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Abstract
Java Island experiences complex and nonlinear land deformation resulting from the interplay of natural and anthropo-
genic factors. Previous studies predominantly investigated urban subsidence, leaving island-wide patterns less under-
stood. This research addresses that gap by utilizing Multi-Temporal Interferometric Synthetic Aperture Radar (MT-In-
SAR) data to identify comprehensive subsidence and uplift patterns across Java Island. MT-InSAR data reveal previously 
underrepresented subsidence at Karawang (-1795 mm), Cilacap (-902 mm), and Madiun (-742 mm) to be higher than 
coastal Jakarta’s subsidence. Notably, Greater Jakarta’s most severe subsidence occurs inland at Bekasi and Cikarang, 
which challenges common assumptions for urban subsidence. This challenges traditional perspectives on urban subsid-
ence, offering a broader understanding of Java’s regional geodynamics. By integrating hotspot analysis and MT-InSAR, 
the study enhances land deformation monitoring and requires continuous monitoring to enable efficient land manage-
ment and infrastructure planning, particularly in high-risk, poorly monitored areas such as Karawang, Cilacap, and 
Madiun. These findings can be applied by geologists, urban planners, and policymakers to mitigate geological hazards 
and ensure sustainable development.
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1. Introduction

The Earth’s surface continuously experiences defor-
mation influenced by both natural processes and human 
activities. Uplift and subsidence form one of the most 
extraordinary forms of land deformation, i.e. vertical 
land motion (VLM). Land subsidence is becoming a 
growing issue along the northern coast of Java Island, 
the primary causes of which are groundwater over-ab-
straction and urbanization (Abidin et al., 2010, 2015; 
Sidiq et al., 2021). Although tectonic activity induces 
ground deformation in the majority of instances, its con-
tribution to Java’s subsidence is relatively negligible 
relative to anthropogenic subsidence (Andreas et al., 
2019). Additionally, some areas have slope instability, 

which is hazardous to infrastructure, particularly roads 
and highways (Saroso, 1988).

The geological complexity of Java Island makes it 
prone to uneven and nonlinear deformation governed by 
a combination of natural geological factors and anthro-
pogenic stressors (Koulali et al., 2017; Malawani et 
al., 2020; Verstappen, 2010). However, most research 
conducted on ground deformation in Indonesia has been 
limited to major urban areas such as Jakarta, Bandung, 
and Semarang, where land subsidence impacts have 
been extensively reported (Abidin et al., 2013a; 
Khakim et al., 2013). Small cities and peri-urban areas, 
whose land deformation may be equally significant, 
have been neglected. Such lack of understanding is lim-
iting in planning effective mitigation strategies and is 
out of reach for the majority of risk-prone locations for 
national-scale land planning management.

Furthermore, isostasy adjustments, which govern the 
gravitational balance of Earth’s crust, contribute to re-
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gional land motion, where sediment deposition-induced 
subsidence often coincides with uplift elsewhere, as ob-
served in post-glacial rebound and the pseudo-dynamic 
equilibrium along Java’s northern coast (Flament et al., 
2013; Julzarika, 2024; Root et al., 2015).

Updating unmapped or underrepresented deformation 
zones is crucial for accurate hazard assessments and in-
frastructure planning (Li et al., 2024; Luo et al., 2022; 
Marsella and Scaioni, 2018). This is particularly rele-
vant for transport infrastructure, where precise vertical 
deformation data is essential for ensuring safety and 
maintenance (Kalenjuk et al., 2021; Kavzoglu et al., 
2009). Studies have emphasized the importance of con-
tinuous deformation monitoring in providing early 
warnings of structural failures, reinforcing the need for 
accurate and high-resolution data (Chrzanowski et al., 
2007; Gagliardi et al., 2023).

Traditional Global Navigation Satellite System 
(GNSS)-based deformation mapping, while widely 
used, presents limitations in spatial coverage and accu-
racy when monitoring large-scale vertical land motion 
(Abidin et al., 2013b; Rizos Chris et al., 2000). The 
GNSS method is time-consuming and costly, and it pro-
vides point data; therefore, it is inefficient for large-scale 
deformation tendency detection (Meng et al., 2004). 
However, since 2014, when the Sentinel-1 was intro-
duced, Interferometric Synthetic Aperture Radar (In-
SAR) use has revolutionized deformation monitoring 
into a novel method with highly large-scale as well as 
high-resolution data measurement (Cigna et al., 2019; 
Duan et al., 2020; Li et al., 2022; Raspini et al., 2022). 
The introduction of big-data-capable SAR processing, 
such as multi-track geometries and satellite orbit over-
laps, has contributed to InSAR’s capability for monitor-
ing long-term surface deformation (Cigna and Tapete, 
2021; Pepe and Calò, 2017; Suhadha and Harintaka, 
2023, 2024).

LiCSBAS, an open-source program for time series 
analysis of SAR interferometry, was recently released. It 
is integrated with an automated Sentinel-1 InSAR pro-
cessor, COMET-LiCSAR (Morishita et al., 2020; 
Thamer et al., 2023). This platform eliminates manual 
preprocessing, streamlining large-scale SAR data pro-
cessing while incorporating loop-closure adjustments, 
tropospheric corrections, and spatio-temporal filtering to 
ensure reliable deformation measurements across both 
urban and rural settings. LiCSBAS lay on the Small 
Baseline Subset (SBAS) method, a key component of 
Multi-Temporal InSAR (MT-InSAR), is particularly 
useful for monitoring large-scale surface deformations 
and has been widely employed in geodetic applications 
such as land subsidence, landslides, and seismic activity. 
Unlike Persistent Scatterer (PS) InSAR, which is best 
suited for detecting displacements in urban areas and on 
artificial structures, SBAS is capable of covering up to 
85% of the observed region (Cigna and Tapete, 2021). 
It achieves this by selecting image pairs with minimal 

spatial and temporal separations, known as the “small 
baseline” approach.

Given the critical need for continuous deformation 
monitoring, InSAR-based observations are increasingly 
valuable for hazard management, early warning sys-
tems, and infrastructure planning (Suhadha et al., 
2023a, 2021; Suhadha and Julzarika, 2022). This 
study employs MT-InSAR, specifically SBAS, to pro-
duce vertical displacement maps across Java Island to 
demarcate and categorize deformation hotspots. Unlike 
traditional GNSS-based approaches, MT-InSAR enables 
broad spatial coverage, revealing subsidence and uplift 
trends in large urban agglomerations such as Greater Ja-
karta, Bandung, and Semarang, as well as lesser-known 
smaller cities such as Madiun and Cilacap. In addition, 
GNSS data verify recently identified uplift and subsid-
ence hotspots, increasing deformation mapping quality 
with InSAR.

