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Satellite radar altimetry has made unique contributions to global and coastal gravity field
recovery. This paper starts with a general introduction followed by the progress of satellite
radar altimetry technology. Then, the methods of marine gravity field recovery and
dominating gravity models are described briefly. Finally, typical gravity models are
compared with shipboard gravity measurements to evaluate their accuracies in
offshore and coastal regions of China. The root mean squares of deviations between
gravity models and shipboard gravity are all more than 7mGal in offshore regions and
within the range of 9.5–10.2 mGal in coastal regions. Further analysis in coastal regions
indicates that the new gravity models with new satellite missions including Jason-2,
SARAL/Altika, and Envisat data have relatively higher accuracy, especially SARAL/Altika
data, significantly improving the coastal gravity field. Accuracies are low in areas with
strong currents, showing that tide correction is very important for altimetry-derived marine
gravity recovery as well as shipboard measurements in coastal gravity field determination.
Moreover, as an external check, shipboard gravity data need more operations to improve
their precision, such as higher instrument accuracy and finer data processing.

Keywords: Satellite altimetry, Shipboard gravity, Marine gravity anomaly, Coastal regions of China, Accuracy
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INTRODUCTION

The gravity field is one of the most important basic physical fields of the Earth, reflecting the
distribution, movement, and state change of Earth’s interior material. Marine gravity anomalies are
important data sources to construct Earth’s gravity field, as the ocean occupies approximately 70% of
the Earth’s surface. High accuracy marine gravity observations are essential data for seafloor
bathymetry and marine geological structure and mineral resource distributions, submarine
volcanoes, and global changes (Fairhead et al., 2001; Fu et al., 2001; Sandwell and Smith.,
2009,2014; Hwang and Chang, 2014; Li et al., 2020; Li et al., 2021).

A variety of methods can be applied to determine the marine gravity field, at respective accuracy
and spatial resolutions, using ship or airborne gravity measurements, satellite gravity, satellite
altimetry, and satellite gradiometry. Marine gravity data measured onboard ships and airplanes
usually have sparse data coverage, long measurement periods, and lack of repeated observations,
making it impossible to obtain global marine gravity information in a relatively short time.
However, their high accuracies make them important means for auxiliary measurement to
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construct global marine gravity field (Forsberg and Olesen
2010). Gravity Recovery and Climate Experiment (GRACE)
twin-satellite gravimetry mission can only detect Earth’s mass
transport signals in medium-long waves longer than
300–400 km (half-wavelength) (Tapley et al., 2004; Tapley
et al., 2019). In recent decades, satellite altimetry has evolved
as an effective tool for recovering the global or regional marine
gravity field due to its high resolution, wide coverage, and easy
access to the data (Rapp, 1979; Haxby et al., 1983; Sandwell and
Smith, 1997; Andersen and Knudsen, 1998; Hwang, 1998;
Sandwell et al., 2014). Satellite altimeters developed from
first-generation altimeters on Geosat/GM and ERS-1/GM,
through more altimeter series on TOPEX/Poseidon, Envisat,
Jason-1/2, and HY-2, to the new generation, either in SAR mode
(CryoSat-2 over ocean, Sentinel-3, and Sentinel-6) or in Ka band
(SARAL/AltiKa, abbreviated Altika) have significantly
improved the quality of altimetry range in terms of accuracy
and spatial resolution (Abdalla et al., 2021; Zhang and Sandwell,
2016). Accordingly, the levels of accuracy and precision of
altimetry-derived marine gravity field models, which can be
derived from radar altimeter measurements of sea surface
heights (Rapp, 1979; Haxby et al., 1983) or slopes (Sandwell
and Smith, 1997; Andersen and Knudsen, 1998; Hwang, 1998),
have greatly evolved. Until now, they have demonstrated
accuracy and spatial resolution at 1–2 mGal and 1′ × 1′
(approximately 2 km × 2 km), respectively and, as a result,
have allowed many contemporary geophysical questions to be
addressed (e.g., Fairhead et al., 2001; Bao et al., 2013; Sandwell
et al., 2013; Sandwell et al., 2014; Sandwell et al., 2019; Hwang
and Chang, 2014; Andersen et al., 2019; Li et al., 2020; Li et al.,
2021).

In the early 1980s, the first global marine gravity map was
produced by the Lamont Doherty geological observatory, which
marked a significant step towards the study of global, high
resolution, and high accuracy marine gravity field models
(Zhang et al., 2020). Over the years, the theory for recovering
marine gravity fields by using satellite radar altimetry has been
developed. Several methods can be adopted to derive marine
gravity fields using satellite altimetry observations, such as the
inverse Stokes formula, inverse Vening-Meinesz formula (IVM
formula), and least squares collocation method (LSC). Among
them, the IVM method, based on the deflection of the vertical
(DOV), can effectively suppress the radial orbit error and has
evolved as the primary method. In addition, Sandwell’s method is
widely used to calculate high accuracy marine gravity fields,
which is based on DOV, Laplace equation, and fast Fourier
transform (FFT) (Sandwell and Smith, 1997). Many studies
have obtained high precision and high resolution global or
regional marine gravity fields based on the above methods.
The S&S series from the Scripps Institution of Oceanography,
University of California San Diego (SIO), and DTU series from
the Technical University of Denmark (DTU) are typical
representatives. They update constantly with improvements in
accuracy and resolution, having more data available from
CryoSat-2, Jason-1, Jason-2, and Altika in their geodetic
phases. All this progress has provided a new understanding of
the topography and tectonics of the deep oceans.

