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Abstract: In Ho Chi Minh City (HCMC), Vietnam, though at present flooding is merely a recurring
nuisance, there is increasing concern that a combination of impending climate change and rapid
urbanization will significantly exacerbate the situation. Given the significant measures taken in
HCMC to reduce groundwater extraction and sea-level rise (SLR) inundation since the most recent
subsidence studies, we aim to update and contribute to the subsidence information of HCMC
with continuous temporal coverage from 2017 to 2019. In this study, we use Persistent Scatterer
Interferometry (PSI) with Copernicus Sentinel-1 data and open source tools to determine current
subsidence rates within the urban center of HCMC. Additionally, the scalability of this method and
use of freely accessible data allows for continuous updating and monitoring of this high-vulnerability
region. The observed average subsidence rates were 3.3 mm per year with a maximum local
subsidence of 5.3 cm per year. These results largely align with findings of previous studies and
reflect similar spatial distributed subsidence patterns. Inundation risk awareness is enhanced by not
only continued improved subsidence analysis, but also incorporating latest advancements in Digital
Elevation Model (DEM) accuracy. This study compares local differences between traditionally used
AW3D30 DEM with the CoastalDEM. Our findings indicate that although we identify lower than
previously accepted elevations in the urban core, that stabilization of subsidence is observed in this
same region.

Keywords: subsidence; Sentinel-1; persistent scatterer; interferometrics; PSI; Ho Chi Minh City;
megacity; vertical displacement; APAC

1. Introduction

Coastal regions are popular settlement areas, most notably river deltas. Globally, over 500
million people live on deltas, of which many are increasingly exposed to the hazards that arise
from rapid urbanization, climate change, and sea level rise [1,2]. Moreover, these deltas are
considered hot spots of risks and vulnerabilities where social and environmental aspects are strongly
coupled [3]. Coastal cities of Asia-Pacific (APAC) are home to the greatest number of people, over 151
million, who currently reside on land at risk of permanent inundation by 2100 [4]. For many of
these cities, rapid urbanization and significant vulnerability to climate change has led to extensive
undertakings by local governing bodies and institutions to address related and pressing issues such as
subsidence. In urbanized deltas, land subsidence monitoring is an increasingly eminent component
of risk-planning and decision-making regarding infrastructure [5,6]. This is particularly relevant
for countries like Vietnam, where over 70 percent of the population live along the coasts and in
the low lying deltas, which raises their exposition to natural hazards from both the inland and
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the sea side [7,8]. However, measuring subsidence requires a large scale monitoring framework,
for example by a network of static differential global positioning system (dGPS) measurements [9]
or extensive subsurface surveys (e.g., gravimeters or levelling data, [10]), which are expensive and
require high maintenance frequencies. Other cities in APAC of similar population size to HCMC,
such as Bangkok, have developed such extensive monitoring frameworks over recent decades and
now yield viable results [11]. Yet, the construction and implementation of these networks take time
and as it stands, no such network has been developed for HCMC. As an alternative, multi-temporal
approaches of Synthetic Aperture Radar (SAR) Interferometry have been established, which measure
surface deformations at millimetric accuracy based on satellite observations [12-14]. Especially
Persistent Scatterer Interferometry (PSI) has proven effective in urban areas because of the stable
phase information returning from man-made structures and artificial surfaces, such as buildings,
roads or other coherent point targets [15,16]. It has been successfully applied in Vietnam, including
Hanoi [17,18], Hué [19], Ben Tre province [20] and Ho Chi Minh City [21]. However, no studies exist
which cover the latest dynamics of Ho Chi Minh City over the past five years and no previous study
derives true vertical components of subsidence, and rather use LOS as a proxy. The latest INSAR
studies published used data from 2010 or earlier [21,22].

1.1. Study Area

Ho Chi Minh City (HCMC) is located in the southern part of Vietnam, adjacent to the Mekong
Delta at the mouth of the Dong Nai River Basin, and covers about 2094 km? HCMC is Vietnam’s
largest city and officially home to over 8.5 million people according to recent records with 4292 people
per square kilometer [23]. However, when rapid growth rates undocumented persons are factored
in, population estimates approach 10 million inhabitants, making HCMC a megacity according to the
UN-definition [24-26]. Moreover, trends of spatial diffusification in housing compound the issues
related to population growth as the built-up area of HCMC increased by 48,418 hectares between 1999
and 2015 and the urban expansion rate; as well as a trend of suburbanization, is only increasing [27,28].

As depicted in Figure 1, HCMC is situated tangentially to one of the world’s most sensitive areas
to climate change, the Mekong Delta [29]. More than 50 percent of HCMC is situated lower than 1.5 m
elevation above mean sea level [30], and as recent studies have proven, it is even lower than previously
estimated with a mean elevation of only 1.32 m a.s.l. [4,31]. The HCMC region has a typical tropical wet
and dry climate with an average temperature of 28 °C, which is incrementally increasing from climate
change as well as the urban heat island effect, which accounts for a temperature differential of up to
10 °K in urban areas as compared to rural [32]. As climate change causes more intense precipitation
events [33] and urbanization results in an increase of impervious surface, the wet season of HCMC
(May to October), which already provides about 85 percent of the total rainfall per year, is expected to
increase local flood intensity [34].

