Terr. Atmos. Ocean. Sci., Vol. 27, No. 4, 505-520, August 2016 doi: 10.3319/TA0O.2016.01.29.02(ISRS)

Geostatistical Data Fusion of Multiple Type Observations to Improve
Land Subsidence Monitoring Resolution in the Choushui River
Fluvial Plain, Taiwan

Chih-Heng Lu', Chuen-Fa Ni'-*, Chung-Pai Chang*?, Yi-An Chen?, and Jiun-Yee Yen*

! Graduate Institute of Applied Geology, National Central University, Taoyuan City, Taiwan, R.O.C.
2 Center for Space and Remote Sensing Research, National Central University, Taoyuan City, Taiwan, R.O.C.
? Institute of Geophysics, National Central University, Taoyuan City, Taiwan, R.O.C.
* Department of Natural Resources and Environmental Studies, National Dong Hwa University, Hualien, Taiwan, R.O.C.

Received 6 July 2015, revised 23 January 2016, accepted 29 January 2016

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 ex-
cessive 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 InNSAR results were first assessed through variogram analysis, the results of which revealed similar directional vario-
grams and no nugget effect for the experimental variograms. All observed sill values decreased with increasing temporal in-
tervals 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 subsid-
ence 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 develop-
ment. 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 sub-
sidence 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). Nu-
merous geodetic techniques with different scale resolutions
are usually employed to monitor and quantify the behavior,
degree and deformation speed of land subsidence in a speci-
fied 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 1991; 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; Gallo-
way 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 me-
ters, 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 monitor-
ing (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 sur-
face 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. Install-
ing and maintaining even a limited number of continuous
GPS and CMW stations to resolve the spatial resolution of
local land subsidence is costly. Differential interferomet-
ric synthetic aperture radar (DInSAR) is an alternative for
mapping the spatial distribution of land subsidence at a rela-
tively 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 decorre-
lations such as atmospheric delay, baseline errors and digital
elevation model (DEM) errors. These regional effects might
limit the extraction of meaningful information for identify-
ing 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 spa-
tial resolution. Hooper et al. (2004, 2007) and Hooper (2008)
successfully obtained deformation signals from agricultural
and vegetational SAR data, improving the accuracy of es-
timated 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™ in their study.

Recently developed computational technologies can
integrate multiple types of observations to improve land
subsidence monitoring resolution. This is particularly im-
portant for areas where the observations from precise level-
ing, 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? 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 con-
siderably 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 subsid-
ence areas. Numerous leveling benchmarks were installed
in the CRFP after 2000 and the inconsistency of the level-
ing 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 representa-
tive geostatistical structures. A nonlinear least squares mod-
el was developed to obtain the best fit of the geostatistical
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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 ac-
tive 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 con-
tinuous GPS data at the same locations. The CRFP surface
deformations during different time periods were then sys-
tematically quantified with detailed comparisons.

2. HYDROGEOLOGICAL DESCRIPTION AND
SOURCES OF OBSERVATIONS

2.1 Hydrogeological Description

Taiwan is located at the boundary between the Philip-
pine 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' (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 km?. The
Changhua and Chiuchiunkeng Faults are defined as two seg-
ments of the geological boundary between the Coastal Plain
and the Western Foothills. These two faults run along Pak-
ua 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 var-
ies 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 net-
work in 1990. The CRFP has over 200 groundwater monitor-
ing 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 rain-
fall 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 groundwa-
ter that can be pumped out during dry seasons (from Octo-
ber 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-

