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Abstract

With the improvements in the density and quality of satellite altimetry data, a high-precision and high-resolution
mean sea surface model containing abundant information regarding a marine gravity field can be calculated from
long-time series multi-satellite altimeter data. Therefore, in this study, a method was proposed for determining
marine gravity anomalies from a mean sea surface model. Taking the Gulf of Mexico (15°-32°N, 80°-100°W) as the
study area and using a removal-recovery method, the residual gridded deflections of the vertical (DOVs) are
calculated by combining the mean sea surface, mean dynamic topography, and XGM2019e_2159 geoid, and then
using the inverse Vening-Meinesz method to determine the residual marine gravity anomalies from the residual
gridded DOVs. Finally, residual gravity anomalies are added to the XGM2019e_2159 gravity anomalies to derive
marine gravity anomaly models. In this study, the marine gravity anomalies were estimated with mean sea surface
models CNES_CLS15MSS, DTU21MSS, and SDUST2020MSS and the mean dynamic topography models
CNES_CLS18MDT and DTU22MDT. The accuracy of the marine gravity anomalies derived by the mean sea
surface model was assessed based on ship-borne gravity data. The results show that the difference between the
gravity anomalies derived by DTU21MSS and CNES_CLS18MDT and those of the ship-borne gravity data is
optimal. With an increase in the distance from the coast, the difference between the gravity anomalies derived by
mean sea surface models and ship-borne gravity data gradually decreases. The accuracy of the difference between
the gravity anomalies derived by mean sea surface models and those from ship-borne gravity data are optimal at a
depth of 3-4 km. The accuracy of the gravity anomalies derived by the mean sea surface model is high.
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1 Introduction

Marine gravity is of great significance in geodesy, marine geo-
physics, aerospace technology research and military applica-
tions. With the development of satellite altimetry technology,
satellite altimetry data has been the primary data source for mar-
ine gravity derivations (Andersen et al., 2010; Sandwell et al.,
2014; Li et al., 2022a; Zhu et al., 2022). At present, continuous
high-precision sea surface altimetry data with a duration of sev-
eral decades can be obtained. The improvements in the data ac-
curacy and abundant high-frequency information (Chelton et al.,
1989) contained in satellite altimetry data provide effective data
support for the study of global sea levels and their variations
(Stanev and Peneva, 2001; Jin and Li, 2012; Li et al., 2022b), mar-
ine gravity anomalies (Zhu et al., 2019), mean sea surfaces (Yuan
et al., 2021), seafloor topographies (Hwang and Chang, 2014;
Yang et al., 2018), ocean lithospheres (Gozzard et al., 2019) and
ocean circulations (Guo et al., 2010; Zaron, 2019).

With the abundance of altimetry data and the improvement
of its quality, domestic and foreign scholars have used satellite al-
timetry data to invert the derivations of marine gravity fields

(Sandwell et al., 2013; Zhu et al., 2022; Guo et al., 2022). The
methods for deriving marine gravity anomalies using satellite al-
timetry data mainly include the least square collocation (LSC)
method (Rapp, 1979; Smith, 1974), inverse Stokes formula (Go-
palapillai, 1974; Liu et al., 2016), Laplace equation (Sandwell and
Smith, 1997), and inverse Vening-Meinesz (IVM) formula
(Hwang, 1998). Although the existing methods for deriving mar-
ine gravity anomalies can obtain high accuracy, they still have
certain limitations. Using the LSC method to invert marine grav-
ity anomalies requires determining the variance and covariance
matrix between signals in the region. However, it is not easy to
determine the variance and covariance matrix between signals in
the global scope, so the LSC method is only applicable in local
sea areas at present. It is necessary to obtain a high-precision and
high-resolution mean dynamic topography (MDT) model when
using the inverse Stokes formula to invert marine gravity anom-
alies, but the spatial resolution of MDT models requires further
improvement (Wan and Yu, 2013). Deriving marine gravity an-
omalies using the Laplace equation requires distinguishing dis-
turbing gravity from gravity anomaly information. When using
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the IVM formula to invert marine gravity anomalies, determining
the appropriate kernel function is key, and the inner band effect
should also be considered. The above methods for the derivation
of marine gravity anomalies use data concerning sea surface
heights, geoids, and vertical deviations from satellite altimetry
data, but there are presently few related research studies on the
derivation of marine gravity anomalies using mean sea surface
(MSS) model data.

The MSS is a relatively stable sea surface height and one of
the important parameters in geodesy and physical oceanography
(Andersen et al., 2005). It can be used as a reference datum for a
national elevation datum in geodesy, a reference datum for
ocean vertical datum in oceanography, and in research on ocean
circulation and mesoscale vortex detection, sea surface height
change analysis, geoid fluctuation determination, and crustal de-
formation detection (Fu and Cazenave, 2001). With the develop-
ment of satellite altimetry technology, a greater amount of time
series, high-precision, and high-resolution sea surface height
data can be obtained. Therefore, multi-source satellite altimetry
data can be used to establish a high-precision and high-resolu-
tion global and regional MSS model for estimating marine grav-
ity anomalies.

The Gulf of Mexico, an ocean between the United States and
Mexico, is located in the area where the North American plate,
Caribbean plate, and Cox plate interact with each other, making
the Gulf of Mexico present unique geological structural charac-
teristics. Moreover, there are many oil-bearing basins in the Gulf
of Mexico, which is also a hot spot for oil and gas exploration and
development. Accurate derivation of the gravity anomalies in the
Gulf of Mexico is beneficial to the study of the Gulf of Mexico
fault (Fairhead et al., 2001), oceanic crust distributions, and the
geological changes caused by oil and gas exploration.

