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ABSTRACT:

Topography is the basic geospatial information that is used as the main reference in the extraction of
thematic geospatial information. It consists of terrestrial topography (topography) and underwater
topography (bathymetry). One of the problems related to topography is the availability of detailed
and up-to-date topographic and bathymetry data. This research proposes the latest bathymetry and
topography extraction modeling with multi-source geospatial data including PlanetScope, Sentinel-
1, Landsat images, and in-situ field data. The study area is located in Lake Ledulu, Rote Island,
Indonesia. Bathymetry and topography were extracted using PlanetScope imagery and in-situ field
data using the least squares adjustment computation approach. The mathematical design model uses
the latest DTM method, which correlated with in-situ data. Time-series Landsat and PlanetScope are
used to extract the lake bank boundaries with water using the harmonic method. DEM integration
method is used to integrate bathymetry and topography. The updated topography and bathymetry are
performed by adding the true vertical deformation extracted from Sentinel-1 imagery using the D-
INSAR method. The results obtained are the latest bathymetry and topography of Lake Ledulu in 2022
or so-called DTM (2022). Then DTM (2022) is tested for profile checking and vertical accuracy at the
confidence level of 95 % according to the ASPRS 2014. The DTM (2022) of Lake Ledulu has a vertical
accuracy of + 61.54 cm or according to 1:5000 — 1:10000 scale mapping. DTM (2022) is also used to
determine the dynamics of the volume of Lake Ledulu and its changes from 1985 to 2022. In 2022
(dry season) Lake Ledulu has a surface area (0.0946 km?), volume (701,688.45 m®), and perimeter
(1.868 km). In 2022 (wet season), Lake Ledulu has a surface area (0.1555 km?), volume (1,116,525.9
md), and perimeter (2.612 km). In 1985 (wet season) Lake Ledulu have surface area (0.3079 km?),
volume (4,772,567.2 m3), and perimeter (3.477 km). The change in the surface area of Lake Ledulu
from 1985-2022 was 0.1525 km? (decrease of 49.53%). The volume of Lake Ledulu from 1985-2022
was 3,656,041.3 m?3 (decrease of 75.61%). Change in the perimeter of Lake Ledulu 1985-2022 was
0.862 km (shrinkage of 24.79%).

Key-words: Bathymetry, Topography, Lake Ledulu, Dynamics Volume, Multi-Source Geospatial
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1. INTRODUCTION

Topographic mapping technology is one of the geospatial technology which has developed
rapidly (Wilson, 2012). Topography is the basic geospatial information that is used as the main
reference in the extraction of thematic geospatial information (Julzarika & Harintaka, 2020).
Topography study of the shape of the Earth's surface and other objects, including planets, natural
satellites, and asteroids (Jenson & Domingue, 1988). In general, topography studies surface relief,
3-dimensional models, and the identification of land types (Julzarika & Djurdjani, 2018).
Topography consists of terrestrial topography (topography) and underwater topography
(bathymetry). The underwater topography is often referred to as bathymetry (Inglada & Garello,
2002). Bathymetry is divided into two types, namely seawater (marine) bathymetry, and inland water
bathymetry (Julzarika et al., 2021). Seawater bathymetry uses a height reference field which refers
to the lowest ebb in 1 tidal period (18.61 years) (IHB, 2006). Inland water bathymetry uses a height
reference field regarding the highest tide (Julzarika et al., 2021). Inland water includes lakes, rivers,
and reservoirs. Topographic data can be obtained by terrestrial surveys or by non-terrestrial surveys
(Julzarika & Djurdjani, 2018). Terrestrial survey is carried out by direct measurements in the field
using surveying tools such as a theodolite, leveling, total station, and terrestrial laser scanner (TLS)
(Julzarika & Harintaka, 2019; Suhadha & Julzarika, 2022). Non-terrestrial surveys are carried out
by mapping with satellites, planes, air balloons, Unmanned Aerial Vehicles (UAV), and Unmanned
Surface Vehicles (USV) (Julzarika & Djurdjani, 2018; Suhadha & Julzarika, 2022). The results of
measurements with terrestrial surveys and with non-terrestrial surveys are often presented as 3D
visualization data (Fukuda et al., 2016; Nasir et al., 2015). The result of the data modeling and
visualization is Digital Terrain Model (DTM). DTM is topographic or terrain modeling (bare earth)
without any natural objects or features such as vegetation, buildings, and other artificial objects (Li
et al., 2004). DTM can be used to predict past and future topography.