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 pre-
cise leveling data for the CRFP. The WRA collects such data
based on the first- or second-order standard of leveling pro-
cedures. The leveling procedure specifications require that
any loop misclosure should be less than 3 mm VK , 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 ac-
curacy (the reliability value is 2 mm for two leveling bench-
marks 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. Be-
fore 1998 the benchmark numbers were less than 100. Af-
ter 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 overlap-
ping intervals for Period 3: Interval I (2005 - 2006), Interval
1T (2005 - 2007), and Interval III (2005 - 2008). Between
1992 and 2008 the mean NBO61 velocity (precise leveling
benchmark) was -1.27 mm yr'. This leveling benchmark is
the most stable one of all precise leveling benchmarks dur-
ing these years. Therefore, the location of NB061 was con-
sidered 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 En-
visat 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/MTTI algorithm (Hooper et al.
2007; Hooper 2008). The topographic effect was removed
using the DEM from NASA’s SRTM mission and the pre-
cise orbit parameters from the Delft Institute for Earth-Ori-
ented 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 En-
visat interferograms (master image on 15 November 2007)
from Track 232, Frame 3123 and 17 pairs of Envisat inter-
ferograms (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 distribu-
tion 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 obser-
vations (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 x 500 m.
Different cell sizes and boundaries might lead to slight dif-
ferences in the results. The geostatistical parameters required
for the cokriging analysis were estimated through a vario-
gram 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

1993 1994 1995 1996 1997 1998 1998 1999 2000 2001 2002 2003 2005 2006 2007 2008
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sections we briefly describe the algorithms used for the data
analysis.

3.1 Experimental Variogram

The experimental variogram analysis is the key proce-
dure in obtaining geostatistical structures for a site-specific
condition (Deutsch and Journel 1998). A variogram de-
scribes the spatial dependency of referenced observations
in a one- or multidimensional space. An experimental semi-
variogram, Y’ (h), is defined as half of the average squared
difference between two univariate values, approximately
separated by vector 4, and can be expressed as:

N(h)
Y (0 =g ] 22+ - 2GF | ()
where N(h) is the number of pairs, and z(u;) and z(; + h) are
the respective values of precise leveling or PSI at locations
u; and u; + h of pair i. Vector i can be specified with particu-
lar directions and lag distance (Deutsch and Journel 1998).

The cross semivariogram y;p(h) is defined as half of
the h-increment average product relative to two variables
(bivariate) and can be computed as follows:

Yir(h) =
N(h)

ﬁ(h){ 2 [z (i + h) - 2. ()] [2p (i + h) - ZP(”")]}

i=1

@)

where z;(u;) and z;(u;+h) are the respective precise level-
ing values at locations u; and u; + h of pair 7, and zp(%;) and
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Fig. 2. SAR image spatiotemporal distribution and a histogram of the leveling benchmark numbers. (Color online only)
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zp(u; + h) are the respective PSI values at locations «; and
u;+ h of pair i.

The experimental variograms are typically presented
with y’ (h) (semivariogram) or ¥, (h) (cross semivariogram)
versus the incremental distance /. The experimental vario-
grams must be described with continuous functions for most
applications such as Gaussian, exponential, or spherical mod-
els. 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 fol-
lowing mathematical form (Deutsch and Journel 1998):

_(3h)? ]} .

a2

y(h):C-{l-exp

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

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 param-
eters C and a. For the observation data spatial anisotropy
analysis Fig. 3 illustrates how vector /& 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 direc-
tions when analyzing the variograms. The azimuth angles
were North, N30°E, N60°E, N90O°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

