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Abstract— Bathymetry surveys today are often carried out using the echo-sounding method, but this method has disadvantages, such
as requiring a lot of time and being quite expensive. Along with the development of technology, some alternative methods can be used
to visualize bathymetry, such as remote sensing. Remote Sensing uses satellite imagery in the operation, while the technique to acquire
bathymetry is called Satellite-Derived Bathymetry (SDB). This method uses an optical satellite with several color bands or multispectral
images. In this research, a satellite used to map ocean depth is Sentinel-2. The SDB technique used in this research is the Lyzenga
Algorithm. The Lyzenga algorithm uses multilinear logarithms in its operation and can be used using three optical image channels
(blue, green, and red channels). Supported by the SDB algorithm, an analysis of research locations was carried out at several points in
the waters of Bali Island due to the diversity of water characteristics such as sea depth and wave height. From several analysis results
of different characteristic waters in Bali Island, We can see that many parameters impact the result of the Satellite to visualize
bathymetry. The Satellite's optimal result for reading the bathymetry depth is approximately 30 meters. But in reality, some cases can
interfere with the accuracy of Satellite visualizing bathymetry within this depth. Breaking waves, high water sedimentation, and some
objects that could guide the Satellite to misread them as elevation.
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even though radar satellites are often used to map land
I. INTRODUCTION topography. This is due to the inability of the SAR sensor to
penetrate the water surface. Waves from the SAR sensor will
be reflected when they hit the water surface. Therefore, the
satellite is an optical satellite type due to these limitations.
Optical satellites generally consist of several color bands that
image objects on the Earth's surface [13]. Each optical
satellite has a different number and wave bands. This typically
depends on the function and institution that launched the
satellite. For years, optical satellite data has been used by
many different researchers with the evolving algorithms [14].
In this research, the optical satellite used is Sentinel-2.

Bathymetric surveys today are often carried out using the
echo sounding method, either single beam or multibeam [1]—
[3]. This method has disadvantages, including requiring a lot
of time and being expensive [4], [5]. The scope that can be
surveyed is also limited because ships carrying echosounders
cannot reach shallow-depth coasts. Due to these limitations,
looking for an alternative method to obtain results with a
broader range but in a more efficient time is necessary. Along
with the development of technology, some alternative
methods can be used to map the sea depth, such as Remote

Sensing [6], [7]. This method uses the help of satellite or UAV Sentinel-2 lf““n"hed by .the European Union Space Agency
imagery, which consists of several color bands called (ESA), which Copernicus Sentinel-2A and Sentinel-2B

multispectral. Several previous studies in Remote Sensing optical sat;llites hg ve been fully operating since.June 2017
have been carried out, such as to examine changes in [15]. Sentllnel-Z 1magery ha.s a .reasonably high 'spatlal
coastlines [8]-[10], rip current investigations [11], and r;solutlon, Le., 10 meters, and is available for free and in real-
bathymetry derivation [12]. time on the internet to thg public [16]. . .
Remote Sensing using radar satellites or Synthetic Th.e m;thod for mapping ocean depths using multispectral
Aperture Radar (SAR) cannot be used to map ocean depths, satellites is often called Satellite-Derived Bathymetry (SDB)
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[14], [17]-19]. SDB is a technique in remote sensing that
utilizes satellite image data to obtain water-depth information
[20]-[22]. The SDB technique, the Lyzenga Algorithm, was
used in this research. The Lyzenga algorithm uses multilinear
logarithms in its operation and can be used using three optical
image channels (blue, green, and red channels). The
coefficients resulting from multilinear regression are the
components of an equation. This equation is applied to the
channels from the previous Lyzenga algorithm processing.
This process is also often called depth extraction (vertical
referencing). This process aims to change/convert pixel
values into in situ depth values or relative depth into depth of
field [23].

Supported by the SDB calculation algorithm, an analysis
has been carried out on several research locations in some
waters of Bali Province. Due to the diversity of water
characteristics ranging from sea depth to wave size, we can
find out how much influence the accuracy test results of
satellite image data have on in situ or echosounder data.

II. MATERIALS AND METHODS

A. Materials

The data used in this research comes from satellite data and
in situ bathymetric data from an echosounder's survey.

