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ABSTRACT The marine geoid can be determined through the utilization of the marine gravity anomaly
model. The accuracy of retrieving marine gravity anomaly model with altimetry data has been improved
due to the abundance and high quality of available altimetry data. The SDUST2022 GRA marine gravity
anomalymodel is the global marine gravity anomalymodel constructed by integratingmulti-source altimeter
satellites, including ICEsat-2 laser altimeter satellite for the first time. The model optimizes the deflection
of the vertical accuracy imbalance. The Stokes formula is employed in this study to construct the geoid
model, while the two-dimensional fast Fourier transform convolution in planar coordinate is utilized to
enhance computational efficiency. Additionally, the remove-computer-restore method is applied during the
calculation process. Firstly, the accuracy of the algorithm is verified using the 2190-degreeXGM2019e_2159
gravity field model and the 2159-degree EGM2008 gravity field model. Subsequently, the XGM2019e_2159
is removed from the SDUST2022 GRA marine gravity anomaly model, and the residual geoid height is
computed utilizing the Stokes formula. Then, the geoid height of the corresponding reference field is restored.
Finally, a geoid model for China Sea and its adjacent ocean is constructed. The results showed that the
geoid of the China Sea and its adjacent ocean gradually increases from west to east, and the longwave and
shortwave characteristics of the seafloor can be clearly seen. The reliability of the model established in
this paper was verified by the least-squares collocation method, and the geoid model calculated by the two
methods had a good consistency. The mean sea surface model was introduced to calculate the mean dynamic
topography. According to the mean dynamic topography, the Kuroshio Extension and the mesoscale eddy
phenomenon caused by the instability of background current could be clearly seen. Compared with the
mean dynamic topography of DTU22MDT, the difference between the two mean dynamic topography was
basically within the range of centimeters. This showed that the mean dynamic topography of the China Sea
and its adjacent ocean calculated in this paper was reliable, that is, the geoid of the China Sea and its adjacent
ocean constructed in this paper was reliable.

INDEX TERMS China Sea and its adjacent ocean, geoid, least-squares collocation, mean dynamic topog-
raphy, satellite altimeter-derived marine gravity anomaly model, Stokes formula.

The associate editor coordinating the review of this manuscript and

approving it for publication was Gerardo Di Martino .

I. INTRODUCTION
The geoid is the gravity equipotential plane closest to the
mean sea surface height, and it is the base level of elevation,
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reflecting important information such as the shape of the
earth, the structural density of the internal materials, the stress
field and the earth’s ocean currents [1]. High precisionmarine
geoid is an important basis for oceanmapping,marine science
research and understanding of geophysical changes, and it
plays a crucial role in studying ocean circulation patterns and
ocean current dynamics.

The classical methods for determining the marine geoid
include Stokes formula and least-squares collocation (LSC)
method. In addition, other methods can also be used to
determine the marine geoid, such as the Boundary Element
Method (BEM) [2], Poisson Wavelet Radial Basis Function
(RBF) method [3], and the least squares collocation method
in the frequency domain [4]. Stokes formula is a classical
method for integrating gravity anomalies published by Stokes
in 1849 [5] and has been used for geoid determination in
several continental regions [6], [7], [8], [9], [10], [11]. The
Stokes formula, in theory, represents the integral calculation
of gravity anomalies distributed continuously on a global
scale. However, due to practical limitations, the regional
geoid model is predominantly determined by the remove-
compute-restore (RCR) techniques. The essence of the RCR
is to remove the long-wave gravity field data, the residual
component is computed, and the corresponding long-wave
gravity field data is restored [12], [13]. In order to enhance the
computational efficiency of the Stokes formula, Strang van
Hees introduced the fast Fourier transform (FFT) technique
in 1990 [14]. After that, The FFT techniques have been
extensively employed in the field of physical geodesy, and has
become themainmethod for calculating the approximation of
the gravity field [15], [16], [17], [18], [19], [20], [21].
The LSC method has been successfully employed in sev-

eral regions for geoid determination [22], [23], [24], [25],
[26], [27]. The fundamental concept is that, apart from ran-
dom variables, there exist two sets of random variables known
as signal and noise, which are interconnected through a
covariance function [28]. The crucial aspect of LSC method
is to calculate the covariance function between each physical
quantity. Due to the existence of a functional relationship
between gravity observations and disturbing potential, once
we acquire the covariance function of the disturbing potential,
the covariance function between any observation according to
the law of covariance propagation can be obtained [29]. The
LSC method provides a direct fusion method of multi-source
gravity data modeling, which can naturally combine altimetry
data, ship-borne data and airborne gravity data [3], [30], [31].
Consequently, in comparison to the Stokes formula, the LSC
method entails longer computational time.

