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Abstract

Marine gravity anomalies are essential data for determining coastal geoid, investigating tectonics and crustal structures, and offshore
explorations. The objective of this study is to present a methodology for estimating marine gravity anomalies from CryoSat-2 and Saral/
AltiKa satellite altimeter data for the Gulf of Tonkin of Vietnam with a high-resolution 20 � 20 grid. A total of 15,665 sea surface height
(SSH) grid points, including derived from the Cryosat-2 (6842 grid points) and Saral/AltiKa (8823 grid points) satellite altimeter data
were used. Then, the remove-restore technique and the crossover adjustment algorithm were used to remove the long-wavelength geoid
height, the mean dynamic topography hMDTð Þ, and time-varying sea-surface topography htð Þ. The residual geoid heights DNð Þ were used
to determine the residual gravity anomalies dgð Þ using the Least-Squares Collocation method, whereas the Earth Geopotential Model
was employed to restore the long-wavelength gravity anomalies DgEIGENð Þ. GPS/leveling and tidal gauge of 31 tidal stations were used
for assessing and choosing the best Earth Geopotential Model and Mean Dynamic Topography models for the study area (EIGEN6C4
and DTU15MDT models). The accuracy of the final marine gravity anomaly result was assessed using 56,978 marine gravity points,
which were distributed in the study area. The result showed that the standard deviation between the satellite-derived gravity anomalies
and checked points is ± 3.36 mGal, indicating good accuracy. After improving with ship-measured gravity anomalies, the accuracy of
satellite-derived marine gravity anomaly improves to ± 2.63 mGal. The results of this research are useful for geodetic and geophysical
applications in the region.
� 2020 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

Gravity anomaly plays a vital role in studying tectonics,
sub-surface geological structure, and offshore explorations
(Hackney and Featherstone, 2003). Besides, the gravity
anomaly data can be used for defining the geoid
model (Hackney and Featherstone, 2003), building global
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high-resolution gravity models for climate studies
(Andersen et al., 2010, Liu et al., 2016), and several geode-
tic and geophysical applications (Hwang et al., 2004). In
the oceanography area, gravity anomaly has been consid-
ered as an essential data source for ocean exploration
(Fairhead et al., 2001, Haxby et al., 1983, Ruiz
Etcheverry et al., 2015), seafloor depth and topography
studies (Sandwell et al., 2014, Zhang et al., 2003), planning
shipboard surveys (Gaina et al., 1998), tectonic struc-
ture investigations (Haxby et al., 1983), and inertial
navigation and petroleum explorations (Sandwell and
Smith, 1997).

Gravity data can be obtained directly by ship measure-
ments and indirectly from dedicated satellite missions and
altimetry (Noréus et al., 1997, Subrahmanyam et al.,
1999). The ship-based method is capable of acquiring
both high-quality and high-resolution data. However, this
is a time-consuming method, and therefore, this data is
mainly used as reference data. In contrast, the satellite-
based method provides data with high temporal resolu-
tion and several mGal level accuracies. Therefore, it is
an important data source for determining the gravity on
large scales. Literature review shows that altimetry satel-
lites, for example, Geodetic Mission such as Geosat or
ERS-1 (Marks, 1996, Sandwell, 1992, Sandwell and
McAdoo, 1988, Zhang and Blais, 1995), Jason-1 (Zhang
et al., 2017), provide useful data sources for gravity-
anomaly assessments due to continuous improvement of
precision and spatial resolution.

Consequently, data from multiple satellites such as
ERS-1, GEOSAT, Cryosat-2, and AltiKa have success-
fully been used to improve the resolution and precision
of marine gravity models (Hwang et al., 2002, Hwang
and Parsons, 1996, Zhang et al., 2017). The Delay-
Doppler altimeter accuracy on CryoSat-2 has higher
range precision than ERS-1 and Geosat altimeters, and
in theory, its range precision can be obtained at a 1-cm
level for 1 Hz data (Andersen, 2013). In general, the range
precision level depends on where the observations are
taken, i.e., coast, shelf, open ocean, in which operational
modes they were taken, and how the data was processed.
Fenoglio-Marc et al. (2015) found 6–8 cm RMS (root
mean square) accuracy in the German Bight bight area
of the North Sea with CryoSat-2 altimeter data in SAR
mode. Calafat et al. (2017) showed accuracies of around
7 cm with CryoSat-2 and Jason-2 altimeter data over
the ocean. Idžanović et al. (2017) indicated 3–5 cm accu-
racy for the coastal region of Norway with CryoSat-2
data. In more recent research, Verron et al. (2018) found
3–4 cm at the Issykkul lake (Kyrgyzstan) with Saral/
AltiKa data.

In recent works, Andersen et al. (2013) computed grav-
ity anomalies with high accuracy of approximately 2.5–3.5
mGal for Northwest Atlantic and Arctic Ocean areas
using the remove-restore method, the crossover adjust-
ment algorithm, and the LSC and FFT method. Accord-
ing to Sandwell and Smith (2009b), the error on gravity
anomalies can be reduced by 40% with the use of the
retracted altimeter waveforms method, the EGM2008 glo-
bal gravity model, and the biharmonic spline interpola-
tion method.

