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Abstract We estimated recent surface displacements around Bangkok by means of persistent scatterer
interferometry with ALOS/PALSAR images acquired from November 2007 to December 2010. Land subsi-
dence due to excessive groundwater pumping has been reported in this region. However, we detected
ground surface uplift around the mega-city, along with seasonal surface displacement, with high spatial
resolution. We then discriminated long-term natural rebound and seasonal displacement by fitting expo-
nential and sinusoidal functions to displacement time-series, and mapped their spatial distributions. This
mapping allowed us to infer that the second and third shallowest aquifers are laterally continuous, whereas
the shallowest aquifer has lateral discontinuities. The temporal decay rate of the long-term rebound might
reflect spatial changes of the Chao Phraya River watershed or the magnitude of the preceding groundwater
extraction. We demonstrated that our method of decomposing the displacement time series into different
spatial and temporal patterns is useful for understanding aquifer connectivity and the elastic response pat-
tern in an aquifer system.

1. Introduction

Land subsidence due to the compaction of overdrafted aquifer systems has occurred beneath many cities
worldwide and has caused severe damage to buildings and infrastructure [Waltham, 2002; Galloway and
Burbey, 2011]. In recent decades, several cities have developed countermeasures to mitigate severe ground
subsidence caused by groundwater extraction. For instance, the implementation of artificial water injection
schemes and the regulation of groundwater pumping have achieved surface rebound in some regions
[Amelung et al., 1999; Lu and Danskin, 2001; Mou�elic et al., 2002; Chen et al., 2007]. However, the reasons for
the spatial distribution and temporal evolution of such rebounds are not well understood, especially in the
case of natural surface rebound.

The mechanism of surface rebound can be generally described as follows: as a result of decreased ground-
water pumping from or water injection into a confined aquifer, the groundwater level recovers. This
increase in the hydraulic head leads to an increase of pore pressure in the aquifer and the expansion of its
granular skeleton. However, because of compaction of the aquitard due to preceding groundwater pump-
ing, ground subsidence continues for a while, although at a gradually decreasing rate. When the magnitude
of the expansion exceeds that of the compaction, elastic rebound of the surface is observed.

Synthetic aperture radar (SAR) interferometry and persistent scatterer interferometry (PSI) have been suc-
cessfully used to monitor subsidence and uplift events, and to unravel the characteristics of aquifers. Previ-
ous studies have used these techniques to identify the presence of an unrecognized fault extension or
other geological boundary from the spatial pattern of estimated surface displacement, or from the elastic
properties of the aquifer [Lu and Danskin, 2001; Hoffmann et al., 2001; Bell et al., 2008]. In this study, we per-
formed a PSI analysis and applied a temporal model to the displacement time series to estimate lateral con-
nectivity in an aquifer system as well as the elastic properties of the surrounding media.

We focused on Bangkok, the capital city of Thailand, which is situated on a flat lowland (Figure 1a) and
underlain by several confined aquifers and aquitards [Sinsakul, 2000]. In this region, previous studies have
reported ground subsidence due to excessive groundwater pumping [Phien-wej et al., 2006; Taniguchi et al.,

Key Points:
� We detected surface in Bangkok has

been uplifting due to groundwater
recovery
� We mapped the unrecognized

aquifer connectivity controlling
recovery pattern
� Our method is useful to characterize

elastic response and aquifer structure

Correspondence to:
K. Ishitsuka,
ishitsuka.kazuya.63r@st.kyoto-u.ac.jp

Citation:
Ishitsuka, K., Y. Fukushima, T. Tsuji, Y.
Yamada, T. Matsuoka, and P. H. Giao
(2014), Natural surface rebound of the
Bangkok plain and aquifer
characterization by persistent scatterer
interferometry, Geochem. Geophys.
Geosyst., 15, doi:10.1002/
2013GC005154.

Received 19 NOV 2013

Accepted 8 FEB 2014

Accepted article online 14 FEB 2014

This is an open access article under the

terms of the Creative Commons

Attribution-NonCommercial-NoDerivs

License, which permits use and

distribution in any medium, provided

the original work is properly cited, the

use is non-commercial and no

modifications or adaptations are

made.

