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and features that exist in nature without vegetation sur-
faces and building surfaces (Hirt, 2014; Li et al., 2004). In 
other words, the DTM functions to describe 3D condi-
tions at ground level or topography (Krauß et al., 2011), 
and it can be used for modeling applications, contour 
generation, orthorectification, and others (Maune & 
Nayegandhi, 2018). 

DSM and DTM have been developed and applied for 
various purposes. However, most of them are static. They 
display only the past condition, which neither represents 
the current condition nor uses the deformation parameter 
related to topographic changes. Factor attributed to these 
problems includes the availability of raw data, expensive 
processing costs, and the relatively long time to process 
(Monserrat et al., 2014). Examples of static DTM are Shut-
tle Radar Topographic Mission (SRTM), X SAR, ALOS 
PALSAR. The weaknesses the static DTM can be improved 
by the latest DTM, which accommodates the latest condi-
tion of the topographic changes. The latest DTM is seen as 
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Abstract. The latest Digital Terrain Model (DTM) is seen as an upgradable DTM that is fitted to the latest combination 
of DTM master and its displacement. The latest DTM can be used to overcome the problem of static DTM weaknesses 
in displaying the latest topographic changes. DTM masters are obtained from InSAR and Digital Surface Model (DSM) 
ALOS PALSAR conversions. Meanwhile, the displacement is obtained from Sentinel-1 images, which can be updated every 
6–12 days or at least every month. ALOS PALSAR data were the images acquired in 2008 and 2017, while Sentinel-1 data 
used were images acquired in 2018 and 2020. This study aims to reveal the importance of an upgradable DTM so called 
latest DTM which is combination of DTM master and its displacement in order to show the latest condition of study area. 
The case study is the dynamics analyze of the Semangko fault specifically in the Sianok and Sumani segments situated in 
Indonesia. The vertical accuracy assessment was done to evaluate the DSM to DTM conversion with a tolerance of 1.96σ. 
The result obtained is the latest DTM. It is derived from the integration of the DTM master with displacement. The latest 
DTM can be used to detect the dynamics of Semangko fault. The study area has vertical deformation at a value of –50 cm 
to 30 cm. The Semangko fault area is dominated by –25 to 5 cm deformation. In general, this region has decreased. The 
decline in this region ranges from 7.5 cm to 10 cm per year. The latest DTM vertical accuracy is 2.158 m (95% confidence 
level) with a scale of 1: 10,000 to 1: 20,000.
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Introduction

Digital Elevation Model (DEM) is a 3D model that de-
scribes topographical and bathymetrical conditions. DEM 
can be developed from various data sources, including 
topographic maps, field measurement data, photogram-
metry, interferometry, sonar, and satellite imageries 
(Maune & Nayegandhi, 2018). Several methods can be 
used for DEM extraction, namely Triangular Irregular 
Network (TIN), stereo, interferometry, LiDAR, video-
grammetry, and DEM integration (Julzarika & Djurdjani, 
2018). Hence, the different methods applied to a similar 
data source can produce different results, and therefore 
an evaluation of this technique’s comparative suitability is 
needed (Wang et al., 2015). 

The commonly known form of DEM is the Digital 
Surface Model (DSM) and Digital Terrain Model (DTM) 
(Maune & Nayegandhi, 2018). DSM mainly describes 
the surface of vegetation, building, and open land, while 
DTM presents information regarding rivers, contours, 
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an upgradable DTM that is fitting to the latest combina-
tion of DTM master and its displacement.

According to former literatures, it has been reported 
three extraction of DSM and DTM (i.e., two products 
of DEM can be done using three methods (Krauß et al., 
2011), namely (1) the classical morphological approach 
(Weidner & Förstner, 1995), (2) geodesic dilation (Arefi 
et al., 2009), and (3) steep edge detection (Krauß & Re-
inartz, 2007). The latest DTM proposed here is extracted 
from the development of a combination of the classical 
morphological approach and geodesic dilation methods. 
The morphological approach is made by the DSM to DTM 
conversion with the help of Interferometric Synthetic Ap-
erture Radar (InSAR), while geodesic dilation is carried 
out in the interferometry processing and displacement 
calculation using Differential InSAR (DInSAR).

Satellite imagery was chosen because it has better tem-
poral resolution, relatively inexpensive mapping costs, ad-
equate accuracy on a scale of 1:10,000 to 1:20,000, and 
requires a relatively short time (Bakon et al., 2014; Krauß 
et al., 2011; Krauß & Reinartz, 2007).  Naidoo et al. (2016) 
use ALOS PALSAR imagery in their research related to 
using the L band to calculate tree canopies. A study to 
estimate the correlation between land subsidence and 
groundwater extraction was conducted by Du et al. (2018). 

Land subsidence is characterized by vertical deforma-
tion. In this case, the horizontal movement map derived 
from Sentinel-1 confirms that vertical displacement is 
dominant when viewing from the Line of Sight (LOS). 
Further analysis carried out at various scales shows that 
industrial groundwater use is not always the dominant 
factor causing land subsidence and does not create sig-
nificant changes. Areas that experience subsidence was 
caused by the combined impact of several factors, such 
as housing, industrial, or agricultural activities. This re-
sult shows the efficient use of satellite-based monitoring 
networks to develop disaster mitigation plans. High pre-
cision DEM extraction based on image orbit parameters 
was studied by Xin et al. (2018) in which their advanced 
method is useful in getting precision DSM. The method 
takes into account metadata from satellite imagery.