In this study, gravity anomalies in the Gulf of Mexico are in-
verted by the IVM formula using an MSS model and MDT model.
The MSS models CNES_CLS15MSS, DTU21MSS, and SDUST
2020MSS, and the MDT models CNES_CLS18MDT and DTU22
MDT are selected for estimating gravity anomalies in the Gulf of
Mexico, and the accuracy of the marine gravity anomalies de-
rived from the MSS model are assessed based on ship-borne
gravity data.

2 Study region and data

2.1 Study region

In this study, the Gulf of Mexico is selected as the study area;
its range is 15°-32°N, 80°-100°W. There are many alluvial fan fold
belts in the coastal part of the study area, with the Florida Islands,
Cayman Islands, Youth Island, and other islands distributed in
the area. Special seafloor topography such as the Mexico Basin,
Yucatan Basin, Cayman Ridge, Siegsby Trench, and Cayman
Trench is also included in the study area (Ismael, 2014). The low-
est depth in the study area is located in the Cayman Trench,
which reaches 6 000 m, as shown in Fig. 1.

2.2 Mean sea surface model

In this study, the MSS model CNES_CLS15MSS (Pujol et al.,
2018) (download address: https://www.aviso.altimetry.fr/en/in-
dex.php?id=1615) published by Centre National d 'Etudes Spa-
tiales (CNES) is adopted. The global coverage is 80°S-84°N, the
grid resolution is 1’ x 1’, and the reference period is from 1993 to
2012. The establishment of the model integrates the data of sev-
en altimetry satellites, including Topex/Poseidon (T/P), Jason-1,
Jason-2, ERS-2, Envisat, GeoSat follow-on (GFO), and Cryosat-2.
In addition, the local least squares collocation method is used in
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Fig. 1. Study area and ship-borne gravity trace distribution. The
thick solid red line is ship-borne gravity trace; the light gray area
is land; the dark gray area corresponds to the marine regions that
have been excluded from consideration or inclusion in this study.

the process of establishing the model, and the noise of the alti-
meter satellites and deviation along the orbit are considered to
improve the data accuracy and establish a high-precision and
high-resolution global MSS model.

The MSS model DTU21MSS (Andersen et al., 2021) (down-
load address: https://ftp.space.dtu.dk/pub/DTU21/) is pub-
lished by the Technical University of Denmark (DTU). The global
coverage is 90°S-90°N, the grid resolution is 1' x 1’, and the refer-
ence period is from 1993 to 2012. The establishment of this mod-
el integrates the altimeter satellite data of T/P, Jason-1, Jason-2,
ERS-1, ERS-2, EN-VISAT, ICESat, Geosat, GFO, CryoSat-2, and
Sentinel-3A. The 5-year Sentinel-3A and improved 10-year Cryo-
sat-2 low-resolution model, synthetic aperture radar (SAR) mod-
el, and SAR interference mode model data are used to establish a
high-precision and high-resolution global MSS model.

The MSS model SDUST2020MSS (Yuan et al., 2023) (down-
load address: https://zenodo.org/record/6555990) was pub-
lished by Shandong University of Science and Technology
(SDUST). The global coverage is 80°S-84°N, the grid resolution is
1' x 1', and the reference period is from 1993 to 2019. The estab-
lishment of the model integrates the altimeter satellite data of
T/P, Jason-1, Jason-2, Jason-3, ERS-1, ERS-2, GFO, Envisat,
SARAL, HY-2A, Sentinel-3A, and Cryosat-2. Among the used
multi-source satellite altimetry data, the HY-2A, Jason-3, and
Sentinel-3A satellite altimetry data are used for the first time to
establish a high-precision and high-resolution global MSS mod-
el. Details are shown in Table 1.

2.3 Mean dynamic topography model

This study considers CNES_CLS18MDT (Mulet et al., 2021)
(download address: https://www.aviso.altimetry.fr/en/data/
products/auxiliary-products/mdt), a global MDT model with a
grid resolution of 7.5’ x 7.5" published by CNES. The model is cal-
culated based on the geoid model GOCOO05S and CNES_
CLS15MSS. The geoid model GOCOO05S uses complete “Gravity
Field and Steady-State Ocean Circulation Explorer” mission data
and 10.5 years of “Gravity Recovery and Climate Experiment”
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Table 1. Basic information of global mean sea surface models

Mean sea surface model Grid size Coverage area Altimeter data
CNES_CLS15MSS 1'x1’ 80°S-84°N T/P+]J1+]J2+E2+En + GFO + C2
DTU21MSS 1'x1’ 90°S-90°N T/P+]J1+]J2+E1l+E2+En+Ic+Ge+GFO+C2+S3A
SDUST2020MSS 1'x1’ 80°S-84°N T/P+J1+]J2+]J3+E1+E2+GFO+En+H2+C2+Al+S3A

Note: T/P, Topex/Poseidon; J1, Jason-1; J2, Jason-2; J3, Jason-3; E1,
Geosat; H2, HY-2A; C2, Cryosat-2; Al, Saral/Altika; S3A, Sentinel-3A.

mission data. CNES_CLS18MDT also comprehensively uses 25-
year altimetry data, temperature data, salinity data, buoy data,
and hydrological model data.

