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Land Subsidence in the Mekong Delta Derived From
Advanced Persistent Scatterer Interferometry With an

Infrastructural Reference Network
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Abstract—The Vietnamese Mekong Delta (VMD) has been af-
fected by environmental challenges for several decades, including
coastal erosion and land subsidence. Subsidence rates of several
cm/yr have been reported in parts of the delta, which are one order
larger than the regional sea level rise of 3.3 mm/yr. The precise
monitoring of subsidence with high spatial and temporal resolution
is essential to understand its causes and associated risks, and to sup-
port the development and monitoring of countermeasures. Here,
we present subsidence estimates between 2017 and 2022 derived
from advanced persistent scatterer interferometry (PSI) applied
to Sentinel-1 data. The PSI approach fully integrates temporary
persistent scatterers, in order to derive the best possible persistent
scatterer network for long time series. Furthermore, we adapted
a method to optimally integrate reference points with known
displacement to suppress spatially correlated nuisance (SCN) in
the derived displacement time series. Due to a lack of geodetic
references, we built an infrastructural reference network based on
large bridges with piled foundations of about 70 m depth, which are
only affected by compaction in deeper soil layers. We compare the
method with the standard referencing approach in PSI, and show
that referencing to the selected reference bridges with our method
enables to measure the largest part of the subsidence while reducing
the SCN considerably. We find the highest subsidence rates of more
than 7 cm/yr mainly in urban areas, and various kinds of temporal
nonlinearities.

Index Terms—Interferometric synthetic aperture radar
(InSAR), land subsidence, Mekong Delta, persistent scatterers,
reference network, Sentinel-1.

I. INTRODUCTION

A. Motivation

LAND subsidence is a global geological phenomenon with
manifold causes [1], [2], [3], [4], [5], [6]. It can have

direct consequences in the form of structural damage [7], [8]
as well as indirect environmental consequences as a result of the
accelerated relative sea level rise, like an increased vulnerability
of the affected area to salinization of water resources [9], [10],
flooding [11], [12], [13], erosion [14], and permanent inunda-
tion. Latter problems particularly concern coastal areas, such as
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sinking river deltas. [15] showed that the world’s river deltas
were inhabited by 339 million people in 2017, and [16] found
that land subsidence exceeded rates of global sea level rise in
18 of 33 representative deltas. Fast sinking coastal areas are
especially concentrated in Southeast Asia, and in most cases
characterized by rapidly growing populations, thus by signifi-
cant increases in groundwater extraction and loading from con-
struction activities [17], [18]. Prominent examples are Bangkok,
Jakarta, and the VMD, where rates of up to 12 cm/yr [7], [19],
10 cm/yr [11], and 6 cm/yr [20], [21], [22] have been reported.
The latter are one order of magnitude larger than the regional
sea level rise of about 3.3 mm/yr [23].

The VMD represents the southern part of Vietnam and lies
on average 0.8 m above sea level [24]. It is home to about 17
million people and of large economical importance due to the
rice production and aquafarming [25]. The delta has recently
been affected by different environmental challenges, including
a decrease in sediment supply due to climatological [26] and
anthropogenic causes in the form of dam construction in the
upper Mekong [27]. Further challenges are due to increasing
riverbank and coastal erosion [28], as well as saltwater intrusion
into surface- and groundwater [29], [30].

A major problem is the mentioned land subsidence, which
has been affecting the VMD for more than 15 years. It has
been mainly attributed to groundwater overextraction [20], [21],
[31], as well as the natural compaction of young Holocene
deposits [32], which might be accelerated by additional load-
ing due to the recently intensive construction activity [33].
The VMD consists of a complex stratification of marine and
alluvial deposits from the Miocene and Holocene, which are
in total 300–400 m thick on average and overlie a Mesozoic
basement [34]. The aquifer-aquitard system is described in detail
in [35], and comprises seven confined aquifers and aquitards
with spatially varying thicknesses. Well logs and hydrogeo-
logical models suggest that the aquitards are heterogeneous
and at least partly disconnected [31], [36], [37], resulting in
a potential hydraulic connection between the aquifers [38]. The
confined aquifers have been affected by increasing groundwater
extraction since the 1990s, leading to continuously decreasing
hydraulic heads [20], [34], [35]. While households mainly use
unlicensed wells to pump from shallow Pleistocene aquifers for
daily needs and small businesses, licensed wells for commercial
purposes pump from deeper aquifers [38]. The exact number
of unlicensed wells is unknown, however, Danh and Khai [39]
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stated that there are more than one million shallow tube wells
in the VMD. Hoan et al. [34] estimated in a modeling study
that the by far largest pumping rates and storage changes in the
south-western VMD are found in the upper-middle Pleistocene
aquifer at 80–151 m depth, followed by the middle Pliocene
aquifer at 183–276 m depth.

The geodetic monitoring of surface movements, preferably
with a high spatial and temporal sampling rate, is crucial for
investigating the causes and associated risks of land subsidence
and supporting the development and monitoring of reasonable
countermeasures. Measured subsidence time series are used to
analyze spatial and temporal characteristics of the subsidence
and help to better understand the underlying geology and drivers
of the subsidence. Different geodetic tools have been used to
measure subsidence [1]. A preferred method nowadays is space-
borne multitemporal interferometric synthetic aperture radar
(MT-InSAR) such as the PSI [40], [41], as it is characterized
by high spatial sampling, large coverage and usually a temporal
sampling rate of several days, which is sufficient for many
geoscientific applications.

B. Article Contribution

MT-InSAR approaches are characterized by limitations re-
garding long-term and large-scale monitoring. In this work, we
present results of the recent land subsidence between 2017 and
2022 in the VMD based on advanced Sentinel-1 PSI. The results
represent an update of the subsidence rates presented in [20]
and [22], which included rates from the periods 2006–2010
and 2014–2019, respectively. We adapted the PSI approach
from [42], which also incorporates temporary persistent scat-
terers (TPSs) into the PSI approach, for robust large-scale PSI
monitoring. TPSs are coherent only in one or several segments
of the studied time series, and can be caused by different
drivers such as construction activities, natural decorrelation
over time or floods. Their integration into PSI leads to a sig-
nificant gain in the number of identified measurement points,
which increases with increasing time series length, as shown in
[43].