Studies of marine gravity anomalies have been consid-
ered in Vietnam in recent years. The Hanmet International
gravity formula (Trung et al., 2018) was used to compute
gravitational anomalies over Tonkin gulf belonging to
the South China Sea, where marine satellite-derived gravity
data were combined with land-based gravity. After that,
the Moho depth points were calculated by examining and
refining the 3D inverse gravity solution Sandwell et al.
(2014)

Nevertheless, no attempt has so far been carried out on
estimating marine gravity anomalies with high resolution
and accuracy. The main objective of this study is to present
a methodology for estimating marine gravity anomalies for
the Gulf of Tonkin (Vietnam). For this task, the Cryosat-2
and Saral/AltiKa satellite altimeter data were used. The
remove-restore technique and the crossover adjustment
algorithm were used to remove the long-wavelength geoid
height NEIGENð Þ, the mean dynamic topography hMDTð Þ,
and time-varying sea-surface topography htð Þ. Subse-
quently, the residual geoid heights DNð Þwere used to deter-
mine the residual gravity anomalies dgð Þ with the use of the
LSC method, whereas the Earth Geopotential Model
(EIGEN-6C4) was employed to restore the long-
wavelength gravity anomalies DgEIGENð Þ. Gravity anomaly
calculated from satellite altimetry data had been fitted with
2011 ship-borne gravity anomaly points. The accuracy of
the final marine gravity anomaly result was assessed by
using the 56,978 ship-measured gravity anomalies points
in the study area.

2. Study area and data

2.1. Description of the study area

Gulf of Tonkin, covering an area about 127,000 km2,
is located between longitudes 105�400E and 110�000E,
and latitudes 16�100N and 21�300N. The northern coast-
line of Vietnam surrounds the gulf to the west, China’s
Guangxi province to the north and China’s Leizhou
Peninsula and Hainan Island to the east (Minh et al.,
2014). The total coastline length is about 800 km and
700 km for Vietnam and China, respectively (Thao,
2005). Tonkin is a shallow gulf, where the depth is
<100 m. In this study, we focus only on the western
part of the Tonkin Gulf (Fig. 1). It should be noted
that the agreement had been signed between Vietnam
and China in Beijing on 25th December 2000, in dealing
with the delimitation of territorial boundary and fish-
eries cooperation (Thao, 2005). The Gulf of Tonkin
has huge fossil fuel resources (Gao et al., 2013) (e.g.,
oil and natural gas) with approximately 2.3 billion tons
of oil and 1.5 billion cubic meters of natural gas,
respectively.



Fig. 1. Measurements on the Gulf of Tonkin area.
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2.2. Data used

2.2.1. Satellite-derived measurement data

Cryosat-2, which was launched in 2010 by the Interna-
tional Space Company Kosmotras (ISC Kosmotras), is a
radar altimetry mission, which was established and main-
tained by the European Space Agency (ESA). CryoSat-2
has been used to monitor variations in the thickness of
the Earth’s marine ice cover and continental ice sheets.
Its primary objective is to measure the extent of thinning
Arctic ice. CryoSat-2 is equipped with an advanced SAR/
Interferometric Radar Altimeter-2 (SIRAL-2) and operates



508 V.-S. Nguyen et al. / Advances in Space Research 66 (2020) 505–519
in three modes: Low-Resolution Mode (LRM) i.e., pulse
limited operation, Synthetic Aperture Radar (SAR), and
SAR Interferometric (SARIn or SIN) burst modes over
polar ice sheet boundaries, along coastal lines, some river
basin and mountain areas (ESA-ESTEC, 2007,
Tournadre et al., 2018). This satellite operates in a non-
sun-synchronous polar orbit with the inclination of 92�.
The repeated period is 369 days that provides equatorial
distance between tracks of 7.5 km.

Saral/AltiKa, which was launched on 25 February 2013,
is a jointed project between the Indian Space Agency and
the French Space Agency. This is the first generation satel-
lite equipped with a Ka-band altimeter for determining the
height of ocean sea surface and the third-generation of
ARGOS instrument for locating and collecting environ-
mental data with an Argos transmitter (Aulicino et al.,
2018, Verron et al., 2015). The satellite has been designed
to operate over a 3-year lifetime and followed the sun-
synchronous orbit (ERS-2 and ENVISAT satellites) on at
the altitude of about 800 km with a 35-day repeat cycle
(Abdalla, 2014). Saral/AltiKa finished its repetitive mission
and begun the new phase named ‘‘SARAL Drifting Phase”
(SARAL-DP) on 4 July 2016 (Verron et al., 2018). Saral/
AltiKa satellite operated in exact repeat mission with 35-
days cycle before July 2016. However, from 04th July
2016, Saral satellite has operated in the geodetic mission,
and its observations are worldwide covering. Therefore,
in this project, the Saral/AltiKa satellite observations from
2016 to 2018 were selected.

