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Abstract: Land subsidence is a significant problem around the world that can increase the risk of 

flooding, damage to infrastructure, and economic loss. Hence, the continual monitoring of subsid-

ence is important for early detection, mechanism understanding, countermeasure implementation, 

and deformation prediction. In this study, we used multiple-sensor observations from the Contin-

uous Global Positioning System (CGPS), the small baseline subset (SBAS) algorithm, interferometric 

synthetic-aperture radar (InSAR), precise leveling, multi-layer compaction monitoring wells 

(MLCWs), and groundwater observation wells (GWs) to show the spatial and temporal details of 

land subsidence in the Choushui River alluvial fan (CRAF), Taiwan, from 1993 to 2019. The results 

showed that significant land subsidence has occurred along the coastal areas in the CRAF, and most 

of the inland subsidence areas have also experienced higher subsidence rates (>30 mm/yr). The anal-

ysis of subsidence along the Taiwan High Speed Rail (THSR) revealed a newly formed subsidence 

center between Tuku and Yuanchang Townships in Yunlin, with high subsidence rates ranging 

from 30 to 70 mm/yr. We propose a map showing, for the first time, the distribution of deep com-

pactions occurring below 300 m depth in the CRAF. 

Keywords: Choushui River alluvial fan; land subsidence; global positioning system; interferometric 

synthetic-aperture radar; small baseline subset; precise leveling; multi-layer compaction monitoring 

well; groundwater; Taiwan High Speed Rail 

 

1. Introduction 

Land subsidence caused primarily by anthropogenic developments is becoming a 

severe problem around the world [1–7]. Manmade land subsidence mainly results from 

groundwater depletion. When groundwater extraction persistently exceeds the natural 

recharge limit, the extraction leads to groundwater level decline, sea-water intrusion, 

groundwater quality deterioration, land subsidence, poor drainage, and flooding. There 

are 200 locations in 34 countries that suffer land subsidence because of groundwater de-

pletion during the past century. Nineteen percent of the global population may face a high 

risk of subsidence in the following decades [3]. 

In Taiwan, the rapid growth of the population and economy increased groundwater 

demand and motivated groundwater overextraction. Currently, the region of the 
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Choushui River alluvial fan (CRAF) in central Taiwan has extensive and severe land sub-

sidence due to unregulated groundwater pumping and slow natural groundwater re-

charge [8–13]. Since 1995, a long-term and systematic project funded by the Water Re-

sources Agency (WRA), Taiwan, has been underway to monitor land subsidence in the 

CRAF using precise leveling, the Continuous Global Positioning System (CGPS), multi-

layer compaction monitoring wells (MLCWs), and groundwater observation wells (GWs). 

The outcome of the project provides the needed information for the WRA to take measures 

to mitigate land subsidence, such as restricting groundwater pumping, increasing forests, 

and constructing dams. 

Previous geodetic sensors, such as GPS and leveling, provide accurate but only 

sparse point-wise measurements. Hence, the spatiotemporal distribution pattern of land 

subsidence cannot be identified comprehensively, especially in areas where no monitor-

ing sensors have been established. In order to rapidly and efficiently obtain the infor-

mation on wide-range subsidence with high spatial and temporal resolution, interfero-

metric synthetic-aperture radar (InSAR) has been applied to detect ground deformations 

at sub-centimeter accuracy levels [1,2,4,6,14–19]. However, InSAR-derived deformations 

are often contaminated by atmospheric disturbance and spatial and temporal decorrela-

tion of surface properties in SAR images. To reduce these contaminations, methods for 

extracting deformations at multiple epochs have been proposed, such as persistent scat-

terer interferometry (PSI) [20–22] and the small baseline subset (SBAS) algorithm [6,23,24], 

which function based on temporal, spatial, and statistical analyses of SAR images. 

Numerous SAR-based studies on land subsidence monitoring in the CRAF have been 

recently published. For example, Hung et al. [4] used multiple sensors to monitor land 

subsidence from 2006 to 2007, including precise leveling, GPS, MLCWs, and DInSAR. The 

land subsidence results from leveling, GPS, and DInSAR were consistent. The difference 

in vertical displacement between the leveling and GPS results was within 1 cm and be-

tween the leveling and DInSAR results it was within 1–2 cm, respectively. Furthermore, 

many minor and locally distributed displacements in Yunlin not detected by leveling ap-

peared in the PSI and Envisat results. The maximum annual displacement rates of up to 

7–8 cm/yr occurred over the period 2006–2008 [5]. Tung and Hu [25] applied PSInSAR to 

estimate the land subsidence in the CRAF from 1996 to 1999. Their results revealed several 

subsidence centers in the southern central and coastal regions of the CRAF. Lu et al. [26] 

used a geostatistical cokriging algorithm to merge the rates of subsidence from leveling 

and PSI to enhance ground deformation information from between 1993 and 2008. From 

the results of the cokriging interpolation, the major subsidence center shifted gradually 

from the coastal area to the middle fan region of the CRAF. Yang et al. [27] calibrated the 