In Indonesia, the fusion of IFSAR data, ALOS PAL-
SAR, TanDEM-X, X SAR, and SRTM had been extracted 
to develop national DEM so-called DEMNAS covering In-
donesia area in 2010 (Badan Informasi Geospasial [BIG], 
2019).  However, most areas of DEMNAS are still in the 
form of DSM, especially for areas outside Java island, 
which is not optimal for detailed mapping applications. 
Even in Java, the most populated island, the condition of 
DEMNAS is mixed between DSM and DTM (Julzarika & 
Harintaka, 2020).

The research aimed to reveal the importance of an 
upgradable Digital Terrain Model (DTM) so called lat-
est DTM which is combination of DTM master and its 
displacement in order to show the latest condition of 
study area. The case study is the dynamics analyze of the 
Semangko fault specifically in the Sianok segments and 
Sumani segments situated in Indonesia. The latest DTM 

is the proposed solution to overcome the problem such as 
static DTM weaknesses in displaying the latest topograph-
ic changes. Located between the dynamic Eurasian and 
Australian plates and in the Pacific Ring of Fire, the area is 
prone to natural disasters. The Semangko Fault area is an 
area with high vertical deformation conditions. This con-
dition makes the availability of the latest DTM with the 
satisfactory quality necessary to support rapid mapping 
required in disaster management. Specifically, this study 
aims to detect the dynamics of Semangko fault with the 
latest DTM extracted from ALOS PALSAR and Sentinel-1.

The latest DTM is extracted from the development of a 
combination of the classical morphological approach and 
geodesic dilation methods. The morphological approach is 
made by the DSM to DTM conversion, while geodesic di-
lation is carried out in the interferometry processing and 
displacement calculation.

1. Study area

The location of this research is in Semangko fault. Seman-
gko fault is along the Sumatra island, Indonesia (Julzarika 
& Harintaka, 2019). This fault stretches from Aceh to Se-
mangka Bay in Lampung. This fault forms the Bukit Ba-
risan (Barisan Mountains). Semangko fault can be seen di-
rectly in the Sianok canyon and Anai Valley, West Sumatra 
province. This fault is sliding. It like the San Andreas Fault 
in California. The area through which the Semangko fault 
often experiences large earthquakes.

The Semangko fault had formed when the Indian-
Australian Plate (Ocean) crashed across the western part 
of Sumatra, which was part of the Eurasian Plate (Conti-
nent) millions of years ago (Hurukawa et al., 2014). This 
collision triggers the appearance of two force components. 
The first component is perpendicular, dragging the tip of 
the Indian Plate under the Sumatra Plate. The boundary 

Figure 1. Semangko fault and Sianok-Sumani segment 
(Geological, 2017). The red circle is the research area
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of these two plates is up to a depth of 40 km and is tightly 
attached. The accumulated pressure cannot be held so that 
it produces an earthquake centred around the subduction 
zone. After that, the contact area will glue again until one 
day, and a massive earthquake occurs again. Earthquakes 
in zones often trigger tsunamis, such as in Aceh on De-
cember 26, 2004. The second component is a horizontal 
force parallel to the trough and drags the western part of 
the island to the northwest. This force creates longitudi-
nal cracks parallel to the plate boundary, known as the 
Sumatra fault (Semangko fault) (Hurukawa et al., 2014), 
see Figure 1.

Katili geologist in The Great Sumatran Fault (1967) 
states that these cracks formed in the Middle Miocene 
period, 13 million years ago (Katili, 1967). In Semangko 
fault, the west plate moves northwest at a speed of 10 mm/
year to 30 mm/year. It is relative to the eastern part of 
that fault. The Semangko fault field is a subduction zone 
to a depth of 10 to 20 km and is locked so that the pres-
sure accumulation occurs. The accumulated pressure has 
increased so that the contact area in the fault zone can-
not withstand and then rupture. The rock on either side 
suddenly bounced strongly so that a massive earthquake 
occurred. After an earthquake, the fault will reattach and 
lock again and gather elastic pressure until one day, an-
other major earthquake occurs (Socquet et al., 2019).

The epicenter in Sumatra’s fault was generally shallow 
and close to settlements. The impact of the energy released 
can be felt very hard and is usually very damaging. Moreo-
ver, earthquakes in the fault zone are always accompanied 
by horizontal movements that cause cracks in the ground, 
which will knock down buildings. The topography along 
the fault zone, which is surrounded by the Bukit Barisan, 
often triggers landslides (Natawidjaja, 2018). 

Most of the dextral (or right-spinning) components of 
the oblique crust’s convergence or collision are between 
the Asian Crust and the Indo-Australian Crust. The Se-
mangko fault has a length of 1900 km. This fault is very 
active and in the form of a sliding fault (strike-slip). This 
fault zone stretches along the western side of the Sumatra 
island. The Sumatra fault is highly segmented and consists 
of 20 main defined geometric segments. Each segment 
has a length of around 60 to 200 km. The length of this 
segment is affected by the dimensions of the earthquake 
source. It has been divided into shorter faults that histori-
cally have caused earthquakes with a strength between 6.5 
to over 9 Mw. 

