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ABSTRACT
Interferometric synthetic aperture radar (InSAR), one of the most commonly used remote sensing 
methods for observing and monitoring land subsidence, has been applied in Hanoi, Vietnam in 
several studies with results showing deformation up to 2014. However, freely accessible Sentinel- 
1 InSAR data have not been investigated thoroughly to date. Here, we investigate the most 
recent land surface deformation in Hanoi for the period 2016 � 2020 using Sentinel-1A SAR data. 
The analysis is conducted on 114 SAR scenes with both the Persistent Scatterer InSAR (PSInSAR) 
and Small BAseline Subset (SBAS) methods. The GPS-based deformation time series are used to 
verify InSAR results and borehole groundwater level measurements are employed to evaluate 
the relationship between groundwater depletion and surface subsidence. The results show that 
observed deformation from SBAS and PSInSAR is consistent in both spatial patterns and statis
tics, in which two high-rate subsiding bowls were detected in Dan Phuong/Hoai Duc and Ha 
Dong/Thanh Tri districts with the mean subsiding rates of ∼5 mm per year. GPS and InSAR 
deformation generally agree well except for the comparison at the JNAV station after 2017, 
which can be attributable to the local deformation detected by GPS and the average movement 
of a 100-m radius area captured by InSAR. An agreement in the drawdown trend between 
borehole groundwater and InSAR-derived deformation was found at four wells located within 
or in proximity to the two bowls. The declining rates of groundwater level at about 0.31 m 
per year were found at the two wells Q57a and Q58a located within the Dan Phuong/Hoai Duc 
bowl, corresponding to the surface subsidence rates found at 6–8 mm per year. The Q68a well 
was found to experience groundwater level declining at the highest rate of ∼0.9 m per year 
corresponding to the subsidence rate of ∼7 mm per year found by InSAR.
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Introduction

Hanoi city is the capital and the economic, cultural, 
political, and societal center of the Social Republic of 
Vietnam. Due to its high population density and rapid 
urban expansion, there has been a high demand for 
infrastructure development (Nguyen et al. 2016) and 
large-scale groundwater exploitation in the region 
(Saraswat, Kumar, and Mishra 2016; Vu and Tran 
2018). These activities have substantially modified 
the landscape and led to land surface subsidence 
(Dang et al. 2014). Reinforced by a low-quality muni
cipal sewage and drainage system, land subsidence 
further exacerbates inundation and causes damage to 
infrastructures (e.g. Luo et al. 2018; Schramm 2016). 
Spatio-temporal patterns of surface deformation are 

therefore crucial for urban planning to minimize 
severe influences of surface subsidence.

A number of efforts have focused on detecting and 
monitoring surface deformation over Hanoi city 
based on different types of data, e.g. geotechnical, 
geological, hydrological data (e.g. Nguyen and Helm 
1995; Pham et al. 2018; Phi and Strokova 2015; Trinh 
and Fredlund 2000). These studies often utilized in- 
situ data of high quality but sparse spatial resolution 
over limited coverage and discontinuation in time. 
This fact limits their ability to capture the deformation 
and its patterns of the surface across space, especially 
to detect deformation hot spots. Interferometric 
Synthetic Aperture Radar (InSAR) has demonstrated 
its ability to capture Earth’s surface deformation at 
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the cm-mm precision with high spatial and temporal 
resolutions over large-scale areas (Rosen et al. 2000). 
InSAR has also been applied to retrieve surface defor
mation over Hanoi using various SAR data, including 
the Japanese Earth Resources Satellite “FUYO-1” 
(JERS-1) (1995–1998) (Tran et al. 2007), JERS-1 (1995– 
1998) and Environmental Satellite Advanced 
Synthetic Aperture Radar (Envisat-ASAR) (2004) 
(Nguyen et al. 2017), Advanced Land Observing 
Satellite Phased Array Type L-Band SAR (ALOS 
PALSAR) (2007–2011) (Dang et al. 2014), TerraSAR-X 
(TSX) (2012–2013) (T. S. Le et al. 2016b), TSX and 
COSMO-SkyMed (CSK) X-band (2011–2014) (Ho et al. 
2019), ALOS PALSAR (2007–2011), CSK and TSX 
(2011–2014) (Tran et al. 2015). However, these studies 
only show deformation up to 2014, and there is still 
a general lack of understanding of the most recent 
deformation trends and patterns in the area.

The European Space Agency (ESA) Sentinel-1 twin 
missions launched since 2014 have provided free and 
open data access to the InSAR citizen at a near real- 
time basis (i.e. within 3 hours of observation). The 
data have been proved suitable for a wide range of 
applications, such as marine tracking, ice, and natural 
disaster monitoring, e.g. landslides or subsidence 
(Torres et al. 2012). The Sentinel-1 constellation oper
ates at the C-Band frequency with a 12-day repeated 
acquisition for a single mission (6-day in case of two- 
satellite combination). The Interferometric Wide- 
swath (IW) mode of 240 km width is implemented 
with a high geometric resolution of 5� 20 m (Yague- 
Martinez et al. 2016). Though Sentinel-1 data have 
been widely used to measure surface deformation 
worldwide associated with, e.g. volcanoes (e.g. 
Bonforte and Guglielmino 2015; González et al. 
2015), earthquake (e.g. Grandin et al. 2016; 
Lavecchia et al. 2016), water extraction (e.g. Motagh 
et al. 2017; Sowter et al. 2016), it has not been utilized 
in Hanoi to date.