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 | Pair no. Date Baseline*  Time” Satellite | Period of time | Pair no. Date Baseline?  Time” Satellite
(m) (day) (m) (day)
01 1993/10/25  534.7 -1249  ERS-1 01 1993/10/25 5343 -1249  ERS-1
02 1993/11/29  480.1 -1214  ERS-1 02 1995/04/26  -373 2701 ERS-1
03 1995/04/26  -3793 -701  ERS-1 03 1995/12/27  574.8 -456  ERS-1
04 1995/12/27 5715 456 ERS-1 04 1996/01/31 1473 421 ERS-1
05  1996/01/31 1413 421 ERS-1 05  1996/02/01 2544 420  ERS-2
06 1996/02/01 2492 420 ERS-2 06 1996/03/07 3235 385  ERS-2
07  1996/03/07 3253 -385  ERS-2 07  1996/04/11 1542 350  ERS-2
08  1996/04/11 1489 -350  ERS-2 08  1996/05/16 1453 315 ERS-2
09  1996/05/16 1412 -315  ERS-2 09  1996/06/20  -387 280  ERS-2
10 1996/06/20  -386.8 280  ERS-2 10 1996/10/03  -410.6 -175  ERS-2
Period 1 11 1996/10/03  -410.8 -175  ERS-2 Period 1 11 1996/12/12  -439.2 -105  ERS-2
12 1996/12/12  -445.1 -105  ERS-2 12 1997/01/16  -73.8 -70 ERS-2
F{;i:: 3213223 13 1997/01/16  -75.1 70 ERS-2 F{;if: 321331 13 1997/0220 2716 35 ERS-2
14 1997/0220  -277.7 -35 ERS-2 14 1997/05/01  -466.7 35 ERS-2
Master image 15 1997/05/01  -470.9 35 ERS-2 | Master image 15 1997/06/05  -3243 70 ERS-2
1997/03/27 16 1997/06/05  -328.3 70 ERS-2 1997/03/27 16 1997/07/10  -2873 105 ERS-2
17 1997/07/10  -288.6 105  ERS-2 17 1997/08/14 294 140  ERS-2
18 1997/08/14  -30.3 140 ERS-2 18 1998/01/01 1563 280  ERS-2
19 1998/01/01 1505 280  ERS-2 19 1998/02/05  -358.5 315  ERS-2
20 1998/02/05  -357.1 315  ERS-2 20 1998/03/12  -408.5 350  ERS-2
21 1998/03/12  -412.6 350  ERS-2 21 1998/04/16  -95.9 385  ERS-2
22 1998/04/16  -949 385  ERS-2 22 1998/05/21  -93.9 420 ERS-2
23 1998/05/21 914 420  ERS-2 23 1998/07/30 338 490  ERS-2
24 1998/07/30 306 490  ERS-2 24 1998/09/03 1678 525  ERS-2
25 1998/09/03 1627 525  ERS-2 25 1998/11/12  231.1 595  ERS-2
26 1998/11/12 2348 595  ERS-2 26 1998/12/17  -586.9 630  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.



510

Luetal.

Table 1. (Continued)

Baseline?

Time"

