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Abstract
Precise leveling, global positioning system (GPS), and interferometric synthetic aperture radar (InSAR) have had marked
influences on the geodesy field. Many studies have applied these techniques to land subsidence monitoring and predictions.
Land subsidence in the Choushui River Fluvial Plain (CRFP) in western central Taiwan is severe, primarily because of excessive groundwater pumping. Exploiting various observational techniques this study employed a geostatistical cokriging
algorithm to integrate multiple types of observations for mapping land subsidence in the CRFP between 1993 and 2008 to
effectively reduce the regional effects and interpolation biases in InSAR observations. Precise leveling data and persistent
scatterer InSAR results were first assessed through variogram analysis, the results of which revealed similar directional variograms and no nugget effect for the experimental variograms. All observed sill values decreased with increasing temporal intervals and the ranges of the same type of observations tended to be stable for time intervals of different lengths. The accuracy
of a cokriged land subsidence map was verified using continuous GPS data at the same cell locations and was significantly
improved compared to when the precise leveling data were used. The cokriging interpolations of land subsidence in the CRFP
indicated that the severe subsidence areas had moved from the coastal area to the central CRFP. An obvious critical subsidence migration point for the southern CRFP occurred in 1998. Overall subsidence rate trends increased in the early periods
(1993 - 1998 and 1998 - 2003) and decreased in the most recent period (2005 - 2008).
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1. Introduction
Managing groundwater resources is imperative for areas
with limited surface water supplies or rapid urban development. Long-term and unrestricted groundwater withdrawal
can lead to serious land subsidence. Severe land subsidence
has been recognized in many cities such as Shanghai, Las
Vegas and Bangkok (Hoffmann et al. 2001; Phien-wej et al.
2006; Liu and Helm 2008). The consequences of land subsidence can be significant because non-uniform compaction
and sinking lowlands might damage public constructions
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and increase the risk of flooding (Abidin et al. 2001). Numerous geodetic techniques with different scale resolutions
are usually employed to monitor and quantify the behavior,
degree and deformation speed of land subsidence in a specified area. Over the years, precise leveling, global positioning
system (GPS) and interferometric synthetic aperture radar
(InSAR) have proven to be powerful techniques in the field
of geodesy. Many studies have applied these techniques for
land subsidence monitoring and prediction (Reilinger et al.
1977; Dixon 199l; Yu and Chen 1994; Galloway et al. 1998;
Massonnet and Feigl 1998; Ferretti et al. 2001; Sato et al.
2003; Chang et al. 2004; Hooper et al. 2004, 2007; Galloway and Burbey 2011; Yen et al. 2011; Wu et al. 2013).
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The Choushui River Fluvial Plain (CRFP) in central
Taiwan has been affected by severe land subsidence since
the 1970s. The extent of accumulated land subsidence in
the CRFP varies from a few centimeters to several meters, depending on the locations of aquifer materials and
groundwater withdrawal patterns. The Water Resources
Agency (WRA) and Central Geological Survey (CGS)
have conducted long-term hydrologic and geologic studies
for aquifer characterization and land subsidence monitoring (CGS 1999; Liu et al. 2001). The collection of geodetic
data, including precise leveling, GPS, and recently installed
compaction monitoring well (CMW), can provide detailed
information on the temporal and spatial variations in surface deformation in the CRFP (Liu et al. 2004; Hwang et al.
2008). However, using precise leveling to monitor a large
area regularly is time-consuming and expensive. Installing and maintaining even a limited number of continuous
GPS and CMW stations to resolve the spatial resolution of
local land subsidence is costly. Differential interferometric synthetic aperture radar (DInSAR) is an alternative for
mapping the spatial distribution of land subsidence at a relatively high resolution (Galloway et al. 1998; Hoffmann et
al. 2001, 2003; Calderhead et al. 2011). This approach has
been applied in quantifying land subsidence in many areas
of Taiwan (e.g., Chang et al. 2004; Hung et al. 2010).
Previous investigations have recognized that the errors
in DInSAR observations can be temporal and spatial decorrelations such as atmospheric delay, baseline errors and digital
elevation model (DEM) errors. These regional effects might
limit the extraction of meaningful information for identifying surface deformations (Hooper et al. 2004). Ferretti et
al. (2000, 2001) proposed the identification of a Permanent
Scatterer (PS) for any SAR image to improve the accuracy
of DInSAR in temporal and spatial decorrelations. The PS is
considered stable and continuous in temporal series and can
return strong signals to dominate a pixel for improving spatial resolution. Hooper et al. (2004, 2007) and Hooper (2008)
successfully obtained deformation signals from agricultural
and vegetational SAR data, improving the accuracy of estimated displacements in areas with nonlinear deformation
behavior. Tung and Hu (2012) modified the PS approach and
employed a Delaunay triangulation algorithm developed by
Liu et al. (2009) to extract the PS pixels in non-urban areas in
the southern CRFP. The average pixel density was increased
by nearly three PS pixels km-2 in their study.
Recently developed computational technologies can
integrate multiple types of observations to improve land
subsidence monitoring resolution. This is particularly important for areas where the observations from precise leveling, GPS and InSAR images are sparse and limited in spatial
and temporal scale. Hung et al. (2011) integrated precise
leveling and PS observations and identified PS pixels and
extracted more than 100 pixels km-2 in the CRFP from
2006 - 2008. From the differences between persistent scat-

terer InSAR (PSI) and precise leveling data at the leveling
benchmarks, a kriging algorithm revealed the distribution
of the differences between the PSI and precise leveling data
in the CRFP. The distribution of the differences was then
added back into the original PSI observations to improve
the land subsidence monitoring accuracy. The accuracy of
such data integration approaches requires sufficient leveling
benchmarks and PSI because the kriging weightings depend
heavily on the leveling benchmark number and distribution.
In the CRFP, however, the leveling benchmarks varied considerably before and after 2000 (see Fig. 1). Before 2000 the
subsidence areas were located mainly along the shoreline
and the leveling benchmarks were installed near the subsidence areas. Numerous leveling benchmarks were installed
in the CRFP after 2000 and the inconsistency of the leveling benchmarks between the two periods (before and after
2000) might lead to logical and technical difficulties when
implementing the approach proposed in Hung et al. (2011).
The present study employed a geostatistical cokriging
interpolation algorithm to integrate multiple types of land
subsidence observations in the CRFP between 1993 and
2008. The precise leveling data and PSI results were first
assessed through a variogram analysis to obtain representative geostatistical structures. A nonlinear least squares model was developed to obtain the best fit of the geostatistical

Fig. 1. Study area. The black circle encloses the leveling benchmarks
established before 2000, and the white circle encloses those set up after
2000. The red triangle is a continuous GPS station. The empty square
shows the cell size adopted in this study. The red lines indicate the active fault locations. (Color online only)
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structures for the precise leveling data and PSI results. From
such geostatistical structures cokriging interpolation can be
applied to map land subsidence in different periods in the
CRFP. The cokriging interpolations were verified with continuous GPS data at the same locations. The CRFP surface
deformations during different time periods were then systematically quantified with detailed comparisons.
2. Hydrogeological description and
sources of observations
2.1 Hydrogeological Description

