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Abstract. Rapid land subsidence is a major threat to coastal megacities in
Indonesia. However, spatially detailed information on subsidence rates
remains limited in Indonesia, particularly for Medan-Belawan. This study
aimed to quantify land subsidence rates in Medan-Belawan and assess the
consistency between ground-based and satellite-based measurements. Land
subsidence was measured using Global Navigation Satellite System (GNSS)
observations at 10 benchmark (BM) points and Differential Interferometric
Synthetic Aperture Radar (DInSAR) analysis using Sentinel-1A imagery.
Both methods consistently indicated substantial subsidence across the city.
GNSS-derived subsidence rates ranged from -0.84 to -8.76 cm/year, while
DInSAR-derived rates ranged from -6.18 to -13.56 cm/year. The overall
mean subsidence rate was -6.41 cm/year, with an RMSE of 6.57 cm between
the two approaches. The highest subsidence rates were concentrated in
districts with very high population densities. Medan-Belawan is
experiencing significant land subsidence, and GNSS and Sentinel-1A
DInSAR provide broadly consistent estimates. The spatial concentration of
high subsidence in densely populated districts highlights the need for
targeted monitoring and mitigation strategies.
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1 Introduction

The Medan-Belawan region, located in North Sumatera, Indonesia, forms a critical urban—
coastal corridor that connects Medan City, the provincial capital, to Belawan Port, one of
Indonesia’s busiest international trade gateways. This low-lying area, situated along the Deli
River delta and coastal alluvial plains, is characterized by soft Holocene clay and silt deposits,
extensive groundwater-dependent industries, and rapid urbanization and reclamation
activities. Such geomorphological and anthropogenic conditions make Medan-Belawan
highly susceptible to ground deformation and land subsidence. Land subsidence, driven by
both anthropogenic and natural factors, has become a serious problem in Medan-Belawan
City, Indonesia, threatening the livelihoods of the local communities. This phenomenon is
primarily associated with rapid urbanization, particularly in large cities where excessive
groundwater extraction has led to significant land subsidence [1].

Land subsidence poses major risks to infrastructure and heightens the vulnerability of
Medan-Belawan to tidal flooding, especially during periods of high rainfall and rising sea
levels [2]. The main purpose of this research was to analyze and quantify land subsidence in
the Medan-Belawan coastal region by integrating Differential Interferometric Synthetic
Aperture Radar (DInSAR) and Global Navigation Satellite System (GNSS) techniques.

Urbanization in Medan-Belawan has greatly influenced both population growth and
infrastructure development. A geometric population growth model predicts a sharp increase
in the population of Medan from 2,301,101 people in 2020 to 2,501,069 people in 2029,
reflecting substantial growth [3]. Urban expansion has also spurred major infrastructure
projects, such as the construction of an underpass at the Jalan Gatot Subroto-Jalan Gagak
Hitam intersection, aimed at reducing traffic congestion caused by the rapid increase in
vehicle numbers [4]. However, this rapid urbanization and population growth have led to
widespread land conversion, environmental degradation, and insufficient green space, falling
short of the legally mandated 30% [5, 6]. While urbanization in Medan fosters economic
growth and infrastructure development, it also presents challenges in environmental
sustainability and resource management.

The rapid development of the city, compounded by construction pressure, has increased
the load on land and worsened land subsidence. The high compressibility of soil under
building loads exacerbates this issue [7]. Excessive groundwater extraction further
accelerated subsidence. Aquifer depletion reduces pore pressure, causing soil compaction
and ground sinking [8]. In Medan City, land subsidence rates range from -48.6 mm/year to -
54.1 mm/year [1, 9]. The relevance of studying land subsidence in this region lies in its
implications for urban planning and environmental management as well as its contribution to
understanding broader subsidence patterns in Indonesia.

Medan-Belawan City is also highly susceptible to tidal flooding because of its low
elevation of approximately 3 m above the sea level. These floods are primarily triggered by
high sea levels during tidal events and frequently affect large areas, including Sicanang and
Belawan Bahagia Villages [10]. The use of Sentinel-1 SAR data and the GNNS technique
has been instrumental in monitoring land subsidence in Northern Sumatra, including Medan
and Belawan. This technology allows for precise measurement of subsidence rates and
patterns over time [11-12]. GNSS provides high-precision vertical deformation
measurements (mm to sub-centimeter level) but at discrete locations. Key uncertainties arise
from multipath interference (+3-5 mm), antenna height errors or local monument instability
(+1-2 mm), atmospheric delay residuals (+2-3 mm), and reference-frame realization errors
(+1-2 mm). The resulting total vertical uncertainty, typically (+3-7 mm) per station, depends
on the observation duration and environment.

The impact of tidal flooding is worsening in Medan-Belawan, largely because of land
subsidence [2]. However, comprehensive studies on land subsidence in this region remain
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limited. Therefore, this study seeks to provide detailed insights into land subsidence rates in
Medan-Belawan City, serving as a scientific basis for efforts to mitigate tidal flood disasters.
The novelty of this research is the integration of multitemporal DInSAR (Sentinel-1) and
GNSS data to significantly enhance the accuracy of land subsidence measurements in urban
areas such as Medan-Belawan City.