Currently, the availability of detailed terrain and underwater topographic data is a major
problem in many countries (Julzarika, Aditya, Subaryono, & Harintaka, 2021). Not only detailed
topographical data are mostly unavailable, but lack of up-to-date topography is also an important
problem in many countries. The availability of underwater topography (bathymetry) is also a major
constraint for mapping in various countries (Alpers & Hennings, 1984; Pleskachevsky et al., 2011).
These detailed DTM updates can be made with the latest DTM products (Julzarika, 2021). The main
problem with detailed topographic mapping and bathymetry in most countries is the expensive cost
of mapping, as well as it is time consuming (Ruzgiene et al., 2015; Samboko et al., 2020; Uysal et
al., 2015). The latest DTM can be an alternative solution for detailed topographic mapping and
bathymetry at a low cost.

The latest DTM is a terrain and underwater topographic model with the latest conditions
obtained from the integration of the DTM master with the up-to-date vertical deformation (Julzarika,
Aditya, Subaryono, & Harintaka, 2021). The DTM includes topography and bathymetry (underwater
topography). DTM master can be extracted by certain methods based on the type of input data
(Julzarika, 2021). The input data are optical data, SAR data, microwave data, sonar data, or Light
Detection and Ranging (LiDAR) data. The optical data that can be used to extract bathymetry and
topography are PlanetScope, WorldView, Pleiades, etc. The SAR data that can be used to extract
topography are ALOS-2, TerraSAR X, Radarsat, etc. The output of the processing of the input data
is Digital Surface Model (DSM) and DTM (bathymetry and topography). The methods used to
extract topography are reverse stereo, stereo model, triplet model, multiview model, and
videogrammetry (Bignone et al., 2008; Julzarika & Djurdjani, 2018). The method used for Synthetic
Aperture Radar (SAR), microwave, and sonar data is interferometry (Costantini, 1998; Julzarika,
Aditya, Subaryono, & Harintaka, 2021; Nico et al., 2005; Rucci et al., 2012; Simons & Rosen, 2015).
DTM master is obtained after the conversion of DSM to DTM.

Studies related to bathymetric extraction have been carried out. Bathymetric extraction with
PlanetScope imagery in the Kemujan Island area using the Stumpf algorithm on the in-situ depth
data (Sesama et al., 2021). In addition, there is also a bathymetric extraction using SPOT 7 images
using the Random Forest method (Setiawan et al., 2019). The Satellite Derived Bathymetry (SDB)
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method used in empirical bathymetry modeling on PlanetScope satellite imagery uses the Band
Ratio algorithm in the Shallow Sea waters of Karimunjawa Island (Hambali et al., 2021).
Bathymetry extraction can also be performed by correlating PlanetScope and Landsat images. In
addition, research related to PlanetScope image bands is more representative of bathymetric
extraction. The results of this study are linear regression which is more representative than SVR-
based modeling, with the best single band modeling from the (In) Green band and the best band ratio
modeling from the ratio transformation of (In) Blue/(In) Green (Wulandari & Wicaksono, 2021).
This paper will discuss the latest bathymetry and topography extraction modeling with multi-source
geospatial data including PlanetScope, Sentinel-1, Landsat images, and in-situ field data. The
novelty of this research is the bathymetry and topography modeling method of Lake Ledulu on Rote
Island. This study aims to model the bathymetry and topography of Lake Ledulu with multi-source
geospatial data (PlanetScope, Sentinel-1, Landsat, and in-situ data).

2. STUDY AREA

This study was carried out in Lake Ledulu, Rote Island, as can be seen in figure 1. Lake Ledulu
is located in Rote Ndao Regency, East Nusa Tenggara Province, Indonesia. Based on the results of
geo-forensics and geomodelling of the Expedition Oe 2017-2022, Lake Ledulu was formerly located
on East Rote Island. Oe means water in the traditional Rote language. East Rote Island is located in
the northern part of Rote Island. West Rote Island is similar to Southern Rote and East Rote Island
is similar to Northern Rote. Administratively, Lake Ledulu is currently located in Landu Leko, Rote
Ndao Regency (Ndao, 2021). Rote is the foremost island of Indonesia and a semi-arid area, located
in the southern part area (Julzarika, et al., 2018; Ndao, 2021). There are 96 islands in Rote Ndao
Regency, but only six islands are inhabited (Julzarika, et al., 2018). Rote Island is the largest island
in this area and was formed from the combination of the Western Rote Island with the Eastern Rote
Island at the end of the 19" century. East Rote Island is known as the Rote Dead Sea Area or
previously the Matara Maka area (Julzarika et al., 2020). Matara Maka was the first inhabitant of
this island who came from Australia. The Matara tribe is one of the lost aboriginal tribes in Northern
Australia and had completely moved to Rote Island, Timor Island, South Papua, and southern
Maluku. They migrated by following the Makassarese shipping route from Northern Australia
(Kampung Jawa and Marege) to Makassar. The merger of West Rote Island with East Rote Island
was caused by high vertical deformation in this area (Julzarika et al., 2021). Rote Ndao itself was
formed from the Indo-Australian plate which was separated from the Australian continent due to the
subduction of the Eurasian plate (Hall, 2011; Malaspinas et al., 2016; Suhadha & Julzarika, 2020).