The global MDT model DTU22MDT (download address: ht-
tps://ftp.space.dtu.dk/pub/DTU22/MDT/) was published by
DTU and has a grid resolution of 7.5’ x 7.5". The model is calcu-
lated based on the geoid model XGM2019e and DTU21MSS.
DTU21MSS is calculated using multi-task altimeter data repres-
enting a 20-year average (1993-2012).

2.4 Seafloor topography model

This study uses the global seafloor topography model SIO
topo_23.1 (Sandwell and Smith, 1997) (download address:
https://topex.ucsd.edu/pub/global_topo_lmin) with a grid resol-
ution of 1’ x 1', as published by Scripps Institute of Oceano-
graphy (SIO), University of California, San Diego, USA in 2021. It
has a global coverage of 80°N-80°S. SIO topo_23.1 is used for the
land topography data, coastline data, and water depth-terrain
comprehensive data. It is also used to assess the accuracy of the
MSS model in the derivation of marine gravity anomalies at dif-
ferent seafloor topographies.

2.5 Reference gravity field model

In this study, the removal-recovery method is used for the de-
rivation of gravity anomalies, and a high-precision and high-res-
olution reference gravity field model is needed; thus, the gravity
anomaly model XGM2019e_2159 is selected. The model is a 1'x1’
gravity anomalies grid model calculated from the gravity anom-
aly model XGM2019e by the International Center for Global
Earth Models (ICGEM) (download address: http://icgem.gfz-
potsdam.de/calcgrid) and was released in 2019. XGM2019e is a
combined global gravity field model. The data sources of this
model mainly include the gravity field model GOCOO06s, ground
gravity grid data compiled by the NGA, and the augmentation
dataset consisting of gravity anomalies derived from altimetry
over the oceans and topography over the continents. Generally
speaking, the XGM2019e model has better performance for the
ocean and is independent of the existing high-resolution gravity
field model (Mulet et al., 2021). The order of the spherical har-
monic coefficient of this model can be expanded to 5 399, and the
order of the model used herein can be expanded to 2 159
(Zingerle et al., 2020) (i.e., one of the latest gravity field models at
present).

2.6 Ship-borne gravity data
The ship-borne gravity data for this study is provided by the
National Centers for Environmental Information (NCEI) under

ERS-1; E2, ERS-2; En, Envisat; GFO, GeoSat follow-on; Ic, Icesat; Ge,

the National Oceanic and Atmospheric Administration of the
United States. It is a global aggregate of measured marine gravity
datasets as measured by different departments and instruments.
There are 35 ship-borne routes in the study area, and the period
is from 1961 to 1995. With improvements in navigation accuracy,
the accuracy of the marine gravity field information obtained by
ship-borne gravity measurements is gradually improving, and its
measurement theories and methods are mature. Moreover, the
operational flow and data processing methods are gradually im-
proving. A ship-borne survey is less affected by the seafloor topo-
graphy, and its offshore measurement accuracy is high. It is usu-
ally used to measure regional gravity anomalies and is also used
to check the derivations of gravity anomalies using satellite alti-
metry data. In addition, the satellite altimetry data can be fused
to improve the accuracy of the marine gravity field. The distribu-
tion of the NCEI ship-borne gravity trace in the study area is
shown in Fig. 1.

Because each ship-borne route is measured by different or-
ganizations in different periods using different instruments, there
are many long-wave errors in the ship-borne data. These are
mainly caused by drifts of gravimeters, differences in reference
fields, and incorrect and/or horizontal connections of reference
stations (Hwang and Parsons, 1995).

The uncertainty regarding an ellipsoidal system and error
caused by the drift of the gravimeter can be corrected by using a
quadratic polynomial when measuring the ship sailing at a uni-
form speed along the route, as follows:

Agship = Xo + xlAt—i- xZAtz, (1)

where Agq,, is the corrected value of the ship-borne gravity; At is
the time interval between the observation time and starting time
of the shipping route; xj, x; and x, are parameters to be fitted; x,
represents the standard deviation, and x; and x, represent the
total influences of different error sources as estimated by the least
squares method (Zhu et al., 2021).

The quadratic polynomial is used to calculate the gravity cor-
rection value of each ship-borne point, and the corresponding
ship-borne point is corrected. The information regarding the dif-
ference between the ship-borne gravity data before and after cor-
rection and the gravity anomaly of the XGM2019e_2159 model is
counted. It can be seen from Table 2 that before and after the cor-
rection of the ship-borne gravity data using the quadratic polyno-
mial, the difference values of maximum (Max), minmum (Min),
mean, standard deviation (STD), and root mean square (RMS) of
the ship-borne gravity anomalies and XGM2019e_2159 model
gravity anomalies decrease significantly, and the accuracy im-

Table 2. Statistics of the difference between the ship-borne gravity data and XGM2019e_2159 gravity anomaly model

Difference value
State Data number -
Max/mGal Min/mGal Mean/mGal STD/mGal RMS/mGal
Before correction 266 361 181.11 -90.51 0.53 7.10 7.12
After correction 251023 43.63 -40.73 0.04 3.98 3.98
After excluding routes?) 249 908 38.34 -36.31 0.04 3.91 3.91

Note: V) Excluded routes are routes v2103 and u271gm.
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proves significantly. However, the Max of the difference remains
excessively large, indicating that gross errors remain in the ship-
borne data. The accuracy of each ship-borne route before and
after correction is therefore analyzed. In the experiment, the STD
of the difference between the observed value of each route and
that from the model of the earth gravity field XGM2019e_2159 are
counted and recorded as o; (i=1, 2, 3, ---, 35). Then, the STD is
calculated of the difference between the observed values of all
routes in the area and those of the XGM2019e_2159 model and
recorded as o, . According to the principle of 3¢, routes with o;
greater than three times o, are eliminated. Table 2 provides ac-
curate information on the ship-borne data after excluding abnor-
mal routes, and Table 3 provides specific information regarding
abnormal routes.

