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Refining satellite Altimetry-Derived
gravity anomaly model with
shipborne gravity using multilayer
perceptron neural networks

Chengjun Xiao?, Jinyun Guo'™, Chengcheng Zhu?, Hui Li3, Shangguo Liu* & Xin Liu'

This study refines the gravity anomaly model derived from altimetry data by employing a multilayer
perceptron (MLP) neural network to integrate multi-source geophysical data (longitude, latitude,
gravity anomaly, geoid height, bathymetry, and sediment thickness) based on shipborne gravity.

To reduce the impact of land on gravity anomaly inversion, the experimental area is divided into
nearshore and offshore regions, with separate inversions for each. The model is trained using
differences between shipborne gravity control points and 8'x8’ grid points as input data, and
differences between control point gravity anomalies and SDUST2022GRA model values as output
data. The trained model predicts gravity anomalies at grid centers, and SDUST2022GRA values are
applied to restore the predicted anomalies. The Gulf of Mexico region (81°W-99°W, 15°N-32°N) is
selected to establish a high-resolution (1'x1’) MLP Gravity Anomaly model (MLP_GRA). Compared to
the SDUST2022GRA, SIO_V32.1, and DTU21GRA models, the MLP_GRA model reduces the standard
deviation (STD) and mean absolute error (MAE) by 0.4 mGal and 0.32 mGal, 0.54 mGal and 0.37 mGal,
and 0.39 mGal and 0.27 mGal, respectively. These results confirm the reliability and effectiveness of
the proposed method.

Keywords Multilayer perceptron, Marine gravity anomalies, Shipborne gravity, Multi-source geophysical
data, Gulf of Mexico

Accurate marine gravity models are essential for geodesy, geophysics, and marine resource development. These
models support research on Earth’s shape!, seafloor topography inversion?, marine resource exploration®, and
satellite orbit determination®.

Shipborne gravity measurement, the most widely used technique in marine gravity surveys, provides high
observation accuracy, straightforward instrument operation, and high data resolution. Modern shipborne
gravimeters achieve an accuracy of approximately 1-3 mGal (1 mGal equals 10~ m/s*)°. However, these
measurements are time-consuming and costly. Obtaining global gravity data through shipborne gravity surveys
remains challenging due to limited coverage, high costs, and the sparse, uneven distribution of measurement
points®.

Advances in satellite altimetry technology, especially geodetic missions, have significantly enhanced the
accuracy and resolution of altimetric data. Altimetry data has become a primary source for marine gravity
inversion. Methods for deriving gravity anomalies from altimetry data include the inverse Stokes formula’, least
squares collocation®, the Laplace equation’ and the inverse Vening-Meinesz formula!’. Gravity anomaly models
for both global and regional scales have been developed based on altimetry data!!~!>. Gravity anomalies derived
from multiple altimeter satellites with a ground track spacing of about 2.5 km, achieve a global accuracy of 1-2
mGal'®. However, boundary effects and coastal contamination of altimeter waveform data reduce the precision
of inverted marine gravity in nearshore areas. Marine gravity anomalies are influenced by seafloor topography
variations and crustal density changes'”!8. Regions with pronounced seafloor topography variations exhibit
substantial gravity anomaly changes. Consequently, regions with pronounced seafloor topography exhibit lower
gravity anomaly precision when derived from altimetry data within a calculation window spanning several tens
of kilometers.
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Altimetry data serve as an effective complement to shipborne gravity measurements, extending the spatial
coverage of marine gravity data'®. Shipborne gravity data are less influenced by coastlines and seabed topography
compared to gravity anomalies derived from altimetry data. Therefore, shipborne gravity can be used to enhance
the accuracy of gravity anomaly models, particularly in coastal regions and areas with pronounced seafloor
relief.