Until recently, over 800,000 m? of groundwater were extracted on a daily basis in HCMC which
have significantly contributed to aquifer-system compaction and subsidence [35,36]. In recent years,
rates of withdrawal have stabilized as a result of water acts passed in HCMC to restrict groundwater
extraction [37,38]. Still, HCMC and the surrounding area is built on primarily deltaic alluvium with
200 m thick layers of soft clay [11,24]. Thus, compaction predominates with estimated rates of several
centimeters per year in the nearby Mekong delta and subsidence is inevitable [39].
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Figure 1. Study area of Ho Chi Minh City (HCMC) depicted as orange box in the lower right southern
Vietnamese subset, masked by the municipal boundary of HCMC and with key districts of analysis
and recent urban expansion where new urban zones are those with buildings erected primarily after
2008 while existing urban zones are comprised of buildings erected primarily before 2008, from the
HCMC Dept. of Urban Planning and Architecture.

1.2. Previous Studies and Research Objectives

Generally in cities with suspected subsidence, networks of monitoring stations are implemented,
which take time and investment and are yet to be well developed in HCMC. Multiple case studies of
land subsidence have already been implemented over HCMC using remote sensing, and quantified
through various interferometric techniques [21,35,40] as well as a subsidence model based on
hydrogeologic data [11]. However, these studies have not been updated recently, and have not yet
included Sentinel-1 SAR observations nor the derivation of vertical motion from combining ascending
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and descending data. Regarding the interferometric studies, rates of 1-3 cm/yr were observed in
HCMC from January 2007 to November 2010 by Erban using ALOS data [35].

Recently published InSAR studies of HCMC and the surrounding area used data satellite data
from 2010 or earlier [21,22], elucidating the need for more up-to-date subsidence rates. Additionally,
these previous studies used ALOS data. ALOS revisit time was 35 days from it’s launch in 2006 with
an improvement of revisit time with ALOS-2 of 14 days beginning in 2014. However, the studies were
conducted on time periods prior to this improvement, yielding a much lower maximum measurable
differential deformation rate (14.2 cm/yr rather than the 46.8 cm/yr achieved by ALOS-2 today).

All studies based on satellite interferometry have in common that they only investigate the
displacement along the line-of-sight (LOS), which describes the change of the distance between the
side-looking sensor and the earth’s surface. As most radar satellites operate at incidence angles
between 30 and 50 degrees, LOS displacements are a one-dimensional measure which does not directly
represent the vertical elevation change linked to surface subsidence [41]. To avoid misinterpretations
caused by movements in east-west direction and to prevent both overestimation and underestimation
of subsidence, conversion to vertical displacement is required [42]. In this study, we tackle this outlined
need for research and provide a more reliable and up to date estimation of surface subsidence in
the HCMC metropolitan area using freely available data and the open source StaMPS approach,
which can be readily updated for continuous monitoring. Significantly, this StaMPS method has the
advantage that it does not require a prior deformation model, which is highly valuable for study
replication in similar areas of Asia-Pacific [43]. Previous studies and techniques are leveraged to verify
our findings and to allow us to differentiate which subsidence patterns have already been identified
versus those which are new and may require further investigation. Finally, a dedicated analysis was
performed highlighting vertical displacements along urban infrastructures and across land use types
and municipal districts [27,28].

The gathered information can be used to improve flood protection as well as for achieving a
more efficient flood management as outlined by Lempert et al. [44]. HCMC is currently facing a
very fast-paced urban growth. Due to this fact available geodata and land use information become
outdated quickly. The HCMC Department of Planning and Architecture therefore depends on the latest
land use data in order to direct the city’s future development regarding a sustainable exploitation of
groundwater resources [45] and risk-adapted urban development [30]. At this juncture, remote sensing
provides the methods in order to generate high resolution and consistent land use data for a time series.

2. Materials and Methods

In this study, 121 Sentinel-1 images were acquired for the purpose of multi-temporal subsidence
analysis. The Sentinel-1 constellation (A and B) are two ESA satellites acquiring images in C-band
(5.4 GHz) beginning in late 2014. Additionally, Sentinel-1 data are free and openly accessible via
various sources and in our case, we used the Alaska Satellite Facility’s open data portal due to the
automated baseline assessment functionality [46]. The Sentinel-1 Terrain Observation with Progressive
Scan (TOPS or TOPSAR) acquisition mode presents key advantages when compared to other sensors’
modes, as it provides wide area coverage and short revisit period of only 6 or 12 days globally.
Short temporal baselines increase the chance of coherent phase information between the primary and
secondary images, thus contributing to a potentially higher density of Persistent Scatterers (PS) which
can be exploited for the estimation of deformation along a time-series. As ascending data was only
available at intervals of 12 days (Sentinel-1A, 61 products), descending data was also limited to S1A
products (60 in total). The time series spanned from November 2017 to October 2019, as depicted in
Table 1. From the various available passes over our area of interest (AOI), we selected ascending track
128 (A128) and descending track 18 (D18).
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Table 1. Compilation of previous subsidence studies conducted over HCMC and their respective
observations. Note that each aforementioned study leveraged LOS displacement.