The result of Expedition Oe 2017-2022 describes that the geological conditions in Rote have
similarities with Australia (Julzarika, et al., 2018; Laksono et al., 2019). As an example, mud
volcanoes were found at several points, especially in the confluence area of West Rote Island with
East Rote Island. In addition, there are 82 lakes, 24 of which are saltwater lakes found in Rote Ndao
(Julzarika, et al., 2018). The salinity of these 24 saltwater lakes are between 26 and more than 100
ppt with high contents of Kalium, Natrium, and Magnesium of the stones around the lakes. In
saltwater lakes, we found seawater and freshwater flora-fauna living together. Furthermore, some of
the flora and fauna in Rote are endemic such as Rote Turtle (Chelodina Mccordi), Rote lizard,
Matara fish, Ledulu fish, Rote bird (Myzomela irianawidodoae), and Tunjung flower (Julzarika et
al., 2018). On the mainland, many mangroves are found on the top of hills and far from the waters.

Lake Ledulu in Rote language means the Easternmost Lake. Lake Ledulu is a tectonic lake
formed due to non-uniform uplift around East Rote. The sub-fault that forms Lake Ledulu extends
from north to south. The high uplift on the west and east sides of the sub-fault forms high cliffs (50-
200 m). Non-uniform uplift occurs along fault lines. As a result, freshwater pools form from
rainwater sources. There are 3 sources of fresh water in Lake Ledulu, located in the northern part of
the lake. The rocks in Lake Ledulu are sea corals that are uplifted with marine vegetation and fauna
ecosystems. There are still many fossils of seashells and mangroves that grow around the lake and
on the cliffs far from water sources. The rocks of Ledulu Lake have very high salinity, but the lake
water is still relatively fresh.
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Fig. 1. A - 3D view of Lake Ledulu, located on Rote Island, Indonesia.; B - The fault passes through the
northern part of Lake Ledulu, which is marked by steep cliffs.; C - The field view of Lake Ledulu.

The vegetation in Lake Ledulu and its surroundings is a mixture of terrestrial vegetation and
coastal vegetation. Around the 1400s, Lake Ledulu was still a sea. At that time, it was still small
islands and not yet connected as it is now, as this area was still uninhabited. Then around the 1700s,
the East Rote area, where Lake Ledulu is located, became an inhabited island due to the arrival of
groups of Aborigines from Australia. This sub-ethnic group that came from the Matara, a semi-arid
area of the Northern Australia. The name of their leader was Matara Maka and made this eastern
island of Rote the Matara Maka area. At the time of the group's arrival, the snake-necked turtles
were also removed, making them an endemic species to Rote Island. All of this information was
obtained from interviews with the Matara family around Lake Ledulu. Until now, Lake Ledulu and
other lakes around it still belong to the Matara tribe. The East Rote area, like Lake Ledulu, has many
snakes, Rote lizards, and other reptiles/amphibians that are unique and endemic.
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3. DATA AND METHODS

3.1. Data

The data used are PlanetScope, Sentinel-1, Landsat, and in-situ data (bathymetry and
topography measurement). PlanetScope imagery is an optical satellite belonging to the Planet
company which consists of many satellites with a spatial resolution of 3 m. The details are 88 Dove
satellites (February 2017) and an additional 48 Dove satellites (July 2017). The advantage of the
PlanetScope satellite is that it can make acquisitions every day with 4 spectral bands (blue, green,
red, NIR). In August 2021, Planet updated the satellite's original dove with the next generation of
Doves. All PlanetScope images can still be acquired daily with 8 spectral bands (blue, green, red,
NIR, green I, red edge, yellow, and coastal blue). NIR, blue, and coastal blue bands can be used for
bathymetry extraction. The optimal red edge band is used for vegetation applications, and yellow is
used for rock, soil, and mining applications. All PlanetScope bands can be utilized for extraction of
DSM, DTM, vegetation height, canopies, buildings, and bathymetry. PlanetScope has derivative
products in the form of PS2, PS2.SD, and PSB.SD.