Taiwan is located at the boundary between the Philippine Sea Plate (PSP) and Eurasian Plate (EUP), where the
currently ongoing collision started at approximately 5 - 7 Ma.
The PSP moves northwest toward the EUP at an average rate
of 82 mm yr-1 (Yu et al. 1997). The tectonic compression
divides Taiwan into four physiographic regions, which from
west to east are the Coastal Plain, the Western Foothills, the
Central Range, and the Coastal Range (Suppe 1984; Teng
1990). In central Taiwan the CRFP is part of the Coastal
Plain and the CRFP area is approximately 2500 km2. The
Changhua and Chiuchiunkeng Faults are defined as two segments of the geological boundary between the Coastal Plain
and the Western Foothills. These two faults run along Pakua Tableland and Taolao Hill and are treated as the eastern
CRFP boundary (see Fig. 1). The other CRFP boundaries are
the Taiwan Strait to the west, the Wu River to the north and
the Putzu River to the south.
The Choushui River is the longest river in Taiwan. Its
flow areas cover the Central Range, the Western Foothills
and the Coastal Plain. The CRFP sedimentary thickness varies from 750 - 3000 m and the sediment grain sizes decrease
from the east to the west (Lin et al. 1992). The sedimentary
environment is frequently altered by factors such as rising
sea levels, river flooding and river channel migration. The
materials deposited on the riverbed include clay, fine sand,
coarse sand, and gravel (CGS 1999).
The WRA developed a groundwater monitoring network in 1990. The CRFP has over 200 groundwater monitoring wells. The depths of these wells vary from 200 - 300 m
depending on the well location. The CRFP aquifer system
can be classified into three to four aquifer layers and several
aquitard layers based on well logs. The average annual rainfall in the CRFP is 1200 - 2000 mm. However, over 80% of
the annual rainfall is concentrated from May to September.
Such rainfall patterns provide a large amount of groundwater that can be pumped out during dry seasons (from October to April of the next year). Most pumping wells pump
groundwater from Aquifer 2 and 3 (CGS 1999; Liu et al.
2001, 2004; Chen et al. 2010). The CRFP has long been
characterized by high-density agriculture, aquaculture and
industrial parks. Surface water storage capacity is limited.
The groundwater resources constitute the main water re-
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source in the CRFP. Excessive groundwater pumping has
caused land subsidence since the 1970s.
2.2 Sources of Observation Data
2.2.1 Precise Leveling

Since 1975 land subsidence surveys have recorded precise leveling data for the CRFP. The WRA collects such data
based on the first- or second-order standard of leveling procedures. The leveling procedure specifications require that
any loop misclosure should be less than 3 mm K , where
K is the distance between two neighboring benchmarks in
kilometers. Precise leveling is best accomplished during the
wet season or rainy season because of minimal groundwater
withdrawal and soil compaction in those periods (Hung et
al. 2010; Galloway and Burbey 2011).
The main advantage of precise leveling is its high accuracy (the reliability value is 2 mm for two leveling benchmarks within 1 km), but monitoring a wide area regularly
is extremely time-consuming. Figure 2 shows the precise
leveling benchmark count between 1990 and 2010. Before 1998 the benchmark numbers were less than 100. After 2000 the benchmark numbers increased dramatically.
Benchmarks cover a large area in the CRFP and resolve the
areas where land subsidence is severe. According to WRA
records the CRFP precise leveling surveys run from 1992 2008. We divided these 17 years into three periods: Period
1 (1992 - 1998) contains 34 benchmarks, Period 2 (1998 2003) contains 99 benchmarks, and Period 3 (2005 - 2008)
contains 298 benchmarks. We further defined three overlapping intervals for Period 3: Interval I (2005 - 2006), Interval
II (2005 - 2007), and Interval III (2005 - 2008). Between
1992 and 2008 the mean NB061 velocity (precise leveling
benchmark) was -1.27 mm yr-1. This leveling benchmark is
the most stable one of all precise leveling benchmarks during these years. Therefore, the location of NB061 was considered the reference point for this study.
2.2.2 Persistent Scatterers InSAR (PSI)
The CRFP area covers two SAR image modes (Track
232, Frame 3123; and Track 232, Frame 3141), including
91 ERS radar images (48 images from Track 232, Frame
3123; 43 images from Track 232, Frame 3141), and 34 Envisat radar images (16 images from Track 232, Frame 3123;
18 images from Track 232, Frame 3141) from the European
Space Agency (ESA). ERS radar images were taken from
October 1993 to October 2003 and Envisat radar images
were taken from May 2005 to September 2008. The PSI was
processed with the StaMPS/MTI algorithm (Hooper et al.
2007; Hooper 2008). The topographic effect was removed
using the DEM from NASA’s SRTM mission and the precise orbit parameters from the Delft Institute for Earth-Oriented Space Research were used to correct the orbit errors.
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Based on the time frames used in the precise leveling,
Period 1 includes 26 pairs of ERS interferograms (master
image on 27 March 1997) from Track 232, Frame 3123 and
26 pairs of ERS interferograms (master image on 27 March
1997) from Track 232, Frame 3141. Period 2 includes 28
pairs of ERS interferograms (master image on 3 September
1998) from Track 232, Frame 3123 and 23 pairs of ERS
interferograms (master image on 3 September 1998) from
Track 232, Frame 3141. Period 3 includes 15 pairs of Envisat interferograms (master image on 15 November 2007)
from Track 232, Frame 3123 and 17 pairs of Envisat interferograms (master image on 15 March 2007) from Track
232, Frame 3141. Table 1 lists the detailed information for
all SAR images. Figure 2 shows the spatiotemporal distribution of all interferograms that were used in this study.
3. Methodology
The spatial resolution of PSI observations was 500
times, which was higher than that of CRFP leveling observations (Hung et al. 2011). To simplify the analysis of the
leveling and PSI data we generated 9867 active cells for the
CRFP (see Fig. 1). The uniform cell size was 500 × 500 m.
Different cell sizes and boundaries might lead to slight differences in the results. The geostatistical parameters required
for the cokriging analysis were estimated through a variogram analysis. The FORTRAN routines gamv and cokb3d
in GSLIB (Deutsch and Journel 1998) were employed to
develop experimental variograms and perform cokriging
interpolation, respectively. The estimated land subsidence
was then compared with the available continuous GPS data
from several GPS stations in the CRFP. In the following

sections we briefly describe the algorithms used for the data
analysis.
3.1 Experimental Variogram
The experimental variogram analysis is the key procedure in obtaining geostatistical structures for a site-specific
condition (Deutsch and Journel 1998). A variogram describes the spatial dependency of referenced observations
in a one- or multidimensional space. An experimental semivariogram, cl (h) , is defined as half of the average squared
difference between two univariate values, approximately
separated by vector h, and can be expressed as:
cl (h) =

1 'N/(h) z (u + h) - z (u ) 21
6 i
i @
2 N (h ) i = 1

(1)

where N(h) is the number of pairs, and z(ui) and z(ui + h) are
the respective values of precise leveling or PSI at locations
ui and ui + h of pair i. Vector h can be specified with particular directions and lag distance (Deutsch and Journel 1998).
l (h) is defined as half of
The cross semivariogram cLP
the h-increment average product relative to two variables
(bivariate) and can be computed as follows:
l (h) =
cLP

