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Abstract
Satellite gravity anomaly data are characterized with wide coverage and high overall normalized quality, and these data 
can be used in large-scale regional structural research. However, detailed information on local areas is often missing after 
smoothing. High-resolution ship-borne gravity anomaly data can better identify fault zones and block boundaries at key 
locations, compensating for low-resolution satellite gravity data. In this study, comprehensive gravity data derived from 
multiple techniques are used based on wavelet transforms, the fusion rules for high- and low-frequency wavelet coefficients 
are established, and the complementary use and effective fusion of gravity data derived from multiple techniques are realized. 
By collecting a large amount of ship-borne data in the Ross Sea of Antarctica, 1434 valid survey lines with a total length of 
98,204 km are obtained in the study area. After adjustment, the root mean square of the crossover errors is ± 1.92 × 10–5 m/
s2. Here, different wavelet functions and decomposition levels are used, the concept of window weighting is introduced, 
and the useful information of the two data types is further fused. Thus, higher-resolution data are obtained with less errors. 
When fusing all line data, the minimum RMS difference between the optimal fusion result and the ship measurement data 
is 1.64 × 10–5 m/s2, which increases the accuracy by 1.66 × 10–5 m/s2. When we adopt 80% data fusion and the remaining 
20% data validation, although a considerable portion of the remaining side lines are still distributed in areas that the original 
side lines cannot cover, using this method can still effectively improve the accuracy of the fused data. This method can be 
applied to most gravity data.
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Introduction

The marine gravitational field offers gravity data that aids 
in the exploration of the shape and internal structure of the 
Earth, as well as exploring the mineral resources of the 

ocean and guaranteeing spaceflight and long-range weapon 
launches. The gravity anomaly field can indicate deviations 
in the earth’s actual shape and internal mass from the refer-
ence ellipsoid, reveal the density difference information of 
the lithosphere, and reflect the influence of diverse ore bod-
ies and structures deviating from normal density distribution 
in the crust. Thus, the gravity anomaly is a crucial reference 
in the exploration of sedimentary basins. With the continu-
ous updating of marine gravity survey equipment and the 
continuous improvement of data processing methods, the 
accuracy of ship-borne gravity data (SHGD) has been sig-
nificantly improved. The amount of SHGD is also increas-
ing geometrically due to the increase of access methods, so 
its application range is becoming more and more extensive. 
At present, gravity field data are mostly obtained through 
ship-based gravity measurement and satellite altimetry 
inversion techniques. How to effectively integrate satellite 
gravity data (SAGD) and ship-based gravity data to generate 

Edited by Prof. Ivana Vasiljevic (ASSOCIATE EDITOR) / Prof. 
Gabriela Fernández Viejo (CO-EDITOR-IN-CHIEF).

 *	 Haibin Song 
	 hbsong@tongji.edu.cn

	 Long Ma 
	 malong@fio.org.cn

1	 School of Ocean and Earth Science, Tongji University, 
Shanghai 200092, China

2	 First Institute of Oceanography, Ministry of Natural 
Resources, Qingdao 266061, China

3	 School of Geosciences, China University of Petroleum, 
Qingdao 266555, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s11600-024-01366-8&domain=pdf
http://orcid.org/0000-0001-8031-9983


	 Acta Geophysica

high-precision marine gravity data products in the research 
area has become a difficult technical problem to be solved.

Because SAGD are based on multisatellite long-term 
acquisition operations, they offer high coverage and a near-
even spectral information distribution, and they can invert 
large-scale structural anomalies in a study area. However, 
when conducting continental margin basin studies, high-
frequency information on small structures revealed by sat-
ellite gravity anomalies is often missing due to upwards 
extension effects caused by sediment supply and rifting 
(Fairhead et al. 2001). Research on gravity data fusion can 
fundamentally solve the problem of comprehensive and 
complementary application of different gravity data and 
has important economic value for oil and gas exploration 
in Cenozoic strata and deep-sea marine areas. It can fur-
ther improve the research on local structural details in key 
areas. Therefore, it has been continuously valued by gravity 
data processing researchers. Ship-borne gravity anomalies 
obtained based on short sampling intervals contain high-
frequency/short-wavelength information at data points along 
survey lines that are missing from satellite gravity anomalies 
(Hwang and Parsons 1995). Taking a research vessel at a 
speed of 10 knots as an example, the interval between sur-
vey points is approximately 5 m. However, in the uncovered 
areas between the ship-borne data survey lines, full coverage 
cannot be achieved since there are no observation points. 
Therefore, it is urgent to propose a new fusion method to 
make full use of the advantages of high accuracy of SHGD 
and the extensive coverage of SAGD. By conducting stud-
ies on high- and low-frequency information extraction and 
coefficient fusion, high-precision and wide-range gravity 
field data can be obtained, thus reasonably producing high-
precision marine gravity data products in a study area.