InSAR measurement by using GPS data and detected the seasonal land subsidence in 

Yunlin from April 2016 to April 2017. It was found that 60% to 74% of the annual subsid-

ence is contributed by subsidence in the dry season, as revealed by the InSAR and GPS 

results. Lu et al. [28] used multiple types of data to analyze the relationship between sur-

face deformation and groundwater level change in order to propose a seasonal interaction 

model that can interpret the combined effects of the pore water pressure and the water 

mass loading on vertical ground movement in the CRAF. 

Although land subsidence in the CRAF has been well-studied and monitored by pre-

cise leveling, CGPS, MLCWs, InSAR, and GWs, the long-term spatial and temporal evo-

lutions of the subsidence have not been clearly investigated. Therefore, the goal of this 

study was to provide new insights into the spatiotemporal evolutions of the distribution 

pattern of land subsidence (e.g., peak locations and shape of the subsiding area) in the 

CRAF, using observations from multiple sources over the last three decades. The analysis 

of historical subsidence in Dacheng Township in Changhua and a newly formed subsid-

ence center along the section of the Taiwan High Speed Rail (THSR) in Yunlin is presented. 

A distribution map of deep compactions in the CRAF is proposed for the first time. 
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2. Geological Background and Observation Dataset 

2.1. Geological Background of the Choushui River Alluvial Fan 

The CRAF is the most crucial agriculture area in Taiwan, presently encompassing an 

area of 2079 km2 with elevations between 0 and 100 m (Figure 1a). The CRAF is bordered 

by the Wu River and Beigang River bounds to the north and the south, with the Bagua-

Douliu Hills and the Taiwan Strait to the east and the west. The Choushui River flows 

through the center of the CRAF and is a border between Changhua and Yunlin counties 

[29]. 

Drilling logs data for the CRAF show several unconfined and confined aquifers of 

Holocene to Pleistocene sediments. The sedimentary layers contain interbedded or lens-

structured clay, fine sand, medium fine sand, coarse sand, and gravel separated by im-

permeable marine mud layers [30]. The complex formations of the CRAF due to frequent 

sea-level rising and flooding and the channel migration of the Choushui River have di-

vided the CRAF into three geological sections from the inland (east) to the coast (west): 

the proximal fan, the middle fan, and the distal fan. The sediment thicknesses range from 

750 to 3000 m. The grain sizes decrease gradually from the proximal fan to the distal fan 

[29]. 

The geological data and the hydrogeology model of the CGS indicate that the CRAF 

contains four aquifers separated by aquitards at different depths [12]. These aquifers are 

connected in the proximal fan. The second aquifer spans almost the entire CRAF and is 

the primary aquifer for withdrawing groundwater because this aquifer has the depth for 

economic water extraction and is the thickest [29,31,32]. According to previous studies, 

the middle and the distal fans are covered with more than 250,000 pumping wells, but 

these two fans are composed of highly compressible materials [33]. As such, over-pump-

ing groundwater there has resulted in groundwater level drops and severe land subsid-

ence. 
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Figure 1. (a) The geographical location of the CRAF and the distribution of the monitoring instruments. White dots, green 

circles, red triangles, and blue rectangles represent the distributions of leveling benchmarks, CGPS stations, MLCWs, and 

GWs, respectively. The black lines around the CRAF represent the leveling network used to survey land subsidence. (b) 

Ground tracks of SAR data acquired by ALOS, ERS-1/2, Envisat, TerraSAR-X, and Sentinel-1 in the CRAF area. The blue, 

pink, red, and purple boxes indicate the footprints of ALOS, ERS, Envisat, TerraSAR-X, and Sentinel-1 images, respec-

tively. 

2.2. Observation Datasets 

This section describes the identification of the changing deformation patterns in the 

CRAF from 1993 to 2019, using long-term multiple-sensor observations, including those 

from SAR images, CGPS, precise leveling, and MLCWs. 

2.2.1. Ground Data 

Precise leveling is a method to determine height differences with the precision of 

millimeter level. In the 1970s, the government of Taiwan started using precise leveling to 

determine vertical displacements caused by land subsidence in the CRAF. Leveling sur-

veys were carried out along lines forming closed loops of several hundred kilometers in 
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length. The leveling procedure required that the loop misclosure be less than 3 mm√K, 

where K is the distance between two adjacent benchmarks in km. In some cases, additional 

leveling surveys within the loops were conducted to increase the local point densities of 

benchmarks. Measurement errors resulting from the earth’s curvature, atmospheric re-

fraction, and collimation were corrected in the data processing. Based on the records of 

leveling surveys, the numbers of benchmarks in the CRAF were less than 40 in and before 

the 1990s, and dramatically increased to more than hundreds since the 2000s [26,34]. In 

2019, the total number of benchmarks reached 832, equivalent to a density of 0.4 bench-

marks per square kilometer [34]. 