Deep learning, an essential branch of machine learning, utilizes multilayer neural networks to uncover
complex nonlinear relationships between input and output data. Driven by advances in computational power
and the proliferation of big data, deep learning has found widespread applications across various domains.
Multi-channel convolutional neural networks, integrated with positional data, vertical deflections, and seafloor
topography, have been successfully applied to gravity inversion?’. By using the MLP neural network to integrate
multi-source geodetic differential data, the accuracy of the bathymetric model in the Caribbean region has been
significantly enhanced?!. Compared to other deep learning methods, MLP exhibits strong nonlinear fitting
capabilities, a simple, flexible structure, and robust generalization ability, enabling efficient handling of regression
and classification tasks while progressively extracting and optimizing features through multiple hidden layers?2.
In gravity anomaly refinement studies, MLP facilitates rapid gravity anomaly prediction, enabling the fusion of
multi-source geophysical data and revealing complex nonlinear relationships among gravity anomalies, seafloor
topography, and crustal density—an advantage that traditional methods often fail to achieve. Recent studies
have employed MLP to refine gravity anomaly models, particularly by using shipborne gravity data to improve
satellite-altimetry-based gravity inversion models. This approach overcomes the limited correction radius in
traditional methods?. However, this study utilized only single-source topographic data.

This study aims to refine the gravity anomaly model derived from altimetry data by using MLP to integrate
differential multi-source geophysical data, based on shipborne gravity data. The differential multi-source data
include differences in position, gravity anomalies, geoid height, bathymetry and sediment thickness between
shipborne gravity control or prediction points and the surrounding grid points. The experimental area and
related data are described in “Experimental area and data”. “Research method” covers the principles of the
MLP neural network, the data organization methods and the workflow for developing the gravity anomaly
model. “Establishment of gravity anomaly model” presents the construction of a gravity anomaly model for the
experimental area. “Accuracy evaluation” validates the MLP_GRA model using gravity anomaly values from
checkpoints and compares it with other models. The conclusion is provided in “Conclusion”

Experimental area and data

This section provides a comprehensive overview of the study area, the gravity anomaly models employed, the
geophysical datasets incorporated, and the shipborne gravity data utilized in this research. First, the Gulf of Mexico
is introduced as the experimental region, emphasizing its geographical and geological characteristics. Second,
the gravity anomaly models employed in the refinement process are described, including the XGM2019e_2159
model for correcting biases in shipborne gravity data, the SDUST2022GRA model as the primary input, and
other global models for comparative purposes. Third, the study outlines the auxiliary geophysical datasets used
for model training and prediction, including sediment thickness, mean dynamic topography, mean sea level, and
bathymetric data. Finally, a detailed account is provided of the processing procedures and statistical outcomes
related to the shipborne gravity data.

Experimental area

The Gulf of Mexico is a relatively compact body of water located between the United States and Mexico. The
Gulf of Mexico’s coastline is rugged, and its seafloor topography is complex, featuring the Sigsbee Abyssal Plain,
the Mexico Basin, the Cayman Trench and the Cayman Ridge?!. Consequently, the Gulf of Mexico region (261~
278°W, 15-32°N) is selected as the experimental area in this study. The deepest point in the study area reaches
approximately 6700 m, located in the Cayman Trench.

Gravity anomaly model

The SDUST2022GRA? model is a global marine gravity anomaly model developed by Shandong University of
Science and Technology. A novel method was employed during its development to recover gravity anomalies
from cross-track altimeter data. The model is derived from both across-track and along-track data obtained
from multiple satellite altimeters.

The SIO_V32.1% model, a global gravity anomaly model released by the Scripps Institution of Oceanography
(SIO), is designed to provide high-accuracy gravity field information worldwide, with a particular emphasis on
oceanic regions.

The DTU21GRA?” model is a global marine gravity anomaly model developed by the Technical University of
Denmark. During its development, the DTU21GRA model utilized observational data from multiple satellites,
ensuring comprehensive coverage an-d reliability.

The XGM2019¢e_2159% model is a gravity anomaly model released by the International Centre for Global
Earth Models ICGEM) in 2019. The model can be calculated from the gravity anomaly model XGM2019e. The
order of the model used here is 2159.

