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Abstract

Bathymetry in shallow-water areas plays an important role in marine environment
management, marine economic resource development, and national defense and security. The
echo sounding method is currently highly accurate; however, it has to deal with a variety of
challenges as a result of the high cost, terrain influence, and meteorological conditions at sea.
As remote sensing technology progresses, estimating bathymetry using satellite imagery will
help lower measuring costs and expand monitoring coverage, particularly in shallow water,
offshore areas, and difficult-to-access areas. In this article, the authors present a technique
for determining bathymetry in shallow water regions by utilizing WorldView-2 stereoscopic
images. The accuracy of stereoscopic depth measurement using WorldView-2 images is
assessed by field depth measurement using the single-beam echo sounder. The study area is
Nam Yet Island. The coefficient of determination (R?) between the two datasets (field
measurement data and using satellite images) is 0.9. The stereoscopic satellite image method
of depth measurement is highly accurate for regions with depths below 5 meters. The
accuracy of the stereoscopic measurement decreases as the depth increases by more than
5 meters.
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1. Introduction

Bathymetry is the study and practice of measuring the depth of bodies of water,
such as lakes, rivers, streams, and oceans, from below the surface [1]. The term
"bathymetry" refers to the depth of the ocean above sea level, but it can also refer to the
depth and shape of underwater terrain. A bathymetric map depicts the underwater
topography using an approach similar to that of a topographic map. The deep-water
contours and colors represent the topography of the underwater terrain.

Satellite images, depth echo sounding (SONAR- SOund Navigation and Ranging),
and airborne LiDAR depth measurement (ALB) are a few of the methods currently
available for determining the depth of the ocean. This approach, however, is not suitable
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for usage in shallow water and has big operational expenses. On the other hand,
bathymetry that makes use of remote sensing data can determine large coverage, is
particularly useful for offshore areas, and lowers the cost of map construction. Presently,
there are two primary categories of remote sensing techniques: (1) Active remote sensing
techniques, such as the LIDAR method, and (2) Passive remote sensing techniques, such
as the determination of shallow water depths along offshore islands with the use of optical
satellite images. Researchers are using a wide variety of data and methodologies to study
the best way to create bathymetry maps in shallow waters from satellite images.
According to that, there are two main methods for estimating the depth of shallow waters
using satellite imagery: (1) The interpolation method applied to multispectral images, and
(2) The stereoscopic measurement method.

The physical properties of radiation transfer models (RTMs) can be employed to
calculate the remote sensing reflection transition model, which is applicable to parameters
such as water quality, depth, and bottom reflection. In 1985, Lyzenga [2] proposed a way
to use the interpolation algorithm on multispectral images to determine the water depth.
The method proposed by Lyzenga [2] is considered incorrect when applied to bathymetry
calculations under conditions of variable bottom reflection. Consequently, this approach
is incapable of differentiating various forms of reflectance in water [3]. Stumpf et al. [4]
offered a new ratio method in order to solve these problems. This method utilizes the
ratio of two spectral bands to simulate changes in the reflection coefficient during
depth calculations.

Stereo photogrammetry, a new method of bathymetry, has given a way for
determining water depth from satellite images [5]. The stereo photogrammetry, in
contrast to the interpolation method based on multispectral images, does not require
atmospheric correction or field bathymetric data. However, relative orientation and
geometrical conditions in water will differ from those on land because of the difference
in the refractive indices of air and water. Murase et al. [6] analyzed the differential error
in the horizontal direction when two different cameras measured the incident angle of
light rays from an underwater point. Current high-resolution satellites like GeoEye-1 and
WorldView-2 have offered a new data source that allows for the determination of shallow
water depth using the stereo photogrammetry technique. Specifically, the WorldView-2
satellite supports the acquisition of stereoscopic image pairings, which guarantee
uninterrupted imagery while reducing fluctuations in the surface ocean [7]. Cao et al. [8-10]
studied the scientific basis and errors in determining shallow water depths using the
stereoscopic measuring method on WorldView-2 images. At depths ranging from 5 to 20
meters, the results indicate a mean square error of 1.76 meters and a reasonably minor
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inaccuracy of approximately 14%. The greatest precision is achieved at depths ranging
from 0 to 5 meters in shallow water.

Echo-sounding is the predominant technique employed for creating bathymetry
maps in Vietnam. The majority of the research, which determines bathymetry by using
remote sensing data, has focused on evaluating techniques for interpolating multispectral
images. Yen et al. [11] and Phong et al. [12] applied the interpolated ultilizing method by
Stumpf and used Landsat 8 satellite image for determining bathymetry. In 2019, Nguyen
Ha Phu et al. [13] published the results of their study on stereophotogrammetry depth
measurements of shadow waters at Hai Sam Island using WorldView-2 imagery. The
experiment results demonstrate that the stereoscopic measurement technique can
accurately determine the depth of water to an extent of 42.0 meters [13].

