ities and an apartment complex next to each other. The shape
of the subsided area is slightly elongated, but almost circular,
and its diameter is approximately 2 km. The center of sub-
sidence is observed in the middle part of the Coastal Harbor

Peninsula and the subsidence rate was lower along the
periphery of the peninsula. The maximum deformation rate
is observed around the container yard located at the bound-
ary between the apartment complex and the petroleum stor-
age. The maximum deformation rate reached 3.0 cm/year in
the line of sight (LOS) direction. Postulating that the dis-
placement took place completely in a vertical direction, we
should extract the vertical deformation rate by dividing its
LOS component by the directional cosine of the incident
angle. The nominal angle of incidence of the JERS-1 illu-
mination geometry is 35 degrees and its cosine is 0.819.
Small change of incident angle along range direction in
swath results in a minor change of less than 4%. The esti-
mated vertical deformation rate is 3.66 cm/year. The PS with
high ensemble phase coherence (e.g., greater than 0.9), out
of which the deformation rate is the maximum, was used as
a reference point to decide the maximum deformation rate.
Relatively little PSs are observed at the west of the maxi-
mum deformation (Figs. 6a and 7a). It is thought to be due
to open fields with warehouses or the tilting of buildings
caused by too much subsidence. While some parts of the
reclaimed land areas suffered significant subsidence, the
original natural land remained stable. For instance, Sowolmido
Island situated just north of the Coastal Harbor Peninsular,
separated by a narrow canal for ship passage, was originally
a natural island that is now connected to the area of recla-
mation, whose basement rock is a Mesozoic igneous intru-
sion. Several buildings at the base of the island were detected as
PS’s and there was no sign of subsidence at all (Figs. 6a and
Fig. 7d). Coal Pier, located along the southern side of the
peninsula (Fig. 6a), also shows little sign of subsidence. It
appears that Coal Pier was reclaimed later than the Coastal
Harbor Peninsula area and the more recent constructions
appear to be more stable than those of the main peninsular
area (Fig. 6). In Figure 7, the deformation histories of other
PSs in the Coastal Harbor are also shown.

Another area of subsidence is observed near Juan Railway
Station and its vicinities (Fig. 6b). The subsidence rate esti-
mated reaches approximately 15 mm/year in LOS. The
shape of the area of subsidence is an ellipse elongated along
the E-W direction. Its major axis is about one kilometer
long. Its center is located slightly north of Juan Railway Sta-
tion. Some PSs in this area exhibit a subsidence rate that var-
ies with time (Fig. 8). They show a decreasing subsidence
rate, which may mean that the area is slowly becoming set-
tled. The greatest subsidence appears to have happened
before 1995. It is, however, uncertain whether the subsid-
ence of the Juan Railway Station area was really decreasing
with time, since a time constant subsidence rate was assumed in
this study. Some PSs showing typical time-varying defor-
mation might be well excluded but some of them could be
detected because the ensemble phase coherence threshold
(0.8) gives a certain amount of tolerance. That means some
linearly subsiding scatterers with specific phase noise were
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Fig. 6. Distribution of permanent scatters (PSs) in (a) Coastal Harbor area, (b) Juan Railway Station, in Incheon, (c) Beomildong, and
(d) Deokpo Subway Station, in Busan. Yellow to red colored areas suffered subsidence. The deformation histories of indicated PS are

represented in Figures 7 and 8, respectively.

detected as PSs with a decreasing subsidence rate on inci-
dence. Figure 8 shows the deformation histories of five selected
PSs of Juan Railway Station and its vicinity in spatial order.
The decreases of the subsidence rate in both limbs are also
noticeable.

In the Busan study area, the same two sub-areas of which
subsidence were already discussed by Kim (2003) were ana-
lyzed. One is Beomildong and the other is Deokpo Subway
Station. The distributions of PSs and their deformation rates
are given in Figure 6¢ and d, respectively. Kim (2003) inves-
tigated the surface subsidence of the Busan area and indi-
cated the subsidence of Bum Bridge and Deokpo Subway
Station areas. The results in our study are compared with the
previous study to cross-verify the results from Incheon. The
Bum Bridge area in Kim (2003) is called Beomildong in this
study because the term “Bum Bridge” represents only one
structure rather than the whole area of investigation. Accord-