This study takes the SDUST2022GRA model as the object for refinement. The gravity anomaly values at
the shipborne gravity control points, prediction points and surrounding grid points are obtained from the
SDUST2022GRA gravity anomaly model. Additionally, the SDUST2022GRA, SIO_V32.1 and DTU21GRA
models are used to evaluate the developed gravity anomaly model. The shipborne gravity data are corrected for
gross errors by using the XGM2019e_2159 model as a reference gravity field model.
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Geophysical data

The sediment thickness data model employed in this study is provided by the NCEI, under the NOAA of the
United States. The global sediment thickness grid, GlobSed_V3?%, includes new data and marine sediment
thickness maps for several regions, with a grid resolution of 5.

The DTU22MDT?® model is a geodynamic Mean Dynamic Topography model developed by the Technical
University of Denmark. This model is derived using the new DTU21MSS model and has undergone a re-
evaluation of filtering, thereby improving its resolution.

The CNES_CLS_2022MSS*' model was jointly released by the French Space Agency (CNES) and Collecte
Localisation Satellites (CLS). This model emphasizes uniformity of the marine content and applies specific
processing to geodetic mission data.

The topo_25.1 model, released by SIO in January 2023, is used in this study to acquire seafloor topography
data. It has a grid resolution of 1'.

Figure 1 shows the GlobSed_V3, DTU22MDT, CNES_CLS_2022MSS, and topo_25.1 models in the Gulf of
Mexico region.

Shipborne gravity data

Shipborne gravity data are provided by the National Centers for Environmental Information (NCEI) under the
National Oceanic and Atmospheric Administration (NOAA) of the United States. The study area includes 28
shipborne gravity track datasets, spanning from 1961 to 1985. Long-wave system errors in the shipborne gravity
data on each track are corrected using quadratic polynomial regression®?. According to the “30” principle®,
shipborne gravity points with gross errors are excluded. The process involves interpolating gravity anomalies
from the XGM2019e_2159 model to the shipborne gravity points, calculating the differences between the
interpolated and shipborne gravity anomalies, determining the standard deviation of these differences, and
excluding points where the deviations exceed three times the standard deviation. A total of 6413 shipborne
gravity points were excluded, leaving 236,432 points, corresponding to an exclusion rate of approximately 2.6%.
The shipborne gravity data before and after the adjustments are shown in Table 1.

Research method

This section introduces a high-accuracy marine gravity anomaly modeling approach that leverages multilayer
perceptron (MLP) neural networks in combination with the difference in multisource geophysical datasets. The
content is structured into four main components. First, the architecture of the MLP neural network is outlined,
and its predictive mechanism is explained. Second, the arrangement of input and output data is described,
including how feature vectors are generated from spatial differences between observation sites and neighboring
grid points. Third, regional segmentation of the Gulf of Mexico is performed to mitigate land-induced effects
and enhance prediction accuracy. Finally, the model training pipeline is presented, covering parameter selection,
the prediction workflow, and the reconstruction method, ultimately producing a refined gravity anomaly
model. Together, these components form a precise and efficient methodological framework for gravity anomaly
refinement.

MLP neural network

The Multi-Layer Perceptron is a representative feedforward neural network that effectively identifies patterns in
complex datasets and maps relationships between input and output vectors®. The MLP consists of an input layer,
multiple hidden layers and an output layer®*3°. Each layer contains several nodes, are also referred to as neurons.
Nodes within the same layer are not interconnected, whereas nodes in adjacent layers are fully connected. The
input layer, which stores the input data, consists of the number of nodes equal to the features in the input data.
The complexity and performance of the MLP model are significantly influenced by the quantity of hidden layers
and nodes in each layer’’. Nodes in the hidden layers apply activation functions to process inputs from the
preceding layer through nonlinear transformations. The output layer, as the final layer of the MLP, is responsible
for producing the ultimate prediction results.