The latest DTM will be tested in Semangko fault, spe-
cifically in the Sianok segments and Sumani segments. The 
Sianok segment extends from the northeast side of Lake 
Singkarak, past the Southwest side of Mount Marapi to 
the Sianok Canyon. Lake Singkarak is a tectonic lake. The 
segment length of 90 km with the maximum earthquake 
potential in this segment is 7.3 Mw. The Sumani segment 
is located around Lake Singkarak. The north end of this 
segment is on the north side of Lake Singkarak, goes along 
the southwestern side of the lake across the Solok City, 

Sumani, Selayo area, and ending at the north of Lake Dia-
teh, southeast of Mount Talang. The length of the 90 km 
segment with a potential of 65 km strong earthquake in 
this segment is 7.2 SR. In addition to these earthquakes, 
local earthquakes are also frequent regularly so that mon-
itoring is needed quickly, effectively, and efficiently. The 
latest DTM is proposed as a solution to overcome this 
problem.

2. Data and methodology

2.1. ALOS PALSAR and Sentinel-1

Data in this research are ALOS PALSAR and Senti-
nel-1. In order to do so, the data of three satellites in two 
different time slots have been taken into account: ALOS 
PALSAR in 2008, ALOS PALSAR2 in 2017, and Sentinel-1 
in the years 2018 and 2020. DSM is extracted from the 
ALOS PALSAR and ALOS PALSAR2. The InSAR method 
is used to extract the DSM. The DInSAR method is used 
to extract the displacement, and then it is integrated with 
the DSM from the data 2008. The DInSAR 2017 is extract-
ed from ALOS PALSAR-2. The Sentinel-1 data is used to 
extract dynamic displacement. The Sentinel-1 data used is 
the acquisition of 2018 and 2020. ALOS PALSAR in level 
1.0 format or raw data. Sentinel-1 data in processed level 
1 Single Look Complex (SLC) data and Interferometric 
Wide Swath (IW) mode. ALOS PALSAR using the L band 
while the Sentinel-1 using the C band. This research using 
single-polarization for ALOS PALSAR and dual-polariza-
tion for Sentinel-1.

ALOS PALSAR is a Japanese SAR satellite that has op-
timal capabilities in DSM extraction (Alganci et al., 2018; 
JAXA, 2008; Naidoo et al., 2016; Strozzi et al., 2018). This 
first generation of ALOS PALSAR has been operating 
from 2006 until 2011. Then the ALOS program was re-
sumed with the ALOS PALSAR-2 generation from 2015 
until now. ALOS PALSAR is a radar satellite that carries a 
PALSAR sensor with a spatial resolution of 6.25 to 18 m. 
The PALSAR sensor has an off-nadir capability that is var-
iable between 10 to 51 degrees with active phased array 
techniques with 80 modules to transmit/receive (EORC-
JAXA, 2021). PALSAR sensor is a fully polarimetric in-
strument, working with one of the modes, namely single 
polarization (HH or VV), double polarization (HH + HV 
or VV + VH), or full polarization (HH + HV + VH + 
VV). Viewpoints are variable between 7 and 51 degrees 
(angle of arrival 8 to 60 degrees), averaged at 34.2 degrees 
(EORC-JAXA, 2021).

The Sentinel Satellite is a natural resource satellite 
owned by the European Space Agency [ESA]. This satel-
lite consists of radar and multi optical satellites. This sat-
ellite has a temporal resolution of 6 to12 days. Sentinel 
1A and Sentinel 1B are SAR satellites with C band (ESA, 
2019). The C band instrument can measure land subsid-
ence or vertical deformation using InSAR  imagery. The 
phase difference analysis uses two or more SAR images so 
that it can produce DSM and deformation. Sentinel-1 has 
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a spatial resolution of 5 to 20 m and a temporal resolution 
of 6 to 8 days. It will be able to improve the InSAR tech-
nique in providing systematic data continuity.

Sentinel-1 has four operational modes: Strip Map 
(SM), Interferometric Wide Swath (IW), Extra Wide 
Swath (EW), and Wave (WV). SM Mode features 5 × 5 m 
spatial resolution and 80 km swath. The sole uses of SM 
are to monitor small islands and emergency management 
for extraordinary events. It offers data products in a single 
(HH or VV) or doubles (HH + HV or VV + VH) polariza-
tion (ESA, 2019).

IW mode features 5 to 20 m in spatial resolution and 
a 250 km swath. IW is the primary operational mode over 
land. IW accomplishes interferometry through burst syn-
chronization. IW offers data products in a single (HH or 
VV) or doubles (HH+HV or VV+VH) polarization. EW 
mode features 25 to 100 m spatial resolution and 400 km 
swath (ESA, 2019). EW is used to monitor the phenom-
ena of vast coastal areas. These phenomena are shipping 
traffic and potential environmental hazards. It offers data 
products in a single (HH or VV) or doubles (HH+HV 
or VV+VH) polarization. WV Mode features 5 to 20 m 
in spatial resolution and a low data rate. It produces 
20 × 20 km sample images along the orbit at intervals of 
100 km.  This mode is the primary operational mode over 
the open ocean. WV offers data products only in single 
(HH or VV) polarization (ESA, 2019).