Large-scale monitoring with interferometric synthetic aper-
ture radar (InSAR) is challenging in study areas with very tur-
bulent conditions in the troposphere, leading to high uncertainty
in the displacement estimates at large distances to the spatial
reference [44]. These conditions are found in the VMD due to
its coastal and low-latitude location and flat topography. We
here present and apply a covariance-based reference integration
method, adapted from [45], to suppress SCN in the estimated
displacement time series of measurement points. The method
exploits measurements at reference locations with known dis-
placement time series to sample the SCN and interpolates the
sampled noise onto all other pixels, considering its spatial
statistics. We use a network of infrastructural reference objects
with negligible displacements, for lack of a well distributed
network of permanent global navigation satellite system (GNSS)
stations in the study area, which would represent an optimal
reference network for the proposed method. The selected objects
are large bridges with deep piled foundations. Dörr et al. [46]

showed that large bridges are statistically more stable than
their surroundings, indicating that the largest part of the sub-
sidence originates from shallow layers above their foundation
depth. Here, an initial set of large bridges was automatically
tested for negligible subsidence based on various statistical
tests, and the selected bridges were finally used as reference
objects.

C. Related Work

Erban et al. [20] presented the first delta-wide subsidence esti-
mates by means of ALOS PALSAR InSAR for the time period of
2006–2010, which showed subsidence rates of up to 4 cm/yr over
large regions. They compared the measured InSAR rates with
modeled compaction rates from a 1-D hydrogeological model.
The model was based on measured hydraulic head drawdown
rates in different aquifers, which averaged to 26 cm/yr among
the delta. Measured and modeled subsidence results agreed
well at head drawdown monitoring stations, and they concluded
that the measured subsidence can be attributed to groundwater
overexploitation, which leads to a compaction of the clay units
that form the aquitards. These findings were supported by [31],
who developed a delta-wide 3-D hydrogeological model with an
integrated subsidence module. Their model showed an average
subsidence of about 18 cm across the delta between 1991 and
2015 with increasing subsidence rates, which amounted to more
than 2.5 cm/yr in 2015. Minderhoud et al. [33] showed on the
basis of the results from [20] that the highest subsidence rates
are found in land use classes with high human impact, further
indicating anthropogenic causes of subsidence.

A more recent Sentinel-1 InSAR study with data acquired be-
tween November 2014 and January 2019 was conducted by the
company GISAT in the framework of the Copernicus Emergency
Management Service [22]. The results from that study exhibit
subsidence rates of up to 5 cm/yr, with the largest rates mainly
found in urban areas. Furthermore, they show more variability at
short distances compared to the rather smoothed results by [20].
In general, differential subsidence on short distances can be
related to many factors, including the loading of structures,
previous land cover/land use, local geology, different foundation
depths of buildings, etc. Wit et al.[8] studied differential subsi-
dence in three cities across the VMD and showed that examined
buildings with deep foundations going down to 50 m showed on
average lower subsidence rates than their surroundings. The re-
sults coincide with the findings of [46], who studied differential
subsidence between large bridges, which are usually built with
a deep piled foundation, and their surroundings. This indicates
significant compaction in shallow sediment layers above the
foundation depth of these buildings.

First results from three subsidence monitoring stations on
the Ca Mau peninsula were presented in [21] which measured
depth-dependent soil layer settlement with regard to benchmarks
situated in 100 m depth. The maximum subsidence rate from
these monitoring stations was 31 mm/yr, which is almost three
times larger than their roughly estimated settlement rate of
∼13 mm/yr in layers below 100 m. They also attributed the
measured subsidence to groundwater over-exploitation.
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Fig. 1. (a) Optical satellite image composite and location of the VMD with names of important cities. Imagery data: Google Earth, 2024 Maxar Technologies. (b)
Normal height in the VMD calculated with the global TanDEM-X 90 m DEM [47] and the EGM2008 gravitational model [48]. The covered areas of the exploited
descending and ascending tracks are also displayed. We processed the overlap of both orbit tracks.

Fig. 2. Flowchart of the first part of the PSI approach, which is described in Sections III-A and III-B. The flowchart of the second part of the approach is displayed
in Fig. 3 and described in Section III-C.

II. DATA

We used 277 and 115 VV-polarized Sentinel-1 scenes, which
were acquired between 2017 and 2022 over the VMD in de-
scending and ascending orbits, respectively. An optical satellite
image, the normal heights of the study area and the coverage
of both orbit tracks are displayed in Fig. 1. We processed the
overlap of both orbit tracks. The acquisitions were recorded in
the interferometric wide swath mode. The interferometric pre-
processing, which was carried out using ESA’s SNAP software
and comprised the joint coregistration of the synthetic aperture
radar (SAR) scenes by means of enhanced spectral diversity [49]
and the removal of the simulated reference and topographic
phase based on the global TanDEM-X 90 m digital elevation
model (DEM) [47]. The master acquisitions of the descending
and ascending stacks are February 1, 2021 and December 22,
2020, respectively. The local time at descending and ascending
acquisitions was 5:45 A.M. and 6:11 P.M., respectively.

III. METHODS

We adapted the PSI approach described in [42], which com-
bines the analysis of persistent scatterers (PSs) and TPSs, for
robust large-scale displacement monitoring. In the following,
we will first recap the main concepts of the PSI approach and
subsequently describe the developed modifications.