1 'N/(h) z (u + h) - z (u ) $ z (u + h) - z (u ) 1
6
L
i @ 6 P
i
P
i @
2N (h) i = 1 L i

(2)

where zL(ui) and zL(ui+h) are the respective precise leveling values at locations ui and ui + h of pair i, and zP(ui) and

Fig. 2. SAR image spatiotemporal distribution and a histogram of the leveling benchmark numbers. (Color online only)
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zP(ui + h) are the respective PSI values at locations ui and
ui + h of pair i.
The experimental variograms are typically presented
l (h) (cross semivariogram)
with cl (h) (semivariogram) or cLP
versus the incremental distance h. The experimental variograms must be described with continuous functions for most
applications such as Gaussian, exponential, or spherical models. Based on the leveling and PSI data analysis in the CRFP
the Gaussian model variogram was used for the continuous
function in these analyses. The Gaussian model has the following mathematical form (Deutsch and Journel 1998):
c (h) = C $ '1 - exp ;-

(3h) 2
E1
a2

(3)
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adjustments are highly dependent on both the specific site
conditions and user experience.
A nonlinear least squares algorithm was employed in
this study to develop a fitting program for estimating parameters C and a. For the observation data spatial anisotropy
analysis Fig. 3 illustrates how vector h was applied to search
the observation pairs with the defined parameters in the
gamv routine in GSLIB. We used 1 km for the lag distance
and 0.5 km for the lag tolerance, and considered six directions when analyzing the variograms. The azimuth angles
were North, N30°E, N60°E, N90°E, N60°W, and N30°W.
The tolerance angles for different directions were fixed to
15° and the bandwidth for each angle was fixed to 5 km.
3.2 Cokriging Interpolation

where C is the sill and a is the range. Equation (3) can be
applied for multidimensional problems. The C and a values were obtained according to the best fit between the experimental variogram and Eq. (3). However, the parameter

The cokriging interpolation is a linear combination of
primary (i.e., the precise leveling) and secondary (i.e., the
PSI) data. It minimizes the variance in the estimation error
by exploiting the cross-correlation between two variables

Table 1. SAR image information for this study.
Period of time

Timeb
(day)

Satellite

480.1

-1214

ERS-1

Pair no.

Date

01

1993/10/25

03

1995/04/26

-379.3

1996/01/31

141.3

02
04
05
06
07
08
09
10
Period 1

11

Track 232
Frame 3123

13

Master image
1997/03/27

Baselinea
(m)

12
14
15
16
17
18
19
20
21
22
23
24
25
26

1993/11/29
1995/12/27
1996/02/01
1996/03/07
1996/04/11
1996/05/16
1996/06/20
1996/10/03
1996/12/12
1997/01/16

534.7

571.5
249.2
325.3
148.9
141.2

-386.8
-410.8
-445.1
-75.1

1997/02/20

-277.7

1997/06/05

-328.3

1997/05/01
1997/07/10
1997/08/14
1998/01/01

-470.9

1998/04/16

-94.9

1998/05/21
1998/07/30
1998/09/03
1998/11/12

-91.4
30.6

162.7
234.8

Timeb
(day)

Satellite

-373

-701

ERS-1

1993/10/25

-701

ERS-1

03

1995/12/27

574.8

1996/02/01

254.4

-456
-421
-420
-385
-350
-315
-280
-175
-105
-70
-35
35
70

280

-412.6

Baselinea
(m)

01

150.5

-357.1

1998/03/12

Date

ERS-1

105

1998/02/05

Pair no.

-1249

-288.6
-30.3

Period of time

140
315
350
385
420
490
525
595

02

ERS-1

04

ERS-1

05

ERS-2

06

ERS-2

07

ERS-2

08

ERS-2

09

ERS-2

10

ERS-2

Period 1

11

ERS-2

Track 232
Frame 3141

13

ERS-2

Master image
1997/03/27

ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2

12
14
15
16
17
18
19
20
21
22
23
24
25
26

1995/04/26
1996/01/31
1996/03/07
1996/04/11
1996/05/16
1996/06/20

534.3

147.3
323.5
154.2
145.3
-387

1996/10/03

-410.6

1997/01/16

-73.8

1996/12/12

-439.2

1997/02/20

-271.6

1997/06/05

-324.3

1997/05/01
1997/07/10
1997/08/14
1998/01/01

-466.7

-420
-385
-350
-315
-280
-175
-105
-70
-35
35
70

280

-95.9

-408.5
-93.9
33.8

1998/09/03

167.8

1998/12/17

-586.9

1998/11/12

ERS-1

-421

156.3

-29.4

1998/04/16
1998/07/30

-456

105

-358.5

1998/05/21

ERS-1

-287.3

1998/02/05
1998/03/12

-1249

231.1

140
315
350
385
420
490
525
595
630

ERS-1
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2

Note: a: Length of perpendicular baseline component. b: Time difference relative to the master image. A negative sign means the time before the master
image; a positive sign means the time after the master image.
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Table 1. (Continued)
Period of time

-210

ERS-2

1998/01/01

03

1998/03/12

-572.1

1998/05/21

-253.5

06
07
08
09
10
11
Period 2

12

Track 232
Frame 3123

14

13
15
16
17
18
19
20
21
22
23
24
25
26
27
28
01
02
03
04

Master image
2007/11/15

-518

01

05

Track 232
Frame 3123

Satellite

Date

04

Period 3

Timeb
(day)

Pair no.
02

Master image
1998/09/03

Baselinea
(m)

05
06
07
08
09
10
11
12
13
14
15

1998/02/05
1998/04/16
1998/07/30
1998/11/12
1998/12/17
1999/01/21

-27.8

-257.3
-147.2
84.4

-752.6
51

1999/04/01

-669.7

1999/06/10

-259.9

1999/08/19

932.4

1999/05/06
1999/07/15
1999/09/23
1999/10/28

149

-107.9
364

144.4

1999/12/02

-967.6

2000/03/16

-568.2

2000/08/03

-631.1

2000/10/12

52.3

2000/01/06
2000/04/20
2000/09/07
2000/11/16

41

399.4

-456.3
46.5

-140
-105
-35
70

105
140
210
245
280
315
350
385
420
455
490
560
595
700
735
770
805

2006/08/17

646.2

2007/06/28

-216.3

2007/09/06

-63.8

2007/08/02
2007/10/11

-325.5
-406

1470
1855

-105
-70
-35

-499.4

2008/02/28

-479.4

105

-95.8

210

2008/05/08
2008/06/12
2008/08/21
2008/09/25

-254

-189.5
-195.4
-340.6

35
70

175
245
315

06

ERS-2

07

ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2

08
Period 2
Track 232
Frame 3141
Master image
1998/09/03

ERS-2

23

ERS-2

01

ERS-2

02

ERS-2

03

ERS-2

04

ERS-2

Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat

15

22

ERS-2

Envisat

14

21

ERS-2

Envisat

13

20

ERS-2

Envisat

12

19

ERS-2

Envisat

11

18

ERS-2

Envisat

10

17

ERS-2

Envisat

09

16

ERS-2

Envisat

-140

05

ERS-2

-455
-175

04

ERS-2

Envisat

-875

02

ERS-2

-910

2007/12/20
2008/01/24

1998/05/21

-261.2

1998/03/12

-136.4

-269

ERS-2

03

2005/05/19

2007/05/24

-210

ERS-2

1715

298.1

-524.6

-175

-546.2

2005/06/23

1998/02/05

1998/01/01

2003/05/15

557

Satellite

01

1225

2003/10/02

Timeb
(day)

Date

ERS-2

-113.6
-84.8

Baselinea
(m)

Pair no.