Sentinel-1 is a C-band SAR satellite owned by European Space Agency (ESA) and Copernicus.
Sentinel-1 is part of creating a radar observatory in Europe. The Sentinel-1 mission includes C-band
imaging, operating in four proprietary imaging modes with different resolutions (up to 5 m) and
ranges (up to 400 km). These conditions provide dual polarization capabilities. Sentinel-1 has a
radial recording pattern making it optimal for vertical deformation applications. Sentinel-1 consists
of Sentinel-1a and Sentinel-1b, each of which has a temporal resolution of 12 days. If used
simultaneously, Sentinel-1 data can be obtained every 7-8 days.

Landsat is earth observation satellites for natural resources that uses optical sensors. This
satellite has had 9 generations and was first launched in 1972. Landsat is owned by the United States
of Geological Survey (USGS), and all data can be accessed free of charge from the USGS web.
There are optical sensors on Landsat such as Coastal blue, Blue, Green, Red, NIR, SWIR, Thermal,
Cirrus, and Panchromatic. Landsat spatial resolution for multispectral sensors is 30 m and 15 m
spatial resolution for panchromatic sensors. Landsat and PlanetScope are optical satellites and
complement each other in this research.

3.2. Methods
Bathymetry and Topography Extraction

Bathymetry and Topography are extracted with the Latest DTM method which displays the
up-to-date conditions according to the conditions of the input data. This method uses the integration
of the DTM master with vertical deformation (true). The input data used for bathymetry and
topography are PlanetScope and vertical deformation (true) using Sentinel-1. Eq. 1 and eq. 2 is the
latest DTM algorithm (Julzarika, 2021; Julzarika, Aditya, Subaryono, & Harintaka, 2021).

The latest DTM = DTM master + the latest vertical deformation (true) ()]
DTM master = DSM + height error correction + geoid undulation (2)

where DSM is extracted by InSAR (topography using SAR), reverse stereo (single optical images),
LiSAR (SAR bathymetry), or SDB (optical bathymetry). Height error correction includes vegetation
height, radius, and angle of view to the top of the surface object. Geoid undulation refers to the height
reference field of Earth Gravitational Model (EGM) 2008.

The D-InSAR method is used to obtain vertical deformation information (uplift and
subsidence) (Devanthéry et al., 2016; Herrera et al., 2013; Julzarika et al., 2022; Rucci et al., 2012;
Simons & Rosen, 2015). The results of SAR extraction with D-InSAR are still in the form of vertical
displacement-Light of Sight (LoS) which are the results of SAR extraction with D-INSAR. LoS
correction to true is needed to convert vertical displacement (LoS) into vertical deformation (true)
using equation 3 (Julzarika, 2021; Suhadha et al., 2021).



Atriyon JULZARIKA, Dany Puguh LAKSONO, Luki SUBEHI, Elisa ISWANDONO, Alfred Onisimus ... 185

The latest vertical deformation (true) = vertical displacement (LoS) / Cos (0) ?3)

where 0 is the incidence angle of SAR images

SDB is an alternative method that can replace Single-Beam Echo Sounder (SBES), Multi-
Beam Echosounder (MBES), and Airborne Lidar Bathymetry (ALB) for measuring depth. This
method is generally applied to relatively shallow waters. The measurement results of this method
are also able to provide good correlation and accuracy values. The application of SDB requires
satellite imagery as its dataset is complemented by in situ depth data. In this study, to get the SDB,
the calculation is done by the least squares adjustment computation. This condition is caused by the
number of measurements being greater than the number of parameters. Each pixel in satellite
imagery can be predicted for its depth value after obtaining the values parameter of the design
transformation model for the field measurement matrix (X). Equation (4) is a calculation of SDB by
the least squares adjustment computation.

X =-(ATPA) 1ATPF (4)

X = matrix parameter transformation matrix A to matrix F.

A = design matrix of bathymetry and topography model.

F = ground measurement of bathymetry and topography matrix or approach measurement
(comparison)

P = Weight matrix (using variant-covariant of bathymetry and topography from the sensor, ground,
and model.

The DTM (bathymetry and topography) needs to be tested for vertical accuracy assessment. It
includes the height difference test (equation 5) and the vertical accuracy test (equation 6 and 7). The
height difference test aims to determine the vertical accuracy value at a certain tolerance so that it
can be used to eliminate systematic errors that still exist in the height model (Julzarika, 2015). The
height difference test can be useful in determining the height difference between two or more points.
The method is to check at least 25 points on an area of 500 km? with a 95% confidence level (1.96
o). The vertical accuracy test refers to the ASPRS 2014 standard (ASPRS, 2014).

Height different test = X (Hn1 - Hno) )

where Hn1 = the next height point in the polygon; Hno = the before height point in the polygon
Vertical accuracy test = 1.96 * RMSE(z) (6)
RMSE(Z) = [(Z(Hdata' Hcheck)zln)llz] (7)

where H = orthometric height; n = sum of height point (minimum 25 height points in a project area (500
km?); RMSE(z)=Root Mean Square Error for Vertical

If the bathymetry and topography meet the specified standards, a cross and longitudinal profile
check is carried out. Subsequently, it can be used for various mapping applications such as contour
extraction, vegetation height, land subsidence, and uplift.

