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Abstract

Seafloor topography mapping has a vital role in territorial management, geological investigation, natural hazard research, and marine
construction; therefore, improving the accuracy of seafloor topography mapping is essential. The main objective of this research is to
assess the possibility of improving the accuracy of seafloor topographic mapping for the central sea area of Vietnam and its surroundings
based on the combination of satellite-derived gravity anomaly data and shipborne data. Firstly, the best satellite-derived gravity anomaly
model for the study area is determined by comparing its gravity with the shipborne gravity anomaly. Then, the systematic deviation in
the satellite-derived gravity anomaly is eliminated and fitted. Then, the substance density contrast (SDC) between the seabed and the
seawater is derived. Subsequently, the seafloor depth was computed using the Gravity Geological method. In the next step, the computed
depth is fitted with the shipborne depth to improve the accuracy and reduce the systematic deviation. The result shows that the best
satellite-derived gravity anomaly model for the study area is the DTU17GRAV, with an accuracy of 4+ 5.06 mGal. The most suitable
SDC in the study area is 1.40 g/cm>. The final seafloor topographic map with 1’x 1’ grid is obtained with the root mean square deviation
(RMSD) of 4+ 83.96 m, which is lower than that of the global terrain model of GEBCO 2022 (RMSD = +152.88 m). Therefore, it is
concluded that the combination of satellite-derived gravity anomaly and shipborne data can significantly improve the accuracy of sea-
floor mapping for complex topographic areas. The results of this research are helpful for seabed applications and territorial management
in the region.
© 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Seafloor topography plays a vital role in many different
fields, including tectonic studies (Haxby, Karner,
LaBrecque et al., 1983) and activities of earthquakes and
tsunamis (Sepulveda, Liu and Grigoriu, 2018). In addition,
maps of the seafloor topography have been considered a
necessary document for extending the limits of the conti-
nental shelf of coastal countries, as stated in the United
Nations Convention on the Law of the Sea (UNCLOS)
(Jakobsson, Mayer and Armstrong, 2003). Besides, highly
accurate seafloor topography is essential for setting up sub-
marine cables, pipes, oil platforms, and other underwater
infrastructures (Arnould, Monk, Ierodiaconou et al.,
2015, Kaiser, 2020). Also, seafloor topography is essential
for high-resolution tidal or ocean modeling (Gonzalez,
Waldman, Sannino et al., 2023) and ocean environment
research (Hildebrand and Bellefontaine, 2017). Globally,
the ocean surface area covers about 362 million km?
(Mathez and Smerdon, 2018), which accounts for approx-
imately 71% of the earth’s surface. However, only about
18% of the total seafloor topography has been mapped
using shipborne depth data (Mayer et al., 2018); therefore,
determining the seafloor depth with high accuracy is
essential.

Literature review shows that various techniques have
been introduced for measuring seafloor topography, i.e.,
single-beam Echosounder (SBES) (Arseni, Voiculescu,
Georgescu et al., 2019), multibeam echosounder (MBES)
(Calder and Mayer, 2003), satellite-derived bathymetry
(SDB) (Sagawa, Yamashita, Okumura et al., 2019,
Traganos, Poursanidis, Aggarwal et al., 2018), Light

Detection and Ranging (LIDAR) (Liu, Sherman and Gu,
2007), and satellite altimetry (Bréda, Paiva, Bravo et al.,
2019, Yeu, Yee, Yun et al., 2018). Among these techniques,
the SBES and MBES can provide high accuracy, but they
are cost-consuming, especially for large areas. In addition,
it is not easy to apply in ice areas (Kruss, Wiktor and
Tatarek, 2019, Thomas, Lee, Coutts et al., 2022). The
SDB could provide good accuracy; however, this method
is preferable for shallow and clean water body areas
(IHO and 10C, 2018, Pe’eri, Parrish, Azuike et al., 2014).
In the case of LIDAR, this technique, which can be used
together with Autonomous Surface Vehicles (ASV) and
Autonomous Underwater Vehicles (UAV), has proven
it’s efficient for mapping at shallow or under-ice areas
and high-slope seafloors (Lucieer and Forrest, 2016). On
the other hand, the LIDAR measures the sea depth by
determining the different times between surface water and
seafloor reflection signals; therefore, it may operate ineffec-
tively in turbidity and high-depth areas (Costa, Battista
and Pittman, 2009). ASV and AUV do not require the
direct appearance of engineers or ships nearby the survey-
ing areas; however, the dependence on the power source
reduces the effective operation boundary. In addition, a
highly qualified engineer is required when the system has
a problem. Overall, the LIDAR technique is not widely
applied to determine the seafloor depth due to the limited
positioning accuracy (Wolfl, Snaith, Amirebrahimi et al.,
2019).

Regarding the satellite altimetry method, McKenzie and
Bowin (1976) pointed out the relationship between gravity
anomaly and bathymetry in the Atlantic Ocean for large
areas. Then, Dixon, McNutt and Smith (1983) concluded

Table 1

Summary of the data used in this research.