The output y of the nodes in the hidden layer can be calculated as follows:

y = Tanh(Wiz + b1) (1)

where Tanh(-) is the activation function, x is the input data of the node, and W1 and b; represent the weight
and bias, respectively.

Moving from the hidden layer to the output layer, let g represent the output of the output layer, which can be
calculated as follows:

g=Wan+ by (2)
where W> and b2 represent the training parameters, and # is the input data.

Data organization

The format of the input and output data is critical for the training of the MLP neural network, as it directly impacts
the accuracy of both training and prediction. Given the strong correlation between marine gravity anomalies and
variations in seafloor topography and crustal density, gravity anomalies are predicted by using the differences
in multi-source geophysical data between control points or predicted points of interest and surrounding grid
points. Taking into account both the computer’s performance and the experiment’s accuracy, an 8'x8 grid is
established around each shipborne gravity control point. The grid points are sequentially numbered from Grid
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Fig. 1. Geophysical data. (a) Mean Dynamic Topography data. (b) Sediment thickness data. (c) Mean Sea
Surface data. (d) Bathymetry data. (GMT v6.4.0, https://gmt-china.org/).

State Shipborne Gravity Points | MAX | MIN MEAN | STD | RMS
Before adjustment | 242,845 90.51 | -181.11 | -0.20 |6.06 |6.06
After adjustment | 236,432 38.61 | -43.58 | -0.03 |3.83 |383

Table 1. Statistical difference between shipborne gravity data and XGM 2019e_2159 gravity anomaly model.
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Point 1 to Grid Point 64. Figure 2 illustrates the distribution of grid points, the structure of the data organization,
and the framework of the MLP neural network.

The input data sequence used for training or prediction in this study includes the differences in longitude,
latitude, gravity anomaly, geoid height, bathymetry and sediment thickness between the point of interest (control
or prediction point) and Grid Point 1. This sequence is followed by the corresponding differences between the
point of interest and Grid Points 2 to 64, resulting in a total of 384 data points. The input data can be calculated
as follows:

AL' = Ly, — Lf}rid

AB' = Bip — fmd
A(Ag)" = Agip — Agyria
AN® = Nip — N} ria

AR = hip — hyrig
AT = Tip — Tirig

(i=1,2...64) 3)

where i represents the i-th grid point, ip denotes the point of interest, L;;, and B;, represent the longitude and
latitude of the point of interest, respectively, while Ly, ,; and By,.;; represent the longitude and latitude of the
i-th grid point. Agip, hipand T;prepresent the interpolated values from the SDUST2022GRA, topo_25.1 and
GlobSed_V3 models at the point of interest, respectively. Agg,.;q, hyriq and Ty,.;, represent the interpolated
values of these models at the i-th grid point. N;, represents the geoid height of the point of interest, Ng,.;4
represents the geoid height at the i-th grid point, and these can be calculated as follows:

{Nip = MSSiy, — MDTy, @
. ) ) 4
;m’d = MSS;md - MDTg;md

where M SS;, and M DT;;, represent the interpolated values of the CNES_CLS_2022MSS model and the

DTU22MDT model at the point of interest, M SS;,.;; and M DTy, ,, represent the interpolated values of the

two models at the i-th grid point.

The training output is the difference between the shipborne gravity anomaly at the control point and the

corresponding SDUST2022GRA model gravity anomaly, resulting in a single data, which can be calculated as
follows:
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Fig. 2. Structure of the multilayer perceptron neural network and its input/output data.
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Fig. 3. Area division (a) and Shipborne data distribution (b). (a) The blue region indicates areas beyond 4’
from the coastline, and the red region represents areas within 4'. (GMT v6.4.0, https://gmt-china.org/)

Aera A B
Number of control points 644 188,501
Number of checkpoints 161 47,126

Maximum shipborne gravity value (mGal) | 99.49 | 116.03

Minimum shipborne gravity value (mGal) | - 23.77 | - 134.39

Mean shipborne gravity value (mGal) 3786 | -9.18

STD of shipborne gravity (mGal) 5.86 3.82

Table 2. Gravity information statistics for subregions of the Gulf of Mexico.