Consequently, there is currently limited research on determining bathymetry using
the stereophotogrammetry method with satellite images. As a result, the authors present
their research on the bathymetry of shallow water areas using WorldView-2 image data
and the underwater stereophotography technique. The study was conducted on Nam Yet
Island in Vietnam. The accuracy of the bathymetry determined by stereo photogrammetry
is assessed using echo sounding data.

2. Study area and materials

2.1. Study area

The Truong Sa Island district, located in Khanh Hoa province, Vietnam, was
formed using the Truong Sa Islands' tiny coral islands, sand dunes, reefs, and shoals as
its foundation (Fig. 1a).

The study area is Nam Yet Island. Nam Yet Island is an atoll within the Truong Sa
Archipelago. This island is approximately 11.9 nautical miles (22 km) from south of Ba
Binh Island and 18 nautical miles (33.3 km) from north of Sinh Ton Island. Nam Yet
Island is located at 10°10'45"N 114°22'0"E.

Figures 1b and 1c illustrate that Nam Yet Island is situated within a sizable atoll.
The Nam Yet’s inner surface (facing toward the sea) is gentle and shallow, whereas the
outer surface (south) is extremely precipitous and deep. The Nam Yet area is
approximately 3.75 km?. The Nam Yet Island region is mostly affected by the tides at
Truong Sa Station. The magnitude (tide amplitude) is influenced by the law of diurnal
tides, which results in a substantial increase and decrease in the water level during the
high tide months of January, June, July, and December. During the low tide months of
March, April, September, and October, the water level experiences fluctuations and the
tidal properties are diminished. In fact, in deep-water regions, the transparency of the sea
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water is visible for up to 30 meters. The transparency of the seawater has substantially
decreased at a depth of 15-20 meters in the shadow water area. Salinity is generally
consistent, despite its fluctuation with depth and season.

(a)

Fig.1. The study area: (a) Location of the study area (a red rectange);

(b); and (c) Nam Yet island in WorldView-2 satellite image.

2.2. Material data and pre-processing

The satellite image data used in the article is a pair of WorldView-2 stereoscopic
images with image characteristics shown in Table 1.

Table 1. The characteristics of material data

Parameters WorldView-2 satellite images

Name of image 1 AOIl 46 1

Image acquisition PAN-17APR29025611-P2AS-057202905070_01 P001
MS-17APR29025611-M2AS-057202905070_01_P001

Resolution PAN: 0.5m; MS: 2.0 m

Image acquistion time 29/04/2017

Name of image 2 AOI_46_2

Image acquisition PAN-17APR29025747-P2AS-057202905070_01 P001
MS-17APR29025747-M2AS-057202905070_01_P001

Resolution PAN: 0.5m; MS: 2.0 m

Image acquistion time 29/04/2017
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2.3. Field measurement data

Figure 2 shows field measurement data, including 24 data points. The depth of field
data was acquired with a Global Navigation Satellite System (GNSS) satellite positioning
device, namely Real-Time Kinematic (RTK), in conjunction with a Hidrobox single-
beam echo sounder. The depth data is adjusted in accordance with the map reference
system and the elevation of the fixed points on the island. The coordinate system is
computed and transformed into the VN2000 system, with a projection zone of 6 degrees
and a central longitude of 111°. The field measurement data is utilized to evaluate the
precision of depth points obtained through the stereophotography method.

Fig. 2. The location of the field measurement points.

3. Methodology
3.1. The determination of bathymetry using stereoscopic satellite images

By utilizing sterephophotogrammetry, the spatial coordinates of an object in three
dimensions can be ascertained. In principle, measuring stereoscopic images underwater
is not dissimilar from measuring them on land; the major difference, however, is the effect
of water refraction on the optical parameters.