No. Data Coverage (@: latitude, A: Number of
longitude) points

1 DTUI0GRAV 7.5°N < ¢ < 14.5°N 151,200
109.5°E < A < 115.5°E

2 DTUI13GRAV 7.5°N < ¢ < 14.5°N 151,200
109.5°E < A < 115.5°E

3 DTUI15GRAV 7.5°N < ¢ < 14.5°N 151,200
109.5°E < A < 115.5°E

4 DTU17GRAV 7.5°N < ¢ < 14.5°N 151,200
109.5°E < A < 115.5°E

5 SDUST2021GRAV 7.5°N < ¢ < 14.5°N 151,200
109.5°E < A < 115.5°E

6 Shipborne echo-sounding points measured in the period of 1990-1993 (having both the depth  7.5°N < ¢ < 14.5°N 33,313

value and the gravity anomaly value)

7 Shipborne echo-sounding points measured in the period of 2009-2016 (having the depth value

only)

109.5°E < A < 115.5°E
7.5°N < ¢ < 14.5°N 9,403
109.5°E < A < 115.5°E
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that the altimetry satellite SEASAT could be used to derive
the bathymetry. Smith and Sandwell (1994) showed that a
combination of satellite altimetry and shipboard data
could improve the accuracy of the bathymetry mapping.
As a result, the global seafloor bathymetric model was
established early in 1997 using satellite altimetry and ship-
board data (Smith and Sandwell, 1997). Several bathymet-
ric models were also successfully derived using altimetric
satellite data, including DNSCO08BAT, DTU10BAT, and
DTUISBAT (Becker, Sandwell, Smith et al., 2009,
Knudsen, Andersen, Forsberg et al., 2012). In recent
research, the DTU17GRAV gravity anomaly and echo-
sounder data can be combined to raise the accuracy of
bathymetry in the Arctic Ocean (Abulaitijiang, Andersen
and Sandwell, 2019) by employing the band-pass-filtering
function (Smith and Sandwell, 1994). More recently,
Tozer, Sandwell, Smith et al. (2019) pointed out that the
accuracy of the global bathymetric mapping can be
reached + 150 m in the deep oceans and + 180 m between
coastlines and the continental rise with the use of satellite
altimetry data (i.e., Cryosat-2, SARAL/AIltiKa, and
Jason-2) and shipborne data.

To derive bathymetry, a variety of studies considered
the Gravity-Geologic method (GGM) to inverse bathyme-
try from marine gravity anomaly. This method was pro-
posed early to determine the seafloor bathymetry from
gravity anomalies on the ocean’s surface because the differ-
ence in density between the ocean water and the ocean
layer is insignificant (Ibrahim and Hinze, 1972, Sun,
Ouyang and Guan, 2018). Crosby, McKenzie and Sclater
(2006) studied the relationship between depth, age, and
gravity anomalies in the Pacific Ocean. The results show
that the seafloor ripples cause a gravity anomaly of about
30 mGal/km for the surrounding areas. The GGM was
also considered for determining the depth in the eastern
Japanese ocean area, using satellite-derived gravity anom-
aly and shipborne data (Kwang, Yu-Shen, Jeong et al.,
2010), with a report that the GGM method is effective with
a short wavelength under 12 km. The result is different
when compared with the method proposed by Smith and
Sandwell (1994). Therein, this method is suitable for wave-
lengths longer than 25 km and a density contrast of 10.25
g/em’.

Because the GGM only uses point-to-point data to
inverse depth, not considering the basic characteristics of
gravitational effect; therefore, in recent research, An,
Guo, Li et al. (2022) modified the GGM into the IGGM
method and applied it to a study area in the South China
Sea, reporting that the accuracy at checkpoints was
improved by approximately 17 m. In another research,
Wei, Guo, Zhu et al. (2021) used the HY-2A/GM-
derived gravity anomalies and shipborne bathymetry to
predict the bathymetry over three test areas in the South
China Sea with a notable conclusion that the different geo-
logical structures affect the accuracy of the GGM-based
bathymetry significantly. A combination of satellite-
derived gravity anomalies and shipborne data was also
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used to estimate the seafloor depth in the south of Alaska
and the south of Greenland with good results. Herein, the
difference in density contrasts was estimated using the
downward continuation method (Yu-Shen, Jeong, Kwang
et al., 2010). Xueshuang, Xiaoyun, Running et al. (2017)
used the GGM to establish the long-wavelength gravity
anomaly model for determining the bathymetry. The result
demonstrated that the GGM model played a vital role in
the accuracy of bathymetry estimation. Nevertheless, more
research on improving the accuracy of the seafloor depth
for complex areas should be carried out to have reasonable
conclusions.

It is noted that although various bathymetry models,
i.e., DTUIOBAT (Technical University of Denmark -
DTU), DTUI8BAT (DTU), GEBCO 2020 (GEBCO
Bathymetric Compilation Group, 2020), and GEBCO
2022 (GEBCO Bathymetric Compilation Group, 2022)
are available in many areas, however, the accuracy of the
seafloor depth derived from these models is still limited.
Thus, how to improve the accuracy of seafloor topography
mapping in complex areas, i.e., central Vietnam’s Sea area
and its surroundings, is still a research question. To partly
fill this gap, this research aims to assess the possibility of
improving the accuracy of seafloor topographic mapping
for the central sea area of Vietnam and its surroundings
using combined data, i.e., bathymetry data, gravity data,
and satellite-derived gravity anomalies. This study area is
a complex seafloor characterized by an extended continen-
tal shelf. The average depth is 500 m, and the high-slant
continental slope is up to 4000 m.

2. Study area and data
2.1. Study area

The study area is located in the sea of Vietnam and its
vicinity, covering an area of about 363,000 km?, between
latitudes 8°N and 14°N and longitudes 110°E and 115°E
(Fig. 1). The seafloor topography is diverse and complex
because this area has undergone a unique geological devel-
opment process (Nguyen, 2010). The seafloor topography
is more than 4000 m deep at the subsidence center, sur-
rounded by deep-sea plains interspersed with ancient conti-
nental remnants. Deep-water troughs are considered traces
of ancient subduction zones. Topographical features are
characterized by continental shelves, continental slope sur-
rounding the continental shelf with deep from around
2500 m to 3000 m, and deep depression over 4000 m (Bui
and Tran, 2005).

The continental shelf is located at the western edge of
the study area, with a mean depth of about 500 m. The gen-
eral slope of the topographic surface is 0.1° — 0.2°, but in
some places, the terrain slope is up to 5.0°, and the conti-
nental slope extends from 200 m to 4000 m (Nguyen,
2010). The outer boundary of the continental slope is where
the continental crust ends and transitions into the oceanic
crust. The average slope varies from a few degrees to
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Fig. 1. Location of the study area and the shipborne echo-sounding points used.