1) Satellite Data: Satellite data using optical satellite
Sentinel-2 Level-2A from the Copernicus Data Space
Ecosystem [24]. The data from satellite images has a different
time from the data from in situ measurements using an
echosounder. This is because, during the survey, clouds could
cover the image captured by the satellite. So, for the satellite
image data used in this research, the time closest to the time
of the survey was searched, where the selected image must be
free from cloud cover. This will cause bias in the bathymetric
data when carrying out surveys with echo sounders. Because
at different times, the water level has different heights. So, to
equalize the perception of bathymetric data from echosounder
measurements with satellite imagery, adjustments have been
made in the form of tidal corrections. Tidal correction is
carried out using the admiralty method to determine the height
of the water level at the time the satellite image was captured.

2) In-situ data: In situ data were obtained using a single-
beam echosounder at the research location. The bathymetric
data obtained was then processed, and tidal corrections were
carried out. After being corrected, an accuracy test was carried
out using the results of the bathymetric (SDB) derivation from
satellite images.

o Sangsit Port. Sangsit Harbor is in Sangsit Village, Sawan
District, Buleleng Regency. Bathymetry-sounding data
using an echosounder was carried out at this location on
November 1, 2020. The location and bathymetric mapping
route at Sangsit Port can be seen in the following image.

: % cadie ey
Fig. 1 Location and bathymetric path of Sangsit Port
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Gunaksa Port: Gunaksa Harbor is located in Gunaksa
Village, Dawan District, Klungkung Regency.
Bathymetric sounding data using an echo sounder at this
location was collected on April 16, 2021. The location and
bathymetric mapping route at Gunaksa Port can be seen in
the following image.

Fig.2 Location and bathymetric path of Gunaksa Port

Serangan Port: Serangan Port is located in Serangan
Village, South Denpasar District, Denpasar City.
Bathymetric sounding data using an echo sounder at this
location was carried out on June 7, 2021. The location and
route for bathymetric mapping at Serangan Port can be
seen in the following image.

. ; AR
Fig. 3 Location and bathymetric path of Serangan Port

B. Methods

Some methods were used in this research to achieve the
results for discussion.

1) Image Pre-Processing and Correction

Before Sentinel-2 data can be used to analyze, it is
necessary to do Image Pre-Processing and Correction

e Resampling. Sentinel-2 has a different spatial resolution
for each band. Spatial resolution can be equated with the
upscaling and six downscaling methods or what is usually
called the resampling process. The most commonly used
method for re-scaling pixel resolution is resampling using
the nearest neighbor method [25].

Subset. The subset needs to crop out the unnecessary area
to focus the image dataset's area only on the research
location.

Normalized Difference Water Index (NDWI). The NDWI
(Normalized Difference Water Index) algorithm separates
land and sea in images. This algorithm utilizes blue and
near-infrared reflections to show an area's level of wetness
[12]. A modified version of NDWI was proposed by [13],
replacing the NIR band with the shortwave infrared
(SWIR) band to eliminate noise from accumulation in
coastal areas. The application of the NDWI algorithm is
as follows.



Green—SWIR1

NDWI] = ———
Green+SWIR1

(D
o Masking. After successfully carrying out the NDWI
algorithm, the next step is eliminating the land parts.
Masking is carried out to cover land areas by creating a
new layer [26] . We can focus the observation only on sea
parts.

Sun Glint Correction. The results of the sun glint
correction succeeded in reducing the effect of sunlight
reflection on the surface, which causes light bias so that
the quality of the appearance and digital number of the
corrected image is better than the image before the
correction [27]. A sun glint effect removal algorithm was
developed [28] Which was refined by [29].

R'; = R; — b;(Ryig — minyg) (2)

2) Lyzenga Algorithm

The Lyzenga algorithm was discovered and developed by
[30] and continues to experience development through a
series of scientific research in [31], [32], [33], [34] and [19].
The Lyzenga algorithm, often called Depth Invariant Index
(DII), is an algorithm applied to images for water column
correction [35]. The principle of this algorithm is to use a
combination of visible light channels of satellite images. This
technique was previously described to determine the
condition of the bottom of the waters using Landsat images
based on the linear function of bottom reflectance in the
waters and the exponential function of the depth of water [36].
The following is equation (3), which explains the Lyzenga
algorithm.