2.2. Interferometric Synthetic Aperture Radar 
(InSAR)

InSAR is a remote sensing technology that uses radar im-
ages from aircraft or satellites (Lusch, 1999). Interferom-
etry steps include the interferogram generation, adaptive 
filter and coherence, phase unwrapping, refinement and 
re-flattening, phase to height conversion, and geocoding 
(Ng et al., 2017).

The first step is the interferogram generation. In in-
terferogram generation, the distance difference between 
sensor position on the two acquisitions and a point on 
the Earth can be measured by the phase difference (ϕ). 
This phase between two complex co-registered SAR im-
ages (Pieraccini & Miccinesi, 2019). This phase is per-
formed by multiplying one image by the complex conju-
gate of the other one, where an interferogram is formed. 
Adaptive filter and coherence aim is to do the filtering of 
the flattened interferogram and enable it to generate an 
output product with reduced phase noise (Arai, 2019). 
The interferometric coherence, which is an indicator of 
the phase quality and the master intensity filtered image 
generation.

 In phase unwrapping, the interferogram phase can 
only be modulo 2π; hence, anytime the phase change be-
comes larger than 2π, the phase starts again, and the cycle 
repeats itself. The fringe orientation angle modulo 2π is 
a crucial point for the phase’s robust demodulation from 
a single fringe pattern (Quiroga et al., 2002). Phase un-
wrapping is the interferometry process that resolves this 

2π ambiguity (Liu et al., 2011). Some phase unwrapping 
algorithms are the branch-cuts, region growing, minimum 
cost flow (Costantini, 1998), minimum least squares, and 
multi-baseline. All of these methods have not been able to 
get optimal results (Liu et al., 2018). 

The next step of interferometry is refinement and re-
flattening (Lesko et al., 2018). This step is crucial for trans-
forming the unwrapped phase information into height 
and displacement values  (Li & Kuai, 2014). It allows both 
to refine the orbits and calculate the phase offset or re-
move possible phase ramps. Phase to height conversion 
and geocoding are the last steps for DSM extraction using 
InSAR (Zuo et al., 2016). The absolute calibrated and un-
wrapped phase is in the synthetic phase combination. It is 
converted map projection from the height and geocoded. 
This step is similar to the geocoding procedure. It is con-
sidered by the Range-Doppler approach and the related 
geodetic and cartographic transforms  (Wang et al., 2014). 
The difference between the geocoding step is the Range-
Doppler equations. They are applied simultaneously to the 
two antennae. The geocoding makes it obtain not only the 
height of each pixel but also its location (easting, north-
ing) in a given cartographic and geodetic reference system 
(Du et al., 2018; Nahli et al., 2018).

Phase to displacement conversion and geocoding 
is one of the interferometry steps for deformation ap-
plications (Cuevas-González et  al., 2018). The absolute 
calibrated and unwrapped phase values are converted to 
displacement and directly geocoded into a map projec-
tion  (Dai et  al., 2016). These steps are performed in a 
similar way as in the geocoding procedure. It considers the 
Range-Doppler approach, cartographic transform, and the 
related geodetic (Dammann et al., 2016). 

2.3. Displacement

Deformation referred to in this paper is a displacement of 
the vertical direction (1D). Vertical direction shift occurs 
in tectonic regions with dip-slip faults (Passchier & Trouw, 
2005). Geodynamics is related to tectonics, related to the 
formation of faults and earth’s plates. In general, geody-
namics is a science that studies the transfer of material 
that exists on earth due to the rock deformation process, 
which is plastic, elastic, and brittle.

According to Turcotte and Schubert (2014), geody-
namics is studying fundamental physical processes for 
understanding plate tectonics and various geological phe-
nomena. Geodynamics relates to changes in the part of the 
earth caused by force triggered by the energy that comes 
from within the earth (Koukouvelas et al., 2018). Magma 
is an example of geodynamics. Geodynamics include vol-
canism, lithospheric motion due to convection currents, 
earthquakes, motion formation basins, sedimentation, and 
mountains.

The high deformation region is the deformation region 
with a high voltage loading rate. Areas with high deforma-
tion have high voltage loading rates or high geodynamic 
and deformation conditions, change rapidly, often occur 
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natural disasters, and occur in areas with plates and faults 
(Passchier & Trouw, 2005). 

In this study, the method’s application was carried out 
in Semangko Fault, northern Lake Singkarak. The selec-
tion of areas with high geodynamics is useful in using 
the latest DTM by considering significant deformation 
parameters. These deformation parameters can include 
horizontal deformation, vertical deformation, and mixed 
deformation. In this research, the study area generally 
experienced a vertical shift or displacement. During this 
time, a current displacement event in Indonesia is in verti-
cal deformation (Julzarika & Rokhmana, 2019).

2.4. DSM to DTM conversion 

DTM is extracted from the DSM conversion results (Pirot-
ti, 2010; Zhang et al., 2016). This conversion uses the tree 
offset approach, height error correction, and geoid un-
dulation correction (Raaflaub & Collins, 2006). Another 
thing that plays an important role in getting DTM with 
high accuracy and precision in determining the method 
of converting DSM to DTM (Gallant et al., 2012; Krauß, 
2018) researched how to correct height errors and convert 
DSM to DTM on SRTM and other DSM data. The main 
parameters in the DSM conversion use vegetation, namely 
vegetation coverage (tree cover), vegetation height offset, 
and the angle of the slope of the tree canopy.