A. Overview of the Underlying PSI Method

The PSI approach from [42], which is referred to as multi-
small baseline subset approach (M-SBAS), is characterized by
following steps: 1) identification of PS and TPS candidates;
2) parameter and temporal coherence estimation; 3) PS and
TPS selection; 4) joint phase unwrapping of PSs and TPSs
(see Fig. 2). A special feature of M-SBAS is that the param-
eter estimation, which comprises the estimation of the height,
linear displacement rate and thermally induced displacement
rate of (T)PS candidates, is carried out sequentially instead of
simultaneously, which is usually done in PSI. This way, the
computational cost is reduced from O3 to 3O. However, this
causes phase contributions of the unconsidered parameters to
potentially disturb the estimation of the parameter of interest
in each estimation step. Two approaches are included in the
algorithm to tackle this problem: 1) the use of different small-
baseline subsets in each parameter estimation; 2) the application
of an iterative parameter estimation.

TPSs are scatterers which are coherent only in one or several
subsegments of the studied time series. Their identification can
be described as a change point detection problem. The selec-
tion of TPS candidates is based on amplitude statistics. The
underlying assumption is that significant changes in a pixel’s
temporal coherence are accompanied by significant changes in
its amplitude. Pixels are selected as TPS candidates if different
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segments of their amplitude time series can be described by
different Rayleigh distributions. The change point detection is
realized with a sequential F-Test procedure, which was origi-
nally described in [50].

Dörr et al. [42] found that the initial change point detection
based on amplitude statistics can be inaccurate. They showed ex-
amples of appearing TPSs at new constructions whose estimated
appearing date coincided with the start of constructions. How-
ever, the temporal coherence of these scatterers only increased
significantly when the constructions were finished. For this
reason, the initially estimated change points of TPS candidates
are reestimated during the iterative parameter estimation using
a phase-based likelihood-ratio-test.

The joint unwrapping of selected PSs and TPSs is realized
with SNAPHU [51] within the Stanford method for persistent
scatterers (StaMPS) software [52]. A small-baseline network
is unwrapped in order to prevent TPSs whose lifetime does
not include the master scene from being excluded from the
analysis. After the unwrapping, a single-master phase inversion
step is carried out, which includes TPSs being referenced to
neighboring pixels with similar displacement time series if their
lifetime does not enclose the selected master scene.

B. Modeling of Phase Noise

Phase noise affects the performance of InSAR-based displace-
ment monitoring. Relevant SCN contributions are tropospheric
and ionospheric delays [53], [54], orbital errors [55], [56], and
surface displacements, which are not the target of the specific
displacement monitoring. The latter include tidally induced
displacements [57], [58], plate motions [59], [60], and possibly
displacements due to atmospheric pressure loading and pole
tides. Even if phase variations of these effects are negligible
across the studied area, their absolute offsets in interferograms
can lead to significant phase ramps in ground range direction
due to the mapping onto the local line-of-sight (LOS).

We implemented the modeling of three phase noise terms in
addition to the existing functionality in StaMPS. They include:
1) an improved tropospheric delay modeling based on the ERA-5
weather reanalysis and the approach proposed by [61]; 2) the
consideration of solid Earth tides and displacements due to
ocean tide loading, making use of the tidal models solid [62]
and SPOTL [63], respectively; 3) tectonic plate motions, based
on Euler pole information of the Sunda plate from the NNR–
MORVEL56 model [64], following the approach by [60]. All
unconsidered or insufficiently modeled phase noise terms are
summarized as residual noise and considered in the following
strategy to reduce residual SCN.

C. Reference Integration for Spatially Correlated Noise
Suppression

Residual SCN persists in interferograms due to insufficient
noise modeling and unconsidered noise signals. The former can
be due to the limited performance of numerical weather models
based on tropospheric delay modeling, which depends on the
location of the study area [65], [66]. It decreases with decreasing
latitude, decreasing topography in the study area and increasing

proximity to the coast due to higher water vapor content and
variability in the atmosphere.

Various strategies have been proposed to account for SCN in
interferograms or estimated displacement fields. One approach
is to fit and subtract linear or quadratic spatial functions [67],
[68], but this is not applicable if large-scale displacements are of
interest. Another approach is the application of spatio-temporal
filters, with the assumption that SCN is mostly spatially cor-
related, while temporary uncorrelated, and displacements are
temporary and spatially correlated. However, such filters are
characterized by several disadvantages. The selection of the filter
parameters is nontrivial and should be based on the statistical
properties of the atmosphere [69]. Furthermore, these filters
are not able to estimate the tropospheric delays properly when
the SAR sampling leads to the aliasing of daily and seasonal
tropospheric variations [70]. Eventually, displacement signals
might be temporarily uncorrelated, such as displacements from
volcano deformation and earthquakes. In general, separating the
atmospheric delays and displacements by means of a temporal
filter is not possible in the case that their temporal correlation
lengths overlap.

Alternatively, ground truth or reference displacement mea-
surements such as from GNSS can be exploited to constrain
the noise [45], [71], [72], [73], [74], [75]. The idea is to sam-
ple the SCN at the reference pixels with known displacement
time series, interpolate it onto the PS locations and subtract
the interpolated noise screen from the observations. In [71],
[73], [74], and [75], the sampled SCN in interferograms was
interpolated using different surface fitting approaches. We adapt
the general approach by interpolating the noise, taking its spatial
statistics into account. The approach shares the basic idea of the
covariance-based InSAR and GNSS fusion method presented
in [45]. Their method, however, is used to calibrate estimated
displacement rates with GNSS measurements, taking the spa-
tial statistics of the displacement rate error into account. Our
approach aims at reducing SCN in single interferograms, thus
reducing the uncertainty in the derived PS displacement time
series. In the following, we assume that a phase-to-displacement
conversion has already been carried out in the interferograms.