2 Methods

2.1 Study area

This research was conducted in the coastal waters of Eastern North Sumatra, which are
directly connected to the city of Medan-Belawan, within the geographical coordinates of
3°27'N-3°47'N and 98°35'E-98°44'E (Fig. 1).

The method used to determine land subsidence in Medan-Belawan City combines Real-
Time Kinematic Global Navigation Satellite System (RTK-GNSS) and Differential
Interferometric Synthetic Aperture Radar (DInSAR). The procedure for land subsidence
measurement using RTK-GNSS comprises several stages, including raw data acquisition at
benchmark (BM) points, quality assessment of the collected data, orbit verification,
instrument calibration and correction, atmospheric and instrumental error correction,
reference system determination, data filtering, and final data processing.

2.2 Materials and data processing

The research materials comprised land subsidence data derived from the RTK-GNSS
measurements. The GNSS survey equipment, positioned at the BM point as the measurement
target, is shown in Fig. 2. Sentinel-1A SLC data, Sentinel-2A L2A imagery, and the
Indonesian National Digital Elevation Model (DEMNAS).

Land subsidence analysis was conducted using Sentinel-1A data. Data processing was
performed using the SNAP software with SNAPHU extension. The dataset consisted of a
master (2023) and slave (2025) image pair, which were co-registered using the S1 TOPS co-
registration method with the SRTM 1 Sec HGT DEM as a reference. The initial steps
included interferogram generation and coherence estimation, applying a minimum coherence
threshold of 0.2, followed by burst merging using the TOPSAR Deburst tool. Subsequently,
the topographic phase was removed to isolate the deformation phase, and Goldstein filtering
combined with multi-looking filtering was applied to enhance the image quality. The filtered
phase was unwrapped in SNAPHU and converted from radians to metres. Geometric
correction was then performed using range-Doppler terrain correction with the same DEM.
Finally, the results were visualized in ArcMap to generate a subsidence map representing the
elevation changes in the study area. Equation 1 shows the phase difference (A@) resulting
from InSAR. The SAR Interferometry (InSAR) process used to obtain the deformation phase
value is called Differential Interferometry Synthetic Aperture Radar (DInSAR).

Ap = Apd + Aptopo + Agporb + Apatm + Agn, 0

Where:

Apd accounts for the possible displacement of the scatterer between observations.

Agptopo represents the residual topography-induced phase owing to the imperfect knowledge
of the height profile (i.e., DEM errors).

Agporb accounts for inaccurate orbital information during the synthesis of the topographic
phase.
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Agatm denotes the phase components owing to changes in the atmospheric and ionospheric
dielectric constants between the master/slave acquisitions.
Agn accounts for decorrelation phenomena (e.g., spatial, temporal, and thermal).
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Fig. 1. Research area and benchmark (BM) measurement locations in Medan-Belawan City, North
Sumatra, Indonesia.
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Fig. 2. The GNSS receiver installed at a benchmark point used for monitoring land subsidence in
Medan—Belawan City, North Sumatra, Indonesia. The setup illustrates the field observation
configuration and the fixed reference employed to obtain precise vertical displacement measurements.

Sentinel-1A ascending images acquired between March 2023 and 2025 were processed
using the PS InSAR technique at SNAP. The mean incidence angle was 39° and the temporal
baseline threshold was set at 24 days. Precise orbit files and Goldstein filtering were applied
to enhance the interferometric coherence.

Land Subsidence is calculated to predict flooding and coastal inundation risks;
monitoring supports engineering maintenance and mitigation planning, helping regulate
extraction rates and protecting aquifers, identifying vulnerable zones and adjusting land-use
or zoning policies, and environmental protection, such as wetland loss, saltwater intrusion,
and ecosystem degradation. The RMSE provides a numerical measure of the average
deviation between the DInSAR and GNSS datasets (Form 2).
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1
RMSE = \/;Z?(Hnmsm,i — Hgyns,i)? @

N is the number of observation points (collocated DINSAR-GNSS stations), Hp,s4r,i
represents the subsidence value from DInSAR (mm or cm), and Hgyys,; is the subsidence
value from GNSS (mm or cm).

3 Results and discussion

3.1 Land subsidence using satellite data

Sentinel-1A data from 2023 to 2025, processed using the DInSAR method (Fig. 3), indicates
land deformation with subsidence rates ranging from 0 to 14 cm/year. The deformation rates
at benchmark points BM1-BM10 are presented in Table 1. The Southern part of Medan
exhibits relatively low deformation (-1.2 cm/year), whereas the highest rates, reaching from
-6 to -14 cm/year, are concentrated in Helvetia District, Medan Perjuangan, and the eastern
region, particularly in the Medan-Belawan Port area.

The natural consolidation of alluvial soils in Medan is another factor contributing to
land subsidence. This process represents a geological phenomenon that develops over
time and occurs independently of human activities [6, 7, 11].

