
Bathymetry Inversion Using Vertical De�ections: a
Case Study in South China Sea
Xiaoyun Wan 

China University of Geosciences Beijing
Bo Liu 

Qian Xuesen Laboratory of Space and Tecnology
Xiaohong Sui  (  suixiaohong@qxslab.cn )

Qian Xuesen Labortary of Space and Tecnology https://orcid.org/0000-0002-2376-448X
Richar Fii� Annan 

China University of Geosciences Beijing
Yijun Min 

China University of Geosciences Beijing

Full paper

Keywords: Bathymetry, Vertical De�ections, Gravity anomaly, Satellite altimetry

Posted Date: February 11th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-185040/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-185040/v1
mailto:suixiaohong@qxslab.cn
https://orcid.org/0000-0002-2376-448X
https://doi.org/10.21203/rs.3.rs-185040/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

Bathymetry inversion using vertical deflections: A case study in South China Sea 1 

Author #1: Xiaoyun Wan, School of Land Science and Technology, China University of 2 

Geosciences (Beijing), Beijing 100083 China, wanxy@cugb.edu.cn 3 

Author #2: Bo Liu, Qian Xuesen Laboratory of Space Technology, Beijing 100094 China, 4 

liubo@qxslab.cn 5 

Author #3: Xiaohong Sui, Qian Xuesen Laboratory of Space Technology, Beijing 100094 6 

China, suixiaohong@qxslab.cn 7 

Author #4: Richar Fiifi Annan, School of Land Science and Technology, China University 8 

of Geosciences (Beijing), Beijing 100083 China, richannan@outlook.com 9 

Authour #5: Yijun Min, School of Land Science and Technology, China University of 10 

Geosciences (Beijing), Beijing 100083 China, minyijun1@163.com 11 

Correspondence: suixiaohong@qxslab.cn 12 

  13 

  14 



2 

 

Abstract 15 

As an alternative method, an algorithm for bathymetry inversion using vertical 16 

deflections is proposed. Firstly, the formulas for the bathymetry inversion from north and 17 

east components of vertical deflections are derived and the data processing is introduced. 18 

Then a local area in the South China Sea is selected as an example to experiment the 19 

method. The bathymetry inversion based on gravity anomaly was also conducted for a 20 

comparison. The results show that the bathymetry derived from the north component of 21 

the vertical deflections have almost the same accuracy as that derived from gravity 22 

anomalies and the results derived from the east component have the poorest accuracy. 23 

The experiment’s results also show that accuracy of the derived bathymetry can be 24 

improved if the fitting parameters are adjusted according to the water depths. In summary, 25 

among the gravity field products used in this study, although the gravity anomaly yielded 26 

the best performance in the bathymetry inversion, the vertical defections can still be used 27 

as supplements, especially in areas where accurate vertical deflections exist. This is 28 

because deriving gravity anomaly from altimetry observations needs additional data and 29 

calculation efforts. 30 
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Introduction  33 

Bathymetry information is important for economic, military and Earth science. Many 34 

methods are developed for deriving bathymetry information, such as multibeam echo 35 

sounding, the derivation based on gravity data (Smith and Sandwell 1997; Hwang 1999; 36 

Hisao et al. 2016; Wan et al. 2019, 2020a), detection using laser technology (Kervern et 37 

al. 1992), inversion based on imagery (Monteys et al. 2015; Jawak et al. 2015). Among 38 

these methods, altimetry derived gravity products have played a great role in global 39 

bathymetry inversion.  40 

The bathymetry inversion based on altimetry products are mainly based on gravity 41 

anomaly. Parks (1972) proposed the spectral method for bathymetry inversion using 42 

gravity anomaly. In spectral domain, Smith and Sandwell (1994) proposed an admittance 43 

theory and predicted the bathymetry from dense gravity data and sparse shipboard 44 

bathymetry for the southern oceans. The spectral method has also been verified in many 45 

other areas, such as the South China Sea (Hwang 1999), the western Indian offshore 46 