The flowchart of our proposed method to correct for residual
SCN in single interferograms is displayed in Fig. 3. The first
step is to sample the unknown interferogram SCN at reference
pixels with known displacement time series. The ground truth
displacement dgt

nk of reference PS k in an interferogram n can
be computed by subtracting the PS’s ground truth position rk(t)
at the involved acquisitions tn0 and tn1 and projecting it onto
the LOS of the SAR satellite

dgt
nk = [rk (tn0)− rk (tn1)] · elos. (1)

The SCN screen in an interferogram can then be sampled by
calculating the residuals between the ground truth displacement
and the interferogram LOS displacement at that position.

In the case of GNSS stations used as references, the residuals
are commonly calculated between their displacement and the
mean displacement of PSs located in a radius around them. If
presumably stable regions are selected as reference, it is assumed
that dgt

nk = 0, thus that the interferogram observations of PSs
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Fig. 3. Flowchart of the reference integration for residual SCN noise estimation in a stack of interferogram.

located in these regions equal the residual SCN. The unevenly
sampled SCN is then interpolated, taking its spatial statistics into
account, in order to get an estimate of the SCN screen at each
PS location. The variance-covariance matrix Cref of the sampled
SCN at K reference pixels has to be estimated for this purpose,
which is defined as

Cref = diag
{
σ2

gt,1, . . ., σ
2
gt,K

}
+ diag

{
σ2

PSI,1, . . ., σ
2
PSI,K

}

+ Cscn (xref,xref) (2)

where σ2
gt,k and σ2

PSI,k denote the variances of the ground truth
and PSI derived displacements, respectively, andCscn the covari-
ance of the SCN at the reference PSs xref. We implicitly assume
in this definition that the variances σ2

gt and σ2
PSI are independent

and not spatially correlated. The ground truth variance depends
on which kind of reference is used. In case of GNSS stations
being used as reference, the ground truth variance σ2

gt is the
variance of their displacement estimates. For weekly solutions,
this would be in the order of tens of mm2. In contrast, the ground
truth variance can be assumed to be zero if regions are selected as
reference which are presumably stable during the study period.
The variance of the PSI derived displacements of the reference
PSs used to calculate the residuals between the ground truth and
the PSI results can be estimated by means of their estimated
temporal coherence. The variance also is in the order of tens of
mm2.

The covariance estimation of the residual SCN is carried out
under the assumption of spatial stationarity after the subtraction
of modeled tropospheric delays and tidally induced displace-
ments. The same assumption was also made in [45] and [76]. In
this case, the covariance matrix Cscn(i, j) is only depending on
the distance Δij between PS pixels i and j

Cscn(i, j) = Cscn(Δij) (3)

and can be described by the variogram Γ(Δij). In general, the
number and spatial distribution of reference pixels across the
study area are too poor for a robust estimation of the SCN
variograms. Instead, we take the median of the variograms
between all available PS pixels in many interferograms with
small temporal baselines. The median variogram is automati-
cally fitted with a variogram model, which represents the average
covariance of the SCN in all interferograms. Interferograms with
small temporal baselines are used to minimize displacement

induced phases of examined PS pixels which do not belong to the
set of reference pixels, as done in [45]. The impact of potential
high-magnitude displacement events on short time scales is
suppressed by taking the median of the variograms in several
interferograms.

The sampled SCN can be interpolated onto the PS locations
using ordinary kriging as soon as its variance-covariance matrix
has been estimated. The kriging method is, however, referred
to as error cokriging since the measurement variances of the
sampled SCN are considered in Cref [77] and [78]. The goal of
the kriging interpolation is to invert the weights of the sampled
SCN at each reference PS for the interpolation at each other
PS location, taking its variance-covariance matrix into account.
The interpolated SCN screen is finally subtracted from the
interferograms to get the adjusted displacements.

One of the advantages of the proposed method, besides con-
sidering the spatial statistics during interpolation, is that the
prediction variance–covariance of the interpolation is known.
The variance at query point x0 is given by

σ2
ck(x0) = μ+ Cscn(0)−wTCscn (xref, x0) (4)

where w denotes the weight vector of the reference PSs for the
interpolation at pixelx0 andμ the Lagrange multiplier, which are
simultaneously inverted during the kriging process by means of
a least-squares inversion. The variance depends on the location
of x0 with regard to the reference pixels, the covariance of the
SCN and the variances of the sampled SCN. For increasing
measurement variances σ2

gt + σ2
PSI at all reference pixels with

regard to the covariance of the SCN, the weights of the reference
pixels increasingly align at each query point.

The prediction covariance between query points x0 and x1

with weight vectors w0 and w1 and Lagrange multipliers μ0

and μ1 is

Cck(x0, x1) = μ1 + Cscn(Δx0x1
)−w1

TCscn (xref, x0)

= μ0 + Cscn(Δx0x1
)−w0

TCscn (xref, x1) . (5)

The equation elucidates that the residual noise in interferograms
after subtraction of the interpolated SCN screens is no longer
stationary, but has a covariance which is depending on the
particular location of the considered pixels with regard to the
reference PSs.
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Fig. 4. Single and median variograms of interferograms with small temporal baselines before (a) and (c), and after geodetic corrections (b) and (d) in the
descending (a) and (b) and ascending stack (c) and (d).

The consideration of the uncertainty propagation of the sam-
pled SCN in the proposed referencing method allows to give an
approximation of the final covariance matrix of the PSI derived
displacement results of all L pixels

Ĉfinal = diag
{
σ2

PSI,1, . . ., σ
2
PSI,L

}
+ Cck. (6)

We refer to the diagonal of this matrix as the estimated displace-
ment variance σ̂2

d = σ2
PSI + σ2

ck. The variances σ2
PSI could again

be approximated based on the estimated temporal coherence of
the pixels, for example. However, it has to be kept in mind that
phase deviations from the functional model assumed in the PSI
phase noise estimation step lead to inaccuracies in the temporal
coherence estimation. Further inaccuracies in Ĉfinal are uncon-
sidered unwrapping errors, a falsely assumed stationarity of the
residual SCN and insufficient modeling of the spatial covariance
based on the mean variogram of small-baseline interferograms.