10.0°. Most continental slopes are hills and low mountains
forming a semi-plain terrain. The continental slope is
formed mainly by stratigraphic structures controlled by
meridian faults, buckling, and raised protrusions.

The low-lying terrain in the study area is mainly dis-
tributed at depths of over 4000 m, with the deepest reach-
ing 4569 m (VNHOD, 2000). The process of expanding the
area of the seafloor was entirely due to the activity of the
spreading zone in two periods, 37 million years ago and
17 million years ago. Deep seafloor topography includes
two main types: (i) Deep-sea accretion plains, distributed
at a 4000 m — 5000 m, developed on the East Sea rift zone,
located in the deep basin of the East Sea, expanding to the
northeast and narrows to the southwest; (ii) the mountain
mass remains eroded on the magmatic rock with an alti-
tude of over 1000 m. These mountains are distributed alone
on the surface of the abyssal plain, rising from the bottom
of about 1000 m (Bui and Tran, 2005, Nguyen, 2010).

2.2. Data used

2.2.1. Satellite-derived gravity anomaly data

In this research, four gravity anomaly data, DTU10-
GRAV, DTUI3GRAV, DTUI5SGRAV, and DTUI17-
GRAYV (Andersen, 2013, Andersen and Knudsen, 2014,
2016, Andersen and Knudsen, 2020) were collected (see
Table 1). These data models were computed from the
altimetry measurements with 1’ spacing grids and provided
by the Technical University of Denmark (DTU) (available
at https://ftp.space.dtu.dk/pub). The SDUST2021GRA
data with a grid size of 1’ x 1’ were also obtained (freely

available at https://zenodo.org). These data were com-
puted using Ka-band sea surface heights (SSHs) from
SARAL/AItiIKA satellite and Ku-band SSHs from other
satellites, including HY-2A (Zhu, Guo, Yuan et al., 2022).

2.2.2. Global seafloor depth data

In this research, four global seafloor depth models were
used, DTU18BAT, GEBCO 2020, GEBCO 2022, and
TOPO-V25.1. The first model with a resolution of 17 x 1/
was provided by the DTU, which was established using
satellite-derived anomaly gravity data. Regarding the
GEBCO 2020 model and the GEBCO 2022 model, the res-
olution is 15” x 15. These models were created by the Gen-
eral Bathymetric Chart of the Oceans (GEBCO) using the
SRTMI15Plus and other data sources (Tozer, Sandwell,
2019). The last model (TOPO-V25.1) with a resolution of
17 x 1" was produced by Scripps Institution of Oceanogra-
phy (SIO), University of California San Diego (USA)

(available at https://topex.ucsd.edu/pub/global topo

lmin).

2.2.3. Shipborne echo-sounding points measured in the period
of 1990-1993

This study used 33,332 shipborne points measured using
the SingleBeam Echosounder in three years, 1990, 1992,
and 1993, from two projects (Que et al., 2008). The first
is the scientific cooperation project between the Hanoi
Institute of Oceanography (Vietnam) and the Institute of
Oceanography (Russia). Accordingly, two survey trips
were carried out in 1990 and 1992 using the Gagarinsky
ship.
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The obtained data consist of coordinates, depth, gravity
anomalies, measured times, and distances of these mea-
sured points on the route. The second is the cooperation
project between Vietnam and France. The Atalante ship
was used to survey the East Sea in 1993. The data from
the two projects above were then processed and assessed
with accuracy is + 1.0 mGal (Que, Dung and Tram,
2008). As a result, for each point, both the depth value
and the gravity anomaly value were derived. Among these
33,332 shipborne points, a total of 19 points were removed
due to raw error. As a result, the remaining 33,313 points
(Fig. 1) were used in this research.

2.2.4. Shipborne echo-sounding points measured in the period
of 2009-2016

This dataset consists of 9,403 points measured using the
SingleBeam Echosounder - Simrad EA 500 in 2009 and the
Multibeam Echosounder - SeaBeam 3030 and distributed
between latitudes 8°N and 14°N and longitudes 110°E
and 115°E (Fig. 1). Herein, the data inside the area between
latitudes 12 °N and 14 °N, and longitudes 112°45'E and
115°00'E were measured using the SingleBeam Echosoun-
der - Simrad EA 500 in 2009. The remaining areas were
measured from 2010 to 2016 using the Multibeam Echo-
sounder - SeaBeam 3030. Then, these data were processed
following the THO S44 survey standards to derive the final
depth points. The coordinates of points are WGS84,
whereas the depths were calculated from the mean sea
level. It is important to note that the 9,403 points have
the depth value only. Therefore, the gravity anomaly value
for these points was further determined using the satellite-
derived gravity anomaly (see Section 4.2 below).

2.2.5. Data preparation
For this research, a total of 42,716 shipborne points
were used, including 33,313 points measured in the period

108°0°E 11°0E 114°0E
T T N
Paracel Islands

Vietnam

12°0N
12°0N

9°0'N
L
9°0'N

' ' 1

108°0E 111°0E 114°0E

Fig. 2. Shipborne data points in the study area.
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of 1990-1993 and 9403 points measured in the period of
2009-2016 (see Table 1). After processing, these points
have both depth and gravity anomaly values. For analysis,
these 42,716 shipborne points were further randomly
divided into three parts (Fig. 2): Part 1 consists of 14,244
points and was used to compute the seafloor depth. While
Part 2 contained 14,225 points and was employed for esti-
mating the accuracy of the depth. Whereas the remaining
(Part 3) with 14,247 points was adopted for fitting the
gravity-derived depth to the shipborne depth (refer to
Section 3.6).

3. Methodology

The methodological flowchart for determining the sea-
floor depth in this research is shown in Fig. 3. The detailed
steps are presented in Sections 3.1 to 3.6.