2. Regional setting

Java Island, within Indonesia between Bali and Su-
matra in the Sunda Arc, varies between approximately 
5° to 8° south latitude and 105° to 115° east longitude. It 
covers only 7% of Indonesia’s land area but holds 56% 
of its population. Thus, it is very susceptible to geohaz-
ards like land deformation, earthquakes, and volcanism 
(Cummins, 2017). The diverse island landscapes are 
created by contrasting geological processes, with tec-
tonic and volcanic processes defining the south and oth-
er depositional environments defining the north (Negara 
et al., 2021). These variations have led to unequal water-
shed development, with the north undergoing more rapid 
land-use and land-cover changes (Kaswanto and Uta-
mi, 2016). Furthermore, the Tertiary and Quaternary 
volcanic formations of East Java have contributed to the 
island’s unique geomorphological features (Verstap-
pen, 2010). The active fault systems from the eastern to 
the southern Java further complicate the region’s geo-
logical evolution (Supendi et al., 2018).

The tectonic landscape of Java is primarily shaped by 
subduction at the Java Trench, which has resulted in the 
formation of extensive magmatic belts, including Tertiary 
magmatic zones (Soeria-Atmadja et al., 1994; Whit-
ford et al., 1979). The volcanic activity on the island is a 
direct result of this subduction process, and the Cenozoic 
volcanic arc history of East Java provides insight into the 
region’s eruptive evolution (Smyth et al., 2008). Addi-
tionally, mountain ranges such as the Kendeng, Karang-
sambung, and Baribis Mountains contribute to Java’s fre-
quent tectonic activity (Whitford et al., 1979).

Recent studies underscore Java’s significant earth-
quake potential, particularly in densely populated cities, 
such as Surabaya and Yogyakarta (Pasari et al., 2021). 
This seismic hazard is further intensified by seismic 
gaps south of the island, which pose a risk of megathrust 
earthquakes and tsunamis (Widiyantoro et al., 2020). 
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Although subsidence along Java’s northern coast has 
been primarily attributed to human activities, prelimi-
nary studies indicate minimal tectonic influence (An-
dreas et al., 2019). However, the North-East to South-
West (NE-SW) active faults in southern Java, combined 
with recent seismic activity, highlight the need for con-
tinued monitoring and assessment (Arisbaya et al., 
2021). These findings underscore the complex and mul-
tifaceted nature of earthquake hazards on Java Island, 
with potential implications for its stability and safety 
(see Figure 1).

3. Material and Methods

3.1. Datasets

This study utilized five datasets from the descending 
tracks of Sentinel-1 SAR acquisition, which operate in 
the C-band with a wavelength of 5.547 cm and a right-
looking direction (see Figure 1). The frames covering 
the entire Java Island, ranging from 047D to 105D, were 
selected for processing (see Table 1). The dataset spans 
from January 2017 to December 2022.

Data selection was consistent reasoning prior to 2017 
since early Sentinel-1 acquisitions had greater than 12-
day gaps due to its initial mission phase and Sentinel-1B’s 
absence. Additionally, for scene 047D in 2023, only eight 
images were available, resulting in low coherence.

All selected datasets are interferograms provided by 
LiCSAR that were acquired in the Interferometric Wide 
(IW) mode, providing an appropriate width and spatial 
resolution for interferometry applications. IW data has a 
swath width of 250 km, 2.3 m pixel spacing in slant 
range and 14.1 m azimuth, and single-look resolution of 
5 m in ground range and 20 m in azimuth. SRTM DEM 
with 30m resolution was used as the digital elevation 
model for processing.

Figure 1. Java Island situation over complex geological and tectonic settings. The map includes significant earthquake 
epicenters and focal mechanisms (colored beach balls), primary crustal faults (black lines), GNSS continues monitoring 
(GNSS CORS) stations (yellow circles), and Sentinel-1 frames (white rectangles) used in this study. Primary fault data is 

sourced from the Indonesian National Earthquake Study Center (PuSGEN) v1.1 and the updated Baribis Fault  
from Widiyantoro et al. (2020). GNSS station data is provided by the Indonesian Geospatial Agency (BIG) (2024).  

Sentinel-1 frame processing was conducted using LiCSAR, with further details available at the COMET LiCSAR portal 
(https://comet.nerc.ac.uk/comet-lics-portal/).

Table 1. The basic specifications of the employed Sentinel-1 
datasets in descending pass

Frame ID Number of used acquisitions 
047D_09652_111009 60
149D_09700_081210 65
076D_09725_121107 96
003D_09757_111111 58
105D_09782_131111 56

Several continuous GNSS monitoring (GNSS CORS) 
stations were employed, particularly across the north coast 
of the study area. The Indonesian Geospatial Information 
Agency (BIG) provided the CORS dataset that Susilo et 
al. (2023) processed using MIT/Global Kalman filtering 
(GAMIT/GLOBK) software. The data processing employs 
GAMIT software to apply double-differencing methods 
for processing GPS observations and estimating daily sta-

https://comet.nerc.ac.uk/comet-lics-portal/
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tion positions, atmospheric parameters, and other geophys-
ical effects, with adjustments to align with IGS final orbits 
and corrections for ionospheric and tidal effects. In the sec-
ond phase, GLOBK software integrates these daily solu-
tions with global GPS solutions, aligning them to the 
ITRF2014 frame using Helmert transformation parame-
ters, generating highly precise daily time series coordinates 
and ensuring integration with global positioning standards. 
This methodological approach enhances the accuracy of 
GNSS station positioning and seamlessly integrates with 
the IGB14 realization of ITRF2014.

3.2. Methodology

This study employed a systematic four-step method-
ology to generate and validate vertical displacement data 
from Sentinel-1 interferogram. The process began with 
downloading interferogram data from the LiCSAR data-
base, which were processed using the SBAS approach 
for descending passes. Subsequently, Line-of-Sight 
(LOS) displacements were converted into vertical dis-
placements. The displacement data were then classified 
into distinct categories to create a detailed deformation 
map. Finally, an accuracy assessment was conducted us-
ing GNSS measurements.

3.2.1. LiCSBAS

The Small Baseline Subset (SBAS) algorithm, a key 
technique in the Interferometric Synthetic Aperture Ra-
dar (InSAR) field, is designed to detect and analyze sur-
face deformation over time. Berardino et al. (2002) and 
Lanari et al. (2007) provided overviews of the algo-
rithm, with the latter presenting a quantitative perfor-
mance analysis. Hong et al. (2008) introduced a related 
technique, the Small Temporal Baseline Subset 
(STBAS), for monitoring wetland water level changes. 
More recently, Liu et al. (2020) proposed a constrained 
SBAS method to address the rank deficiency problem 
that arises when interferograms are separated into multi-
ple subsets. These studies collectively demonstrate the 
versatility and ongoing development of the SBAS algo-
rithm for InSAR applications.