Although ship-borne gravity data are high precision, a 
large amount of labor and material resources are needed. 
At present, global ocean gravity anomalies are obtained by 
means of satellite-to-satellite tracking technique to recover 
earth gravity field(such as GRACE, CHAMP), satellite grav-
ity gradient measurement(GOCE), and satellite altimetry 
data inversion(Sandwell et al. 2013, 2014) with a resolu-
tion of 1 arc minute, the accuracy of some areas can reach 
1 mGal. Internationally, two main types of gravity data 
fusion methods, statistical methods and analytical methods, 
have been proposed, with least squares collocation (Tschern-
ing et al. 1998; Kern et al. 2003) and least squares spectral 
fusion methods (Pirooznia et al. 2023; Zhang et al. 2017; 
Shih et al. 2015) as typical representatives, respectively. 
Additionally, numerous scholars have conducted research 
on the fusion of gravity data derived from multiple tech-
niques based on the wavelet transform(Kuroishi and Kel-
ler 2005; Panet et al. 2011; Bolkas et al. 2015, 2016; Bai 
et al. 2016), achieving substantial research outcomes. Bol-
kas et al. (2015, 2016) carried out multiresolution wavelet 

analysis of terrestrial, airborne and satellite gravity data in 
the southeastern USA and the northern Gulf of Mexico and 
analyzed the effects of data point density and distribution 
on gravity data fusion by separating the optimal spectral 
information in the dataset. Bai et al. (2016) used a wavelet 
transform method to decompose the South China Sea SHGD 
and SAGD multiple times, using SAGD for low-frequency 
information and taking the higher of the two types of data as 
high-frequency information. Panet et al. (2011) used wavelet 
analysis to fuse the potential field gravity model EIGEN-
GL04S, terrestrial and ocean gravity data, and SAGD, ulti-
mately obtaining local high-resolution gravity data for Japan.

The methods for gravity data fusion based on the wavelet 
transform proposed by previous researchers have achieved 
significant results. However, they lack effective resolu-
tion and still cannot effectively extract information from 
ship measurements and satellite gravity data. In this study, 
SHGD and SAGD in the Ross Sea of Antarctica are obtained 
through collection and processing. Based on various wave-
let functions and multi-level wavelet decompositions, a new 
high/low-frequency coefficient fusion rule is established by 
weighting the coefficient window, ultimately leading to the 
fusion of gravity data derived from multiple techniques. 
On this basis, by comparing the root mean square (RMS) 
between the fusion results, satellite and ship-borne gravity 
data, and carrying out comparative analysis of typical pro-
files, a set of wavelet transform fusion methods suitable for 
gravity data derived from multiple techniques is established 
in order to obtain the best fusion result data.

Data for the Ross Sea of Antarctic

The Ross Sea, which is adjacent to the Trans-Antarctic 
Mountains in the west and to the uplifted Mary Bird Land in 
the east, belongs to the West Antarctic Rift System (Cande 
et al. 2000; Behrendt and Cooper 1991). The Ross Sea is 
generally fan-shaped, and the water depth gradually deep-
ens from southeast to northwest. The tectonic activity area 
is mainly located in the shallow position of the 2 000 m 
isobath, which is still in the rifting stage. The study area is 
far from the Northern Hemisphere continents, the climate 
and environment are complex, and the window period for 
scientific investigation by research vessels is very limited, 
so valuable survey line data are often scarce and cannot eas-
ily form a network. Although deep seismic and submarine 
seismograph profiles can accurately reveal the characteristics 
of the crustal structure, due to their complex operation and 
high cost, they can only cover a small area and cannot be 
applied to the entire area.

The global high-precision and high-resolution marine 
gravitational field data (V32.1, Sandwell et al. 2014) con-
structed by CryoSat-2 and Jason-1 altimetry satellites are 
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used for SAGD. The data covers a wide range and has the 
characteristics of multiple round-trip orbit measurements. It 
can make up for the gap between the SHGD lines and com-
pletely cover the research area. The SHGD (Fig. 1) consists 
of 29 voyage data published and available on the National 
Geophysical Data Center website (NGDC. http://​maps.​ngdc.​
noaa.​gov/​viewe​rs/​geoph​ysics/). and two measured survey 
voyage data (Ma and Zheng 2020).The elevation data is 
derived from the global seabed terrain GEBCO2023 grid 
data ( http://​www.​gebco.​net, resolution of 15"×15").

During marine surveys, due to various factors such 
as instruments and equipment, sea conditions, and posi-
tioning accuracy, gravity observations contain a certain 
amount of accidental errors and systematic errors. At pre-
sent, the measured gravity data of China’s marine grav-
ity survey generally adopts the normal field formula of 
the ellipsoid corresponding to the CGCS2000 ellipsoid. 
Therefore, it is crucial to first eliminate systematic differ-
ences in survey line data under different ellipsoid param-
eters. When processing the survey line data, we strictly 
take the voyage as the unit, and according to the factors 
such as the track distribution, heading, speed, etc., we 
accurately eliminate the invalid data such as the bending 
section, the stop section, the repeated section and the non-
intersection points. The purpose of this is to ensure that 
each line can be effectively connected to other lines and 
is within the same observation system. In particular, it is 
worth mentioning that we ensure that there are no separate 
survey lines that lose connection with other survey lines 

after a certain intersection point. Ultimately, we success-
fully processed and obtained 1434 valid survey lines. Such 
processing not only simplifies the data, but also improves 
the accuracy of the analysis.

We employ the least squares quadratic polynomial fit-
ting method on the time scale proposed by Hwang and 
Parsons (1995).