Baseline®

Time®

Period of time | Pair no. Date Satellite | Period of time | Pair no. Date Satellite
(m) (day) (m) (day)
01  1998/01/01  -2738 245  ERS-2 01  1998/01/01  -27.4 245  ERS-2
02 1998/02/05  -518 210  ERS-2 02 1998/02/05  -524.6 210  ERS-2
03 1998/03/12  -572.1 175  ERS-2 03 1998/03/12  -5733 175 ERS-2
04  1998/04/16 2573 -140  ERS-2 04 1998/05/21  -261.2 -105  ERS-2
05  1998/05/21  -253.5 -105  ERS-2 05  1998/07/30  -146 35 ERS-2
06  1998/07/30  -147.2 35 ERS-2 06  1998/11/12 768 70 ERS-2
07 1998/11/12 844 70  ERS-2 07 1998/12/17  -750.8 105 ERS-2
08  1998/12/17  -752.6 105  ERS-2 08  1999/04/01  -670.9 210  ERS-2
09  1999/01/21 51 140  ERS-2 09  1999/05/06 146 245  ERS-2
10 1999/04/01  -669.7 210  ERS-2 Period 2 10 1999/06/10  -2647 280  ERS-2
11 1999/05/06 149 245  ERS-2 Track 232 11 1999007/15 -1134 315  ERS-2
Period 2 12 1999/06/10  -259.9 280  ERS-2 | Frame 3141 12 1999/08/19 9273 350  ERS-2
13 1999/07/15  -107.9 315  ERS=2 _ 13 1999/09/23 3684 385  ERS-2
F{;fncl‘ 3213223 14 1999/08/19 9324 350  ERS-2 Iv{g:fg;o‘g/‘g‘_f;e 14 1999/1028 1422 420  ERS-2
15 1999/09/23 364 385  ERS-2 15 2000001/06 426 490  ERS-2
Master image 16 1999/10/28 1444 420  ERS-2 16 2000/03/16  -572.1 560  ERS-2
1998/09/03 17 1999/12/02  -967.6 455 ERS-2 17 2000/04/20 3937 595 ERS-2
18 2000/01/06 41 490  ERS-2 18 2000/09/07  -457.8 735 ERS-2
19 2000/03/16  -568.2 560  ERS-2 19 2000/10/12 499 770 ERS-2
20 20000420 3994 595  ERS-2 20 2000/11/16 416 805  ERS-2
21 2000/08/03  -631.1 700  ERS-2 21 2002/01/10 -110.6 1225  ERS-2
22 2000/09/07 -456.3 735 ERS-2 22 2002/09/12  -88.6 1470 ERS-2
23 2000/10/12 523 770 ERS-2 23 2003/05/15  -544.4 1715  ERS-2
24 2000/11/16 465 805  ERS-2 01  200505/19 -183.6 665  Envisat
25 2002/01/10  -1136 1225 ERS-2 02 200506/23 251 630 Envisat
26 2002/09/12  -84.8 1470 ERS-2 03 2006/08/17  597.8 210 Envisat
27 2003/05/15  -5462 1715 ERS-2 04 2007/04/19  -262.1 35 Envisat
28 2003/10/02 557 1855  ERS-2 05  2007/05/24  -3164 70  Envisat
01  2005/05/19 -136.4 910  Envisat 06  2007/06/28  -263.3 105  Envisat
02 2005/06/23  298.1 875  Envisat Period 3 07  2007/08/02  -3754 140  Envisat
03 2006/08/17 6462 455  Envisat Track 232 08  2007/09/06  -116.7 175  Envisat
04  2007/05/24  -269 -175  Envisat | Frame 3141 09  2007/10/11  -4514 210  Envisat
05 2007/06/28  -216.3 140 Envisat _ 10 2007/11/15  -52 245  Envisat
Period 3 06  2007/08/02 -3255  -105  Envisat %32;;0‘;??6 11 2007/1220  -541.1 280  Envisat
Track 232 07  2007/09/06  -63.8 70 Envisat 12 2008/01/24  -3044 315  Envisat
Frame 3123 08  2007/10/11  -406 35 Envisat 13 2008/02/28  -5254 350  Envisat
09  2007/12/20  -499.4 35 Envisat 14 2008/05/08  -236.6 420  Envisat
Master image . .
2007/11/15 10 2008/01/24 -254 70 Envisat 15 2008/06/12 -143.8 455 Envisat
11 2008/02/28  -479.4 105  Envisat 16 2008/08/21  -249.1 525  Envisat
12 2008/05/08  -189.5 175 Envisat 17 2008/09/25  -383.4 560  Envisat
13 2008/06/12  -958 210 Envisat
14 2008/08/21  -1954 245  Envisat
15 2008/09/25  -340.6 315  Envisat
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Fig. 3. Searching condition for vector 4 in a variogram (adapted from Deutsch and Journel 1998).

(Isaaks and Srivastava 1990). Through various observa-
tional 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(u,),
whereas the PSI observations were defined as the secondary
variables, denoted as P (u,,). The cokriging estimations of
Zcox(u) for a desired variable u can be expressed as:

Zeor@= 3 A Llta) + 3 X PGe) ()

where A, is the weighting applied to the @, th precise level-
ing observation, and u,, is the precise leveling benchmark
at the location o; and A, is the weighting applied to PSI
observation o,, and uy,, is the PSI pixel at location ¢,. 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 sum-
mation is equal to 1. From this modification Eq. (4) yields

Zeoe(w)= ¥ Aa, () Lluta) +

n (5)
aZle(u) [P (ug,) + my, - mp)
with the condition
S Aa) + 3 ALy =1 ©6)

a =1 a =1

where m; and m, are the stationary means of precise level-
ing and PSI observations, respectively.