Previous Study Data or Technique Subsidence Rates

Nguyen (2016) - Avg: 10 mm/yr
Minh et al. (2015) ALOS PSI from 2006 to 2010 Avg: 10 mm/yr
Erban et al. (2014) ALOS InSAR from 2006 to 2010 Max: 4 cm/yr in HCMC

Trung & Minh (2009)  ERS-1/2 PSI from 1996 to 2002 ~ Max: 11 mm/yr (No avg. displacement)

Persistent Scatterer Interferometry (PSI) techniques were used to assess the evolution of
subsidence using the above radar data series. Persistent Scatterer Interferometry tracks changes over
time by using phase history of scatterers with a strong amplitude, referred to as Persistence Scatterers
(PS points, [16,43]). Characteristically, radar has high double-bounce backscatter off buildings,
efficiently reflecting the signal back to the SAR sensor. Strong returns also come from metallic
objects (bridges, silos, metal roofing, utility poles) due to high dielectric constants, and thus urban
areas like the observed area of HCMC yield sufficient densities of PS points. Thus, the PSI technique
exploits ‘coherence islands’ (e.g., buildings reflecting the radar signal emitted by the satellite) where the
phases remain sufficiently stable over time. During the processing sequence, the different distortions
(flat-earth phase, topographic phase, look angle error, atmospheric phase screen; [47]) contributing to
the phase signal of each PS point are limited, leaving behind only the phase information related to the
displacement along the line of sight (LOS).

All available images between November 2017 and October 2019 were used for this study Table 2.
This period was selected for two reasons: Firstly, as previous studies have confirmed linear subsidence
rates for the study area [21,22], so that the observation of a longer time span will not reveal further
temporal dynamics (e.g., seasonal patterns related to groundwater discharge [11]). Secondly, it was a
compromise between keeping phase noise and atmospheric impacts as small as possible (achieved by
longer time-series [16]) and maintaining a minimum PS density of 50 points per square kilometer in
the areas of interest, especially along roads and in the silty loam areas along the Sai Gon River, in the
southwest of the city [21]). Furthermore, the primary images were selected from the middle of the time
period, as depicted in Figure 2, in order to maintain the highest number of persistent scatterers.

Table 2. Sentinel-1 radar data observation time frame and dates of the selected primary images.

Sentinel-1 Data Start Date End Date Primary Date

Ascending (x62) 3 November 2017 24 October 201 10 October 2018
Descending (x62) 1 November 2017 22 October 2019 2 November 2018

The snap2stamps package [48] was used in combination with the ESA Sentinel-1 Toolbox to
prepare the radar data, as shown in Figure 3, starting with a pairwise TOPS co-registration for each
secondary image with the primary date as shown in Table 1 for both data series (ascending and
descending orbit). As shown in Figure 2a, perpendicular baselines largely ranged between 10 and
100 m, thus granting for the reliable extraction of the vertical motion component [48]. The Enhanced
Spectral Diversity (ESD, [49]) technique was applied to estimate the fine azimuth shift between the
different bursts of the Sentinel-1 TOPS product. We used the Shuttle Radar Topography Mission (SRTM)
1-arcsecond (30 m) digital elevation model for the co-registration and the later estimation and removal
of the topographic phase though minimal in deltaic environments like that surrounding HCMC [50].
The stack of amplitude images and interferograms served as inputs for the actual PSI processing.
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Figure 2.  Baseline plots for both (a) ascending (A128) and (b) descending (D18) tracks.
Perpendicular baselines are calculated with respect to the respective primary images highlighted in red.