-245

2002/01/10
2002/09/12

Period of time

05
Period 3
Track 232
Frame 3141
Master image
2007/03/15

06
07
08
09
10
11
12
13
14
15
16
17

1998/07/30
1998/11/12

-27.4

-573.3
-146
76.8

-245

ERS-2

-175

ERS-2

-105
-35
70

1998/12/17

-750.8

105

1999/05/06

146

245

1999/04/01

-670.9

1999/06/10

-264.7

1999/08/19

927.3

1999/07/15
1999/09/23
1999/10/28
2000/01/06

-113.4
368.4
142.2
42.6

2000/03/16

-572.1

2000/09/07

-457.8

2000/04/20
2000/10/12
2000/11/16

393.7
49.9
41.6

210
280
315
350
385
420
490
560
595
735
770
805

2002/01/10

-110.6

1225

2003/05/15

-544.4

1715

2002/09/12
2005/05/19
2005/06/23
2006/08/17

-88.6

-183.6
251

597.8

1470

105

-116.7

175

2007/09/06
2007/10/11
2007/11/15

-451.4
-52

2007/12/20

-541.1

2008/02/28

-525.4

2008/01/24
2008/05/08
2008/06/12
2008/08/21
2008/09/25

-304.4
-236.6
-143.8
-249.1
-383.4

ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2
ERS-2

Envisat

-263.3
-375.4

ERS-2

-210

-630

2007/06/28
2007/08/02

ERS-2

Envisat

-262.1
-316.4

ERS-2

-665

2007/04/19
2007/05/24

ERS-2

35
70

140
210
245
280
315
350
420
455
525
560

Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
Envisat
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Fig. 3. Searching condition for vector h in a variogram (adapted from Deutsch and Journel 1998).

(Isaaks and Srivastava 1990). Through various observational techniques when a subsidence area involves multiple
types of observations (such as precise leveling and PSI) for
the same period. The observations are usually considered
cross-correlated and can be integrated to improve the spatial
resolution and land subsidence monitoring accuracy.
The precise leveling observations in this study were
defined as the primary variables and are denoted as L (ua ) ,
whereas the PSI observations were defined as the secondary
variables, denoted as P (ua ) . The cokriging estimations of
ZCOK(u) for a desired variable u can be expressed as:
1

2

n1

n2

Z COK (u) = / ma (u) $ L (ua ) + / mal (u) $ P (ula )
a1 = 1

1

1

a2 = 1

2

2

(4)

where ma is the weighting applied to the a1 th precise leveling observation, and ua is the precise leveling benchmark
at the location a1 ; and mal is the weighting applied to PSI
observation a2 , and ula is the PSI pixel at location a2 . To
reduce the influences on the weightings from using different
observation types we employed the standardized ordinary
cokriging, which involves creating new secondary variables
with the same means as the primary variables. Subsequently,
all of the weightings are constrained and the weightings summation is equal to 1. From this modification Eq. (4) yields
1

1

2

2

n1

Z COK (u) = / ma (u) $ L (ua ) +
a1 = 1
n2

1

1

/ mal (u) $ 6P (ula ) + mL - mP@

a2 = 1

2

(5)

2

with the condition
n1

n1

/ ma (u) + / mal (u) = 1

a1 = 1

1

a1 = 1

2

(6)

where mL and mP are the stationary means of precise leveling and PSI observations, respectively.
4. Results and discussion
This section first presents the variogram analysis of
different types of observations and the cokriging interpolations for Period 3 (sections 4.1 and 4.2). The GPS data
are employed to verify the accuracy of the integrated observations (section 4.3). Subsequently, the cokriging interpolations for Periods 1 and 2 are introduced using the same
procedure (section 4.4), and the cokriged land subsidence
results are compared with those obtained from other studies
(section 4.5).
4.1 Different Types of Observations and Variogram
Analyses
Fifteen Envisat interferograms from Track 232, Frame
3123 and 17 Envisat interferograms from Track 232, Frame
3141 were used to estimate the radar line-of-sight (LOS)
displacement for Period 3. In the same period 298 precise
leveling data were recorded for CREP vertical deformation. The radar LOS was 23° from the vertical deformation
and the outcome was an accumulation of three-dimensional
movement. According to Ching et al. (2011) the greatest
horizontal GPS velocity in the CRFP between 1995 and
2005 was close to 5 mm yr-1. This was calculated by comparing against the reference point. Assuming that all horizontal vectors and the azimuth (the flight direction of satellite) are perpendicular, the 5 mm yr-1 of horizontal velocity
contributed only 1.95 mm yr-1 in LOS velocity. Because of
the negligible effect of the horizontal velocity in the LOS
velocity, the PSI results were relatively sensitive to vertical
motion.
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The first row in Fig. 4 shows the vertical displacement
rates of the precise leveling data and PSI results in the CRFP
from Intervals I to III. The cold colors represent the land
subsidence relative to the reference point and the warm colors show the surface uplift. Both the precise leveling data
and PSI results clearly indicated two local subsidence areas
by the north and south sides of the Choushui River. The
highest subsidence rates derived from the precise leveling
data from Intervals I to III were 84, 78, and 76 mm yr-1,

whereas those derived from the PSI results for the corresponding periods were 94, 73, and 64 mm yr-1. The shapes
of the subsidence areas, locations of the subsidence centers
and patterns of the subsidence rates between these two types
of observations were similar in the CRFP area. However, a
plot of all observations on the same scale would not provide
a clear quantification of their similarities and differences.
To quantify the correlations between these observations,
semivariograms, and cross semiveriograms were employed