Tens of CGPS stations have been established in the CRAF. Three-dimensional coor-

dinate components of the CGPS stations provide the mm level and cm level coordinate 

changes in the horizontal and vertical directions, respectively. However, the displace-

ments at these CGPS stations are not always suitable for validating surface deformations 

derived by SAR interferometry because some of the GPS records can be short and span 

irregular periods. Among these CGPS stations located within the SAR image frames, 23 

CGPS stations were available for providing reliable, long-term time series measurements. 

The daily CGPS data were processed with the software Bernese 5.2, and the weekly solu-

tion was formed using seven daily network solutions. Accurate and timely GPS satellite 

ephemerides from the final products of the International GNSS Service (IGS) were also 

used to reduce the orbit errors. KMNM, located at latitude = 24°27′49″ and longitude = 

118°23′18″ in Kinmen, is a station in the IGS network. It was selected as the reference sta-

tion to constrain the GPS network adjustments. This study used leveling measurements, 

which are essentially different from GPS data, as well as InSAR data/measurements. The 

conceptual difference has been clearly described by Wang et al. [35]. 

An MLCW is a device to measure compactions at different depths with millimeter 

accuracy [36]. An MLCW is equipped with several magnetic rings anchored at the borders 

of varying stratum properties in a borehole. The compactions between two neighboring 

magnetic rings show the deformation in the stratigraphic section. By measuring and ana-

lyzing the variations of all installed rings monthly, we can determine the total cumulative 

compaction from the ground surface to a depth of 300 m. 

2.2.2. SAR Data 

We determined ground deformations in the CRAF by SBAS InSAR using SAR images 

from ERS-1/2, Envisat, ALOS, TerraSAR-X, and Sentinel-1 provided by the European 

Space Agency (ESA), the Japan Aerospace Exploration Agency (JAXA), and the German 

Aerospace Centre (DLR). Table 1 shows detailed information about these SAR images and 

selected parameters of the five satellites. Figure 1b shows the distribution of the image 

frames in the CRAF. 

3. Methods 

SAR interferometry has been proven to be a powerful and effective geodetic tech-

nique for measuring surface deformations, neo-tectonic activities, and natural hazards, 

such as landslides, with high spatial resolution, sub-centimeter accuracy, and high-ca-

dence observations (~1–2 passes per month) [4,5,16,37–40]. Nevertheless, the interferomet-

ric phase measurements are often affected by the spatial and temporal decorrelation of 

radar signals, resulting from satellite orbital errors, DEM errors, phase unwrapping er-

rors, and atmospheric artifacts. In some cases, the atmospheric artifacts are the main factor 

in reducing the accuracy of InSAR measurements and can only be removed with difficulty 

from SAR interferograms [20,41,42]. Taiwan is situated in a subtropical area, and most 

parts of the CRAF are covered by dense vegetation and fishponds in the coastal areas. The 

various surface features and water vapor variations can easily cause spatial decorrelation 

in conventional InSAR and lead to degraded accuracy in the deformation measurements. 

In order to overcome the limitations of InSAR technology in the CRAF, the SBAS approach 

was used in this study. 
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3.1. Small Baseline Subset Interferometry 

An SAR image contains pixels that have an observable phase resulting from the re-

turns of many scatterers on the ground. If these scatterers change with respect to each 

other along with time, the returned phase signals will vary in a random manner, leading 

to decorrelations. SBAS exploits selected SAR image pairs separated by short time inter-

vals and small perpendicular baselines to minimize the effects of temporal and spatial 

decorrelation and maximize the number of distributed scatterers (DSs) detected on the 

ground [23,43]. The SBAS algorithm used in this study was clearly described by Hooper 

et al. [22,44] and will not be repeated here. 

In this study, the SBAS approach and the three-dimensional spatiotemporal unwrap-

ping were implemented using the StaMPS/MTI software developed by Hooper et al. 

[22,44]. The digital elevation model from the SRTM mission was resampled on a 25 m grid 

to estimate the topographic contributions to the observed phases. We used the precise 

orbits released by the Delft Institute for Earth-Oriented Space Research (DEOS) to reduce 

the errors in phases caused by the orbit errors of ERS-1/2 and Envisat. In summary, the 

following procedure was used to process all SAR datasets: 

 ROI_PAC software was used to process the raw SAR images data into single look 

complex (SLC) images. Then, the SBAS network of interferograms was generated by 

the Doris and SNAP software packages. In this step, the major orbital and topo-

graphic effect was removed; 

 The SBAS approach, implemented by StaMPS/MTI, was used to analyze the interfer-

ometric time series and for quality checking and outlier detection. This step resulted 

in time series of LOS displacements; 

 The LOS displacements at each measurement epoch were interpolated on a 50 m grid 

to calculate the linear displacement rates. 