The multi-temporal PSI analysis has been carried out using the open source StaMPS (Stanford
Method for Persistent Scatterers) software packages [51], which implements a PSI method with a
single primary baseline configuration, amplitude and phase information as pixel selection criteria,
and spatial smoothness deformation model. Prior assumption of a deformation model is not required
for the StaMPS method as alternatively, it obtains the real series differential phase by spatio-temporal
3D phase unwrapping [43]. Therefore, this method performs well even in areas. undergoing non-linear.
deformation, uneven or localized subsidence and/or where the deformation characteristics are
unknown, all of which are vital to examining the dynamic nature of HCMC as shown in previous
studies [21]. The main steps of the StaMPS processing chain. are the selection and refinement of
potential PS candidate pixels based on their temporal amplitude dispersion (mean backscatter divided
by the standard deviation), the estimation of phase noise based on an iterative application of a
Combined Low-pass and Adaptive Phase filter [43], filtering and removal. of noisy PS, and the
estimation of the errors introduced by the spatially correlated and uncorrelated look angles using
the above mentioned SRTM data. The phase information of the remaining coherent pixels is then
unwrapped using the statistical-cost network-flow phase-unwrapping algorithm (snaphu) developed
by Chen and Zebker [52] to convert them into absolute differences of LOS deformation. The processing
is completed by a temporal low-pass filtering with a kernel size of 365 days to remove large outliers in
the time-series of each pixel. This step reduces the impact of potential atmospheric effects in secondary
images and smooths the phase signal in the temporal domain. It is not as effective as tools which
actively correct atmospheric disturbances, such as TRAIN [53] or GACOS [54] and it is not suitable
for non-linear deformation rate [51] but, as outlined above, these are not expected in the study area,
and the technique is transparently applicable in any case.

The respective secondary images were prepared and split for automated processing, relative to
their corresponding primary images. This process calls the TOPSAR Split and Apply Orbit operators,
updating the annotated orbit information with more precise ones by applying the orbit files.
Topo-phases were then removed for the TOPSAR data to then be co-registered, as depicted by Back
Geocoding and Enhanced Spectral Diversity step of the Figure 3 below. Next, interferograms as
“flat-earth” representations are produced and the contributions of the topographic phase removed.
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Lastly, the single primary DINSAR computations are made, resulting in a relative subsidence rate or a
Line-of-Sight (LOS) subsidence rate.
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Figure 3. Schematic graph of all steps from preparation of interferometric inputs, to the StaMPS PSI
processing, to finally the export before post-processing. The final StaMPS export yields LOS subsidence
rates for both the ascending and descending series.

Post-Processing

We used the descending time series as a reference and converted it into a grid with a spatial
resolution of 20 m. All other data (ascending LOS displacement and both ascending and descending
local incidence angles) were resampled to this grid accordingly. In a second step, pixels with both
ascending and descending information were used in order to geometrically determine the vertical
subsidence rates and horizontal displacement in descending azimuth look direction (hALD) rates from
the coupled LOS rates, according to the following equations:

dup ] 1)

=A
dhald

dLOSIlSC
dLosdesc

with

cosAn
Cosedesc singdesc

asc 5inf*%
_ [cos@ ] o)
where djps is displacement along the Line-Of-Sight, d, is the vertical displacement, d), , is the
horizontal displacement, theta is the incident angle, and A, is the satellite heading difference between
the ascending and descending orbits. As absolute distance to the sensor cannot be determined
by differential interferometry, it is common practice to select a reference point or area where little
to no subsidence is expected. In this study, we followed the suggestion of [21,55], and selected a
part of district one as a highly stable region, to correct the vertical velocity to the sensor distance.
Comparatively to this reference area, the majority of the study area is covered by loose, soft alluvial
sediments [24] . After extracting and correcting the vertical component of the deformation velocities,
we overlaid the vertical subsidence rates over physical and social characteristics of HCMC including
Digital Elevation Models (DEMs), soil types, urban expansion data, and finally the districts of HCMC to
assess the district level averages and distributions. We then compared these district-based deformation

rates against district-level growth projections and visually interpreted land use plans [28,34].
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3. Results

3.1. LOS Deformation Rates

We obtained the average PSI LOS deformation rates for both the ascending and the descending
observation periods (Figure 4). Our AOI and the extent of Sentinel-1 ascending (A128) and descending
(D18) orbits are illustrated in Figure 4 as well. A total of 570,182 pixels and 542,139 pixels were
detected as PS points from the A128 track and D18 track, respectively. The comparable number of
PS points as well as the standard deviation of the mean LOS velocities (—0.49 mm/yr for ascending
and —0.42 mm/yr for descending), prior to any geometric corrections, serve as good indicators of
compatibility between the two datasets.
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Figure 4. Average LOS displacement for for both ascending (left: track A128) and descending
(right: track D18) tracks between 11/2017 and 10/2019 (top) and time-series plot for two selected
sites (bottom).

In 2015, Minh et al. [21] estimated annual land subsidence rates of 8 mm/yr and maximum
rates of 70 mm/yr using PSI methods using ALOS data from 2006 to 2010 and validated against
leveling data with a RMSE of 4.3 mm/yr. The conversion between LOS subsidence to vertical
subsidence was described as being obtained by “straightforward geometrical arguments.” [21]).
Erban et al. [22] used LOS directly without a conversion to vertical velocities. Conversely, our method
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leverages the ascending and descending tracks to generate vertical velocities, as described in Section 2,
which yields relatively similar averages but increasingly divergent extremes, as depicted in Figure 5
below. We attribute this to the non-negligable influences of terrain and horizontal displacement on the
phase interpretation and the potentially inaccurate estimation of the spatially correlated look angle
error as described in the PSI processing.