The marine geoid research relies on a data foundation of
high-precision and high-resolution models of marine gravity
anomalies. After the Geodetic mission (GM) data of Geosat
and ERS-1 altimeter were fully released in 1995, The marine
gravity anomaly model integrating multi-source altimetry
satellite data has been studied. With the successful launch of
ERS-1’s follow-up satellite ERS-2 and the Topex/Poseidon
and Jason-1/2 satellites, a global 1’×1’ marine gravity

anomaly model began to constructed [32]. CryoSat-2 satel-
lite, launched in 2010, provided new and higher-precision
observation data for the inversion of marine gravity anoma-
lies [33]. As a near-polar orbit satellite, CryoSat-2 covered
almost all sea areas in the world, and could calculate gravity
anomalies in polar blank regions. The analysis of the Cryosat-
2 satellite indicates that the data exhibits a low level of noise
and a high degree of geoid signal identification, therefore it
could provide higher resolution shortwave information for the
inversion of marine gravity anomaly model [34]. The subse-
quent GM data of Jason satellites and Saral/Altika satellites
had also injected more high-quality altimetry data for the
construction of marine gravity anomaly models [35], [36].
HY-2A and its follow-up altimetry satellites launched by
China had also made important contributions to the inversion
of marine gravity anomalies [37]. With the development of
altimetry satellite measurement mode, the altimetry satellite
of new measurement mode has been studied. Laser altimetry
satellite and wide-swath interferometer satellite had become
the development focus of the new generation altimetry satel-
lite. The ICESat-2 laser altimeter satellite, launched in 2018,
was evaluated and found that its single trajectory can recover
the marine geoid at a wavelength of 20km, similar to the best
radar altimeters, and the accuracy of ICESat-2 data in coastal
areas surpasses that of coastal data obtained from other radar
altimeters [38]. The recently released SDUST2022GRA is
the global marine gravity anomaly model that integrates
data from ICEsat-2 and other multi-source altimetry satel-
lites for the first time and its spatial resolution can reach
20km in a certain area [39]. The surface water and ocean
topography (SWOT) satellite, launched in 2022, could obtain
two-dimensional high-resolution surface height in the open
ocean, providing two-dimensional marine altimetry data for
the construction of marine gravity anomaly models [40]. The
sea surface height data of SWOT for the northern South
China Sea were simulated, and gravity anomalies within this
region were calculated using this dataset [41]. The evaluation
results indicate that the high-quality marine gravity anomaly
can be obtained from simulated multi-period SWOT data.
However, there is no global marine gravity anomaly model
that integrates SWOT data.

In this study, based on the RCR method, the correctness of
the Stokes formula is validated by utilizing the 2190-degree
XGM2019e_2159 and 2159- degree EGM2008 gravity field
models. Then, the 2160-degree XGM2019e_2159 gravity
anomaly model is removed from the latest marine gravity
anomaly model of SDUST2022GRA, and the residual geoid
height is computed utilizing two-dimensional FFT (2D FFT)
Stokes formula, and then the 2160-degree XGM2019e_2159
reference geoid height is recovered, ultimately resulting in
the determination of the geoid model for the China Sea
and its adjacent ocean. In order to verify the reliability of
the geoid model constructed by Stokes formula, the geoid
model constructed by LSC method is used as inspection
data for accuracy evaluation. The mean dynamic topography
(MDT) of China Sea and its adjacent ocean is calculated
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by combining the geoid calculated in this paper with the
mean sea surface (MSS) model of SDUST2020MSS, and the
DTU22MDT is selected for comparative study.