Two sensors at positions S1 and S2 detect incident and refracted rays produced by
object P at the interface of two tie points P1 and P2, as illustrated in Figure 3a. Point A,
which is the intersection of two projection vectors coming from the tie point, is quantified
in the measurement of stereoscopic images. Point P represents the target's actual
coordinate value. Snell's law of refraction is complied with by light rays as they traverse
two distinct satellites. Typically, a refractive index of 1.34 is used to represent the angle
of refraction. Temperature and salinity conditions in the seawater can cause the refraction
value to fluctuate by as little as 1%.
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Fig. 3. (a) Geometric condition of stereo photogrammetry using the satellite images
underwater; (b) Geometric condition of stereo photogrammetry using the satellite images
underwater with condition D1 unequal D2 [8].
Figure 3D illustrates the difference in horizontal and vertical coordinates between
observation point A and true depth point P. The difference of the X value between the actual
point P and the point A that is being observed is calculated using the following equation:

tani,-tanr, —tani - tanr,

AX = X, — X, = 2. 1
AP tani, +tani, A @)

where i, va i, are the incident angles from underwater point P to satellite sensors S1 and
S2, respectively;r,, r, are the corresponding refraction angles; h, is the observed depth.

In this study, AX is not a significant factor in aerial or satellite photogrammetry.
Moreover, as the geometric relationships also indicate, the horizontal differences (AX va
AY ) between A and P are negligible. The approximate refractive correction model was
limited to compensating for vertical deviation in stereometry in previous studies [8]. Fryer
and Kniest [14] proved that the geometric parameters of the aerial triangulation have a
significant impact on the precision with which stereometry can measure depth. Using the
left-hand image as a reference, we can calculate the true water depth h in
Fig. 3b as follows:

_ h,-(tanr, +tanr,)
~tan[sin"(sinr/n)]

3.2. The errors in bathymetry measurement by the stereo photogrammetry method
using satellite images

The horizontal direction error, which is caused by the approximate refraction
correction model, is shown in Eq. (1). Because of the high flight altitude and limited field
of view of sensors, the horizontal direction error computed using Eq. (1) is significantly
78
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smaller than that of aerial photography. As a result, it is possible to ignore the horizontal
direction error in Eq. (1) that is caused by the approximation model's refraction correction.
Errors in geometric models, relative underwater orientation, ocean waves, and
surface ocean elevation are the four most significant factors affecting the precision of
water depth, which is determined by stereoscopic methods. Besides, in
stereophotogrammetry, relative orientation is a critical factor that is directly proportional
to the input image's coordinates. Sun reflection, depth, water turbidity, bottom sediment
types, image matching algorithms, and the cumulative error for image matching are all
elements that impact relative orientation error underwater.
3.3. Determining bathymetry by stereo photogrammetry using WorldView-2 images
The procedure for measuring bathymetry in shallow water by stereophotometry
using WorldView-2 satellite images is shown in Fig. 4.

Collecting data

‘ Navigational Chart data | ‘ WorldView-2 | ‘ WorldView-2

Lo ____________________________l _______________________________________

| Block adjustment WorldView-2 imagery ‘

!

| WorldView-2 stereo imagery ‘

v

| Conversion DN to radiation value ‘

i

| Sun glint removal

v

| Conversion radiation value to reflectance value

| Determine waterline in WV-2 ‘

+
4>| Determine the depth of waterline

| Bathymetry by stereo-photogrammetry

| Interpolation the deep water contour }47

Fig. 4. Flow chart of bathymetry measurement using stereophotogrammetry.

4. Result and discussion

Topographic surveying will be conducted on an image station using the specialized
software ERDAS LPS Automated Terrain Extraction. Hydrological elements, topography
and boundaries are among the features of a topographic map that require measurement
using the photogrammetry method. The deep-water contour is a representation of
bathymetry. The interval elevation of the deep-water contour is 2 m.
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Table 2. The difference in the depth of the check points

No. l(_IrTTS Hur (m) Hp — Hot No. HT[_) (m) Hir (M) Hmo — Her
Field Stereo- (m) Field Stereo- (m)
data scopic data scopic

1 1.50 15 0.00 13 ] 170 -2.0 +0.30
2 -1.62 -2.8 +1.18 14 | -145 2.4 +0.95
3 -1.58 2.9 +1.32 15 | .1.45 -2.3 +0.85
4 -1.79 -1.8 +0.01 | 16 | -1.46 -2.3 +0.84
5 -1.53 2.4 +0.87 | 17 | -151 -2.3 +0.79
6 -1.52 2.1 +0.58 | 18 | .150 2.5 +1.00
7 -1.57 -2.0 +0.43 | 19 | .115 -15.0 +3.50
8 -1.50 -2.6 +1.10 | 20 | 1.60 1.5 +0.10
9 -7.50 -5.0 -2.50 21| 108 2.1 +0.12