3.1. Accuracy assessment and selection of satellite-derived
gravity anomaly

In this research, 151,200 points were generated for each
of the DTUI0GRAV, DTUI3GRAV, DTUI5GRAV,
DTUI7GRAYV, and SDUST2021GRA. These points were

Agalt Agship, Dship
|
!
Accuracy assessment Compute:
of parav ,
¥ Agshon - ZHGG(Dsth — Dmax)
Compute Agﬁt Aglung= Agship _ Agshort
! !
Interpolate Ag.2™¢ (Collocation method)
!
Agshart: Agfit _Aglong 8
wn
: g
gshart Ko
grav _ )
e 2nGo * Dmax

» Assess accuracy of D94
> Determine the most suitable SDC

Fitting the gravity-derived seafloor depth and
the shipborne depth

!

Accuracy assessment of the final seafloor
depth map

Fig. 3. The methodological flowchart for determining the seafloor depth
from gravity anomalies.
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compared with 151,200 shipborne gravity anomaly points
to assess the gravity anomaly accuracy using Eq. (1) below:

5gi = Ag?h - Ang.hip,i = 17 27 ey, h (1)

where 7 is the total of gravity points, Ag,h’p and Ag””
the shipborne gravity anomaly and the satellite- derlved
gravity anomaly, respectively.

Subsequently, the mean deviation (dg,,,,), Standard
deviation (S7D), and root mean square deviation (RMSD)
(Cohen and Sternberg, 1980) were derived using the follow-
ing equations:

. 1 &

bgmean = ; Zégt (2)
i=1
1 - 5

STD = nj ; (5g1 - 5gmean) (3)

1 n
RMSD = ([- Y " 6g 4
S ,/n; g; (4)

The minimun value of dg,,,.,» STD, and RMSD is the
indicators to determine the best gravity anomaly model
for the study area.

3.2. Satellite altimetry-derived gravity anomaly improvement

To improve the accuracy of satellite-derived gravity
anomalies, the shipborne gravity anomaly points were used
in two steps:

B Adjusting systematic deviation: the bias system is
removed by eliminating the mean difference (Eq.(2)) in
the satellite-derived gravity anomaly;

W Fitting gravity anomalies using the Collocation method.
gravity anomaly at point P is calculated as following
equations (Neiman, 2010a, Nguyen, 2012):

Aglt — [ C(Ag™, Agp) } !
" Lo(agt, Agp)

C(Agalz7 Aga/l) + CAg““Ag"” C(Ag‘”’, Ag””"’) -
CT(Ag"”, Agship) C(Ag.ship’ Agship) + CAg"’””Ag»“hil’
Agah
) shi (5)
Ag*P

where C is the covariance function. Other elements in Eq.
(5) are as follows (Neiman, 2010a):

CT(Ag", Agp) = [C(Agi", Agp) C (A", Agp) -

CT(Ag™, Agp) = [C(Ag)", Agp)C (8™, Agp) -

-C(Ag" Agp)]  (6)

-C(Ag”, Agp)]
@)
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C(Agalt Aga/t)
C(Agall Agall)C(Ag(lll Agall) .
(Agalt Agalt) (Agalt Agalt) .

C(Agalt A alt)
(Agalz A alt)
(Agalt alt) (Agall all) . (Agall all)
(8)

C(Ag", Ag™™)
C(Agslhip7 Agslhip) C(Agslh’p A sth)
C( Ag;hip7 Agsl‘hip) ( Agsth A sth)

- C(Ag!", Ag,”)
C(Agy"”, Ag,”)
c(Ag™, Agéhw)c(Ag;’“ﬁ A *‘“") - C(Ag™, Ag™)
)
C (Ag"“ Ag? )
( Aga[r Agsth) ( Agalt Agsth)
( Agalt sth) ( alt Ag?hlp)

(Agalt A Shlp)
C(Agalt A S‘hlp)

C(Agalt A sth) C(Agalt Agshlp) . C(Agalt Agf:ip)

CAgallAgall
CAg‘l’“Ag‘f” CAg“l/’Agg” M CAg‘f/’Agz”
CAgzzwergZh (1 1)

CAggltAg7erAggerg;It ctt

L CAgj”Ag’l‘” CAgZ”AggI’ et CAgZ”AgZ“

CAgship Agship
CAgslhlpAgslhlp CAgsl'thAgszhlp e CAgshipAgf’/:ip

C AP AGP C AP AP C Ag xhlp AP (12)

— 2 1 2 2 8m

i C Agvhtp Agvhm C Ag\‘:ip Ag;/rip - C Ag::ip Ag.v”llu'p

The matrix calculated in Eq.(1) is diagonal if covariance
values between points are not considered. The covariance
between point j and point k is calculated as follows

(Forsberg, 1987):

3
Cix(s) = —oncilog(D,- +7) (13)
i=0
7= 1/S2+Di2
D;=D+ixT
Oy = —03 = 1 (14)
o = —0py) = -3
f=—F—~
o8 DODg

where s is the distance between points ;j and k; whereas
Cy,D, and T are defined using an approximation of vari-
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Fig. 4. Seafloor determination from the gravity anomaly in this research.

ance and empirical covariance with theoretical covariance
in Eq.(13).

3.3. Calculation of seafloor depth using the Gravity-Geologic
method

Based on the Gravity-Geologic (GG) method, the grav-
ity anomaly (Ag) is divided into two small parts: (i) the
short-wavelength gravity anomaly part (Ag”*) which
depended on the variations of local bedrock topography,
and (ii) the long-wavelength gravity anomaly part (Ag'"¢)
generated using the deeper mass variations (Ibrahim and
Hinze, 1972, Kwang, Yu-Shen, 2010, Xueshuang,
Xiaoyun, 2017, Yu-Shen, Jeong, 2010). Explanation of
short-wavelength gravity and long-wavelength gravity can
be found in (Kostoglodov, Kogan and Magnitskaya,
1981, Phillips and Lambeck, 1980, Xiang, Wan, Zhang
et al., 2017).