(Bhattachryya and Majumbar 2009), South Atlantic Ocean (Jung and Vogt 1992). In 47 

space domain, the so-called gravity geological method (GGM) (Ibrahim and Hinze 1972) 48 

is also used widely for bathymetry inversion. For example, GGM was used to enhance 49 

the bathymetry of the East Sea by Kim et al. (2010). Hisao et al. (2011) investigated 50 

density contrast for bathymetry inversion using GGM and concluded that the predicted 51 
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density contrasts can enhance the accuracy of 3~4 m for GGM. Kim et al. (2011) 52 

predicted the bathymetry on the eastern end of the Shackleton Fracture in the Drake 53 

Passage. Bathymetry of South China Sea was also predicted using GGM with precision 54 

of 76.95 m (Ou yang et al. 2014). Xiang et al. (2017) proposed an adaptive mesh method 55 

for modelling long-wavelength gravity in GGM.  56 

Recently, gravity gradients were used to predict bathymetry in some areas. Wang 57 

(2000) proposed a least-square method for bathymetry inversion using vertical gravity 58 

gradients. However, it has not been experimented using actual gravity gradient data. Hu 59 

et al. (2015) used vertical gravity gradients to predict the bathymetry over a part of the 60 

North Pacific and the accuracy can be improved by combing gravity gradients and gravity 61 

anomalies, compared to the bathymetry inversion only based on gravity anomalies. Fan 62 

et al. (2021) proposed a nonlinear iterative least square method for seafloor topography 63 

by combining gravity anomalies and gravity gradients. The feasibility of seafloor 64 

topography estimation from airborne gravity gradients was discussed using real data 65 

(Yang et al. 2020). All these studies indicate that the gravity gradients can play a great 66 

role in bathymetry inversion, especially with the accuracy improvement of marine gravity 67 

gradients. 68 

As mentioned above, gravity anomaly and vertical gravity gradients are the most 69 

commonly used gravity field products for bathymetry inversion. However, vertical 70 

deflections, as another type of important products, are seldomly used. Indeed, the vertical 71 

deflections can be derived with high accuracy using altimetry observations and are often 72 

used further to derive gravity anomaly (Hwang et al. 1998; Sandwell and Smith 1997; 73 
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Wan et al. 2020b). Since the gravity anomalies derived from vertical deflections have 74 

high accuracy, the vertical deflections certainly contain abundant gravity information, 75 

including those generated from the bathymetry. Hence, in theory it is feasible to use 76 

vertical deflections to inverse bathymetry.  77 

This study investigates how to derive bathymetry using vertical deflections as well as 78 

its performance. Section 2 proposes the inversion method based on vertical deflections. 79 

Data used and study area are introduced in Section 3. Section 4 presents the inversion 80 

results, and some discussions are given in Section 5. Conclusions are made in Section 6.  81 

Method  82 

The relationship between vertical deflections and bathymetry 83 

According to Parks (1972), the disturbing gravitational potential at the ocean surface 84 

(Figure 1) has the following relationship with ocean water depths,  85 

   0   1
2

k z
F T G e F h

k
                                (1) 86 

where T   is the disturbing potential created by the seafloor topography, h   is the 87 

seafloor topography relative to the mean water depth,    ,x yk k k , 2
  x

x

k



 , 2
  y

y

k



 , 88 

G is the gravitational constant,   represents the density contrast between the ocean 89 

water and seafloor crust, often setting as 1670 kg/m3, 0Z  denotes the mean water depths 90 

in the observation area and F  means fast Fourier transform computation. And then, the 91 

gravity anomaly, g , caused by the seafloor topography can be represented as: 92 

      0  
=2

k z
F g k F T G e F h                          (2) 93 



6 

 

And thus, the bathymetry can be derived as Equation (3). 94 
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This is the formula which has been used widely for bathymetry inversion in the spectral 96 

domain (Hu et al. 2014). Indeed, according to Equation (1), we also have 97 
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According to Heiskanen and Moritz (1967),  99 
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where   is the normal gravity. Finally, the formulas for bathymetry inversion can be 101 

constructed as follows: 102 
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According to Equations (3) and (6),   is an important parameter for the inversion. 104 