In this study, 6842 Cryosat-2 data points (SAR mode)
from 27 cycles (from the 83rd cycle on 18 August 2016 to
the 109th cycle on 22 September 2018) and 8823 Saral/
AltiKa data points from 23 cycles (from the 36th cycle
on 04 July 2016 to the 58th cycle on 15 January 2018) were
used. These are shown as green points on Fig. 1. The sea
surface height (SSH ) (Chelton et al., 2001, Fu et al.,
1994) in the Gulf of Tonkin were computed using:

SSH ¼ H� h� hcor ð1Þ
where H is the height of the satellite over a reference ellip-
soid, h is the height of the satellite over the current sea sur-
face and hcor are the corrections including: instrumental
corrections; sea state bias corrections; ionospheric correc-
tion; tropospheric corrections (wet, dry); tides (ocean,
earth, pole); inverse barometer. In this study, we used only
SSH data that has been already preprocessed and provided
by Centre National D’Etudes Spatiales via AVISO website

(visit web page: https://www.aviso.altimetry.fr/home.

html).
2.2.2. Marine gravity

In this study, a total of 58,989 gravity points, which
were measured by a ship using the ZLS Dynamic gravity
Meter, were used. These points were provided by the Min-
istry of Natural Resources & Environment of Vietnam
(Nguyên Tı́nh, 2012). The accuracy was around ± 1 mGal,
whereas the cross-track spacing was about 15 km (the
black points in Fig. 1). The details of the data used are
described in Table 1.

2.2.3. GPS/leveling data

In order to select the best suitable Earth Geopotential
Model for the study area, which can be used for determin-
ing gravity anomaly from satellite altimetry data, a total of
818 GPS/leveling points were used (the pink points in
Fig. 1). These points have been measured using leveling
as well as GPS methods.

2.2.4. Tidal gauge data
Data at 31 tidal gauge stations were used to find the best

Mean Dynamic Topography (MDT) model for the study
area. The tide-gauge observations had been monitored over
18.6 years, high accuracy GPS and leveling measurements
had been used to determine locations and heights of these
stations. These tidal gauge stations (the red points) are
shown in Fig. 1.

3. Methodology

3.1. Computing the marine gravity anomaly using the Least-

Squares Collocation method

The overall flow chart for computing the marine gravity
anomaly using the LSC method is shown in Fig. 2. The
detailed nomenclatures used in this figure are explained
in the appendix.

3.2. Performing the remove the long-wavelength geoid height

The process of removing the long-wavelength geoid
height (NEIGEN) was carried out using the following formu-
las (Hofmann-Wellenhof and Moritz, 2006):

NEIGEN ¼ GM
cr

XNmax

n¼2

a
r

� �n Xn

m¼0

Cn;mcos mkð Þ þ Sn;msin mkð Þ� �
Pn;m sinuð Þ

" #
ð2Þ

where GM: Earth’s gravitational constant; r: distance from
the point to the mass Earth’s center; c: normal gravity on
the ellipsoidal surface; a: semi-major axis of reference ellip-
soid; n, m: degree and order of spherical harmonic, respec-
tively; Nmax: the maximum spherical harmonic degree
(Nmax = 2190 for EIGEN6C4 model); u: geocentric lati-
tude; k: geocentric longitude (geodetic longitude);

Cn;m; Sn;m: normalized gravitational coefficients;

Pnm sinu
0� �
: normalized associated Legendre function.

The spherical harmonic coefficients (Cn;m; Sn;m) of the Glo-
bal Geopotential Models (GGMs) are available at the
International Centre for Global Earth Models (ICGEM,
2019).

Based on the accuracy assessment of Earth Gravita-
tional Models using GNSS/leveling data in some countries
(e.g., USA, Canada, Europe, Australia, Japan, and Brazil)

https://www.aviso.altimetry.fr/home.html
https://www.aviso.altimetry.fr/home.html


Table 1
The satellite-derived data and the ship-measured gravity data.

Data source Coverage

u: latitude; k: longitude
No. of points Mean Min

Max

Cryosat-2 observation (SSH) 16.5� N < u < 22.0� N
105.5� E < k < 108.5� E

6842 �18.544 m –23.709 m
�10.361 m

Saral/AltiKa observation (SSH) 16.5� N < u < 22.0� N
105.5� E < k < 108.5� E

8823 �18.700 m –23.768 m
�10.056 m

Ship measurement (Gravity anomaly) 17.9� N < u < 20.8� N
105.8� E < k < 107.8� E

58,989 �30.99 mGal �61.46 mGal
+27.91 mGal

Geoid Height (GPS/leveling) 818 �14.636 m –33.168 m
+5.596 m

Fig. 2. Flow chart for computing the marine gravity anomaly using the LSC method (note: the same signal covariance functions are used for
Dggrav;DgEIGEN and dggrav).
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(ICGEM), 4 Earth Geopotential Models, whose spherical
harmonics coefficients up to degree 2159 (SGG-UGM-1)
and 2190 (EIGEN-6C4, GECO and EGM2008), have the
highest precision (ICGEM, 2019). The geoid heights calcu-
lated from the four models were compared with the height
values at 818 GPS/leveling points to choose the best suit-
able model for Vietnamese territory. The compared results
are presented in Table 2.

It can be seen from Table 2, the standard deviation value
between the EIGEN-6C4 model with GPS/leveling data in
the Gulf of Tonkin is the smallest. It, therefore, shows that
EIGEN-6C4 is the best Earth Geopotential Model in the



Table 2
The differences between the Earth Geopotential Models and the GPS/leveling data values in the Gulf of Tonkin. The statistics values were computed from
the original data published in ICGEM (2019).

No. Statistics (m) SGG-UGM-1 EIGEN-6C4 GECO EGM2008

1 Min �0.202 +0.032 �0.035 �0.120
2 Max +1.453 +1.453 +1.572 +1.688
3 Mean +0.860 +0.901 +0.888 +0.815
4 Std. dev ±0.198 ±0.193 ±0.199 ±0.292
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study area. Therefore, EIGEN-6C4 has been selected as the
reference model for the study area.