98°36'0°E 98°40'0"E

98°36'0°E 98°40'0°E 98°44'0°E 98°48'0°E

Fig. 3. Land subsidence map in Medan-Belawan City, North Sumatra, Indonesia. The map presents the
spatial distribution of land subsidence rates in Medan—Belawan City derived from DInSAR analysis of
Sentinel-1A imagery during 2023-2025.
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3.2 Land subsidence using GNSS survey

Land subsidence measurements in Belawan City using the GNSS method during 2023-2024
(Table 1) [1] recorded the highest rate at BM02 (IKD Pelindo) with -8.76 cm/year, and the
lowest at BMOS5 (Belawan Bahagia) with -1.80 cm/year. In August 2025, the land subsidence
was measured using the same method. As only a single measurement was available for that
year, subsidence values for each BM point in Medan City were supplemented with land
subsidence data from the Indonesian Geospatial Information Agency (BIG) (Table 1).

Table 1. Land Subsidence in Medan-Belawan City Using DInSAR and GNSS Methods. The
comparison highlights the level of agreement between satellite-based and ground-based observations
in detecting spatial patterns of subsidence.

BM | Latitude Longitude | SuDsidence DINSAR [ Subsidence GNSS
BM 01 03°47'15.355"N 098°4127.601"E -12.66 -8.40
BM 02 03°47'03.891"N 098°4222.901"E -13.56 -8.76
BM 03 03°46"27.030"N 098°42'13.472"E -13.04 -3.84
BM 04 03°46'55.729"N 098°4122.497"E -11.24 -3.72
BM 05 03°45'49.754"N 098°40'55.638"E -7.58 -1.80
BM 06 03°4525.873"N 098°3926.864"E -7.05 -0.84
BM 07 03°31'15.679"N 098°40'35.460"E -6.18 -1.20
BM 08 03°33'10.987"N 098°4126.632"E -7.58 -1.30
BM 09 03°29'52.016"N 098°38'54.082"E -6.89 -1.20
BM 10 03°35'44.564"N 098°40'31.547"E -10.17 -1.20

The integration of the DInSAR and GNSS methods provides more comprehensive and
reliable information on land subsidence in Medan-Belawan City. Although DInSAR offers
broad spatial coverage, GNSS supplies precise and continuous point-based measurements.
The combination of these approaches helps overcome the limitations of each technique and
enhances the overall accuracy of land subsidence monitoring.

Medan-Belawan City is among the ten most densely populated cities in Indonesia. A high
population density contributes to excessive groundwater extraction, which is a major driver
of land subsidence and accounts for up to 67% [13, 14]. Similar conditions were observed in
Medan-Belawan, where groundwater exploitation significantly influenced the subsidence
patterns [15]. The highest rates of land subsidence in the area occur in the Medan Perjuangan
District, which has a population density of 25,533 inhabitants per square kilometer. The
resulting demand for housing has driven land use changes, with 97.67% of the district now
allocated for residential and community activities [16].

Medan Baru District, recognized as a commercial center, also faces critical spatial
pressure. The extent of public green open space in this district is only 18.78 hectares, or
3.48%, far below the 20% requirement mandated by Law No. 26 of 2007 on Spatial Planning
[17]. Such reductions in green space alter the hydrological cycle and exacerbate subsidence,
particularly in urban areas where groundwater extraction is intensified to meet water demands
[18, 19].

The most severe subsidence is observed in the Medan-Belawan District, with rates
ranging from 12 to 15 cm/year during 2023-2024 (Fig. 3). This condition is linked to a
population density of 3,380 inhabitants per square kilometer [20, 21]. Excessive groundwater
extraction is one of the primary causes of subsidence in port extraction [22].
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The RMSE value was 6.57 cm. In other words, if the value of RMSE is more than 10
mm/year, it requires an evaluation of the source of error from the orbit, atmosphere, or
reference.

4 Conclusion

Calculating land subsidence is essential for understanding, predicting, and mitigating
environmental and structural hazards in Medan-Belawan. The rate of land subsidence in the
Medan-Belawan region, based on the DInSAR and GNSS methods, ranges from -1.2 cm/year
to -15 cm/year. The lowest rates were observed in Medan Tuntungan, Medan Johor, and
Medan Selayang Districts, whereas the highest occurred in Medan Helvetia, Medan
Perjuangan, and Medan-Belawan Districts, particularly in the Belawan Port area. The
primary contributing factors include high population density driven by urbanization,
intensive land use, large-scale groundwater extraction, and vertical building loads. Both the
DInSAR and GNSS methods yielded consistent results, with the broad spatial coverage of
DInSAR complementing the point-based precision of the GNSS. However, owing to the
limited number of GNSS measurements, further studies are required to validate and refine
the accuracy of land subsidence estimates derived from the DInSAR method. The integration
of DInSAR and GNSS provided essential baseline data for developing urban resilience and
sustainable groundwater extraction strategies. This study provides a validated geospatial
framework that supports sustainable urban development, enhances flood resilience, and
informs future policy decisions for the Medan-Belawan region.
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