Morishita et al. (2020) developed LiCSBAS, an 
open-source InSAR time series analysis package that in-
tegrates with the LiCSAR automated Sentinel-1 InSAR 
processor. This tool has been shown to accurately detect 
and quantify surface displacements, making it a valuable 
asset in geodetic monitoring for hazard assessment. Un-
like other InSAR processing tools, LiCSBAS does not 
require high-end computing power because the user 
does not need to process the interferogram, which is pre-
processed and provided by the LiCSAR system. The ap-
plication of LiCSBAS for surface deformation identifi-
cation and analysis has proven particularly useful in a 
variety of geodetic monitoring scenarios, such as land-
slide monitoring, infrastructure stability assessment, and 
volcanic deformation analysis.

Interferograms were collected using the LiCSAR sys-
tem throughout the study period. These interferograms 
were then unwrapped using the SNAPHU algorithm, 
which resolves the 2π ambiguities to retrieve absolute 
phase changes corresponding to land deformation. Fol-
lowing phase unwrapping, atmospheric corrections were 
applied using the Generic Atmospheric Correction On-
line Service (GACOS) weather model to mitigate atmos-
pheric artifacts in the interferometric phases.

LiCSBAS also performed phase triangulation, linking 
unwrapped phases from multiple interferograms to gen-
erate a ground deformation time-series. The final defor-
mation maps produced by LiCSBAS have a spatial reso-
lution (~100 meters) lower than that of the original SAR 
images due to the multilook process employed by LiC-
SAR. The temporal resolution, however, is determined 
by the SAR acquisition frequency, which for Sentinel-1 
is typically every 6–12 days. The software outputs in-
cluded line-of-sight (LOS) displacement time series and 
velocity maps that depicted the deformation rate over 
the analyzed period.

LiCSBAS resulting displacement in LOS time-series 
and velocity map over the analyzed period and consist-
ing of the incidence angle (θ) and satellite heading (α) 
for geometrical interpretation. LOS observations do not 
directly represent absolute ground motion but rather 
measure displacement towards or away from the satellite 
sensor. Therefore, as indicated by Equation 1, the stand-
ard approach computes the vertical displacement by as-
suming that horizontal motions are minimal (Suhadha 
and Harintaka, 2024).

	 � (1)

The vertical displacement component was calculated 
by assuming predominantly vertical deformation, ac-
counting for the satellite observation geometry. This is 
especially important in locations with mostly vertical 
ground movement since it allows for a more intuitive 
sense of magnitude and direction.

3.2.2. Deformation classification

Once the vertical displacement was calculated using 
the 2D approach, the data were classified into distinct 

Table 2. Classification of deformation rates

Class Deformation rate (cm)
Very High Subsidence Less than -15
High Subsidence -15 to -10
Moderate Subsidence -10 to -5
Low Subsidence -5 to -3 
Stable -3 to 3
Low Uplift 3 to 5
Moderate Uplift 5 to 10
High Uplift 10 to 15
Very High Uplift More than 15



141� Redefining Subsidence and Uplift Hotspots on Java Island, Indonesia: Multi-Temporal InSAR…

Rudarsko-geološko-naftni zbornik 2025, 40 (4), pp. 137-156, https://doi.org/10.17794/rgn.2025.4.11

classes of deformation, measured in centimeters, to gen-
erate a heatmap that visually represents the variation in 
land deformation across the study area. These classes are 
defined as follows in Table 2.

This classification allowed to characterize and chart 
the extent of land deformation, from significant subsid-
ence to tremendous uplift, for different areas. The defor-
mation hotspot created a distinct and understandable 
portrayal of its landscape by correlating the vertical dis-
placement values into these categories.

Upon classification and visualization, we focused on 
identifying areas of high levels of deformation, from 
highly deformed to low-magnitude zones. Under this 
analysis, the areas with the most significant effect of 
land deformation were determined, thereby making a 
more concerted study of the underlying causes and po-
tential impacts possible.

The final step is to extract the zone(s) of the maximum 
deformation rates to perform a more concentrated time-
series analysis of the deformation. It refers to removing 
the deformation data for a specified period to observe how 
the rate of deformation changes with time. By the time-
series deformation, the temporal behavior of land motion 
could identify the trends and infer the causative mecha-
nisms of the occurring deformation pattern.

3.2.3. Accuracy assessment

The Indonesian Geospatial Information Agency 
(BIG) GNSS CORS network data were employed to as-
sure the reliability and accuracy of the displacement 
measurements obtained from InSAR. CORS stations, 
mainly located along Java Island’s northern shore, have 
been provided with high-precision GPS receivers that 
provide continuous positional data for validation.

GNSS observations, prepared by Susilo et al. (2023), 
were processed using RINEX GNSS files and filtered 
using the MIT/Global Kalman filtering software pack-
age to generate time-series station positions. Eleven 
CORS sites were selected, from which vertical displace-
ment data during the observation time of InSAR were 
extracted. Displacement values derived from GNSS 
were spatially related to the nearest InSAR pixel so that 
the two data sets could be directly compared.

The Root Mean Square Error (RMSE) and Mean Rela-
tive Error (MRE) between the two data sets were calcu-
lated to assess the agreement between InSAR and GNSS 
measurements. By incorporating RMSE and MRE, verti-
cal displacement accuracy from InSAR is evaluated based 
on absolute error magnitude and proportional impact 
compared to GNSS reference data. The dual-metric ap-

Figure 2. InSAR-derived displacement on a wide scale of Java Island is detailed for (A) vertical displacement  
and (B) deformation classification.
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proach gives a complete evaluation, considering potential 
limitations and defining the reliability of the results.

4. Results

4.1. Overview

Sentinel-1 has revolutionized deformation monitor-
ing, providing consistent observations due to its tightly 
controlled orbit and small perpendicular baselines, 
which help maintain high coherence across the study 
area. The vertical displacement patterns observed in Fig-
ure 2 align with previous research, particularly in major 
cities experiencing linear subsidence from 2017 to 2022. 
For instance, Greater Jakarta recorded a maximum sub-
sidence rate of -205 mm/year, with hotspot locations 
identified in Bekasi – an area previously underrepresent-
ed in similar studies.

Additionally, vertical deformation hotspot areas were 
detected using a classification based on geodynamic rate 
thresholds, categorizing deformation from low to very 
high for both subsidence and uplift. Several major cities 
on Java Island exhibit very high land subsidence veloci-
ties, including Bandung (-160 mm/year), Pekalongan 
(-152 mm/year), Probolinggo (-194 mm/year), Cirebon 
(-228 mm/year), and Semarang (-207 mm/year). Con-
versely, uplift was not limited to large urban areas but 
also affected surrounding regions. For example, western 
Jakarta (Tangerang) and Cilegon experienced moderate 
uplift, while Jember and Pangandaran recorded very 
high uplift rates of 589 mm/year and 167 mm/year, re-
spectively.