The short-wavelength gravity anomaly for the points
that have available gravity anomaly and depth (Ibrahim
and Hinze, 1972, Kwang, Yu-Shen, 2010) is shown below:

Agshort — 2TcG6(Dship _ Dmax) (15)

where G is the gravitational constant (G = 6.672 x 10®
cm’/gs?), o is the SDC between seawater and seafloor,
D" and D,y are the shipborne depth and maximum depth
in the study area, respectively (Fig. 4).

The long-wavelength gravity anomaly is calculated
using Eq.(16) (Kwang, Yu-Shen, 2010, Yu-Shen, Jeong,
2010) as follows:

Aglong _ Agship _ Agshort (16)

At these points, which have only the gravity anomalies,
the long-wavelength gravity anomaly is interpolated from

available points (Ag'”¢). The short-wavelength gravity

anomaly-derived depth (D¥“) can be calculated using
Egs. (17) and (18) (Kwang, Yu-Shen, 2010, Yu-Shen,
Jeong, 2010) as:

Agshort — Ag/lt _ Ag/ong (17)
Ag,vhnrt

Do — Dy 18
2nGo + ’ (18)

Eq.(16) shows that the calculation of Ag®"* and ¢ is the
core steps for determining the seafloor depth using the GG
method.

3.4. Interpolation of long-wavelength gravity anomaly
implementing the Collocation method

The long-wavelength gravity anomaly at specific point P
is computed using the Collocation method (Neiman,
2010a) below:

Aggmg — CT (Aglong7 Agi;mg) ) [C (Aglong7 Aglong) + CA] -1 .Aglong
(19)

where C and Ag¢ are covariance function and available
long-wavelength gravity anomaly matrix, respectively.
The variance and covariance values are calculated using
Eqgs. (13) and (14) in Section 3.2.

3.5. Determination of suitable substance density contrast

Determining the suitable SDC is essential for imple-
menting the GG method (Kim, Hsiao, Kim et al., 2010),
and this is an iterative process. The difference between
the calculated seafloor depth and the shipborne-derived
depth (6D) is derived using Eq. (20) below:

oD, =D — D" i =1,2,---n (20)
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The best SDC for the study area is selected based on the
mean difference (6D,,cq,), standard deviation (S7Dp), root
mean square deviation (RMSDp), and the Pearson correla-
tion coeflicient (r) between calculated and measured depth
as formulas (Adler and Parmryd, 2010, Cohen and
Sternberg, 1980). Herein, the best SDC characterizes by
the 0D,ean, STDp, RMSDp, are smallest, whereas r is largest.

0D pean = % lzn; oD; (21)
STDp = \/ . L ; ;‘ (8D: ~ 6Dnean)’ (22)
RMSDp = /% z}: oD? (23)

i (D} — Dy ). (D™ — D) (24)

v

Vv =

\/ > (D}~ D). 3 (0" — D)’
i=1

i=1

where D" and D are the mean measured depth and

mean mean

the mean depth.

3.6. Unification of calculated seafloor depth and direct echo
soundings

The differences between the measured depth and the
gravity anomaly-derived depth include the systematic bias
and the stochastic element. The systematic bias was elimi-
nated by removing the mean values, whereas the stochastic
elements were fitted by using the Collocation method.

Assume that £ and m were numbers of gravity anomaly-
calculated depths D{™, D5, ..., D" and measured depths
D" Dy ..., D" respectively. The short formula for the
depth determination at point P is shown in Eq.(25)
(Neiman, 2010a, Nguyen, 2013):
Dy =CI(Cp+Cy)'D (25)

The full description of Eq.(25) can be rewritten as
follows:

Table 2
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o — {C(ngv,m } ’
-

C(D"* Dp)

C( Dgrav, Dgrav) + CDg"“” perav
CT (ngv7 Dship)

psrav
Lo

where:

C(Dgrav7 Dship)
C(D™r | DMP) + C pip piv

(26)

CT(Dgrav’DP) _ [C(Dfmv,Dp)C(ngv,Dp) . C(Dimv,Dp)]
(27)

C" (D", Dp) = [C(D}"",Dp)C (DY, Dp) - - C (D7, Dp)]

m

(28)
C(ngv’ ngv)
C(Dg]zrau’D,?mv)c(D{tI?rav?Dgrav) . C(D,%'rav,D{Zrav)
_ C(Dgrav,D?’rav)c(Dgrav’ngv) . C(ngv,Dimv) (29)
C(D}%Nw, [)gizrav)Cv(D}g(rrav7 ngv) L C(Dimv’D,]g(rrav)
Cv(thip7 D?hip)
C(Dsi‘hip7Dsl‘hip)C(DA;hip7D;hip) . C(Dihip’DE:ip)
C(pL, D) (DY, DY) (i, ) | (30
C(Dj:ip,Dihip)C(D::ip7D;hip) . C(Df:ip,Dzlip)
C(ng1:7 Dship)
_ C(D%rmv’ Dihip)cv(D(%rmv7 D;hip) . C(D,lgrav’ Di{hip)
_ C(ngv’ Dal'hip) C(ngv, Daz'hip) . C(ngly D;;hip) (3 1)
| C(Dy. D) C(Dg" DY) - (D, )
Cngngrav
[C e e C pera g - C pere e
_ CD,{Z:r‘angmr CDgrangrmy e CD?avDimr (32)
L CD(ZNH'DT’V{IL' CDZU‘{IUDgrul‘ LR CDi!‘UUDiT{IL

Comparison of the satellite-derived gravity anomaly and the shipborne gravity anomaly.