Fig. 4. Vertical deformation and variogram analyses for the precise leveling data and PSI results obtained between 2005 and 2008. The first row
shows the vertical displacement rate of the precise leveling data and PSI results in the CRFP. The cold colors represent the land subsidence relative
to the reference point and the warm colors show the surface uplift. The other three rows display the leveling variogram, PSI variogram, and cross
variogram in six directions, North, N30°E, N60°E, N90°E, N60°W, and N30°W. (Color online only)
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to analyze the spatial correlations.
The other three rows in Fig. 4 show the leveling variogram, PSI variogram, and cross variograms in six directions.
The red dotted line and triangles represent the north direction, the green dotted line and squares represent N30°E, the
blue dotted line and stars represent N60°E, the yellow dotted line and diamonds represent N90°E, the purple dotted
line and cycles indicate N60°W, and the gray dotted line and
hexagon represent N30°W. The black solid line is a summary of six directional semivariograms fitted with a Gaussian
model and the associated parameters including the sills and
ranges in the different intervals. Table 2 lists the detailed
parameters for the spatial analyses.
In Interval I the fitted sill and range of the precise leveling data were 741 and 20.395 km. The optimally fitted sill
and range of the PSI results were 1074 and 14.154 km; and
the fitted sill and range of the PSI and leveling cross variogram were 393 and 12.703 km, respectively. In Interval II
the fitted sill and range of the precise leveling data were 654
and 21.837 km. The fitted sill and range of the PSI results
were 636 and 14.003 km; and the fitted sill and range of the
PSI and leveling cross variogram were 314 and 11.993 km,
respectively. In Interval III the fitted sill and range of the
precise leveling data were 526 and 20.172 km. The fitted
sill and range of the PSI results were 493 and 14.039 km;
and the fitted sill and range of the PSI and leveling cross
variogram were 278 and 11.964 km, respectively. No nugget effect was introduced into the experimental variograms
in this study.
The sill values for the different types of observations
generally decreased from Intervals I to III because of the
retarded subsidence rate. The seimivariogram plots showed
that the differences among the sills in different directions
were nonsignificant. The PSI variograms appeared to be
relatively smooth compared with those of the precise leveling data because the PSI results were averaged beforehand
in every active cell. The precise leveling data sill, however,
was smaller than the PSI results for the different time intervals, indicating that the data variations among the leveling
observations were relatively small. For the same observation
types the ranges in the experimental variograms were nearly
constant among the different time intervals. The range of
variograms reflected the spatial correlation and subsidence
area patterns in the CRFP. In the context of the correlation
between the precise leveling data and the PSI results, the
cross variograms displayed similar sill temporal patterns
and similar spatial patterns in the ranges. The sill patterns
reflected the variations in subsidence slowing gradually
from Intervals I to III. However, the range patterns approximately indicated the radii of the subsidence areas, which
were similar throughout the three time intervals.
4.2 Cokriging Interpolations for the Three Intervals in
Period 3
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We divided Period 3 (2005 - 2008) into three intervals: Interval I (2005 - 2006), Interval II (2005 - 2007), and
Interval III (2005 - 2008), to produce contrasting analyses
from the different time-averaged lengths. We employed the
fitted parameters in Table 2 for cokriging interpolations to
obtain the land subsidence in the spatiotemporal variations.
Note that we used a low nugget effect value of 1 to maintain
the numerical stability in the Gaussian variogram model
(Deutsch and Journel 1998).
The cokriging interpolations in the three intervals are
shown in the upper row of Fig. 5. The negative rate values
(shown in cold colors) represent the areas with land subsidence. The largest land subsidence rates in Intervals I, II, and
III were -99.98, -93.17, and 80.97 mm yr-1, respectively. In
Interval I the land subsidence rates exceeding -50 mm yr-1
covered 1760 cells with an area of 440 km2 in the CRFP.
The same subsidence rates for Interval II covered 1360 cells
with an area of 340 km2 and those for Interval III covered
only 1266 cells with an area of 316.5 km2. The average subsidence rate or area decreased over time. The bottom row
of Fig. 5 summarizes the statistics regarding the differences between the cokriging interpolation and PSI results for
these three intervals. The distribution of the differences was
close to a normal distribution with the respective skewness
values of -0.302, -0.238, and -0.277. The root mean square
(RMS) values in these three intervals were 28.88, 21.89, and
23.71 mm yr-1.
4.3 Cokriged Results Comparisons with Continuous
GPS Observations
The five continuous GPS stations in the CRFP were acquired from WRA. Two stations, Hsi-Kang (HK) and HsinHsing (HH), recorded the vertical displacement from 2005
- 2008 and the other stations, Tu-Ku (TK), Lin-Nei (LN), and
Ko-Tso (KT), recorded the vertical displacement from 2006 2008. Period 3 in this study was artificially divided into three
intervals. Therefore, the mean velocity of the GPS data from
2006 - 2007 was used for comparison with the cokriging interpolation for Interval II, and the GPS data from 2006 - 2008
were used for a comparison with the cokriging interpolation
for Interval III. Table 3 lists detailed information for the GPS
data. Figure 6 shows the direct comparisons of the GPS data
with the cokriking interpolations, precise leveling data and
PSI results. The correlation coefficient for the cokriging interpolation and GPS data at the same cell is 0.9603, and the
RMS is 10.56 mm yr-1 (marked with a red circle in Fig. 6).
The correlation coefficient and RMS for the precise leveling
data and GPS data are 0.9495 and 4.95 mm yr-1, respectively
(marked with a green circle in Fig. 6). For the PSI results and
GPS data, the correlation coefficient and RMS are 0.3256
and 31.49 mm yr-1, respectively (marked with a blue circle
in Fig. 6). Figure 6 clearly shows that the precise leveling
data gives the highest correlation with the GPS data (close to
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Table 2. Theoretical variogram parameters fitted using a Gaussian variogram model
in the three time intervals.
Interval time

Variogram category

Sill

Range (km)

Precise leveling semivariogram

741

20.395

PSI semivariogram

1074

14.154

Interval I (2005 - 2006)

Cross semivariogram

393

12.703

Precise leveling semivariogram

654

21.837

PSI semivariogram

636

14.003

Interval II (2005 - 2007)

Cross semivariogram

314

11.993

Precise leveling semivariogram

526

20.172

PSI semivariogram

493

14.039

Cross semivariogram

278

11.964

Interval III (2005 - 2008)

Fig. 5. Cokriging interpolation in the three intervals (2005 - 2006, 2005 - 2007, and 2005 - 2008). The bar charts show the error statistics for the
differences between the cokriging interpolation and PSI observations. (Color online only)

Table 3. Vertical mean displacement velocity for five GPS stations in different time intervals.
Station Name

Longitude

Latitude

Hsi-Kang Elem. Sch. (HK)

120.29

23.86

Hsin-Hsing Elem. Sch. (HH)

120.22

23.739

Tu-Ku High Sch. (TK)

120.39

23.688

Lin-Nei High Sch. (LN)

120.59

23.757

Ko-Tso Elem. Sch. (KT)

120.33

23.627

Interval I (mm yr-1)
-72.463
(2005 - 2006)
-31.837
(2005 - 2006)

Interval II (mm yr-1)
-56.512
(2005 - 2007)
-36.434
(2005 - 2007)
-54.145
(2006 - 2007)
3.542
(2006 - 2007)
-32.087
(2006 - 2007)