It should be noted that the EIGEN-6C4 was established
by the GFZ Postdam in 2014 using the altimetric satellite
data from DTU10 and DTU12, the terrestrial gravity data
from EGM2008, and the satellite gravity data from GOCE,
GRACE, and LAGOES. However, the altimetric satellite
data used for this project were from 2016 to 2018; there-
fore, no correlation exists. According to Table 2, there is
an offset of about 90 cm between geoid heights from
GPS/leveling and the EIGEN model. This value exists
because the reference height datum offset of Vietnam with
the global system is 87 cm and had been used consistently
in the WGS84 system.

The long-wavelength geoid heights calculated
from Eq. (2) using the harmonic coefficients of the Earth
Geopotential Model EIGEN-6C4 at 15,665 points of
satellite altimetry Cryosat-2 and Saral/AltiKa are shown
in Fig. 3a.
Fig. 3. The maps of geoid heights NEIGENð Þ (
3.3. Removing the mean dynamic topography

In order to remove the mean dynamic topography hMDTð Þ
in the Gulf of Tonkin, five global mean dynamic topogra-
phy models (e.g., DNSC08MDT, DTU10MDT,
DTU12MDT, DTU13MDT, and DTU15MDT) were con-
sidered. These models had been mainly established based on
the long period satellite-derived altimeter data or improve-
ments from the previous models (Andersen et al., 2015,
Andersen and Knudsen, 2009, Andersen and Knudsen,
2016). The mean dynamic topography hMDTð Þ is the average
value of the difference between the mean sea surface hMSSð Þ
and the geoid heights NEIGENð Þ over many years (Andersen
and Knudsen, 2009, Rio and Hernandez, 2004):

hMDT ¼ hMSS � NEIGEN ð3Þ
Based on 31 tidal gauge stations data, the mean dynamic

topography heights over Vietnam area hMDT VNð Þ were cal-
culated. The mean dynamic topography height at these
a) and gravity anomalies DgEIGENð Þ (b).
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tidal gauge stations was also computed using five global
mean dynamic topography models hMDT DTUð Þ. As a result,
there were two values at these 31 tide gauge stations, the
first one calculated from tidal gauge stations and another
one calculated from global MDT. The differences between
these values are shown in Table 3.

The data in Table 4 has been calculated following by
these formulas:

dihMDT
¼ hihMDT VN

� hihMDT DTU
ð4Þ

davehMDT
¼ 1

n

Xn

i¼1

dihMDT
ð5Þ

rhMDT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

i¼1

dihMDT
� davehMDT

� �2

s
ð6Þ

where: hihMDT VN
and hihMDT DTU

are the mean dynamic topogra-

phy computed from the ith Vietnamese tidal gauge station
and the MDT model, respectively; rhMDT is the standard
deviation, and n is the total of measured points (the range
is from 1 to 31).
Table 3
The accuracy of MDT models on the Vietnam sea area.

No. Name of tidal stations The difference between the tw

dhDNSC08MDT
dhDTU10

1 Co To �0.7075 �0.90
2 Hon Dau �1.0308 �0.89
3 Hon Ngu �1.1816 �1.21
4 Tien Sa-Son Tra �0.3499 �1.04
5 Quy Nhon �0.8267 �1.16
6 Nha Trang �0.9478 �1.20
7 Vung Tau �1.1429 �1.35
8 Phu Quoc �1.1659 �1.31
9 Con Dao �1.1017 �1.13
10 Mui Ngoc �1.1690 �1.07
11 Bai Chay �0.9325 �0.92
12 Ba Lat �0.8392 �0.72
13 Cua Day �0.7973 �0.64
14 Hoang Tan �0.4647 �1.01
15 Cam Nhuong �1.0361 �1.20
16 Dong Hoi �0.9078 �1.29
17 Cua Viet �0.8743 �1.36
18 Thuan An �0.8256 �1.24
19 Cua Dai �0.7251 �1.14
20 Cang Sa Ky �0.9387 �1.08
21 Tuy Hoa �0.9722 �1.36
22 Cam Ranh �0.7250 �1.10
23 Phan Rang �1.1622 �1.22
24 Phan Thiet �0.7306 �1.09
25 Vam Kenh �0.7999 �0.95
26 Binh Dai �1.0990 �1.19
27 Tra Vinh �1.1192 �1.08
28 Tran De �0.9343 �1.01
29 Ghanh Hao �0.8845 �1.03
30 Rach Gia �0.5551 �1.06
31 Hon Da Bac �0.9345 �1.02
Min (m)

Max (m)

�1.182
�0.350

�1.36
�0.64

Mean (m) �0.899 �1.10
Std. dev (m) ±0.208 ±0.17
The experimental results in Table 4 showed that
DTU15MDT was the best suitable model for the study
area. Therefore, the DTU15MDT model with the 10�10

gridded resolution had been chosen to calculate the mean
dynamic topography hMDTð Þ.