In cases where displacement rates v are estimated by means
of a least-squares inversion, the variance of the displacement es-
timation can be used to derive the variance of the rate estimation
σ2
v for each pixel using the following expression:

σ̂2
v =

(
AT σ̂−2

d A
)−1

(7)

where A denotes the design matrix of the inversion which
contains the temporal baselines of the interferogram network.
Note that no temporal covariance is estimated or included in
the stochastic model. The variance of the displacement rate
estimation is underestimated when temporal correlations persist
in the residual SCN.

D. SCN Variograms

Variograms of interferograms with short temporal baselines
before and after the geodetic corrections described in
Section III-B are displayed in Fig. 4. The median variograms of
interferograms without corrections approach 11.3 and 16.5 cm2

at 180 km distances in the descending and ascending stack, re-
spectively. Single variograms reach up to 135 cm2 in both stacks
at 180 km distance. The median variograms of interferograms
after the corrections approach 9.4 and 11 cm2, respectively, with
single variograms reaching up to about 80 cm2 in both stacks.

While the median variogram before and after the corrections
is lower at all distances in the descending stack compared to
the ascending stack, the gain provided by the corrections is
larger in the ascending stack. The larger variogram values in the
ascending stack are probably related to high water vapor content
and variability at local acquisition time. Solar radiation leads to
evaporation during the day, and the diurnal rain cycle in the
rainy season is usually characterized by an increased frequency
of rainfall events in the evening in the lower Mekong Basin [79].
Additionally, Liang et al. [80] showed that ionospheric effects
on MT-InSAR can be strong for ascending data acquired in
low-latitude areas such as the VMD, while descending data is
largely unaffected. The different impact of the ionosphere on the
stacks originates in the different acquisition times. However, a
visual inspection of the interferograms revealed that the resid-
ual noise is mainly characterized by larger wavenumbers than
expected from ionospheric delays. This led us to the conclusion
that the residual noise in both stacks is mainly due to insufficient
tropospheric delay modeling.

E. Reference Area Selection

Displacement ground truth is sparse in the VMD. To our
knowledge, there is only one permanent GNSS station located
in Bac Lieu [81], whose data are not freely available. Measure-
ments from repeated levelling campaigns are also not available.
The only areas with presumably zero subsidence during the
considered time period are solid rock outcrops located in the
north-western part of the delta and a small outcrop island which
is called Hon Da Bac and located at the western coast of the
VMD. The spatial distribution of these outcrops is poor, and
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Fig. 5. (a) Photograph of a bridge in the VMD featuring the characteristic street bump at its border. (b) Tested and selected reference areas, including solid rock
outcrops and large bridges.

there are pixels which are located more than 160 km away from
the nearest outcrop. The variograms in Fig. 4 indicate that points
at this distance are not spatially correlated, i.e., the application
of the SCN kriging method from Section III-C will not improve
the uncertainty of the estimated displacement at these pixels,
compared to simply removing the mean phase of all pixels
located on the outcrops.

For the mentioned reason, we selected additional reference
PSs which are located on large bridges with lengths over 250 m.
The motivation behind consists of several factors. First, large
bridges feature deep piled foundations with a pile length of
up to 73 m (personal communication from Renck, A., 2021),
thus should be only affected by potential subsidence originating
from deeper soil layers. Wit et al. [8] showed that buildings
with pile foundations are more stable than their surroundings in
three cities in the VMD, indicating a considerable contribution of
shallow soil layer compaction to the total subsidence. The results
coincide with the findings of [46] who studied differential sub-
sidence between large bridges and their surroundings. The fact
that many larger bridges are more stable than their surroundings
can also be experienced in the field when driving by car onto the
bridges. Their onset usually features a characteristic street bump,
which has been caused by the bridge surroundings subsiding at
a higher rate than the bridges themselves. An example of such
a bump can be seen in Fig. 5(a).

Second, relative movements of the bridges at acquisition,
e.g., induced by vehicle crossings, can be canceled out by
averaging the sampled interferogram noise over multiple PSs
distributed along the bridges. Residual relative movements as
well as potential unmodeled thermally induced displacements
lower the temporal coherence of PSs on the bridges. As a result,
these effects are considered in the stochastic model of the noise
screen estimation in the form of variances of the PSI derived
displacements σ2

PSI of the reference points (see Section III-C).
However, we assume thermally induced displacements to be
insignificant due to the low temperature variability in the VMD.
The standard deviations of ERA-5 based temperatures at image
acquisitions were 1.2 and 1.4 K in the city of Can Tho in the
descending and ascending stack, respectively.

Solely subsidence above the foundation depth of the bridges
can be measured if (T)PSs on selected bridges are selected as
reference, with zero displacements assumed. However, bridges
which are, potentially due to insufficient foundations, subsiding
or tilting relatively to nearby bridges are identified in a trian-
gulation network between all selected reference areas and a
combination of ascending and descending stacks. They were
removed from the set of reference bridges.

The location of bridges with lengths over 250 m was extracted
from Open Street Map, and polygons were automatically created
to represent the extent of the bridges, as described in [46]. For
the selection of the final reference (T)PSs on the bridges, various
statistical tests were carried out with the goals to: 1) identify and
remove (T)PSs which are actually not located on the bridges
or located on parts of the bridges which are actually moving
over time; and 2) identify and remove bridges which are moving
relatively due connected bridges in the triangulation network.