II. RESEARCH AREA AND DATA
A. RESEARCH AREA
The selected research area of this paper is China Sea and
its adjacent ocean. The China Sea and its adjacent ocean
contain the Bohai Sea, Yellow Sea, East China Sea, South
China Sea and a number of islands and reefs. This is where
the Eurasian, Indo-Australian and the Pacific plates. The
intricate geological characteristics of this junction render it
an ideal natural laboratory for investigating the phenomena of
continental fragmentation and seafloor spreading [42], [43].
In addition, The Kuroshio flow phenomenon exists here. The
Kuroshio current transports a significant amount of energy
from lower latitudes to higher latitudes, resulting in a complex
and dynamic oceanic environment and current patterns within
this region. Therefore, this sea area is also the best place to
study the dynamic mechanism of the deep ocean [44]. The
complex seafloor topography and ocean current movement of
the China Sea and its adjacent ocean are of great significance
to the study of geoid and the subsequentMDT. The China Sea
and its adjacent ocean of 0◦

∼ 45◦N and 100◦
∼ 140◦E are

used as the research area of this paper, and the marine geoid
model of the China Sea and its adjacent ocean is established
and the changes of MDT are discussed.

B. GLOBAL MARINE GRAVITY ANOMALY MODEL
The global marine gravity anomaly model selected
in this paper is SDUST2022GRA model [39]. The
SDUST2022GRA model is based on T/P, Jason-1/2,
CryoSat-2, SARAL, Sentinel-3A/3B/6A, ICESat-2 and other
multi-source altimetry satellite data. It covers 80◦ north and
south latitude and has a grid resolution of 1’×1.’ Compared
with the marine gravity anomaly models of SIO and DTU
series published by international research institutions, this
model uses the ICEsat-2 laser altimeter satellite for the first
time. ICEsat-2 laser altimeter satellite employs a micropulse
multi-beam photon counting radar system for the acquisition
of ground information, and uses three simultaneous observa-
tion beam groups to collect ground height information, so that
the deflection of the vertical along the orbit direction and
across the orbit direction can be obtained. This method of
observation reduces the imbalance of the deflection of the
vertical accuracy caused by only using altimeter data along
the track direction [39].

C. REFERENCE GRAVITY FIELD MODEL
The Earth Gravitational Field selected in this paper are the
XGM2019e_2159 model [45] and the EGM2008 model [46],
both of which are available through the International Centre
for Global Earth Models (ICGEM). The XGM2019e_2159
model is a comprehensive global gravity field model with
a spherical harmonic expansion degree and order of 5399,

FIGURE 1. China Sea and its adjacent ocean.

providing a spatial resolution of about 2.’ It is based on
satellite gravity model of GOCO06s, marine gravity anomaly
model of DTU13, as well as gravity measurements data of
land and ocean [45]. The EGM2008 model is constructed
from land, altimetry and airborne gravity data. The degree
and order are complete at 2159 and it also includes additional
coefficients of degree 2190 and order 2159 [46].

D. MEAN SEA SURFACE (MSS) MODEL
The MSS model used in this paper is the SDUST2020 MSS
model [47], which is constructed by multi-source altimeter
satellites including HY-2A, Jason-3 and Sentinel-3A. The
reference base of the SDUST2020 MSS model is the MSS of
Topex/Poseidon+Jason-1+Jason-2+Jason-3 altimetry satel-
lite data for a total of 27 consecutive years from 1993 to 2019.
It takes 19 years as a slidingwindow [48] and covers 80◦ north
and south latitude. The grid resolution is 1’×1.’

E. MEAN DYNAMIC TOPOGRAPHY (MDT) MODEL
The MDT model chosen in this paper is DTU22MDT
model [49]. The grid resolution of this model is 7.5.’ It is
obtained by integrating in situ gravitymeasurements after dif-
ferencing the MSS model of DTU21 MSS with XGM2019e
geoid model. Among them, the DTU21 MSS model is con-
structed based on 2Hz altimetry data. Its reference frame
is the MSS height of 20 consecutive years of T/P+Jason-
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1+Jason-2 altimetry satellite data from 1993 to 2012.
It covers a latitude of 90◦ north and south with a grid reso-
lution of 1’×1’ [50].