3.4. Removing the time-varying sea-surface topography using

the crossover adjustment method

This step aims to remove the time-varying sea-surface
topography value (ht) (see Fig. 2). The surface height differ-
ence (dH ) at each crossover points can be calculated from

the north-going track hið Þ and the south-going track hj
� �

by the following formula (Andersen, 2013):

dHij ¼ hi � hj ð7Þ
According to Fig. 2, the time-varying sea-surface topog-

raphy value needs to be removed to calculate gravity anom-
aly from altimetry satellite data. In order to remove this
value, we have modeled it into bias and tilt and, after that,
the relationship between this value and bias and tilt had
o mean dynamic topography heights

MDT
dhDTU12MDT

dhDTU13MDT
dhDTU15MDT

65 �0.9965 �1.0205 �0.9685
18 �1.1378 �1.1658 �1.1478
16 �1.1456 �1.1676 �1.0826
89 �1.0779 �1.0849 �1.0169
07 �1.0167 �1.0387 �0.9627
28 �1.0928 �1.1088 �1.0158
79 �1.2519 �1.2459 �1.1749
29 �1.3269 �1.3569 �1.2929
17 �1.1857 �1.1767 �1.1197
50 �1.0980 �1.1300 �1.0460
05 �1.1625 �1.1925 �1.1655
82 �0.9492 �0.9772 �0.9462
13 �0.8463 �0.8733 �0.8343
07 �1.1547 �1.1787 �1.0997
41 �1.0601 �1.0831 �1.0011
38 �1.2328 �1.2538 �1.1528
13 �1.4283 �1.4443 �1.3613
66 �1.3406 �1.3516 �1.2826
21 �1.1221 �1.1291 �1.0531
47 �0.9517 �0.9607 �0.8847
62 �1.2682 �1.2912 �1.2082
70 �0.9960 �1.0060 �0.9150
42 �1.1182 �1.1242 �1.0412
26 �0.9876 �0.9826 �0.9116
29 �0.8709 �0.8689 �0.7939
00 �1.1170 �1.1140 �1.0400
32 �1.0722 �1.0682 �0.9942
63 �1.0473 �1.0463 �0.9693
65 �1.0895 �1.0905 �1.0165
91 �1.1341 �1.1571 �1.0901
35 �1.0965 �1.0985 �1.0275
6
1

�1.428
�0.846

�1.444
�0.869

�1.361
�0.794

0 �1.109 �1.122 �1.052
2 ±0.131 ±0.132 ±0.131



Table 4
Results of the empirical covariance and analytic covariance using the satellite-derived gravity anomaly data.

No. wi(degree) Covariance, m2 No. wi(degree) Covariance, m2

Empirical covariance Analytic covariance Empirical covariance Analytic covariance

1 0.000 0.0368 0.0346 11 1.667 0.0031 0.0050
2 0.167 0.0283 0.0296 12 1.833 0.0012 0.0007
3 0.333 0.0161 0.0170 13 2.000 �0.0001 �0.0030
4 0.500 0.0024 0.0021 14 2.167 0.0001 �0.0042
5 0.667 �0.0075 �0.0089 15 2.333 0.0010 �0.0027
6 0.833 �0.0111 �0.0123 16 2.500 0.0006 �0.0001
7 1.000 �0.0079 �0.0087 17 2.667 �0.0006 0.0019
8 1.167 �0.0022 �0.0014 18 2.833 �0.0014 0.0022
9 1.333 0.0027 0.0049 19 3.000 �0.0022 0.0011
10 1.500 0.0045 0.0072
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been built. The crossover adjustment method, finally, had
been employed to estimate bias and tilt and remove ht
(Andersen, 2013).
3.5. Determining marine gravity anomalies using the Least-

Squares Collocation method

To calculate gravity anomaly from satellite altimetry
data using Least-Squares Collocation, we have to deter-
mine the cross-covariance between residual gravity anom-
aly and residual geoid height. However, only the latter is
available. For this reason, in this work, a method proposed
by Tscherning and Rapp (1974) was used (Eqs. (9) and
(10)). In this analysis, the fitting processing was carried
out using the CovFit module in the Gravsoft program
(Forsberg and Tscherning, 2008).

According to the LSC method, the residual gravity
anomaly at the specific P (computational point of gravity
anomaly) is given by the following formula (Sansò and
Sideris, 2013, Tscherning and Rapp, 1974):

dgP ¼ CT
DNdgP

CDNDN þ DD½ ��1DN ð8Þ
CDNidgP ¼ a
ci

XN
n¼2

dn
n� 1

rP

R2

rirP

� �nþ1

Pncoswþ 1

ci

X1
n¼Nþ1

� A
n� 2ð Þ nþ bð Þ

1

rP

R2
B

rirP

� �nþ1

Pncosw ð9Þ
CDNiDNi ¼ a
XN
n¼2

dn
1

cicj

R2

rirj

� �nþ1

Pncoswþ
X1

n¼Nþ1

� A
n� 2ð Þ nþ bð Þ

1

cicj

R2
B

rirj

� �nþ1

Pncosw ð10Þ
DD ¼

D1;1D1;2 � � �D1;n

D2;1D2;2 � � �D2;n

� � � � � � � � � � � �
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26664
37775 ð11Þ
It should be noted that the off-diagonal elements of the
D-matrix are approximate zero; however, the determina-
tion of these values is impossible. In this research, we used
zero values for the elements.

The accuracy is assessed using the following equation:

r2
dgP

¼ CdgP dgP � CT
DNdgP

CDNDN þ DD½ ��1CDNdgP ð12Þ

where C: covariance function;DD: error covariance matrix;
DN : residual geoid height; Pn coswð Þ: Legendre polynomial
of degree n; w: the spherical distance between two points;
R: the radius of the Earth; a: additional parameters
(a = 28.3622); dn: variance of coefficients to degree N; b:
an integer, chosen as 4; A: is a constant; RB: the radius of
the Bjerhammar-sphere; N: the degree value used in the
EGM96 model.