Z = a() + Ziv—l ai ln (R(AL) - Roo(ll.)) (3)

3) Multilinear Regression

In the principle of shallow sea depth extraction using
satellite imagery, there are four main components:
atmospheric scattering, surface reflection, in-water volume
scattering, and bottom reflection. The Bottom reflection
component is the main component used as a value in
producing sea depth. At the same time, the other three
elements are residual or noise components that need to be
removed or searched for values to correct the spectral value
of the image received by the sensing satellite. Estimating sea
depth using satellite imagery can be carried out using various
models. The SDB model, which is very simple and frequently
used, is a multiple linear regression analysis. The general
equation is

y = b1x1 + bzXZ + b3X3 + -+ bix,: +a (4)

4) Accuracy Test

RMSE is a forecasting technique used to evaluate a model's
accuracy level. RMSE is the average value of the sum of
squared errors. It can also express the size of the error
produced by an estimation model, a bathymetry comparison
between satellite and in situ models. RMSE can be calculated
as follows:
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III. RESULT AND DISCUSSION

Based on methods from image pre-processing and applying
the algorithm to every location. The following results were
obtained.

A. Sangsit Port

Sentinel-2 Level-2A data product used for Sangsit Port was
recorded on August 25, 2021, 02:16 UTC. According to
admiralty calculations, the water level is at +1.30 m, while the
LAT (Lowest Astronomical Tide) is at +0.40 m. Therefore, a
correction was made between the height of the satellite data
and the in-situ data by 0.90 m for calibration. From the results
of processing satellite data and applying the Lyzenga
Algorithm to Sangsit Port, the accuracy using multilinear
regression is shown in Table 1.

TABLEI

ACCURACY VALUE WITH MULTILINEAR REGRESSION OF LYZENGA
ALGORITHM AT SANGSIT PORT

Correlation

. 2 2
Variable Value Equation R RMSE
' y=294.13x-
x; (B1/B2) 0.769 25243 0.346 28.615
' y=161.51x-
x; (B1/B3) 0.457 315.49 0.445 26.365
y=189.59x-
xx (B2/B3) 0.547 279.87 0.358 28.361
y=-965.57x;
+1108.32x;
XitXj Xk 776.46x 0.451 26.247
125.51

From the multilinear regression table and the equation
above, the next step is to rewrite the equation to SNAP
software to get the relative depth value. Figure 4 shows a
graph comparing the depth using the Lyzenga algorithm to in
situ.

Depth (echos

Fig. 4 Lyzenga Algorithm Depth Graph compared to in situ at Sangsit Port

From the results of processing at Sangsit Port. The Lyzenga
algorithm has an accuracy of coefficient of determination / R2
at 0.451. Meanwhile, the level of error / RMSE was at 26,224.
The comparison of the bathymetric map between in situ and
the Lyzenga algorithm is shown in Figure 5.
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o

Fig. 5 2D and 3D Visualization of Bathymetry in-situ (left) and Lyzenga algorithm (right) at Sangsit Port

From the bathymetric map plotting between the in-situ data visualizing bathymetry by limiting depth data to 20 m. This

and Lyzenga algorithm, there are differences can be seen in depth is based on previous research that bathymetry using
depth levels visualization where the Lyzenga algorithm were remote sensing obtained good results up to 20 m [37], [38].
only able to penetrate depth for up to 70 m instead of in situ The results of bathymetry visualization after depth limitation
data at 150 m. Analysis was carried out to prove that depth are shown in Figure 6.

influences the accuracy results of satellite images in

Lk bhbONS

15}

115,120 115,125 115,130 115,135 115,140 26 115,120 115,125 115,130 115,135 115,140

Fig. 6 2D and 3D Visualization of Bathymetry in-situ (left) and Lyzenga algorithm (right) at Sangsit Port after trimming depth data
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After trimming the data and limiting the depth to 20 m, it
was proven that the bathymetric visualization was better than
the previous. Furthermore, to determine the level of accuracy,
a regression test was carried out once again within this data.
The correlation depth after limitation is shown in Figure 7.