III. METHODOLOGY
The gravity disturbing potential T at any point on the sphere
can be expressed as [5]

T =
R
4π

∫
σ

1gS(ψ)dσ (1)

According to Bruns’ formula, the height of the geoid at any
point on the sphere can be expressed as

N =
T
γ

=
R

4πγ

∫
σ

1g(ψ, α)S(ψ)dσ (2)

where R is the mean radius of the Earth,1g(ψ, α) represents
the gravity anomaly on the sphere of radius R, γ represents
the average normal gravity of the Earth, α is the spherical
azimuth between the calculated point and the variable point,
ψ represents the spherical distance between the calculated
point and the variable point, S(ψ) is the Stokes kernel func-
tion and can be expressed as

S(ψ) =
1
s

− 6s− 4 + 10s2 − 3(1 − 2s2) ln(s+ s2) (3)

where s = sin(ψ/2).
When performing calculations using (2), it is necessary

to conduct integration on a global scale. However, due to
limitations in computational efficiency and cost, conducting
global-scale integration is not feasible. If the integral region is
divided into finite sections, such as a few degrees of region,
the spherical formula can be transformed into a planar for-
mula. Additionally, by utilizing the FFT method, the time
domain integral can be converted into frequency domain
convolution to enhance computational efficiency. In eq. (2),
we set dσ =

1
R2
dxdy. Eq. (2) is converted to 2D FFT

convolution in planar coordinates. The 2D FFT convolution
forms in planar coordinates [16] can be formulated as follows

N (x, y) =
1

4πγR
F−1
2 {F2[1g(x, y)] · F2[S(x, y)]} (4)

where F2 is the 2D FFT in planar coordinates.
When the distance between the calculation points and the

variable point is 0, the kernel function in the formula becomes
a singular function. This makes it impossible to calculate the
integral value. To solve this problem, a small ball crown with
radius s0 is taken as the center of the calculation point, and
this area is called the innermost zone. The geoid height Ns
caused by the innermost zone effect can be expressed as

Ns =
s0
γ
1g (5)

where s0 =

√
1x1y
π

.

IV. RESULTS AND ANALYSIS
A. REMOVE-COMPUTE-RESTORE (RCR)
We validate the algorithm presented in section III. Firstly,
we removed the 2159-degree EGM2008 gravity anomaly
model from the 2190-degree XGM2019e_2159 gravity
anomaly model, the residual gravity anomaly can be derived,
the obtained value is input into the 2DFFT convolution (4)
and the innermost zone (5) to derive the residual geoid height.
Then on the basis of the residual geoid height, the correspond-
ing EGM2008 reference geoid height is recovered, and finally
the Stokes formula calculated geoid model is obtained. This
model is called Model 1.

The geoid model of XGM2019e_2159 with degree 2190 is
referred to as model 2, and the geoidmodel of EGM2008with
degree 2159 is referred to as model 3. The difference statistics
are conducted separately between Model 2 and Model 1,
as well as between Model 2 and Model 3. In order to avoid
pollution from data with poor accuracy in coastal areas, the
difference statistics are rejected by three times of STD, and
the results after rejection are shown in Table 1.

TABLE 1. The statistical results of the difference between the geoid
heights (unit: m).

As can be seen from Table 1, the STD of the geoid height
difference between the Model 1 and the Model 2 is 1.7cm,
which is 2.7cm less than the STD of the difference between
the Model 2 and the Model 3, and Model 1 and Model 2 have
a good consistency.

B. THE GEOID MODELING OF THE CHINA SEA AND ITS
ADJACENT OCEAN
The RCR technique is employed for geoid modeling
in the China Sea and its adjacent ocean. The 2160-
degree XGM2019e_2159 reference gravity anomaly model
is removed from the marine gravity anomaly model of
SDUST2022 GRA, the residual gravity anomaly has been
got. Then the residual gravity anomaly is input into 2DFFT
convolution (4) and the innermost zone (5) with an integration
radius of 1◦ chosen to acquire the residual geoid height.
Subsequently, on the basis of residual geoid height, the cor-
responding 2160-degree XGM2019e_2159 reference geoid
model is restored, ultimately the geoid model of the China
Sea and its adjacent ocean is obtained. The information is
illustrated in Fig. 2. The geoid model exhibits a maximum
value of 76.782m and a minimum value of -23.284m for
the China Sea and its adjacent ocean, with statistical results
presented in Table 2.

The analysis of Fig. 2 reveals a gradual increase in the
oblique state of geoid height from west to east in the China

VOLUME 12, 2024 172641



H. Zhang et al.: Modeling Marine Geoid in the China Seas and Its Adjacent Ocean

FIGURE 2. Geoid model of China Sea and its adjacent ocean constructed
by stokes formula.

TABLE 2. Statistical results of geoid model in China seas and its adjacent
ocean (unit: m).