The parameters a; dn;N ;A;RB are determined by fit-
ting the analytic covariance function with the values
of an empirical covariance function using the following
formula:

bCDN wið Þ ¼ 1

mi

Xmi

n¼1

DNPDNP 0½ �n ð13Þ

where mi is the total of pairs of points; P and P’ are all the
points that have spherical distances w, which satisfy the
condition:

wi �
Dw
2

� w � wi þ
Dw
2

ð14Þ

These parameters a; dn;N ;A;RB have been used as input
data for formula (9) and (10) to calculate covariance val-
ues, then it has been employed for formula (8) to compute
gravity anomaly.

3.6. Fitting satellite-derived gravity anomalies with the ship-

measured gravity anomalies using the Least-Squares

Collocation method

The residual gravity anomaly value using the LSC
method at the point P is given by the formula (Sansò and
Sideris, 2013):



Table 5
Statistics of the residual geoid height and the satellite-derived marine gravity anomalies on the Gulf of Tonkin.

Type of data Coverage

(u: latitude; k: longitude)
No. of points Average (mGal) Min

Max (mGal)

Std. dev (m)

Residual geoid height 16.5�N < u < 22.0�N
105.5�E < k < 108.5�E

15,665 +0.145 �0.611
+0.796

±0.194

Gravity anomalies 16.5�N < u < 22.0�N
105.5�E < k < 108.5�E

15,665 �24.74 �63.22
+15.09

Table 7
Comparison of the satellite-derived gravity and fitted gravity anomalies with the ship-measured gravity anomalies.

Note Coverage

(u: latitude; k:
longitude)

No. of

points

Mean

(mGal)

Std. dev

(mGal)

RMSD

(mGal)

Min, Max

(mGal)

Satellite-derived gravity anomalies with the ship-
measured gravity anomalies

16.5�N < u < 22�N
105.5�
E < k < 108.5�E

56,978 +2.06 ±3.36 ±3.94 �38.00
+44.38

Fitted gravity anomalies with the ship-measured
gravity anomalies

17.9�N < u < 20.8�
N
105.8�
E < k < 107.8�E

56,978 +0.04 ±2.63 ±2.63 �46.01
+36.08

DTU10GRAV 16.5�N < u < 22�N
105.5�
E < k < 108.5�E

56,978 +2.98 ±5.80 ±6.52 �44.17
+40.02

DTU13GRAV 16.5�N < u < 22�N
105.5�
E < k < 108.5�E

56,978 +2.94 ±5.73 ±6.44 �44.13
+40.16

DTU15GRAV 16.5�N < u < 22�N
105.5�
E < k < 108.5�E

56,978 +3.18 ±5.63 ±6.47 �43.99
+40.30

Table 6
The empirical and analytic covariance results of the fitting satellite-derived anomalies and the ship-measured gravity anomalies.

No. wi(degree) Covariance, mGal2 No. wi(degree) Covariance, mGal2

Empirical covariance Analytic covariance Empirical covariance Analytic covariance

1 0.000 75.918 74.020 11 1.667 6.940 9.615
2 0.167 61.601 62.773 12 1.833 1.876 �1.219
3 0.333 33.351 34.505 13 2.000 �1.586 �9.087
4 0.500 2.450 1.799 14 2.167 �1.690 �9.956
5 0.667 �19.264 �21.320 15 2.333 �0.069 �4.808
6 0.833 �25.124 �27.039 16 2.500 0.540 2.051
7 1.000 �16.436 �16.935 17 2.667 0.574 6.056
8 1.167 �2.796 0.140 18 2.833 0.192 5.361
9 1.333 7.670 13.414 19 3.000 �1.225 1.437
10 1.500 10.762 16.483
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where daltk and dshgm are the number of the residual
satellite-derived and ship-measured gravity anomalies,
respectively.
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Fig. 4. The residual geoid height in the Gulf of Tonkin.
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In the formulas (17) to (19): t = k for satellite-derived
gravity anomaly, and t = m for ship-measured gravity
anomaly. The on-diagonal elements of the D-matrix of
ship-borne and altimetric gravity anomaly are determined
based on ship-borne measuring accuracy and altimetric
gravity anomaly (when comparing with direct gravity accu-
racy), respectively. The off-diagonal elements of the D-
matrix are zero.
3.7. Restoring the long-wavelength gravity anomaly

The process of removing the long-wavelength geoid
height (NEIGEN) and restoring the long-wavelength gravity
anomaly (DgEIGEN) from the spherical harmonic coeffi-



Fig. 5. The marine gravity anomalies calculated from Cryosat-2 and Saral/AltiKa data.
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cients were carried out using the following formulas
(Hofmann-Wellenhof and Moritz, 2006):

DgEIGEN ¼GM
r2

XNmax

n¼2

a
r

� �n
n�1ð Þ

Xn

m¼0
Cnmcos mkð Þ�h

þSnmsin mkð Þ�Pnm sinuð Þ
i

ð20Þ

The detailed nomenclatures used in Eq. (20) are
explained in Eq. (2).