According to the previous studies, its theoretical value does not always lead to the best 105 

inversion results (Annan et al. 2020). Instead, it can be derived by linear regression 106 

between the water depths at the control points and gravity anomaly after downward 107 

continuation (Smith and Sandwell 1994; Hu et al. 2014). This method is often used in 108 

bathymetry inversion with spectral methods. The advantage is that the we do not need to 109 

know an accurate density contrast. Similar technique is also adopted for the vertical 110 
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deflections in this study. The issue is that the ocean depths do not have a linear 111 

relationship with the vertical deflections even after downward continued processing. In 112 

order to solve this issue, two new values are defined. 113 
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We call this preprocessing a scale factor correction in this study. Then we have 115 
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                              (8) 116 

Equation (8) has the same functional relationship as Equation (2). Therefore, the 117 

algorithm of bathymetry inversion based on gravity anomaly can all adopted for that 118 

based on '  and ' . 119 

Data processing flow 120 

According to previous studies, the gravity field products only have high correlation with 121 

the bathymetry in a certain wavelength band (Smith and Sandwell 1994). This is because 122 

only part of the gravity anomaly or vertical deflections are created by the seafloor 123 

topography. Hence, the gravity field products are mainly used to predict the bathymetry 124 

in the wavelength in which they have a high correlation with the bathymetry. For the 125 

gravity anomaly, it usually resides in the bandwidth of 20~200 km. The sensitive 126 

wavelength band varies with geographic areas (Marks and Smith 2012). Although no 127 

literature discussed the correlation between the vertical deflections and bathymetry, it is 128 
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reasonable to infer that vertical deflections are only sensitive to bathymetry in a limited 129 

wavelength band and thus can be used to predict bathymetry in the related band only. In 130 

this study, the sensitive band will be derived based on the correlation analysis in Section 131 

3. Hence, in this study, the bathymetry signals are provided by vertical deflections in the 132 

sensitive band of vertical defections and provided by ship depths in other bands. The data 133 

processing flow is shown in Figure 2. For comparisons, the data processing for gravity 134 

anomaly is given in Figure 3. 135 

Data and Area 136 

The study area is located in part of South China Sea, i.e, 112~119°E, 12~20°N. The 137 

ship depths data are downloaded from National Oceanic and Atmospheric Administration 138 

(NOAA). 90% of the data are randomly selected as the control points and the rest 10% 139 

points are used as the test points. Distribution of the ship sounding tracks and bathymetry 140 

from ship-depths are shown in Figures 4 and 5 respectively. For a comparison, bathymetry 141 

from ETOPO1 is presented in Figure 6.  142 

Vertical deflections are provided by Zhu et al. (2020) with grids of 1’×1’. This data 143 

is derived from multi-satellite altimeter observations, including ERS-1, Jason-1, HY-2A, 144 

CryoSat-2, and SRL/DP (Zhu et al. 2020). The gravity anomaly derived from these 145 

vertical deflections has a high accuracy (Zhu et al. 2020), which indicates the high 146 

accuracy of the vertical deflections. For a comparison, gravity anomaly from Technical 147 

University of Denmark (DTU) is also used to derive bathymetry in this study. Figures. 148 

7~9 show distributions of vertical deflections and gravity anomaly in the study area.  149 
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Comparing Figures 5 and 6, it is obvious that the bathymetry from the grids of ship-150 

depths have large errors in the area where ship-depths are few. For example, the burr 151 

shown in the southeast corner is unlikely to exist in practice, which may be caused by the 152 

gross error in the ship survey data. The topography presented by ETOPO1 are clearer than 153 

Figure 5, although not every point of ETOPO1 has higher accuracy than its corresponding 154 

ship-depth. According to this comparison, the three-dimensional model of the bathymetry 155 

directly from ship-depths in the study area is not accurate due to the lack of ship-depths 156 

and thus it would be better to combine other observations to improve the resolution. 157 