For the selection of the (T)PSs on each potential reference
bridge, the median displacement time series of all (T)PSs
within the particular bridge polygon was subtracted from
the observations, and standard outlier tests based on the
median absolute deviation (mad) were conducted to identify
scatterers with abnormal relative displacement variance or
displacement rate. The identification of subsiding or horizontally
moving bridges was carried out in two steps. First, a separate
triangulation network was spanned between all potential bridges
and solid rock outcrops in both orbit stacks. The differential
displacement time series along the edges of the network were
then statistically analyzed. Edges which involved one or two
moving bridges were detected with outlier tests comparing
the sample with the predicted differential displacement and
displacement rate variance for the given edge length. The latter
were predicted based on the variance-covariance of the SCN
(see Section III-C). Additionally, the Ljung-Box-test [82] was
carried out to test if the differential displacement time series
was stationary, i.e., did not exhibit significant autocorrelation,
similarly to its application in [42]. The identified outlier edges
were removed from the network, and isolated bridges were
removed from the set of potential reference bridges.
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TABLE I
NUMBER OF IDENTIFIED PSS, TPSS, AND SPECIFIC TPS TYPES IN THE

DESCENDING AND ASCENDING DATA STACKS

Finally, another triangulation network was spanned between
all remaining bridges and solid rock outcrops, which were
included in both orbit data stacks. First, the LOS displacements
were projected to the vertical, making use of the local incidence
angle, assuming that displacements in the VMD are exclusively
vertical, as also done in [20] and [22]. Then, the subsidence
time series differences between both orbit stacks were computed
along each edge and the previous tests were repeated in order to
identify and remove horizontally moving bridges. The assump-
tion behind was that the differential vertical displacement time
series between bridges without horizontal movement should be
similar in the ascending and descending stack. The final set of
selected reference areas is displayed in Fig. 5. We assume the
piled foundations of all used reference bridges to be about 70 m,
due to their similar length and infrastructural purpose.

IV. RESULTS AND DISCUSSION

A. Identified Observation Points

The proposed algorithm identified 7 125 357 observation
points in the descending stack, from which 1 520 494 and
5 604 863 are PSs and TPSs, respectively. In the ascending stack,
5 225 415 observation points were identified, which is the sum of
2 399 046 PSs and 2 826 369 TPSs. The breakdown of identified
TPSs by TPS type is given in Table I.The share of appearing
TPSs in the total number of identified TPSs is largest in both
stacks, which is probably due to the high construction activity
in the VMD. The ratio of identified TPSs to PSs in the descending
stack is comparable with the findings in [43], which were based
on descending data of six years length in the cities of Can Tho
and Ca Mau and two rural areas in the VMD. The ratio differs in
the ascending stack. We assume that the difference in the number
of identified (T)PSs in both stacks is due to two reasons. First,
the noise level in the ascending stack is on average higher than
in the descending stack, which is described in Section III-D and
potentially leads to a decreased number of identified observation
points. Second, the ascending stack only consists of 115 SAR
scenes with an average temporal difference of 15.8 days between
consecutive scenes, compared to the descending stack, which
consists of 277 scenes with an average temporal difference of 7
days between consecutive scenes. One processing parameter of
the TPS identification is the minimum number of consecutive
acquisitions that a TPS has to be coherent or incoherent in order
that the change dates describing this segment can be identified.
This parameter was set to 25 in the analysis. As a result, a
coherent TPS segment has to be, on average, at least 395 days

TABLE II
STATISTICS OF THE ESTIMATED SUBSIDENCE RATES OF PSS IN THE

DESCENDING AND ASCENDING STACK FOR THE MEAN REFERENCING1 AND

THE PROPOSED REFERENCING APPROACH2

in the ascending stack in order to be identifiable, compared to
175 days in the descending stack. About 1.3 million TPSs with a
total coherent period of less than 395 days were identified in the
descending stack. We assume that the different PS to TPS ratios
in both stacks are also constituted in that fact, since TPSs with
short incoherent segments are more likely to be falsely identified
as PSs in the ascending stack compared to the descending stack.

B. Overview of Estimated Subsidence

We here compare the estimated subsidence time series and
rates of two different referencing methods: 1) referencing to the
mean sampled SCN at all reference points in each interferogram,
which is the standard referencing method in InSAR and, for
example, implemented in the StaMPS algorithm; and 2) our pro-
posed referencing method. The results by the mean referencing
are mostly influenced by the reference pixels identified on the
solid rock outcrops, since these make up about 85% of the total
reference pixels in both orbit stacks. This also means that the
center of gravity of the mean referencing approach is located
in the north-western part of the study area, and that the results
from that approach comprise the largest part of the absolute
subsidence, including subsidence originating from below the
foundation depth of the used reference bridges.

The estimated subsidence rates in both stacks derived from
the two referencing methods are displayed in Fig. 6. Only PSs
are displayed for the sake of consistency in the covered period.
Furthermore, the points were thinned out to a maximum of 50
PSs per square kilometer and sorted the way that PSs with
highest subsidence rates overlay those with lower rates in the
visualization. It has to be kept in mind that the modeled phase
noise components, comprising modeled tropospheric delays
based on the ERA-5 reanalysis, tidally induced displacements
and plate motion (see Section III-B), have been reduced from the
observations in both results. The estimated standard deviations
of the rate estimations, which were estimated with the method of
bootstrapping, are also displayed for both referencing methods
and orbits. Basic statistics of the displayed results are given in
Table II.

The estimated rates are characterized by high spatial hetero-
geneity in all displayed results. Highest rates were mainly identi-
fied in populated areas like Can Tho and Bac Lieu, however also
in various rural areas. Differences between gridded subsidence
rates in both orbit stacks are displayed in Fig. 7 for both refer-
encing approaches. The distribution of the differences between
both orbit stacks for the mean referencing is right skewed, with
a mean of−1.3 mm/yr. This is caused by long-wave differences,
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Fig. 6. Estimated subsidence rates (a)–(d) and estimated rate standard deviations (e)–(h) in both orbit stacks over the VMD for the mean referencing approach
(a), (b), (e), (f) and our proposed referencing approach (c), (d), (g), and (h).

which manifest as a spatial ramp in SW-NE direction and ranges
from about −10 mm/yr in the south–west to about 10 mm/yr in
the north–east. There are two possible reasons behind this ramp.
First, large scale horizontal movements could lead to differences
in the estimated vertical displacement rates. However, we do
not expect horizontal movements on that scale in a sedimentary
delta after the reduction of plate motions from the observations.
That’s why we assume that the differences are due to spatially
and temporary correlated noise in the displacement estimates,
leading to biased subsidence rate estimates.