Gravity anomalies calculated from Eq. (20) using the
harmonic coefficients of the Earth Geopotential Model
EIGEN-6C4 at 15,665 grid points of satellite altimetry
Cryosat-2 (grid 6842 points) and Saral/AltiKa (8823 grid
points) are shown in Fig. 3b.
4. Results

4.1. Marine gravity anomalies from Cryosat-2 and Saral/

AltiKa satellite altimeter data

After removing the long-wavelength geoid height
(EIGEN-6C4) and the mean dynamic topography



Fig. 6. (a) The covariance function of residual geoid heights and (b) the covariance function of the total gravity anomaly signal from a combination of
altimetric and ship data.

Fig. 7. The deviation histogram for differences between satellite-derived gravity anomalies and ship-measured gravity anomalies before (a) and after (b)
fitted.
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(DTU15MDT), the crossover adjustment method was car-
ried out for Cryosat-2 and Saral/AltiKa satellite altimetry
data to remove the time-varying sea-surface topography
ht and obtain residual geoid height (Fig. 4).

The result of the residual geoid height in the Gulf of
Tonkin is shown in Table 4.

In order to calculate the residual gravity anomaly
from the residual geoid height using the LSC method,
the determination of the parameters of the analytic
covariance function is essential (Eq. (13)). The parame-
ters in Eqs. (8)–(10), (16) are calculated using the Emp-
Cov, the Covfit, and the Geocol modules of the
GRAVSOFT package (Forsberg and Tscherning, 2008).
The results of empirical covariance and analytic covari-
ance are shown in Table 4 and Fig. 6a. When the
parameters of the analytic covariance function
get: N ¼ 310; a ¼ 28:3622;RB � R ¼ �1:0 km;A ¼ 0:0007657 m=sð Þ4
(see Section 3.5), the variance of gravity anomaly

is57:16 mGal2.
The marine gravity anomalies using Cryosat-2 and

Saral/AltiKa satellite altimeter data on the Gulf of Tonkin
are illustrated in Table 5 and Fig. 5. From Fig. 5, and
Fig. 3b, the gravity field has been presented clearly when
satellite altimeter data had been applied.
4.2. Fitting Cryosat-2 and Saral/AltiKa satellite-derived with
ship-measured gravity anomalies

In order to fit the satellite-derived gravity anomalies
with ship-measured gravity anomalies as well as assessing
the accuracy, 58,989 points were used and separated into
two subsets:

- The first one, including 2011 points, was used for fitting.
These points were selected equilateral in the study area,
and the distance between them was about 1 km along
ship tracks.

- The second subset consisting of the remaining 56,978
points, and was used for assessing the marine gravity
anomaly accuracy.

Satellite-derived gravity anomaly was fitted with ship-
measured data following two steps: (1) a system differences
were removed by using satellite-calculated gravity anomaly
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minus system error (+2.06 mGal); (2) satellite-derived
gravity anomaly and ship-calculated gravity anomaly were
fitted together employing Collocation method.

The empirical covariance and the analytic covariance val-
ues in Table 4 were derived using the satellite-derived gravity
anomaly data only. Besides, the EIGEN-6C4 model has
been used to remove and restore the long-wavelength grav-
ity anomalies. Then, these covariance values were recom-
puted using both the satellite-derived gravity anomaly and
ship-measured gravity anomaly data. The result is shown
in Table 6 and Fig. 6b. The parameters used are N ¼ 310;

a¼ 36;RB�R¼�0:99999 km; and A¼ 0:0007658 m=sð Þ4.
The variance of gravity anomaly is 74:02 mGal2.

4.3. Validation and Comparison of the result

a. Comparison of gravity anomaly computed from
satellite altimetric and ship-borne data

After calculating the marine gravity anomalies from the
integration of satellite data (see Section 4.1), these values
were compared with the 56,978 ship-measured points at
the second subset (see Section 4.2). Thus, each point has
two values: the first value is direct gravity anomaly and
the second is satellite-derived gravity anomaly. The differ-
ences between these values are in Table 7.

Root mean squares of the differences (RMSD) between
satellite-derived and ship-derived gravity anomalies were
estimated as (Ruiz Etcheverry et al., 2015):

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn

i¼1

Dgialt � Dgigrav
� �2

s
ð21Þ

where Dgialt;Dg
i
grav are satellite-derived and ship-derived

gravity anomalies, respectively.
It could be seen that the standard deviation is ± 3.36

mGal, indicating good accuracy and follow the standard
normal distribution rule. However, a system error has
existed because the mean value is quite high, about + 2.06
mGal.

b. Comparison of gravity anomaly computed from com-
bining satellite altimetry and ship-borne gravity data
with ship-borne gravity data

Gravity anomaly calculated from satellite altimetry data
after fitting with 2011 ship-measured points at the first sub-
set has been compared with 56,978 ship-measured gravity
points at the second subset. The comparison results are
showed in Table 7.