Interval III (mm yr-1)
-50.322
(2005 - 2008)
-32.174
(2005 - 2008)
-57.185
(2006 - 2008)
3.463
(2006 - 2008)
-37.182
(2006 - 2008)
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Fig. 6. Comparison of the GPS data and other observations. Abbreviations of the GPS stations are as follows: HK (Hsi-Kang), HH (Hsin-Hsing), TK
(Tu-Ku), LN (Lin-Nei), and KT (Ko-Tso). The numbers 1, 2, and 3 represent Intervals I, II, and III. The red circles are comparisons of the cokriging
interpolations and GPS values. The green circles are comparisons of the precise leveling data and GPS values. The blue circles are comparisons of
PSI results and GPS values. The 45° dotted line indicates that the subsidence rates of two observations are identical. (Color online only)

a 45° dotted line). The PSI results are less accurate because
large variations were obtained for the specified GPS stations.
Integrating the precise leveling data and PSI results improved
land subsidence monitoring for the specified points. However, the estimation method consistently underestimated the
land subsidence.
Notable advantages to integrating the precise leveling
data and PSI results based on cokriging interpolation are described as follows. The precise leveling technique has been
recognized as an accurate approach for monitoring land
subsidence. However, the precise leveling approach demands extensive resources over long periods, which limits
the availability of precise leveling data for large areas. The
PSI technique provides high-resolution spatial observations
through an identified PS for a large area. This study employed cokriging interpolation to exploit the precise leveling and PSI techniques to obtain high-resolution data with
greater accuracy for monitoring land subsidence.
4.4 Cokriging Interpolations for Periods 1 and 2
We verified the cokriging interpolation results with
GPS data for Period 3. In this section we follow same analytical process and estimate the cokriging interpolations for
Periods 1 and 2. Period 1 covers 34 precise leveling data,
26 ERS interferograms from Track 232, Frame 3123 and 26
ERS interferogram from Track 232, Frame 3141. Figure 7a
shows the precise leveling data and PSI results. Near the
shoreline some precise leveling data is shaded black to indicate that the subsidence rate was higher than 100 mm yr-1.
These subsidence centers, however, do not appear in the
PSI results. The variogram analysis results are displayed in

Fig. 7c and the fitted parameters are listed in Table 4. The
sill and range values of the precise leveling variogram are
1152 and 7.775 km, those of the PSI variogram are 145 and
18 km and those of the PSI and leveling cross variogram are
204 and 18.347 km, respectively. The cokriging interpolation results for Period 1 are shown in Fig. 7b. Subsidence
rates greater than -100 mm yr-1 are marked in black; they are
distributed over the map coastal area. One hundred ninety
cells with subsidence rates in excess of -100 mm yr-1 cover a
total area of 47.5 km2. The total CRFP area with subsidence
rates between -50 and -100 mm yr-1 is 451.25 km2 (1805
cells). Figure 7d shows the statistics for the differences
between the cokriging interpolation and PSI results. The
skewness is -1.757 and RMS is 30.89 mm yr-1.
For Period 2, 28 ERS interferograms from Track 232,
Frame 3123, 23 ERS interferogram form Track 232, Frame
3141, and 99 precise leveling data were used for the cokriging interpolation. Figure 8a shows the PSI results and precise leveling data. Some precise leveling data, shaded in
black, show subsidence rates in excess of 100 mm yr-1 near
the northern side of the Choushui River mouth. Although
the subsidence centers indicated by the precise leveling
data do not appear clearly in the PSI results, the shapes and
patterns of the subsidence areas in these two types of observations are similar. The variogram analyses are shown
in Fig. 8c and the fitted parameters are listed in Table 4.
The sill and range values of the precise leveling variogram
are 884 and 16.151 km, those of the PSI variogram are 168
and 30.892 km, and those of the PSI and leveling cross
variogram are 236 and 25.534 km, respectively. Figure 8b
shows the cokriging interpolation results for Period 2. Two
hundred nineteen cells with subsidence rates in excess of
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-100 mm yr-1 are shaded in black, covering a total area of
54.75 km2. In the northern part of the CRFP the subsidence center is located in the coastal area. However, in the
southern part, the subsidence center is located in the central CRFP. The total area with subsidence rates between -50
and -100 mm yr-1 covers 561.5 km2 (2246 cells). Figure 8d
presents the statistics regarding the differences between the
cokriging interpolations and PSI results. For Period 2 the
skewness is -1.414 and RMS is 30.30 mm yr-1. These results
are similar to those for Period 1.
The results for these two periods clearly indicate that

severe land subsidence moved from the coastal area to the
central CRFP. Additionally, regardless of whether the subsidence rate exceeded -100 mm yr-1 or was between -50 and
-100 mm yr-1, the total subsidence area increased from Periods 1 to 2. The negative skewness values (-1.757 and -1.414)
for these two periods indicate that the cokriging interpolations generally estimated the land subsidence rate to be
greater than the estimates derived from the PSI results. According to the cokriging interpolation procedures the precise
leveling data were used for the primary variables and the interpolation integrates the leveling and PSI observations. We

(a)

(b)

(c)

(d)

Fig. 7. (a) Vertical displacement and variogram analyses for the precise leveling and PSI data obtained between 1993 and 1998. (b) Cokriging interpolation for Period 1. (c) The variogram analysis includes the leveling variogram, PSI variogram, and cross variogram in six directions. (d) The
error statistics for the differences between the cokriging interpolation and PSI results. (Color online only)

Table 4. Theoretical variogram parameters fitted using Gaussian variogram model
in Periods 1 and 2.
Period of time
Period 1 (1993 - 1998)

Period 2 (1998 - 2003)

Variogram category

Sill

Range (km)

Precise leveling semivariogram

1152

7.775

PSI semivariogram

145

18.000

Cross semivariogram

204

18.347

Precise leveling semivariogram

884

16.151

PSI semivariogram

168

30.892

Cross semivariogram

236

25.534

Observation Data Fusion Improves Land Subsidence Monitoring
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(a)

(b)

(c)

(d)

Fig. 8. (a) Vertical displacement and variogram analyses for the precise leveling and PSI data obtained between 1998 and 2003. (b) Cokriging interpolation for Period 2. (c) The variogram analysis includes the leveling variogram, PSI variogram, and cross variogram in six directions. (d) The
error statistics for the differences between the cokriging interpolation and PSI results. (Color online only)

obtained relatively high PSI observation variations. Such
relatively high variations in PSI data can also be included in
the cokriging interpolation. In Figs. 7c and 8c the sill values
of the precise leveling data are generally higher than those in
the PSI results. The sill variability in the cokriging interpolation is dominated by precise leveling data. Therefore, the
cokriging interpolation overestimations might have come
from the differences in the sill values between the precise
leveling data and PSI results.
4.5 Results Comparison with Observations from
Previous Studies
The cokriging interpolation presents two subsidence centers located in the northern and southern CRFP.
The subsidence migrations for both centers were from the
coastal area to the central CRFP. However, their migration
times appear to differ. The primary subsidence migration
time span for the northern CRFP was between Periods 2
and 3. For the southern CRFP the subsidence migration occurred between Periods 1 and 2. Liu et al. (2004) reported
on four precise leveling benchmarks (SC1, SC2, SC3, and
SC4) installed along the coastal area that recorded vertical