Table 1. SAR datasets with related information and numbers of ground stations for assessing SAR-derived deformations 

for each dataset. 

Mission ERS-1/2 Envisat 
ALOS 

(DAICHI) 
TerraSAR-X Sentinel-1A 

SAR band/wavelength C/5.6 cm C/5.6 cm L/23.6 cm X/3.1 cm C/5.6 cm 

Repeat cycle (days) 35 35 46 11 12 

Orbit Descending Descending Ascending Descending Ascending 

Incidence angle 23° 21° 34° 28° 34° 

Spatial resolution 

(azimuth x range) 
26 × 30 m 28 × 28 m 7.6 × 10.2 m 3.3 × 1.2 m 5 × 20 m 

Coverage period 

(dd/mm/yyyy) 

25/10/1993–

15/07/1999 

28/10/1999–

24/07/2003 

03/06/2004–

25/09/2008 

31/12/2006–

26/02/2011 

07/08/2014–

18/09/2015 

14/04/2016–

23/04/2019 

Number of images 39 18 21 19 10 78 

Number of IFGs 1 325 70 136 68 32 482 

Number of benchmarks 106 205 478 515 676 824 

Number of CGPS stations 3 3 6 10 12 23 

Number of MLCWs 4 8 23 28 29 32 
1 IFGs = interferograms. 

3.2. Calibrating the Initial LOS Velocities from InSAR 

Stacks of multiple-source SAR images acquired over the periods 1993–1999, 1999–

2003, 2004–2008, 2006–2011, 2014–2015, and 2016–2019 were processed to obtain initial 

LOS displacement rates, which contain the measuring uncertainty caused by orbit errors, 

DEM errors, and atmospheric effects, etc. [45–50]. However, it is difficult to separate each 

error source from the SAR dataset. The measuring uncertainty can be modeled by a planar 

function corresponding to the spatial variation in the interferograms [45,48]. We used the 
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CGPS measurements to find the parameters of the planar function and thereby calibrate 

the initial deformations from InSAR [46,47,49,50]. This calibration procedure can be sum-

marized as follows. 

1. Define a local reference frame based on a reference point located outside the subsid-

ing area. In this study, the stable CGPS station LNJS (the mean velocity of vertical 

displacement is nearly -5 mm/yr) was chosen as the reference point for comparing 

InSAR measurements with other geodesy data. 

2. Convert the three-dimensional velocity components from CGPS into the LOS veloc-

ity (VLOS) with 

���� = [��� � ��� �   − ��� � ��� �    ��� �] �

��

��

��

�, (1)

where VN, VE, and Vh are the velocities in the north, east, and vertical directions and θ and 

α are the incidence angle and the satellite heading angle (azimuth), respectively. 

1. Calculate the differences between CGPS-derived and InSAR-derived LOS velocities. 

The differences within a 250 m radius around the CGPS stations can be used to com-

pute the total squared misfit: 

�� = ∑ [∆�� − (�� + ���� + ����)]�
���

�
, (2)

where ∆di is the difference between CGPS and InSAR measurements at station i, xi and yi 

are the east and north planar coordinates of the ith station, N is the total number of CGPS 

stations, and mA, mB, and mc are the coefficients of the plane. 

2. Determine mA, mB, and mc by minimizing R2 (the least squares method). The initial 

LOS velocities were corrected for the velocities determined by the plane. 

The horizontal motions of the CRAF are about −3 to 6 mm/yr in the north direction 

and −7 to 0 mm/yr in the east direction. The horizontal velocity components are relatively 

small and introduce only small effects on the InSAR-derived LOS velocities. Thus, we as-

sumed that the effect of horizontal motion in the CRAF could be neglected. This assump-

tion has also been adopted in a number of other studies [5,27,50–52]. The vertical velocity 

component derived from a calibrated LOS velocity can be computed as (see Equation (1)): 

�� = ���� ��� �⁄ , (3)

which is compatible and can be compared with values from precise leveling or GNSS. 