The LiCSBAS processing framework, which imple-
ments a distributed scatterer InSAR approach, is suscep-
tible to systematic bias due to decorrelation in densely 
vegetated and rapidly changing land cover areas. To 
mitigate this, a coherence threshold of 0.2 was applied to 
ensure spatial consistency while maintaining SAR phase 
reliability.

4.2. Deformation hotspot area

The study area was divided into four main subsets 
based on geological conditions, geohazard susceptibili-
ty, Sentinel-1 track coverage, and administrative bound-
aries to enhance the reliability of deformation monitor-
ing. The associated Sentinel-1 LiCSAR tracks for each 
subset are as follows:

1. � First Subset: Encompassing Banten Province, 
Greater Jakarta, and the western part of West Java 
Province, this area lies on the 047D Sentinel-1 
track,

2. � Second Subset: Covering the entirety of West Java 
Province, associated with track 149D,

3. � Third Subset: Including Central Java Province on 
track 076D, this area features at least seven defor-
mation hotspots,

4. � Fourth Subset: Pertaining to East Java Province, 
this geologically complex area includes up to thir-
teen deformation hotspots across tracks 003D and 
105D.

Each subset underwent a hotspot analysis, identifying 
key locations for further time-series vertical displace-
ment monitoring.

Figure 3. Land deformation analysis highlighting deformation hotspots in the first subset area, including Banten Province, 
Greater Jakarta, and the western part of West Java. (A) Deformation classification map for the first subset area, covering 

Banten Province, Greater Jakarta, and the western part of West Java Province. The map categorizes deformation into classes 
ranging from very high subsidence to very high uplift and identifies key hotspot areas. (B) Time-series plots illustrate the 

temporal evolution of vertical displacement at these hotspot points.



143� Redefining Subsidence and Uplift Hotspots on Java Island, Indonesia: Multi-Temporal InSAR…

Rudarsko-geološko-naftni zbornik 2025, 40 (4), pp. 137-156, https://doi.org/10.17794/rgn.2025.4.11

The first subset, as illustrated in Figure 3, reveals a 
complex vertical displacement pattern between 2017 
and 2021. Nine subsidence hotspots and three uplift lo-
cations were identified. The most severe subsidence oc-
curred at Point VII (Ciampel, Karawang), reaching 
-1800 mm, followed by Point IV (Muara Gembong, 
Bekasi) and Point V (Cikarang), with rates of -200 mm 
and -180 mm, respectively. Moderate subsidence, up to 
-700 mm, was observed at Points II, IX, and X in Serang 
and along the southern coasts of Pandeglang and Lebak. 
In contrast, uplift movements were recorded at Point I 
(Cilegon), Point III (Pasarkemis, Tangerang), and Point 
XI (Sagaranten, Cianjur), each reaching +300 mm.

In the second subset area, presented in Figure 4, a 
total of nine deformation hotspots were detected, com-
prising seven subsidence and two uplift zones. Subsid-
ence hotspots were scattered across Indramayu, Cirebon, 
Subang, and Bandung. Although Bandung has been the 
focus of recent subsidence research, it did not exhibit the 
most pronounced displacement in this study. Instead, the 
most severe ground sinking occurred at point I in Com-
preng, Subang, where subsidence reached 150 cm. This 
location, developed in the Cipunagara and Muara Curug 
rivers deltas, is prone to land sinking and flood inunda-
tion (Solihuddin et al., 2021b, 2021a). Conversely, the 
highest uplift was recorded at point VIII in Cibalong, 
Garut, with a displacement of 300 cm, followed by point 
IX in Pangandaran, which experienced an increase of 
250 cm.

The third subset, covering Central Java Province, 
identified seven subsidence hotspots between 2017 and 
2022, as shown in Figure 5. The most severe ground 

sinking occurred in Cilacap (point VI), with a displace-
ment of -1200 mm in 2021, and in Semarang (point IV), 
where subsidence reached up to -1200 mm in 2022. 
While Semarang is a well-documented case of land sub-
sidence (Abidin et al., 2013a; Hakim et al., 2023), this 
study revealed that Cilacap experienced even higher 
subsidence during the same period. The results indicate 
that Cilacap surpassed Semarang in subsidence magni-
tude, making it the most affected location in this subset. 
Additionally, point VII in Kulonprogo, Yogyakarta, 
which has been underrepresented in recent studies, re-
corded a maximum subsidence of 780 mm by the end of 
2022. This level of displacement is comparable to Peka-
longan’s subsidence peak and is likely influenced by in-
creasing land loads, reduced water infiltration, and aqui-
fer depletion (Hamdalah and Wibowo, 2020).

Figure 6 presents the results for the last subset area, 
which includes East Java Province. This subset exhibits 
fourteen deformation hotspots, with five indicating up-
lift and nine showing subsidence. The most prominent 
uplift was detected in the southern and eastern coastal 
areas of Banyuputih, Situbondo, and Jember, where the 
terrain rose by up to 800 mm at points VIII, IX, and X. 
These locations are situated in an ancient volcanic field, 
where uplift may be influenced by ongoing mineraliza-
tion and hydrothermal alterations (Widiatmoko et al., 
2021). Uplift was also observed in Banyuwangi and La-
mongan, where the terrain rose by 500 mm. While Bany-
uwangi shares geological characteristics with Jember, 
Lamongan is part of the Rembang Zone, a region known 
for wrench tectonism and basement-involved deforma-
tion, both of which may contribute to ground uplift 
(Satyana et al., 2004).

Figure 4. Land deformation analysis highlighting deformation hotspots in the second subset area, incorporating West Java 
Province. (A) Deformation classification map for the second subset area, encompassing West Java Province. Deformation is 
categorized from very high subsidence to very high uplift, with key hotspots highlighted. (B) Time-series plots provide the 

temporal trends of vertical displacement for the significant points.
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Conversely, substantial subsidence was recorded at 
points XII and XIII in Madiun and its surrounding cities, 
with maximum ground sinking reaching -1200 mm. Pi-
langkenceng subdistrict in Madiun, Rejoso in Madiun, 
and Gondang in Nganjuk experienced annual subsid-
ence rates of -207.4 mm, -104.4 mm, and -200.2 mm, 
respectively. Although little prior research has focused 
on subsidence in these areas, historical flood events, par-

ticularly the catastrophic floods of 2019, suggest that 
ongoing land sinking has exacerbated flooding risks 
(Susilo et al., 2021).