In the formula, Δg denotes the gravitational correc-
tion value, a0 represents the systematic deviation between 
ship-based survey data and satellite data, and a1 and a2 
represent the cumulative effect of all error sources on each 
survey line. After eliminating the systematic deviation 
through least squares fitting, a total of 8101 crossovers 
were calculated (Fig. 2) for all survey lines, with the effec-
tive survey line having a total length of 98,204 km.

The average value of the crossover er rors is 
0.11 × 10−5 m/s2, and the RMS is 2.44 × 10−5 m/s2. The 
points with an absolute value of the crossover errors less 
than or equal to 2 × 10−5 m/s2 account for 67.26% of the 
total points. The points with an absolute value greater 
than 2 and less than or equal to 5 account for 27.10% of 
the total points. The points with an absolute value greater 
than 5 are mainly distributed in the southwest corner of 
the Ross Sea, accounting for 5.64%. Based on Fig. 1, it is 
evident that certain regions in the southwest corner of the 
Ross Sea may be affected due to the presence of sea ice, 

(1)Δg = a0 + a1t + a2t
2.

Fig. 1   The distribution map of 
ship-borne gravity survey line 
in the study area: the base map 
is terrain, and the red line is 
NGDC open ship-borne gravity 
survey line data. The blue line 
(CHN30) and the green line 
(CHN31) are two measured 
voyages obtained by Ma and 
Zheng (2020). The black line is 
the comparison profile of grav-
ity fusion results

http://maps.ngdc.noaa.gov/viewers/geophysics/
http://maps.ngdc.noaa.gov/viewers/geophysics/
http://www.gebco.net
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potentially impacting the quality of gravity data obtained 
from ship measurements in these areas.

Methods

The gravity field models and satellite-observed grav-
ity field data have low resolution, primarily represent-
ing long-wavelength and (partially) mid-wavelength 
(> 160 km) gravitational fields, while terrestrial and air-
borne gravity data have obvious advantages in short-wave-
length(< 110 km)and medium-wavelength(330–110 km) 
gravititational fields(Gruber et al. 2011; Bolkas et al. 
2015). To fully fuse the high-frequency information 
within the SHGD and the low-frequency information in 
SAGD with high coverage, this paper proposes a method 
for gravity data fusion using a high- and low-frequency 
information sliding window weighted approach, based on 
the differences in precision across various wavelet trans-
form scales, observed from different data points. This 
study uses a weighted average method to fuse the high- 
and low-frequency information of gravity data obtained 
through wavelet transform decomposition, and 8 main 
wavelet functions are used, including haar, db, sym, coif, 
bior, rbio, dmey, and fk. For comparison, in this study, 
a data fusion method using window weighting for low-
frequency information and taking the higher frequency 
as high-frequency information is used, and the resulting 
data are compared with the satellite and ship-borne data.

Adjustment of ship‑borne data

As the last step of data processing and quality control, the 
adjustment of marine gravity network is undoubtedly criti-
cal. Based on the least square method, the method of estab-
lishing the coefficient matrix of the equations to calculate the 
adjustment value is widely used in the adjustment processing 
of marine gravity survey network data(Pirooznia et al. 2023; 
Huang et al. 1999; Huang 1995; Adjaout and Sarrailh 1997; 
Prince and Forsyth 1984).Ship-borne gravity data is meas-
ured while the observation platform is constantly moving, 
and it contains not only systematic errors but also accidental 
errors caused by various factors. The observed values of the 
crossover points of the main line (gij) and the connecting line 
(gji) at the crossover of the survey network can be expressed 
as (Huang 1990; Ma et al. 2021):

In the formula, i and j are the line number, and gt is the 
true value of the crossover point, εij、βji is the system error 
of the main survey line i and the connecting line j, △ij is the 
random error, and the crossover error is:

Each point is considered as an equal precision observa-
tion. Assuming there are n intersections between the sur-
vey lines, and using the semi system difference adjustment 

(2)gij = gtij + �ij + Δij,

(3)gji = gtji + �ji + Δ�
ji
.

(4)dij = gij − gji = �ij − �ji + Δij − Δ�
ji
.

Fig. 2   Distribution of crossover errors in the cruise data
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method for calculation, after adjusting the main survey 
line and the connecting line for one and a half system dif-
ference adjustment, the crossover error becomes:

Iterative calculation until the algebraic sum of incon-
sistent values at the crossover is zero. Finally, the results 
data of all ship survey lines are obtained (Fig. 3).

(5)dij = dij −
1

n

n∑

1

dij.

After adjustment, the average value of the crossover errors 
is 0.00 × 10−5 m/s2, and the RMS is reduced to 1.92 × 10−5 m/
s2. The SHGD and SAGD exhibited an average discrepancy 
of -0.36 × 10−5 m/s2, with an RMS of 3.30 × 10−5 m/s2 and 
a standard deviation (STD) of 3.28 × 10−5 m/s2. According 
to the distribution of the survey line point data, the ship-
measured gravity data is interpolated by 0.003° × 0.003°grid. 
A comparison of SHGD with SAGD is presented in Fig. 4.

The systematic difference between SHGD and SAGD is 
relatively small, and the distribution range of spatial grav-
ity anomalies is consistent. However, in areas where the 

Fig. 3   Histogram of precision in crossover errors after adjustment

Fig. 4   Comparison of SHGD and SAGD. a is the mapping of SHGD, and the blank is supplemented by SAGD; b is the satellite gravity anomaly 
map
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ship-borne survey lines have greater coverage, the resolution 
of SHGD significantly surpasses that of SAGD, enabling the 
depiction of local detail information that satellite data lacks.