4. Results and Discussion 

4.1. Vertical Velocities from the Calibrated InSAR Result 

For each leveling benchmark, the vertical velocity from the calibrated InSAR-derived 

LOS velocities averaged over a radius of 250 m around the benchmark was compared with 

the value from the leveling. Figure 2 shows such comparisons at the benchmarks with 

leveling measurements commensurate with the InSAR measurements from the five satel-

lite missions (Table 1). The small variances and nearly linear relationships between the 

two results given in Figure 2 suggest that the SAR images and our processing method 

were able to measure vertical deformations consistent with those from ground-based sen-

sors such as leveling. The correlation coefficients (r) show that InSAR-derived displace-

ments and leveling observations were highly correlated (r > 0.9) (Table 2). Moreover, the 

root mean squared (RMS) differences between the InSAR-based and leveling-based veloc-

ities ranged from 11.8 to 32.2 mm/yr before the InSAR calibration, decreasing to 4.2–16.3 

mm/yr after the calibration. Figure 3 shows the histograms of the leveling–InSAR differ-

ences, suggesting that 66.4–96.3% of the differences were within 10 mm/yr after the InSAR 

calibration. The differences after the calibration (Figure 3b) followed a normal distribution 

and had a zero mean; this was not the case for the differences without the InSAR calibra-

tion (Figure 3a). 
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However, there were several anomalous vertical velocities from InSAR in the coastal 

region and regions covered with vegetation and agricultural fields. These anomalous In-

SAR-derived velocities were lower than the rates from leveling and particularly occurred 

in the area with higher ground displacements. A similar problem has been reported in 

several previous studies as well [1,53–55]. These anomalies are likely caused by poor 

phase coherence, phase unwrapping errors, atmospheric effects, large displacement gra-

dients, and inconsistent observation periods between leveling and InSAR. 
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Figure 2. Relationships between the leveling- and InSAR-derived vertical velocities before (blue triangles) and after (cyan circles) the InSAR calibration over the time spans indicated in 

(a–f). The RMS differences values decreased after the calibration. 
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Figure 3. Histograms of the differences between the vertical velocities from leveling and InSAR (a) before and (b) after the 

InSAR calibration (Section 3.2), at an interval of 10 mm/yr. 

4.2. Space-Time Evolutions of Land Subsidence Values from 1993 to 2019 

4.2.1. Cumulative Land Subsidence between 1993 and 2019 

Figure 4 shows the long-term cumulative land subsidence value from precise leveling 

results between 1993 and 2019 on a 100 m grid using interpolated leveling measurements 

obtained through inverse distance weighted interpolation (IDW). The IDW method is 

commonly used to interpolate scatter points that do not necessarily have a relationship 

with or influence over neighboring data values and preserve local data variations yielding 

suitable results [56,57]. Hence, we used a quadratic weighting power within a 2 km radius 

neighborhood to obtain 100 m regularly spaced grids. 

The cumulative subsidence in Figure 4 has two main features. First, a coastal bowl-

shaped subsidence center occurred near Dacheng Township of Changhua County, with a 

maximum subsidence value of 210 cm. Second, several scattered subsidence centers oc-

curred in the inland regions, including Erlin, Xihu, and Xizhou Townships in Changhua 

County and Huwei, Tuku, and Yuanchang Townships in Yunlin County, with subsidence 

values ranging from 80 to 180 cm. Taiwan High Speed Rail (THSR), the most important 

public transportation system in Taiwan, passes through such scattered subsidence centers. 

The THSR’s safety may be affected by the differential settlements induced by the spatially 

varying subsidence values along the THSR route here. 

Table 2. Root mean squared differences between the velocities from leveling before (B) and after (A) the InSAR calibration. 

Mission ERS-1/2 Envisat 
ALOS 

(DAICHI) 
TerraSAR-X Sentinel-1A 

Time period 1993–1999 1999–2003 2004–2008 2006–2011 2014–2015 2016–2019 

Number of benchmarks 61 131 385 458 420 817 

Calibration 1 B A B A B A B A B A B A 

Correlation coefficient (r) 0.83  0.91  0.67  0.90  0.87 0.97 0.89 0.92 0.68 0.90 0.89 0.96 

RMSD (mm/yr) 32.2 16.3 29.3 12.2 25.0 6.7 11.8 9.2 25.1 9.3 16.0 4.2 
1 A = after calibration; B = before calibration. 
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Figure 4. Cumulative land subsidence values in the CRAF from 1993 to 2019. The black line indicates 

the 20 cm subsidence contours. The value at the coastal bowl-shaped subsidence center (Dacheng 

Township of Changhua County) is 210 cm and that in the inland center (Tuku Township of Yunlin 

County) is 180 cm. 

4.2.2. Evolutions of Land Subsidence 

The short-term average vertical velocities derived from leveling and InSAR are 

shown in Figure 5. The InSAR results span three decades, i.e., 1993–2003 for ERS-1/2, 2004–

2008 for Envisat, 2006–2011 for ALOS, 2014–2015 for TerraSAR-X, and 2016–2019 for Sen-

tinel-1. The InSAR results provided detailed spatial and temporal evolutions of land sub-

sidence in the CRAF. 