No. Model 08 e (MGal) 08 in (mGal) 02 mean (MGal) STD (mGal) RMSD (mGal)
1 DTUI0GRAV 54.27 —34.42 2.67 +5.90 + 6.48
2 DTU13GRAV 54.92 —-34.10 2.63 + 582 +6.38
3 DTUI15GRAV 57.43 —-32.26 2.72 + 5.66 +6.28
4 DTU17GRAV 56.07 -33.38 2.70 + 5.60 +6.22
5 SDUST2021GRAV 59.16 —31.17 2.66 + 5.68 + 6.27
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C ship vhipC ship yship * C ship rship
D" p ™~ pirp) D" D}y

C Dszhxp Dslhip C D.;hip D.;hip - C D.;hip piliv

(33)

C pship pship =

CDfnhipD';hip CDfnhipDzhip e CDS,:'iprnhip

The variance and covariance values can be calculated in
Eqgs. (13) and (14) in section 3.2 for the depth.

4. Results and analysis

4.1. Accuracy assessment of the satellite-derived gravity
anomaly data

To assess the accuracy of the gravity anomaly from the
five satellite-derived gravity anomaly models, DTUI10-
GRAV, DTUI3GRAV, DTU15GRAV, DTUI17GRAYV,
and SDUST2021GRAYV, a total of 13,713 shipborne grav-
ity anomaly points were used. These points were randomly
selected from the 33,313 shipborne gravity anomaly points
mentioned in Section 2.2.3. The result is shown in Table 2.

The results show that dg,,,, is from —34.42 mGal to
—34.10 mGal, indicating that there is a systematic devia-
tion between the satellite-derived gravity anomalies and
the shipborne-derived gravity anomalies. Among them,
the DTUI7GRAV model provides the highest accuracy
results. The STD and RMSD are + 6.22 mGal
and + 5.60 mGal, respectively. Therefore, this DTU17-
GRA model is selected for the following computational
steps.

4.2. Improvement of the satellite-derived gravity anomaly by
fitting with the shipborne gravity anomaly

In this step, 13,713 shipborne gravity anomaly points
are randomly divided into two parts (Fig. 5): the first one
containing 12,648 points (approximately 90.0 %) was used
for fitting with the DTU17GRAYV model, and the second
one consisting of the remaining (1,065 points, about 10.0
%) was used for validating the result.

The fitting process was implemented using the GPFit
and GPColl functions in the Gravsoft program
(Forsberg and Tscherning, 2008). The result is shown in
Fig. 6 and Table 3.

The result shows that the RMSD of the DTU17GRAV
reduces from + 7.25 mGal before the fitting gravity anom-
aly to + 5.06 mGal after the fitting gravity anomaly,
whereas the Mean of the DTU17GRAV decreases
from + 4.98 mGal before the fitting to + 0.28 mGal after
the fitting. These indicate that a significant improvement
is obtained regarding the accuracy of the satellite-derived
gravity anomaly from DTU17GRAV.

4.3. Result of the suitable density contrast

Theoretically, it is assumed that the SDC is roughly
1.64 g/cm®, which is the mean density difference between
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Fig. 6. The fitted gravity anomaly map for the study area.
Table 3

Statistics of the DTU17GRAV gravity anomaly before the fitting gravity
anomaly and after the fitting gravity anomaly (in mGal).

No DTU17GRAV Max  Min Mean STD RMSD
1 Before the fitting  23.98 -9.08 4.98 +528 +725
2 After the fitting 19.66 —14.34 0.28 +505 +£5.06
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the bedrock (2.67 g/cm®) and the seawater (1.03 g/cm?).
However, the SDC is varied across the local geology areas.
Therefore, to find a suitable SDC value for the study area,
we tested SDC from 1.10 g/cm? and 3.00 g/cm?. The selec-
tion of the value for each step mainly depends on the result
of the previous step, with the target being to minimize the
RMSD value and maximize the r values. The result is
shown in Table 4 and Fig. 7. Based on the computed
results, the SDC value of 1.40 g/cm® is the best value for
the study area, which minimized the error (RMSD =
+85.54 m) and maximized the Pearson correlation coeffi-
cient (r = 0.997).

4.4. Determination of the seafloor depth from the gravity
anomaly corresponding to the most appropriate SDC

4.4.1. Computation of long-wavelength gravity anomaly

Using the SDC value of 1.40 g/cm? in the previous step,
the long-wavelength gravity anomalies at the shipborne
points were obtained (Fig. 8). Their maximum, minimum,
and average values for the study area were + 7.50 mGal,
—269.30 mGal, and —166.40 mGal, respectively.

4.4.2. Calculation of the seafloor depth using the gravity
anomaly

Fig. 9 shows the seafloor depth map computed from the
gravity anomaly in the study area. This map was obtained
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Fig. 8. The map of long-wavelength gravity anomaly in the study area.

Table 4

Comparison of the calculated depths based on the SDC difference.

No. SDC (g/cm?) Max (m) Min (m) Mean (m) RMSD (m) STD (m) r

1 1.10 849.28 —913.69 —1.46 + 87.94 + 87.93 0.997
2 1.20 887.22 —931.70 —1.35 + 86.36 + 86.35 0.997
3 1.30 918.81 —948.45 —1.26 =+ 85.67 + 85.66 0.997
4 1.40 944.29 —964.04 -1.18 + 85.54 + 85.54 0.997
5 1.50 964.90 —972.93 —1.13 + 85.91 + 85.91 0.997
6 1.67 1012.90 —991.93 —1.05 + 86.54 + 86.54 0.997
7 2.00 1075.14 —1023.70 —0.96 + 87.72 + 87.71 0.997
8 3.00 1148.49 —1136.98 —0.87 +90.75 + 90.75 0.997
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Fig. 9. The gravity-derived seafloor depth map calculated from the gravity
anomaly.

from 107,341 points. The maximum, minimum, and aver-
age values of this map were 211.68 m, —4613.78 m, and
—2708.85 m, respectively. It could be seen that these points
with positive depth values belong to Paracel Islands and
Spratly Islands.