10 | 2350 -20.5 -3.00 22 | 155 -2.7 +1.15

11 | 134 2.2 +0.86 23 | -150 -3.1 +1.60

12 | .183 2.9 +1.07 24 | 115 -17.5 +6.00
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The accuracy of bathymetry determined by stereo photogrammetry is assessed
using 24 field data points, as detailed in Table 2. The checkpoint arrangement encircled
Nam Yet Island and covered the entire coral reef (Fig. 2). In this article, we used the
coefficient of determination R? to evaluate the precision of depth values, which are
determined by the single-beam echo sounder method and the stereo photogrammetry
method. Fig. 5 illustrates that the R? value between the two data sets was 0.9006. Hence,
it is evident that the field measurement value correlates highly with the depth
measurement value obtained using stereophotogrammetry. Figure 5 illustrates the
deviation between the stereoscopic measurement point and the field measurement point.
The results indicate that the difference between the two sets of values is negligible for
points with depths below 5 meters. With increasing depth, the deviation becomes larger.
At depths ranging from 10 to 15 meters, the greatest deviation value occurs (Fig. 5).

3)

where vy, is the i"" depth of field data; y/ is the corresponding the depth by

stereophotography value; N is the number checkpoints.

The root mean square error (RMSE) is the standard deviation of the residuals
between two data sets, as determined by Eq. (3). The RMSE is £0.877 m for regions with
a depth of less than 5 m. The RMSE is +3.984 m for regions with depths exceeding 5 m.
Therefore, the determination of depth from stereophotography will result in larger errors
as the depth increases due to the influence of light refraction and bottom reflection.

5. Conclusion

The results indicate that the accuracy of the method of determining bathymetry in
the shallow waters of the Nam Yet Island area is guaranteed by the use of WorldWiew-2
stereoscopic satellite images. The accuracy of the stereoscopic depth measurement results
on WorldView-2 satellite images is assessed using single-beam echo sounder depth
measurement points. The coefficient of determination R? between the two data sets, as
determined by the stereophotogrammetry method and field measurements, reached 0.9.
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Additionally, the RMSE value for areas with depths less than 5 m is £0.877 m, while for
areas with depths greater than 5 m, it is £3.984 m. For depths below 5 meters, the results
indicate that the stereophotogrammetry method produces minimal depth measurement
errors. The error in measuring depth using the stereoscopic method increases as the depth
increases. In areas larger than 10 m, the stereoscopic depth measurement and the single-
beam echo depth measurement methods have the highest difference.

Nevertheless, it is imperative to further refine the approach and eliminate the
consequences of inaccuracies when employing stereoscopic measurements of satellite
images at sea to determine bathymetry. To assess the applicability of the stereoscopic
depth measurement method in the East Sea region, it is also necessary to evaluate the
accuracy at various depth levels and in different bottom regions.
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NGHIEN CUU XAC PINH PO SAU PAY BIEN
KHU VUC NUOC NONG BANG KY THUAT PO LAP THE
SU DUNG ANH WORLDVIEW-2

L& Minh Hang", Nguyén Nhu Hing
Wién Ky thudt cong trinh d@ac biét, Trong Dai hoc K thudt Lé Quy Dén, Ha Ngi, Viét Nam

Tom tit: Do sau ving nudc ndng ¢é vai trd quan trong trong quan 1y méi treong bién, phét
trién tai nguyén kinh té bién va quéc phong, an ninh. Hién nay, phuong phap do sau hoi am cho do
chinh xac cao. Tuy nhién, phuong phap do sau hdi am c6 chi phi cao, chju anh huéng cua dia hinh
va diéu kién khi twong trén bién. Véi su phat trién caa cong nghé vién tham, viéc ude tinh d6 sau
bang hinh anh vé tinh s& gitp giam chi phi do dac va ma rong pham vi giam sat, dac biét & ving
nude néng, khu vie ngoai khoi va cac khu vuc kho tiép can. Trong bai bao nay, cac tac gia trinh
bay phuong phap xac dinh d6 su ¢ ving nudc ndng sir dung anh lap thé vé tinh WorldView-2.
Do chinh xac cua phuong phap do do sau lap thé bang anh vé tinh WorldView-2 dugc danh gia duya
trén cac diém do d6 sau bang may do sau hdi 4m don tia. Khu virc nghién ciru 1a dao Nam Yét.
Hé s6 xac dinh (R?) giita hai bo dir liéu (dir liéu do dac thuc dia va phuong phap do anh) 12 0,9.
Phuong phép do d6 sau bang anh vé tinh 1ap thé c6 do chinh xéac cao ddi véi nhitng viing c6 do sau
dudi 5 m. Do chinh xac cua phuong phéap do 1ap thé giam dan khi d6 sau ting hon 5 m.

Tir khoa: Pia hinh dday bién; ving nwéc nong; do anh lgp thé; anh Idp thé vé tinh
WorldView-2.
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