The method for removing tree offsets depends on the 
presence or absence of trees from satellite imagery, and 
the offset height is calculated from the DEM in the tree 
boundary plane (Bigdeli et al., 2018). Tree offset is esti-
mated near each edge of the patch with the least-squares 
estimate based on local height variation models  (Gallant 
et al., 2012). The reduction of offset from DSM is to pro-
duce DEM. Interpolation of tree offsets is multiplied by 
smoothed tree cover maps. It aims to produce estimates 
of tree offset that can be deducted from DSM to produce 
DEM of vacant land (Moudrý et  al., 2018). Estimates 
of tree offsets depend on accurately identifying object 
heights in topography that are not covered by the tree. 
DSM registration and land cover will result in lower tree 
offset estimates. Offsets that experience height errors need 
to be removed to be effective in converting DSM to DTM 
(Champion & Boldo, 2006).

The response of DSM SRTM to changes in tree cover is 
not sharp, but the transition is smooth at a distance of 3 to 
4 pixels (about 100 m) (Gallant et al., 2012). This smooth 
transition must be taken into account in offset correction 
to avoid artefacts around the tree cover patches. The arte-
facts are similar to a height error in DEM (Gallant et al., 
2012). Error correction is required to remove error errors. 
Estimates of true tree offset depend on accurate identifica-
tion of the transition location from open terrain to tree-
covered terrain (Gallant et al., 2012).

Height errors are random errors in the form of blun-
ders that occur due to anomalies of height value on the 
eight closest neighbors (Julzarika, 2015). The height error 
correction needs to be done on a DEM of various input 

data. The height error correction aims to eliminate height 
value anomalies that are different from eight surround-
ing neighbors, blunders, and give rise to incorrect contour 
conditions. Height error correction is done by three exist-
ing methods, namely Fill Sink, Cut Terrain, and Height 
Error Maps (HEM) (Julzarika, 2015).

The geoid is a model of the earth that is approach-
ing the real or equipotential plane, which coincides with 
the surface of the sea in a calm and uninterrupted state 
(Bayoud & Sideris, 2003). Geoid practically is considered 
coincide with mean sea level (Mean Sea Level (MSL)) 
(Hofmann-Wellenhof & Moritz, 2006). World Gravity 
Map (WGM) 2012 is a 3D gravity model with a high-
resolution grid and anomalous maps of Earth’s gravity 
(Bouguer, isostatic and free air surface), calculated on a 
global scale in spherical geometry (Bonvalot et al., 2012).

2.5. Research methodology

The methodology behind this work is divided into three 
distinct phases: pre-DTM processing, DTM processing, 
and post-DTM processing. The research flow-chart can 
be seen in Figure 2. In pre-DTM processing, using In-
SAR images of ALOS PALSAR and ALOS PALSAR2, DSM 
is extracted from the data of two separate years. On the 
other hand, with the help of DInSAR techniques, dynam-
ic displacement can be obtained by Sentinel-1 imagery. 
Meanwhile, displacement can be updated every 6 to 12 
days or at least one month depending on requirements. 

In the next step, DSM will be converted to DTM, 
called DTM master. DTM master is a DTM that is used as 
a reference in making the latest DTM. Afterwards, DTM 
master is integrated with displacement created by Senti-
nel images in the previous step. Finally, the accuracy is 
assessed prior to creation of latest DTM. Accuracy assess-
ment is the step to know the accuracy value of DTM. The 
final result is the latest DTM. The results obtained are the 
corrected DTM or after this referred to as DTM master. 

InSAR is used to extract the DSM. DInSAR is used to 
extract the displacement. DSM must be converted to be 
DTM, called DTM master. This DTM master is integrated 

Figure 2. Research flow-chart
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with displacement. Accuracy assessment is the step to 
know the accuracy value of DTM. The final result is the 
latest DTM.

ALOS PALSAR data needs to be focused because of 
the level of imagery at raw data. This focusing aims to 
register images with orbital parameters in the metadata. 
After focusing, an interferogram is generated. Next, the 
interferogram is carried out with adaptive filter and co-
herence. The results of this interferogram filter are used 
for phase unwrapping generation. The results obtained are 
phase unwrapping Fint, Dint, and Upha. Then the results 
of the unwrapping phase are carried out into refinement 
and re-flattening. The results are obtained in the form of 
phase unwrapping with minimum noise conditions. It is a 
more attractive appearance in limiting phases. This result 
is used for the next process. The process is the phase to 
height conversion or DSM extraction.

While in DSM conversion, height error correction was 
also performed with the relax interpolation and dummy 
interpolation approaches. The height reference field used 
is WGM 2012. Geoid undulation correction is carried out 
by transformed DSM to the height reference field of WGM 
2012.