4. RESULTS AND DISCUSSION

This section first presents the variogram analysis of
different types of observations and the cokriging interpo-
lations for Period 3 (sections 4.1 and 4.2). The GPS data
are employed to verify the accuracy of the integrated ob-
servations (section 4.3). Subsequently, the cokriging inter-
polations 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 deforma-
tion. 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'. This was calculated by com-
paring against the reference point. Assuming that all hori-
zontal vectors and the azimuth (the flight direction of satel-
lite) are perpendicular, the 5 mm yr' of horizontal velocity
contributed only 1.95 mm yr' 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 col-
ors 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!,

Interval |
2005-2006

2412 f
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whereas those derived from the PSI results for the corre-
sponding periods were 94, 73, and 64 mm yr'. 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
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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 vario-
gram, PSI variogram, and cross variograms in six directions.
The red dotted line and triangles represent the north direc-
tion, the green dotted line and squares represent N30°E, the
blue dotted line and stars represent N60°E, the yellow dot-
ted 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 summa-
ry 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 lev-
eling 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 vario-
gram 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 nug-
get 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 level-
ing 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 inter-
vals, 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 approxi-
mately 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

We divided Period 3 (2005 - 2008) into three inter-
vals: 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 subsid-
ence. The largest land subsidence rates in Intervals I, II, and
IIT were -99.98,-93.17, and 80.97 mm yr', respectively. In
Interval I the land subsidence rates exceeding -50 mm yr!
covered 1760 cells with an area of 440 km? in the CRFP.
The same subsidence rates for Interval II covered 1360 cells
with an area of 340 km? and those for Interval III covered
only 1266 cells with an area of 316.5 km?. The average sub-
sidence rate or area decreased over time. The bottom row
of Fig. 5 summarizes the statistics regarding the differenc-
es 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'.

4.3 Cokriged Results Comparisons with Continuous
GPS Observations

The five continuous GPS stations in the CRFP were ac-
quired from WRA. Two stations, Hsi-Kang (HK) and Hsin-
Hsing (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 in-
terpolation 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 in-
terpolation and GPS data at the same cell is 0.9603, and the
RMS is 10.56 mm yr' (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', 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', 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
Interval I (2005 - 2006) PSI semivariogram 1074 14.154
Cross semivariogram 393 12.703
Precise leveling semivariogram 654 21.837
Interval IT (2005 - 2007) PSI semivariogram 636 14.003
Cross semivariogram 314 11.993
Precise leveling semivariogram 526 20.172
Interval III (2005 - 2008) PSI semivariogram 493 14.039
Cross semivariogram 278 11.964

2005 - 2006 2005 - 2007 2005 - 2008

23'36'

15% 15% 15%
Number of Data 9705 Number of Data 9665 Number of Data 9656
-11.60 Mean -7.62 -10.72
Std. Dev. 26.44 Std. Dev. 20.52 Std. Dev. 18.95
Maximum 75.33 Maximum 58.62 Maximum 47.33
Median ~7.38 Median -5.41 Median -9.10 -
Minimum -112.24 Minimum -81.05 Minimum -64.82
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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 Interval I (mm yr') Interval Il (mm yr') Interval III (mm yr')
Hsi-Kang Elem. Sch. (HK) 120.29 23.86 (20-0752:426306) (20-556;521507) (2035();322(?08)
Hsin-Hsing Elem. Sch. (HH) 120.22 23.739 (20351 ;82306) (20_556:45307) (20352.-127308)
Tu-Ku High Sch. (TK) 120.39 23.688 (20_564 ;13307) (206567 .—1;;308)
Lin-Nei High Sch. (LN) 120.59 23.757 (20036'5:422007) (20036%623008)
Ko-Tso Elem. Sch. (KT) 12033 23.627 32087 7182

(2006 - 2007) (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, IT, 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
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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. How-
ever, the estimation method consistently underestimated the
land subsidence.

Notable advantages to integrating the precise leveling
data and PSI results based on cokriging interpolation are de-
scribed as follows. The precise leveling technique has been
recognized as an accurate approach for monitoring land
subsidence. However, the precise leveling approach de-
mands 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 em-
ployed cokriging interpolation to exploit the precise level-
ing 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 ana-
lytical 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 in-
dicate that the subsidence rate was higher than 100 mm yr'.
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 interpola-
tion results for Period 1 are shown in Fig. 7b. Subsidence
rates greater than -100 mm yr' 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! cover a
total area of 47.5 km?. The total CRFP area with subsidence
rates between -50 and -100 mm yr' is 451.25 km? (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'.