According to Table 2, after the ship-borne gravity data is cor-
rected using a quadratic polynomial, the RMS of the gravity dif-
ference with the XGM2019e_2159 model is reduced to 3.98 mGal
before correction. When the ship-borne routes listed in Table 3
are eliminated, the RMS of the gravity difference between the
ship-borne gravity data and XGM2019e_2159 model is reduced to
3.91 mGal, and the accuracy is evidently improved.

3 Methodology

3.1 Residual vertical deviations calculation

The cubic spline interpolation method is used to interpolate
the grid data of CNES_CLS18MDT and DTU22MDT with a grid of
7.5' x 7.5" into a grid data with a grid of 1’ x 1’. With the removal-
recovery method, the residual geoid data N, can be obtained by
deducting the influence of the interpolated MDT and reference
field XGM2019e_2159 geoid N,; from MSS, as follows:

Nies = MSS — MDT — Nies. )

The equations for calculating the meridian and prime vertical
components of the residual vertical deviation of the grid points
are as follows:

Nie ANres
=t =——— dypp = —2, 3
res, = tana = N, O 3)
Nres, _NresA ANresA
— tanf = - Q. 4
Myesy ‘inﬁ dx,AQ dx,AQ ( )

Table 3. Statistical information of abnormal ship-borne routes

The relatively small area near the grid point can be treated as
aplane, where ¢, is the meridian component of the residual
vertical deviation of the grid point and 5, is the prime vertical
component of the residual vertical deviation of the grid point.
Niesy» Nresp» and N, are the residual geoids of A, P, and Q, re-
spectively. d,, »p is the spherical distance between A and P in the
north-south direction and d, »q is the spherical distance between
A and Q in the east-west direction, as shown in Fig. 2.

3.2 Gravity anomaly derivation by inverse Vening-Meinesz (IVM)

The formula for calculating the residual gravity anomaly Ag;s
using the IVM formula (Sandwell and Smith, 1997; Hwang, 1998;
Sandwell et al., 2013) from the gridding residual vertical devi-
ation is as follows:

Agres(A) = 12 / / H'(1h7Q) (Eresq COS 0QA + Tyes, Sin 0iQa)dag, (5)

Jo

where A is the fixed point, Q is the flowing point, and ~, = g is

the normal gravity at point A (GM is the gravitational constant of
the earth, and R is the average radius of the earth). ¢, and Mresq
are the meridian and prime vertical components of the residual
vertical deviation at the flow point Q, respectively, and aq, is the
azimuth angle from point Q to point A. H'(¢,q) is the derivative
of the kernel function of ¢),q, and is calculated as follows:

cos/lbﬂ cos@ <3 +2 sin@>
2 2 2

H (1aq) = , (6
2 Sinz% 2 sin% (l + sin%)

where 1, is the spherical distance between points A and Q.
When predicting the gravity anomaly on the grid point, when
the spherical distance ¢ is 0, equation H'(¢)) will be singular.
Therefore, the influence of the innermost band must be con-
sidered when using the IVM method. The remaining gravity an-
omaly Agin,one in the innermost zone is calculated as follows:

1
Aginzone = ESO'YO (C,resx +’7resy )' @)

where ¢ is the north derivative of the meridional component

of the residual vertical deviation, Nres, 1S the east derivative of the
Y

Route Data number Time STD before correction/mGal STD after correction/mGal

v2103 680 1965/03/01-1965/03/10 15.76 15.03
u271gm 443 1971/06/27-1971/07/08 21.95 21.95

P
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A
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Fig. 2. Calculation diagram of the residual gridded deflections of the vertical (DOVs).
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prime vertical component of the residual vertical deviation, and

— /AXAY i the size of the innermost zone. Ax and Ay are the

So
spacing sT,[izes of the gridded DOVs in the east and north direc-
tions, respectively.

Finally, Eqs (5) and (7) are used to calculate the residual grav-
ity anomaly Ag;.s and the inner ring residual gravity anomaly
Aginzone» Tespectively, and the gravity anomaly Ag, of the
XGM2019e_2159 reference field is restored. The final gravity an-
omaly Ag is the sum of them, as follows:

Ag = Agres + Aginzone + AGref- ®)

The derivation of the gravity anomalies in the Gulf of Mexico
using the above methodology is shown in Fig. 3.

4 Results and analysis

4.1 Marine gravity anomalies
In this study, using CNES_CLS15MSS, DTU21MSS, and SDUST

43

2020MSS combined with CNES_CLS18MDT and DTU22MDT, the
gravity anomalies models of the Gulf of Mexico grid with the size
of 1' x 1’ are inverted using IVM method (see Fig. 4). Grav-1is a
gravity anomaly model using CNES_CLS15MSS and CNES_
CLS18MDT inversion. Grav-2 is a gravity anomaly model using
CNES_CLS15MSS and DTU22MDT inversion. Grav-3 is a gravity
anomaly model using DTU21MSS and CNES_CLS18MDT inver-
sion. Grav-4 is a gravity anomaly model using DTU21MSS and
DTU22MDT inversion. Grav-5 is a gravity anomaly model using
SDUST2020MSS and CNES_CLS18MDT inversion. Grav-6 is a
gravity anomaly model using SDUST2020MSS and DTU22MDT
inversion.