Integration of Bathymetry (Lake) with Topography

DEM integration is combining data by involving two or more sets of data. The combination
considers cofactor values and covariance variance between data (Julzarika et al., 2021). DEM
integration is a method of integrating high data and/or n-dimensional data with weighting on each
data based on the covariance variance calculated by least square adjustment computation (Hoja &
D’Angelo, 2010; Julzarika et al., 2021). The calculation uses the smoothing method, where the
number of measurements is more than the number of parameters (Ghilani & Wolf, 2006; Z. Li et al.,
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2005). The determination of the boundary of the lake is done by using the harmonic method approach
(Julzarika, et al., 2019). This harmonic method is a tidal observation (inland water with the highest
tide) using time series data every month (Julzarika & Harintaka, 2020). The detailed explanation
regarding this harmonic method refers to Julzarika, et al., (2019).

The harmonic method is used to extract the lake bank boundaries with water. The input data
used is time-series satellite imagery. The results of determining the edge of a lake or beach will be
optimal if using satellite imagery for 18-19 years. This condition is similar to tidal observations for
1 period in determining the coastline. Calculations using the Harmonic method are based on a least
square adjustment computation. The shoreline of the lake from 1972-2022 was monitored also using
time-series Landsat images.

Calculation of surface area and volume of lakes

The surface area of the lake is calculated based on the results of the extraction of the lake's
edge boundaries. Lake volume calculation using the volume formula with the cut-and-fill method
(Baek & Choi, 2017; Kubla, 2019). Cut-and-fill method is a soil or ice surface work process in which
several materials, both soil, ice surface, or rocks, are taken from a certain place and then moved to
another place to create the desired elevation. The bottom of the layer (elevation in bathymetry and
topography) act as a zero-reference plane and is used to calculate the volume based on the cut-and-
fill method. The grid method is used in the volume calculation (Kubla, 2019). The volume
calculation based on the cut-and-fill method is easier due to the elevation and height differences
being known based on the zero-reference plane. The grid method describes a uniform grid on each
soil surface that is cut and filled. Each grid will have a different elevation according to the cut and
fill sections (Julzarika, 2015). The total cut and fill volume is obtained by adding each pixel together.
The volume of each pixel is obtained by multiplying the depth by the pixel area or the project area
(Kubla, 2019).

4. RESULTS AND DISCUSSIONS

Discussion regarding the results includes bathymetry (wet season and dry season), vertical
deformation, vertical accuracy tests, and the application of the DTM (o2) to predict past
topographical conditions and future predictions. We extract the underwater topography (bathymetry)
of Lake Ledulu based on the season conditions (wet and dry seasons). The height reference field of
the inland water is the highest water level. The difference in the water level of the two seasons has
a significant effect on the determination of the surface area and volume. Vertical deformation is also
a major influence in determining the bathymetry and topography used. High uplift events affect the
rise in the bottom of the lake and cause a change in its depth.

4.1. Bathymetry and topography of Lake Ledulu in dry season 2022

The dry season referred to in this study is the dry season that occurs on Rote Island. Rote Island
is a semi-arid area. The dry season occurs from March to November. The peak of summer occurs in
October-November which is characterized by hot temperatures (> 40° C) with strong winds, general
drought throughout the region, and very rare rain. Figure 2 is a display of the surface area of Lake
Ledulu in the dry season. The water leveling that occurs in Lake Ledulu during the dry season has a
elevation 0.5-3 m lower” to the water level during the wet season. Based on field measurements, in
2022 the water level difference was 0.9 m between the dry season and the wet season. In 2018-2020
(before the Seroja storm), the Rote Island area experienced maximum drought, with many droughts
occuring in small lakes. Medium and large lakes experienced reductions in volume. Lake Ledulu is
a medium-sized lake. After June 2020 (after the Seroja storm), there was a change in rainfall and the
lake water level became higher than before the storm. One of the affected lakes is Lake Ledulu. In
2022 (wet season) Lake Ledulu had a surface area of 0.0946 km? and a volume of 701,688.45 m®,
The total length/perimeter of Lake Ledulu was 1.868 km.
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Fig. 2. Bathymetry and topography of Lake Ledulu in the dry season (2022)

4.2. Bathymetry and topography of Lake Ledulu in wet season 2022

The rainy season or wet season only occurs for 3 months on Rote Island, with the peak of the
highest rainfall occurring in December. During this rainy season, the addition of water level in Lake
Ledulu is 2 to 3 m. This has an impact on increasing the surface area, volume, and circumference of
the lake. The surface area of Lake Ledulu in the wet season was 0.1555 km? with a volume of
1,116,525.9 m®. The total perimeter was 2.612 km. Based on these values, there is a significant
addition to Lake Ledulu from the dry season to the wet season. The addition of the surface area of
Lake Ledulu was 60.83%. The addition of lake volume was 62.85%. The lake perimeter addition
was 71.52%. Figure 3 is the display of bathymetry and topography in the wet season (2022).