DTM will be obtained after the conversion has been 
done from DSM to DTM (Krauß & Reinartz, 2007). This 
conversion is done by considering the vegetation coverage 
(tree cover) parameters, vegetation height offset, and the 
angle of the slope of the tree canopy. After obtaining the 
DTM, a vertical accuracy test is performed by comparing 
it with the results of height differences in ground meas-
urements (Mukherjee et al., 2012). The accuracy test used 
is with a confidence level of 1.96σ. The results obtained 
are the corrected DTM or after this referred to as DTM 
master.

Sentinel-1 data 2018 and 2020 that were used to de-
formation generation (displacement). The processing 
method used is DInSAR (Ferretti et al., 2011; Koudogbo 
et al., 2019). DInSAR is a reduction of two topographies 
at a minimum of 2 time periods (Chang et al., 2019). If 
using many SAR data, we can use the Persistent Scatterer 
Interferometry (PS-InSAR) method to calculate the de-
formation (Hooper et al., 2012). The process is done by 
interferogram generation, adaptive filter, and coherence, 
phase unwrapping, refinement, and re-flattening. The fil-
tered and corrected phase unwrapping results are used to 
calculate displacement (Ferretti et al., 2007). The result of 
this displacement is a vertical deformation that occurred 
from January 2018 to January 2020.

The latest DTM is obtained from the integration of the 
DTM master with displacement. The latest DTM can be 
updated based on the availability of the latest data follow-
ing the specified time. If Sentinel-1 data can be obtained 
every 6 to 12 days, the latest DTM can be extracted every 
6 to 12 days, at least one month. This paper is limited to 
reviewing a period of the latest DTM after obtaining a 
DTM master. The default of DTM master is the data 2017, 
while the updated of the latest DTM in Semangko fault is 
January 2020, see Eq. (1).

The latest DTM =  
DTM master + the latest Displacement.   (1)

2.6. Vertical accuracy test

This paper discusses vertical accuracy using vertical ac-
curacy and precision standards that refer to ASPRS Ac-
curacy Data for Digital Geospatial Data, which is deter-
mined by the National Standard for Spatial Data Accuracy 
(NSSDA). Checking the vertical accuracy is done in two 
ways, namely (ASPRS, 2014):

a. Root Mean  Square Error vertical (RMSE(z))
RMSE (z) is a height difference error that occurs at the 

entire measuring point, see Eq. (2):

( ) − =
 
 

∑ 2
( ) ( )

( )
Data i Check i

z
Z Z

RMSE
n

.      (2)

In this case, Z – height value; n – number of measure-
ment points; Zdata – orthometric height on DTM; Zcheck – 
orthometric height measure.

Height measurement from the latest DTM is the com-
parison with field measurement from GNSS-leveling. The 
leveling measurement using the orthometric height sys-
tem (Serrano-Juan et  al., 2017). In this study, checking 
the vertical accuracy only involved vertical displacement. 
Horizontal displacement is not involved in calculating 
vertical accuracy.

b. Calculation of vertical accuracy at 95% confidence 
level (1.96 σ). Accuracy(z) is a vertical accuracy value, see 
Eq. (3):

Accuracy(z) = 1.96 × RMSE(z),    (3)

where the value of 1.96 is equal to the 95% confidence 
level.

3. Results and discussion

3.1. Pre-processing and interferogram generation

ALOS PALSAR data used is level 1.0 (raw data), which 
cannot be processed directly. This data needs to be pre-
processed in the form of focusing. The results of this fo-
cusing can be used for Single Look Complex (SLC) gen-
eration data. This SLC is standard data in InSAR.

Before DSM extraction, using SAR data must consider 
the ambiguity height value 2π (Liosis et al., 2018). If this 
value is significant (>400 m), the resulting DSM will be 
less useful. To get this condition, an attempt to use a data 
pair with a low height ambiguity value. Generally, the 
ALOS PALSAR data is more useful in DSM extraction and 
ground deformation in Indonesia’s inactive fault regions 
(Lubis et al., 2011). 

The theoretical height precision graph is a graph of 
the relationship between height ambiguation values and 
correlation values. This graph is used to calculate the data 
threshold in the phase to height and geocoding stages, see 
Figure 3.
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The theoretical displacement precision of DInSAR 
graph used for checking SAR data is more suitable for 
DSM or displacement applications, see Figure 4. In 
displacement, extraction must consider the ambiguity 
height value 2π. If this value is significant (>400 m), 
the resulting displacement will be better (Costantini, 
1998; Julzarika & Harintaka, 2019). Sentinel-1 data is 
more suitable for displacement applications, especially 
in active fault areas in Indonesia. Sentinel-1 data is suit-
able for displacement applications (Rucci et al., 2012). 
Displacement on the Sentinel-1 is more directed at sur-
face deformation (Caro Cuenca et al., 2013; Dias et al., 
2018).

The image used for DSM extraction is the imagery 
in 2008 and 2017. The imagery in September 2008 is 
used as a master image, and the October 2008 imagery 
is used as a slave image, see Figure 5. The second con-
dition, imagery in October 2017, is used as a master 
image, and the December 2017 imagery is used as a 
slave image. The image 2017 is used for DInSAR. The 
image 2008 is used for DSM. Those two images are in-
tegrated for DSM master. The two images with differ-
ent acquisition performed focusing and interferogram 
generation. Indonesian DEMNAS is used for the height 
model approach  (BIG, 2019). Focusing is done using 
orbit parameters and raw data images.