According to Figs 1 and 4, there are strong similarities among
Grav-1, Grav-2, Grav-3, Grav-4, Grav-5, and Grav-6, that is, the
trend of the gravity anomaly changes from west to east or from
south to north is similar to that of seafloor topography and water
depth in this area. The abnormal gravity change is gently in sea
areas with gentle topography and no islands, but it is very severe
in sea areas with complex seafloor topographies or islands. Tak-
ing Fig. 4a as an example, the maximum value of the gravity an-
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Fig. 3. Flowchart of data processing of deriving gravity anomalies using the mean sea surface model.
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Fig. 4. Gravity anomalies derived from mean sea surface models: Grav-1 (a); Grav-2 (b); Grav-3 (c); Grav-4 (d); Grav-5 (e); Grav-6 (f).

omaly at 96°W ridge reaches 315 mGal, and the minimum value
of gravity anomaly near the Cayman Trench reaches -148 mGal.
Figures 4 and 6 show that the derived gravity anomaly mod-
els from the MSS models are similar and that differences among
the six gravity anomaly models are mostly on the order of +1
mG@Gal. To verify the accuracy differences of the six gravity anom-
aly models, the spatial distribution maps of gravity anomalies dif-
ferences among the six models of Grav-1, Grav-2, Grav-3, Grav-4,
Grav-5 and Grav-6 were drawn (see Fig. 5). According to Fig. 5,
these differences are mainly concentrated in the coastal and east-
ern part of the Gulf of Mexico (23°-28°N and 80°-85°W). This is
because the establishment of CNES_CLS15MSS, DTU21MSS and
SDUST2020MSS integrated different altimeter satellite data. The
difference shown in Figs 5a, j and o is small. This shows that the

95°  90° 85°W 95° 90° 85°W 95° 90°

85°W 95° 90° 85°W 95°  90° 85°W

same MSS model and different MDT models are used to invert
the marine gravity anomaly, and the differences between differ-
ent MDT models have little influence on the derived marine grav-
ity anomalies.

4.2 Accuracy evaluation

The ship-borne gravity data provides an effective way to eval-
uate the accuracy of the marine gravity field model. A total of
266 361 ship-borne gravity data elements in the study area (15°-
32°N, 80°-100°W) are selected. Owing to the sea conditions, in-
strument levels, and observation errors, the ship-borne gravity
data inevitably includes gross errors. All of the routes in the study
area are corrected by using the quadratic polynomial to elimin-
ate the abnormal values. This effectively improves the evaluation
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Fig. 5. Differences among six marine gravity anomaly models. a. Grav-1 — Grav-2; b. Grav-1 - Grav-3; c. Grav-1 - Grav-4; d. Grav-1 -
Grav-5; e. Grav-1 — Grav-6; f. Grav-2 — Grav-3; g. Grav-2 — Grav-4; h. Grav-2 — Grav-5; i. Grav-2 - Grav-6; j. Grav-3 — Grav-4; k. Grav-3 —
Grav-5; 1. Grav-3 — Grav-6; m. Grav-4 — Grav-5; n. Grav-4 — Grav-6; o. Grav-5 — Grav-6.



Wei Xuyang et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 12, P. 39-50

45

60
< s0f? tb tc Hd e
X L L L C C
2 40 | RMS =049 [ RMS =287 [RMS =327 [RMS =287 [RMS =3.08
5 30 [ mean =-0.07 [ mean =-0.21 [ mean =-0.21 [ mean =—0.21 [ mean =-0.21
Z20Ff C C C
2 L L L
= F + -
60 - -
tf g th i C
e s0f . - F H
S N L N N N
2 40 [RMS=3.12 [RMS =2.86 [RMS = 3.30 [RMS =287 [RMS =0.49
ﬁ 3() pmean= ~0.20 | mean =—0.21 I mean = —0.20 - mean =—0.21 [ mean = -0.07
g + - L
L
-
=
60 K ] [m [n o
® 50r C N N N
% 40 [ RMS=0.57 [RMS =0.67 [ RMS =0.84 FRMS =0.57 FRMS =048
E 30 | mean=0.03 Fmean = —0.03 +mean = 0.09 Fmean = 0.03 +mean = —0.07
& C C C
2 L
=~ -

0
86-4-20 2 468 8642024618 8642024618 8642024638 8642024268
Difference value/mGal

Difference value/mGal Difference value/mGal

Difference value/mGal Difference value/mGal

Fig. 6. Histogram distribution of differences among the six marine gravity anomaly models. The red line is the normal distribution
curve. a. Grav-1 - Grav-2; b. Grav-1 - Grav-3; c. Grav-1 — Grav-4; d. Grav-1 - Grav-5; e. Grav-1 - Grav-6; f. Grav-2 — Grav-3; g. Grav-2 —
Grav-4; h. Grav-2 - Grav-5; i. Grav-2 - Grav-6; j. Grav-3 — Grav-4; k. Grav-3 - Grav-5; . Grav-3 - Grav-6; m. Grav-4 —

Grav-5; n. Grav-4 — Grav-6; o. Grav-5 — Grav-6.

accuracy of the ship-borne gravity data under the condition that
the rejection rate is less than 2% of the observed values (Guo
et al., 2022). The Max, Min, mean, STD, and RMS values of the
differences between the gravity field models of Grav-1, Grav-2,
Grav-3, Grav-4, Grav-5, XGM2019e_2159, and the ship-borne
gravity data are shown in Table 4.