ISHITSUKA ET AL. VC 2014. The Authors. 1

Geochemistry, Geophysics, Geosystems

PUBLICATIONS

http://dx.doi.org/10.1002/2013GC005154
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/


2009], followed after 1997 by recovery of the groundwater level [Giao, 2010; Giao et al., 2012] (Figures 1b
and 2) as a result of government measures to regulate and reduce groundwater use [Lorphensri et al., 2011].
We first obtained the spatiotemporal pattern of the surface rebound in this area by carrying out a PSI analy-
sis of images acquired by the Phased Array type L-band Synthetic Aperture Radar (PALSAR) onboard the

Figure 1. (a) Topography of the Bangkok Plain. ALOS/PALSAR images of the area in the black rectangle were analyzed. Yellow numbered
circles denote the locations of monitoring wells used to measure vertical ground movement and the groundwater level. Red square is the
city center of Bangkok. (b) Time series of the groundwater level in the second shallowest aquifer (Phra Pradang aquifer) measured in six
monitoring wells in Bangkok (black dots) [Giao et al., 2012]. The borehole numbers correspond to the numbers in Figure 1a. The red
dashed lines show extrapolations of the observed value.
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Advanced Land Observing Satellite (ALOS) from November 2007 to December 2010. Then, we used a tem-
poral model to interpret this estimated pattern of natural surface rebound.

2. Persistent Scatterer Interferometry Analysis

To measure the recent surface displacement in Bangkok, we performed an interferometric point target anal-
ysis (IPTA) [Werner et al., 2003; Wegm€uller et al., 2010], which is one PSI method, of 11 PALSAR images
acquired from November 2007 to December 2010 on the ascending orbit (Figures 1a, 2, and 3).

Depending on the electromagnetic wave-scattering characteristics of targets on the Earth’s surface, phases
in SAR images are degraded by noise, which causes decorrelation in interferograms. IPTA can mitigate
decorrelation-induced phase inaccuracy by finding pixels with coherent targets over time, called persistent
scatterers (PSs). Physically, PSs typically correspond to buildings or bare surfaces. Therefore, urban areas are
a suitable target area for PSI analysis of displacement using IPTA.

First, we selected 45 interferometric pairs with a perpendicular baseline of less than 1000 m (Figure 3). Next,
we selected PS candidates, using an amplitude dispersion index [Ferretti et al., 2001] of less than 0.5 as the
criterion for selection, and created differential interferograms at the candidate PS pixels. Then, we removed
the residual orbital fringes. As an external digital elevation model (DEM), we used the SRTM3 DEM with an
interval of 3 arc-seconds [Farr and Kobrick, 2000]. After the residual orbital fringes had been removed, we
iteratively estimated the DEM errors and the displacement rates by a least-squares method. Pixels having a
standard deviation of more than 0.4 rad were discarded. Then, phase unwrapping was carefully performed

Figure 2. Distribution of groundwater level changes in the third shallowest aquifer (Nakorn Luang aquifer) from 1997 to 2009. The shaded
area is the groundwater level recovery zone (positive contour values mean drawdown, and negative values mean recovery compared to
the level in 1980) after Giao [2010]. The white dashed line rectangle shows the area covered by the SAR images, and the yellow circle indi-
cates a reference point used in this study.
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with a minimum cost flow algorithm [Costantini and Rosen, 1999; Werner et al., 2002]. As a reference point,
we selected a point in the northwestern part of the analyzed area (yellow circle in Figure 2) where the
change in the groundwater level from 1997 to 2009 was minimal. Finally, we estimated displacement time
series by inverting each unwrapped differential interferogram [Schmidt and B€urgmann, 2003]. To mitigate
atmospheric effects, we smoothed the temporal phase changes, under the assumption that fluctuations
caused by atmospheric effect would have a high temporal frequency:

arg min
G

c2 d
dt

2
4

3
5m2

d

0

" #������
������

2

(1)