Gravity fusion of ship‑borne and satellite gravity 
data

By introducing the concept of multiscale analysis, a wave-
let transform decomposes a signal into components of vari-
ous scales by means of translation and scaling and finally 
realizes the localized analysis of spatial frequencies, that 
is, spatial subdivision at high frequencies and frequency 
subdivision at low frequencies. In recent years, because a 
wavelet transform can focus adaptively on the key informa-
tion of time–frequency signals, this method has been widely 
used in many disciplines, such as computer applications, 
image analysis, engineering technology, and geophysical 
data fusion. When Ψ(t) ∈ L2(R) and the Fourier transform 
is Ψ̂(�) , Ψ̂(�) satisfies the perfect reconstruction (PR) condi-
tions as follows(Mallat 2008; Roshandel et al. 2015; Pajares 
and Cruz 2004):

where Ψ(t) is a basic wavelet function. For a continuous 
scaling function a and a continuous translation parameter b, 
the wavelet function of Ψ at time t can be represented by the 
following equation:

The basic wavelet function Ψa,b(t) is a set of the scaling 
function and continuous translation parameter and sampled 
signals with discrete wavelet transform (DWT, Amolins 
et al. 2007), where b ∈ R, a ∈ R+ and a ≠ 0. In many practical 
applications, the input and output of signals are discrete, so 
DWT is more widely used than continuous wavelet analysis 
(CWT). Two dimensional DWT can decompose two dimen-
sional data (images) into coefficients of varying scales, rep-
resenting the original image with various scales in different 
frequency.

The SHGD and SAGD are decomposed using an n-level 
discrete wavelet transform (DWT) into the low-frequency 
component matrix (LL1…LLn) and the high-frequency 
component matrix, which encompasses three dimensions: 
horizontal (LH1…LHn), vertical (HL1…HLn), and diagonal 
(HH1…HHn). After the nth level decomposition, 2n times 
of coefficient to signals can be acquired and represented in 
a 1-dimensional form as k*1 (k denotes the total count of 
coefficients) (Fig. 5; Mallat 1989). The SHGD and SAGD 
to be fused are decomposed via DWT, sliding with different 

(6)CΨ = ∫
R

|||Ψ̂(𝜔)
|||
2

|𝜔|
d𝜔 < ∞,

(7)Ψa,b(t) =
1
√
a
Ψ

�
t − b

a

�
.

window steps i is performed to traverse the spectral coeffi-
cients, the difference between the absolute values of the two 
coefficients is calculated, and the fusion of the coefficients is 
performed according to the fusion rules. The specific fusion 
rules are described as follows: First, the low-frequency coef-
ficients are analyzed and calculated. The m1 low-frequency 
coefficients in the ship-borne data within the range of i are 
smaller than the satellite data, and the weighting formula for 
this part of the data is obtained as follows:

where i is the low-frequency coefficient window step, rang-
ing from 1 to the number of low-frequency coefficients, CI 
represents the low-frequency coefficient within i-range for 
the fused gravity, CSI is the ship-borne spectral coefficient, 
and CAI is the satellite low-frequency coefficient. Simulta-
neously, the m2 high-frequency coefficients of the SHGD in 
j-range are larger than the SAGD, and the weighting formula 
for this part of the data is obtained as follows:

where j is the high-frequency coefficient window step, rang-
ing from 1 to the number of high-frequency coefficients, SJ 
represents the high-frequency coefficient within j-range for 
the fused gravity, SSJ is the ship-borne spectral coefficient, 
and SAJ is the low-frequency coefficient for SAGD. For the 
data fused using the low/high-frequency coefficients, the tra-
versal coefficients are calculated with i and j as the starting 
window steps. To further compare the calculation results, 
only low-frequency weighted fusion, as well as low/high-
frequency window weighted fusion are carried out.

This study is mainly based on different wavelet functions. 
After multi-level decomposition, different window steps are 
selected for the traversal and weighted calculation to gen-
erate the fusion results of various frequency coefficients. 
Finally, the fusion result can be acquired through the inverse 
wavelet transform (Fig. 5). Thus, the optimal results would 
be acquired by subtracting the fusion result from SHGD and 
SAGD and comparing and calculating the RMS (Eqs. 10 
and 11):

where Fi is the data after fusion, Si is the SHGD, and Ai is 
the SAGD.