A(AG) putpur = Agtrain — AgspusT20226RA (5)

where A(Ag),, ;. represents the output data for training, Agirain represents the shipborne gravity anomaly
value at the training point, and Agspusr2022GRraA is the interpolated value from the SDUST2022GRA model
at the training point.

The center of each 1'x1’ grid in the study area is selected as the point of interest for prediction. The
organization of the input data for prediction follows the same sequence as that for training, specifically the
differences in longitude(AL), latitude(A B), gravity anomaly(A (Ag)), geoid height(AN), bathymetry(Ah),
and sediment thickness(AT).

Marine partitioning

Prior to training the MLP model, the study area should be partitioned. In areas within 4’ of the coastline, grid
points from control and check points may fall on land. To minimize the influence of land on the accuracy of
gravity inversion, the Gulf of Mexico is divided into two sub-regions: Area A, located within approximately 4’ of
the coastlines, and Area B, beyond this boundary, as illustrated in Fig. 3a. Separate training and prediction are
performed for these two regions. 20% of the shipborne gravity points in Areas A and B are randomly selected
as checkpoints, while the remaining points are assigned as control points, as shown in Fig. 3b. Control points
are exclusively used for training the MLP model, and checkpoints are solely used to assess the accuracy of the
developed gravity anomaly model. The Details of the shipborne gravity points in Areas A and B are provided in
Table 2.

Process

After determining the data organization format and partitioning rules, the gravity anomaly model refinement is
carried out following these steps. First, standardization is used to remove the differences between different types
of input data. This procedure normalizes the raw data, ensuring it has a mean of 0 and a standard deviation of 1.
The formula for standardization is given as follows:
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where z represents the standardized value, p is the mean of the input data, o is the standard deviation, and z;
represents the original data.

Next, the selection of MLP neural network parameters should be conducted. The choice of parameters
significantly impacts the network’s performance and the training process. The parameters are initially set
randomly and continuously adjusted based on training accuracy to achieve the optimal configuration. When
training accuracy is low, strategies such as increasing the number of nodes in hidden layers, adding more
hidden layers, adjusting batch size, and modifying the learning rate are employed to enhance performance.
Hyperparameters are determined through evaluation using both training and validation datasets. In this study,
five hidden layers are utilized, with 512, 1024, 2048, 1024 and 512 neurons in each layer, respectively. A batch
size of 64 is employed. The Tanh activation function was selected due to its ability to handle both positive and
negative values, with an output range of -1 to 1, facilitating more balanced gradients and accelerating the training
process. The Adam algorithm was used, which is a gradient-based adaptive optimization method that effectively
accelerates convergence and stabilizes the training process. L2 regularization with alpha=0.01 was applied to
avoid overfitting. A learning rate of 0.0001 is adopted.

The structured input and output data are then used to train the MLP. The Adam optimization algorithm
iteratively updates weights and biases, allowing the neural network’s output to gradually converge to the training
data. The iterations stop when the loss function no longer decreases or when the maximum number of iterations
is reached, signaling the completion of the MLP model training.

Finally, the input data of the prediction points is input into the trained MLP model, and the resulting
predictions results are restored using the SDUST2022GRA model. The calculation formula is as follows:

Agp = A(AG)output + AgspusT2022aRrA (7)

where Ag, represents the gravity anomaly value obtained at the predicted point of interest, A(Ag)output
represents the predicted output gravity anomaly difference, and Agspusr2022Gra represents the gravity
anomaly value from the SDUST2022GRA model at the predicted interest point.

Based on the gravity anomaly values of each predicted point of interest, the 1’x1” grid resolution gravity
anomaly model (referred to as the MLP_GRA model) is constructed for the Gulf of Mexico region. Figure 4
presents the specific workflow for building the gravity anomaly model, comprising data preprocessing, the
training phase, and the prediction phase.