where G represents the design matrix constructed from the temporal distribution of SAR acquisitions, m is a
vector composed of the incremental displacements between SAR acquisitions, d is a vector composed of
the displacements measured by the differential interferogram, and c2 is a weighting coefficient that
describes the degree of temporal smoothing. The weighting coefficient c2 was set to 0.47, based on Akaike’s
Bayesian information criterion (ABIC) [Akaike, 1980]. To determine the value of c2, we averaged the values
obtained from displacements at randomly selected 10% of the pixels. In using ABIC to estimate c2, we
assumed that the covariance of the observed data had a Gaussian distribution. Because this is an overdeter-
mined problem, we used the least-squares method to obtain a solution. For all obtained displacement
maps, the PALSAR incidence angle was approximately 39� , and the horizontal component of the line-of-
sight vector was approximately 80� east of north. Therefore, the measurements were sensitive to surface
displacements mostly in the vertical direction and partly in the E-W direction. Moreover, because soft clay
covers the surface in the analyzed area [Sinsakul, 2000] and Poisson’s ratio of unsaturated clay is generally
0.1–0.3 [Bowles, 1996], the vertical component should account for 84–94% of the observed displacement.
Thus, we finally converted the estimated displacements in the line-of-sight direction to vertical displace-
ments by a simple calculation based on the fact that the horizontal displacement component was smaller.

3. Spatiotemporal Pattern of the Surface Rebound

Figure 4 shows the vertical surface displacement that occurred during the time periods separating the 45
interferometric pairs. All of the pairs show a similar displacement pattern of ground uplift around the center
of Bangkok; moreover, this pattern is more noticeable when the time span separating interferometric pairs

Figure 3. Baseline conditions of ALOS/PALSAR images and interferometric pairs. Bperp is the perpendicular component of the geometrical
baseline. Red squares represent the SAR images used in this study, and the blue lines indicate the selected interferometric pairs (i.e., those
with a perpendicular baseline component less than 1000 m long).
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is longer. Therefore, the estimated displacement time series obtained by using equation (1) generally shows
ground-surface uplift around the center of Bangkok during the 3 years of ALOS observation (magenta in
Figure 5), and ground subsidence on the northeast and southeast margins of the analyzed area (yellow in
Figure 5). The western and eastern boundaries of the uplift area approximately correspond to the west
bank of the Chao Phraya River and the Suvarnabhumi international airport, respectively. The northern and
southern boundaries correspond roughly to the urbanized area in each direction. The observed uplift area
covers approximately 250 km2. The northwestern part of the uplift area (Figure 6, area A) rebounded a total
of about 2.0–3.0 cm during the 3 years, whereas the southeastern (C) and central (B) parts rebounded 3.0
and 1.0 cm, respectively. In contrast, the ground subsided about 1 cm during the 3 years in the northeastern
part of the analyzed area, where an industrial complex is located (D). Aobpaet et al. [2013] conducted a PSI
analysis of RADARSAT-1 data for Bangkok acquired between 2005 and 2010 and reported that most of the
area was subsiding. However, Giao [2010] reported that the groundwater levels in the three main pumped
aquifers (i.e., the second, third, and fourth shallowest aquifers) recovered from 1997 to 2009 which can well
explain the surface rebound found by PSI analysis results of the present study.

Of the SAR systems onboard satellites, we used data acquired by the system with the smaller central fre-
quency (L-band). In data acquired by a SAR system with a smaller central frequency, estimated displace-
ment is more sensitive to decorrelation-induced phase noise compared with data obtained by a SAR system
with a larger central frequency (X- or C-band), though interferometric pairs provided by the L-band SAR sys-
tem tend to have larger coherent pixels, especially in nonurban areas. Therefore, to check the reliability of
the estimated displacement time series, we evaluated the standard deviations of the residual phase of the
displacement time series of each PS, obtained by equation (1). In most areas, the standard deviations were
about 0.5 cm, but they were about 1.5 cm around the southeastern part of the uplift area (around C in Fig-
ure 6). Because the magnitudes of the observed surface displacements were large compared with the
standard deviation, the differential interferograms were in agreement. Thus, we consider our results to be
reliable.

We validated the estimated displacement time series by comparing our results with observations of vertical
displacement obtained at surface-settlement measurement points in monitoring wells in Bangkok (Figure 1a)
by the Department of Groundwater Resources (DGR) [2012]. Displacements in the monitoring wells along the

Figure 4. Vertical surface displacement estimated from each interferometric pair.
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Chao Phraya River measured in October 2010 and August 2011 indicated an uplift rate of about 0.2 cm/yr
(Figure 6, dashed line in A) [DGR, 2012]. Despite the difference in the observation period between the SAR
data and these in situ measurements, the results are consistent between them.