(8)CI =
m1

i
∗CSI +

i − m1

i
∗CAI,

(9)SJ =
m2

j
∗SSJ +

j − m2

j
∗SAJ,

(10)RMSs =

�∑n

i=1

�
Fi − Si

�2

n
,

(11)RMSA =

�∑n

i=1

�
Fi − Ai

�2

n
,
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The SHGD and SAGD are decomposed using an n-level 
discrete wavelet transform (DWT) into the low-frequency 
component matrix and the high-frequency component 
matrix. Based on the low-frequency and high-frequency 
coefficients, a sliding window step traverses the ship-borne 
and satellite spectrum coefficients, and calculates the abso-
lute value difference between the two coefficients. For low-
frequency coefficients, within the i range of SHGD, m1 low-
frequency coefficients are less than SAGD, and formula 9 is 

used for fusion. For high-frequency coefficients, within the 
j range of ship measurement data, m2 high-frequency coeffi-
cients are greater than satellite data, using formula 10 to fuse 
the data. To compare the calculation results, two methods of 
weighted fusion are compared: only low-frequency weighted 
fusion and low/high-frequency simultaneous weighted 
fusion. Based on different wavelet functions, after multi-
level decomposition, different window steps are selected to 
traverse weighted calculations to obtain the fusion results of 

Fig. 5   Flow chart of gravity data fusion method
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high-frequency and low-frequency coefficients. The data is 
subjected to inverse wavelet transform, and the results are 
compared with the SHGD and SAGD, and the best fusion 
result is selected as the output of the data.

Gravity data fusion over the Ross Sea 
of Antarctica

The interpolation interval of the grid for the ship-borne 
gravity data in this paper is 0.003°. According to wavelet 
decomposition theory, when the decomposition goes to the 
9th level, the background wavelength information is roughly 
equivalent to 160 km (Bai et al. 2016). At this time, the 
ship-borne gravity data have no advantage, so the maximum 
number of decomposition levels is determined to be 9. Thus, 
the gravity data fusion method shown in Fig. 5 is adopted 
to carry out data processing and fusion to realize the com-
plementary use and effective fusion of SHGD and SAGD in 
the research area.

Application result of all ship‑borne data

According to the accuracy analysis of ship-borne and sat-
ellite data, the smaller the RMS of the deviation between 
the fusion result and the SHGD, the higher the fusion 
accuracy, while the smaller the RMS of the deviation with 
the SAGD, the higher accuracy of the fusion result in the 

long-wavelength information, which is missed in the ship-
borne data. From the above two kinds of data results fused 
with the wavelet fusions, the following results are selected: 
① fusion data with the smallest RMS of the difference with 
the SHGD; ② fusion data with the smallest RMS of the dif-
ference with the SAGD; and ③ fusion data with the small-
est sum of RMS of the difference with SHGD and SAGD 
(Tables 1 and 2).

In the tables, “F” denotes the suffix of the wavelet func-
tion, “L” denotes the wavelet decomposition level, and "W" 
denotes the weighting window.

Tables 1 and 2 show the minimum the sum of RMS 
between the gravity fusion results and satellite/ship data 
obtained under different weighted window steps, differ-
ent wavelet functions and different wavelet decomposition 
levels. To obtain the three optimal results proposed above, 
Table 1 indicates that: for the high- and low-frequency 
window weighting method, the minimum RMS difference 
between the fusion result and the SHGD is 1.62 × 10–5 m/
s2 (at this time, the RMS difference with the SAGD is 
2.00 × 10–5 m/s2, and the sum of RMS is 3.62 × 10–5 m/
s2); the minimum RMS between the fusion result and the 
SAGD is 1.16 × 10–5 m/s2 (at this time, the RMS differ-
ence with the SHGD is 2.36 × 10–5 m/s2, and the sum of 
RMS is 3.52 × 10–5 m/s2); and the minimum sum of the 
two RMS is at least 3.50 × 10–5 m/s2 (at this time, the RMS 
with the SHGD is 1.64 × 10–5 m/s2, and with the SAGD is 
1.86 × 10–5 m/s2. The results are shown in Fig. 6. However, 

Table 1   RMS between the fusion results and the SHGD/SAGD with the high-/low-frequency window weighting method (unit: 10–5 m/s2)

In the tables, "F" denotes the suffix of the wavelet function, "L" denotes the wavelet decomposition level, and "W" denotes the weighting window

haar db sym coif

F L W RMSmin F L W RMSmin F L W RMSmin F L W RMSmin

with SHGD haar 4 20 2.04 db7 8 200 1.68 sym8 7 200 1.71 coif4 7 600 1.67
with SAGD haar 1 1400 1.17 db1 1 1400 1.17 sym2 1 1300 1.17 coif1 1 1400 1.17

bior rbio dmey fk
with SHGD bior3.9 7 300 1.62 rbio6.8 9 90 1.68 dmey 6 1100 1.63 fk14 9 100 1.65
with SAGD bior1.1 1 1400 1.17 rbio1.3 1 1400 1.16 dmey 1 1500 1.25 fk4 1 1400 1.17

Table 2   RMS between the fusion results and the SHGD/SAGD with window weighting for low-frequency and taking the higher frequency as 
high-frequency information (unit: 10–5 m/s2)

In the tables, "F" denotes the suffix of the wavelet function, "L" denotes the wavelet decomposition level, and "W" denotes the weighting window

haar db sym coif

F L W RMSmin F L W RMSmin F L W RMSmin F L W RMSmin

with SHGD haar 2 50 2.05 db8 4 30 1.83 sym8 4 30 1.81 coif4 4 30 1.79
with SAGD haar 1 1400 1.20 db2 1 1400 1.19 sym2 1 1400 1.19 coif2 1 1400 1.19

bior rbio dmey fk
with SHGD bior3.7 4 30 1.77 rbio5.5 4 20 1.83 dmey 4 80 1.64 fk22 4 30 1.82
with SAGD bior2.2 1 1400 1.19 rbio1.5 1 1400 1.18 dmey 1 1400 1.27 fk6 1 1300 1.19
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when the wavelet function is bior 3.9 with 7 levels, as the 
weighting window increases from 500 to 900, the resulting 
error increases sharply.