Particularly with single-interferogram techniques, atmospheric signals can dominate when
looking at small deformation signals over time whereas PSI techniques allow for the smoothing
of interferograms through the time series and associated atmospheric noise contributions, allowing for
improved vertical accuracies for slow deformations [16].

20 ’
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30 dLos

d | ogiesc
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s (]| (ygiesc Linear Fit

dLOS rates: Velocity Averages for Asc and Desc [mm/yr]
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dUp rates: Vertical Velocity Averages [mm/yr]

Figure 5. Scatterplot of LOS (asc and dec) subsidence and vertical subsidence. A one-to-one ratio
is depicted as the black dashed line for relative measure, demonstrating the increasing influence of
geometric correction with higher rates of subsidence.

3.2. Vertical Deformation Rates

Following the analysis of the LOS deformation rates, the vertical velocities were obtained
as depicted in Figure 6. In eastern-central HCMC, the ground surface appears to be very stable,
with few small subsiding spots identifiable near the Tan Son Nhat International Airport and along
the Quoc lo 1A (QL1A) highway. For the surrounding areas, even positive velocities are observed.
We attribute this phenomena to drastic changes in groundwater extraction policy and respective
hydrogeologic responses. Just as previous groundwater extraction rates have been correlated with
significant subsidence [22], conversely, decelerated subsidence can be observed with reduction of the
groundwater extraction as a function of the changes of pore pressure and the nature of the aquifers [36].
Available hydrogeologic data did not permit more detailed consideration of these factors and thus it
remains unclear to what degree if any can this phenomena be attributed to error. The time-series plots
in the bottom of the figure show the LOS deformation rates of all PS within a radius of 100 m over the
investigated period. They confirm the static nature of large parts of the center of HCMC, but also prove
that the observed subsidence in areas of larger deformation is of linear nature and that the stability of
the phase information is sufficient to retrieve reliable and accurate average subsidence rates.
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Figure 6. Average vertical subsidence rates for the period of January 2016 to June 2019. A hillshade
of the 90 m res CoastalDEM is the background and an orthophoto for spatial context around HCMC.
Colored boxes delineate the locations for reference in later figures.

Comparison of the vertical subsidence against the best Digital Elevation Models (DEMs) available
is contextually vital considering HCMC’s low-lying topography. Previously, experts used the SRTM
or more recently, the ALOS DEM (ALOS W3D30, [56]) as the best source of truth to juxtapose
against subsidence and potential inundation information [21,22]. However, as Kulp and Strauss [4]
indicate, positive vertical bias of the SRTM models and the AW3D30 Model from ALOS does not
specifically attempt to improve vertical bias in urban or densely vegetated areas, as is necessary for
HCMC’s relatively flat, low-lying, highly urbanized setting. Thus, the Coastal-DEM was developed
specifically for this purpose of reducing vertical bias in coastal cities with elevations close to sea level,
while remaining freely available or low-cost. As depicted in Figure 7, the vast majority of HCMC
lies below 5 m elevation, so even small differences in vertical RMSEs can have significant impact
on flood vulnerability and subsidence analysis. Notably, the AW3D30 DEM presents a vertical Root
Mean Square Errors (RMSE) of 5.68 m while the CoastalDEM has an RMSE of 1.54 [57,58]. The most
significant subsidence rates are observed in the rapidly urbanizing areas in peripheral districts as well
as in areas of low elevation.
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Figure 7. Coastal-Digital Elevation Model (DEM) of HCMC (left), the geology and topographic contour
of ALOS data used in Minh 2015 (top right) and the elevation difference between the ALOS DEM and
Coastal-DEM (bottom right).

The final number of PS points was 314,942 or 40.2 pts/km? , with the majority of these scatterers
corresponding to buildings and infrastructures located in the dense urban framework of inner
HCMC but also the surrounding peri-urban districts, which can be attributed to the stable nature
of anthropogenic structures resulting in high coherence between SAR acquisitions. Places lacking
PS points correspond to water bodies, areas under construction during the observation period,
and agricultural or vegetated areas. Beyond the highly clustered spatial distribution patterns of
the observed PS points, various deformation velocity patterns are easily identifiable, with the most
severe velocities adjacent to water bodies and a NW-SE trending axis. We observed a mean annual
vertical displacement velocity of 3.3 mm/yr for the observation period of 2017 to 2019 over a highly
heterogeneous velocity field.