In this paper, we briefly introduce the evolution of satellite radar
altimetry technology and the contributions it has made since the
beginning. Then, the methods for constructing the global marine
gravity models are summarized into four groups, which are
described in detail. Accordingly, typical altimetry-derived marine
gravity field models, S&S and DTU series, their area coverage,
resolution, and the methods adopted are described. Finally, gravity
anomalies V24.1 and V27.1 from S&S and DTU10 and DTU13
from DTU and the global Earth gravity model EGM2008 are
compared with the shipborne gravity values to evaluate the
accuracy in offshore and coastal regions of China.

METHODS FOR GRAVITY FIELD
RECOVERY

At present, methods for marine gravity field recovery mainly
include the inverse Stokes formula, IVM formula, LSC, and
Laplace equation. The progress and main formulas of these
methods will be introduced as follows.

Inverse Stokes Formula
The classic Stokes formula is derived from the basic equations in
physical geodesy and the Bruns formula, to determine the geoidal
undulation from gravity anomalies. For the solution of the inverse
problem, i.e., the determination of the gravity anomaly field from
the geoidal undulation, we may use a direct inverse formulation.
Molodenskii first proposed a direct means for the determination
of the gravity anomaly from the geoidal undulation in 1962
(Molodenskii et al., 1962). After continuous improvement, we
obtain the inverse Stokes formula:

Δg � −⎛⎜⎜⎝c

R
N + c

16πR
∫∫
σ

N − Np
sin3Ψ2

dσ⎞⎟⎟⎠, (1)

where R is the Earth’s mean radius. c is the Earth normal gravity.N is
the geoidal undulation at the computation point. Np is the geoidal
undulation at the point to be computed. Ψ is the spherical distance
between two points. dσ is the unit sphere. Balmino et al. (1987)
computed 1° × 1° gravity anomalies from GEOS-3 and Seasat
altimeter dataset by using the inverse Stokes formula, in which an
RMS difference of ±8mGal was found. To compute the marine
gravityfield by the inverse Stokes formula, only the geoidal undulation
derived from altimeter measurements is needed. However, in the
computation, it is necessary to divide the grid in the direction of
longitude and latitude first so that Eq. 1 can be converted into a
regional summation formula, and then the global integral is carried
out, which leads to a large amount of calculation and a complicated
process of obtaining results; thus, it is not suitable at present.

Least Squares Collocation
In the 1960s, the LSC method was developed based on
theoretical advances by Krarup (1969) and Moritz (1965)
(Tscherning, 2015). Smith (1974) and Rapp (1974) proposed
that the LSC method can be applied to the process of recovering
gravity anomalies from satellite altimeters in the same year.
Then, it was improved into the perfect method as follow:
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Δĝ � CΔgh(Chh + D)−1(h − href ) + Δgref (2)

m2
Δg � CΔgg − CΔgh(Chh + D)−1ChΔg (3)

where Δĝ is the gravity anomaly to be estimated, h is the
observation of the geoidal undulation, CΔghis the covariance
matrix between the gravity anomaly to be estimated and the
geoidal undulation, Chh is the covariance matrix of the geoidal
undulation, and D is the error covariance of the measurements.
CΔgΔg is the covariance matrix of the gravity anomaly to be
estimated, href is the reference geoidal undulation, Δgref is the
reference gravity anomaly, andmΔg is the standard deviation of
the gravity anomaly.

Rapp (1983) and Rapp (1986) computed the gravity anomalies
on a 0.125° grid in ocean areas from a combined GEOS-3/Seasat
altimeter dataset using LSC. The 1° mean anomalies were
compared with terrestrial data where an RMS difference of
±7 mGal was found when comparing 10,139 values. Appling
the LSC method has major limitations in that one needs to
know the covariance function and matrix first. In contrast, it
is difficult to determine the covariance function of large sea areas.
Therefore, it has only been applied to local marine gravity field
computations so far.

Inverse Vening-Meinesz Formula
In the 1980s, DOV, as the initial data, began to be applied to the
recovery of the marine gravity field and gradually evolved into the
main effective means. For decades, the IVM formula was
developed into an optimized method that needs no cross
adjustment but can restrain the radial orbital error. At present,
it has become the preferred method to retrieve high precision and
resolutionmarine gravity field from altimeter data compared with
others.