ing to Kim (2003), the deformation rate of the Beomildong
area and that of Deokpo Subway Station are both approxi-
mately 2.5 centimeter per year. The averaged backscatter
map of the Beomildong area, overlaid by the PS distribution
map, is shown in Figure 6¢. The maximum subsidence rate of
the Beomildong area was 30 mm/year. This value is slightly
higher than the value from the earlier study by Kim (2003).
The deformation pattern is more complex in Deokpo Sub-
way Station and its vicinity. The subsidence pattern is
largely elongated in a direction almost parallel to the subway
line but with a slight offset. The subsidence pattern is extended
about 1.5 kilometers towards the north. The maximum sub-
sidence is observed at the west of Deokpo Subway Station,
which is located at the southern end of the linear subsidence
area. The maximum deformation rate was 24 mm/year. One
can conclude that the subsidence rate at Deokpo Subway
Station is in good agreement with the earlier study (Kim, 2003).
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Fig. 7. The subsidence history of five sub-areas in Coastal Harbor

study area.

during the first three years but deformation rate is declined during

later three years. The spatial variation of subsidence rate is also

presented. The time used in time axis begins on September 1992.
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Fig. 9. The contour map of subsidence rate derived from kringing interpolation. Top left: Coastal Harbor, Top right: Juan Railway Station,
Bottom left: Beomildong, and Bottom right: Deokpo Subway Station area. The deformation rate might have been slightly underestimated
in general because of kriging interpolation and spatial filtering. In Coastal Harbor, contours over sea surface indicate spurious subsidence

caused by sparse PS density and the nature of interpolation.

The deformation rate of PSs may not represent the defor-
mation rate of the ground itself because many PSs are
located off the ground, such as on a building or other struc-
ture. The response of each building varies slightly and
results in a spatial dispersion of the deformation rate. In
addition, when some non-stable target is identified as a PS
by chance, it would not show spatial correlation with PSs
nearby. We made a subsidence field map using Kriging
interpolation to suppress the spatial variation (Fig. 9). The
spatial distribution of the subsidence rate is clearly seen in
these contour maps.

The accuracy of PSInNSAR measurement of the Earth’s
surface displacements was assessed statistically in Colesanti
et al. (2003). According to Colesanti et al., the standard devi-
ation of phase residuals (o;,) and the ensemble phase coher-
ence of PSs () can be related by the following equation:

o, ~~-21n[y| @)

Because the ensemble phase coherence threshold is set to
be 0.8 in this study, the phase dispersion is 0.668 radians
according to equation (2). The corresponding deviation of
the displacement is calculated by multiplying by 4m/A,
where A is wavelength, and the result is 1.25 cm along L.OS.
The accuracy of DEM error and the deformation rate were
also discussed in Colesanti et al. (2003) with the following
relationships:

Arsind)’c’, Ar sinfo,,
G?)F,M error (N—)_’ ObEMertor = ————(—— (3)
167[22(3,-73)2 47 Noy
=1
Ao Ao,
Gjeform rate — (4)

———— Odeformrate = —————
167° S (T,—T) 4r/No;
=1

where 6pem eror, Odeform rates O, and o are the standard devi-
ation of the estimated DEM error, estimated deformation
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rate, normal baseline, and temporal baseline, respectively, r
is the distance between target and satellite, & is the incident
angle, B; and T; are the i ™ normal baseline and temporal
baseline of the interferogram, respectively, and N is the num-
ber of scenes used.

Equation (3) assumes that the distribution of the normal
baseline follows a normal distribution, and equation (4)
assumes a regular acquisition time interval. The data acqui-
sition criteria do not meet in these cases, but Equation (3)
and (4) is applicable assuming the irregularity of data acqui-
sition interval and normal baseline distribution do not pro-
duce big change. Calculated onrpm emor 1S 64 cm and Gieform rate
is 1.22 mm/year in the Incheon study area. For the Busan
study area, GppMmenor 1S 64.2 cm and Guctorm rae 18 1.17 mm/
year.

6. DISCUSSION

The subsidence rates of four study sites in Incheon and
Busan study areas are calculated using the PSInSAR tech-
nique. Land subsidence over reclaimed land is clearly
observed on the Coastal Harbor Peninsula and the reclaimed
areas appear to be settling down. In the Deokpo Subway Sta-
tion area, at first sight, the recent subsidence appears to be
related to sub-terrain digging associated with the new sub-
way construction. However the subway was constructed in a
slightly different position, offset by about one hundred meters.
The causes of subsidence for the other two study sites are
not clear at this time, but the investigation of the causes of
subsidence is beyond the scope of this study.