3.3. Key Districts and Infrastructure

Subsidence rates were analysed on the district level, yielding box plots of key districts as shown
in Figure 8. Local maximums are even higher than expected with a maximum local subsidence of
around 5 cm/yr or more in certain areas of the Nha Be, Thu Doc, and Binh Tan districts, which are
urban sprawl areas. In comparison, a previous study conducted by Erban et al. [22], which was in
good agreement with hydrogeologically based methods, indicated a maximum of 4 cm subsidence,
though local scales remain obscured in the aforementioned study. For urban planners, local maximums
are even more significant to know where to act. However, although the comparison of districts shows
a clear distinction between stable and dynamic areas, the maximum values have to be interpreted
with respective care because outliers can also be produced during the phase unwrapping, especially in
areas with a low PS density. Still, the interquartile ranges (IQRs) confirm the dominance of strong
subsidence in some districts (Figure 8).
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District Nha Be 1 2 3 4 5 6 7 8 9 10 1" 12 Binh Tan Binh Thanh Thu Doc

pts/ km? 15 211 42 264 188 266 248 85 126 36 241 273 99 236 144 111
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Figure 8. Box and Whisker plots of key HCMC Districts and outliers based on a standard 1.5*IQR
whisker representation, with points per sq km for each key district identified in the embedded table
above. Points per sq km elucidate the variance in the spread of the boxes, whiskers, and outliers in
this plot.

Areas where the most significant subsidence rates were observed coincide with areas that were
both recently urbanized or a part of suburban sprawl, while the historically urbanized center remains
relatively stable [28]. The spatial velocity profiles of Figure 9a,b overlay areas of suburban sprawl
while the area of Figure 9c overlays recently urbanized areas. Additionally, the extreme subsidence
PS points in Binh Tan, Nha Be, and Thu Doc were located over silty loam deposits, the two soil types
identified in previous studies to show the highest subsidence rates in HCMC [11,21].

Vertical Velocity [mm/yr]

0 500 1,000 1,500 2,000 2500 0 500 1,000 1500 500 1,000 1,500 2,000 2,500 meters.

Binh Tan district, along QL1A highway & kenh Tham Luong river Nha Be district, along Huynh Tan Phat Thu Doc district, along Duon Hiep Binh

Figure 9. (a—c).Close-up subsidence rate maps and vertical velocity profiles of (a) a semi-industrial
area of Binh Tan, (b) a relatively new residential area of Nha Be, and (c) existing urban area of Binh
Thanh. The basemap is the CoastalDEM (90 m res) with OpenStreetMap local roads overlain. Colors of
boxes correspond with spatial locations of bounding boxes found in Figure 6.
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These vertical velocity profiles show a high degree of clustering or lack of noise in the data.
The velocity profile of Figure 9a traverses across the Tham Luong canal, where north of the river
subsidence is moderate at approximately —8 mm/yr and across the river bank, the highest subsidence
velocities are observed of up to —55 mm/yr. Considering the spatial smoothing inherent in the StaMPS
method as well as the lack of noise, this stark transition is consequential. In contrast, Figure 9c is
situated in an area of greater urban density and presents patches of relatively more noise in the
data, with the majority of the noise occurring near the transect of a highway, Quoc lo 13. The zone
encompassed by Figure 9b is situated at the lowest elevation of the three velocity profiles and follows
along a main road in a more recently developed suburban area.

4. Discussion

4.1. Findings and Outlook

In this work, a comparative analysis of LOS displacement and derived vertical displacement was
carried out in order to determine the significance of vertical correction, and it was found that the value
of the correction increases with higher observed subsidence. Although both subsidence and uplift
features are observed in this study, subsidence features predominate. The majority of relatively rapid
subsidence occurs in the southern portion of HCMC. Other natural patterns emerge in the results such
as higher velocities are coincident with low lying topographies adjacent to major rivers or canals and
zones with predominantly fine unconsolidated sediments near the surface. Each of the three zones
depicted in Figure 9a—c were low-lying and adjacent to water bodies, which may indicate erosional
forces from inundation as the predominant influence of local subsidence extremes. Additionally,
a thick aquitard of soft clay lies beneath the areas of Figure 9a—c as well as majority of the subsiding
region [11,21]. Such units have been shown to continue to compact due to their high compressibility,
low permeability, and significant creep behavior, even long after groundwater withdrawal has been
reduced [59]. Conversely, the urban core and other north east districts, where stability and even uplift
is observed, are situated on top of predominantly sandstone aquifers [11,21]. Yet, surface uplift is
dependent on a variety of factors such as deformation characteristics of soils, history of groundwater
level fluctuation, and the thickness and permeability of units [59].