In this study, Sentinel-1 SAR data are used for the 
first time to capture the trends and spatial-temporal 
patterns of Earth surface deformation in the Hanoi 
area. The major advancement of Sentinel-1 SAR data 
is that a significantly larger area will be investigated 
owing to the IW mode, with a higher and more reg
ular sampling interval. Additionally, this is also the 
first time InSAR deformation is validated by the GPS- 
derived deformation time series over Hanoi, and 
groundwater borehole data are tested for their 

consistency with those from InSAR, which present 
the connection between groundwater exploitation 
and the surface subsidence. To this end, Sentinel-1 
data covering the four-year time span between 
3 April 2016 and 13 March 2020, in which the recent 
surface deformation in the area is missing in the 
literature, are utilized. Both the Persistent Scatterer 
InSAR (PSInSAR) and Small BAseline Subset (SBAS) 
frameworks are implemented for inter-comparison. 
Although the two methods were proposed with dif
ferent philosophies, in which PSInSAR is to optimize 
resolution cells containing a single point scatterer 
while SBAS aims at optimizing those with distributed 
scatterers (Hooper et al. 2012), the inter-comparison 
of deformation detected by both methods is to gain 
higher confidence of the detected results. In-situ 
groundwater level time series are adopted to measure 
the relationship between groundwater withdrawal 
and surface deformation, and the Global Positioning 
System (GPS)-based deformation time series is used 
for testing the consistency between deformation 
detected by the two techniques, i.e. GPS and InSAR. 
The data processing is carried out by adopting the 
InSAR Scientific Computing Environment (ISCE) 
(Rosen et al. 2012) combined with the Stanford 
Method for Persistent Scatterer (StaMPS) packages 
(Hooper et al. 2012) for the PSInSAR approach or the 
Generic InSAR Analysis Toolbox (GIAnT) packages 
(Agram et al. 2013) for the SBAS approach.

The paper is structured as follows. Section 2 
describes the study area and data adopted, including 
InSAR, GPS datasets, and groundwater level measure
ments. The multi-temporal InSAR (MT-InSAR) meth
ods implemented in this study are reviewed in 
Section 3. Section 4 presents and discusses InSAR- 
derived deformation results, their validation against 
the GPS-based deformation time series, and the rela
tionship with borehole groundwater level changes. 
Finally, Section 5 summarizes the contributions and 
highlights the significance of the study.

Study area and datasets

Study area

The city of Hanoi is located in the northern part of 
Vietnam. After being merged with parts of Hoa Binh 
and Vinh Phuc provinces and the entire Ha Tay pro
vince in 2008, its geographical location is recently 
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limited within [∼20.6°N, ∼21.4°N] in latitude and 
[∼105.3°E, ∼106.0°E] in longitude (Figure 1), and cov
ers an area of approximately 3,359 km2, which makes 
it the largest city of Vietnam. It is located in the 
Vietnamese Red River delta and approximately 
a hundred kilometers away from the East Sea of 
Vietnam (see Figure 1). The city is made up of three 
major types of topography, including delta, midland, 
and mountainous areas with the average height ran
ging between three meters and twelve meters, and 
most of its mountains locating in the North and the 
West (Tuladhar, Cuong, and Yamazaki 2004).

Hanoi has experienced a rapid construction boom 
to satisfy housing demand in urbanization, particu
larly after the expansion, with many skyscrapers built 
in new urban areas. The speedy urbanization has 
resulted in a high demand for fresh water for domes
tic, industrial, and agricultural consumption, which 
relies mostly on groundwater (Bui et al. 2011). The 

rapid construction boom and groundwater over- 
exploration can result in surface subsidence, which 
may, in turn, cause severe influences on infrastruc
ture, and makes flooding more serious (Raucoules and 
Carnec 2000). Here, the study area of 0.5°� 0.5° 
bounded within [20.8°N, 21.3°N] in latitude and 
[105.5°E, 106.0°E] in longitude, which covers most of 
the Hanoi area, is investigated (Figure 1).

Sentinel-1A datasets

In this study, Sentinel-1A data in the Single Look 
Complex (SLC) format provided in the Copernicus 
database (Yague-Martinez et al. 2016) are utilized, 
which can be freely accessed from https://www.coper 
nicus.eu/en. We use level-1 data processed in the IW 
mode, which were acquired in the descending orbit 
number 91. Sentinel-1B data are available but inter
mittent and sparse. They are therefore not included in 

Figure 1. Vietnamese mainland map with the city of Hanoi (study area) occupying in the northern part and map of Hanoi with urban 
districts bounded within the red border. The extent of Sentinel-1A data sub-swaths is indicated by black boxes. Red triangles and dots 
indicate GPS stations and boreholes used in this study.
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the analysis due to their irregular acquisitions. We use 
114 Sentinel-1A images covering the 4-year time 
between 3 April 2016 and 13 March 2020 with a 12- 
day temporal interval except for some gaps. The radar 
wavelength of Sentinel-1 is ∼5.55 cm, which corre
sponds to the C-band in the microwave spectrum. The 
main parameters of the used SAR data are listed in 
Table 1.

Sentinel-1 SLC images are captured by the IW 
mode adopting Terrain Observation with Progressive 
Scans SAR (TOPSAR) (De Zan and Guarnieri 2006), 
which are of a 240-km width. Each image comprises 
three sub-swaths in which the middle one is analyzed 
in this study, which covers the city of Hanoi (see 
Figure 1). Each sub-swath involves a series of nine 
bursts and five of those from the middle sub-swath 
are included in the analysis as the study area is limited 
within 0.5°� 0.5° area. The spatial resolution of 
Sentinel-1 SLC data is 5� 20 m.

GPS and borehole datasets

Two GPS stations available within the study area 
include JNAV (21.005°N, 105.844°E) and PHUT 
(21.029°N, 105.959°E) as shown in Figure 1. Both sta
tions are located within urban districts. GPS deforma
tion at the JNAV station is provided by the Nevada 
Geodetic Laboratory (NGL), which can be freely 
accessed via http://geodesy.unr.edu/, and that at the 
PHUT station is provided by the Vietnam Academy of 
Science and Technology (VAST) (M. Le et al. 2016a).

JNAV is an International Global Navigation Satellite 
System Service (IGS) station of which the data were 
processed by the GPS Inferred Positioning System 
(GIPSY) OASIS software package provided by the Jet 
Propulsion Laboratory (JPL), with the precise point 
positioning (PPP) method (Hammond, Blewitt, and 
Kreemer 2016). The velocity of the station is estimated 
by the Median Interannual Difference Adjusted for 

Skewness (MIDAS) (Blewitt et al. 2016) and updated 
routinely. Two products are provided publicly includ
ing five-minute position coordinates updated 
every hour or every day, and daily position coordi
nates updated every week (Blewitt, Hammond, and 
Kreemer 2018). The daily product is adopted in this 
study.