According to the statistical results of the difference between
Grav-1, Grav-2, Grav-3, Grav-4, Grav-5, Grav-6 and the ship-
borne gravity data in Table 4, the accuracy of the differences
between XGM2019e_2159 and the ship-borne gravity data is ef-
fectively improved. The accuracy of the difference between Grav-3
and the ship-borne gravity data is the best with an RMS of 3.66
mGal, whereas that between Grav-5 and the ship-borne gravity
data is the worst with an RMS of 3.77 mGal.

Figure 7 shows the vertical distribution of the differences
between Grav-1, Grav-2, Grav-3, Grav-4, Grav-5, and Grav-6, and
the ship-borne gravity data. Statistically, the differences between
the six marine gravity anomaly models and ship-borne gravity
data are very similar, and the differences between them meet the
characteristics of normal distributions. According to the statist-
ics, the differences between Grav-1, Grav-2, Grav-3, Grav-4,
Grav-5, and Grav-6 and the ship-borne gravity data are 97.66%,
97.66%, 97.81%, 97.81%, 97.54%, and 97.54% within +10 mGal, re-
spectively. The percentages of points in the range where the dif-
ference between Grav-1, Grav-2, Grav-3, Grav-4, Grav-5, and
Grav-6 and the ship-borne gravity data is greater than +10 mGal
are 2.34%, 2.34%, 2.19%, 2.19%, 2.46%, and 2.46%, respectively. It
can be seen that the differences between Grav-3 and Grav-4 and

the ship-borne gravity data are more concentrated, and can bet-
ter reflect the abnormal information of the marine gravity.

To analyze the relationships between the accuracy of Grav-1,
Grav-2, Grav-3, Grav-4, Grav-5, and Grav-6 and the distance from
the coastline, the differences between the six marine gravity an-
omaly models and the ship-borne gravity data at different dis-
tances from the coastline are counted. The specific statistical res-
ults are shown in Table 5.

It can be seen from Table 5 that the difference between the six
marine gravity anomaly models and ship-borne gravity data de-
creases with the increase of the distance from the coastline. The
RMS reduction rate of the difference between the gravity anom-
aly retrieved from 0-20 km from the coastline and ship-borne
gravity data is evident. This is because the closer to the coast, the
greater the impact on the satellite echo waveform, and the lower
the derivation accuracy. However, the RMS reduction rate of the
difference between the gravity anomaly retrieved 20-50 km away
from the coastline and ship-borne gravity data is lower. This is
because the satellite echo waveform is gradually decreasing ow-
ing to the influence of the coastal shallow water area, and the ac-
curacy is not improved. Therefore, in the far sea, there is little dif-
ference between the six marine gravity anomaly models and the
ship-borne gravity data.

It can be seen from Figs 1 and 4 that the gravity anomaly de-
rivation changes with changes in the seawater depth. Therefore,
Grav-1, Grav-2, Grav-3, Grav-4, Grav-5, and Grav-6 are selected
to compare the differences between the derivation gravity anom-
alies at different depths and the ship-borne gravity data. The stat-

Table 4. Statistics of the difference between marine gravity field model and the ship-borne gravity data

Model Max/mGal Min/mGal Mean/mGal STD/mGal RMS/mGal
Grav-1 38.53 -36.17 0.07 3.71 3.71
Grav-2 38.49 -37.64 0.09 3.72 3.72
Grav-3 39.31 -35.81 0.07 3.66 3.66
Grav-4 39.30 -35.79 0.08 3.67 3.67
Grav-5 38.19 -35.97 0.07 3.77 3.77
Grav-6 38.20 -35.94 0.10 3.76 3.76
XGM2019e_2159 38.34 -36.31 0.04 3.91 3.91
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Table 5. Statistics of the difference between marine gravity anomaly models and the ship-borne gravity data at different distances
from coastline
Model Distance from coastline/km Data number Max/mGal Min/mGal Mean/mGal STD/mGal RMS/mGal