Additional significant subsidence events were identi-
fied in the Surabaya metropolitan area and Porong, 
Sidoarjo. In Surabaya, rapid urbanization and high-wa-
ter demand have resulted in extensive groundwater ex-
traction, leading to a subsidence rate of -140 mm by the 

Figure 5. Land deformation analysis highlighting deformation hotspots in the third subset area, including Central Java 
Province. (A) Deformation classification map for the fourth subset area, spanning East Java Province. Deformation is 

classified from substantial subsidence to notable uplift, highlighting key deformation hotspots. (B) Time-series plots show 
the progression of vertical displacement over time for the significant points.

Figure 6. Land deformation analysis highlighting deformation hotspots in the fourth subset area, covering East Java Province. 
(A) Deformation classification map for the fourth subset area, spanning East Java Province. Deformation is classified from 

substantial subsidence to notable uplift, highlighting key deformation hotspots. (B) Time-series plots show the progression 
of vertical displacement over time for the significant points.
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end of 2021 (Aditiya et al., 2017). Meanwhile, in Po-
rong, Sidoarjo, where land sinking has been continu-
ously observed since the 2006 Lusi mud eruption, the 
maximum recorded subsidence reached -1100 mm, par-
ticularly in the southern and western sectors. Further 
analysis of subsidence in the Probolinggo-to-Situbondo 
region (points V–VII) revealed high displacement lev-
els, with maximum recorded subsidence of -160 mm, 
-600 mm, and -300 mm, respectively, in early 2021.

4.3. Comparison with GNSS Measurements

Vertical displacement data derived from InSAR were 
compared with GNSS measurements recorded by the 
CORS network of the Geospatial Information Agency of 
Indonesia (BIG) between 2017 and 2022. The compari-
son was based on RMSE and MRE values across 15 
monitoring stations, as summarized in Table 2.

Most stations exhibited RMSE values below 2.5 cm, 
indicating a reasonable level of agreement between the 
two datasets, especially considering that the subsidence 
rate is near or exceeds 10 cm. Notably, stations CMJT, 
CPAS, and CSBY exhibited RMSE values of 0.95 cm, 
0.87 cm, and 1.05 cm, respectively, with corresponding 
MRE values of 1.65%, 3.23%, and 5.51%, confirming 
the high precision of InSAR-derived measurements.

However, stations CPAI and CSIT displayed higher 
RMSE values of 2.6 cm and 2.58 cm, along with elevat-
ed MRE values of 11.22% and 14.81%, respectively. 

These discrepancies are associated with greater variabil-
ity in InSAR data, as indicated by higher standard devia-
tions (e.g. CSIT with an STD of 2.77 cm). Figure 7 pre-
sents scatter plots illustrating these results, showing a 
strong correlation between InSAR-derived displace-
ments and GNSS measurements, with most stations 
clustering near the 1:1 trend line.

Overall, the findings confirm that InSAR provides re-
liable vertical displacement measurements, with strong 
agreement observed at most monitoring stations. The 
low MRE values recorded at stations such as CMJT 
(1.65%) and CLMG (1.93%) further validate the accu-
racy of InSAR-derived displacements across the study 
area.

5. Discussion

5.1. Deformation Hotspots and Trends

Java Island subsidence research has been focused on 
capital cities, including Jakarta, Semarang, Bandung, 
Pekalongan, and Surabaya (Chaussard et al., 2013; 
Khakim et al., 2013; Sarah et al., 2023; Sidiq et al., 
2021). Whereas Jakarta has frequently been quoted as 
one of the world’s fastest-sinking cities, with up to 17 
cm/year subsidence rates (Takagi et al., 2023), here it is 
implied that some cities have even higher subsidence 
rates. Three yet-to-be-published cities – Karawang, 
Cilacap, and Madiun – exhibit extremely high land sub-

Table 3. Comparison of InSAR and GNSS displacement measurements, including standard deviation, RMSE, and MRE  
at various GNSS stations.

Station ID STD InSAR STD GNSS InSAR vs GNSS RMSE InSAR vs GNSS MRE
CBTU 0.71 0.90 1.90 5.86
CCIR 0.70 1.03 2.14 3.44
CGON 1.33 0.96 2.24 2.66
CJKT 0.84 1.01 1.57 1.21
CJPR 0.88 1.20 2.15 3.13
CLMG 0.44 1.26 2.04 1.93
CMJT 0.35 0.88 0.95 1.65
CPAI 1.45 1.00 2.60 11.22
CPAS 0.56 0.67 0.87 3.23
CPWD 0.70 1.12 1.28 3.03
CSBY 0.54 1.03 1.05 5.51
CSEM 0.66 1.01 1.34 5.26
CSIT 2.77 0.93 2.58 14.81
CTBN 0.65 1.04 1.51 7.63
CTGR 0.80 1.06 1.76 1.86

Note:
Station ID: Identifier for GNSS stations.
STD InSAR: Standard deviation of InSAR-derived displacement (cm).
STD GNSS: Standard deviation of GNSS-derived displacement (cm).
RMSE (Root Mean Square Error): Measure of the differences between InSAR and GNSS displacement values (cm).
MRE (Mean Relative Error): Mean relative error between InSAR and GNSS displacements (%).
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sidence above 150 mm/year, where the monitoring ne-
cessity also needs to be extended beyond provincial 
capital cities.

Validation using GNSS data (see Figure 7) confirms 
the reliability of InSAR-derived displacement measure-
ments, with most stations demonstrating low RMSE val-
ues below 2 cm. Given that this study focuses on large-
scale deformation monitoring, the observed RMSE val-
ues are well within an acceptable range relative to the 
magnitude of detected subsidence. However, localized 
discrepancies emerge at certain stations, notably CPAI 
and CSIT, where RMSE values of 2.6 cm and 2.58 cm 
and elevated MRE values of 11.22% and 14.81% indi-
cate significant local variations in ground movement. 
These differences are most likely due to increased at-
mospheric perturbation, local geological inhomogeneity, 
or phase unwrapping challenges in regions of intricate 
deformation patterns. Despite these differences, the 
strong correlation between InSAR and GNSS measure-
ments supports the reliability of Sentinel-1 data for re-
gional deformation monitoring.

Figure 8 presents a comparative summary of the ma-
jor land subsidence locations, while Table 3 details site 

characteristics, including maximum rates of subsidence 
and ground environment. Previous subsidence studies in 
Java have mainly centered on northern coastal cities, 
such as Jakarta, Semarang, and Pekalongan, due to their 
high urbanization and vulnerability to coastal subsid-
ence. However, the research reveals that severe land 
subsidence also occurs in inland, peri-urban, and south-
ern coastal regions. These areas, which are witnessing 
rapid urban expansion, industrialization, and increasing 
groundwater abstraction for domestic, industrial, and 
agricultural uses, exhibit extensive ground deformation.