According to Figures 6 and 9, gravity anomaly distribution has many similar 158 

characteristics with ETOPO1, which denotes the high correlation between the two data 159 

sets. For example, a sea floor plateau exists near the middle area both in Figures 6 and 9. 160 

These similarities indicate the linear relationship between bathymetry and gravity 161 

anomaly.  162 

Although the similarities between bathymetry and vertical deflections are not 163 

equally strong as in Figures 6 and 9, vertical deflections always vary largely in the area 164 

where topography varies largely. This denotes that the bathymetry and vertical deflections 165 

are also highly correlated, but their relationship is not linear. This is the reason why we 166 

define the new quantity in Equation (7). 167 

Results and analysis  168 

Correlation analysis 169 

The correlation analysis is firstly conducted on the data as Equation (9) (Marks and Smith 170 
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2012):  171 
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In which, x  and y  represent the two signals,   denotes frequency, ( )
xy

S   is the 173 

cross power spectral density between signals x  and y； ( )
x

S   and ( )
y

S   are self-174 

power spectral densities of x  and y  respectively. More details on the correlation 175 

analysis method can be found in Marks and Smith (2012). 176 

  In order to avoid the impact of insufficient ship survey data on the calculation, 177 

ETOPO1 data is used for this analysis. Moreover, the northern region of the study area is 178 

shallow, especially in the northwest corner, hence accuracy of the altimetry products in 179 

this area would be poor and only the region within latitude 12°~ 16° is selected for 180 

correlation analysis. It also needs to be noted that  '  and '  are used in this analysis, 181 

and not the initial vertical deflections, meaning the final bathymetry inversion is based 182 

on Equation (8) using linear regression.  183 

The result is shown in Figure 10. It can be seen from the figure that the bands with 184 

strong correlation are mainly located in the 20~100 km band. It is also found that the 185 

correlation between the north component of vertical deflections and bathymetry is close 186 

to that between gravity anomaly and bathymetry. However, the correlation of the east 187 

component of vertical deflections is slightly weaker than that of the north component at 188 

wavelengths shorter than 100km. In summary, the correlations don’t have large 189 

differences. The main reason is that both vertical deflections and gravity anomaly reflect 190 

the first derivative signals of gravity potential. 191 
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Inversion results 192 

According to data processing flow charts shown in Figures 2 and 3, a band-pass filtering 193 

should be conducted on gravity anomaly and  '  and ' . The filters proposed by Smith 194 

and Sandwell (1994), which comprised a Guassian high-pass filter, low-pass filter as well 195 

as a combined filter (a band-pass filter), are adopted. Based on the results of Section 4.1, 196 

20~100 km is selected as the pass band. The signals outside of this band are provided by 197 

ship-depths data. Figure 11 shows the results from the filtering. From this figure, gravity 198 

anomaly, '  and ' show abundant short wavelength signals which are not visible in 199 

Figure 11(a). 200 

 With signals in the pass band, linear regressions are conducted between ship-depths 201 

and gravity anomaly, vertical deflections respectively. In order to remove the effect of 202 

points in shallow waters, the fitting process is only conducted for the points whose depths 203 

are deeper than 1000m. In order to remove the effect of gross error, linear regressions are 204 

conducted twice for pair of variables. From the first fitting results, the mean and standard 205 

deviations (std) of the differences between the predicted values and ship-depths are 206 

obtained. And then points at which the ship-depths deviate from the predicted values by 207 

three times of std are removed. The ratios of the deleted data for gravity anomaly, '  208 

and ' are about 2.25%, 2.21% and 2.17% respectively. The final fitting results are shown 209 

in Figure 12, in which '  and '  are divided by   to transform their units to second 210 

only for visualization purposes. Obviously, gravity anomaly, '   and '  are all linear 211 

correlated with ship-depths in the pass wave band.  212 

According to Equations (3) and (8), the slopes of the line of best fit should be equal 213 
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to 1