Grav-1 >0 249 908 38.53 -36.17 0.07 3.71 3.71
>10 247 401 38.53 -36.17 0.07 3.67 3.67
>20 241 044 38.53 -36.17 0.07 3.59 3.59
>30 232 606 38.53 -36.17 0.08 3.53 3.54
>40 223 320 38.53 -36.17 0.09 3.50 3.50
>50 214 231 37.81 -36.17 0.11 3.48 3.48
Grav-2 >0 249 908 38.49 -37.64 0.09 3.72 3.72
>10 247 401 38.49 -36.16 0.08 3.67 3.67
>20 241 044 38.49 -36.16 0.07 3.59 3.59
>30 232 606 38.49 -36.16 0.08 3.54 3.54
>40 223 320 38.49 -36.16 0.09 3.50 3.51
>50 214 231 37.88 -36.16 0.11 3.48 3.49
Grav-3 >0 249 908 39.31 -35.81 0.07 3.66 3.66
>10 247 401 39.31 -35.81 0.07 3.63 3.63
>20 241 044 39.31 -35.81 0.07 3.56 3.56
>30 232 606 39.31 -35.81 0.07 3.50 3.50
>40 223 320 39.31 -35.81 0.09 3.47 3.47
>50 214 231 37.91 -35.81 0.10 3.45 3.45
Grav-4 >0 249 908 39.30 -35.79 0.08 3.67 3.67
>10 247 401 39.30 -35.79 0.07 3.63 3.63
>20 241 044 39.30 -35.79 0.07 3.56 3.56
>30 232 606 39.30 -35.79 0.07 3.51 3.51
>40 223 320 39.30 -35.79 0.09 3.48 3.48
>50 214 231 37.99 -35.79 0.10 3.46 3.46
Grav-5 >0 249 908 38.19 -35.97 0.07 3.77 3.77
>10 247 401 38.19 -35.97 0.06 3.74 3.74
>20 241 044 38.19 -35.97 0.07 3.66 3.66
>30 232 606 38.19 -35.97 0.08 3.60 3.60
>40 223 320 38.19 -35.97 0.09 3.57 3.57
>50 214 231 38.19 -35.97 0.10 3.55 3.55
Grav-6 >0 249 908 38.20 -35.94 0.10 3.76 3.76
>10 247 401 38.20 -35.94 0.09 3.74 3.74
>20 241 044 38.20 -35.94 0.08 3.66 3.66
>30 232 606 38.20 -35.94 0.09 3.60 3.61
>40 223 320 38.20 -35.94 0.10 3.57 3.57

>50 214 231 38.20 -35.94 0.11 3.55 3.55
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istical results are shown in Table 6.

It can be seen from Table 6 that when the depth is 3-4 km, the
accuracy of the six marine gravity anomaly models and ship-
borne gravity data is the best. This is because these points are
mostly distributed near the sea basin, where the seafloor topo-
graphy changes little and the accuracy is high. When the depth
exceeds 4 km, the accuracy of the six marine gravity anomaly
models and ship-borne gravity data is the worst. The reason for
this phenomenon is that the seafloor topography in the deep wa-

ter area of the study sea area changes dramatically. An analysis
was conducted based on the different results and distribution of
gravity anomalies retrieved by Grav-3 and ship-borne gravity
data when the depth exceeds 4 km, i.e., using the seafloor topo-
graphy in this area as an example.

It can be seen from Fig. 8 that most of the points with depths
greater than 4 km are distributed near the Yucatan Basin and
Cayman Trench in the study area, and the seafloor topography in
this area changes dramatically. The dramatic changes in seafloor

Table 6. Statistics of differences between marine gravity anomaly models and the ship-borne gravity data measured values at differ-

ent depths
Model Depth/km Data number Max/mGal Min/mGal Mean/mGal STD/mGal RMS/mGal
Grav-1 <1 93 723 24.69 -34.73 -0.29 3.33 3.34
1-2 48 005 37.81 -36.17 0.07 4.31 4.31
2-3 37 387 38.53 -33.80 -0.44 3.87 3.89
3-4 56 472 34.80 -35.78 -0.35 3.22 3.23
>4 14 321 37.72 -33.56 0.43 4.92 4.94
Grav-2 <1 93 723 24.71 -37.64 -0.26 3.35 3.36
1-2 48 005 37.88 -36.16 0.09 4.31 4.31
2-3 37 387 38.49 -33.86 0.43 3.87 3.90
3-4 56 472 34.74 -35.77 0.35 3.22 3.24
>4 14 321 37.73 -33.59 0.42 4.92 4.94
Grav-3 <1 93 723 25.76 -33.05 -0.29 3.25 3.26
1-2 48 005 37.91 -35.81 0.08 4.24 4.24
2-3 37 387 39.31 -33.36 0.43 3.83 3.86
3-4 56 472 35.85 -35.62 0.35 3.20 3.22
>4 14 321 37.33 -33.82 0.42 491 4.93
Grav-4 <1 93 723 25.80 -33.07 -0.26 3.25 3.26
1-2 48 005 37.99 -35.79 0.09 4.25 4.25
2-3 37 387 39.30 -33.46 0.41 3.84 3.86
3-4 56 472 35.80 -35.61 0.35 3.21 3.23
>4 14 321 37.37 -33.86 0.41 4.91 4.92
Grav-5 <1 93 723 23.99 -35.74 -0.30 3.30 3.32
1-2 48 005 38.12 -35.97 0.06 4.47 4.47
2-3 37 387 38.19 -34.07 0.44 3.95 3.97
3-4 56 472 36.29 -35.31 0.35 3.25 3.27
>4 14 321 37.69 -34.41 0.48 5.02 5.04
Grav-6 <1 93 723 24.04 -35.51 -0.25 3.29 3.30
1-2 48 005 38.17 -35.94 0.11 4.47 4.47
2-3 37 387 38.20 -34.09 0.43 3.95 3.97
3-4 56 472 36.22 -35.31 0.35 3.25 3.27
>4 14 321 37.70 -34.44 0.48 5.02 5.04
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Fig. 8. Distribution of differences between Grav-3 and the ship-borne gravity data at depth >4 km, and seafloor topography in this
area. The light gray area is land; the dark gray area represents the marine region.
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topography cause dramatic changes in gravity anomalies. Be-
cause the derivation of gravity anomalies using the method in
this study uses the MSS data within a certain window range, the
derivation accuracy is low at the place where the gravity anomaly
changes violently.