A progressive and almost linear pattern of land sub-
sidence at different locations, as indicated in Figure 8, 
indicates a uniform ground-acceleration sinking. The 
most extreme cases occur in Karawang, which experi-
enced a dramatic subsidence of -1795 mm in 2022, fol-
lowed by Cilacap (-902 mm) and Madiun (-742 mm) 
(see Table 4). These regions display a consistent trend of 
continuous subsidence over time. Additionally, subsid-
ence in peri-urban and industrial expansion areas such as 
Bekasi-1, Bekasi-2, and Serang remains persistent, al-
beit at a moderate rate. These findings emphasize the 
necessity of expanding subsidence monitoring beyond 

Figure 7. Scatter plots comparing GNSS (observed displacement) and InSAR (predicted displacement) at various GNSS-
CORS stations, with RMSE (Root Mean Square Error) and MRE (Mean Relative Error) annotated. Each plot highlights the 

relationship and absolute errors for data up to 2022, with a red dashed line representing the ideal 1:1 correspondence.
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major metropolitan areas, ensuring a more comprehen-
sive understanding of land deformation dynamics across 
Java Island.

5.2. �Triggering factors in the top five highest  
land subsidence

Land subsidence in Indonesia is predominantly driv-
en by human activities, particularly groundwater and 
other fluid extraction. However, natural factors such as 
natural consolidation, volcanic activity, and tectonic 
movements also contribute to the ground sinking in cer-
tain regions (González et al., 2015; Khakim et al., 
2023; Suhadha and Harintaka, 2024; Zaenudin et al., 
2018). In many cases, the interaction between natural 
and anthropogenic forces accelerates both the rate and 
severity of ground displacement.

Previous studies, including Khakim et al. (2023), 
Sidiq et al. (2021), and Solihuddin et al. (2021a), pri-
marily focused on major cities, leaving several smaller 
but significant subsidence-prone areas undetermined 
due to minimal recorded displacement or data limita-
tions. Previous analysis, based on ALOS PALSAR (L-
band SAR), provided better penetration in vegetated ar-
eas. However, it suffered from low temporal resolution, 
susceptibility to atmospheric noise, and potential DEM 
errors, which likely underestimated subsidence in some 
locations (Chaussard et al., 2013; Fukushima, 2023; 
Morishita et al., 2023). As a result, several non-urban 
or peri-urban regions with significant subsidence re-
mained underrepresented.

5.2.1. �Significant location 1: Karawang  
(with a maximum of -1795 mm)

Karawang has experienced the most severe subsid-
ence on Java Island, with a peak of -1795.53 mm in mid-
2020, aligning with the initial findings of Julzarika 
(2024). The Telukjambe Timur region, through which 
the Citarum River flows, as well as the Bekasi-Purwa-
karta segment of West Java Back-arc Thrust (Baribis 
Fault) (Susilo et al., 2022), is predominantly composed 
of soft alluvial and Miocene sediments, making it highly 
susceptible to natural compaction. This vulnerability is 
exacerbated by external factors such as groundwater de-
pletion and infrastructure development (see Figure 9A). 
Additionally, the proximity of the affected area to the 
Baribis Fault suggests a potential tectonic influence on 
subsidence patterns.

Karawang has undergone rapid urbanization and in-
dustrial expansion, as depicted in Figure 10B, where 
large-scale manufacturing and logistics developments 
have replaced previously vegetated areas. Moreover, 
groundwater extraction plays a dominant role in acceler-
ating subsidence. As shown in Figure 10C, the most 
pronounced land displacement coincides with the peak 
decline in Land Water Equivalent (LWE) (2019-2020), 
indicating aquifer compaction due to excessive fluid 
withdrawal. The combined impact of geological vulner-
ability, industrialization, and groundwater depletion has 
made Karawang one of the most critical subsidence hot-
spots on Java Island.

Figure 8. Time-series of vertical displacement on the 
subsidence peak areas (sequential red dots) comparison with 
the previous known subside locations (sequential blue dots)

Table 4. Top five locations of the highest land subsidence on the Island of Java

Subsidence occurrences

No Figure/Point Location Subdistrict, City Maximum 
subsidence (mm) Nature of point

1. 4/VII -6.437, 107.307 Ciampel, Karawang -1795.53 Local roads 
2. 6/VI -7.711, 108.807 South Cilacap, Cilacap -902.234 Open area 
3. 7/XII -7.504, 111.607 Pilangkenceng, Madiun -742.247 Road
4. 4/II -6.083, 106.314 Carenang, Serang -727.892 Pady field embankment
5. 7/IV -7.509, 112.748 Porong, Sidoarjo -680.114 Paddy field embankment
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5.2.2 �Significant location 2: Cilacap  
(with a maximum of -902.234 mm)

Cilacap, particularly South Cilacap, experiences sig-
nificant coastal subsidence, reaching -902 mm, primarily 
driven by natural sediment compaction and groundwater 
depletion. Geologically, as shown in Figure 10A, the 
area is dominated by volcanic deposits and carbonate 
formations. At the selected significant point, alluvial de-
posits raise as the dominant form, which is naturally sus-
ceptible to compaction due to the weight of overlying 
sediments and tectonic forces, especially in coastal and 
estuarine environments (Karadenizli, 2011; Kralj, 
2012; Pomar et al., 2015; Noufal and Shebl, 2019).

Both fluvial and marine processes influence the coast-
al morphology of Cilacap. The interaction between river 
sediment inputs and marine redistribution affects the sta-
bility and development of coastal landforms (Kurnio, 
2007). Additionally, Figure 10C shows a clear correla-
tion between declining LWE and increased subsidence, 
confirming that groundwater decreasing is a key con-
tributor to land sinking. Recent studies indicate that at 
least three districts in Cilacap have a moderate vulnera-
bility to seawater intrusion and shallow interface depth 
owing to their heavy water demand for domestic and 
industrial purposes, making it more pronounced for land 
subsidence (Edison et al., 2021; Nugrahaeni et al., 
2021; Purnama, 2019).

However, a contrasting finding from Andreas et al. 
(2018) reported no significant vertical land motion based 
on continuous GNSS station measurements in Cilacap. 
In contrast, the coastal-riverine setting of Nusa Kamban-
gan appears more susceptible to compaction-driven sub-
sidence, likely due to its soft alluvial deposits and fluctu-
ating groundwater conditions. Furthermore, a geoelec-
tric study by Andi and Setiahadiwibowo (2020) 
detected subsurface cavities, suggesting that the area is 
prone to sinkhole formation, potentially exacerbating lo-
calized land instability.

5.2.3 �Significant location 3: Madiun  
(with a maximum of -742.247 mm)

Madiun occupies a basin on the eastern side of Java 
Island, Indonesia, where its alluvial deposit is inherently 
liable to subsidence. Subsidence also stems from over-
extraction of groundwater and land use change. Quater-
nary thick sediments greater than 250 meters form one 
of the causative factors because deep sediment deposits 
consisting of sand, silts, and clays of over 250 meters are 
highly prone to compaction under particular circum-
stances (Kumazawa, 1994).