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 cokrig-
ing interpolation. Figure 8a shows the PSI results and pre-
cise leveling data. Some precise leveling data, shaded in
black, show subsidence rates in excess of 100 mm yr' 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 ob-
servations 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! are shaded in black, covering a total area of
54.75 km?. In the northern part of the CRFP the subsid-
ence center is located in the coastal area. However, in the
southern part, the subsidence center is located in the cen-
tral CRFP. The total area with subsidence rates between -50
and -100 mm yr' covers 561.5 km? (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!. These results
are similar to those for Period 1.

The results for these two periods clearly indicate that
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severe land subsidence moved from the coastal area to the
central CRFP. Additionally, regardless of whether the sub-
sidence rate exceeded -100 mm yr! or was between -50 and
-100 mm yr', the total subsidence area increased from Peri-
ods 1 to 2. The negative skewness values (-1.757 and -1.414)
for these two periods indicate that the cokriging interpola-
tions generally estimated the land subsidence rate to be
greater than the estimates derived from the PSI results. Ac-
cording to the cokriging interpolation procedures the precise
leveling data were used for the primary variables and the in-
terpolation integrates the leveling and PSI observations. We
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Fig. 7. (a) Vertical displacement and variogram analyses for the precise leveling and PSI data obtained between 1993 and 1998. (b) Cokriging in-
terpolation 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 Variogram category Sill  Range (km)
Precise leveling semivariogram 1152 7.775
Period 1 (1993 - 1998) PSI semivariogram 145 18.000
Cross semivariogram 204 18.347
Precise leveling semivariogram 884 16.151
Period 2 (1998 - 2003) PSI semivariogram 168 30.892
Cross semivariogram 236 25.534
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Fig. 8. (a) Vertical displacement and variogram analyses for the precise leveling and PSI data obtained between 1998 and 2003. (b) Cokriging in-
terpolation for Period 2. (¢) 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 interpo-
lation 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 subsid-
ence 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 oc-
curred 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 bench-
mark 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 con-
tinued through 2001. During that 10-yr period the subsid-
ence rate reached 150 mm yr'. The SC3 and SC4 bench-
marks 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 Pe-
riods 1 and 2.

Tung and Hu (2012) used their PSInSAR algorithm to
process ERS images taken between 1996 to 1999. The re-
sults showed two subsidence centers in the southern coastal
CFRP area and the southern central CRFP. The estimated
subsidence rate reached 80 mm yr'. Although their study
period (1996 - 1999) overlaps with Periods 1 and 2 in the
present study, the PSInSAR observations captured the sub-
sidence 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 obser-
vations were implemented in the cokriging interpolations for
land subsidence mapping. Each cokriging interpolation was
interpolated once with the spatial correlation between the pre-
cise leveling data and PSI results. Our procedure can reduce
both the errors from regional effects and the biases of interpo-
lated calculations from SAR images.

Yen et al. (2008) adopted the DInSAR technique to
process ERS images from between 1996 and 2000 and con-
cluded that the Meishan Fault has a 10 mm yr' uplift rate.
They contested the accuracy with which earthquake poten-
tial 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 Chiuchi-
unkeng Fault are located, presented an uplifted deforma-
tion. Because there were no precise leveling data, the uplift
rate was dominated by the PSI results and was calculated
to reach 40 mm yr'. 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 proce-
dure for exploiting multiple types of observations. The re-
sults 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 re-
duced the errors from regional effects and interpolation
calculations. The results clearly delineated the histori-
cal 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 ef-
fects 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 interpo-
lation and GPS data at the same cells was 0.9603 and the
RMS was 10.56 mm yr'. 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 indi-
cated 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 Peri-
ods 1 to 2 and a decreasing trend from Periods 2 to 3.
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