3.2. Interferogram generation

In displacement with Sentinel-1, the image used is in the 
form of SLC. It can be used for DInSAR applications. 
Both the master and slave image from ALOS PALSAR 
and Sentinel-1 can be done by InSAR and DInSAR. The 
stages traversed in InSAR and DInSAR still have similari-
ties, namely the interferogram generation, adaptive filter 
and coherence, phase unwrapping, refinement, and re-
flattening. The only difference is in the phase to height 
conversion and the phase to displacement conversion. In-
terferogram generation expressed master image and slave 
image are respectively, the imaginary and real parts of the 
interferogram, see Figure 6.

This interferogram will produce a coherence file 
(CC) between the master image and the slave image and 

Figure 3. Theoretical height precision graph. X axis is 
coherence, Y axis is precision (m)

Figure 4. Theoretical displacement precision of DInSAR.  
X axis is coherence, Y axis is precision (m)

                         (a)                                    (b)

Figure 5. a – master image of ALOS PALSAR;  
b – slave image of ALOS PALSAR Figure 6. Interferogram of ALOS PALSAR
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topography approach, see Figure 6. This interferogram 
takes the azimuth look and range look values. On the 
value unwrapping coherence threshold, it uses the value 
(0.2) or can be changed by considering the theoretical 
height precision graph (Reigber & Moreira, 1997). The 
method chosen in the unwrapping phase is the minimum 
cost flow, and to calculate the azimuth looks and range 
looks values, it can be done using the looks (multi looks) 
approach.

According to Figure 6, spectral shift and Doppler 
bandwidth filtering are common during interferogram 

generation. Doppler bandwidth filtering is needed to 
compensate for different Doppler (squint angle). The re-
sult is the azimuth spectrum shifting. The spectral shift is 
needed because of the shift in the spectrum of the range. 
It is caused by the perspective of the SAR variable on the 
target being distributed. The azimuth filter was applied to 
generate the interferogram. It will fully capture the poten-
tial coherence of the scene.

The reference DEM or the ellipsoidal model is used as 
the input in the interferogram flattening. It is used to cor-
rect the master image onto the DEM. The high accuracy 
and resolution of reference DEM will give a better result 
for topography removal. Interferogram flattening is done 
using the Indonesian DEMNAS as DEM reference input. 

3.3. Phase unwrapping

This phase unwrapping produces three types of files, 
namely Fint and CC, Dint, and Upha. Interferograms and 
coherence are used in phase unwrapping generation. Dint 
is flattened interferogram, Fint is filtered interferogram, 
CC is coherence file, and Upha is an unwrapped phase. In 
Figure 7, phase unwrapping Dint is the result of phase un-
wrapping using an interferogram image and a coherence 
image (CC). In this phase, the filter has been carried out 
on the phase unwrapping Dint data. The results of phase 
unwrapping Dint still have much noise. Phase unwrapping 
Fint must be done to solve this noise. Phase unwrapping 
Fint is obtained from interferometry with a minimum cost 
flow method with unwrapping coherence threshold value 
of 0.2 (Reigber & Moreira, 1997).

Phase unwrapping Fint describes the changing (defor-
mation) on the north and south sides of Lake Singkarak, 
see Figure 8. The northern side dominates change. The 
unwrapping phase uses the unit in π.

Phase unwrapping Upha is the final result in the phase 
unwrapping. This data is used for refinement and re-flat-
tening. The results of the phase unwrapping Upha can be 
seen in Figure 9.

3.4. Refinement and re-flattening

Refinement and re-flattening. This stage is a very crucial 
stage to correct the transformation of the phase unwrap-
ping. At this stage, the satellite orbit is corrected, and the 
phase offset is calculated. The result of the refinement and 
re-flattening can be seen in Figure 10.

3.5. DSM

The phase to height conversion is the last process in InSAR. 
The result of the InSAR is DSM. In this step, it is also us-
ing height error correction. It uses relax interpolation and 
dummy interpolation. Figure 11 is the DSM from phase to 
height conversion that has height error correction.

This DSM conversion is after this referred to as DTM 
master. This conversion is obtained from the use of offset 
parameters for vegetation height, orthometric height, and 
slope between vegetation to ground, see Figure 12.

Figure 7. Phase unwrapping Dint

Figure 8. Phase unwrapping Fint

Figure 9. Phase unwrapping Upha
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DTM master is a DTM that is used as a reference in 
making the latest DTM. The DTM master has a deadline 
for construction until the end of December 2017. In this 
region, the elevation is between 0 to 2,855 m. On the 
north side of Lake Singkarak, there is a fault line that ex-
tends to the north side. This line is the Semangko fault. 
Lake Singkarak elevation is made into no data or equated 
with the elevation of the Lake Singkarak. Figure 13 is the 
DTM master.

3.6. Displacement

Displacement was obtained from DInSAR from Sentinel-1 
imagery, see Figure 14. Figure 10. Refinement and re-flattening

Figure 11. DSM from phase to height conversion

Figure 12. DSM conversion (vegetation height)

Figure 13. DTM master

Figure 14. Displacement from Sentinel-1

The study area has vertical deformation or displace-
ment at a value of –50 cm to 30 cm. The displacement in 
Semangko fault area is dominated by –25 cm to 5 cm. In 
general, this region has decreased. The decline in this re-
gion ranges from 7.5 cm to 10 cm per year. This reduction 
has not taken into account the parameters of the earth-
quake and landslides.