The 5% and 95% percentiles of the estimated subsidence
rates for the mean referencing are −0.1 and 31.3 mm/yr in
the descending and −4 and 32.6 mm/yr in the ascending stack,
and the median rates are 9.4 and 7.1 mm/yr, respectively. The
estimated negative subsidence rates at parts of the observation
points suggest an uplift, which we do not expect in the area. This
could be a result of residual temporally correlated SCN, unwrap-
ping errors or large outliers, leading to a biased rate estimation.
Horizontal movements of sporadic pixels towards the sensor also
potentially contribute to this observation, e.g., caused by tilts
of buildings. The median rate standard deviations are 1.2 and
2 mm/yr in both stacks for the mean referencing, respectively.
The standard deviations are characterized by increasing values
with increasing distance to the center of gravity of the reference
network. The reason behind the higher standard deviations in
the ascending compared to the descending results lies in the
overall increased noise level in the ascending stack (see Fig. 4)
and the considerable lower number of acquisitions in this stack
compared to the descending stack.

The results in both orbit stacks agree to a much larger degree
for our proposed referencing approach. The median subsidence

rates are 8.2 and 7.5 mm/yr in the descending and ascending
stack, respectively. The 5 % and 95 % percentiles of the esti-
mated subsidence rates are−0.6 and 30.0 mm/yr in the descend-
ing and−1.2 and 29.5 mm/yr in the ascending stack. The median
rate standard deviations are 0.3 and 0.6 mm/yr, respectively. The
rate standard deviations are lowest in the vicinity of the reference
areas, as expected, and increase with increasing distance. The
spatial trend in the differences between the results in both
stacks is no longer present, and the differences are normally dis-
tributed with a mean of −0.4 mm/yr and a standard deviation of
4.8 mm/yr. We conclude that spatially and temporary correlated
noise is effectively reduced in our proposed referencing method
with the infrastructural reference network. Residual differences
between the results in both stacks are possibly due to unwrap-
ping errors, local horizontal movements and residual temporary
correlated SCN at large distances from the reference network.

Vertical displacement time series at exemplary locations are
compared in Fig. 7 for the two referencing methods. It is
striking that the overall trend of the time series is similar in
both methods, but the variance is considerably reduced in our
proposed referencing method compared to the mean referencing.
Furthermore, the time series of descending and ascending stacks
agree to a much higher degree in our proposed approach. Here,
nonlinear displacements can be identified with a considerably
lower uncertainty. Furthermore, there are apparent nonlinear
signals in the results from the mean referencing, which are
removed in our proposed approach. For example, the time
series in the descending stack at the first three locations feature
seasonal undulations, which are not as clear in the ascending
stack and almost completely removed in the results from our
proposed approach. There are two possible reasons for the
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Fig. 7. Differences in gridded subsidence rates derived from the descending and ascending stacks for the mean referencing (a) and the proposed approach (b).
(c) Histogram of the differences between the two approaches. Below: Mean subsidence time series, with respect to the master scenes, for all (T)PSs in a radius of
400 m around the six locations indicated by arrows in the upper left panel for both the mean referencing (d) and our proposed approach (f).

observed differences. First, it could be possible that there are
undulating vertical displacements originating in depths below
the foundation depth of the reference bridges, caused by seasonal
undulations of groundwater levels in the aquifers below. In that
case, these signals should be present in the results of the mean
referencing method, since the set of reference pixels mostly
consists of reference pixels located on the solid rock outcrops,
as described before. However, the seasonal signals should be
similar in the descending and ascending stacks. Further-
more, Duy et al. [83] studied the groundwater dynamics across
the VMD and found that significant seasonal variations of
groundwater levels in coastal areas are mainly found in the
Holocene and upper Pleistocene aquifers, which are expected to

be located above the foundation depth of the bridges. We rather
assume that the differences in both referencing approaches are
due to seasonally correlated residual SCN in the results of the
mean referencing at the eastern coast of the VMD, which is
effectively reduced in our approach.

In general, various kinds of nonlinear subsidence are found
in the VMD. Exemplary kinds can be identified based on the
displayed time series in Fig. 7, including increasing subsidence
rates (Location 3), decreasing subsidence rates (Location 5),
short term rapid subsidence (Location 4/6), and continuously
varying subsidence (Location 2). No consistent trend in temporal
subsidence rate changes can be identified which is representative
for the whole delta.
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Fig. 8. Optical images of Can Tho city before and after the analyzed time series in 2017 (a) and 2022 (b), respectively. Estimated subsidence rates of PSs (c) and
(T)PSs (d) in Can Tho. Imagery data: Google Earth, 2024 Maxar Technologies.

The difference in the median subsidence rates between the
two referencing approaches is small. The median subsidence
rate in the descending stack is only 1.2 mm/yr higher for
the mean referencing compared to our proposed referencing
approach, while the median subsidence rate in the ascending
stack is even 0.4 mm/yr lower. We have discussed before that
the results from the mean referencing approach comprises the
largest part of the total subsidence, since most reference pixels
are located on the solid rock outcrops, while the results of our
proposed approach only include subsidence from above the
foundation depth of the reference bridges in the largest part
of the study area, which we assume to be about 70 m. Due to
the small differences in the estimated rates between the two
referencing approaches, we conclude that the largest part of
the subsidence originates from depths above the foundation
depth of the bridges. In-depth future research is necessary on
the relation between the observed shallow land subsidence
and groundwater extraction from different aquifers as well as
load-induced and natural sediment compaction. This could be
done, for example, by carrying out pumping tests from different
aquifers, which are monitored by land subsidence observation
wells that measure compaction in various sediment layers [84].