The declining Land Water Equivalent (LWE) trend 
(see Figure 11C) closely correlates with increasing dis-
placement, confirming that subsidence in Madiun is pri-
marily driven by excessive groundwater extraction, par-

Figure 9. Triggering factors analysis of the significant location in Karawang. (A) The location of the significant subsidence 
point in Karawang is overlaid on satellite imagery that is overlayed with the geological setting. (B) Urban expansion  
from 2003 to 2023, highlighting industrial growth in the region. (C) Time-series of Land Water Equivalent (LWE)  

and vertical displacement.

Figure 10. Triggering factors analysis of the significant point in Cilacap. (A) Significant subsidence point in Cilacap shown  
on satellite imagery overlayed with the geological setting. (B) Urban growth between 2003 and 2023, illustrating land-use 

changes in coastal and industrial areas. (C) LWE and displacement trends from 2018 to 2020.
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ticularly for urban supply and irrigation purposes. Sev-
eral studies support this finding, highlighting that most 
paddy fields in Madiun rely on groundwater pumping, 
resulting in high withdrawal rates from both shallow and 
deep wells (Aqil et al., 2007; Nugraha et al., 2023). 
Consequently, Madiun exhibits a high potential for land 
subsidence, as evidenced by this study.

An official report from Indonesia’s Ministry of Energy 
and Mineral Resources indicated that Balerejo District in 
Madiun experienced up to 20 meters of subsidence be-
tween 2007 and 2019 (Pribadi, 2019). The findings of 
this study corroborate the government report, providing a 
detailed time-series perspective on subsidence progres-
sion. Moreover, Madiun’s urban expansion into formerly 
agricultural areas increases surface load, further compacts 
soft sediments, and reduces groundwater recharge capac-
ity, speeding up land subsidence. Policy responses to slow 
both the rate and impact of land subsidence in the region 
are urgently required to mitigate this issue.

5.2.4 �Significant location 4: Serang  
(with a maximum of -727.892 mm)

The northern coastal plain of Java consists of uncon-
solidated Holocene alluvial deposits, making it highly 
susceptible to natural compaction and land subsidence 
(Han et al., 2018; Sarah, 2022). This geological vulner-
ability also extends to Banten Province, which remains 

underrepresented in subsidence studies compared to 
other provinces. The findings of this study indicate that 
Serang, largely composed of riverine and coastal sedi-
ment deposits, is particularly vulnerable to land subsid-
ence. The combination of geologically fragile condi-
tions, rapid industrial expansion, and excessive ground-
water depletion has resulted in subsidence reaching -727 
mm by the end of 2022 (see Figure 12).

Despite these alarming findings, land subsidence in 
Serang has long been underestimated in scientific re-
search in relation to other vulnerable regions such as Ja-
karta and Semarang (Asdak et al., 2018; Lubis et al., 
2011; Takagi et al., 2016). The lack of comprehensive 
studies and continuous monitoring activities hinders the 
application of effective mitigation measures. As Serang 
becomes increasingly a center for industry and resi-
dence, land-use planning and the sustainable manage-
ment of water resources must be integrated into local 
policy to prevent further land subsidence. Increasing 
long-term geodetic observation and multi-sensor remote 
sensing studies is critical to addressing this neglected 
but pressing issue.

5.2.5 �Significant location 5: Sidoarjo  
(with a maximum of -680.114 mm)

Sidoarjo’s alluvial deposits and Pleistocene sediments 
make it naturally prone to subsidence, a condition fur-

Figure 11. Triggering factors analysis of the significant location in Madiun. (A)  
The location of the major subsidence point in Madiun shown on satellite imagery overlayed with the geological setting.  

(B) Urbanization trends from 2003 to 2023 show the expansion of urban areas in the location.  
(C) Time-series of LWE and displacement from 2018 to 2020.

Figure 12. Triggering factors analysis of the significant location in Serang. (A) The location of the observed subsidence point 
in Serang shown on satellite imagery overlayed with the geological setting. (B) Urban and industrial expansion from 2003 to 

2023, indicating increasing land-use changes. (C) LWE and displacement trends from 2018 to 2020.
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ther exacerbated by the ongoing influence of the Lusi 
mud volcano, which continues to induce sediment defor-
mation and underground fluid migration (Fikri et al., 
2021). With a recorded land subsidence of -680 mm, this 
region is significantly impacted by a combination of ge-
ological instability, rapid industrial expansion, excessive 
groundwater extraction, and the persistent effects of the 
Lusi mud eruption. The influence of the Lusi mud vol-
cano in this area has been extensively documented 
(Fukushima et al., 2009; Hayati et al., 2022; Yulyta et 
al., 2016), and this study confirms that vertical land dis-
placement remains active today.

The strong correlation between declining LWE and 
increasing subsidence underscores the urgent need for 
groundwater regulation and sustainable land-use plan-
ning to mitigate further subsidence in this highly indus-
trialized area (see Figure 13). Among the most affected 
regions, Sidoarjo has long been recognized for its severe 
subsidence, largely attributed to the Lusi mudflow disas-
ter and extensive subsurface fluid extraction (Hadianti 
and Dewanto, 2023).

5.3. Earth equilibrium in Java Island

The Earth’s surface acts as a dynamic system where 
volume and area variations are relatively steady, and a 
constant state of equilibrium is required within land de-
formation processes (Turcotte and Schubert, 2014; 
Nelson and Cottle, 2017). This is manifested in syn-
chronous subsidence in some regions and uplift in oth-
ers, both geologically and anthropogenically.

Along coastal regions such as Karawang, Tegal, 
Probolinggo, and Situbondo, coastal protection struc-
tures constructed to counter erosion frequently interfere 
with sediment balance, leading to sediment deficits in 
the nearby regions. The deficits increase subsidence 
rates through the alteration of patterns of sediment depo-
sition and removal (Solihuddin et al., 2021b). This phe-
nomenon expresses the overall principle of surface de-
formation, where a set of parameters – such as sediment 
supply and removal, groundwater utilization, and geol-
ogy – conjointly determine vertical land motion.

Groundwater extraction plays a particularly signifi-
cant role in land subsidence, as it reduces hydrostatic 
pressure within aquifers, increasing geostatic stress and 
leading to soil compaction (Julzarika et al., 2023, 
2018). Terzaghi’s law describes this relationship, em-
phasizing how changes in groundwater pressure directly 
impact soil deformation and land stability. Additionally, 
soil composition influences the subsidence rate, with 
coarser sands being more prone to rapid compaction, 
whereas finer-grained sediments exhibit greater resist-
ance to deformation.