4. Secular and Seasonal Changes Associated With the Characteristics of the
Aquifer System

To understand the source of the observed displacements during the ALOS observation period, we exam-
ined the temporal displacement by considering both seasonal and long-term factors. We used a statistical
method to determine how these factors combined (i.e., whether the temporal model was a function of sea-
sonal factors, long-term factors, or both seasonal and long-term factors). We modeled temporal displace-
ment due to seasonal factors by a sinusoidal function with a period of 1 year, and we modeled temporal
displacement due to long-term factors, mainly the increase in the hydraulic head, as an exponential func-
tion of time:

Use tð Þ5a sin ð 2p
365

t1hÞ2sin ðhÞ
� �

; (2)

Ult tð Þ5b exp ðktÞ21ð Þ; (3)

where Use(t) and Ult(t) are seasonal and long-term displacement functions, and a and b are coefficients that
express the magnitude of each factor. In equation (2), h is the time shift of the beginning of seasonal uplift
in the sinusoidal function relative to the acquisition time of the first SAR image. In equation (3), the coeffi-
cient k controls the decay rate; when k is larger, the decay is faster, and when k is smaller, the fitted curve is
closer to a straight line. The factors sin (h) in the seasonal function and 21 in the long-term function were
introduced so that U(0) 5 0. This sinusoidal model has often been used to describe seasonal displacement
[e.g., Bell et al., 2008]. With regard to long-term displacement, the aquifer deformation can be described by
a diffusive equation in accordance with classical poroelastic theory [Coussy, 1995]. The general solution can
be described by an exponential expression, which physically represents the decay of pore water invasion as
the pore pressure increases. In other words, during the beginning phase of natural groundwater recovery,
the difference in groundwater head between extraction areas and nonextraction areas is considerable, but

Figure 5. Time series of surface displacement in Bangkok after November 2007, inferred from persistent scatterer interferometry overlaid on a mean-amplitude image.
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this difference becomes smaller over time. For example, Chen et al. [2007] reported decay over time in the
magnitude of natural surface rebound after subsidence due to preceding groundwater extraction from an
aquifer in Taiwan.

Figure 6. Examples of the temporal evolution of surface displacement. (top) The spatial distribution of the annual average surface displacement. In the graphs, black squares indicate
observations, and the lines are the best fit curve of the temporal displacement model (equations (2) and (3)). The red dashed line in Figure 6a represents observations made at surface
settlement points in monitoring wells along the Chao Phraya River.
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To determine the optimal combination of the temporal models, we used the Akaike information criterion
(AIC) [Akaike, 1974]. From a statistical point of view, the optimal model has the minimum AIC value. Subse-
quently, we estimated the unknown parameters of the optimum model. To fit the optimum model function
to the data, we performed a grid search for h within the range of 0 to 2p rad at intervals of p/18 rad, and for
k within the range of 0–1 at intervals of 1024. To determine the coefficients a and b, we applied the least-
squares method during the grid search for h and k.

We mapped the spatial trends in the amplitude of the seasonal variation (a), the time shift (h) of the sea-
sonal uplift, the average rate of long-term uplift, and the exponential decay constant (k) of the long-term
uplift (Figures 7a–7d, respectively). For a, k, and the average rate of nonseasonal uplift, we plotted the val-
ues in areas where b and k were negative (uplift area) and the standard deviation of the residual displace-
ment was less than 1 cm, whereas for h, we plotted the values in areas where a was >0.5 cm. Long-term
uplift occurred uniformly over the whole uplift area at the rate of 0.5–1.5 cm/yr (Figure 7c). In contrast, the
values of a, h, and k showed considerable spatial variation (Figures 7a, 7b, and 7d).

Seasonal displacement (Figure 7a) was not found in all areas showing long-term uplift (Figure 7c), and the
time shift of the seasonal displacement differed even in those areas where it occurred (Figure 7b). The dis-
crepancies in the areas of seasonal and long-term uplifts can be attributed to spatial connections between
aquifers. The multiaquifer system beneath the Bangkok plain consists of several interbedded aquifers and
aquitards. Groundwater was overdrafted mainly from two aquifers, the second shallowest (Phra Pradang,
60–80 m depth) and the third shallowest (Nakorn Luang, 100–140 m depth). Seismic reflection studies in
Bangkok have shown that the stratum of the second aquifer is horizontal and laterally continuous, whereas
the uppermost aquifer (Bangkok aquifer, 16–30 m depth) is not continuous laterally [Whiteley et al., 1998].
Therefore, the spatially uniform long-term displacement can be explained mainly by the connectivity
between the second and the third aquifer, whereas the spatial distribution of the observed seasonal
displacement likely reflects horizontal connections in the uppermost aquifer. From the time shift of the
seasonal displacement, the largest seasonal uplift started occurring at the margins of the urban area and
near the river, and then flowed toward the surrounding areas (Figure 7b). This observation implies that the