In the 1990s, the main subsidence areas were located in the coastal region and grad-

ually shifted eastward towards the inland area. The areas with continual deformations 

were mainly located in the middle and distal fans of the CRAF. The most pronounced 

deformation pattern was comprised of the several subsidence areas in the middle fan, in-

cluding the townships of Erlin, Xihu, and Xizhou in Changhua County, and the townships 

of Huwei, Tuku, Yuanchang, and Baozhong in Yunlin County. Here, the largest subsid-

ence rates exceeded 50 mm/yr. Noticeable subsidence also occurred in some coastal in-

dustrial zones, particularly in Yunlin’s offshore industrial park, with a decreasing defor-

mation rate from north to south. These observed subsidence values in the coastal region 

are probably due to heavy groundwater usage. Figure 5 suggests that the CRAF has ex-

perienced land subsidence of varying magnitudes over varying locations. Due to 
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groundwater extraction, land subsidence in the CRAF is still ongoing to date [32], but the 

rates of subsidence tend to diminish over time. 

Figure 5 also indicates that, between 1993 and 2003, large discrepancies between the 

leveling- and InSAR-derived subsidence rates occurred in the coastal area, particularly 

discrepancies between the maximum rates from these two sensors. Leveling detected a 

maximum rate of 200 mm/yr, while the maximum rate from InSAR was only 110 mm/yr. 

This difference might be attributable to the several factors affecting the InSAR results 

given in Section 3.2 and the low spatial density of leveling benchmarks. Among the main 

factors considered should be the sparse temporal sampling during this long period. How-

ever, in areas of expected subsidence (based on groundwater extraction and leveling 

measurements) the subsidence patterns from InSAR were similar to those from leveling, 

suggesting that InSAR is able to detect vertical motions on the whole. 

4.3. Analysis of Historical Land Subsidence in Dacheng Township, Changhua 

Land use directly affects groundwater quality, recharge rates, and groundwater level 

variation and is associated with ground subsidence. The coastal lands of Changhua have 

long been used for freshwater aquaculture that requires groundwater for breeding fish. A 

dataset provided by the Changhua County government shows that the total area of fresh-

water aquaculture has been gradually declining and decreased from 4007 ha to 2164 ha 

between 1992 and 2019 (Figure 6a) [58]. The largest decline occurred in the area with the 

highest percentage of aquaculture use, from 2300 ha to 700 ha approximately. As a result, 

the groundwater levels of shallow aquifers increased with time, reducing land subsidence 

over time. 

Figure 6b shows an analysis of the long-term evolution of land subsidence in 

Dacheng, the township with the largest subsidence rates in Changhua County. The land 

subsidence values from the ground-based sensors (leveling, GPS, and MLCW) and InSAR 

are consistent and show a continuous decline from 1993 to 2019. Note that the major com-

paction in Dacheng occurred in the layers with depths between 52 and 180 m and with 

materials composed of fine sand and clay, belonging to the B2 layer of the conceptual 

aquifer model of the CRAF [29]. 

Land subsidence in Dacheng is largely the result of lowered groundwater level, and 

surface deformations in Dacheng are highly correlated with the groundwater level fluc-

tuations in the two aquifers underlying the surface of Dacheng. The variations in the dis-

placement pattern of Dacheng suggest that land subsidence in Dacheng has undergone 

three stages of changes: “before 2001”, “2001–2007”, and “post 2007”. 
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Figure 5. Average vertical velocities from precise leveling (upper row) and SBAS InSAR measurements (bottom row) over six periods (a–f). Positive values (cold color) indicate uplift, 

and negative values (warm color) indicate land subsidence. The interval of the contour lines is 20 mm/yr. The blue dots denote the leveling benchmarks. 
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Figure 6. (a) The areas of aquaculture fishery in Changhua County from 1990 to 2019. The cyan, 

light yellow, and pink rectangles show the areas of freshwater aquaculture, brackish aquaculture, 

and ornamental fish, respectively. The red, green, blue, and pink dash lines indicate the groundwa-

ter levels at the depths of 66 m, 98 m, 171 m, and 268 m. The areas of freshwater aquaculture affect 

groundwater levels in the shallow aquifer. (b) Long-term observed land subsidence values from 

leveling, InSAR, CGPS, and MLCWs in Dacheng Township of Changhua County (green square, red 

and cyan circles, and green, pink, and amber diamonds) from 1992 to 2019. 