The inverse Vening-Meinesz formula was presented as follow:

Δg(P) � c0
4π

∫∫
σ

H′(ξqcosαqp + ηqsinαqp)dσqp, (4)

whereΔg(P) and c0 are the gravity anomaly and normal gravity at
p, respectively. H′ is the derivative of kernel function, ξq and ηq
are the north and east components of the DOV at q (dummy
index), respectively, αqp is the azimuth from q to p, σ is the unit
sphere, and dσqp is the surface element.

H(ψpq) � 1

sin
ψpq

2

+ log⎛⎝ sin3ψpq

2

1 + sin
ψpq

2

⎞⎠. (5)

ψpq is the spherical distance between q and p.
In 1998, the IVM formula and FFT were employed to

compute gravity anomalies over the South China Sea using
deflections from Seasat, Geosat, ERS-1, and T/P satellite
altimetry, and the accuracy was 9.9 mGal compared with
180297 shipborne gravity anomalies, approximately 30%
better than the contemporary altimeter-derived gravity
anomalies from Sandwell and Smith (1997) (Hwang,
1998). Therefore, the IVM method to compute marine
gravity field not only ensures the accuracy, but also

simplifies the calculation process to save time. It is very
suitable for gravity field recovery in large areas and even
global areas.

Laplace Equation With FFT
In 1983, Haxby et al. proposed a two-dimensional form of
Laplace’s equation in cartesian coordinates. Combined with
the Fourier transform operation, we arrive at an algebraic
equation relating the Fourier transform of the gravity anomaly
to the sum of the Fourier transforms of the two components of
vertical deflection. Finally, one performs inverse Fourier
transforms to obtain gravity anomaly.

Δg(k, 0) � ig0
|k| [kxη(k) + kyξ(k)], (6)

where g0 is the average gravitational acceleration (9.81 m/s2), k
denotes (kx, ky), kx � 1

λx
, where λx is wavelength; |k| �

������
k2x + k2y

√
,

and ξ and η are the north and east components of the DOV,
respectively.

In 1997, Sandwell and Smith recovered a 2′ × 2′ gridded global
marine gravity field based on Laplace equation and FFT and ERS-
1 and Geosat different phase data. A comparison with shipboard
gravity measurements shows that the accuracy of the altimetry-
derived gravity anomaly is about 4–7 mGal for random ship
tracks. These data provide the first view of the ocean floor
structures in many remote areas of the Earth. With
improvements in the recent years, this method is one of the
effective means for marine gravity field recovery in large areas
and even global areas.

GLOBALMARINE GRAVITY FIELDMODELS

With the development of satellite altimetry, many researchers
and institutions have constructed regional or global marine
gravity models. Sandwell and Smith (1997) recovered a 2′ × 2′
gridded global marine gravity field with RMS agreements of
7 mGal compared with ship-measured gravity data. The
gravity field is based on the ERS-1 and Geosat different
phase data, CSR V3.0 tide model correction, the collinear
average and low-pass filter to suppress the noise, and the
Remove-Restore method with the 70-order JGM-3 model as
a reference field. In 1998, Andersen and Knudsen (1998)
applied ERS-1/GM and Geosat/GM data with denser spatial
coverage, the AG95.1 tide model to correct the sea tide and
load tide, and the EGM96 model as a reference field to
construct the global marine gravity field with a 3.75′ × 3.75′
resolution by using the Remove-Restore and LSC methods.
The RMS of the discrepancy is superior to l0 mGal when
compared with the ship-measured gravity data.
Furthermore, there are also some excellent related results
from other institutions and scholars. Hwang (1998)
computed the global marine gravity anomalies over the area
82°S to 82°N and 0°E to 360°E on a 2′ × 2′ grid based on Seasat,
Geosat, ERS-1, and T/P altimeter data by IVM. Rapp and Bašić
(1992) computed the 0.125° × 0.125° marine gravity field
gridded set by LSC based on the Geos-3, Seasat, and Geosat
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ERM data, along with 5′ × 5′ bathymetry data. Olgiati et al.
(1995) computed gravity anomalies from the geoidal
undulation and DOV by inverse Stokes formula and IVM,
respectively. The latter results with more continuous
shortwave features were superior to the former. Hsu et al.
(1999) recovered the 30′ × 30′ gridded marine gravity
anomalies in the China Sea and adjacent seas using the
inverse Stokes formula and LSC, respectively, based on the
gridded geoidal height from T/P and ERS-1. Li et al. (2001) and
Li et al. (2003) computed the deflection of vertical and gravity
anomalies based on the T/P, ERS-2, and Geosat data. The RMS
agreement is 9.3 mGal compared with ship-measured gravity.