4.4.3. Comparison of the gravity-derived seafloor depth with
the shipborne depth

It could be seen that, after fitting gravity, RMSD of the
gravity-derived seafloor depth reduced from + 119.74 m
to + 85.54 m, and Mean decreased from 33.12 m to

4000

1(a)

3000

2000 —+

Frequency

1000 —

0 +——F—F—1
-1000 -800 -600 -400 -200 0O 200 400 600 800 1000
Deviation (m)

Gravity-derived seafloor depth (m)
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—1.18 m, indicating that the accuracy of the gravity-
derived seafloor depth has improved significantly with the
use of the shipborne gravity points.

In order to check if the deviation between the gravity-
derived seafloor depths and the shipborne depths is statis-
tically random, an analysis is carried out on the correlation
between the number of the gravity-derived seafloor depth
points where the DV is less than RMSD. It is noted that
the DV is computed using Eq. (20). The result is shown
in Table 6.

It could be seen that 83.78 % of the points have DV less
than 1-time RMSD, whereas the percentage of the points
increases to 98.00 % when 3-time RMSD is considered.
In contrast, only 47 points (0.33%) have DV larger than
500 m (Table 6). These indicate that the DV is statistical
randomness.

Fig. 10 shows the distribution of DV in the study area. It
could be seen that the distribution of DV follows the nor-
mal distribution rule (Fig. 10a) and a high correlation
between the computed depth and the shipborne depth
(Fig. 10b).

In order to show the location of these points regarding
the DV magnitude, a 3D map was further compiled
(Fig. 11). It can be observed that the points with high
DV are mainly in areas of complex topography and around
the Spratly Islands. Besides, the DV decreases significantly
after the fitting (Fig. 11b).

4.5. Unification of the gravity-derived seafloor depth and the
shipborne depth

4.5.1. Fitting the gravity-derived seafloor depth and the
shipborne depth

The gravity-derived seafloor depth points were fitted
with the 14,247 shipborne depth points (Part 3 in Sec-
tion 2.2.5) as follows:

W Step 1 - Systematic deviation adjusting. The gravity-
derived seafloor depth of these points was adjusted via
the mean value of —1.18 m (Table 5);

1000
o—- (b) * oo
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-2000 -

-3000

y = 26.847 + 1.011*x

-4000 — R2 = 0.9997

5000 e e ———
5000 -4000 -3000 -2000 -1000 O 1000

Shipborne seafloor depth (m)

Fig. 10. The map of DVs’ distribution (a) and DVs’ correlation (b).
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Fig. 11. Distribution of the gravity-derived seafloor depth point with their DV: (a) before and (b) after the fitting depth.

Table 5

The difference between the gravity-derived seafloor depth (m) and the shipborne depth (m).

No. Gravity-derived seafloor depth Max Min Mean RMSD STD

1 Before the fitting gravity anomaly 1197.72 —1061.19 33.13 + 119.74 + 115.06
2 After the fitting gravity anomaly 944.29 —-964.04 —1.18 + 85.54 + 85.55

the mean value of the depth to be zero, we removed

W Step 2 - Random deviation fitting. After removing the the mean depth before the fitting, and then, after the fit-
systematic deviation, the gravity-derived seafloor depths ting, the mean depth was restored (Fig. 12). And then,
were fitted with the shipborne depths using the Colloca- the final seafloor depth map was obtained.

tion method. Because the Collocation method requires
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Table 6

DV of the gravity-derived seafloor depth point versus RMSD.

No. Number of points Percentage (%) DV (m)

1 11,917 83.78 —RMSD < DV < RMSD

2 13,544 95.21 —2x RMSD < DV < 2 x RMSD
3 13,940 98.00 —3 x RMSD < DV < 3 x RMSD
4 47 0.33 DV < —5000r DV > 500

Depth (m)
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Fig. 12. The 3D map of the final seafloor depth of the study area.

Table 7
The difference between the shipborne depth and the seafloor depth before and after the fitting depth (the final seafloor depth).

Model Max (m) Min (m) Mean (m) RMSD (m) STD (m) r

Before the fitting depth 944.29 —964.04 -1.18 + 85.54 + 85.54 0.997
After the fitting depth (the final seafloor depth) 877.81 —958.93 0.73 + 83.96 + 83.95 0.997
DTUI8BAT 2009.85 —3344.26 —10.92 +210.22 =+ 209.94 0.982
GEBCO 2020 2208.10 —3496.83 -9.02 + 187.99 + 187.78 0.986
GEBCO 2022 2166.09 —1815.86 —4.46 + 152.88 + 152.82 0.991
TOPO-V25.1 1911.45 —1772.79 —2.61 + 157.46 + 157.44 0.990

4.5.2. Comparison of the final seafloor depth map to the 94 m. Besides, all absolute maximum, minimum, and mean

shipborne depth values are reduced, and the Pearson correlation coefficient
In order to assess the accuracy, the final seafloor depth increases.

map was compared to the 14,225 shipborne depth points

(in Part 2 in Section 2.2.5). The difference between the ship-

borne depth and the seafloor depth before and after the fit-

ting depth is shown in Table 7.