PHUT is one of the continuously operating GPS 
stations in Vietnam. The data were collected by 
a NovAtel GSV4004 receiver and processed by the 
GAMIT/GLOBK software package, relying on a GPS 
network connecting with other stations in Vietnam 
and neighboring countries (Le et al. 2014). The posi
tion coordinates at the PHUT station are given in the 
International Terrestrial Reference Frame 2005 
(ITRF2005). The deformation time series from these 
two stations are used to validate InSAR-derived 
deformation.

Several boreholes are available throughout the city 
of Hanoi. The measurements of the hydraulic head at 
these boreholes were made monthly from 2005 to the 
end of 2018, which reflects the change in the rates of 
groundwater exploitation and recharge. In this study, 
we use borehole groundwater level data observed by 
the Ministry of Natural Resources and Environment 
(MONRE), Vietnam. Four monitoring bores with mea
surements made in the Pleistocene aquifer are 
exploited in this study including Q57a, Q58a, Q68a, 
and Q66aM1, which are located in Dan Phuong, Hoai 
Duc, Ha Dong, and Thanh Tri districts, respectively 
(Figure 1). These stations are adopted in this study 
to measure the relationship between Earth surface 
deformation and the changes in groundwater level 
as their locations are located within or in close proxi
mity to the areas of high-rate deformation.

Methods

InSAR SBAS

Interferogram formation
SBAS (e.g. Berardino et al. 2002; Cavalié et al. 2007; 
López-Quiroz et al. 2009; Schmidt and Bürgmann 
2003; Usai 2003) makes use of a network of multiple 
interferograms in which temporal and perpendicular 
baselines are limited in time and length to reduce the 
effects of decorrelation (e.g. Crosetto et al. 2016; 
Shanker et al. 2011; Zebker and Villasenor 1992). It is 
therefore advantageous in that redundant 

Table 1. Main parameters of the used Sentinel-1 SAR data.
Parameter Value

Band C
wavelength ∼5.55 cm
Orbit number/direction 91/Descending
Sensor mode IW
Platform A
Time span 03/04/2016 – 13/03/2020
Temporal interval 12-day
Number of images 114
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interferograms are incorporated (Bui, Featherstone, 
and Filmer 2020). In this study, interferograms are 
chosen based on the temporal and perpendicular 
baseline thresholds of 90 days (∼3 months) and 
200 m, respectively. As a result, 724 interferograms 
are selected of which the baseline network is depicted 
in Figure 2(a).

All selected interferograms are subsequently pro
cessed in sequence by the ISCE package following 
the workflows used for processing Sentinel-1 Terrain 
Observation by Progressive Scans (TOPS) mode image 
pairs (Fattahi, Agram, and Simons 2017; Rosen et al. 
2018; Yague-Martinez et al. 2016). With the study area 
of 0.5°� 0.5° bounded within [20.8°N, 21.3°N] in lati
tude and [105.5°W, 106.0°W] in longitude, five bursts 
from the central sub-swath are included in the analysis. 
In the co-registration step, a geometric co-registration 
is first performed using an external digital elevation 
model (DEM) and orbit information (Sansosti et al. 
2006) on a burst-by-burst basis. Here, the one arc- 
second Shuttle Radar Topography Mission (SRTM) 
DEM model (Farr and Kobrick 2000; Smith and 
Sandwell 2003) and precise orbit information provided 
by European Space Agency (ESA) are adopted.

With the accuracy requirement of ∼1/1000 of a pixel 
in azimuth in the TOPS mode (Fattahi, Agram, and 
Simons 2017; Yague-Martinez et al. 2016) an enhanced 
spectral diversity (ESD) approach (Fattahi, Agram, and 
Simons 2017; Prats-Iraola et al. 2012) is then utilized on 
subset overlaps to estimate the azimuth misregistra
tion. The ESD is utilized due to its outperformance 
over cross-correlation techniques (Bamler and Eineder 
2005) for Sentinel-1 parameters (Yague-Martinez et al. 
2016). The range misregistration is subsequently esti
mated relying on amplitude correlation over overlap 

regions prior to fine offset estimation for full bursts. 
Finally, burst-by-burst products are merged to derive 
a stripmap-like product.

The interferograms are then filtered by the Goldstein 
method (Goldstein and Werner 1998), with the optimal 
filter strength of 0.4 employed in this study after 
a number of trials. They are subsequently unwrapped 
using the statistical-cost network-flow algorithm for 
phase unwrapping (SNAPHU) (Chen and Zebker 2000) 
in which the minimum cost flow (MCF) algorithm (e.g. 
Costantini 1998; Eineder, Hubig, and Milcke 1998; Pepe 
and Lanari 2006) is applied for initialization. They are 
finally geocoded to the World Geodetic System 1984 
(WGS84) coordinate system and multi-looked with 
seven range and three azimuth looks.

Time series analysis
The stack of geocoded interferograms is analyzed by the 
GIAnT package (Agram et al. 2013) following the SBAS 
processing chain documented in Agram, Jolivet, and 
Simons (2012). A coherence threshold of 0.2 is used to 
select coherent pixels in such a way that only pixels with 
coherence larger than this threshold in all interfero
grams are considered as coherent and are included in 
the SBAS analysis. Here, without evidence of a stable 
area, i.e. the area with almost no deformation, the defor
mation of coherent pixels is computed with respect to 
the mean deformation of the study area.

Differential atmospheric delay in the interfero
metric phase, which is correlated with the topogra
phy, is reduced using the ERA-Interim Re-Analysis 
products provided in European Center for Medium- 
Range Weather Forecast (ECMWF) repository follow
ing steps documented in Doin et al. (2009) and Jolivet 
et al. (2011). The network deramping is then applied 

Figure 2. Baseline plots of interferograms used in SBAS (a) and PSInSAR (b). The interferograms used in SBAS are chosen based on the 
temporal and perpendicular baseline thresholds of 90 days and 200 m, respectively, whilst those used in PSInSAR are selected with 11/ 
01/2018 being the primary (formerly master) image. Red dots represent SAR scenes and gray lines indicate interferograms selected.
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to atmospheric-corrected interferograms to reduce 
orbital errors (i.e. ramps) (Biggs et al. 2007; Cavalié 
et al. 2008; Jolivet et al. 2012; Lin et al. 2010).