deformations from 1976 to 2001. The SC1 leveling benchmark is the northernmost of these four leveling benchmarks.
The primary subsidence at SC1 occurred between 1976 and
1986. The SC2 leveling benchmark is located proximal to
the subsidence center in the northern CRFP in Period 1. The
land subsidence at SC2 became notable after 1991 and continued through 2001. During that 10-yr period the subsidence rate reached 150 mm yr-1. The SC3 and SC4 benchmarks are located in the southern CRFP. Their subsidence
rates decreased gradually after 1996. The historical data of
these four leveling surveys confirm the cokriged subsidence
behavior and verify the subsidence migration patterns in Periods 1 and 2.
Tung and Hu (2012) used their PSInSAR algorithm to
process ERS images taken between 1996 to 1999. The results showed two subsidence centers in the southern coastal
CFRP area and the southern central CRFP. The estimated
subsidence rate reached 80 mm yr-1. Although their study
period (1996 - 1999) overlaps with Periods 1 and 2 in the
present study, the PSInSAR observations captured the subsidence characteristics for these two periods. The year 1998,
between Periods 1 and 2, was a turning point during which
the subsidence areas migrated to the southern CRFP.
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For Period 3 our cokriging interpolation yielded results
matching the data fusion of Hung et al. (2011), who combined
leveling and PSI data for the 2006 - 2008 period. In contrast to
the study in Hung et al. (2011), we quantified the variations in
geostatistical structure for different periods from 1993 - 2008.
The spatial correlations among the different types of observations were implemented in the cokriging interpolations for
land subsidence mapping. Each cokriging interpolation was
interpolated once with the spatial correlation between the precise leveling data and PSI results. Our procedure can reduce
both the errors from regional effects and the biases of interpolated calculations from SAR images.
Yen et al. (2008) adopted the DInSAR technique to
process ERS images from between 1996 and 2000 and concluded that the Meishan Fault has a 10 mm yr-1 uplift rate.
They contested the accuracy with which earthquake potential could be evaluated and the ability to identify surface
deformations in the CRFP area. In Period 1 the southeast
part of the CRFP, where the Meishan Fault and Chiuchiunkeng Fault are located, presented an uplifted deformation. Because there were no precise leveling data, the uplift
rate was dominated by the PSI results and was calculated
to reach 40 mm yr-1. These findings should be incorporated
with the land subsidence findings to clarify the deformation
and earthquake probabilities in the CRFP area.
5. Conclusions
Using a geostatistical method this study showed that
cokriging interpolation is a systematic and effective procedure for exploiting multiple types of observations. The results can capture the spatiotemporal variations of different
types of observations and map land subsidence behaviors
in the CRFP. Based on our analysis results we argue the
following:
(1) Precise leveling and PSI observations were subjected to
geostatistical analysis in this study. The procedure reduced the errors from regional effects and interpolation
calculations. The results clearly delineated the historical surface deformations in the CRFP between 1993 and
2008.
(2) The variogram results for different types of observations
for the three intervals for Period 3 showed that the six
directional variograms were similar and no nugget effects were observed. The sill values of all observations
decreased with the increase in temporal averaging (i.e.,
from Intervals I to III). For observations of the same
type, the ranges of the variograms were nearly constant
for all three intervals because all of them had similar
subsidence areas. The optimally fitted parameters for
geostatistical structures in the CRFP were the basis for
the cokriging interpolations.
(3) In Period 3 the cokriging interpolation showed that the
subsidence rates and areas decreased from Intervals I to

III. The correlation coefficient for the cokriging interpolation and GPS data at the same cells was 0.9603 and the
RMS was 10.56 mm yr-1. The accuracy of the cokriging
interpolation was notably improved compared with that
of the PSI results and approximated the precise leveling
data.
(4) The cokriging interpolations for the three periods indicated that the severe subsidence areas migrated from the
coastal area to the central CRFP and the turning point of
subsidence migration for the southern CRFP occurred in
1998. There is an increasing subsidence trend from Periods 1 to 2 and a decreasing trend from Periods 2 to 3.
Acknowledgements This research was partially supported
by the Ministry of Science and Technology of the Republic of
China (MOST 103-2221-E-008-049-MY3 and MOST 1022116-M-008-010). The authors thank the ESA for providing
the ERS and Envisat SAR data through project C1P.14092.
References
Abidin, H. Z., R. Djaja, D. Darmawan, S. Hadi, A. Akbar, H. Rajiyowiryono, Y. Sudibyo, I. Meilano, M.
A. Kasuma, J. Kahar, and C. Subarya, 2001: Land
subsidence of Jakarta (Indonesia) and its geodetic
monitoring system. Nat. Hazards, 23, 365-387, doi:
10.1023/A:1011144602064. [Link]
Calderhead, A. I., R. Therrien, A. Rivera, R. Martel, and J.
Garfias, 2011: Simulating pumping-induced regional
land subsidence with the use of InSAR and field data
in the Toluca Valley, Mexico. Adv. Water Resour., 34,
83-97, doi: 10.1016/j.advwatres.2010.09.017. [Link]
Central Geological Survey (CGS), 1999: Project of groundwater monitoring network in Taiwan during first stage:
Research report of Choushui River alluvial fan. Water
Resources Bureau, Taiwan, 383 pp. (in Chinese)
Chang, C. P., T. Y. Chang, C. T. Wang, C. H. Kuo, and K.
S. Chen, 2004: Land-surface deformation corresponding to seasonal ground-water fluctuation, determining by SAR interferometry in the SW Taiwan. Math.
Comput. Simulat., 67, 351-359, doi: 10.1016/j.matcom.2004.06.003. [Link]
Chen, C. H., C. H. Wang, Y. J. Hsu, S. B. Yu, and L. C.
Kuo, 2010: Correlation between groundwater level and
altitude variations in land subsidence area of the Choshuichi Alluvial Fan, Taiwan. Eng. Geol., 115, 122131, doi: 10.1016/j.enggeo.2010.05.011. [Link]
Ching, K. E., R. J. Rau, K. M. Johnson, J. C. Lee, and J.
C. Hu, 2011: Present-day kinematics of active mountain building in Taiwan from GPS observations during 1995-2005. J. Geophys. Res., 116, B09405, doi:
10.1029/2010JB008058. [Link]
Deutsch, C. V. and A. G. Journel, 1998: Geostatistical Software Library and User’s Guide, second edition, Oxford