20
15

10

y =0.8426x+1.0755
R?=0.8426

Depth {(echosounder)

Depth (Multilinear regression)
Fig.7 Lyzenga Algorithm Depth Graph after depth limitation at Sangsit Port

From the data trimming that has been carried out, a better
accuracy value is obtained with a coefficient of determination
(R?) of 0.844 with a RMSE of 1.826. This proves that depth
influences the accuracy results of satellite images in visual
bathymetry.

B. Gunaksa Port

Sentinel-2 Level-2A data product used for Gunaksa Port
was recorded on June 6, 2022, 02.16 UTC. According to
admiralty calculations, the water level is at +0.70 m, while the
LAT (Lowest Astronomical Tide) is at +0.50 m. Therefore, a
correction was made between the height of the satellite data
and the in-situ data by 0.20 m for calibration. From the results
of processing satellite data and applying the Lyzenga
Algorithm to Gunaksa Port, the accuracy using multilinear
regression is shown in Table 2.

115,430 115,440 115,450 115,460 115,470 115,480 115,490

TABLEII
ACCURACY VALUE WITH MULTILINEAR REGRESSION OF LYZENGA
ALGORITHM AT GUNAKSA PORT

Variable Correlation Equation R? RMSE
Value

x; (B1/B2) 0.863 y=—78.80x+ 0.034 44.165
84.15

x; (B1/B3) 0.683 y=—46.66x+ 0.019 44.492
103.31

xx (B2/B3) 0.804 y=5.70x+37 3E-4 44.924
30

xitxtxy y=11288.49 0.495 31.942
x—11406.5
3x19656.8
4x;+569.41

From the table of multilinear regression and the equation
above, the next step is to rewrite the equation to SNAP
software to get the relative depth value. Figure 8 shows a
graph comparing the depth using the Lyzenga algorithm to in
situ.

201

181 e® o0 o (73
161 ®,
141

121
R?=0.4951

Depth {(echosounder)
=
S

Depth (Multilinear regression)

Fig. 8 Lyzenga Algorithm Depth Graph compared to in situ at Gunaksa Port

From the results of processing at Gunaksa Port. The
Lyzenga algorithm has an accuracy of coefficient of
determination / R? at 0.451. Meanwhile, the level of error /
RMSE was at 31.942. The comparison of the bathymetric map
between in situ and with the Lyzenga algorithm is shown in
Figure 9.

115,430 115,440 115,450 115,460 115,470 115,480 115,490 70

$ 110
&
o
iS4

Fig. 9 2D and 3D Visualization of Bathymetry in-situ (left) and Lyzenga algorithm (right) at Gunaksa Port
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From the bathymetric map plotting between the in-situ data
and the Lyzenga algorithm, bathymetry with the Lyzenga
algorithm has poor results because of the difference in depth
limit. In situ, depth has a maximum depth of up to 190 meters,
whereas, in the Lyzenga algorithm, it only reaches 110 m.
This result is similar to the previous case at Sangsit Port,
where the SDB could not reach waters with high depth.
Gunaksa Port is one of the waters with deep water
characteristics. Therefore, it is necessary to carry out accuracy
tests again by trimming data on waters for up to 30 meters.
The results of these data trimmings are shown in Figure 10.

=3

20

y=0.6003x-1.1101
R? =0.5064

Depth {echosounder)

10 15

20 25 45 50

Depth (Multilinear Regression)

Fig. 10 Lyzenga Algorithm Depth Graph after depth trimming at Gunaksa
Port

After trimming the depth data for up to 30 meters, there is
an increase in the accuracy value from the previous data, with
the new R? value of 0.506. This proves that depth can
influence the accuracy of measuring bathymetry. But this still
needs analysis. Based on the previous 3D bathymetry
visualization with the Lyzenga algorithm, we can see the
image of breaking waves in shallow areas. Back to the satellite
image, the breaking wave area at Gunaksa Port is shown with
red points, which are shown in Figure 11.

115,430 115,440 115,450 115,460 115,470 115,480

-8,550

-8,560-

-8,570+

07\
25\

Fig. 11 Location of breaking waves at Gunaksa Port

After eliminating data suspected to be the location of
breaking waves, the depth data obtained starts at an elevation
of 4.7 m. After removing the data on the breaking waves, an
accuracy test was carried out again, and the accuracy of the
coefficient of determination / R? results is shown in Figure 12.