Up to now, research teams represented by Sandwell et al. and
Andersen et al. have dominated in global marine gravity field
model construction, as they have been continuously exploring
higher-quality global marine gravity field models and performing
achievements from generation to generation. Sandwell et al.
published S&S series global marine gravity field models from
the SIO, as shown in Table 1 (the gravity model data can be
downloaded from: ftp://topex.ucsd.edu/pub/archive/grav/). Since
1997, Sandwell and Smith constructed the global marine gravity
field model V7.2, with the accumulation of new altimetry satellite
data, introduction of new reference fields, emergence of
waveform retracking, and improvement of data processing.
Sandwell’s team has successively published a series of global
gravity field models. Among them, models V18.1 and V22.1
both have noteworthy improvements in data processing, which
contribute to accuracy improvement. In V18.1, Sandwell and
Smith retracked the raw waveforms from the ERS-1 and Geosat/
GM missions to improve the range precision, used the EGM2008
global gravity model as a reference field to provide a seamless
gravity transition from land to ocean, and used a biharmonic
spline interpolation method to construct residual vertical
deflection grids. Its accuracy precedes 4 mGal compared with

shipboard gravity. In V22.1, they added Cryosat-2, Jason-1, and
Envisat data and adopted a low-pass filter whose wavelength
depends on depth and slope corrections to account for the offset
of the footprint away from NADIR due to a high geoid slope
based on former models. To date, the gravity model has evolved
into V30.1, with an accuracy of 1–2 mGal in some regions.

Another important global marine gravity field model series is
DTU from Andersen et al., which is shown in Table 2 (the data
can be downloaded from https://ftp.space.dtu.dk/pub/)
(Andersen and Knudsen, 1998; Andersen and Knudsen, 2019;
Andersen et al., 2010; Andersen et al., 2014; Andersen et al., 2015;
Andersen et al., 2019; Zhang et al., 2020). Similarly, they started to
calculate the global marine gravity field using satellite altimetry in
the 1990s. The difference is that they started with EGM96 as
reference field and the coverage range was wider. Over time, they
also introduced the new Earth’s gravitational field EGM2008 as a
reference field and added new satellite altimetry data, which
improved the accuracy and precision of gravity models. Up to
now, Andersen et al. have published DTU17 and DTU18, which
added new Altika data. The accuracy also achieved 1–2 mGal in
some regions.

STUDY AREA AND DATA

Previous studies have verified marine gravity models by
comparing different models and comparing with shipboard
gravity measurements. In particular, the latter can provide a
more quantitative assessment of the accuracy of gravity
models. It has been confirmed that the accuracy of some
current models has achieved 1–2 mGal for latitudes less than
72° and somewhat lower accuracy (2–3 mGal) at higher latitudes
depending on ice cover (Sandwell et al., 2013). These
validations mostly focus on the deep sea and even

TABLE 1 | Introduction of partial S&S series global marine gravity field models.

Models Year Reference
gravity
field

Data Resolution Coverage range

V7.2 1997 JGM-3 Geosat (ERM/GM) and ERS-1 (ERM/GM) data 2′ × 2′ 72°S ∼ 72°N
V8.1 1998 EGM96 Geosat and ERS-1 data (low-pass filter parameters 2–18 km) 1′ × 1′ 72°S ∼ 72°N
V11.1 2004 EGM96 Retracked ERS-1 and Geosat data 1′ × 1′ 72°S ∼ 72°N
V16.1 2006 EGM96 Geosat, ERS-1, and T/P data 1′ × 1′ 80.7°S ∼ 80.7°N
V18.1 2009 EGM08 + MDOT (Geosat, ERS-1, and T/P) data + biharmonic spline interpolation 1′ × 1′ 80.7°S ∼ 80.7°N
V20.1 2012 EGM08 + MDOT Added Jason-1 and Cryosat-2 and Envisat data 1′ × 1′ 80.7°S ∼ 80.7°N
V22.1 2013 EGM08 + MDOT (Geosat, ERS-1, Cryosat-2, Jason-1, and Envisat) data + the wavelength of low-pass filter

depends on depth + slope correction
1′ × 1′ 85°S ∼ 85°N

V23.1 2014 EGM08 + MDOT Added all of Jason-1/GM data and 9 months of Cryosat-2 data 1′ × 1′ 85°S ∼ 85°N
V24.1 2016 EGM08 + MDOT Added 12 months of Cryosat-2 data 1′ × 1′ 85°S ∼ 85°N
V25.1 2017 EGM08 + MDOT Added 12 months of Cryosat-2/LRM data and 31 months of Cryosat-2/SAR data and

13 months of Altika data
1′ × 1′ 85°S ∼ 85°N

V26.1 2018 EGM08 + MDOT Added 6 months of Cryosat-2 data and 6 months of Altika data 1′ × 1′ 85°S ∼ 85°N
V27.1 2019 EGM08 + MDOT Added 12 months of retracked Jason-2 data and 2 months of Altika data 1′ × 1′ 85°S ∼ 85°N
V28.1 2019 EGM08 + MDOT Added more Cryosat-2 and Jason-2 and Altika data + the grid is converted to cartesian

coordinates and stored as NETCDF
1′ × 1′ 85°S ∼ 85°N

V29.1 2019 EGM08 + MDOT Added 2 years of sentinel-3A/B data 1′ × 1′ 85°S ∼ 85°N
V30.1 2020 EGM08 + MDOT Added more Altika and Cryosat-2 and sentinel-3A/B data 1′ × 1′ 85°S ∼ 85°N