Observation Data Fusion Improves Land Subsidence Monitoring

University Press, New York, 369 pp.
Dixon, T. H., 1991: An introduction to the global positioning system and some geological applications. Rev. Geophys., 29, 249-276, doi: 10.1029/91RG00152. [Link]
Ferretti, A., C. Prati, and F. Rocca, 2000: Nonlinear subsidence rate estimation using permanent scatterers in differential SAR interferometry. IEEE Trans. Geosci. Remote Sensing, 38, 2202-2212, doi: 10.1109/36.868878.
[Link]
Ferretti, A., C. Prati, and F. Rocca, 2001: Permanent scatterers in SAR interferometry. IEEE Trans. Geosci. Remote
Sensing, 39, 8-20, doi: 10.1109/36.898661. [Link]
Galloway, D. L. and T. J. Burbey, 2011: Review: Regional
land subsidence accompanying groundwater extraction. Hydrogeology J., 19, 1459-1486, doi: 10.1007/
s10040-011-0775-5. [Link]
Galloway, D. L., K. W. Hudnut, S. E. Ingebritsen, S. P. Phillips, G. Peltzer, F. Rogez, and P. A. Rosen, 1998: Detection of aquifer system compaction and land subsidence
using interferometric synthetic aperture radar, Antelope
Valley, Mojave Desert, California. Water Resour. Res.,
34, 2573-2585, doi: 10.1029/98WR01285. [Link]
Hoffmann, J., H. A. Zebker, D. L. Galloway, and F. Amelung, 2001: Seasonal subsidence and rebound in Las
Vegas Valley, Nevada, observed by synthetic aperture
radar interferometry. Water Resour. Res., 37, 15511566, doi: 10.1029/2000WR900404. [Link]
Hoffmann, J., D. L. Galloway, and H. A. Zebker, 2003: Inverse modeling of interbed storage parameters using land
subsidence observations, Antelope Valley, California.
Water Resour. Res., 39, doi: 10.1029/2001WR001252.
[Link]
Hooper, A., 2008: A multi-temporal InSAR method incorporating both persistent scatterer and small baseline
approaches. Geophys. Res. Lett., 35, L16302, doi:
10.1029/2008GL034654. [Link]
Hooper, A., H. Zebker, P. Segall, and B. Kampes, 2004:
A new method for measuring deformation on volcanoes and other natural terrains using InSAR persistent scatterers. Geophys. Res. Lett., 31, L23611, doi:
10.1029/2004GL021737. [Link]
Hooper, A., P. Segall, and H. Zebker, 2007: Persistent scatterer interferometric synthetic aperture radar for crustal
deformation analysis, with application to Volcán Alcedo, Galápagos. J. Geophys. Res., 112, B07407, doi:
10.1029/2006JB004763. [Link]
Hung, W. C., C. Hwang, C. P. Chang, J. Y. Yen, C. H. Liu,
and W. H. Yang, 2010: Monitoring severe aquifer-system compaction and land subsidence in Taiwan using
multiple sensors: Yunlin, the southern Choushui River
Alluvial Fan. Environ. Earth Sci., 59, 1535-1548, doi:
10.1007/s12665-009-0139-9. [Link]
Hung, W. C., C. Hwang, Y. A. Chen, C. P. Chang, J. Y. Yen,
A. Hooper, and C. Y. Yang, 2011: Surface deformation

519

from persistent scatterers SAR interferometry and fusion with leveling data: A case study over the Choushui River Alluvial Fan, Taiwan. Remote Sens. Environ.,
115, 957-967, doi: 10.1016/j.rse.2010.11.007. [Link]
Hwang, C., W. C. Hung, and C. H. Liu, 2008: Results of
geodetic and geotechnical monitoring of subsidence
for Taiwan High Speed Rail operation. Nat. Hazards,
47, 1-16, doi: 10.1007/s11069-007-9211-5. [Link]
Isaaks, E. H. and R. M. Srivastava, 1990: An Introduction
to Applied Geostatistics, Oxford University Press,
592 pp.
Lin, L. H., H. R. Lin, A. H. W. Ke, and T. H. Chou, 1992:
Petroleum potential of the Pre-Miocene Formations in
the Chianan Plain, Taiwan. Petrol. Geol. Taiwan, 27,
177-197.
Liu, C. H., Y. W. Pan, J. J. Liao, C. T. Huang, and S. Ouyang, 2004: Characterization of land subsidence in the
Choshui River alluvial fan, Taiwan. Environ. Geol., 45,
1154-1166, doi: 10.1007/s00254-004-0983-6. [Link]
Liu, C. W., W. S. Lin, C. Shang, and S. H. Liu, 2001: The
effect of clay dehydration on land subsidence in the
Yun-Lin coastal area, Taiwan. Environ. Geol., 40, 518527, doi: 10.1007/s002540000193. [Link]
Liu, G., S. M. Buckley, X. Ding, Q. Chen, and X. Luo,
2009: Estimating spatiotemporal ground deformation
with improved persistent-scatterer radar interferometry. IEEE Trans. Geosci. Remote Sensing, 47, 32093219, doi: 10.1109/TGRS.2009.2028797. [Link]
Liu, Y. and D. C. Helm, 2008: Inverse procedure for
calibrating parameters that control land subsidence
caused by subsurface fluid withdrawal: 2. Field application. Water Resour. Res., 44, W07424, doi:
10.1029/2007WR006606. [Link]
Massonnet, D. and K. L. Feigl, 1998: Radar interferometry
and its application to changes in the Earth’s surface.
Rev. Geophys., 36, 441-500, doi: 10.1029/97RG03139.
[Link]
Phien-wej, N., P. H. Giao, and P. Nutalaya, 2006: Land
subsidence in Bangkok, Thailand. Eng. Geol., 82, 187201, doi: 10.1016/j.enggeo.2005.10.004. [Link]
Reilinger, R. E., G. P. Citron, and L. D. Brown, 1977: Recent vertical crustal movements from precise leveling
data in southwestern Montana, western Yellowstone
National Park, and the Snake River Plain. J. Geophys.
Res., 82, 5349-5359, doi: 10.1029/JB082i033p05349.
[Link]
Sato, H. P., K. Abe, and O. Ootaki, 2003: GPS-measured
land subsidence in Ojiya City, Niigata Prefecture,
Japan. Eng. Geol., 67, 379-390, doi: 10.1016/S00137952(02)00221-1. [Link]
Suppe, J., 1984: Kinematics of arc-continent collision, flipping of subduction, and back-arc spreading near Taiwan. Mem. Geol. Soc. China, 6, 21-33.
Teng, L. S., 1990: Geotectonic evolution of late Cenozoic

520

Lu et al.

arc-continent collision in Taiwan. Tectonophysics, 183,
57-76, doi: 10.1016/0040-1951(90)90188-E. [Link]
Tung, H. and J. C. Hu, 2012: Assessments of serious anthropogenic land subsidence in Yunlin County of central Taiwan from 1996 to 1999 by Persistent Scatterers
InSAR. Tectonophysics, 578, 126-135, doi: 10.1016/j.
tecto.2012.08.009. [Link]
Wu, Y. Y., J. C. Hu, G. P. Lin, C. P. Chang, H. Tung,
and C. H. Lu, 2013: Transient active deformation in
Tainan tableland using persistent scatterers SAR interferometry. BSGF, 184, 441-450, doi: 10.2113/gssgfbull.184.4-5.441. [Link]
Yen, J. Y., K. S. Chen, C. P. Chang, and W. M. Boerner,
2008: Evaluation of earthquake potential and surface deformation by Differential Interferometry. Remote Sens. Environ., 112, 782-795, doi: 10.1016/j.

rse.2007.06.012. [Link]
Yen, J. Y., C. H. Lu, C. P. Chang, A. J. Hooper, Y. H. Chang,
W. T. Liang, T. Y. Chang, M. S. Lin, and K. S. Chen,
2011: Investigating active deformation in the northern
Longitudinal Valley and City of Hualien in eastern Taiwan using persistent scatterer and small-baseline SAR
interferometry. Terr. Atmos. Ocean. Sci., 22, 291-304,
doi: 10.3319/TAO.2010.10.25.01(TT). [Link]
Yu, S. B. and H. Y. Chen, 1994: Global positioning system
measurements of crustal deformation in the Taiwan
arc-continent collision zone. Terr. Atmos. Ocean. Sci.,
5, 477-498.
Yu, S. B., H. Y. Chen, and L. C. Kuo, 1997: Velocity field
of GPS stations in the Taiwan area. Tectonophysics,
274, 41-59, doi: 10.1016/S0040-1951(96)00297-1.
[Link]

