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Abstract: Flood disasters have become an annual occurrence along the East Coast of North Sumatra
(ECNS) and Medan City. Numerous studies have examined the causal factors flood disasters in this
area, such as changes in land use, drainage issues, and population growth, but the intensity of flood
disasters continues to rise. In this research, we focused on evaluating the unexplored factors of land
subsidence and rising sea levels in this region. Our investigation uses multi-sensor satellite data and
field surveys to conduct an assessment of the rate of land subsidence and sea level rise and assess
their implications on flood disasters. This study highlights the potential of multi-sensor satellite data
as a primary resource for assessing flood disasters in coastal areas and densely populated large
cities. Furthermore, we propose a solution to reduce the negative impact of flood disasters by by
engaging local communities and environmental enthusiasts in mangrove reforestation along the
coastline.
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1. Introduction

Medan City, the capital city of North Sumatra Province, has a population of 2.4 million people
with an area of 26,510 ha, or 3.6% of the total area. North Sumatra Province is the fifth-most populous
city and the third-largest city in Indonesia. Starting from Belawan City, located on the east coast of
North Sumatra and north of Medan, it is a sloping lowland. It is the confluence of two rivers, the Deli
and Babura, which flow into Belawan beach. Flooding tends to occur during heavy rainfall, and
getting worse at high tide.

Every year, flood disasters occurs during the rainy season and inundate areas reaching up to
9000 ha. The flood disaster in Medan City is caused by excessive water from upstream rivers and
poor urban drainage conditions [1-3]. A 40-year dataset clearly shows that Medan City and its
surroundings experience the most frequent and intense flood disasters. The peak incidents typically
occur in December and January, during periods of high rainfall exceeding 50 mm/day [4]. Geospatial
analysis highlights that 61% of Medan City indicates a high to very high vulnerability to these
recurring floods [2]. Flood data in Medan City shows that flood events affected 3,128 housing units
and 13,287 residents and caused material losses approximately US$4,170,800 [3]. Until now, Medan
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City has been experiencing flooding. So far, the flood control projects implemented have not been
successful [5].

There is a need for an assessment of the factors causing flooding to provide essential insights for
the government policy formulation aimed at effectively mitigating flooding challenges. Several
studies have been conducted to analyze the causal factors of flooding in Medan city and its
surroundings, such as poorly performing urban drainage system that is unable to compensate for the
increase in runoff discharge, garbage blocking the drainage, changes in land use, and erosion [5-7].
Beyond these factors, sea level rise and land subsidence also affect flooding conditions [8,9]; even 5-
10 cm of sea level rise affects the doubling of flooding in tropical areas [10-12]. However, until now,
the impact of sea level rise and land subsidence on floods in Medan and its surroundings is not well
understood.

A number of studies shows the critical connection between land subsidence and the exacerbation
of flooding events, especially in big cities in Indonesia such as Bandung [13], Jakarta [14], and
Semarang [15]. Land subsidence tends to occur in urban areas where a very large proportion of the
population rely on wells for water supply, making them vulnerable to land subsidence. However,
land subsidence has not generally been considered in studies of flood hazards and mitigation efforts,
as research data on the rate of land subsidence is still rare.

Some scientists have developed several methods to estimate the land subsidence rate from radar
data, for instance, the Differential Interferometric Synthetic Aperture Radar (DInSAR) method.
DInSAR interferometry is a useful technique for detecting and monitoring deformation movements,
as well as for advancing research [16]. The DinSAR approach can be used to determine changes in
the volume deformation of the soil surface [13,15,17,18]. The satellite-derived estimations of
subsidence depth are compared to the previous results of GPS survey [19].

Differential synthetic aperture radar interferometry (DInSAR) is an effective method for
detecting ground displacement or land deformation in the antenna line-of-sight (slant-range)
direction using synthetic aperture radar (SAR) data acquired at two different times [20-23]. The D-
InSAR method complements ground-based methods such as levelling and GPS measurements by
providing information across a large coverage area even when the location is inaccessible [24].

Data from the Sentile 1A satellite radar, available free of charge, is a great source of data for
processing and analysis to produce land subsidence maps. Several studies show that flood conditions
in Medan City and its surroundings are getting worse due to several factors, such as changes in land
use, deforestation in upstream areas, and increasing population by 0.26% [3]. However, no study has
yet examined the impact of land subsidence on the risk of flooding in the ECNS and Medan City. To
better predict and mitigate flooding on the ECNS, we need accurate information about the factors
that contribute to flooding and its impacts. This study aims to use DINSAR method, a technique that
analyzes Sentinel 1-A radar satellite images, to measure the rate of land subsidence and altimetry
data to analyzed the sea level rise trends on the ECNS. This information can then be used to develop
more accurate flood models and to identify areas that are at risk of flooding.