The information was retrieved from readme files of the gravity field models, which were downloaded from ftp://topex.ucsd.edu/pub/archive/grav/.
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offshore basins. The accuracy is indeterminate in many
coastal regions as the shipboard gravity is unavailable. In
this paper, we collected shipboard gravity in the coastal
region of China from the China Offshore Marine
Comprehensive Survey and Evaluation Project (908
Project for short) and many survey lines from the NCEI
(National Centers for Environmental Information), as
shown in Figure 1. The magenta lines are the gravity
measurement points from China and the black lines are
from the NCEI. The former measurements were acquired
by different departments in multiple time periods and
distributed in different areas. To maintain data
consistency, the same fine data processing is implemented,
such as Eotvos correction, correction for drift, and free air
correction. Moreover, the systematic error between different
survey lines in different survey areas is eliminated by
network adjustment and adopting a high precision gravity
model as criterion (Ke et al., 2015). The gravity data were
employed with a uniform benchmark and data format. As
shown in Figure 1, the magenta shipboard gravity data
covered almost the entire Chinese coastal zone, containing
the Bohai Sea and the margins of the Yellow Sea, East China
Sea, and South China Sea. It is an important data source to
evaluate the altimeter-derived marine gravity anomalies in
these areas. Based on the data distribution, the offshore and
coastal regions of China within 0°–45°N, 100°–130°E were
chosen as the study area.

The NCEI has 181 available survey lines in the study area,
black lines in Figure 1. All these survey missions were conducted
by different institutions in different years with different
instruments. There must be systematic bias that needs to be
corrected before validation. In addition, these ship-measured data
inevitably contain a certain number of gross error data pieces
limited to various measuring conditions. Consequently, these
shipboard gravity data need extra procedures to eliminate
system bias and outliers according to the preliminary
evaluations with respect to EGM2008, which is described in
the following text.

Marine gravity models V24.1 and V27.1 from SIO,
DTU10 and DTU13 from DTU, and the Earth Gravity
Field Model EGM2008 were introduced as protagonists to

TABLE 2 | Introduction of partial DTU series global marine gravity field models.

Models Year Reference
gravity
field

Data Resolution Coverage
range

KMS96 1996 EGM96 ERS-1 and Geosat data 3.75′ × 3.75′ 82°S ∼ 82°N
KMS02 2002 EGM96 ERS-1/2 and Geosat data 2′ × 2′ 82°S ∼ 82°N
DNSC08 2008 EGM08 + DOT07A ERS-1/2, Geosat, T/P, GFO, Jason-1, and ICESat data + double waveform

retracking
1′ × 1′ 90°S ∼ 90°N

DTU10 2010 EGM08 + MDOT Added Envisat data 1′ × 1′ 90°S ∼ 90°N
DTU13 2013 EGM08 + MDOT Added Cryosat-2 data 1′ × 1′ 90°S ∼ 90°N
DTU15 2015 EGM08 + MDOT Retracked ERS-1, Geosat, Cryosat-2, and Jason-1 data 1′ × 1′ 90°S ∼ 90°N
DTU17 2017 EGM08 + MDOT 7 years of Cryosat-2 and Jason-1 data and 1 year of Altika data 1′ × 1′ 90°S ∼ 90°N
DTU18 2018 EGM08 + MDOT Retracked Altika data and other satellite data 1′ × 1′ 90°S ∼ 90°N

FIGURE 1 |Geographic distribution of shipboard gravity measurements
in the coastal region of China. The magenta lines are from the 908 Project, and
the black lines are from the NCEI. The map was created by using GMT (http://
gmt.soest.hawaii.edu). The background bathymetric data is from
GEBCO (https://download.gebco.net/); its spatial resolution is resampled to
1′ × 1′.
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be verified. As shown in Tables 1 and 2, V24.1 employed
Geosat, ERS-1, Cryosat-2, Jason-1, and Envisat data and
retracking waveforms, biharmonic spline interpolation,
low-pass filtering, and slope correction. V27.1 adopted the
same data processing method but added more Cryosat-2,
Jason-2, and Altika data. DTU10 employed Geosat, ERS-1/2,
T/P, GFO, ICESat, Jason-1, and Envisat data and double
waveform retracking to improve the range precision in
coastal and polar regions and improved geophysical
corrections. DTU13 added Cryosat-2 data on the basis of
DTU10. It is widely believed that these marine gravity
models have high spatial resolution and precision, even
though they adopted different altimetry satellite missions
and methods to recover gravity anomalies. However,
accuracy assessments of these marine gravity models in
the coastal region of China are absent, which is the
concerned issue in this paper.

