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Abstract

Sunda Strait’s geographical condition makes it experience many tectonic and seismic events.
Deformation monitoring has been carried out with various methods ranging from terrestrial and non-
terrestrial surveys. This study aimed to monitor the dynamics of deformation in the Sunda Strait region in
2019 using Differential Interferometric Synthetic Aperture Radar (DINSAR). DInSAR principle analyzes
the paired SAR images that have been co-registered with different acquisition times to detect changes along
the sensor observation line to the target or Line of Sight (LOS). The SAR data used are Sentinel-1
acquisition on June 1, and October 23, 2019. The results show that the coherence value of the image pair is
low due to differences in the phase and intensity values. The maximum uplift value is 0.54 m located in the
West Lampung Regency, and the subsidence is —0.3 m in the Pesisir Barat Regency. Uplift results are
located in various geological conditions and do not affect by seismic phenomena, whereas subsidence
shows its location in the potential area of land subsidence. The dynamics of uplift and subsidence in the
Lampung regency are mostly affected by the geological and land use conditions of the locations.
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Introduction

Sunda Strait, which is a strait located on the subduction zone among Java Island and Sumatera Island,
has a complex tectonic structure and experienced seismic activity for the last 40 years (Figure 1). This
region is in the changing of the subduction system from the oblique subduction transitional zone between
the Eurasian Plate and the Indo-Australian plate along the Sumatra Island to the frontal subduction of Java
[1]. Furthermore, Sunda Strait has one of the most active faults in the world and has caused the formation
of large lakes on Sumatra Island, including a combination of tectonic and volcanic activity [2]. The
historical intensity of earthquake events in the Sunda Strait indicates that this region has a potential
recurrence of the earthquake and tsunami effects from the subduction zone [3,4].

The subduction zone is well defined by the existence of Mount Anak Krakatau which is part of the
stretched volcanic arc about 6,000 km from Sumatra, the southern part of West Java to the Molucca Sea
[5]. There is also the Semangko Fault in the Sunda Strait, which is part of the Sumatran Fault Zone along
the 1,650 km and contributes to 40 % of the parallel displacement compound of the Sumatra Fault Zone
[6]. This condition implies that Sunda Strait has a high potential for tsunamis events. The latest tsunami
occurred on December 22, 2018, which was thought to be a result of the eruption of Mount Anak Krakatau.
The eruption which resulted from the nature flank failure controlled by the internal structure of the island
generates that tsunami [7].

The number of tectonic and seismic events in the Sunda Strait resulted in high geodynamics in the
region. Ground deformation in terms of land subsidence, uplift, or landslides is un-periodic and irreversible,
caused by seismic and tectonic activities, including earthquakes, landslides, volcanic, tsunami, and
anthropogenic effects, including land subsidence and mining. Deformation can be measured in terrestrial
and non-terrestrial terms. Terrestrially, Global Navigation Satellite System (GNSS) and leveling surveys
are considered the most reliable way to measure and detect deformation due to their high accuracy, but this
method lacks precision data in a large area, much effort, and time data continuity. On the other hand, there
are non-terrestrial methods with long data continuity, complete data coverage, and minimal operator
interaction [8], [9]. The non-terrestrial method with remote sensing to detect deformations is generally
known as Differential Interferometry Synthetic Aperture Radar (DINSAR) [10]. DInSAR is one of the
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geodetic techniques using remote sensing satellites for providing high-resolution deformation
measurements offering a high level of precision data over a large area but with less accuracy. This technique
can be used to complement the lack of available field survey data which exists [8].

DInSAR is an active remote sensing technique based on the principle to analyze the paired SAR
images that have been co-registered with different acquisition times to detect displacement of up to sub-
centimeters along the sensor observation line to the target or Line of Sight (LOS) [11]. DINSAR provides
high-resolution deformation measurements offering a high level of data precision over a large area but with
less accuracy, so this technique can complement the lack of available field survey data [9]. By comparing
2 different SAR images, if there is a change on the earth’s surface with the same location, the sensor will
change the location of the point and consider the phase shift to generate an interferogram [12,13]. DInNSAR
can be used to monitor deformations related to various disaster phenomena such as earthquakes [14-16],
volcanoes [17], land subsidence [18,19], and landslides [20]. Deformation monitoring is essential to support
security aspects and regional planning, especially in areas with a high level of deformation, such as the
Sunda Strait.