An exemplary zoom-in into the estimated subsidence rates
in the city of Can Tho is displayed in Fig. 8, which more-
over illustrates the impact of the TPS integration. The overall
densification of the observation points provided by the TPS
integration is significant, as already shown in [42]. At the same
time, it becomes apparent that the TPS integration only leads to
a higher point identification in the built-up areas. No TPSs were
identified in vegetated areas, which underlines the robustness

of the approach. A striking area is located in the south-eastern
part of the zoom-in, where industrial buildings were built during
the analyzed time series. No PSs but many TPSs were identified
in this area. In general, Fig. 8 highlights the large subsidence
variability on short spatial scales. Subsidence rates in Can Tho
reach from few mm/yr to about 9 cm/yr at short distances. The
subsidence rates of PSs and TPSs agree very well.

C. Comparison of Predicted and Estimated Rate Standard
Deviations

The reference integration method proposed in Section III-C
provides the predicted standard deviation of the subsidence time
series, which can be used to predict the standard deviation of the
subsidence rate estimation (7). Both measures are displayed in
Fig. 9 for the results in the descending and ascending stacks.
The predicted standard deviations are lowest in the vicinity of
the reference areas and increase with increasing distance, like
the estimated rate standard deviations displayed in Fig. 7. The
median subsidence standard deviation is 7.7 and 11.5 mm in the
descending and ascending stack, respectively, while the median
subsidence rate standard deviation is 0.33 and 0.77 mm/yr.
The histograms of the differences between the predicted rate
standard deviations and those estimated with bootstrapping are
also shown in Fig. 9. The median differences are 0.01 and
0.1 mm/yr, respectively, meaning that the predicted standard
deviation are, on average, slightly larger than the estimated
ones. On the other hand, both distributions of the differences
are left skewed, which is caused by nonlinear subsidence of
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Fig. 9. (a) Predicted subsidence standard deviation, (b) predicted subsidence rate standard deviation, and (c) histogram of differences between predicted and
estimated subsidence rate standard deviations in the descending stack. (d)–(f) same as (a)–(c) in the ascending stack.

(T)PSs, which is not considered in the standard deviation
predictions.

We consider the predicted and estimated rate standard devi-
ations to be in good agreement. We conclude that the proposed
referencing method provides the possibility to predict the dis-
placement time series and rate standard deviations across a study
area, based on an available reference network and knowledge
of the spatial statistics of the SCN, even before the MT-InSAR
analysis is carried out. This way, the feasibility of an MT-InSAR
study with predefined uncertainty levels can be evaluated in a
preliminary study, without having to run the whole MT-InSAR
processing. In case that the opportunity exists to densify the
reference network, e.g., by installing new permanent GNSS
stations in the study area, the method can be used to find the
optimal number and locations of additional reference objects to
finally achieve a specified uncertainty level with the MT-InSAR
study.

D. Validity of Stationarity Assumption

Depending on the study area, the assumption of spatial and
temporal stationarity of the SCN should be questioned. The
application of kriging with temporary and/or spatially variable
variograms [85] could improve the SCN interpolation and pre-
diction of the interpolation variances in certain study areas.
We tested seasonally and spatially variable variogram selec-
tions and carried out the kriging interpolation of the sampled
phases at the selected reference objects in the small-baseline
interferograms, which were used for the variogram averaging in
Fig. 4 and assumed to be dominated by SCN. We checked the
root-mean-square-error of the interpolation and variance predic-
tion and did not find an improvement in the interpolation and

variance prediction performance over simply using the median
variogram.

V. CONCLUSION

We presented land subsidence time series and rates in the
VMD based on descending and ascending Sentinel-1 data, which
was acquired between April 2017 and April 2022. We applied an
advanced PSI approach that fully integrates TPSs and is able to
optimally integrate reference points with known displacement
time series to suppress residual SCN. While the optimal refer-
ence network would be a dense network of permanent GNSS
stations, we here exploited solid rock outcrops and large bridges
with deep piled foundations as references, due to a lack of GNSS
stations in the study area. This way, only subsidence originating
from soil layers above the foundation depth of the bridges, which
is approximately 70 m, could be measured in large parts of
the study area. However, we discussed that virtually the whole
measured subsidence originates from shallower layers. Future
research on the relation between groundwater extraction from
aquifers at various depths and the identified shallow subsidence
is needed.

The algorithm identified a high density of observation points
across the study area. Considerably more TPSs than PSs were
identified in both stacks. The results confirm the applicability
of the proposed TPS integration method in [42] in large scale
investigations. The estimated subsidence rates are characterized
by a large spatial variability on short and large spatial scales
across the study area, with the largest rates mainly identified in
urban areas. The median subsidence rates are 8.2 and 7.5 mm/yr
and the 95% rate percentiles are 30 and 29.5 mm/yr in the
descending and ascending stack, respectively. We compared the
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proposed referencing approach with the standard mean referenc-
ing to reference pixels, after reduction of modeled tropospheric
delays and phases due to tidal and plate motion, and showed
that the variances of the estimated subsidence are consider-
ably decreased by our method, enabling the robust study of
nonlinear motions on short temporal scales. Residual tempo-
rary correlated SCN can also be effectively reduced with the
method.

We showed that the method allows to preliminarily evaluate
the feasibility of an MT-InSAR study with specified uncertainty
levels, given an available reference network and knowledge of
the spatial statistics of the SCN in the study area. Conversely,
it can be used to design a reference network with an aspired
uncertainty level for displacement estimates.

The retrieved subsidence time series can be exploited for
in-depth studies of the causes of land subsidence in the Mekong
Delta. For example, they can serve as input into hydrogeolog-
ical models or can be examined with regard to correlations to
groundwater extraction rates, land cover, and use, as well as
climatological data. The data is accessible at.1
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