Table 2 shows the results obtained when the data fusion 
method involves low-frequency weighting for low-fre-
quency information and takes the higher data type as high-
frequency information. The minimum RMS difference 
between the fusion result and the SHGD is 1.64 × 10–5 m/
s2 (at this time, the RMS difference with the SAGD is 
2.02 × 10–5 m/s2, and the sum of RMS is 3.66 × 10–5 m/s2), 

the minimum RMS between the fusion result and SAGD 
is 1.18 × 10–5 m/s2 (at this time, the RMS difference with 
the SHGD is 2.35 × 10–5 m/s2, and the sum of RMS is 
3.53 × 10–5 m/s2), and the minimum sum of the two RMS 
is 3.53 × 10–5 m/s2 (at this time, the RMS with the SHGD 
is 2.34 × 10–5 m/s2, and with the SAGD is 1.19 × 10–5 m/
s2). The results are shown in Fig. 7.

As shown in Figs. 6 and 7, when the low-frequency and 
high-frequency window weighting method is used to pro-
cess data, as the weighting range gradually increases, the 

Fig. 6   The relationship between the weighting range and the RMS when the number of decomposition levels is fixed, and high frequency and 
low frequency are weighted equally

Fig. 7   The relationship between the weighting range and the RMS 
when the different decomposition level is fixed and the data fusion 
method involving low-frequency weighting for low-frequency infor-

mation and taking the higher of the two types of data as high-fre-
quency information is used
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RMS of the fusion result and the SHGD and SAGD gener-
ally decreases, but when the window step exceeds a cer-
tain value, the trend tends to remain unchanged. When the 
data fusion method involving low-frequency weighting for 
low-frequency information and the higher of the two types 
of data for high-frequency information is used, the overall 
trend is consistent with that of the window weighting pro-
cess. Generally, when the window step i exceeds a certain 
value, the RMS tends to remain unchanged. When the sum 
of the two RMS (between the fusion result and the SHGD 
and SAGD) reaches the minimum, the calculation results 
of the two methods are equal, the RMS difference of the 
result and the SAGD is smaller when the window weighting 
process is carried out, and the result is more consistent with 
the SHGD (i.e., the RMS difference of the result and the 
SHGD is smaller) when the data fusion method involving 
low-frequency weighting for low-frequency information and 
the higher one of the two types of data as high-frequency 
information is used.

Based on the above analysis results, to avoid relying too 
heavily on the accuracy of the ship-borne data when car-
rying out gravity data fusion, the error analysis index of 
the RMS sum is introduced in the calculation process. The 
minimum RMS sum of the two methods is 3.50 × 10–5 m/s2. 
According to the principle that the accuracy of the result is 
given priority to the SHGD, when the wavelet function is 

dmey, the decomposition level is 5, and the weighted win-
dow length is 3000, the RMS difference of the result and the 
SHGD is 1.64 × 10–5 m/s2, which has the highest accuracy 
under the same resolution. Before fusion, the RMS differ-
ence of the SHGD and the SAGD is 3.30 × 10–5 m/s2; when 
the sliding and weighting methods are not used (Bai et al. 
2016), the minimum RMS between the fusion result and 
the ship-borne data is 2.96 × 10–5 m/s2, and both RMS are 
larger than the results obtained in this study. Therefore, the 
method of fusing gravity data derived from multiple tech-
niques based on a weighted window can further realize the 
effective fusion of data.

To analyse the accuracy of the calculation results and 
further verify whether the data after fusion can realize the 
complementary advantages of the two types of gravity data, 
three typical survey line profile data with severe terrain 
changes in the study area are selected to carry out compara-
tive analysis, and the data include SHGD, SHGD and fusion 
grid data (Figs. 8, 9, 10).

After high-frequency and low-frequency weighted fusion, 
the fusion results using the three wavelet functions are com-
pared with the SHGD (the black dotted line) and SAGD (The 
black dotted line). The red dotted line is the fusion result of 
the bio3.5 wavelet function with the number of decomposi-
tion levels = 1 and the sliding window = 100, the cyan dot-
ted line is the fusion result of the rbio2.8 wavelet function 

Fig. 8   A comparison diagram of Profile L1
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Fig. 9   A comparison diagram of Profile L2

Fig. 10   A comparison diagram of Profile L3
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with the number of decomposition levels = 8 and the slid-
ing window = 90, and the magenta dotted line is the fusion 
result of the coif5 wavelet function with the decomposition 
level = 4 and the sliding window = 2800. (b) After using the 
data fusion method involving low-frequency weighting for 
low-frequency information and the higher of the two types 
of data for high-frequency information, the fusion results 
using the three wavelet functions are compared with the 
SHGD(the black dotted line) and SAGD (The black dotted 
line). The red line is the fusion result of the bio3 wavelet 
function with the decomposition level = 4 and the sliding 
window = 10, the blue line is the fusion result of the dmey 
wavelet function with the decomposition level = 6 and the 
sliding window = 2400, and the magenta line is the fusion 
result of the dmey wavelet function with the decomposition 
level = 3 and the sliding window = 2800. (c) A topographic 
elevation profile using GEBCO2023 grid data with a resolu-
tion of 15″ × 15″.