3 o ",": ?4'.‘:&

L]

y=0.7908x-0.3599
R?=0.6765

Depth (Echosounder)

30 40

Depth (Multilinear Regression)

Fig. 12 Lyzenga Algorithm Depth Graph after trimming breaking waves data
and depth limitation at Gunaksa Port

The result of bathymetry visualization after trimming
breaking waves data and depth limitation at Gunaksa Port are
shown in Figure 13

115,430 115,440 115,450 115,460 115,470 115,480

197\
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e
e 2
P

PN

27

Fig. 13 2D and 3D Visualization of Bathymetry in-situ (left) and Lyzenga algorithm (right) at Gunaksa Port after trimming breaking waves and depth data
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From the data trimming that has been carried out, a better
accuracy value is obtained with an accuracy value coefficient
of determination (R?) of 0.677 with an RMSE of 5.060. This
proves that apart from depth, the presence of breaking waves
in the waters also influences the results of the accuracy of
satellite images in visualizing bathymetry. It can be concluded
that the satellite image band readings become inaccurate due
to light refraction.

C. Serangan Port

Sentinel-2 Level-2A data product used for Serangan Port
was recorded on June 6, 2022, 02.16 UTC. According to
admiralty calculations, the water level is at +1.10 m, while the
LAT (Lowest Astronomical Tide) is at +0.30 m.

TABLE III
ACCURACY VALUE WITH MULTILINEAR REGRESSION OF LYZENGA
ALGORITHM AT SERANGAN PORT

Variable Correlation Equation R? RMS
Value E

x; (B1/B2) 0.769 y=2.37x+3.29 0.059 3.504

x; (B1/B3) 0.457 y=3.20x+4.29 0.151 3.329

xx (B2/B3) 0.547 y=8.50x+5.04 0.184 3.264

XXty y=—106.19x+10 0311 3.000

7.04x,-95.2Txct
17.13

Therefore, a correction was made between the height of the
satellite data and the in-situ data by 0.80 m for calibration.

T
115,250

T T T
115,230 115,235 115,240 115,245

6 YdhbobbsORNWS

From the results of processing satellite data and applying the
Lyzenga Algorithm to Serangan Port, the accuracy using
multilinear regression is shown in Table 3.

From the table of multilinear regression and equation
above, the next step is rewriting the equation to SNAP
software to get the relative depth value. The graph of
comparison between the depth using the Lyzenga algorithm
and in situ is shown in Figure 14.

13

R?=0.3113 e ©® o
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Depth (echosounder)

Depth (Multilinear Regression)

Fig. 14 Lyzenga Algorithm Depth Graph compared to in situ at Serangan
Port

From the results of processing at Serangan Port. The
Lyzenga algorithm has an accuracy of coefficient of
determination / R? at 0.311. Meanwhile, the level of error /
RMSE is at 3,000. The comparison of the bathymetric map
between in situ and with the Lyzenga algorithm is shown in
Figure 15.

S = N ow oA

115,250

115,240

115,230 115,235 115,245
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Fig. 15 2D and 3D Visualization of Bathymetry in-situ (left) and Lyzenga Algorithm (right) at Serangan Port

Serangan Port is a natural Port, meaning it does not need
coastal protection to create calm water conditions. Besides
that, Serangan Port also has a relatively shallow bathymetric
profile compared to other waters. Even with this good
condition. Serangan Port has a bad accuracy in reading
bathymetry using satellites. From the bathymetric map
plotting between the in-situ data and the Lyzenga algorithm,
the difference can be seen in the port basin area, where this
location can't be mapped perfectly at Lyzenga visualization.
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This could happen because, at the time when the image was
captured by satellite, there were object interferences in the
port basin, which resulted in misinformation about the
separation between land and water. It can be seen from the
visualization of 3D bathymetry images using the Lyzenga
algorithm where objects such as coral rise upwards. These
objects were ships parked in the port basin area when the
image was captured, while these objects did not exist at the
time when the recording used an echosounder. By this



condition, an analysis has been made by tried eliminating
several echosounder recording points in the area. Points that
have been deleted are shown in red color in Figure 16.