Despite many potential naturally occurring influences on local subsidence and uplift dynamics,
anthropogenic factors may persist as higher velocities are also observed occurring on recently
urbanized or built-up areas, while uplift and stability is observed in the majority of the existing
urban center where groundwater depression cones in the second, third, and fourth aquifers had
previously been identified [11]. In contrast, both profile 9a in the more industrial district of Binh
Tanh and with profile 9b coincide with areas where previously some of the greatest drawdown
was observed. The study by Thoang and Giao leveraged groundwater drawdown data from
1999 to 2009. The disparity between the historical groundwater contours of these aquifers with
observed subsidence may reflect aforementioned groundwater policy shifts, subsequent shifts in
extraction and Groundwater Piezometric Head (GPH), and resulting pore-pressure induced subsidence
and uplift. In studies of similar urban deltas of APAC with recent groundwater policy changes,
periods of rebounding have been observed despite histories of extreme groundwater extraction,
predominant unconsolidated soils, and large loads from extensive urban areas [59,60]. The presence
of some observed uplift may suggest that aquifer-system deformation resulting from groundwater
withdrawals in HCMC has remained in the elastic (recoverable) range of stress at least in the urban
core and north east districts. However, it is not possible to determine conclusively whether the
subsidence is recoverable (elastic or permanent) or to what degree the observed uplift and increased
stability in the urban core of HCMC is attributable to changing hydrogeological conditions. Uplift in
particular only occurs with the expansion of all rebounding units exceeds the compaction of all
compressing units. Potential links between the subsidence and uplift behaviors found in this
study and hydrogeological dynamics should be further investigated to reflect recent changes in
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updated GPH, groundwater extraction data, and drawdown and compared against other potential
influences. Furthermore, generally the recoverable deformation is a relatively small portion of the total
deformation, especially when the groundwater levels drop beneath their historically lowest values.

4.2. Implications and Limitations

Regarding the interpretation of the PSI results, a few advantages and limitations should be
noted. First, the subsidence monitoring capabilities achievable with geodetic survey techniques are
markedly different from that of remote sensing techniques in scale, required resources, and accuracy.
The former requires significant analysis time and financial investment and it is inherently limited
spatial scale, though generally superior in accuracy and with strategically located points. In contrast,
remote sensing methods have rapid execution times and minimal pay-ins, with the methods used in
our study using free and systemically available Sentinel-1 data and yielding a robust solution that
needs only a short observation period. However, the opportunistic sampling of PSI techniques based
on the consistency of backscatter over time, yields results that should be carefully assessed against the
land use. Further investigation of observed subsidence rates against the temporal evolution of land
cover is required in order to characterize the evolution of subsidence in relation to HCMC’s dynamic
urban environment.

As shown in Figure 4, the retrieved information on displacement is not only linear over time,
but also the technique provides sufficient accuracy to derive the average subsidence in the study area
with high precision Figure 4. Looking at single interferograms, smaller inaccuracies are introduced
by phase noise and atmospheric disturbance up to a level of +/—10 mm per year, but these play
no role in as they form a clear and stable trend over the entire investigated perio. Although this
study was able to confirm the deformation hot spots of previous studies and to give more up-to-date
numbers on vertical subsidence, the lack of reliable and independently collected validation data is
a clear shortcoming. However, we convey the confidence in the results of our study, comparing our
study against reference points from previous studies, in the supplementary figures which can be found
in our supplementary materials. The stability of the temporal results Figure 6 and the low subsidence
rates in large parts of the city give little reason to mistrust the results, however an accuracy assessment
would make the outcomes more valuable by knowing the amount of error to be expected in the data.
Accordingly, the results could be compared to field measurements of subsidence rates at selected
points (e.g., by dGPS surveys). As an alternative, an independent validation and plausibility check
can be conducted by straightforward field campaigns in selected areas of high predicted subsidence,
as proposed by Dang [61] who identified and documented cracks in buildings and foundations based
on their PSI findings in Hanoi.

Second, the gradients of the phase changes, including along the profile lines in Figure 9a—c,
may have artefacts from the unwrapping of the phase information. In traditional interferograms,
phase information is integrated into a continuous surface, generally a 2-D surface pixel-wise
interpolation using spatial neighbors while PSI unwrapping is conducted in the temporal domain
based on the phase difference of nearby PS pixels [51]. In order to properly unwrap the phase in PSI
techniques, the phase difference between two adjacent points, either in time or space, are assumed to
be within half a cycle. If this assumption is violated, the unwrapping of the phase could induce an
unreasonably large trend or measure no motion when in reality, there is a large trend. Therefore some
of these estimates could be unrealistic, despite otherwise correct scatterers. However, even in this case
the overall pattern should be relatively consistent. The best way to assess this is with leveling data over
the period of study or at least comparing a histogram of results against histograms of previous studies,
both of which are not available. Yet, visual interpretation of results from previous studies [11,21]
indicate similar patterns of extreme subsidence in both the Binh Tan and Thu Doc districts, but to a
lesser extent in Nha Be which has seen rapid suburban sprawl over the past decade.

Finally, PSI techniques are limited in their capability to measure “fast” deformation phenomena
due to the ambiguous nature of interferometric observations, i.e., the wrapped phase information,
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in that if the differential deformation phase between two subsequent acquisitions is larger than a
given function of the wavelength and revisit interval, there is no reasonable means of retrieving
true deformation rates [16]. Therefore, the short revisit of Sentinel-1 of 12 days offers an advantage
that ensures deformations up to 1.4 cm between acquisitions that can be adequately measured.
Furthermore, to make the results more reliable and usable for urban planning, future studies
should aim at minimizing phase noise by the integration of atmospheric corrections as suggested by
Bekaert et al. [53]. Yet, the large correspondence of the results with those of other studies and the
little degree of noise in the time-series plots indicate that the impact of these errors is already within a
tolerable range.