After interferograms are reduced for atmospheric 
and orbital errors, the SBAS approach (e.g. 
Berardino et al. 2002; Cavalié et al. 2007; López- 
Quiroz et al. 2009; Schmidt and Bürgmann 2003; 
Usai 2003) is applied to coherent pixels to invert 
interferometric phase measurements to the defor
mation time series. This is carried out on a pixel-by- 
pixel basis applying the singular value decomposi
tion (SVD) algorithm. The uncertainties are, at the 
same time, estimated for coherent pixels at all 
acquisitions applying a Jackknife test. A SBAS rate 
map is then created by fitting a linear function to 
the SBAS-derived deformation time series of coher
ent pixels.

PSInSAR

PSInSAR is another frequently used MT-InSAR 
method, which is optimized for resolution cells con
sisting of a single point scatterer (e.g. Colesanti 
et al. 2003; Ferretti, Prati, and Rocca 2001; Hooper 
et al. 2004; Lyons and Sandwell 2003; Werner et al. 
2003). It, therefore, has an ability to associate 
Earth’s surface deformation with a dominant scat
terer, which is smaller than the entire pixel (Hooper 
et al. 2012). In PSInSAR, all interferograms are gen
erated with respect to a single primary (formerly 
master) image, which allows for a reduction of the 
noise contribution of the primary image as it exists 
in all interferograms.

The ISCE package is again applied to produce 
a stack of co-registered SLCs. In this step, the same 
workflow as that implemented in Section 3.1 is 
employed. The one arc-second SRTM DEM and pre
cise orbit information are used first for a geometric 
co-registration followed by a refined azimuth co- 
registration, which is implemented by a Network- 
based ESD (NESD) approach (Fattahi, Agram, and 
Simons 2017). All SAR images are cropped to the 
0.5° � 0.5° study area, which comprises five bursts 
included in the central sub-swath before they are 
co-registered with respect to the first one (i.e. 03/ 
04/2016).

The PSInSAR method is then applied to the stack of 
co-registered SLCs using the StaMPS package (Hooper 
et al. 2012), in which 11/01/2018 is selected as the 

primary date to minimize the overall perpendicular 
and temporal baselines (see Figure 2(b)). PS pixels 
defined by their phase stability are first selected by 
a two-step procedure. For computation efficiency, the 
amplitude dispersion with a threshold of 0.4 is 
adopted to select an initial subset of PS pixels, i.e. PS 
candidates. The mean phase computed from sur
rounding candidates is then subtracted from each 
PS candidate. The residual phase component caused 
by DEM error is then computed in the least squares 
sense and removed. The temporal coherence is sub
sequently estimated to select the final PS pixels based 
on a threshold computed by their probability density 
function (PDF) with an aim at maximizing the number 
of real selected pixels. This procedure is carried out 
iteratively three times where, in each iteration, the 
mean phase is re-calculated after eliminating candi
dates with low temporal coherence prior to re- 
calculation of temporal coherence for all candidates 
(for a detailed description of the workflow and equa
tions used in this PS pixel selection, readers are 
referred to Hooper et al. (2004)).

The selected PS pixels are then reduced for spa
tially uncorrelated DEM error as mentioned above. 
The remaining components include phase change 
due to Earth’s surface deformation and residual 
error and noise sources, i.e. atmospheric artifacts, 
orbital error, noise term, and residual error due to 
inaccuracy in this DEM error correction involving 
spatially correlated part. The spatially uncorrelated 
DEM corrected phase is then unwrapped utilizing 
the three-dimension method with two dimensions 
in space and one dimension in time (Hooper and 
Zebker 2007). After unwrapping, the remaining 
error and noise sources of which the spatially corre
lated parts are assumed to be uncorrelated in time 
are reduced (Hooper et al. 2004). The unwrapped 
phase is therefore high-pass filtered in time then 
low-pass filtered in space to derive phase change 
due to surface deformation. A PSInSAR rate map is 
then created by fitting a linear function to the 
derived deformation time series of coherent scat
terers. Figure 3 compares the simplified flowcharts 
of steps of SBAS and PSInSAR applied in this study. 
The top blocks indicate the interferogram formation 
in SBAS and the generation of co-registered SLC 
stack in PSInSAR, both are processed by ISCE. The 
bottom blocks show the time series analysis accord
ing to the two methods.
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Stacking

In this study, the stacking method is adopted to 
obtain the deformation rate map, which is then com
pared with those derived from SBAS and PSInSAR. 
Stacking is a simple method where the average of 
the linear deformation rate is computed which is 
also referred to as the “average” method (Hetland 
et al. 2012). This method can be applied to increase 
the signal-to-noise ratio (SNR) if surface deformation 
is a single quickly occurred event or a gradual 

movement with a constant deformation rate 
(Simons and Rosen 2015). Averaging multiple inter
ferograms can also reduce tropospheric errors if they 
are assumed to be random (Lyons and Sandwell 
2003), because the neutral atmosphere, which is 
mainly confined to the troposphere, is uncorrelated 
at time spans longer than one day (Emardson, Simons, 
and Webb 2003).

As the number of observations is reduced by uti
lizing the stacking method, the computational bur
den in parameter estimation is reduced (Pritchard, Ji, 
and Simons 2006). The measured displacement of 
a pixel in the ith interferogram can be written as 
(Emardson, Simons, and Webb 2003; Simons and 
Rosen 2015): 

�i ¼ #Ti þ εi 1 

where �i, Ti, and εi are the corrected range change, 
the time separation between primary and second
ary (formerly slave) images and the measurement 
error corresponding to this ith interferogram, 
respectively, # is the constant rate of the consid
ered pixel.

The above equation can be re-written as a linear 
system of all interferograms as: 

d ¼ �#þ E 2 

where, d, � and E are the vectors of interferogram 
displacements, time spans, and errors, respectively.

By applying the least squares principle, the defor
mation rate can be estimated as: 

# ¼ �T W�
� �� 1

�T Wd 3 

where W is the weight matrix, which is the inverse of 
the full data covariance matrix.