2 G 
. Therefore, the slopes can be used to derive density contrast information, 214 

which are shown in Table 1.   215 

According to Table 1, the result from north component of vertical deflections is close 216 

to that of gravity anomaly. Compared to the theoretical value, i.e., 1670kg/m3, the density 217 

contrast derived from gravity anomaly is the closest. The reason for the largest difference 218 

between the result from the east component of vertical deflections and the theoretical 219 

value may be due to the fact that the east component usually has poorer accuracy than the 220 

north component (Sandwell and smith 1997; Wan et al. 2020b), as a result of the polar 221 

orbits of most altimetry satellites. Based on the prediction results, bathymetry models are 222 

obtained and shown in Figure 13.  223 

Accuracy assessment  224 

Accuracy assessments are conducted by comparing the differences between the 225 

derived bathymetry and ship-depths at control and test points. Tables 2 and 3 show the 226 

results.  227 

In order to remove the impact of the gross errors, the values that deviated from the 228 

ship-depths by three times of the initial std were removed. The removal ratios are given 229 

in Tables 2 and 3. According to Tables 2 and 3, the inversion results based on gravity 230 

anomaly data are better than those based on vertical deflections both at control and test 231 

points. This is mainly because that the gravity anomaly products are derived using more 232 

data than the vertical deflections and thus, contain more gravity field signals, such as 233 

highly accurate background field model. Meanwhile the signals of the vertical deflections 234 
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used in this study are only from altimetry satellites. However, it should be noted that the 235 

inversion results based on '  are very close to those based on gravity anomaly data, and 236 

their differences are less than 2m in terms of mean and std values. According to Tables 2 237 

and 3, the results from '  present larger errors compared to g  and ' . Once again, 238 

we attribute this to east component of vertical deflections derived from altimetry satellite 239 

observations having lower accuracy than the north component.   240 

   In order to analyze the error distribution, Figure 14 presents the cumulative ratio of 241 

the error magnitudes for the test points and Figure 15 shows the accuracy variation with 242 

water depths. Please note, Figure 15(c) is the ratio of number of points with depths in the 243 

ranges of 0~1000m, 1000~2000m, 2000~3000m,3000~4000m, and 4000~5000m, not the 244 

cumulative ratio as in Figure 14. Figures 15 (a) and (b) present the error mean and std 245 

values for the same depth ranges as Figure 15 (c). Based on these figures, ETOPO1 has 246 

obviously higher accuracy than those derived from gravity anomaly or vertical deflections. 247 

The accuracy of bathymetry derived from vertical deflections is very close to that of 248 

gravity anomaly, especially those from the north component. According to Figure 15, all 249 

the bathymetry models have large errors in shallow depths. However, the number ratio of 250 

the water depths deeper than 3000m exceeds 80%, which means shallow water area only 251 

occupy a small part of the study. For the depths 3000~5000m, the gravity field derived 252 

results, no matter from gravity anomaly or from the vertical deflections, are all very close 253 

to those of ETOPO1. Table 4 gives the related statistics. 254 

  As to why bathymetries derived from gravity field products have large errors in shallow 255 

waters, one of the main reasons is that gravity field products have low signal to noise ratio 256 
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in such area. According to the Figure 15(a), system errors exist in terms of error means. 257 

For example, for the shallower area, mean values of the error are all negative, but for the 258 

deeper sea, e.g., deeper than 4000m, the error mean value is positive, which is also 259 

demonstrated by Table 4. This phenomenon could be attributed to the use of the same 260 

fitting parameter for the whole area. Indeed, the density contrast, as well as mean water 261 

depths should be changed with variation of the inversion area. However, this is not the 262 

case for the above inversion. Hence, although for the whole study area, the mean error is 263 

not large, but for some local areas, systematic errors exist. This means it is better to 264 

determine different optimal fitting parameters for different areas. One possible method is 265 

to divide the study area to some smaller regions and inverse the bathymetry in each 266 

subregion. Another alternative method is to determine the optimal fitting parameters in 267 

terms of water depths, which is experimented in the next section.  268 

Discussion 269 

In order to remove the systematic errors, the fitting processing are conducted for different 270 

water depths. In other words, for different water depths, different fitting parameters are 271 

derived. Figure 16 shows the derived density contrasts for different water depths in the 272 

study area, and Figure 17 shows the statistics of corresponding errors like in Figure 15. 273 