Sentinel-1 is a SAR satellite from the European Space Agency (ESA), an ongoing mission from the
ESA project with ERS-1, ERS-2 ENVISAT, and Canada mission in RADARSAT-1 and RADARSAT-2
[21]. This satellite is a part of the Copernicus mission, which forms Sentinel-1, Sentinel-2, Sentinel-3,
Sentinel-4, Sentinel-5 dan Sentinel-5p. The Sentinel-1 mission consists of a constellation of two satellites
with polar orbits, operational during the day and night, and using C-band sensors [22]. C-band sensor in
radar satellite has a wavelength (X) of 5.66 cm, which allows the sensor to obtain backscattering from the
surface of the subject and, at the same time, get additional backscattering from inside the object [22]. The
acquisition of Sentinel-1 consists of several methods, including SM, IW, EW, and WV, each of which has
its swath width and resolution (Table 1).

Table 1 Specification of Sentinel-1 acquisition modes.

Mode Swat width Resolution Pixel spacing
rgxaz rgxaz
Strip map (SM) 80 km 1.7x4.3 mt0 3.6x4.9m 1.5%x3.6 mto3.1x4.1m
Interferometric Wide (IW) 250 km 2.7%22 m to 3.5x22 m 2.3x14.1m
Extra-wide (EW) 400 km 7.9x43t01.5t043 m 5.9x19.9 m
Wave (WV) 20 km 2.0x48mand 3.1x4.8m  1.7x4.1mand 2.7x4.1 m

Source: ESA (2020b).

Interferometric Wide (IW) is a Sentinel-1 data acquisition mode that is suitable to use in
interferometry applications due to swath width and spatial resolution, specifically this mode for deformation
monitoring. Besides, the availability of image data can be obtained for free [23]. The availability of
Sentinel-1 data that is open public for a reasonably short period was chosen for use in this study. By
applying the DInNSAR method and Sentinel-1 imageries, this research is conducted to monitor dynamics
deformation in the Sunda Strait region in 2019.

Materials and methods

Study area

Sunda Strait is a strait among Java Island, and Sumatra Island has had a complex tectonic structure
and active seismic activity over the past 40 years (Figure 1). This area is changing the subduction system
from the oblique subduction transitional zone between the Eurasian Plate and the Indo-Australian plate
along the island of Sumatra to the frontal subduction of Java [1].
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Figure 1 Seismic activity along the subduction zone in the Sunda strait is based on the USGS-NEIC catalog
from 1980 to 2020 [24].

In this study, the west side of the Sunda Strait is chosen as the study area with its scope covering the
Province of Lampung, especially around the Semangko Bay, Lampung Bay to Mount Anak Krakatau
(Figure 2). A pair of Sentinel-1 descending images are used on a path row to extract deformation
information in this region.
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Figure 2 Study area and Sentinel-1 descending image coverage.

Research methodology

This section describes the method used to detect deformation in the area around the Sunda Strait. The
flow chart is explained in Figure 3. This research uses the DINSAR approach based on the interferogram
obtained from radar images in 2 acquisition times. The study area is around the Sunda Strait with a study
focus on the western of the Sunda Strait covering the Province of Lampung, especially from the Semangko
Bay, Lampung Bay to Mount Anak Krakatau. The SAR data used is a pair of Sentinel-1 descending imagery
onJune 1, 2019, and October 23, 2019.
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Figure 3 Dynamic displacement (deformation) processing using the DINSAR method.

Deformation processing is carried out with the initial stages of selecting a Sentinel-1 Single Look
Complex (SLC) image pair with a small baseline to obtain high sensitivity to changes and limit the spatial
decorrelation. Due to the distinctive acquisition time between master and slave images, the satellite’s orbital
is not precisely similar. The co-registration process is carried out from the image pair to get interferogram
information to perform geometric co-registration of images using DEM data, orbit information, and correct
residual shifts in the range and azimuth obtained from SAR data. The topographic effect was removed using
topography phase removal by subtracting errors when the topography phase is removed from the local
topography [25], this operation is done by the SRTM DEM data. After the topographic effect is removed
and the orbital difference is fixed, the phase difference is generated from interferogram generation.