Results and discussion

Map of deformation rates

To have an overview of the spatial patterns of surface 
deformation over the entire study area, maps of defor
mation rates at coherent pixels/scatterers are gener
ated frequently. We first produce a deformation rate 
map relying on corrected interferograms correspond
ing to the SBAS network in Figure 2(a) applying the 
stacking method described in Section 3.3, of which the 
results are shown in Figure 4(a). A SBAS rate map is 
then created by fitting a linear function to the SBAS- 

Figure 3. Flowcharts of SBAS and PSInSAR data processing 
applied in this study.
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derived deformation time series of coherent pixels as 
described in Section 3.1, which is shown in Figure 4(b). 
This is then applied to PSInSAR coherent scatterers to 
produce a PSInSAR rate map, which is depicted in 
Figure 4(c).

The annual rate maps shown in Figure 4 conven
tionally indicate that positive and negative values 
represent the surface movement toward (i.e. uplift) 
and away from (i.e. subsidence) the SAR satellite, 
respectively. An agreement in the spatial patterns 
estimated from stacking, SBAS, and PSInSAR is 
found in Figure 4, which shows subsidence at 
high rates occurring in two bowls, Dan Phuong/ 
Hoai Duc and Ha Dong/Thanh Tri, which are situ
ated to the south of the Red River (see red squares 
in Figure 4).

Table 2 compares this study with those in the 
literature in terms of data used, time span, spatial 
coverage, and methods applied. The studies are of 
different spatial coverages depending on data avail
ability and the objectives. Previous studies have 
smaller study areas due to their Stripmap mode 
compared to the wide swath mode used in this 
study. This indicates the improvement of the study 
in capturing surface deformation and its patterns in 
a significantly wider area compared to previous stu
dies, which only focused on the deformation hot 
spots. Other main differences are time acquisition, 
time span, and the number of scenes used, which 
proves the renovation of this study in both longer 
study time and higher sampling interval indicated 
implicitly by the number of SAR scenes used (see 
Table 2).

The consistency in the spatial distribution of 
deformation rates can be found between this study 
and existing ones. Generally, ground stability 
appears to the northern part of Red River (Dang 
et al. 2014), whilst in the southern part, deformation 

Figure 4. Maps of deformation rates in the line of sight direction 
from Sentinel-1A data covering the 4-year time between 
3 April 2016 and 13 March 2020: (a) from the stacking method, 
(b, c) derived by fitting a linear regression to the SBAS and 
PSInSAR-derived deformation time series, respectively. Red 
squares mark two subsiding bowls at high deformation rates 
in Dan Phuong/Hoai Duc and Ha Dong/Thanh Tri. Red triangles 
and dots indicate GPS stations and boreholes used in this study.

Table 2. Comparison of this study and studies in the literature. The bracketed numbers refer to the number of SAR scenes used.

Reference SAR Data Time span

Spatial 
coverage 

(km2)
Processing  

method

Tran et al. (2007) JERS-1 (3) 8/1995 � 9/1998 ∼400 Three-pass
DInSAR

Dang et al. (2014) ALOS (22) 2/2007 � 2/2011 ∼1300 PSInSAR
T. S. Le et al. (2016b) TSX (23) 4/2012 � 11/2013 ∼30 SBAS
Ho et al. (2019) TSX (19) 

CSK (27)
5/2011 � 12/2014 ∼200 PSInSAR

This study Sentinel-1 (114) 4/2016 � 3/2020 ∼3000 SBAS
PSInSAR
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at higher rates of centimeters order can be found, 
particularly in new urban districts (Dang et al. 2014; 
T. S. Le et al. 2016b) (see Figure 4 also). Particularly, 
previously detected subsiding bowls in Hoai Duc-Tu 
Liem (Dang et al. 2014) and Ha Dong-Thanh Xuan 
(Dang et al. 2014; Ho et al. 2019; Le et al. 2016b) are 
coincident with the Dan Phuong/Hoai Duc and Ha 
Dong/Thanh Tri bowls, respectively, found in this 
study, even though the results were retrieved 
from different SAR missions and at different time 
spans, i.e. Sentinel-1 and 4/2016–3/2020 here, 
ALOS PALSAR and 2/2007–2/2011 in Dang et al. 
(2014), TSX/CSK and 5/2011 � 12/2014 in Ho et al. 
(2019), and TSX and 4/2012–11/2013 in T. S. Le 
et al. (2016b).

In comparison between stacking and SBAS, very 
similar results have been retrieved with maximum 
subsidence found being � 53.3 mm per year 
(herein mm/yr) and � 50.6 mm/yr, respectively. 
Other statistics including maximum, minimum, 
mean, and standard deviation of deformation rates 
estimated from the two methods are almost equiva
lent, which are listed in Table 3. The estimated rates at 
coherent pixels from the two methods are therefore 
considered identical, which are demonstrated via 
their histograms with normal density distribution fit 
as shown in Figure 5(a,b). This is reasonable due to 
that the two methods are applied to the same coher
ent pixels with the same interferogram set according 
to the SBAS network in Figure 2(a). Additionally, the 

deformation time series are processed following the 
same workflow by the ISCE package as described in 
Section 3.1, but they follow different algorithms to 
estimate annual rates, i.e. stacking and linear fit to 
the SBAS deformation time series.

Despite significantly different maximum subsi
dence estimated from SBAS ( � 50.6 mm/yr) and 
PSInSAR ( � 28.2 mm/yr), their distributions of annual 
rates in terms of histograms are relatively comparable 
as depicted in Figure 5(b, c). This can also be demon
strated through their statistics of annual rates shown 
in Table 3, including maximum, minimum, mean, and 
standard deviation, which are fairly close between 
the two methods. Indeed, 99.89% of SBAS-derived 
rates fall within the range of PSInSAR-derived rates, 
which are bounded between � 28.2 mm/yr and 
þ 13.2 mm/yr (see Table 3).

We note that SBAS and PSInSAR are distinct MT- 
InSAR algorithms as described in Sections 3.1 and 3.2, 
which are applied to different coherent pixels/scat
terers adopting different interferogram sets shown in 
Figure 2 (cf. left and right panels). However, their 
results are fairly identical in both terms of spatial 
patterns of deformation rates (Figure 4) and their 
statistics (Table 3). In the following Sections, the 
SBAS- and PSInSAR-derived deformation time series 
will be validated against GPS-derived deformation 
and tested their relationship with groundwater level 
changes.