In general, the six fusion methods selected based on the 
minimum RMS can achieve effective fusion of satellite and 
ship-borne data. Due to the advancement in satellite grav-
ity processing technology and the long-term accumulation 
of data, in some relatively flat areas, the overall trend of 
the SHGD is consistent with that of the SAGD, almost 
coincident. However, for satellite data with a resolution 
of only 1 arc min, some of the high-frequency informa-
tion that can be revealed by the ship-borne data cannot 
be obtained in areas with severe terrain changes (A1 in 
Fig. 8, C1 in Fig. 10). In the process of data fusion, when 

the number of decomposition levels is 1, the anomalies are 
mainly decomposed into low-frequency coefficients. When 
the wavelet coefficient fusion rules in previous studies are 
adopted, the higher the decomposition level is, the greater 
the anomaly that is decomposed into high-frequency coef-
ficients and the higher the weight of the high-frequency 
information is. Therefore, the lower the number of decom-
position levels is, the closer the fusion result is to the sat-
ellite gravity. The higher the decomposition level is, the 
closer the fusion result is to the SHGD, that is, there is an 
overall trend error.

In the proposed methods, the concept of window weight-
ing is introduced based on different decomposition levels, 
and the useful information of the two types of data is fur-
ther fused, thereby obtaining higher-resolution data with 
lower error. In the areas where the high-frequency infor-
mation is missing in the satellite data, the data after fusion 
can comprehensively use gravity data derived from multiple 
techniques to achieve effective complementarity between 
the two types of data and compensate for the missing high-
frequency information in the satellite gravity data (B1 in 
Fig. 9, C1 in Fig. 10). By comparing the above calculation 
results, the data fusion method involving high-frequency and 
low-frequency information weighted (the wavelet function is 
dmey, the decomposition level is 1, and the sliding window 
step is 1500) is selected to obtain the optimal fusion result 
(Fig. 11). At this point, the RMS difference between the 
fusion result and the SHGD is 1.64 × 10–5 m/s2.

Fig. 11   The result of gravity 
data fusion using the dmey 
wavelet function with the 
decomposition level = 5 and the 
sliding window step = 3000
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Comparative testing of fusion results using partial 
ship‑borne gravity lines

In order to verify the reliability and applicability of the grav-
ity data fusion method proposed in this paper, we classified 
all SHGD according to the following figure, with the red line 
(80%) used for fusion with SAGD and the blue line (20%) 
used for comparative analysis with the fusion data (Fig. 12). 
In order to reasonably select ship-borne gravity lines for 
comparison, we select lines at average intervals based on 
surveys to achieve coverage of the entire research area. The 
processed results are shown as follows.

When fusing all line data, the minimum RMS difference 
of the optimal fusion result with the SHDG is 1.64 × 10–5 m/
s2, increasing the accuracy by 1.66 × 10–5 m/s2. When we 
adopt 80% data fusion and the remaining 20% data vali-
dation with the wavelet transform fusion method based 
on window weighting established in the previous sec-
tion, the RMS (Tables 3 and 4) between the fusion result 
of the 80% data and the ship measurement data decreases 
from 3.34 × 10–5 m/s2 to 1.63 × 10–5 m/s2 (the red line in 
Fig. 12), significantly improving the accuracy of data in 
the study area. When we compare the remaining nonfused 
data (the blue line in Fig. 12) with the fusion results, the 
RMS is reduced from 3.08 × 10–5 m/s2 to 1.51 × 10–5 m/
s2. When using traditional wavelet transform fusion meth-
ods for fusion, the RMS is 2.87 × 10–5 m/s2 (for nonfused 

Fig. 12   Distribution map for different types of ship-borne grav-
ity data: The red line represents the line data participating in the 
fusion, accounting for approximately 80% of the total number of lines 
(1147/1434), with a RMS of 3.34 × 10–5 m/s2, compared to the satel-
lite data. The blue line represents the remaining line data compared 
to the fusion result, accounting for approximately 20% of the total 
number of lines (287/1434), with an RMS of 3.08 × 10–5 m/s2, for the 
satellite data

Table 3   RMS between the fusion results and the SHGD/SAGD with the high-/low-frequency window weighting method (80% lines, unit: 
10–5 m/s2)

In the tables, "F" denotes the suffix of the wavelet function, "L" denotes the wavelet decomposition level, and "W" denotes the weighting window

haar db sym coif

F L W RMSmin F L W RMSmin F L W RMSmin F L W RMSmin

with SHGD haar 3 30 2.04 db7 8 200 1.67 sym7 8 100 1.70 coif4 7 600 1.66
with SAGD haar 1 1400 1.14 db2 1 1300 1.13 sym2 1 1300 1.13 coif1 1 1400 1.13

bior rbio dmey fk
with SHGD bior3.7 9 100 1.61 rbio6.8 9 90 1.66 dmey 6 800 1.62 fk14 9 100 1.63
with SAGD bior1.3 1 2800 1.13 rbio1.5 1 1400 1.12 dmey 1 1400 1.21 fk6 1 1400 1.13