Before 2001, the maximum annual subsidence rate was detected by leveling and the 

average subsidence rate in Dacheng was larger than 140 mm/yr. Our data show that the 

groundwater levels of Xigang station in Dacheng declined continually in this stage. The 

subsidence rates decreased slightly during the period from 2001 to 2007. The groundwater 

levels here declined constantly, except the groundwater level at 66 m depth, which 

showed slight recovery from −15.1 m to −12.3 m during this period. After 2007, the 

groundwater levels at Xigang underwent both seasonal variations and a long-term rising 

trend. After 2007, groundwater levels at Xigang at 171 m depth dramatically increased, 

resulting in apparently decreasing compactions with occasional rebounds. However, cur-

rent data show that the land subsidence rate in Dacheng is still ongoing but is decreasing. 

Recent maximum subsidence rates in Dacheng are below 10 mm/yr. 

4.4. Land Subsidence Analysis along the THSR in the CRAF 

The THSR uses viaducts for its rails in the middle to south section. More than 20,000 

columns have been installed to support the viaducts in the section. In general, the columns 

are 1.5–2.5 m in diameter and 35–72 m in length [59]. As a consequence of the land sub-

sidence in this section, the bearing capacity of the columns is reduced by negative fric-

tional forces. According to the design standards for Japanese National Railways, the effect 

of negative frictional forces should be considered in the design of the foundation columns 

if the annual subsidence exceeds 2 cm. If the annual subsidence is over 4 cm, negative 
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frictional forces should be fully assessed. The THSR passes through the CRAF and has a 

section with the largest subsidence rates exceeding 4 cm/yr. 

Figure 7 shows the land subsidence rates along a section (A-A’) of the THSR in the 

CRAF from the multiple SAR datasets, which indicated subsidence of similar patterns and 

magnitudes. Apparent spatially varying subsidence rates occurred around the THSR sec-

tions over Xizhou (zone 1), Huwei–Tuku (zone 2), and Tuku–Yuanchang (zone 3). From 

Xizhou Township toward the south, the subsidence rates increased significantly until the 

Yunlin THSR station in Huwei, where the rates started to decline. A newly formed sub-

sidence center between Tuku and Yuanchang (zone 3) that occurred in 2014 was detected 

by InSAR. Zone 3 experienced high subsidence rates ranging from 60 to 70 mm/yr between 

2014 and 2015, but the rates declined to between 30 and 50 mm/yr from 2016 to 2019. Fig-

ure 8 shows the MLCW measurements at STES near the subsidence center of zone 3 which 

suggested that the major compaction occurred at the depth of 50 m, followed by the minor 

compaction at depths of 50–200 m. The layer that suffered the major compaction is com-

posed of coarse sand, fine sand, silt, and clay, which are susceptible to compressions. We 

found that extensive groundwater pumping in the depths of 20–40 m contributed to the 

major compaction seen in Figure 8. 

It has been shown that land subsidence can also cause lateral (horizontal) displace-

ments. For example, Bawden et al. [60] used an elastic model to simulate the response of 

an elastic material to aquifer pumping or recharge, and showed that the largest horizontal 

displacement (about 1/3 of the largest displacement) occurs near the margins of the sub-

sidence. Hence, we recommend that both the vertical and lateral movements caused by 

land subsidence should be considered when assessing the risk of land subsidence to rail-

way safety. 

 

Figure 7. (a) The distribution of main subsidence centers along the THSR. (b) Vertical displacement rates along the A–A’ 

section of the THSR over the CRAF. The blue, green, pink, red, light blue, and gray lines represent the rates derived from 

the InSAR measurements. The gray, yellow, and blue vertical dash lines represent the location of THSR stations, traffic 

arteries, and rivers, respectively. Three evident subsidence centers occurred in the Xizhou section (zone 1; zone number is 

encircled), the Huwei to Tuku section (zone 2), and the Tuku to Yuanchang section (zone 3). A subsidence in zone 3 first 

formed in 2014. 
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Figure 8. A time-depth diagram of compaction at a series of magnetic rings at the MLCW station STES from December 

2014 to December 2019. The cold color indicates relative swelling and the warm color indicates compaction. Since 2017, 

shallow-depth compactions (at depths < 50 m) increased significantly (the region with warm color). 

4.5. Distribution of the Deep Compactions 

In general, compactions measured by leveling (∆H1) and GPS (∆H2) represent the ver-

tical deformations between the ground surface and the bedrock, but compactions meas-

ured by MLCWs (∆H3) in this study represent only compactions from the ground surface 

to 300 m depth. This is illustrated in Figure 9. If ∆H1 = ∆H2 = ∆H3, there is no compaction 

below 300 m. However, if ∆H1 = ∆H2 > ∆H3, then the leveling and GPS measurements in-

dicate compactions below 300 m, defined as deep compactions. Linear regression analysis 

can be applied to obtain the average velocity of both leveling (Vl) and MLCW (Vm) datasets. 