We then characterize land motions over the two 
subsiding bowls. A preliminary center point is first 
identified for each bowl then annual rates of 
a 0.1 � 0.1-degree area corresponding to 
∼11 � 11 km are extracted as a representative of 
the bowl. Figure 6 shows maps of deformation 
rates zoomed in to the two subsiding zones derived 
from stacking, SBAS, and PSInSAR. The estimated 

Table 3. Statistics of annual rates derived from stacking, SBAS, 
and PSInSAR. Units in mm/yr.

Statistics Stacking SBAS PSInSAR

Maximum þ 18.5 þ 18.8 þ 13.2
Minimum � 53.3 � 50.6 � 28.2
Mean þ 1.4 þ 1.2 þ 0.1
Standard deviation 4.5 4.6 3.2

Figure 5. Histograms showing frequencies of annual rates at coherent pixels/scatterers computed with equal bins: (a) stacking, (b) 
SBAS, (c) PSInSAR. A normal density function is fit to the histograms with results shown by red curves.
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results indicate agreements in both spatial patterns 
and average rates between the three methods. In the 
case of Dan Phuong/Hoai Duc bowl, the mean rates 
from stacking, SBAS, and PSInSAR are � 3.8 mm/yr, 
� 4.4 mm/yr, and � 4.0 mm/yr, respectively, with 

the center point being at [21.05°N, 105.70°E], whilst 
those computed for the Ha Dong/Thanh Tri bowl are 
� 3.2 mm/yr, � 3.9 mm/yr, and � 5.3 mm/yr, 

respectively, with the center point being at [20.95° 
N, 105.80°E].

Figure 6. Maps of deformation rates zoomed in to 0.1� 0.1-degree areas covering high rate subsiding bowls of Dan Phuong/Hoai Duc 
(a � c) and Ha Dong/Thanh Tri (d � f) derived from stacking, SBAS, and PSInSAR.
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Validation against GPS-derived deformation
In this section, we compare the InSAR and GPS defor
mation time series at the two stations JNAV and PHUT 
shown in Figure 1. InSAR deformation is derived by 
averaging the time series from coherent pixels/scat
terers located within areas limited by a circle of 100-m 
radius centered at each GPS station. It presents the 
surface movement in the line of sight (LOS) direction 
with respect to the mean displacement of the entire 
study area, whilst GPS-derived deformation is pro
vided in a geocentric reference frame with both hor
izontal (i.e. in north and east directions) and vertical 
(i.e. in up direction) movements. GPS deformation at 
the JNAV station is therefore converted to the defor
mation in the LOS direction by (e.g. Fialko, Simons, 
and Agnew 2001; Hanssen 2001): 

dLOS ¼ dNsin �incð Þsin αhð Þ � dEsin �incð Þcos αhð Þ

þ dUcos �incð Þ 4 

where dLOS is the deformation in the LOS direction, dN, 
dE and dU are the GPS-derived deformation in north, 
east and up directions, respectively, �inc and αh are the 
radar incidence angle and heading angle, 
respectively.

The InSAR time series cover a time period 
between 3 April 2016 and 13 March 2020 at a 12- 
day sampling interval, whilst the corresponding 
GPS time series at the JNAV station cover a time 
span from 7 January 2014 to 31 January 2018 with 
a daily interval. The common time between the two 
data is chosen (03/04/2016–31/01/2018) and the 
results are compared in Figure 7, which indicate 
high consistency between the PSInSAR- and SBAS- 
derived time series (cf. red and blue dots in Figure 7 

(a)) with a correlation coefficient of 0.91 estimated 
at 95% confidence level (Figure 9(a)).

The InSAR and GPS deformation time series at this 
station show the seasonal cycle over the common 
time span, which were highly coherent within the 
04/2016‒2017 time span, but not beyond this period, 
i.e. after 2017. This is likely because GPS measure
ments reflect local deformation, which is probably 
the displacement of the GPS pillar or the building on 
which the GPS receiver was installed, whilst the InSAR 
measurements reflect the average movement of an 
area within a 100-m radius surrounding the GPS sta
tion, and the two objects likely did not move the same 
during the time period after 2017. As can be seen 
from Figure 7(b), the GPS deformation was dominated 
by the east component at the period later than 2017, 
which was larger than the other components, parti
cularly the up displacement that got closer and closer 
to zero deformation, and this seems to be reflected by 
the local movement.

The GPS deformation time series at the PHUT sta
tion cover a time span between 24 February 2009 and 
31 December 2018. Unfortunately, only the up com
ponent was provided through personal communica
tion, thus it is converted to that in the LOS direction 
with an assumption that horizontal components are 
insignificant and thus negligible (Kampes 2006): 

dLOS ¼ dUcos �incð Þ 5 

where dLOS is the deformation in the LOS direction, 
�inc is the radar incidence angle.

The common time between the InSAR and GPS 
datasets is chosen (03/04/2016–31/12/2018) then 
the deformation time series computed from those 
datasets at the PHUT station are compared and 
shown in Figure 8. High consistency between the 

Figure 7. Comparison between InSAR- and GPS-derived deformation at the JNAV station: (a) the InSAR and GPS deformation time 
series in the LOS direction, (b) the GPS deformation time series in the north, east, up directions. Red, blue, and gray dots with error bars 
in the left panel indicate the PSInSAR-, SBAS-, and GPS-retrieved deformation time series, respectively. Black dashed lines in the right 
panel indicate the period when the GPS deformation in the east direction dominates the other components with their corresponding 
magnitudes.
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PSInSAR- and SBAS-retrieved deformation time series 
is found (cf. red and blue dots in Figure 8), with 
a correlation coefficient of 0.80 estimated at a 95% 
confidence level (Figure 9(b)).