Sea and its adjacent ocean. Specifically, the Beibu Gulf and
the Gulf of Thailand exhibit the lowest geoid heights, while
near the seamount in the southeast of the Philippine Islands,
the highest geoid heights are observed, with a significant dif-
ference of up to approximately 100m.Various features of long
wavelength and short wavelength of seafloor topography can
be seen from the figure. Prominent long-wavelength charac-
teristics encompass trenches, seamounts, basins, and troughs,
including notable examples like the Philippine Trench, Palau
Trench, Yap Trench and Nankai Trough. The specific detail
diagram is shown in the figure 3.

The geoid model in this paper can reflect changes in
the seafloor topography. In Figure 3(a), the contour lines
illustrate a boat-shaped basin, with the seabed topogra-
phy representing the Nankai trough. Figures 3(b), (c),
and (d) depict the Philippine Trench, Palau Trench, and
Yap Trench, respectively. It is evident that there are sig-
nificant geoid low points near the trenches, with stair-step
topography on both sides. Geologically, trenches and
troughs are considered the result of the interaction between
oceanic and continental plates [53]. Trenches are associ-
ated with subduction processes, while troughs are related
to seafloor spreading. Additionally, there are discernible
short-wavelength features such as small seamounts and
shoals.

FIGURE 3. Detailed magnification of the geoid model of China Sea and its
adjacent ocean constructed by stokes formula at trough and trench.

C. VALIDATION OF GEOID MODELS IN CHINA SEA AND
ITS ADJACENT OCEAN
1) COMPARISON WITH THE GEOID CALCULATED BY LSC
METHOD
The covariance between gravity anomaly and gravity
anomaly, as well as the covariance function between grav-
ity anomaly and geoid, are isotropic [29]. Therefore,
we can obtain the covariance table, which includes the
covariance between gravity anomaly and gravity anomaly,
and the covariance between gravity anomaly and geoid
height [28]. Using the RCR technique, the 2160-degree
XGM2019e_2159 gravity anomaly model is removed from
the SDUST2022 GRA marine gravity anomaly model. Then
the residual gravity anomaly is inputted into (A1), and the
residual geoid height is calculated using the covariance table.
Finally, based on the residual geoid height, the correspond-
ing 2160-degree XGM2019e_2159 reference geoid height is
recovered (The specific calculation formula can be found in
the Appendix).

The reliability of the geoid model determined by Stokes
formula is assessed by analyzing the discrepancy between
the Stokes formula constructed geoid model and the LSC
method calculated geoid model. The difference distribution is
shown in Fig. 4. The three times of STD criterion is employed
to exclude data with poor accuracy in coastal areas. The
difference statistics after the rejection are shown in Table 3.

TABLE 3. Statistical results of geoid model in China seas and its adjacent
ocean (unit: m).
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FIGURE 4. Difference distribution of geoid model calculated by stokes
formula and LSC method.

According to Table 3, the STD of the difference between
the geoid models calculated by the Stokes formula and the
LSC method is 1.9cm, which indicates that the geoid models
calculated by the two methods are in good agreement on the
whole, and the geoid model calculated by the Stokes formula
is reliable. The spatial distribution of the comparison between
the geoid models computed by the two methods is illustrated
in Fig. 4. It can be seen from Fig. 4 that the geoid models
calculated by the two methods are relatively consistent in
spatial scale, however there are large differences in the Bohai
Sea coast, the coast of the Sea of Japan and the eastern ocean
of Japan. Particularly significant discrepancies are observed
in coastal regions such as the Bohai Sea coast and the coast of
the Sea of Japan. To study the impact of the coastline on the
geoid height calculated by the two methods, we divided the
areas based on the distance from the coastline. Table 4 shows
the statistical differences in the geoid models calculated using
the two methods in different regions.

TABLE 4. Statistical results of geoid model for different regions of the
China seas and its adjacent ocean.

According to Table 4, within 50 km of the coastline, there is
a obvious difference in the geoid heights constructed by the

two methods. This is because the coastline and islands can
contaminate the altimetry waveform data, thereby affecting
the accuracy of the altimetry data. Consequently, this impacts
the precision of gravity anomaly inversion, leading to inac-
curacies in the constructed nearshore geoid height model.
In offshore areas more than 50 km from the coastline, the
geoid models constructed by the two methods are relatively
consistent. This indicates that the geoid model developed in
this paper using the Stokes formula has a high reliability in
open sea regions.