3.7. The latest DTM

The latest DTM is an upgradable DTM obtained from the 
combined deformation and DTM master. This research 
uses the vertical direction (1D) displacement. The latest 
DTM generated depicts dynamic displacement with verti-
cal accuracy following the DTM master. The latest DTM 
describes the latest conditions that occur in the study area.

As for the development of DTM integration and defor-
mation methods from Sentinel-1, the latest DTM vertical 
accuracy is obtained with a scale of 1: 10,000 to 1: 20,000 
and with higher vertical accuracy than static DTMs.

The yellow line is the Semangko fault. This line is used 
to check the condition of the longitudinal profile in Se-
mangko fault. The elevation value of this fault is located at 
240 to 1,250 m, see Figure 15. In some areas or around a 
distance of 20 to 40 km from the starting point of the line. 
It was passing through the steep hills. This area has many 
cliffs in the longitudinal profile, see Figure 16.
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The latest DTM can be used in monitoring the dy-
namics of the Semangko fault. DTM is generated using 
DTM master and displacement. DTM master in 2017 
first performed an accuracy test that met the tolerance of 
1.96σ (95%). Vertical accuracy test using 10 test points, 
see Table 1.

Table 1. comparison height difference between the latest DTM 
and field measurements

No X (m) Y (m) h (m) H (m) Δh (m)

t01 665,575 9,941,652 373.87 377.91 4.0367

t02 665,595 9,941,683 377.08 377.84 0.758

t03 665,582 9,941,706 377.05 377.77 0.715

t04 665,567 9,941,739 379.19 378.10 –1.086

t05 665,566 9,941,768 378.58 378.02 –0.563

t06 665,591 9,941,787 379.03 378.08 –0.948

t07 665,618 9,941,790 379.56 379.18 –0.390

t08 665,639 9,941,787 378.97 379.83 0.867

t09 665,650 9,941,808 379.11 382.75 3.636

t10 665,668 9,941,821 382.69 386.67 3.985

RMSE(z) 1.101
 

The Root Mean Square Error (RMSE) (z) between the 
field and the latest DTM is 1.101 m. Based on the RMSE(z) 
obtained, the latest DTM vertical accuracy is 2.158 m at 
the 95% confidence level. The vertical accuracy value cor-
responds to a mapping scale of 1:10,000 to 1:20,000. Field 
measurements are from GNSS-leveling data. The compari-
son height difference is only using vertical displacement. It 
does not use horizontal displacement. Measurements were 
made in a relatively flat area. The measurement location 
on the roadside is near the Semangko fault. Measurements 

in high regions cannot be done yet because of limited 
tools, steep and challenging terrain. X and Y are Univer-
sal Transverse Mercator (UTM) Cartesian coordinate. h is 
the elevation in the latest DTM, H is the elevation in field 
measurement, and Δh is the height difference between the 
latest DTM and field measurement.

The DTM master that has met the vertical accuracy-
test requirements adds to the displacement obtained from 
Sentinel-1. The dynamics of the Semangko fault obtained 
by this latest DTM change from 2018 to 2020. Figure 17 
is the latest DTM in Semangko fault (northern Lake Sing-
karak), 2020.

Based on the latest DTM, this Semangko Fault area 
has experienced displacement (decrease), see Figure 18.

The purple line is the elevation in 2020, the blue line 
was the elevation in 2017, and the red line was the el-
evation in 2008. This coordinate is around the Seman-
gko fault center. This location ever has landslide when a 
vertical earthquake. In Figure 18, we can see a vertical 
change in one of the areas in the center of the Semangko 
fault. DTM in 2008, 2017, 2020 has decreased. Higher 
declines occurred between 2008 to 2017. This condition 
is likely due to landslides and earthquakes in this region. 
One of the biggest earthquakes that occurred was a verti-
cal earthquake on 30 September 2009 with a magnitude 
of 7.6 Mw.

Figure 15. The latest DTM and Semangko fault line

Figure 16. Longitudinal profile along the Semangko fault

Figure 17. The latest DTM in Semangko fault in 2020

Figure 18. The change in Semangko fault using the longitudinal 
profile (northern Lake Singkarak)
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Conclusions

The latest DTM is an upgradable DTM obtained from 
the combined deformation and DTM master to detect 
the dynamics of Semangko’s fault. This research analyzes 
displacement into vertical direction (1D). The latest DTM 
vertical accuracy is 2.158 m at  the 95% confidence level. 
It is obtained with a scale of 1: 10,000 to 1: 20,000. The 
vertical accuracy of the latest DTM is higher than static 
DTMs. Furthermore, it has vertical deformation or dis-
placement at a value of –50 cm to 30 cm. The Semangko 
fault area is dominated by –25 cm to 5 cm deformation. In 
general, this region has decreased into 7.5 cm to 10 cm per 
year. This condition is likely due to landslides and earth-
quake in this region. One of the biggest earthquakes that 
occurred was a vertical earthquake on 30 September 2009 
with a magnitude of 7.6 Mw.
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