A seasonal cycle can be seen in Figure 8, parti
cularly from the GPS time series, but this is vague. 
Instead, a linear trend is fit to those time series of 
which the results are depicted by red, blue, and 
black lines in Figure 8, indicating linear trends 
retrieved from PSInSAR, SBAS, and GPS, respec
tively. An agreement in the uplift trend is found 
from those results with annual rates of þ 4.9 mm/ 
yr, þ 2.7 mm/yr, and þ 1.3 mm/yr derived from 
PSInSAR, SBAS, and GPS, respectively. We note that 
the InSAR derived rates indicate the relative sur
face movement of a 100-m area surrounding the 
GPS station with respect to the mean deformation 

of the study area in the LOS direction, whilst that 
computed from the GPS measurements represents 
the movement of the GPS pillar in the geocentric 
reference frame. Furthermore, the GPS-retrieved 
rate is contributed by not only the vertical compo
nent but also the horizontal movement, which is 
not considered in this study due to its unavailabil
ity. Additionally, the difference in those retrieved 
rates falls within the accuracies of both InSAR and 
GPS, which are in the order of millimeters per year 
(Hooper et al. 2012).

Although the above assumption of insignificant 
horizontal movement has been adopted in many stu
dies in the literature (e.g. Amelung et al. 1999; 
Chaussard et al. 2013, 2014; Kampes 2006; Parker, 
Filmer, and Featherstone 2017; Plattner et al. 2010), 
the computed results will encounter the influence 
caused by significantly horizontal movements.

Table 4 shows examples of this influence in terms 
of the error in computed deformation in the LOS 
direction, which is computed as the difference 
between Equations (4) and (5). These examples are 
computed using the incidence and heading angles 
equivalent to those in this study, which are 40 and 
� 170 degrees, respectively.

Figure 8. Comparison between InSAR- and GPS-derived defor
mation in the LOS direction at the PHUT station. Red, blue, and 
gray dots with error bars indicate the PSInSAR-, SBAS-, and GPS- 
retrieved deformation time series, respectively, with red, blue, 
and black lines representing their linear-fit trends.

Figure 9. Correlation between the PSInSAR- and SBAS-retrieved deformation time series: (a) at the JNAV station, (b) at the PHUT 
station. Solid red lines indicate linear fit by a regression model with 95% confidence bounds represented by red dashed lines.

Table 4. Examples of errors in deformation in the LOS direction 
caused by significantly horizontal movements.

dN/dE 
(mm) θinc(degree) θinc(degree) ΔdLOS(mm)

5 40 � 170 3
10 40 � 170 5
15 40 � 170 8
20 40 � 170 10
25 40 � 170 13
30 40 � 170 16
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With the assumption that the movements in the 
north and east directions are equivalent, the errors 
are about half the magnitudes of north/east move
ments. In this case, the horizontal movements of GPS 
stations need to be considered as in Equation (4) to 
derive GPS deformation in the vertical. Alternatively, a 
combination of InSAR data in both ascending and 
descending directions can be adopted to quantify 
three-dimensional (i.e. horizontal and vertical) surface 
deformation (e.g. Fialko et al. 2005; Fialko, Simons, and 
Agnew 2001; Fuhrmann and Garthwaite 2019).

The relationship between InSAR-derived 
deformation and groundwater depletion

In Hanoi, groundwater over-exploitation has been 
documented as one of the main causes of surface 
subsidence, together with other factors, e.g. rapid 
urbanization or construction growth (e.g. Phi and 
Strokova 2015; Tran et al. 2015). During the last two 
decades, the annual drawdown of the groundwater 
level ranging from 0.3 m to 0.5 m led to surface 
subsidence up to 41 mm/yr (Vu and Tran 2018). 
Domestic water consumption in Hanoi is supplied 
mainly by groundwater extracted from the 
Pleistocene aquifer (qp) and the Holocene aquifer 
(qh) with a continuously increasing withdrawal. This 
increased from ∼350,000 m3 per day and ∼200,000 m3 

per day extracted from the qp and the qh, respec
tively, before the 1990s to ∼950,000 m3 per day and 
∼350,000 m3 per day by 2010. This remained stable 
since then thanks to assistance from a surface water 
treatment plant (Vu and Tran 2018).

The groundwater pumping is recently estimated 
at a rate of over one million m3 per day (Phi and 
Strokova 2015). Additionally, those factors are of 
a close relationship that promote each other. For 
instance, rapid urbanization in Hanoi, particularly 
after the administrative area expansion in 2008, 
has led to an increase in water demand for domes
tic, agricultural, and industrial consumptions. As 
shown in Section 4.1, two subsiding bowls of 
high rates � Dan Phuong/Hoai Duc and Ha Dong/ 
Thanh Tri have been captured by InSAR. In this 
section, we measure the relationship between 
InSAR-derived deformation and groundwater level 
change in the Pleistocene aquifer at wells situated 
within or in close proximity to the two bowls (see 
Figure 4). At each well, SBAS and PSInSAR-derived 

deformation is obtained by averaging the deforma
tion time series from coherent pixels/scatterers 
bounded within a 100-m radius circle centered at 
the well location.

Figure 10 shows the InSAR-derived deformation 
time series and the changes in the hydraulic head at 
four wells located in Dan Phuong (Q57a), Hoai Duc 
(Q58a), Ha Dong (Q68a), and Thanh Tri (Q66aM1) 
districts, respectively. We note that the InSAR data 
are available at a 12-day sampling interval and 
between 4 March 2016 and 13 March 2020, whilst 
groundwater data were provided at a monthly tem
poral resolution between January 2005 and 
October 2018. Therefore, monthly-mean InSAR defor
mation is estimated by averaging the derived defor
mation over each month, then the two data are 
truncated to cover the common time between 
April 2016 and October 2018, which are shown in 
Figure 10 (right panel).

In general, we found that the three stations Q57a, 
Q58a, and Q68a experience surface subsidence at 
high rates due to their locations situated within the 
two subsiding bowls, but it is not the case for the 
station Q66aM1, which is situated outside the two 
bowls. Within the Dan Phuong/Hoai Duc subsiding 
bowl, the rates obtained from the SBAS and PSInSAR 
deformation time series at the Q57a borehole are 
� 6.1 mm/yr and � 5.5 mm/yr, respectively, whilst 

those at the Q58a borehole are � 7.2 mm/yr and 
� 8.4 mm/yr, respectively. These are consistent with 

the subsiding trend found in the hydraulic head 
changes in the two wells, which are � 0.31 m/yr at 
the Q57a station and � 0.33 m/yr at the Q58a station 
over the common time span between April 2016 and 
October 2018.