2) COMPARISON OF MDT
The MDT is also computed in order to validate the exter-
nal reliability of the geoid model calculated using Stokes
formula. The geoidmodel computed calculated by Stokes for-
mula is subtracted from theMSSmodel of SDUST2020MSS.
A low-pass Gaussian filtering is employed for noise reduc-
tion. Ultimately, the MDT with a grid resolution of 1’×1’ in
the China Sea and its adjacent ocean is obtained. The MDT
computed in this study is depicted in Fig. 5. When calcu-
lating the MDT, it is essential to standardize the reference
ellipsoid and tidal system of both the MSS model and geoid
model [54]. The discrepancy resulting from different tidal
systems and reference ellipsoids can reach up to 30cm, which
cannot be disregarded.

FIGURE 5. MDT model calculated in this paper.

It can be seen from Fig. 5 that the MDT of China Sea and
its adjacent ocean areas is positive as a whole, and the MDT
from Minjiang Estuary to the north of Japan is relatively low,
and its highest point located in the southeast Japan sea area.
According to the analysis based on the geostrophic current
principle, it is evident that ocean currents are prevalent in
regions characterized by high-density sea surface topographic
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isolines [55]. Fig. 5 shows the Kuroshio from low latitude to
high latitude from Taiwan to southern Japan [44], as well as
the mesoscale vortex phenomenon formed by the disturbance
of the Kuroshio extension body [56]. In Fig. 5, the larger
red area of MDT is located in the southern part of Shikoku
and Cape Shionomisaki [57]. There is an anticyclonic vor-
tex in this area, resulting in higher turbulent kinetic energy
[58]. Additionally, the influence of the Kuroshio Extension
contributes to a greater mixed layer depth here [59]. Conse-
quently, the MDT value in this region is relatively high.

The accuracy of theMDT can be verified by comparing and
analyzing it with the DTU22MDTmodel. The DTU21MSS is
based on the average sea surface height over a 20-year period
from 1993 to 2012, while the SDUST2020 MSS model is
based on the average sea surface height over a 27-year period
from 1993 to 2019. Therefore, when comparing thesemodels,
it is necessary to deduct the effect of the 7-year sea surface
change from the SDUST2020MSS model. The DTU22MDT
is interpolated by bicubic at a resolution of 1’×1,’ with the
exclusion of points located on islands and land masses. The
discrepancy distribution between DTU22MDT and the MDT
computed in this study is illustrated in Fig. 6.

FIGURE 6. Difference distribution between MDT calculated in this paper
and the DTU22MDT.

TABLE 5. Statistics of the difference between the MDT calculated in this
paper and the DTU22MDT (unit: m).

The difference between the MDT calculated in this paper
and the DTU22MDT is statistically analyzed. In order to
avoid the interference of poor accuracy data such as coastal

areas, the difference results are rejected by three times of
STD, and the rejected results are shown in Table 5.

The standard deviation of the two MDT, as shown in
Table 5, is calculated to be 2.8cm. This result indicates a
high level of agreement between the calculated MDT pre-
sented in this paper and that of DTU22MDT as a whole.
The differences between the two mean dynamic topographies
are primarily observed in coastal regions and the eastern
ocean of Japan, as depicted in Fig. 6. In coastal areas, the
discrepancies are predominantly attributed to the limited
quality of altimetry data. In addition, in the eastern ocean of
Japan, the presence ofmesoscale vortices generated by distur-
bances from the Kuroshio extension body leads to heightened
kinetic energy within these vortices, consequently resulting
in substantial disparities between the two mean dynamic
topographies.

V. CONCLUSION
The acquisition of high-precision marine geoid data is
essential for the accurate retrieval of seafloor topogra-
phy and the establishment of a mean dynamic topography.
The SDUST2022GRA marine gravity anomaly model is
the global marine gravity anomaly model that integrates
the inversion of multi-source altimetry satellites, includ-
ing ICEsat-2 laser satellite for the first time. By utilizing
altimetry data from both along-track and cross-track direc-
tions, provided by the ICEsat-2 laser satellite. Consequently,
it demonstrates a substantial enhancement in terms of both
accuracy and spatial resolution. The China Sea and its
adjacent ocean are characterized by the Kuroshio Marine
movement environment, featuring a complex and dynamic
seafloor topography structure. The RCRmethod is utilized in
this paper. The XGM2019e_2159 model of degree 2190 and
the EGM2008 model of degree 2159 are used to verify
the correctness of Stokes formula. The geoid model of
China Sea and its adjacent ocean is constructed based on
SDUST2022GRA marine gravity anomaly model employing
Stokes formula. The 2D FFT convolution formula in planar
coordinate is utilized in the computation.