Results

This section presents the development of the gravity anomaly model and evaluates its precision. Initially,
the procedure for training the MLP model using structured data to establish the gravity anomaly model is
outlined. Then, using shipborne gravity measurements as a benchmark, the proposed model’s performance is
assessed against existing gravity models. The assessment includes global statistical analysis and depth-stratified
evaluations to thoroughly verify the effectiveness of the proposed approach.

Establishment of gravity anomaly model

First, the MLP neural network is trained separately using the input and output data from Regions A and B.
The input data consists of the differences in longitude, latitude, gravity anomaly, geoid height, bathymetry and
sediment thickness between the control points and the surrounding 8’x8’ grid points in both subregions. The
output data is the differences between the shipborne gravity anomalies at the control points in the two subregions
and the corresponding values from the SDUST2022GRA model. During training, the relationship between
input and output data is established. The Adam optimization algorithm continuously updates the weights, with
the output gradually converging to the output data. Through continuous iteration, MLP models for the two
subregions are established, and the training accuracy for both regions is shown in Table 3.

Finally, the differences in longitude, latitude, gravity anomaly, geoid height, bathymetry and sediment
thickness between the prediction points and the surrounding 8'x8’ grid points in both subregions are input into
the MLP model. The output is then restored using the SDUST2022GRA model, resulting in the predicted gravity
anomaly values at the prediction points. The MLP_GRA model for the Gulf of Mexico region is established
using the predicted gravity anomaly values from the two subregions. Figure 5 illustrates the MLP_GRA model
generated by the MLP neural network, the SDUST2022GRA model used as input, and the resulting differences
between the two models. The differences are mainly concentrated around 0 mGal, with larger deviations
observed near coastlines and regions with significant topographic variation. This demonstrates that the method
effectively improves satellite-derived gravity anomalies, especially in coastal regions and areas with pronounced
topographic variations where accuracy is lower.

Accuracy evaluation
The accuracy of the MLP_GRA model is assessed by comparing it with the SDUST2022GRA, SIO_V32.1 and
DTU21GRA models. To facilitate this comparison, cubic spline interpolation is applied to interpolate the MLP_
GRA, SDUST2022GRA, SIO_V32.1, and DTU21GRA models to the checkpoints. Table 4 presents the statistical
results of this comparison.

Table 4 shows that the MLP_GRA model reduces the STD by 0.40 mGal, 0.54 mGal and 0.39 mGal, compared
to the SDUST2022GRA, SIO_V32.1 and DTU21GRA models, respectively. Additionally, the MAE of the MLP_
GRA model is reduced by 0.32 mGal, 0.37 mGal and 0.27 mGal, compared to the SDUST2022GRA, SIO_V32.1
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and DTU21GRA models, respectively. These results indicate that the MLP_GRA model is closer to the shipborne

gravity anomalies compared to the SDUST2022GRA, SIO_V32.1 and DTU21GRA models.

The differences between the MLP_GRA, SDUST2022GRA, SIO_V32.1 and DTU21GRA models and the
shipborne gravity anomalies at the checkpoints are presented as distribution histograms in Fig. 6. The error
distributions of all four models approximate a normal distribution. The statistical results show that the percentages
of the differences within the +6 mGal range are 96.09%, 94.17%, 93.52%, and 94.29%, respectively. The gravity
anomaly difference of the MLP_GRA model greater than +9 mGal accounts for 1.29%, which is lower than
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Aera A B
R%/% 97.72 | 94.48
MAE/mGal | 0.55 | 0.54

Table 3. Training accuracy for subregions of the Gulf of Mexico.
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Fig. 5. Gravity anomaly model and the differences between MLP_GRA and SDUST_2022GRA models. (a)

MLP_GRA model. (b) SDUST2022GRA model. (c) MLP_GRA - SDUST2022GRA. (GMT v6.4.0, https://gmt-c
hina.org/)