For removing noise and smoothing the interferogram, adaptive filter and coherence were applied to
the Goldstein-Werner filtering. The phase unwrapping process in DINSAR performed is a step of recovering
the actual value of phase difference by removing 2z discontinuities located on the interferogram, because
of the distinction in the distances by the signals received by 2 SAR antennas, from the “wrapped” phase
difference value [26].

Refinement and re-flattening step applied to correct change of the unwrapped phase information into
displacement values. It permits both to refine the orbits and to figure the phase offset or eliminate phase
ramps. Finally, the last value is converted to displacement and geocoded by the Range-Doppler approach
into a map projection using the phase to displacement step. All processing and analyses were done by the
SARscape® modules for ENVI 5.2.

Results and discussion

Perpendicular and temporal baseline

Image pair selection is an essential step in the measurement of ground surface deformations using the
DInSAR method. The used selection criteria are the similarity of the orbit number, which indicates the same
orbit location, the length of the perpendicular baseline, and the time interval between the 2 images. The
higher the perpendicular baseline, the more accurate the topography dan displacement results [27].
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Meanwhile, the longer time interval will reduce the coherence value [28]. In this study, the perpendicular
baseline length was measured on 3 pairs of images in which 1 master image and 3 slave images. The results
show that the highest perpendicular baselines in the image pair are the image pair with October 23, 2019.
The shortest time interval is also on the image pair with October 23, 2019, slave image.

Table 2 Length of the perpendicular baseline and time interval of the images.

Baseline

Master image . S - Time interval
ID scene Slave image ID scene Acquisition time perpe(r:g)lcular (days)

Sentinel-1A

October 23, 2019 October 23, 2019 —-120.641 144
. Sentinel-1A

Sentinel-1A

June 1, 2019 November 16, 2019 November 16, 2019 43.8745 168
Sentinel-1A

December 10, 2019 December 12, 2019 —63.2307 192

Coherence

DInSAR principle is based on the Coherence change detection, which is based on radar intensity and
phase differences between 2 temporally different SAR images. It is used in numerous applications,
especially in ground surface deformation. The Coherence of 2 temporally different SAR images indicates
the stability of the study area. The coherence value of the image pair has ranged from 0 to 1. Value 0
displays less similarity of both images, and value 1 shows identical of both images. The coherence
histogram in Figure 4 shows that the image pair used on June 1, 2019, and October 23, 2019, shows a
difference in the coherence and less stable image pair, which meets the displacement analysis criteria.
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Figure 4 DInSAR coherence histograms of the study area (a) Coherence vs. frequency in pixels (b)
Coherence vs. precision (m).

Interferogram

The results of the phase to the displacement of the DINSAR interferogram are in the form of LOS
displacement, which is the surface change along the sensor observation line to the target [29]. From the
June 1, 2019, and October 23, 2019 image pairs, a maximum uplift value of 0.54 m is obtained while the
maximum subsidence value is —0.3 m. The location of the maximum uplift occurred in West Lampung
Regency. Besides, uplift also occurred in Pesawaran and Lampung Timur Regency (Figure 5). The
subsidence is located in the Pesisir Barat Regency and appears in several locations.
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Figure 5 LOS displacement from June 2019 — to October 2019 (Orange circle: uplift, blue circle:
subsidence).
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Figure 6 Cross-section graphic from phase to the displacement of June 2019 and October 2019 image pair.

The cross-section profile graph of the LOS displacement is presented in Figure 6. This cross-section
graph emphasizes the uplift and land subsidence events shown in Figure 6. Cross-sections a and d are
drawn at locations where there is no significant uplift or subsidence. Cross-sections b and e are found in
locations where uplift occurs relatively high compared to the surrounding area. Furthermore, cross-section
¢ passes through locations with subsidence events.