In future research, additional emphasis should be placed on the reasons or triggers for
subsidence in the metropolitan area of HCMC. As outlined in the beginning, there are various
reasons for such processes in Vietnamese coastal cities, such as groundwater extraction [22],
urbanization [21], poor drainage and insufficient management [62], and geological or
geomorphological preconditions [19]. Only if these interrelations are well understood, and combined
with runoff simulations such as presented by Dang et al. (2017) [63], urban planning can develop
locally adjusted and effective measures for mitigation. In addition, future research should explore the
elasticity of the soft clays that dominate the south east regions of HCMC, where subsidence is the most
extreme, as subsidence in these areas may be less likely rebound from anthropogenic activity [59,60].
Furthermore, this region coincides with newly urbanizing zones and expanding residential areas which
has several implications including increasing populations at risk as well as increasing consolidation
under added loads.

Assuming an above average SLR of 0.2-0.4 cm/yr [64], continued rates of observed subsidence
into 2050, one could conservatively estimate about 15.9-16.5 cm of potential inundation increase on
average in HCMC, with extremes up to 1.65-1.71 m. However, with substantial measures undertaken
by the local government to reduce groundwater extraction and implement strategic urban planning,
a continued decrease in subsidence may be observed as storage is restored [36]. As subsidence in HCMC
and the broader Mekong Delta has been primarily attributed to compaction from aquifer depletion
in previous studies [22], the effects of changes in both groundwater extraction and infiltration are
not negligible. Future works should therefore take a multi-temporal approach between localized
subsidence, groundwater levels, and land cover evolution.

5. Conclusions

This study showed how openly available Sentinel-1 data can be used to retrieve precise and up
to date vertical displacements for the metropolitan area of HCMC. Our research aimed to update
and improve subsidence rate estimations in HCMC by assessing a more recent time frame as well
as generating a direct representation of vertical subsidence motion, rather than using the more
traditional line-of-sight (LOS) displacement measure. The presented research involved assessing
and mapping the subsidence rates in central districts of Ho Chi Minh City (HCMC, Vietnam) by
analyzing both ascending and descending images from the SENTINEL-1 satellites with Persistent
Scatterer Interferometry (PSI) methods from a single temporal interval (2017-2019). Two successive
approaches, i.e., LOS displacement with PSI techniques and derived vertical displacement were
applied and compared. Our analysis suggests that much of the main urban center of HCMC
has a comparably stable average subsidence rate compared to studies conducted over previous
decades [11,21], reflecting recent changes in groundwater extraction policies. In the urban core
and north east districts, observed uplift may suggest that aquifer-system deformation resulting
from groundwater withdrawals in HCMC has remained in the elastic (recoverable) range of stress,
but further investigation is needed. However, results also indicate that rapidly urbanizing areas in
peripheral districts as well as the road networks are experiencing continued intense subsidence of up to
5.3 cm/yr, notably in Binh Tan, Thu Doc, and Nha Be. Likely influences include continued groundwater
extraction, lag effects from previous groundwater withdrawals, urbanization, poor drainage and



Remote Sens. 2020, 12, 4130 16 of 20

erosional forces, and geological or geomorphological conditions. We indicate the need for similar
localized analysis in dynamic, rapidly urbanizing coastal areas subject to heterogeneous deformation
and give details on the application of StaMPS PSI processing with freely available Sentinel-1 data for
continuous assessment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/24/4130/s1 ,
Figure S1: Vertical velocities of reference points for validation proxy, Figure S2: Spatial distribution of reference
points, Figure S3: Temporal analysis in District 8-an area of rapid subsidence, Figure S4: Interferograms of
unwrapped phases.
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The following abbreviations are used in this manuscript:

ALOS Advanced Land Observing Satellite

AOI Area of Interest

APAC Asia-Pacific

ASF Alaska Satellite Facility

DEM Digital Elevation Model

dGPS differential Global Positioning System
dhald horizontal displacement

dLOS displacement along Line-of-sight

dup vertical displacement

ESA European Space Agency

GPH Groundwater Piezometric Head

HCMC Ho Chi Minh City
InSAR Interferometric Synthetic Aperture Radar

IOR Interquartile Range

LOS Line-of-Site

MoNRE  Ministry of Natural Resources and Environment in Vietnam
PSI Persistent Scatterer Interferometry

RMSE Root Mean Square Error

SAR Synthetic Aperture Radar

SLC Single Look Complex

SLR Sea-Level Rise

SRTM Shuttle Radar Topography Mission
StaMPS Stanford Method for Persistent Scatterers
TOPSAR  Terrain Observation with Progressive Scans SAR
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