4.5.3. Comparison of the global depth models with the
shipborne depth
In this research, the depth from the four global models

The results in Table 7 indicate that the depth’s relative (DTUISBAT, GEBCO 2020, GEBCO 2022, and TOPO-

accuracy (the accuracy divided by the depth) increased by V25.1) was further compared with the shipborne depth
0

1.84%, and the RMSD reduced from + 85.54 m to + 83. points. The result is shown in Table 7 and Fig. 13. The
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Fig. 13. Maps showing the difference between the shipborne depth data and six models: (a) the seafloor depth before the fitting depth; (b) the seafloor
depth after the fitting depth (the final seafloor depth); (c) the DTU18BAT model; and (d) the GEBCO 2020 model, (e) the GEBCO 2022 model; and (f) the

TOPO-V25.1 model.

result shows that the seafloor depth’s Max, Min, Mean,
and RMSD before and after the fitting depth are lower
than that of the four global models, whereas r is higher
(Table 7), indicating that the accuracy of the seafloor depth
maps (before the fitting depth and after the fitting depth) is
higher than those of the four global models in the study
area.

The distribution of the difference between the shipborne
depth data and six seafloor maps is shown in Fig. 13. It can
be seen that the largest differences are in the Spratly Islands
area, which is indicated by the red color in the map.

The correlation between the shipborne depth data and
the six models is further illustrated in Fig. 14. It can be seen
that the R? of the first two models (Fig. 14a and 14b) is
0.994, which is higher than that of the four global models,
the DTUISBAT model (R? = 0.964), the GEBCO 2020

model (R? 0.971), the GEBCO 2022 model
(R* = 0.981), the TOPO-V25.1 model (R* = 0.980). These
confirm that the accuracy of the seafloor depth maps (be-
fore the fitting and after the fitting) is better than those
of the four global models.

5. Discussion

Because of the mean deviation (dg,,.,,) between the five
models (DTUI0GRAV, DTU13GRAV, DTU15GRAYV,
DTU17GRAYV, and SDUST21GRAV) and shipborne
gravity data (Table 2) larger than 2.63 mGal; it could be
said that there are systematic errors existed in these models.
Besides, the standard deviation ranges from + 5.60 mGal
to + 5.90 mGal. Therefore, fitting the values of these mod-
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els with shipborne gravity data is necessary, which helps to
eliminate that systematic errors and improve accuracy.

The result of this research demonstrates that the Collo-
cation method (Neiman, 2010b) is a good solution for
reducing the systematic errors above and improving the
accuracy. Thus, the MD and RMSD of the satellite-
derived gravity anomaly before the fitting are 4.98 mGal
and + 7.25 mGal, respectively, corresponding to 33.12 m
(MD) and + 119.74 m (RMSD) of our computed
gravity-derived depth. However, after the fitting gravity
anomaly, the MD and RMSD values reduced to 0.28 mGal
and + 5.05 mGal, respectively. These correspond to
—1.18 m (MD) and + 85,536 m (RMSD) of the gravity-
derived seafloor depth.

In other words, in this research, an error of &= 1.0 mGal
in the gravity anomaly leads to an error of + 17.0 m in the
depth measurement, with the SDC is 1.40 g/cm® Thus, to
increase the accuracy of the gravity depth determination,
it is necessary to improve the satellite-derived gravity
anomaly. Thus, the use of combined data from recent
new satellite generations (i.e., SARAL/AIltiKa and
Sentinel-6) and the old satellite generations (i.e., Jason 1,
2, and Cyosat-2) is the suitable solution.

The accuracy of the gravity depth result is also strongly
influenced by the SDC; therefore, it is essential to deter-
mine the SDC properly. The finding of this work denotes
that the iteration process is the suitable method to deter-
mine the SDC. Besides, the shipborne measurement is
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expensive and time-consuming; therefore, combining the
satellite-derived gravity data and shipborne measured data
can reduce the workload of the direct measurement.

Finally, although the GEBCO 2022 provides the sea-
floor depth with the highest accuracy (RMSD
+152.88 m) for the study area compared to those of
DTUI8BAT, GEBCO 2020, and TOPO-V25.1; however,
the accuracy is still lower than that from our result (RMSD
= 183.96 m). This is because the seafloor topography of
the study area is complex, with different coral reefs and
sinking islands that are difficult to estimate the depth from
gravity. Thus, the inclusion of shipborne data plays a crit-
ical role in the improvement of depth accuracy.

6. Conclusion

This study explores the possibility of improving the
accuracy of seafloor topographic mapping for a complex
region of the central coast of Vietnam and its vicinity by
using a combination of satellite-derived gravity anomaly
and shipborne data. A seafloor topographic map with
I'’x1" grid obtained by Gravity-Geology method. Based
on the obtained results, some conclusions can be drawn
as follows:

M The selection of the gravity model for calculating the sea
flood depth mapping plays an important role. Among
the available gravity models, the DTU17GRAV model
is capable of providing the best result.

M The accuracy of the satellite-derived gravity anomaly is
improved significantly by fitting the shipborne gravity
anomaly data. The RMSD value of the DTU17GRAV
reduces from RMSD =+ 7.25 mGal to £ 5.06 mGal,
and the MD decreases from + 4.98 mGal to + 0.28
mGal.

W The iteration process is a suitable method to determine
the SDC, and the appropriate SDC is 1.40 g/cm® for
the study area.

W Overall, the accuracy (RMSD) of the seafloor topo-
graphic map in this research is + 83.96 m compared to
the shipborne depth data. This RMSD is very much
lower than that of GEBCO 2022, RMSD
+152.88 m. Therefore, it is concluded that the combina-
tion of satellite-derived gravity anomaly and shipborne
data can improve the accuracy of seafloor topographic
mapping significantly.
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Appendix.

Nomenclature Description

Ag™ Satellite-derived gravity anomaly

AgP Ship-derived gravity anomaly

Ag" Fitted gravity anomaly

Ag'"e Long-wavelength gravity anomaly

Ag™r! Short-wavelength gravity anomaly

og Gravity anomaly deviation

0L mean Mean deviation of gravity anomaly

D Ship-derived depth

D& Gravity-derived depth

D Fitting the gravity-derived seafloor depth
and the shipborne depth

oD Depth deviation

0D, 0un Mean deviation of depth

STD Standard deviation

RMSD Root mean square deviation
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