Q68a is the only well available located within the Ha 
Dong/Thanh Tri subsiding bowl with the SBAS- and 
PSInSAR-derived deformation rates of � 6.7 mm/yr 
and � 7.4 mm/yr, respectively. An agreed drawdown 
trend in the hydraulic head change can be found at the 
same station showing an annual rate of � 0.93 m/yr, 
which indicates the highest drawdown rate among the 
borehole stations. The three wells (i.e. Q57a, Q58a, and 
Q68a) within the subsiding bowls revealed that the 
localized subsidence is closely related to the exploita
tion of groundwater. We do not see a clear non-linear 
deformation or the correlation to the summer mon
soon (i.e. precipitation) here, indicating that the 
ground deformation is dominant by an anthropogenic 
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reason rather than the natural hydrologic process 
(Carlson et al. 2020; Hu, Lu, and Wang 2018). 
Although we observe some misfits of InSAR results 
and the tendency of water head measurements (e.g. 
between February and October 2018, Figure 10(f)), this 
may mainly be attributed to the delay effect from the 

aquifer restoration and the pore pressure diffusion 
(Chaussard et al. 2017; Zhai et al. 2019).

At the Q66aM1 station located in the Thanh Tri 
area but outside the subsiding bowl (see Figure 4), 
small-magnitude deformation was observed by SBAS 
and PSInSAR with the annual rates of þ 1.8 mm/yr 

Figure 10. The PSInSAR- and SBAS-retrieved deformation time series in the LOS direction and groundwater level change at the wells 
located in: (a, b) Dan Phuong (Q57a), (c, d) Hoai Duc (Q58a), (e, f) Ha Dong (Q68a), and (g, h) Thanh Tri (Q66aM1). The InSAR 
deformation time series are shown at a 12-day sampling interval (left panel) and monthly-mean temporal resolution (right panel).

174 L. K. BUI ET AL.



and � 0.4 mm/yr, respectively. The two derived 
rates are in opposite trends (i.e. uplift and subsi
dence) likely resulted from low SNR (Bui, 
Featherstone, and Filmer 2020) and may indicate 
the limitation of InSAR to extract the deformation 
at a sub-millimeters level (Hooper et al. 2012). 
Considering the small fluctuation of deformation 
and the slight withdrawal of water head (i.e. 
� 0.04 m/yr), we argue that the surface in the vici

nity of Q66aM1 is stable or slightly subsiding as 
revealed by PSInSAR results. We admit that the cur
rent number of wells may have some bias and can
not accurately reveal the spatial-temporal variation 
of groundwater, although it still gives out valuable 
information for the causative reason of deformation 
in the subsiding bowl. We suggest that more distrib
uted wells can be deployed in the subsiding area, 
which can facilitate the numerical modeling and 
characterize the mechanism of deformation, and 
more in-situ geodetic measurements (i.e. GNSS and 
leveling) need to be conducted to validate the InSAR 
results.

Conclusions

In this study, we have used Sentinel-1A SAR data to 
capture surface deformation over Hanoi, Vietnam for 
the period 2016 � 2020, which is also the most recent 
result of deformation detected by InSAR. 114 
Sentinel-1A SAR images have been utilized in this 
study, which were processed by both the PSInSAR 
and SBAS methods. The deformation time series of 
two GPS stations have been adopted to validate 
InSAR results and groundwater level changes from 
four boreholes located within or in close proximity 
to areas of high-rate subsidence have been employed 
to measure the relationship between surface defor
mation and groundwater changes.

Results derived from SBAS and PSInSAR show 
their agreement in surface deformation rates in 
terms of the spatial patterns and rate statistics. 
The results indicated two subsiding bowls at high 
subsidence rates in Dan Phuong/Hoai Duc and Ha 
Dong/Thanh Tri, which are located to the south of 
the Red River, with a mean subsidence rate of 
approximately � 5 mm/yr. These were consistent 
with results from previous studies in the literature   

though they reflected deformation at different 
time periods obtained from different SAR data.

The agreement between SBAS and PSInSAR indi
cates that the two methods can be applied to 
quantify surface deformation in Hanoi, in which 
nearly identical results can be obtained. However, 
they have their own advantages that should be 
considered in order to choose the optimal method. 
The advantage of PSInSAR is the network with 
fewer interferograms compared to that of SBAS as 
shown in this study, which may result in less com
putational burden and smaller disk storage 
requirement. In contrast, in the case of low SNR, 
SBAS is advantageous that more redundant inter
ferograms are generated which may reduce the 
noise, and thus result in more precise deformation 
rates and trends detected.

The validation between the InSAR and GPS 
deformation time series generally showed high 
consistency though, at the JNAV station, the two 
data agreed well during the validated time up to 
2017 only. The difference between the two data 
after that time can be attributable to the fact that 
GPS data reflected the local displacement of the 
GPS pillar or the building on which the GPS recei
ver was installed, whilst the InSAR measurements 
indicated the average movement of an area within 
a 100-m radius surrounding the GPS station, and 
the two objects likely did not move the same after 
2017. At the other GPS station (PHUT), an agree
ment in the uplift trend was found at the rates of 
þ 4.9 mm/yr, þ 2.7 mm/yr, and þ 1.3 mm/yr esti

mated from PSInSAR, SBAS, and GPS, respectively, 
in which the accuracies of both InSAR and GPS 
account for the difference between these rates.

Groundwater level changes and InSAR-derived 
deformation showed an agreement in the subsiding 
trend at four tested boreholes located within or in 
proximity to high-rate bowls. At two monitoring 
bores of Q57a and Q58a located within the Dan 
Phuong/Hoai Duc bowl, drawdown rates of the 
hydraulic head from April 2016 to October 2018 
were recorded at about 0.31 m/yr with surface sub
sidence rates found between 6 and 8 mm/yr. The 
highest groundwater level change rate among these 
tested wells was found at the Q68a station located 
within the Ha Dong/Thanh Tri bowl, which was 
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estimated at a drawdown rate of ∼0.9 m/yr during the 
same time period. The InSAR derived deformation 
rate estimated at this station was ∼7 mm/yr.
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