149 m - :

125m

100 m

4.3. Bathymetry and topography of Lake Ledulu in wet season 1985

Lake Ledulu’s variations from 1985 to 2022 were carried out to establish changes in Lake
Ledulu over the past 37 years. The surface area in the wet season of 1985 was used. In 1985, the
surface area and volume of Lake Ledulu were still large. The dominant vertical deformation in Rote
affected the reduction of the surface area and volume of Lake Ledulu. We can compare it with our
last research on Rote Island. Based on measurement data from the expedition Oe 2017-2022, Rote
Island experienced an uplift in the range of 13-25 cm/year (Julzarika et al., 2018). In this study, the

uplift value in Rote was 13 cm/year. Figure 4 is the bathymetry and topography of Lake Ledulu in
the wet season (1985).
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Fig. 4. Bathymetry and topography of Lake Ledulu in the wet season (1985).

DTM results (1985) can be compared in harmonic modeling and visually with Landsat imagery
1972-1985 to determine the shape of the lake shoreline. These conditions were used to extract the
fixed boundaries of the shores of Lake Ledulu in that period. The fixed boundary on the shores of
Lake Ledulu used is during the wet season. The surface area of Lake Ledulu in 1985 was 0.3079
km? with a perimeter of 3.477 km. Based on bathymetry data (2022), vertical deformation (1985-
2022), and surface area of Lake Ledulu (1985), the volume can be calculated. The volume of Lake
Ledulu was 4,772,567.2 m®. Changes in surface area and volume of Lake Ledulu (1985-2022) can
be calculated based on previously available geospatial information. Changes are calculated based on
the wet season.

The change in the surface area of Lake Ledulu from 1985-2022 was 0.1525 km?. Changes in
the surface area of Lake Ledulu experienced a decrease of 49.53%. The volume of Lake Ledulu
1985-2022 was 3,656,041.3 m®. Changes in the volume of Lake Ledulu experienced a decrease of
75.61%. Changes in the perimeter of Lake Ledulu 1985-2022, namely 0.862 km. Changes in the
perimeter of Lake Ledulu experienced a shrinkage of 24.79%. The shrinkage of lake volume, lake
surface area, and perimeter of the lake is caused by the dynamics of the seasons, the amount of
rainfall, and the dynamics of vertical deformation. Figure 5 is the display of the bathymetry and
topography of Lake Ledulu (1985-2022).
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Fig. 5. Bathymetry and topography of Lake Ledulu (1985-2022).
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4.4. Profile test of bathymetry and topography
The profile tests carried out consisted of cross-section profile and longitudinal profile tests.

Cross-section profile

The cross-section profile is generated in the west-east direction. The results of the cross-section
profile can be seen in figure 6. The red line (wet season) is above the yellow line (dry season). This
condition means that the water level in the wet season is higher than the water level in the dry season.
The difference in water level has an impact on the depth of the lake. The depth of the lake affects
the volume of the lake. The volume of the lake in the wet season is greater than the volume of the
lake in the dry season.

During the dry season, the water level of Lake Ledulu is around 13 m, while during the wet
season, the water level of Lake Ledulu is around 15.5 m. Based on this cross-section profile, the
north and west sides of the lake are bordered by steep cliffs of hills. On the north side, it is passed
by a sub-fault that divides and limits Lake Ledulu with the hills on the north side bordering the sea.
The west side of the lake is hilly with dense vegetation. The hills on the west side are dominated by
ocean bedrock. The eastern part of the lake is bounded by hills with a gentler slope. The vegetation
on the east side is less dense and dominated by karst rocks.

149 m [From Pos: 538183.128, 8832753.649 To Pos: 538471.372, 8832602.975

125m

100 m

50m
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25m

Dry Season

30m 100m 150m 200m 250m

Fig. 6. The cross-section profile of Lake Ledulu in the wet and dry season.