The Coastal Harbor Peninsula was reclaimed more than 20
years before when JERS-1 was operational. Generally, the
deformation should be waning with time after reclamation is
completed and the high deformation rate (up to 3.7 cm/year)
was an unexpected result. This anomalous phenomenon may
have been caused by several factors: continuous reclamation
of adjacent areas, sand-dominant reclamation material and
subterranean structures such as oil storage tanks, and so on.
The causes of subsidence over a long period of time in the
study area have still to be investigated by geological engi-
neers. The Juan Railway Station study site also showed sig-
nificant surface deformation but its magnitude and deformation
rate are not as large as those of the Coastal Harbor area. The
major axis of Juan Railway Station’s subsidence is well
aligned with urban structures while its minor axis is rela-
tively short. In addition, similar but weaker deformation sig-
natures are found along another avenue of the south. So it is
thought that the subsidence of Juan Railway Station and its
vicinity is related to human activity but the reasons are again
uncertain.

The subsidence of Busan study areas was already inves-
tigated using the PSInSAR technique. (Kim, 2003) In this
study, we have estimated the subsidence using the same
approach and with the same JERS-1 SAR data but with addi-

tional scene data. The resulting subsidence and subsidence
rate are compared with the earlier study Kim (2003) and the
subsidence rates at both sites are in good agreement with the
results of earlier study. The subsidence of Deokpo Subway
Station appears to be clearly related to recent subway con-
struction, based on the facts that the area of subsidence is lin-
ear in shape and that the NS-directional major axis is nearly
parallel to the subway line direction. However the reason for
the offset between the subsidence and the subway line is
unclear at this point. In the Sasang area, where Deokpo Sub-
wauy Station is located, the sedimentary deposits are very
thick because of the Nakdong River delta formation. The
subsidence also appears to be extended towards the Nak-
dong River (Fig. 9d). The subsidence of the Beomildong site
cannot be explained at this time and remains a mystery. This
area is made of quaternary alluvial deposits but there is no
clear geological explanation for abnormal subsidence rela-
tive to the stable surrounding areas. The perimeter of the
subsidence in this site is well-rounded in shape. (Fig. 9c)
Judging from Table 1, the most probable reason is ground
water withdrawal. More careful scrutiny is required because
large development projects are planned in the area.

7. CONCLUSIONING REMARKS

In this paper, the subsidence of urban areas was investi-
gated with the PSInSAR technique utilizing the JERS-1
SAR data and the results were presented. This study has
revealed that some parts of Incheon and Busan have been
experiencing significant land subsidence during the 90’s and
seems to have continued until recently. The subsidence rate
was approximately 30 mm/year in the Coastal Harbor of
Incheon and 15 mm/year in the Juan Railway Station area.
In the Busan area, the subsidence of the Beomildong area
reached 30 mm/year and that of Deokpo Subway Station
reached 24 mm/year. The precision of PSInSAR technique
depends on the residual phase. The computational precision
of PSInSAR technique using about two dozens of JERS-1
SAR data gives an accuracy of deformation rate approxi-
mately 1 mm/year when an ensemble phase coherence thresh-
old is 0.8.

The land subsidence monitoring is often an important task
for civil protection problems. The reclaimed coastal urban
area is especially vulnerable to subsidence, not only because
of its unconsolidated basement and groundwater exploitation
but also because of a rapid sea level rise, possibly associated
with current global warming. Conventional subsidence mon-
itoring methods such as surveying and leveling require
expensive maintenance and manpower costs. As a result,
there have been little ground truth measurements over many
cities in Korea. The PSInSAR technique can be applied to
monitor these kinds of problem with far less cost. New
approaches to monitoring land subsidence using satellite
radar imagery (e.g., PSInSAR) are fully attributable to the
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increasing archive of radar images. The PSInSAR technique
successfully measured the subsidence of the coastal area
quantitatively in the areas we have investigated.

However, the PSInSAR technique is not suitable for mon-
itoring abrupt deformations faster than approximately half a
wavelength scale per revisit time, approximately 1 m/year,
in the case of the L.-band JERS-1 SAR system. The tilting or
rotation of buildings, or other permanent structures, associ-
ated with subsidence can result in the changes of scattering
characteristics and these types of PS will be lost. This kind
of situation will be an unfortunate practical obstacle in the
application of PSInSAR. Large areas of subsidence, such as
those observed in many tectonic problems, which are wider
than image swaths, cannot be monitored using PSInSAR
technique alone. We will then need a network of reference
GPS stations in the target area. The PSInSAR technique is a
particularly good way to monitor land subsidence in urban
areas, even though there are still many minor technical prob-
lems to solve.
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