Model Max | Min Mean | STD | RMS | MAE
MLP_GRA 3442 | -44.33 | -0.08 | 2.89 |2.89 |1.99
SDUST2022GRA | 37.33 | -42.36 | -0.02 | 3.29 |3.29 |231
SIO_V32.1 37.03 | -43.40 | -0.04 | 3.43 |3.43 |2.36
DTU21GRA 36.24 | -41.15 0.01 | 3.28 |3.28 |2.26

Table 4. Statistical comparison of the gravity anomaly differences between the marine gravity models and the
shipborne gravity anomalies at the checkpoints (Unit: mGal).

the proportions for the SDUST2022GRA model (1.88%), SIO_V32.1 model (2.18%) and DTU21GRA model
(1.93%). Consequently, the differences between the MLP_GRA model and the shipborne gravity anomalies
are more concentrated, indicating that the MLP_GRA model more accurately reflects the gravity anomaly
information.

To analyze the accuracy of the MLP_GRA model across different depths, the differences among the four
models at various depths of the checkpoints were calculated. As shown in Table 5, the MLP_GRA model exhibits
varying degrees of improvement across different depth ranges compared to the SDUST2022GRA, SIO_V32.1
and DTU21GRA models. In the 1000 to 2000 m depth range, the standard deviation (STD) decreases by 0.75
mGal, 0.84 mGal and 0.87 mGal, respectively. The MLP_GRA model exhibits the most significant accuracy
improvement compared to the SDUST2022GRA, SIO_V32.1 and DTU21GRA models within this depth range.
This improvement can be attributed to the considerable topographic variations at the checkpoint locations, which
result in reduced precision in the gravity anomalies derived from altimetry data. These results demonstrate that
the proposed method effectively refines gravity anomalies obtained from altimetry data.

Discussion

The MLP_GRA model integrates multiple sources of data, such as sediment thickness and bathymetry. This
section investigates the effect of various data combinations on the accuracy of the established MLP_GRA model.
Initially, differences in longitude, latitude, gravity anomaly and geoid height between the control points and the
surrounding 8'x8’ grid points serve as the foundational input data. These inputs are then combined with other
data sources to train the MLP neural network. Subsequently, these foundational and combined data are input
into the corresponding MLP model. The predicted results are restored using the SDUST2022GRA model. Using
the predicted gravity anomaly values, a gravity anomaly model for the Gulf of Mexico is developed. The accuracy
of the model is evaluated by interpolating its values at designated checkpoints. Table 6 presents the statistical
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Fig. 6. Distribution histogram of the gravity anomaly differences between the models and the shipborne
gravity anomalies at the checkpoints, with the red line representing the normal distribution curve.

results, where AB, AL, A(Ag), AN, Ah and AT represent the differences in longitude, latitude, gravity anomaly,
geoid height, bathymetry, and sediment thickness, respectively.

Table 6 reveals that models based solely on foundational data, or those combining foundational data with
depth differences or sediment thickness differences, exhibit lower accuracy compared to the MLP_GRA model.
Among these, the model established by combining bathymetry difference, sediment thickness difference and
foundational data achieves the highest accuracy, while the model based solely on the foundational data shows the
lowest accuracy. This confirms that marine gravity anomalies are influenced by seafloor topography undulations
and crustal density variations. Furthermore, models constructed using two data combinations demonstrate
higher accuracy than those based on a single data, with the model based on three data combinations yields the
best results.

It can be observed that combining sediment thickness data with foundational data improves the STD and
MAE by 0.05 mGal and 0.06 mGal, and by 0.02 mGal and 0.04 mGal, respectively, compared to using only
foundational data or the combination of foundational data with bathymetry. The incorporation of sediment
thickness data results in the greatest improvement in model accuracy, which can be attributed to the relatively
high sediment thickness in the Gulf of Mexico region.

Conclusion

This study refines the satellite-derived gravity anomaly model by employing MLP neural networks to integrate
the differences in multi-source geophysical data between control or prediction points and grid points, based on
shipborne gravity data. The multi-source geophysical data include longitude, latitude, gravity anomaly, geoid
height, bathymetry and sediment thickness. Using this approach, the gravity anomaly model, MLP_GRA, with a
1'x1’ grid resolution, was developed for the Gulf of Mexico (261-278 °W, 15-32 °N).