Therefore, the dynamic equilibrium of Earth’s topog-
raphy is maintained through the continuous interplay of 
uplift and subsidence forces, shaped by both natural pro-
cesses and human activities. While local and regional 
topographic variations persist, these opposing forces 
contribute to long-term stability in the global land-to-
water ratio over geological timescales.

5.4. �InSAR-derived Land subsidence Hotspots: 
Large-Scale Challenges and Opportunities

This study has identified numerous previously unan-
ticipated vertical land motion hotspots across Java Is-
land, emphasizing the necessity for a new strategy for 
land subsidence management. These results could 
prompt researchers and government agencies to adopt 
new strategies for mapping, modeling, and mitigating 
underrepresented subsidence-prone areas. However, the 
limited number of GNSS stations used for validation in-
troduces potential uncertainties in the results. This em-
phasizes the need for expanding continuous GNSS mon-
itoring networks, which remains challenging due to fi-
nancial and logistical constraints. Strengthening the 
geodetic monitoring infrastructure would enhance the 
reliability of deformation measurements and support the 
integration of InSAR and GNSS data for improved ac-
curacy (Abidin et al., 2013b; Fabris et al., 2022; Liu et 
al., 2019).

Meanwhile, InSAR has further solidified its role as an 
essential tool for high-precision surface deformation 
monitoring, especially in tropical regions. Future re-

Figure 13. Triggering factors analysis of the significant location in Sidoarjo. (A) Major subsidence point in Sidoarjo, with 
proximity to the Lusi mud volcano. (B) Urban sprawl from 2003 to 2023, depicting rapid industrialization and land 
conversion. (C) Time-series of LWE and displacement, showing groundwater depletion as a key factor influencing 

subsidence, alongside the impact of the mud volcano.
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search should focus on denser InSAR observations, vali-
dated with GNSS, across other Indonesian Islands to 
uncover additional surface deformation hotspots, par-
ticularly in underrepresented regions. Moreover, upcom-
ing SAR missions, such as NISAR (Rosen et al., 2016) 
and recently launched satellites like Sentinel-1C and 
ALOS-4 PALSAR-3 (Motohka et al., 2019), are ex-
pected to enhance vegetation penetration and temporal 
resolution, making them better suited for deformation 
monitoring in Indonesian landscapes.

6. Conclusions

Understanding Vertical Land Motion (VLM) is sig-
nificant for geological hazard estimation, urban plan-
ning, and infrastructure resilience. Java Island is a geo-
dynamically complex region with subsidence and uplift 
due to anthropogenically driven and natural processes. 
Although previous studies in Java Island were predomi-
nantly focused on significant cities such as Jakarta, 
Bandung, and Semarang, systematic large-scale obser-
vation in small, unrepresented regions was lacking.

This study uses a Small Baseline Subset (SBAS) In-
SAR to map VLM across Java Island completely, com-
bining multi-temporal satellite data with GNSS valida-
tion. The hotspots of subsidence identified are notable, 
with Karawang (-1795 mm), Cilacap (-902 mm), and 
Madiun (-742 mm) suffering from increased ground sub-
sidence compared to Jakarta coastal areas. Uplift trends 
in East Java are also due to tectonic and volcanic forces. 
The findings highlight the need for local monitoring to 
fully appreciate land deformation’s main reasons and 
spatial gradients.

Besides confirming well-documented places of subsid-
ence risk, the study identifies previously unreported zones 
such as Madiun, Cilacap, and Serang that now register 
elevated levels of subsidence. Policymakers and urban 
planners rely on the data, which prompts improved water 
resource management, land-use planning, and infrastruc-
ture realignment in areas prone to this phenomenon.

Despite the power of SBAS InSAR for large-scale 
monitoring, there are still some limitations, including 
potential biases from GNSS station density and atmos-
pheric delays. Future research will likely focus on dens-
er GNSS networks, higher resolution InSAR observa-
tions, and multi-sensor integrated solutions to improve 
displacement accuracy. Moreover, future SAR missions 
of NISAR, Sentinel-1C, and ALOS PALSAR-4 will 
have enhanced vegetation penetration and temporal res-
olution, further enhancing deformation monitoring per-
formance.

Finally, this research reiterates the value of Earth Ob-
servation technologies for the study of long-term land 
deformation. This study provides high-precision defor-
mation mapping and insight into Java’s evolving geody-
namics by integrating advanced InSAR time-series pro-
cessing and ground-based validation. Enhancing routine 

and spatially dense monitoring campaigns will play a 
very important role in developing effective mitigation 
strategies against land subsidence and uplift hazards, fa-
cilitating sustainable development across Java Island.
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SAŽETAK

Redefiniranje žarišnih područja slijeganja i izdizanja tla na otoku Javi, Indonezija: 
viševremenska InSAR analiza za kartiranje deformacija tla velikih razmjera

Otok Java doživljava složene i nelinearne deformacije tla uzrokovane interakcijom prirodnih i antropogenih čimbenika. 
Dosadašnja istraživanja uglavnom su bila usmjerena na slijeganje tla u urbanim sredinama ostavljajući obrasce deforma-
cija na razini cijeloga otoka nedovoljno istraženima. Ovo istraživanje rješava taj nedostatak korištenjem viševremenske 
interferometrije sintetičkoga radara s otvorom antene (engl. Multi-Temporal Interferometric Synthetic Aperture Radar, 
MT-InSAR), kojom se identificiraju opsežni obrasci slijeganja i izdizanja tla na čitavome otoku Java. Rezultati pokazuju 
prethodno nedovoljno istraženo slijeganje tla u Karawangu (–1795 mm), Cilacapu (–902 mm) i Madiunu (–742 mm), koje 
premašuje slijeganje u priobalnome području Jakarte. Važno je istaknuti da se najizraženije slijeganje na području Velike 
Jakarte odvija u unutrašnjosti, kod Bekasija i Cikaranga, čime se osporavaju tradicionalne pretpostavke o slijeganju u 
urbanim zonama te pruža šire razumijevanje regionalne geodinamike otoka Java. Integracijom analize žarišnih područja 
i MT-InSAR metodologije unapređuje se praćenje deformacija tla te se naglašava važnost kontinuiranoga monitoringa za 
učinkovito upravljanje zemljištem i planiranje infrastrukture, posebice u visokorizičnim područjima koja nisu dovoljno 
pokrivena mjerenjima, kao što su Karawang, Cilacap i Madiun. Dobiveni rezultati mogu se primijeniti u geološkim istra-
živanjima, urbanističkome planiranju te donošenju politika u svrhu ublažavanja geoloških opasnosti i osiguravanja odr-
živoga razvoja.

Ključne riječi: 
InSAR, vertikalni pomak tla, LiCSBAS, slijeganje tla, Sentinel-1
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