Since the derived density contrasts varied with water depths, the fitting parameters varies 274 

correspondingly. This leads to large accuracy improvements compared to Figure 15. It 275 

again proves that the results derived from north component of vertical deflections are 276 

closer to gravity anomaly than the east component.  277 
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It should be emphasized that the control point distribution also influences the 278 

inversion results. According to the previous study, more control points are needed in the 279 

region where topography varied largely (Annan and Wan 2020) and few control points 280 

are needed for the flat area. This is also true for the inversion based on vertical deflections. 281 

Since it is not a specific issue to bathymetry inversion based on vertical defections, the 282 

influence of the control points would be studied in future research.  283 

Conclusion 284 

This study proposed an alternative method for bathymetry inversion using marine gravity 285 

field products, i.e., vertical deflections. Numerical tests verify the effectiveness of the 286 

method. The results show that north component of the vertical deflections derived higher 287 

accurate bathymetry than that from the east component. Although the accuracy derived 288 

from vertical deflections are a littler poorer than that from the gravity anomaly, it still can 289 

be a supplement since derivation of gravity anomaly needs additional data and calculation 290 

efforts.  291 

If vertical deflections from altimetry observations are used to derive bathymetry, it 292 

is better to use the north component since it usually has higher accuracy than the east 293 

component. Up until now, many institutes and organizations have derived and published 294 

several versions of gravity anomaly products all over the world; gravity gradients have 295 

also been widely concerned, such as Rummel and Haagmans (1991), Bau et al. (2005), 296 

Safari et al. (2014). However, this is not the case for the vertical deflections. Definitely, 297 

vertical deflections are also important products of the Earth gravity field and certainly 298 



16 

 

have a large potential in Earth science, such as earthquake studies (Sun and Zhou 2012) 299 

and also the topic of this study. Therefore, we suggest that scientists in this field release 300 

global vertical deflection products like they do for gravity anomaly products (Andersen 301 

et al. 2010; Hwang 2002; Sandwell and Smith 2009).  302 

Abbreviations 303 

GGM: gravity geological method; NOAA: National Oceanic and Atmospheric Administration; DTU: 304 

Technical University of Denmark; ETOPO1: Earth Topographical Database 1. 305 

Acknowledgements 306 

We are very grateful to Prof. Guo Jinyun for kindly providing vertical deflections in the South China 307 

Sea. We also would like to thank DTU and NOAA for providing gravity anomaly and ship-depth 308 

datasets, respectively.  309 

Authors’contributions 310 

Conceptualization and investigation: XW, BL and XS; data curation and methodology: XW and XS; 311 

funding: XW and BL; writing—original draft: XW and XS; writing—review and editing: all the 312 

authors. All authors read and approved the final manuscript. 313 

Funding 314 

This research was funded by the National Natural Science Foundation of China (No. 41674026, 315 

42074017); Fundamental Research Funds for the Central Universities (No. 2652018027); Open 316 

Research Fund of Qian Xuesen Laboratory of Space Technology, CAST (No.GZZKFJJ2020006); 317 

National Defense Science and Technology Innovation Special Zone Project and Qian Xuesen Lab. - 318 

DFH Sat. Co. Joint Research and Development Fund under grants (M-2017-006). China Geological 319 

Survey (No.20191006). 320 

Availability of data and materials 321 

The ship-depth data and gravity anomaly data used in this study are available from NOAA and 322 

DTU respectively. The vertical deflections are from the corresponding author of Zhu et al. (2020). 323 



17 

 

Ethics approval and consent to participate 324 

Not applicable. 325 

Consent for publication 326 

Not applicable. 327 

Competing interests 328 

The authors declare that they have no competing interests 329 

References 330 

Andersen OB, Knudsen P, Berry P (2010) The DNSC08GRA global marine gravity field from double 331 

retracked satellite altimetry. Journal of Geodesy 84:191-199. https://doi.org/10.1007/s00190-009-332 