Geographic conditions

According to [30], in the Sunda Strait, there have been 15 earthquakes with a magnitude of more than
five, in the period June 1, 2019, to October 23, 2019 (Figure 7(a)). However, most of the earthquake
locations that occurred were not near the location of the displacement detected from the DINSAR analysis.
At the land subsidence location, three earthquake events are located relatively close. From the land cover
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conditions, the geographical condition of the displacement area can be seen in Figures 7(b) - 7(d). In areas
detected for uplift, the location is located in the mountains and plateaus with the general land cover in the
form of dense vegetation and residential areas that are seen to be developing (Figures 7(b) — 7(d)). The
location of land subsidence is located in the coastal areas where the conditions of settlements, agricultural
land, and ponds have been seen are complete, although the vegetation is quite dense in the western area of
the location.

10 104°40°E 105°41E

103"39'E 105°41E

wersrn

Figure 7 Geographic and seismic conditions from each displacement result. (a) Topographic and
earthquake events from June - October 2019, (b) land use condition from uplift 1, (c) land use condition
from uplift 2, (d) land use condition from uplift 3, e.) Land use condition from uplift 3, (e) Land use
condition from land subsidence [30,31].



Trends Sci. 2022; 19(13): 4623 90f11

Discussion

The selection of image pairs is essential for analyzing ground deformation using DINSAR. The larger
the perpendicular used, the more accurate the estimate of the topography, as clarified by the equation that
relates the standard deviation of the phase measurement to the standard deviation of the DINSAR driven
height measurements [27]. The standard deviation of the INSAR has driven height measurements, namely
Oz,

Ar sind
Oz = —0rf by Op 1)

The histogram graphic of the coherence results shows that the highest coherence frequency in the
used image pair is at Coherence from 0.1 to 0.2, which indicates the minimum similarity conditions of the
2 images. The low value of coherence is due to differences in the phase and intensity values of the SAR
image pair used. Phase and image intensity differences between two image pairs can be caused by changes
in conditions by deformation and change in a regional scale area. The regional change can be caused by
land-use change.

Based on the seismic events recorded at the scene during the image pair acquisition period, there were
no close and significant seismic events. Although there were three earthquake events with a magnitude
above 5 near the location where land subsidence was detected, a considerable distance from the location
makes displacement less influenced by seismic activity.

Based on the geological map of Tanjung Karang, geological conditions from uplift areas are
dominated with rick by type Tuff sandstone (Qtl), Hollow Basalt (Qbs), sandstone with claystone (Qpt),
and natural stone. Cross-sections of the uplift areas are shown in Figures 6(b) and 6(e) where these figures
indicated that the uplift location is relatively higher than the surrounding areas. Furthermore, from the
geographical conditions, the uplift area is mostly in the form of vegetation with a high-density level so that
the detected uplift may be due to changes in the vegetation conditions in the area of uplift occurrence. It is
consistent with the results obtained by [34] that the vegetation affects displacement analysis from DInSAR.

On the other hand, based on the geological map of Kota Agung, the geological condition of the land
subsidence detected areas are dominated by Tufan sandstone (Tmps), alluvium (Qa), and a little volcanic
breccias. Geographical conditions of this area located in the coastal area and settlements, agriculture, and
ponds are dominated the land used. This condition is supported by Figure 7(c) where the land subsidence
location is relatively lower altitude than the surrounding area. The geographical and geological conditions
of the area mentioned above are very closely related if land subsidence occurs. This result is supported by
research by [32], [33], where land subsidence is located in the alluvial plain and affected by alluvial
consolidation and groundwater extraction.

Deformation detection results by DINSAR are in the form of LOS displacement so that the actual
conditions in the field are not necessarily by the results obtained. So, it is necessary to verify the conditions
in the field to ensure the uplift and land subsidence events that have been obtained from the DINSAR
analysis.

Conclusions

Based on the processing and analysis of the results that have been carried out, it can be concluded that
Lampung Province in Sunda Strait has experienced uplift and land subsidence in several locations. These
phenomena are affected by the conditions of the location, which have active seismic activity and an active
fault called the Semangko fault. DINSAR method can detect displacement using the principle of coherence
change detection based on radar intensity and phase differences between two temporally different SAR
images.

The dynamic of uplift and subsidence in the Lampung Province is mainly affected by the locations’
geological and land cover conditions. The displacement by DInSAR has resulted in the LOS displacement,
so that in the present necessary to monitor the displacement continuously and verify the conditions in the
field to ensure the uplift and land subsidence events.
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