RESULTS AND ANALYSIS

Validation in Offshore Regions of China
As discussed earlier, there is a need to remove the systematic bias
of the shipboard gravity measurements from the NCEI before
validation. The method edits these data through comparison with
EGM2008. Simple processing is applied to directly discard the
survey lines and points with large errors in the offshore area as the
accuracy evaluation of marine gravity field models in the coastal
region of China is the focus of this paper. We calculated the
discrepancies between EGM2008 and survey data by linear
interpolation whose distribution is shown in Figure 2A. Some
points with large discrepancies cover the entire survey lines,
indicating that survey lines have overall large errors. These
lines are 84001311 in 1984, 84003111 in 1984, JARE29L1 in
1987, POL7201 in 1972, RC2612 in 1985, RC2613 in 1985,
RC2614 in 1985, and KH79 in 1979, which are discarded in

FIGURE 2 | Shipboard gravity measurements from the NCEI. (A) Distribution of gravity differences between EGM2008 and shipboard gravity. (B) The survey lines
(blue) and points (red) with large discrepancies that are discarded in this study. The remaining black points are the check points for accuracy evaluation. The red rectangle
is the South China Sea Basin, which is selected as a representative offshore basin to evaluate the accuracy of the gravity field models.
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this accuracy evaluation (blue lines in Figure 2B). First, the NCEI
provides 181 tracks and 780,870 observations in the study area,
which are reduced to 173 tracks and 699,355 observations after
discarding the lines with large bias.

In addition, the shipboard gravity data with a discrepancy
threshold of 20 mGal are regarded as outliers to be eliminated
(the red points in Figure 2B), which leads to a total proportion of
4.39% for deleted data, and 668,662 observations remain. These
deleted observations are mainly distributed around the islands
and at the corners of the survey lines, which may be due to the
poor precision of EGM2008 near islands or the large error
introduced in the shipboard gravity measurement when the
ship turns a corner.

Altimetry-derived marine gravity anomalies were compared
with the shipboard gravity measurements after eliminating
systematic bias and outliers. The statistical results of
differences between marine gravity models and shipboard
gravity values are listed in Table 3, which demonstrate that all
marine gravity models have similar precision in the offshore area
of China. Models from SIO and DTU have slightly higher
accuracy than EGM2008, indicating that satellite altimetry can
improve the gravity signal accuracy on a short wavelength scale
on the basis of global gravity models. In addition, by observing
series models from SIO and DTU, the RMS deviation improves
from 7.27 mGal for V24.1 to 7.21 mGal for V27.1 and from
7.47 mGal for DTU10 to 7.34 mGal for DTU13, indicating
that the new model improved slightly in accuracy, possibly
due to supplementation of the latest Cryosat-2, Jason-2, and
Altika data.

Considering the effects of water depths and complicated
submarine topography, we selected a typical offshore basin,
the South China Sea Basin, whose depth is greater than
3,000 m (red rectangle in Figure 2) for further analysis. The
pointwise RMS differences between the marine gravity models
and shipboard gravity data were computed. As shown in Table 4,

the RMSmisfit is improved to 5.48 mGal for V24.1, 5.40 mGal for
V27.1, 6.03 mGal for DTU10, and 5.69 mGal for DTU13, with
respect to these in the entire region. The results indicate that
altimetry-derived marine gravity fields have higher accuracy in
the open sea than other regions. Meanwhile, the same conclusion
can be obtained in the deep sea that the marine gravity models
have higher accuracy than EGM2008 and new gravity models
improve the accuracy due to data supplementation of new
satellite missions.

Validation in Coastal Regions of China
Similarly, the altimetry-derived marine gravity models were
compared with shipboard gravity measurements from the

TABLE 3 | Validation results of marine gravity models with NCEI shipboard gravity
data, unit: mGal.

Data Min Max Mean RMS STD

V24.1 VS NCEI −54.69 50.65 0.62 7.27 7.24
V27.1 VS NCEI −49.44 80.19 0.73 7.21 7.17
DTU10 VS NCEI −27.33 30.74 0.81 7.47 7.43
DTU13 VS NCEI −31.46 36.14 0.82 7.34 7.30
EGM08 VS NCEI −19.99 20.00 0.73 7.50 7.47

TABLE 4 | Validation results of marine gravity models with NCEI shipboard gravity
data in South China Sea Basin.

Data Min Max Mean RMS STD

V24.1 VS NCEI −27.59 28.30 0.26 5.48 5.47
V27.1 VS NCEI −24.27 25.49 0.28 5.40 5.40
DTU10 VS NCEI −21.13 24.88 0.40 6.03 6.02
DTU13 VS NCEI −22.04 26.05 0.38 5.69 5.68
EGM08 VS NCEI −19.99 20.00 0.33 6.15 6.14

Unit: mGal.

TABLE 5 | Comparison between marine gravity models and shipboard data in the
coastal region of China, unit: mGal.