Hence, the deeper compaction rate (Vd = Vl − Vm), i.e., the deformation generated between 

the depth of 300 m and the bedrock, can be calculated under this assumption. We com-

puted the vertical velocities from the leveling and MLCW measurements in the CRAF at 

the stations with both measurements, allowing us to examine deep compactions in the 

CRAF. 

In response to the call for a “Concrete Solution for the Long-Term Land Subsidence 

in Yunlin–Changhua Area” initiated in 2011, in this study we mapped the deep compac-

tions in the CRAF over two periods, i.e., 2006–2010 and 2011–2019. The mapped deep 

compactions are shown in Figure 10. From 2006 to 2010, deep compactions greater than 
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20 mm/yr were detected in the middle fan, including Xizhou Township and Tuku Town-

ship. The townships of Erlin, Huwei, and Yuanchang also experienced deep compactions, 

with smaller rates of 10–20 mm/yr. Some areas other than these townships suffered minor 

deep compactions (rates < 10 mm/yr). Deep compactions in these regions were persistent, 

but the rates decreased from 2011 to 2019. After 2019, the rates of deep compaction in 

Xizhou and Tuku were only 10 to 20 mm/yr. Our observations also indicated reduced 

rates at 0–10 mm/yr in Huwei and Yuanchang. 

Figure 11 shows changes in groundwater level from April 2011 to April 2019 in aqui-

fers 3 and 4 in the CRAF. Positive changes in aquifers 3 and 4 indicated reduced ground-

water pumping, which occurred in Tuku and Yuanchang (middle fan of the CRAF). Here 

the increases of the groundwater levels ranged from 1 to 3 m in aquifer 3 and from 0 to 

1.5 m in aquifer 4, respectively. 

The reductions in deep compactions were due to the de-commissions of the deep 

wells responsible for the deep compactions. According to the surveying reports of the 

Ministry of Economic Affairs, more than one thousand pumping wells in the CRAF have 

been decommissioned, resulting in reduced groundwater pumping of approximately 44.3 

million tons between 2011 to 2019 [34]. The overall groundwater levels in Xizhou, Huwei, 

Tuku, and Yuanchang rose obviously since this measure (de-commissioning wells) took 

effect in 2011. In summary, reducing deep compactions in the CRAF requires effective 

management of groundwater pumping wells. 

 

Figure 9. The depths of compaction detected through leveling, GNSS (GPS), and MLCWs (∆H1, ∆H2, 

and ∆H3). Applying linear regression analysis to obtain the average velocity of leveling (Vl) and 

MLCWs (Vm), the deeper compaction rate (Vd) is the difference between the velocity of leveling and 

MLCW (Vd = Vl − Vm). 
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Figure 10. Average deep compactions at intervals of 5 mm/yr in the CRAF from (a) 2006–2010 and (b) 2011–2019. 

 

Figure 11. Changes in groundwater levels (levels in April 2019 minus levels in April 2011) at 0.5 m intervals in (a) aquifer 

3 and (b) aquifer 4. 

5. Conclusions 

This study used multiple-sensor observations to show the spatial and temporal vari-

ations of land subsidence in the CRAF from 1993 to 2019. We used the CGPS observations 

to calibrate the SBAS InSAR measurements effectively. Our assessments showed that the 

vertical deformations from leveling and InSAR were consistent, despite some large dis-

crepancies that were explained in earlier sections. 
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A maximum cumulative subsidence of 210 cm occurred in Dacheng from 1993 to 

2019. The changes in the coastal areas for freshwater aquaculture affect the magnitudes of 

land subsidence in Changhua, especially in Dacheng. Persistent land subsidence in the 

inland area of the CRAF was detected by our observations, but the rates of subsidence 

declined from 2004 to 2019. Several subsidence bowls were identified in Erlin, Xihu, and 

Xizhou in Changhua County, as well as in Huwei, Tuku, Yuanchang, and Baozhong in 

Yunlin County. A newly formed subsidence center was also detected between Tuku and 

Yuanchang; the THSR passed through this section. The distribution of deep compactions 

was mapped for the first time using the differences between the subsidence rates from 

leveling and MLCWs. Before 2011, Xizhou and Tuku suffered the largest deep compac-

tions, with rates exceeding 20 mm/yr. From 2011 to 2019, groundwater levels here re-

bounded to reduce the deep compactions. 

Land subsidence can be caused by natural and human-induced factors, each having 

different contributions. One natural cause is the geological influence that has lasted thou-

sand years and contributed only 0.6 to 2.1 mm/yr to the total land subsidence in the CRAF 

[61]. The major causes of land subsidence in the CRAF are manmade and are largely due 

to over-pumping groundwater. Therefore, a proper management scheme of groundwater 

resources is the key to reducing and preventing land subsidence. A good scheme should 

also take into account local societal needs and local cultures in order for the scheme to be 

long-lasting and supported by locals. 
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