The southern part of the lake is dominated by stretch of swamps filled with mangroves and
other vegetation. About 1 km to the south of the lake, hills that have been uplifted and have a height
difference of 50-100 m compared to the lakeside are found. The bathymetry of Lake Ledulu from
west to east is divided into two characteristics. The western bathymetry is deeper than the eastern
bathymetry. The deepest point of the western bathymetry is at an elevation of 4 m in mean sea level
(MSL). In the wet season, the maximum depth is 11 m with an average depth of about 5 m. The
eastern deepest point is located at an elevation of 8 m MSL or a maximum depth of 7 m with an
average depth of 2 m. In dry season conditions, the maximum depth was 8.5 m with an average
depth of 2.5 m in the western part of the lake. The eastern region has a maximum depth of 4.5 m
with an average depth of 0.5 m. The eastern region is dominated by dense vegetation and grass with
a vegetation height of around 1-5 m.

Longitudinal Profile

The next check is carried out by making a longitudinal profile from south to north. The results
obtained are the appearances of various bottom topography. Two locations have deeper basins
compared to other areas. The first basin is located in the south part of the lake, while the second
basin is located in the middle of the lake.
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The first basin area in the wet season, the deepest point is located at an elevation of 4.5 mor a
depth of 11 m with an average depth of 6 m. The second basin area has the deepest point at an
elevation of 3 m or a depth of 12.5 m with an average of 7.5 m. In dry season conditions, the first
basin area has a depth of 8.5 m with an average depth of 3.5 m.

The second basin area has a depth of 10 m with an average of 5 m. Based on the appearance of
the bathymetry of Lake Ledulu, the complex dynamics of tectonic movements can be seen. The
dynamics of the tectonic movement are in the form of fault movements in the north and west of the
lake which form steep cliffs. In addition, three sub-fault movements divide the lake, causing two
areas that are squeezed and not completely uplifted. These two areas are the areas with maximum
depth which are in the south and center of Lake Ledulu. The complex dynamics of tectonic
movement with the vertical direction is one of the signs that high vertical deformation has occurred.
These conditions support the results of previous studies regarding the vertical deformation value of
Rote Island of 13-25 cm/year. If this high vertical deformation is constant in the future, then the
potential for Lake Ledulu to become land becomes even greater. Figure 7 is the longitudinal profile
of Lake Ledulu in the wet and dry seasons.

[From Pos: 537982.230, 8832164.058 To Pos: 538589.290. 8833009.138

Wet Season

Dry Season

Fig. 7. The longitudinal profile of Lake Ledulu in the wet and dry seasons.
4.5. Vertical accuracy assessment of Lake Ledulu’s bathymetry and topography (DTM (2022))

The vertical accuracy test was carried out on DTM (2022). The accuracy test was in the form of
a height difference test and a vertical accuracy test. Tests were carried out using 30 points measured
in the field with Global Navigation Satellite System (GNSS) with sonar depth measurements and
water leveling. In the height difference test, 30 points are made into polygons and the difference in
height between the points is added up.

The difference in elevation between these points refers to MSL, whereas all points in the
elevation model refer to a specific datum reference plane. The results obtained in the height
difference test in this study were a total height difference of ~0 m. The DTM (2022 has height relative
to the datum due to the points tested (closed polygon) having minimum height difference (close to
zero). This condition eliminates any remaining systematic errors in the DTM (022). The vertical
accuracy test was carried out by comparing the orthometric height of the DTM (2022 With the
orthometric height of field measurements, see figure 8. Table 1 is the result of the vertical accuracy
test of DTM (2022). After checking the difference in height for each point, then check the accuracy of
the difference in height at the 95% confidence level according to equation (6). The DTM used
includes the detail category (spatial resolution 1 m). The results obtained are a vertical accuracy
value of +61.54 cm or <1 m. This DTM can be used for 1:5000 — 1:10000 scale mapping.
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Table 1.
The vertical accuracy test of DTM (2022).