Data Min Max Mean RMS STD

V24.1 VS ship −40.25 38.01 3.32 9.80 9.22
V27.1 VS ship −31.24 37.66 3.51 9.59 8.93
DTU10 VS ship −36.25 40.03 2.38 10.57 10.30
DTU13 VS ship −36.97 41.20 2.31 10.57 10.31
EGM08 VS ship −37.82 41.00 2.27 10.71 10.46

FIGURE 3 |Geographic distribution of shipboard gravity measurements
from the 908 Project in the coastal regions of China. Areas A–F in different
colors are selected to demonstrate the accuracies of marine gravity models in
different regions.
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China 908 Project in coastal regions of China. The statistical
results are shown in Table 5. From that it is evident that the
marine gravity models have relatively low accuracy in coastal
regions of China, as the RMS difference between EGM2008 and
shipboard gravity achieves 10.71 mGal. The authoritative models
V24.1, V27.1, DTU10, and DTU13 have RMS differences of 9.80,
9.59, 10.57, and 10.57 mGal, respectively. This is consistent with
the general understanding that satellite altimetry has poor-quality
data near the coast due to the contaminated altimeter waveforms,
bad tidal correction, and large sea surface variability (Wang et al.,
2010).

For further analysis, six areas, A–F, are selected along the coast
of China to compare marine gravity models with shipboard
gravity profiles. Area A is in the Bohai Sea, China’s
continental sea, with a mean depth of 18 m (red rectangle in
Figure 3). Area B is located in the northern part of the Yellow Sea,
east of the Bohai Strait (blue rectangle in Figure 3), and area C is
located in the midwestern part of the Yellow Sea (green rectangle
in Figure 3), while the Yellow Sea is a semienclosed sea. Both the
areas D (yellow rectangle in Figure 3) and E (cyan rectangle in
Figure 3) are in the East China Sea; area D is near the Yangtze
Estuary with a complex marine dynamic environment possibly

due to river-sea interaction, and area E is near Taiwan Island.
Finally, area F is located in the South China Sea, close to Hainan
Island, with relatively deep water (white rectangle in Figure 3).
The comparisons between marine gravity models and shipboard
data over the above different areas are provided in Table 6 and
Figure 4. In Figure 4, the black bar is the RMS deviation between
EGM2008 and shipboard gravity data in different coastal regions
of China. The blue, dark green, yellow, and red bars are the RMS
deviations for DTU10, DTU13, V24.1, and V27.1, respectively.
FromTable 4 and Figure 4, EGM2008 has a larger RMS deviation
than the other gravity models in almost all areas. In addition, the
gravity model V27.1 has the highest accuracy among these gravity
models. The reason is probably because gravity V27.1 added
abundant Cryosat-2, Jason-2, and Altika data, especially the new
satellite mission Altika, which functioned in Ka band, and with
higher range precision, which greatly contributes to coastal ocean
research.

In area A, all marine gravity models obtained dissatisfactory
accuracy. The better model, V27.1, has an RMS misfit of only
9.23 mGal, while DTU13 has an RMS misfit of 13.53 mGal. This
is because area A is in the Bohai Sea, an almost enclosed
continental sea surrounded by land, affecting the measurement
quality of satellite altimetry to a large extent. This shows that
there are significant challenges to improving coastal ocean gravity
field recovery by using satellite altimetry. In area B, the marine
gravity models have significant improvement in accuracy, and the
largest RMS misfit is 6.25 mGal for V24.1. Furthermore, the RMS
deviation of V27.1 with new satellite mission Altika data
improved to 5.77 mGal with respect to V24.1, which is in line
with models DTU10 and DTU13. In area C, the accuracies of
gravity models are further improved as the influence of land is
reduced. The RMS deviation of V24.1 is only 3.15 mGal and
improves to 2.97 mGal for V27.1. Gravity models DTU10,
DTU13, and EGM2008 have RMS misfits of 4.15, 4.24, and
4.52 mGal, respectively.

However, in area D, the RMS misfit of gravity models is
abnormally large, such as reaching 14.04 mGal for V24.1.
Complex ocean dynamics may principally be responsible for
this case. Area D is located near the Yangtze Estuary, with
strong currents flowing through, containing the East China
Sea coastal current formed by discharge from the Yangtze
River and Qiantang River and the Taiwan Warm Current, a
branch of the Japan Current. Altimetry-derived marine gravity
models adopt different global tidal models for tide correction,
which can restrain the influence of currents to a certain extent.
However, tidal models have different accuracy levels in coastal
areas of China and tide model errors can be potentially very large
in the near-coastal zone (Stammer et al., 2014), leading to marine
gravity models exhibiting errors caused by currents. Moreover,
the shipboard gravity measurements from the China 908 Project
do not consider ocean diversity in postdata processing. The above
reasons may have resulted in a low precision over area D.

In area E, all gravity models have a relatively low precision
with respect to area B. Through the analysis and comparison of
the topography of the two areas, we concluded that, in addition to
the influence of Taiwan Island and the mainland, the coastal
currents still play an important role in precision reduction. After

TABLE 6 | Comparison between marine gravity models and shipboard data over
different areas in the coastal region of China, unit: mGal.