Fig. 16 Object interferences location of parked ships in Serangan Port

The accuracy values are shown in Figure 17, which shows
the data elimination results from removing object interferences
of parked ships in the basin port area at Serangan Port.

y =0.8506x+1.1919 ® °
10 R? =0.5469

Depth (Echosounder)

Depth (Multilinear Regression)

Fig. 17 Depth Graph after trimming the object interferences with the Lyzenga
Algorithm at Serangan Port

From the results of the graph in Figure 17, it can be seen that
accuracy value has slightly improved due to removing some
points that contain object interferences of parked ships.
However, these results still require re-analysis of objects, which
can still be why the accuracy value is low. Analysis has been
carried out by calculating the high % of error, above 100% for
each point. Several points have been analyzed, then marked and
extracted again according to the coordinates to make

T T T T
115,230 115,235 115,240 115,245 115,250

3 o
¥
&

identifying areas or locations with high errors easier. These
points can be shown in yellow color as shown in Figure 18.

Fig. 18 The location which have high error at Serangan Port

Based on the map from the satellite image in Figure 15, it
can be identified that locations with high errors are
predominantly found in waters that have a slightly brownish
color. These waters can be assumed because of a high level of
sedimentation. This can be confirmed by the profile of
Serangan Water, which has a high amount of total suspended
solid (TSS) in the water near the mangrove forest area on the
port's north side. Several known points have been tried to be
eliminated, and the results obtained are shown in Figure 19.

14

12 e e e ©
y=1.2103x+0.3253
R2=0.7757

-

S)

.
(]

Depth (Echosounder)

Depth (Multilinear Regression)

Fig. 19 Lyzenga Algorithm Depth Graph after elimination of high-water
sedimentation points at Serangan Port

Figure 20 shows the result of bathymetry visualization
after eliminating interference objects, such as parked ships
and high-water sedimentation points at Serangan Port.

115,230 115,235 115,240 115,245 115,250 -8

PO NN nAA LG RRAabORREN
IR IR R R R R TR TR T

Fig. 20 2D and 3D Visualization of Bathymetry in-situ (left) and Lyzenga Algorithm (right) at Serangan Port after elimination interference object of parked ships

and high-water sedimentation points at Serangan Port
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From data elimination carried out on the interference object
of parked ships and high-water sedimentation points, a better
accuracy value is obtained with an accuracy value coefficient
of determination (R?) of 0.775 with RMSE of 1.730. These
results can confirm that apart from the interference objects of
ships that parked at the basin port area at Serangan Harbor,
high-level sedimentation in the water also influences the level
of accuracy in visualizing bathymetry using satellite [39]. It
can be confirmed from the test carried out in the laboratory at
this location that this area has a high amount of TSS.
Sedimentation conditions in a water area can be determined
by how extensive the range of suspended solid material is in
that area [40]. Generally, the SDB model is strongly
influenced by the type of sensor, water quality, and other
environmental conditions. It also stated in [41] about factors
of water column complexity, such as the heterogeneity of
water quality and sedimentation affect the accuracy of
estimating the water depth.

IV. CONCLUSION

Several results of analyzing bathymetry using Sentinel-2
Imagery in different characteristic waters on Bali Island. We
can see that many parameters impact the result of the Satellite
to visualize bathymetry. The Satellite's optimal result in
reading the bathymetry depth is approximately 30 meters.
However, within this depth, some cases can interfere with the
accuracy of satellite visualizing bathymetry. Breaking waves,
high water sedimentation, and some objects that can guide the
Satellite to misread them as elevation, such as ships.

NOMENCLATURE

Sun Glint Correction

R’; value of i channel after reduction
R; initial value of i channel

bi the regression of slope

Rair channel value

minnk  minimum value of NIR channel

Lyzenga Algorithm

Z water depth

a constant coefficient, (i=0,1,...n) n is number of
spectrum bands

R(A) Reflectance after atmospheric correction for A;
spectrum band

Ro(Ai) Average deep of sea reflectance in A; spectrum band

Multilinear Regression

y dependent variable

X independent variable

a intercept, (v when x=0)

b slope, the average change in y relative to x
Accuracy Test

At Depth estimation value of image

Ft in situ measurement value

N The number of depth points used in model validation
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