To further study the influence of seafloor topography changes
on the gravity derivation accuracy, using SIO topo_23.1, the east
direction component dh, and north direction component dh, of
the seafloor topographic gradient in the study sea area are calcu-
lated. The seafloor topographic gradient dh at the grid point can
be obtained as follows:

dh = ,/dh2 + dh2. ©)

It can be seen from Table 7 that, in the range of seafloor topo-
graphy gradient from 0 arcmin to 250 arcmin, with the increase of
the seafloor topography gradient, the difference between the
gravity anomaly retrieved from the MSS model and ship-borne
gravity data will also increase. Owing to the drastic changes in the

seafloor topography, the gravity anomalies change dramatically,
so the derivation accuracy is correspondingly low.

5 Conclusions

In this study, the removal-recovery method, MSS model,
MDT model, and XGM2019e_2159 gravity field model are com-
bined, and the IVM formula is used to invert gravity anomalies in
the Gulf of Mexico. The accuracy of the marine gravity anomalies
as determined from the MSS model is comprehensively evalu-
ated. The following conclusions can be drawn.

(1) The accuracy of the difference between the gravity anom-
alies derived by DTU21MSS and CNES_CLS18MDT and the ship-
borne gravity data is optimal.

(2) The gravity anomalies of the six marine gravity anomaly
models at different coastal distances are compared and analyzed
with the ship-borne gravity data. With the increase of the dis-
tance from the coast, the RMS of the difference between the six
marine gravity anomaly models and ship-borne gravity data
gradually decreases.

(3) The gravity anomalies of the six marine gravity anomaly

Table 7. Statistics of differences between marine gravity anomaly models and the ship-borne gravity data at different submarine to-

pography gradients

Model Seafloor topographic gradient/(m-arcmin~!) Datanumber Max/mGal Min/mGal Mean/mGal STD/mGal RMS/mGal

Grav-1 <50 182 668 37.81 -35.78 0.07 3.25 3.25

50-100 28 246 37.29 -31.79 -0.03 4.14 4.14

100-150 14 099 34.07 -33.25 0.07 4.57 4.57

150-200 7893 37.72 -33.56 0.18 4.74 4.74

200-250 5060 35.58 -30.24 0.06 4.93 4.93

>250 11 925 38.53 -36.17 0.30 6.01 6.01

Grav-2 <50 182 668 37.88 -35.77 0.09 3.25 3.25

50-100 28 246 37.29 -37.60 -0.03 4.15 4.15

100-150 14 099 34.01 -37.64 0.04 4.66 4.66

150-200 7 893 37.73 -33.59 0.19 4.75 4.75

200-250 5060 35.54 -30.61 0.04 4.99 4.99

>250 11 925 38.49 -36.16 0.32 6.01 6.02

Grav-3 <50 182 668 37.91 -35.62 0.06 3.22 3.22

50-100 28 246 36.85 -31.76 -0.02 4.06 4.06

100-150 14 099 34.82 -34.04 0.11 4.40 4.40

150-200 7 893 37.33 -33.82 0.18 4.67 4.67

200-250 5060 35.55 -30.20 0.05 4.93 4.93

>250 11 925 39.31 -35.81 0.32 5.93 5.93

Grav-4 <50 182 668 37.99 -35.61 0.08 3.22 3.22

50-100 28 246 36.88 -31.98 -0.03 4.07 4.07

100-150 14 099 34.79 -34.06 0.07 4.45 4.45

150-200 7 893 37.37 -33.86 0.18 4.68 4.68

200-250 5060 35.58 -30.24 0.06 4.93 4.93

>250 11 925 39.30 -35.79 0.33 5.93 5.94

Grav-5 <50 182 668 38.12 -35.74 0.06 3.27 3.28

50-100 28 246 36.99 -31.05 -0.02 4.24 4.24

100-150 14 099 33.17 -33.38 0.14 4.58 4.59

150-200 7893 37.69 -34.41 0.18 4.89 4.89

200-250 5060 35.95 -30.33 0.04 5.14 5.14

>250 11 925 38.19 -35.97 0.30 6.20 6.21

Grav-6 <50 182 668 38.17 -35.51 0.09 3.27 3.27

50-100 28 246 36.98 -31.32 -0.01 4.24 4.24

100-150 14 099 33.17 -33.48 0.13 4.59 4.59

150-200 7 893 37.70 -34.44 0.21 4.90 4.90

200-250 5060 36.04 -30.34 0.07 5.14 5.14

>250 11 925 38.20 -35.94 0.33 6.20 6.21
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models at different depths are compared and analyzed with the
ship-borne gravity data. With the increase of water depth, the
RMS variation trend of the difference between the six marine
gravity anomaly models and ship-borne gravity data is consist-
ent. When the water depth is 3-4 km, the accuracy of the differ-
ence between the gravity anomaly retrieved from the MSS model
and ship-borne gravity data is optimal. When the water depth ex-
ceeds 4 km, the accuracy of the difference between the gravity
anomaly retrieved from the MSS model and ship-borne gravity
data is the worst. The reason for this phenomenon is that the sea-
floor topography in the deep water of this sea area changes dra-
matically.

The above results show that the gravity anomaly derivation in
the Gulf of Mexico using the MSS models CNES_CLS15MSS,
DTU21MSS, and SDUST2020MSS combined with the MDT mod-
els CNES_CLS18MDT and DTU22MDT has high accuracy. It can
accurately and effectively invert gravity anomaly distributions in
the Gulf of Mexico.
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