Area Data Min Max Mean RMS STD

A V24.1 VS ship −30.95 26.95 −7.03 9.78 6.80
V27.1 VS ship −28.95 29.78 −6.53 9.23 6.53
DTU10 VS ship −36.06 40.03 −8.33 13.39 10.49
DTU13 VS ship −36.97 41.20 −8.40 13.53 10.61
EGM08 VS ship −37.82 41.00 −8.46 13.75 10.84

B V24.1 VS ship −30.47 17.37 −2.72 6.25 5.63
V27.1 VS ship −24.30 17.68 −2.54 5.77 5.18
DTU10 VS ship −25.29 18.56 −1.39 5.77 5.60
DTU13 VS ship −24.63 19.41 −1.32 5.71 5.56
EGM08 VS ship −24.46 19.79 −1.46 6.03 5.85

C V24.1 VS ship −19.17 22.51 0.09 3.15 3.14
V27.1 VS ship −20.22 18.75 −0.40 2.97 2.94
DTU10 VS ship −26.32 22.81 0.66 4.15 4.10
DTU13 VS ship −21.25 22.91 0.62 4.24 4.20
EGM08 VS ship −21.98 24.78 0.60 4.52 4.48

D V24.1 VS ship −14.36 38.01 13.69 14.04 3.11
V27.1 VS ship −10.03 37.66 13.65 13.95 2.90
DTU10 VS ship −22.15 36.61 13.13 13.59 3.53
DTU13 VS ship −21.48 36.86 13.09 13.55 3.50
EGM08 VS ship −22.80 36.65 13.07 13.58 3.69

E V24.1 VS ship −33.11 8.12 −4.51 6.31 4.41
V27.1 VS ship −31.24 13.80 −4.03 6.10 4.58
DTU10 VS ship −34.49 11.72 −4.60 7.40 5.79
DTU13 VS ship −34.45 11.40 −4.74 7.40 5.68
EGM08 VS ship −35.71 10.39 −4.83 7.59 5.85

F V24.1 VS ship −24.15 33.12 −0.85 3.81 3.72
V27.1 VS ship −24.31 31.21 −0.66 3.66 3.60
DTU10 VS ship −33.60 32.00 −0.10 4.81 4.81
DTU13 VS ship −27.97 32.00 −0.11 4.39 4.39
EGM08 VS ship −35.04 32.13 −0.05 5.00 5.00
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all, the currents in area B are very weak. In area F, the RMS
deviation is 3.81 mGal for V24.1, 3.66 mGal for V27.1, 4.81 mGal
for DTU10, 4.39 mGal for DTU13, and 5.00 mGal for EGM2008,
respectively.

Overall, along the coastal regions of China, the accuracies of
gravity models varied greatly with region, and area C had the
highest precision up to 2.97 mGal; in contrast, area D had the
lowest precision of approximately 13.5 mGal. This was probably
caused by a combination of surrounding topography and ocean
currents, and ocean currents are a major priority. Moreover, the
shipboard gravity measurements do not take the influence of
currents into account, which may result in the lack of a reliable
validation method in regions with strong currents. Therefore, as
an external check, shipboard gravity data needs more operations
to improve precision, such as higher instrument accuracy and
finer data processing. Even so, these results still indicate that
altimetry-derived marine gravity field models with new satellite
data and advanced data processing have achieved a high accuracy
level in coastal region of China.

CONCLUSION

In this paper, the methods of marine gravity determination
and altimetry-derived marine gravity field recovery and the
progress of satellite radar altimetry and global marine gravity
field models were introduced. Typical models V24.1 and V27.1
from SIO, DTU10 and DTU13 from DTU, and EGM2008 were
compared with shipboard gravity data to evaluate accuracies in
offshore and coastal regions of China. The results show that
the accuracies of gravity models in coastal regions are lower

than those in offshore regions, and the new gravity models
with new satellite missions Jason-2, Altika, and Envisat data
have relatively higher accuracy, especially Altika data that
brings significant improvement to coastal gravity field
models. In addition, six areas are selected for further
comparison and analysis, and the results show that
altimetry-derived marine gravity field models with new
satellite data and advanced data processing have achieved a
high accuracy level. However, the accuracies are relatively low
in areas with strong currents. We deduce that the reason may
be related to altimetry-derived marine gravity recovery as well
as shipboard gravity measurements in coastal regions. Tide
correction is carried out during marine gravity model
construction by using global tide models. The global tide
models cannot be expected to be competitive with well-
constructed local models based on high quality local
bathymetric data and local tidal knowledge, whose errors
can be potentially very large in the near-coastal zone
(Stammer et al., 2014). On the other hand, the shipboard
gravity measurements usually do not take the influence of
ocean currents into account. Therefore, as an external check,
shipboard gravity data need more operations to improve their
precision, such as higher instrument accuracy and finer data
processing.
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