2. Materials and Methods

The study site is located on the east coast of North Sumatra, including Medan, which is located
at a geographical position of 03°39'00”S - 98°38'00”E to 03°53'00”S - 98°58'00” E. Medan City and the
ECNS covers 265 square kilometers and has 21 subdistricts (Figure 1). The study area is growing
rapidly, as evidenced by the expansion of settlements and the physical development of the city area.
The increase in population [25] and development has led to the conversion of vegetated land for other
purposes, such as economic areas and settlements.
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Figure 1. Studi site and distribution of benchmark in Medan City

2.1. Multi-Sensor Satellite Data

This study used used multi-sensor satellite data and field survey measurements. Altimetry data
from multiple satellites was used to measure changes in sea level over time and analyze the trends
(https://ccar.colorado.edu/altimetry/). Synthetic Aperture Radar (SAR) data from the Sentinel-1
satellite is used to measure land deformation (https://asf.alaska.edu/). SAR Sentinel-1A Level 1 Single
Look Complex (SLC) imagery and Digital Elevation Model (DEM) data are used to estimate the rate
of land subsidence. Optical data from the Sentinel-2 satellite sensor is used to identify land use
(https://www.satimagingcorp.com/satellite-sensors/other-satellite-sensors/sentinel-2a/).

SAR image data processing with the DinSAR method using the calculation of the phase

difference of two or more SAR images in the SeNtinel Application Platform (SNAP) software (Ullo
2019). DInSAR aims to extract the total phase caused by deforming/changing ground values by
eliminating or reducing other factors that contribute to the formation of phase interferograms. The
DInSAR technique allows the terrain displacement to be calculated as the interferometric phase
contains the following phase terms [26].
i
By
with the projection of relative point displacement onto the radar Linne of Sight (LOS). In particular,
the variation of the interferometric phase can be mathematically represented by the following
equation [26].

Agd = — AR (1)

A = A@d + Agptopo + Agorb + Agatm + Apn (2)

where the following conditions hold.

1.  A@d accounts for a possible displacement of the scatterer between observations.
2. Agtopo represents the residual topography-induced phase due to a nonperfect knowledge of the
height profile (i.e., the DEM errors).
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3. A@orb accounts for inaccurate orbital information in the synthesis of the topographic phase.

4.  Agatm denotes the phase components due to the change in the atmospheric and ionospheric
dielectric constant between the master/slave acquisitions.

5. Agn accounts for decorrelation phenomena (spatial, temporal, thermal, etc.).

In the following, some fundamental steps and critical aspects of interferometric processing were
analyzed.

Coregistration of synthetic aperture radar (SAR) images is necessary to align the images such
that they can be compared pixel-wise to detect changes in the scene. The coherence between the
master and slave images is given as follows: [26,27]

E[ulu2x]

Y= VE[(ulul#)E(u2u2+) ’

where: E[-] represents statistical expectation, ul and u2 represent the two images. The coefficient

0<y<1(3)

values (y) range from 0 (low coherence) to 1 (high coherence).

The next step is the phase unwrapping, performed through a Statistical Cost Network Flow
Algorithm for phase unwrapping developed at Stanford University (SNAPHU). Unwrap data
conversion from phase form to elevation value is performed to determine the difference in height
from the DInSAR process or convert from slant to height using the phase-to-displacement tools in the
SNAP software. Flowchart showing how the data gets processed is presented in Figure 2.
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Figure 2. Flowchart of satellite data processing using the DInNSAR method with SNAP software.
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2.2. Measuring Tides and Coastal Slope

Tidal data measurements are condusted to measure tides, coastal slopes, and land surface height
using geodetic measurements. Tide gauge hourly data are analysed to calculate mean sea level (MSL),
Lowest Water Level (LWL), Mean Low Water Spring (MWLS), Mean High Water Neap (MHWN),
Mean High Water Neap (MHWN), and Mean High Water Spring (MHWS). Tidal type is analyzed
using Formzahl Number as shown in Egs. (4) as follows:

F = (01 +K1)/(M2 + S2) (4)

where, M2 is Principal lunar, K1 is Luni-solar diurnal, S2 Principal solar, 01 is Principal lunar diurnal.

Coastal slope measurement is performed by placing a water-level device in a certain place,
which is arranged on the tripod on slag-1 (Figure 3). The middle thread (a) is read on the measuring
marker, which stands at the lowest low tide mark (0.0 m), and the middle thread (b) on the measuring
sign standing on stake 1a. Next, the water level tool is moved to slag-2; read the middle thread c on
the measuring mark, which stands on stake 1a, and the middle thread (d), which stands on stake 1b.
Then, the tool moves to slag-3, read the middle thread (e) on the sign that stands on stake 1b and the
middle thread (f) on the sign that stands on stake 1c. For the final measurement, the tool is moved to
slag-4; read the middle thread (g) from the measuring mark that stands on the 1c peg and the middle
thread (h) from the measuring mark that stands on the 1d. The height of points 1a, 1b, 1c, and 1d can
be determined using the following formula: la=0.0m+a-b;lb=1a+c-d;lc=1b+e-f and 1d =
lc+g-h.

i
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Figure 3. Method for measuring coastal slope at the ECNS using Levelling.