To verify the reliability of the Stokes formula calculated
geoid model, the LSC method is also utilized. The compari-
son between the geoid model constructed by Stokes formula
and the geoid model calculated by LSC demonstrates a high
level of spatial consistency, indicating the reliability of the
geoid model proposed in this paper. However, there are large
differences in the areas with poor quality of coastal altimetry
data such as the Bohai Sea coast and the coast of the Sea
of Japan. A detailed analysis of the differences between the
two geoid models in coastal areas are conducted. The pres-
ence of nearshore features and islands has contaminated the
altimetric data waveform, resulting in lower accuracy for the
coastal geoid models. In the future, we plan to incorporate
high-accuracy SWOT satellite data for coastal regions. The
SWOT satellite data can further enhance the accuracy and
resolution of the inverted gravity anomaly model, allowing
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for the construction of a more precise and reliable geoid
model.

The MDT model is used to verify the external reliability
of the Stokes formula calculated geoid. It can be obtained
by utilizing the Stokes formula constructed geoid model
combined with the MSS model of SDUST2020 MSS. The
MDT reveals the Kuroshio phenomenon, which transfers
energy from low to high latitudes as it flows from Taiwan
towards the southern coast of Japan. Additionally, the vortex
kinetic energy phenomenon caused by the disturbance of
the Kuroshio extension body, which makes the background
current unstable. The comparative analysis between theMDT
and the DTU22MDT model demonstrates a high level of
agreement overall, with the exception of areas close to shore
where data quality is poor and in the mesoscale vortex region
generated by the Kuroshio extension body. This indicates that
the calculated MDT presented in this study can be considered
reliable. Consequently, it can be seen that the geoid model
constructed by Stokes formula in this paper is also reliable.

APPENDIX A
LEAST-SQUARES COLLOCATION
The formula for the LSC method to calculate the residual
geoid height from the residual gravity anomaly can be rep-
resented as follows [60]

Nres = CN1g(C1g + D1g)−11gres (A1)

where Nres is residual geoid height, CN1g represents the
covariance matrix of the residual geoid height and resid-
ual gravity anomaly, C1g represents the covariance matrix
computed between the residual gravity anomaly and itself,
D1g is the noise variance matrix of residual gravity anomaly
observations, 1gres is residual gravity.
The covariance of the residual quantity in (A1) is primarily

composed of two distinct components. The first component
is the anomaly error degree variance term that corresponds
to the coefficient error of the reference field. The second
component is the anomaly degree variance term, which is
associated with the residual signal. The covariance C1g1g
of the residual gravity anomaly and the covariance CN1g of
the residual geoid and the residual gravity anomaly can be
expressed as, respectively [61]

C1g1g =

Nmax∑
n=2

δCnsn+2Pn(cosψPQ)

+

∞∑
n=Nmax+1

Cnsn+2Pn(cosψPQ) (A2)

CN1g =
R2B
rPγQ

Nmax∑
n=2

δCn
n−1 s

n+1Pn(cosψPQ)

+

∞∑
n=Nmax+1

Cn
n−1 s

n+2Pn(cosψPQ)


(A3)

where s =
R2B
R2
, RB is the radius of the Bjerhammar ellipsoid,

R is the mean radius of the Earth, rP is the radius of points
P, γQ is the normal gravity for points Q, ψPQ is the spherical
distance between points P and Q, Pn represents the Legendre
polynomial. δCn is the anomaly error degree variance, which
can be expressed as

δCn =

(
GM
R2

)2

(n− 1)2 s−2(n+2)
n∑

m=0

(
ε2Cnm + ε2Snm

)
(A4)

Cn is the anomaly degree variance, it can be represented by
the Tscherning/Rapp model 4

Cn =
A(n− 1)

(n− 2)(n+ B)
(A5)

where ε2Cnm and ε2Snm in (A4) are the variance of the spherical
harmonic coefficient of the n degree and the m order of the
reference gravitational field, which can be obtained according
to the information of the reference gravitational field. The
geoid height obtained through the LSC method can be deter-
mined by replacing the results of (A2) and (A3) into (A1).
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