Compare the MLP_GRA, SDUST2022GRA, SIO_V32.1 and DTU21GRA models with shipborne gravity
anomalies at the checkpoints. The results show that the MLP_GRA model exhibits higher consistency with
the shipborne gravity data. A comparison of shipborne gravity anomalies at the checkpoints across different
depth ranges shows that the MLP_GRA model achieves varying degrees of improvement over the other three
models in all depth ranges. These results confirm that integrating differential multi-source geophysical data
with the MLP neural network, based on shipborne gravity data, can effectively refine the gravity anomaly model
derived from satellite altimetry. Although the MLP method demonstrates stronger nonlinear fitting capabilities
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Depths/km | Number of checkpoints | Modle MAX | MIN | MEAN | STD | RMS | MAE
MLP_GRA 26.33 | -29.10 | -0.62 255 |2.62 |1.87
SDUST2022GRA | 22.37 | -34.43 | 0.42 2.84 |2.87 |2.09
0,1] 17,861
SIO_V32.1 30.85 | -30.17 | -0.13 3.04 |3.04 |217
DTU21GRA 28.02 | -33.54 | 0.36 2.78 |2.80 |2.01
MLP_GRA 3442 | -44.33 | 0.13 296 |2.96 |2.00
SDUST2022GRA | 31.04 | -41.98 | -0.05 371 |3.71 |2.58
(1,2] 9251
SIO_V32.1 32.29 | -43.40 | 0.14 3.80 |3.80 |2.59
DTU21GRA 32.31 | -40.59 | -0.08 3.83 |3.83 |262
MLP_GRA 3235 | -25.11 | 0.25 322 323 |213
SDUST2022GRA | 23.90 |-33.59 | -0.44 3.54 | 357 |249
(2,3] 7191
SIO_V32.1 29.21 | -34.69 | -0.16 3.75 |3.76 |2.58
DTU21GRA 23.68 | -36.54 | -0.37 3.53 |3.55 | 246
MLP_GRA 31.78 | -27.11 | 0.18 275 | 275 |1.92
SDUST2022GRA | 37.33 | -31.12 | -0.35 3.07 |3.09 |219
(3,4] 10,756
SIO_V32.1 37.03 | -28.17 | -0.06 321 321 |225
DTU21GRA 36.24 | -27.01 | -0.26 3.05 |3.06 |2.13
MLP_GRA 27.52 |-30.37 | 1.10 3.81 |3.96 |270
SDUST2022GRA | 25.04 | -42.36 | -0.42 442 | 444 | 286
(4, +e0) 2228
SIO_V32.1 27.14 | -41.50 | 0.54 439 | 442 |2.88
DTU21GRA 24.63 | -41.15 | 0.13 436 |4.36 | 277

Table 5. Statistical comparison of the gravity anomaly differences between the marine gravity models and the
shipborne gravity anomalies at the checkpoints at different depths (unit: mGal).

Input Data Max | Min Mean | STD | RMS | MAE
MLP_GRA 34.42 | -44.33 | -0.08 | 2.89 |2.89 |1.99
AB, AL, Aginput, AN 32.28 | -43.46 | 0.09 |3.01 |3.01 |2.08

AB, AL, Aginput, AN, Ah | 33.61 | - 42.64 0.04 | 2.98 |2.98 |2.06

AB, AL, Aginput, AN, AT | 33.32 | -47.44 | -0.02 | 2.96 |2.96 |2.02

Table 6. Statistical results of the comparison between gravity anomaly models established with different data
and the shipborne gravity anomalies at the checkpoints (unit: mGal).

in gravity anomaly refinement modeling, it still has limitations including strong data dependence and lack of
physical interpretability.

Data availability
All the data necessary to assess the conclusions of the paper are provided within the manuscript. For further data
related to this study, please contact Chengjun Xiao (chengjunxiao904@163.com).
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