GPS height point (z) measurements are conducted at 6 Benchmark (BM) locations (BM-02, 06,
07, 08, 14, 16, 21) of the Geodetic Control Net belonging to the Medan City Settlement and Spatial
Planning Service, North Sumatra Province which was installed in 2010 (Figure 1). Observations and
collection of GPS height (z) data are conducted in September 2023. Each BM is measured using
Geodetic GPS using the Real Time Kinematic-Networked Transport of RTCM via Internet Protocol
(RTK-NTRIP) method. The connecting points are the Indonesian Sustainable Operations Reference
Station (INA-CORS BIG), Medan, and Belawan. Based on several references, the accuracy and
precision of GPS measurement results using the RTK-NTRIP method using INA CORS BIG are in
appropriate condition and meet the standards. The tool used is CHCNAYV i50 Geodetic GPS/GNSS
Receiver with horizontal accuracy: 8 mm + 1 ppm-RMS, vertical accuracy: 15 mm + 1 ppm-RMS,
Initialization time: < 10s and Initialization reliability: > 99.9%

3. Results

3.1. Trends of Sea Level Rise and Floding

Satellite altimetry data shows that the trends of sea level rise in the ECNS waters are 5.0 mm/year
(Figure 4). This trend is higher than the rate of sea level rise globally [28,29] and average sea level rise
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in Indonesian waters [30,31]. The high rate of sea level rise in the ECNS waters will exacerbate the
danger of flooding during high tide.

During the field survey, there is a significant flood in Belawan City. Measurement shows that
the highest tide occurred during September 19-23, 2016 (Figure 4). Tidal data during September-
October, 2016 (Figure 5) shows that the type of tide in the ECNS waters was diurnal (Formzahl
Number > 3.0) and the mean sea level was 108,580 cm. The area affected by tidal flooding was
extensive, including housing, fishing ports, and railways (Figure 6). Community activities stopped
for one week. Geodetic technique measurement data shows that the land surface along the coast is
lower at high tide, thereby inundating the land surface area (Figure 7).
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Figure 4. Trends of sea level rise on the east coast of North Sumatra based on satellite altimetry data
from 1992-2019.

200~

150+

100+

Water Level (cm)

50

0
06/09/2016 06/10/2016

Figure 5. Tidal fluctuations in the East Coast of North Sumatra for one month (September — October,
2016).
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Figure 6. Flood conditions during field surveys in Belawan City on September 19-23, 2016.
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Figure 7. Variation of tides and the height of the coastal area during the floods September 19-23,
2016.

3.2. Land Subsidence

The spatial planning map of the Medan City shows that the dominant areas covering land in the
Medan City are trade and settlement areas. The SAR Sentinel 1A satellite data shows that subsidence
has occurred along the ECNS coast and in Medan at a range rate of -0.01 - -19.00. cm/year (Figure
8). The highest rate of land subsidence is around the Medan City, an area of high-rise buildings such
as hotels and places of business. The lowest subsidence rate is in areas with vegetation cover, such as
mangrove areas in coastal areas.
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Figure 8. The velocity of land subsidence on the ECNS and Medan City.

The vertical deformation velocity calculated from leveling measurements in Medan City (Figure
9) ranges from -0.09 cm/year to -21.59 cm per year with average -5.22 cm per year (Table 1). This
measurement corresponds to the estimated satellite deformation rate, which ranges from -0.01 to 19.0
cm per year. Land subsidence in Medan can also be seen from the condition of buildings cracking or
falling. The most severe building collapse was found in the Belawan City.

Table 1. The vertical deformation velocity at 6 Benchmark points in Medan City.

Bench Mark Latitude Longitude Land subsidence
(BM) N) (E) (cm/year)
BM 02 3.521109 98.676373 -0.57
BM 06 3.560994 98.697191 -3.25
BM 07 3.560994 98.711181 -21.59
BM 08 3.574129 98.706511 -0.09
BM 16 3.497786 98.648354 -5.42
BM 21 3.498690 98.599782 -0.39

Average -5.22
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Figure 9. Several BM positions in Medan City during the survey in September 2023.

3.3. Impact of Sea Level Rise and Land Subsidence

Based on one month of tidal measurements, the MSL at the ECNS was 108,580 cm. The height of
the beach from point 0 is 164.0 cm, so no tidal flooding occurs in the coastal areas during normal tides
(Figure 8a). During the highest tides, tidal flooding inundates the coastal areas in Belawan City.