Table 4   RMS between the fusion results and SHGD (80% lines)/SAGD with window weighting for low-frequency information and taking the 
higher frequency as high-frequency information (unit: 10–5 m/s2)

In the tables, "F" denotes the suffix of the wavelet function, "L" denotes the wavelet decomposition level, and "W" denotes the weighting window

haar db sym coif

F L W RMSmin F L W RMSmin F L W RMSmin F L W RMSmin

with SHGD haar 3 30 2.01 db10 4 30 1.82 sym8 4 30 1.80 coif5 4 30 4.78
with SAGD haar 9 90 1.17 db3 1 1400 1.15 sym3 1 1400 1.15 coif1 1 1400 1.16

bior rbio dmey fk
with SHGD bior3.7 4 30 1.76 rbio5.5 4 20 1.82 dmey 4 70 1.64 fk22 4 30 1.83
with SAGD bior1.3 1 1400 1.16 rbio2.8 1 1400 1.14 dmey 1 1400 1.23 fk6 1 1400 1.15
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data), and the accuracy of our fusion method for nonfused 
data is improved by 1.36 × 10–5 m/s2 (1.51 × 10–5 m/s2 vs 
2.87 × 10–5 m/s2).

Therefore, although a considerable portion of the remain-
ing side lines are still distributed in areas that the original 
side lines cannot cover, using this method can still effec-
tively improve the accuracy of the fused data. Therefore, 
this method can be applied to most gravity data derived from 
multiple techniques.

Conclusions

Satellite gravity data are characterized by wide coverage and 
high overall normalized quality, and these data can be used 
in large-scale regional structural research. High-resolution 
ship-borne gravity data are best used to identify fault zones 
and block boundaries at key locations, compensating for 
the low resolution of SAGD. In this study, comprehensive 
gravity data derived from multiple techniques are used, the 
fusion rules for high and low-frequency wavelet coefficients 
are proposed, and the complementary use and effective 
fusion of SHGD and SAGD are realized. 

1.	 This study collected many ship-borne gravity survey 
lines in the Ross Sea and obtained 1434 survey lines 
and 8101 crossover points in the study area, and the 
total length of effective survey lines was 98,204 km. 
After adjustment, the RMS of the crossover points 
was ± 1.92 × 10−5 m/s2. The SHGD and SAGD exhib-
ited an average discrepancy of -0.36 × 10−5 m/s2, with an 
RMS of 3.30 × 10−5 m/s2 and a standard deviation (STD) 
of 3.28 × 10−5 m/s2.

2.	 In this study, based on selecting different wavelet func-
tions with different decomposition levels, the concept of 
window weighting was introduced, and the useful infor-
mation of the SHGD and SAGD was further fused to 
acquire higher precision data. When the low-frequency 
and high-frequency window weighting method was used 
to process the data, as the weighting range gradually 
increased, the RMS of the fusion result and the SHGD 
and the SAGD decreased at first and eventually tended 
to stabilize. However, when the bior3.9 wavelet function 
with 7 decomposition levels was used, as the weight-
ing window increased from 400 to 900, the resulting 
error increased sharply. When the data fusion method 
involving low-frequency weighting and taking the higher 
frequency as high-frequency information was used, the 
RMS tended to remain unchanged as the window step 
exceeded a certain value. When the sum of the two RMS 
(between the fusion result and the SHGD and SAGD) 
reached the minimum, the sum of the two RMS calcu-

lated using the two methods was almost equal. The RMS 
between the fusion result and the SAGD was smaller 
when high-/low-frequency window weighting method 
was carried out, and the RMS between the fusion result 
and the SHGD was smaller when the data fusion method 
involving low-frequency weighting and taking the higher 
frequency as high-frequency information was used.

3.	 A profile comparison shows that the SAGD cannot 
obtain the high-frequency information revealed by the 
SHGD in some areas with severe terrain changes, and 
the SHGD can effectively compensate for the missing 
information in the SAGD. By comparing the various 
results obtained by calculation, the data fusion method 
involving high-frequency and low-frequency informa-
tion weighted (the wavelet function is dmey, the decom-
position level is 1, and the sliding window step is 1500) 
was selected to obtain the optimal fusion result, and the 
corresponding RMS of ship-borne gravity data was the 
minimum at 1.64 × 10–5 m/s2.

4.	 When fusing all line data, the minimum RMS dif-
ference of the optimal fusion result and the SHGD 
is 1.64 × 10–5 m/s2, which increases the accuracy by 
1.66 × 10–5 m/s2. When we adopted 80% data fusion 
and the remaining 20% data validation, the RMS of 
the 80% data fusion result and the SHGD decreased 
from 3.34 × 10–5 m/s2 to 1.63 × 10–5 m/s2, significantly 
improving the accuracy of the data in the study area. 
When we compared the remaining nonfused data 
with the fusion results, the RMS was reduced from 
3.08 × 10–5 m/s2 to 1.51 × 10–5 m/s2. When using tra-
ditional wavelet transform fusion methods for fusion, 
the RMS is 2.87 × 10–5 m/s2 (for nonfused data), and 
the accuracy of our fusion method for nonfused data 
is improved by 1.36 × 10–5 m/s2 (1.51 × 10–5 m/s2 vs 
2.87 × 10–5 m/s2).

Therefore, this method can be applied to most gravity 
data derived from multiple techniques.
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