No Longitude Latitude D‘:'_b?t(% ) DiffeHrzir?:: () Hcheck(ggound Hfr:iié;za ('m)
1 123.348,449,709 -10.562,885,753 5.2603 5.3000 0.0016
2 | 123.348,985,702 | -10.562,935,934 3.7694 -1.4909 3.8000 0.0009
3 123.348,245,522 -10.562,634,843 5.1122 1.3428 5.2000 0.0077
4 | 123.348,381,647 | -10.562,275,205 5.3269 0.2147 5.4000 0.0053
5 123.348,602,850 -10.562,475,933 45548 -0.7721 4.5000 0.0030
6 | 123.348,883,608 | -10.562,584,661 4.4857 -0.0691 4.6000 0.0131
7 | 123.349,206,906 | -10.562,609,752 3.8453 -0.6404 3.8000 0.0021
8 | 123.349,385,570 | -10.562,793,752 3.4687 -0.3766 3.3000 0.0285
9 | 123.349,412,039 | -10.562,399,731 4.6145 1.1458 4.8000 0.0344
10 | 123.348,757,882 | -10.562,790,035 4.4663 -0.1482 4.7000 0.0546
11 | 123.349,185,163 | -10.563,091,127 4.9151 0.4488 5.2000 0.0812
12 | 123.349,480,101 | -10.560,845,944 5.4670 0.5519 5.2000 0.0713
13 | 123.349,710,758 | -10.560,548,568 2.4018 -3.0652 2.4000 0.0000
14 | 123.349,657,820 | -10.560,344,121 2.1233 -0.2785 2.3000 0.0312
15 | 123.349,907,383 | -10.560,280,929 2.4936 0.3703 2.9000 0.1652
16 | 123.349,888,477 | -10.560,039,310 1.7909 -0.7027 1.5000 0.0846
17 | 123.350,172,071 | -10.559,964,966 2.0953 0.3044 2.3000 0.0419
18 | 123.350,122,914 | -10.559,701,044 2.0567 -0.0386 2.2000 0.0205
19 | 123.350,429,196 | -10.559,615,548 3.0569 1.0002 3.8000 0.5522
20 | 123.350,240,133 | -10.559,388,797 2.3891 -0.6678 2.5000 0.0123
21 | 123.350,485,915 | -10.559,199,219 3.3532 0.9641 3.6000 0.0609
22 | 123.351,383,963 | -10.558,760,586 6.0781 2.7249 6.4000 0.1036
23 | 123.351,607,057 | -10.558,552,422 6.3215 0.2434 6.1000 0.0491
24 | 123.352,117,526 -10.557,545,051 8.2687 1.9472 8.7000 0.1860
25 | 123.352,257,432 -10.557,284,843 16.0103 7.7416 16.5000 0.2398
26 | 123.352,756,558 | -10.557,630,547 15.5275 -0.4828 15.7000 0.0298
27 | 123.353,111,996 | -10.557,593,375 15.0473 -0.4802 15.8000 0.5666
28 | 123.353,081,746 | -10.558,002,271 16.4595 1.4122 16.1000 0.1292
29 | 123.350,374,368 | -10.560,697,256 4.4982 -11.9613 4.1000 0.1586
30 | 123.348,169,897 | -10.563,239,814 12.0269 7.5287 12.5000 0.2238
1 | 123.348,449,709 | -10.562,885,753 5.2603 -6.7666

Height Different Test 0.0000 TOﬁc'hEC':)d;‘a - 2.9574
RMSE(z) (Topography) = 0.4452 m; RMSE(z) (Bathymetry) = 0.2714 m
RMSE(z) (Topography and Bathymetry) = 0.3140 m
Vertical Accuracy (Topography) = 0.872551793 m; Vertical Accuracy (Bathymetry) = 0.32012182 m
Vertical Accuracy Test (Topography and Bathymetry) = 0.61538516 m
Vertical Accuracy Test (Topography and Bathymetry) =+ 61.54 cm




192

Fig. 8. The 30 measurement points in the field. Red dots were located in topography (outside the Lake
Ledulu) and the white dots were located inside of Lake Ledulu. The yellow line was Lake Ledulu shoreline in
dry season 2022. We measure all of the points in September-October 2022 (dry season).

6. CONCLUSIONS

The latest bathymetry and topography in Lake Ledulu can be extracted by using modeling with
multi-source geospatial data. They include PlanetScope, Sentinel-1, Landsat images, and in-situ
field data. The DTM (2022) Lake Ledulu has a vertical accuracy of 61.54 cm or according to 1:5000
— 1:10000 scale mapping with confidence level (95 %) according to the ASPRS 2014. DTM (2022
was used to determine the dynamics of the volume of Lake Ledulu and its changing from 1985 to
2022. In 2022 (dry season) Lake Ledulu has a surface area of 0.0946 km? and a volume of 701,688.45
mé. The total length/perimeter of Lake Ledulu was 1.868 km. The surface area of Lake Ledulu in
the wet season (2022) was 0.1555 km? with a volume of 1,116,525.9 m3. The total perimeter was
2.612 km.

The surface area of Lake Ledulu in 1985 was 0.3079 km? with a perimeter of 3.477 km. The
volume of Lake Ledulu in 1985 was 4,772,567.2 m®. The change in the surface area of Lake Ledulu
from 1985-2022 was 0.1525 km?. Changes in the surface area of Lake Ledulu experienced a decrease
of 49.53%. The volume of Lake Ledulu between 1985-2022 was 3,656,041.3 m® (decrease of
75.61%). The changing of Lake Ledulu perimeter in 1985-2022 was 0.862 km. Changes in the
perimeter of Lake Ledulu experienced a shrinkage of 24.79%.
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