It can be seen that the accuracy of gravity anomaly is
improved. The standard deviation was reduced from
±3.36 mGal to ±2.63 mGal; the mean difference was
reduced from +2.06 mGal to +0.04 mGal. The system
error was nearly zero, as well as RMSD (from ±3.94 mGal
to ±2.63 mGal). The results in Fig. 7 show that the gravity
anomaly difference follows the standard normal distribu-
tion rule.
It is clear that the satellite-based gravity data are usually
deteriorated in complex regions, i.e., regions near islands
and coastal zones as this study area; therefore, the global
gravity models are not always feasible (Shen et al., 2017).
Compared to other works, where the accuracy (root mean
squares of the discrepancies) between the satellite-derived
gravity anomalies and the shipboard-measured gravity
anomalies is 5.217 mGal in the southern coast of Taiwan,
±5.986 mGal in South China Sea Basin, ±5.647 mGal in
around the Okinawa areas, and ±8.279 mGal in around
the Philippine islands (Shen et al., 2017), ±3.91 mGal in
the Northwest Atlantic Ocean (Andersen et al., 2010),
±2.0 – ±4.0 mGal in the Gulf of Mexico (Sandwell and
Smith, 2009a), ~±4.0 mGal in the Gulf Stream (Andersen
et al., 2010), and ~±8.5 mGal in the East Vietnam Sea
and adjacent areas (Dung et al., 2019), the obtained result
in this research is somewhat better. In fact, the accuracy of
the marine gravity anomaly depends on various factors,
i.e., range precision and sampling rate (Sandwell et al.,
2019), but in the Gulf of Tonkin, the accuracy is influenced
by the tide corrections. However, in this study, tide correc-
tions have not used for estimating marine gravity anomaly
in the Gulf of Tonkin and this makes a limitation of our
study. Using 31 tidal stations to estimate and chose the best
suitable MDT model in the study area, the accuracy of the
marine gravity anomaly in the Gulf of Tonkin was
improved. Besides, fitting satellite-derived gravity anomaly
with ship-borne gravity data has improved gravity anomaly
estimation accuracy.

In this study, we also estimated the accuracy of DTU10-
GRAV, DTU13GRAV, DTU15GRAV models in the Gulf
of Tonkin by comparing with direct gravity data (see
Table 7). In the Gulf of Tonkin, the standard deviations
between gravity anomaly and ship-based values of DTU10-
GRAV, DTU13GRAV, DTU15GRAV models in the Gulf
of Tonkin are ±5.80 mGal, ±5.73 mGal and ±5.63 mGal
with system error values are +2.98 mGal, +2.94 mGal
and +3.18 mGal, respectively. Comparing with the results
in our study, marine gravity anomaly accuracy in the study
area was higher than available result. Specifically, the accu-
racy of gravity anomaly was ±3.36 mGal before fitting, the
system error was removed and the accuracy was improved
about ±2.63 mGal after satellite-derived gravity anomaly
fitted with ship-calculated gravity anomaly.

5. Concluding remarks

Determination of the marine gravity anomaly with high
resolution and accuracy is crucial for various applications.
This study applied the LSC method for estimating marine
gravity anomalies with 20�20 resolution grid for the Gulf
of Tonkin (Vietnam) using integrated satellite and terres-
trial data. In this regard, Cryosat-2 and Saral/AltiKa satel-
lite altimeter data, GPS/leveling, and tidal gauge of 31 tidal
stations were used. Also, the quality of the derived marine
gravity anomaly was assessed using the gravity points mea-
sured by boat. Thus, in this research, the main focuses are:
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� Selection of the suitable EGM and MDT models for the
study area using the local GPS/leveling and tidal gauge
data.

� Using the combined Cryosat-2 and Saral/AltiKa data to
enhance the data density.

� Investigating how much the accuracy can be improved
when additional measured data (ship, GPS/leveling,
and tide gauge data) used together with the satellite
altimeter data for the marine gravity anomaly.

� Applications of the remove-restore technique, the cross-
over adjustment algorithm, and the LSC method to
determine marine gravity anomaly in the Gulf of Tonkin
of Vietnam.

Based on the finding of this study, some conclusions are
given below:

� Based on the GPS/leveling and the tidal gauges station
data, the EIGEN6C4 and DTU15MDT are the most
suitable models that should be used for the determina-
tion of marine gravity anomalies the Gulf of Tonkin.

� The limited Cryosat-2 and Saral/AltiKa satellite altime-
ter data, EIGEN6C4, and DTU15MDT models can
help to derive the marine gravity anomaly with the good
accuracy (±3.36 mGal for the Gulf of Tonkin of Viet-
nam). Additionally, the accuracy is increased signifi-
cantly with the use of ship-derived gravity anomaly
points (reach to ± 2.63 mGal in the study area).

� The least-squares collocation is an effective and robust
method for handling combined data for determining
marine gravity anomaly. Combination of the Cryosat-
2 and Saral/AltiKa satellite altimeter is useful for the
determination of marine gravity anomalies.

� The result of this work is useful for geodetic and geo-
physical applications in the Gulf of Tonkin region.

� Future works could focus on investigating other meth-
ods and algorithms for determining gravity anomaly in
the near-shore regions, especially coastal regions.
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Appendix.
Nomenclature
 Description
SSH
 Sea Surface Height

NEIGEN
 The long-wavelength geoid height

calculated from EIGEN-6C4 model

DN
 The residual geoid height (calculated by

equation:
DN ¼ SSH � NEIGEN � hMDT � ht)
N
 The geoid height

hMDT ; ht
 The Mean Dynamic Topography, time-

varying sea-surface topography
respectively
hMSS
 The Mean Sea Surface

dgalt; dggrav
 The residual gravity anomaly calculated

from satellite-derived and ship-measured
gravity data respectively
Dgalt;Dggrav
 The long-wavelength gravity anomaly
calculated from satellite-derived and ship-
measured gravity data respectively
CT
 The transposition covariance function

DD
 The covariance matrix of error

DgEIGEN
 The long-wavelength gravity anomaly

calculated from EIGEN-6C4 model
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