Figure 7. Spatial distributions of the parameters of the best fit model of observed surface displacement: (a) magnitude of seasonal displacement (a in equation (2)) (cm); (b) time shift of
the sinusoidal function with reference to November 2007 (h in equation (2)) (rad); (c) annual average secular uplift (cm/yr); (d) decay coefficient of exponential function for nonseasonal
uplift (k in equation (3)).
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major sources of groundwater in
the Bangkok plain are runoff per-
colating from the adjacent high-
lands and the Chao Phraya River.
However, we note the possibility
that swelling and shrinkage of
the soft clay layer at the surface
may also have induced the sea-
sonal surface displacement. We
also infer that this seasonal uplift
was related to seasonal precipita-
tion, because the gradient of sea-
sonal displacement became
positive beginning in the middle
of the rainy season each year
(Figure 8). Additionally, since the
time shift in the southwestern
part of the seasonal displace-
ment area differed significantly
from that in the rest of the area,

the uppermost aquifer in this area might not be connected hydraulically with the northwestern and south-
eastern parts of the uplift area (Figure 7b).

The spatial pattern of the decay coefficient k (Figure 7d) can be interpreted to reflect the distribution of
aquifer properties (compressibility and permeability) or the timing of the start of uplift. We cannot rule
out either of these two possibilities. First, spatial differences in the properties of an aquifer may mean
that its elastic properties differ depending on the depositional environment and the magnitude of the
preceding subsidence. Most of the Bangkok plain sediments were deposited in a tidal environment, but
fluvial processes dominated along the Chao Phraya River [Sinsakul, 2000]. Thus, higher values of k may
be distributed in areas where the river channel was shifting in response to sea level fluctuations. Also,
groundwater extraction first began (about 50 years ago) and caused the largest cumulative subsidence
near the center of Bangkok city, that is, in the northwest part of the observed uplift area, where the
value of k is comparatively large [Whiteley et al., 1998; Phien-wej et al., 2006; Lorphensri et al., 2011].
Greater total subsidence indicates longer and greater compression of the aquitard, which could account
for the larger values of k.

Regarding the second possibility (i.e., the timing of the start of uplift), if it is valid to describe the surface
rebound with an exponential function, then the phase of rebound to which the function is fit would affect
the value of k. Specifically, fitting the function to the beginning phase of the rebound might result in a
larger value of k, whereas fitting it after the uplift is largely completed would result in smaller k, even if the
elastic properties of the aquifer are uniformly distributed.

5. Conclusions

To map surface displacement around Bangkok, Thailand, we performed persistent scatterer interferometry
analysis of ALOS/PALSAR images acquired from November 2007 to December 2010. Our results showed
that the ground around Bangkok generally uplifted from 0.5 to 3.0 cm during the observation period.
Because the groundwater level had been recovering for about 10 years in 2009, the observed uplift was
likely caused by natural groundwater recovery in the previously subsided area. Secular uplift occurred in
most of the area around Bangkok, but seasonal displacement controlled by rainfall exhibited a different spa-
tial pattern and occurred only in parts of the uplift area. This result reflects the significant spatial variation in
the hydraulic connectivity of individual interbedded aquifer layers under the Bangkok plain. The magnitude
of the decay coefficient k of the exponential function describing the secular uplift might reflect floodplain
changes or the subsidence history. Our results show that temporal model interpretation is useful for investi-
gating the structure of an aquifer and its elastic properties, information that cannot be inferred from a sim-
ple examination of the estimated surface displacement.

Figure 8. Monthly precipitation in Bangkok city (blue bars) compared with one displace-
ment time series (black squares and curve) inferred from the PSI analysis and the best fit
temporal model (C in Figure 6). Seasonal uplift was observed to have occurred during
times corresponding to a positive gradient of the sinusoidal curve (gray shading).
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