The rate of land subsidence in the ECNS and Medan City from geodetic measurements was an
average of 5.22 cm/year. It is estimated that the land will subside by 52.22 cm in the next ten years,
making the impact of flooding even more severe (Figure 8b). Besides land subsidence, the ECNS is
also experiencing rising sea levels at a rate of 5 mm per year. This means that sea levels are expected
to rise by 5 cm over the next ten years, from the current conditions. This sea level rise will exacerbate
the negative impacts of flooding along the coast, as illustrated in Figure 10c.
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Figure 10. Prediction of the impact of land subsidence and sea level rise in the next ten years along
ECNS Beach and Medan City.

4. Discussion

The estimated velocity of land subsidence in ECNS and Medan City is high, based on both
Sentinel-1 imagery and in-situ measurements at several BM points in Medan City. However, the field
measurement data is not well distributed spatially because some of the measurement points have
fallen or tilted. Nevertheless, the land subsidence pattern estimated from satellites is similar to the
field measurements. These results show that Setinel-1 satellite data has the potential to be used as
primary data to study land deformation in a region, especially if there are insufficient BM
measurement points. This study supports previous research that the quality of SAR data is high-
precision in subcentimeters [21]. Even using validation procedures, the land deformation velocity
map shows an accuracy of 2 mm/year [32].

Land subsidence in ECNS and Medan City is never considered in handling the floods disaster
that occur every year. The pattern of land subsidence velocity follows the landform pattern [32]. The
areas with the highest land subsidence rates are in the alluvial plains, followed by tidal areas and
beaches (Figure 11b). Coastal areas in ECNS and Medan City are relatively flat (0-8%) and sloping (8-
15%) [33], thus creating a more dangerous flood hazard. This condition is also supported by data on
flood events, which often occur every year in areas with relatively high land subsidence rates (Figure
11a).

The level rate of land subsidence around Medan City and ECNS is also supported by population
density data (Figure 11c). Based on observations in the field on September 2023 in Belawan City,
cracked walls and falling ceramic floors of buildings were visible clearly (Figure 12). In Figure 11, it
can be seen that in all areas with high population density, the rate of land subsidence is also high.
Areas with high population density will utilize underwater ground for daily needs, thereby
accelerating the rate of land subsidence. Utilization under groundwater is one of the factors causing
the high rate of land subsidence [15].
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Figure 12. Cracked building walls and falling building floors in the Belawan City.

Simultaneously with the land subsidence, satellite data shows a sea level rise trend of 5 mm/year
in the ECNS. This sea level rise has also exacerbated the flooding disaster in the ECNS and Medan.
The negative impact of sea level rise is also visible along the ECNS, which causes the death of
mangrove trees and marine biota, specifically around Labu Beach in the ECNS (Figure 13).

Multi-sensor satellite data and field surveys show that land subsidence and sea level rise rates
are high in the East Coast of North Sumatra (ECNS) and Medan City. This is a serious threat, as
flooding can cause loss of life and property as the impact of increasing sea level rise and land
subsidence on the ECNS and Medan City. Based on field surveys and satellite data, in the ECNS area,
flooding has affected various socio-economic activities, including settlements, rice fields, oil palm
plantations, livestock, and shrimp ponds (Figure 14). Medan City and Belawan are also at risk of

flooding, due to their high population densities.
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Figure 13. Mangrove damage and biota death at Labu Beach in ECNS based on field surveys in
September 2022.
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Figure 14. Socio-economic activities and land cover along the ECNS.

Mangrove reforestation is a coastal adaptation strategy that can reduce the negative impact of
flood disasters exacerbated by land subsidence and sea level rise. The participation of the coastal
community and environmental enthusiasts in conducting mangrove planting activities is a
commendable initiative (Figure 15). The continuous planning of this activity is essential to ensuring
that the mangrove forests are properly managed and maintained. The hope that beach conditions
will improve to reduce the danger of flooding is well-founded. Mangrove forests are effective in
reducing coastal erosion and flooding.
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Figure 15. Mangrove planting by coastal community at the ECNS in September 2022.

5. Conclusions

Land subsidence estimated from the Sentinal-1 SAR sensor using the DINSAR method is proven
consistent with geodetic measurements in the ECNS and Medan City. Multi-sensor satellite data,
including SAR and altimetry, show great promise as primary data sets for quantifying the impact of
flood disasters due to land subsidence and sea level rise along the coast and in densely populated
cities. Land subsidence and sea level rise are key factors that need to be considered when dealing
with increasingly intense flood disasters in Medan City and ECNS. For further research, we will
conduct more BM point measurements to represent the conditions of each region in ECNS and Medan
City.
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