0355-9 333 

Annan RF, Wan X (2020) Mapping seafloor topography of Gulf of Guinea using an adaptive meshed 334 

gravity-geologic method. Arab J Geosci 13:301. https ://doi.org/10.1007/s1251 7-020-05297 -8 335 

Bao L, Lu Y (2005) Distribution of vertical gradient of altimetry gravity in the western Pacific. 336 

Geomatics and Information Science of Wuhan University (in Chinese) 30:817-820. 337 

Bhattacharyya R, Majumdar TJ (2009) Bathymetry prediction over a part of the Bombay High in the 338 

western offshore using very high resolution satellite gravity data. Current science 97:1152-1161. 339 

Fan D, Li S, Li X, Yang J, Wan X (2020) Seafloor topography estimation from gravity anomaly and 340 

vertical gravity gradient using nonlinear iterative least square method. Remote Sens 13:19. 341 

Hsiao Y, Kim J, Kim K, Lee BY, Hwang C (2011) Bathymetry estimation using the gravity-geologic 342 

method: An investigation of density contrast predicted by downward continuation method. Terr Atmos 343 

Ocean Sci 21:347-358. 344 

Hsiao YS, Hwang C, Cheng YS, Chen LC, Hsu HJ (2016) High-resolution depth and coastline over 345 

major atolls of South China Sea from satellite altimetry and imagery. Remote Sensing of Environment 346 

176: 69-83. 347 

Hu M, Li J, Li H, Shen C, Jin T, Xin L (2014): Predicting Global Seafloor Topography Using Multi-348 

Source Data, Marine Geodesy, DOI:10.1080/01490419.2014.934415 349 

Hu M, Li J, Li H, Shen C (2015) A program for bathymetry prediction form vertical gravity gradient 350 

anomalies and ship soundings. Arabian Journal of Geosciences 8: 4509-4515. 351 

Hwang C (1998) Inverse Vening Meinesz formula and deflection-geoid formula: applications to the 352 

predictions of gravity and geoid over the South China Sea. Journal of Geodesy 72: 304-312. 353 

Hwang C (1999) A bathymetric model for the South China Sea from satellite altimetry and depth data. 354 

Marine Geodesy 22:37-51. 355 

Hwang C, Hsu HY, Jang RJ (2002) Global mean sea surface and marine gravity anomaly from multi-356 

satellite altimetry: applications of deflection-geoid and inverse Vening Meinesz formulae. Journal of 357 

Geodesy 76:407-418 358 

Ibrahim A, Hinze W (1972) Mapping buried bedrock topography with gravity. Ground Water10:18-23 359 



18 

 

Jawak S, Vadlamani S, Luis A (2015) A synoptic review on deriving bathymetry information using 360 

remote sensing technologies: models, methods and comparisons. Advances in Remote Sensing 4: 147-361 

162. https://doi.org/10.4236/ars.2015.42013. 362 

Jung WY, Vogt PR (1992) Predicting bathymetry from Geosat-ERM and shipborne profiles in the 363 

South Atlantic Ocean. Tectonophysics 210:235-253. 364 

Kervern G, Legall A, Toullec B (1992) Airborne laser bathymetry: a novel technique for shallow-water 365 

monitoring. Lidar for Remote Sensing 1714: 74-80. 366 

Kim J, Frese R, Lee B, Roman DR, Doh SJ (2011) Altimetry-derived gravity predictions of bathymetry 367 

by gravity-geologic method. Pure and Applied Geophysics 168:815-826. 368 

Kim KB, Hsiao YS, Kim JW, Lee BY, Kwon YK, Kim CH (2010) Bathymetry enhancement by 369 

altimetry-derived gravity anomalies in the East Sea (Sea of Japan). Marine Geophysical Research 370 

31:285-298. 371 

Marks KM, Smith WHF (2012) Radially symmetric coherence between satellite gravity and 372 

multibeam bathymetry grids. Marine Geophysical Research 33: 223-227. 373 

Monteys X, Harris P, Caloca S, Cahalane C (2015) Spatial prediction of coastal bathymetry based on 374 

multispectral satellite imagery and multibeam data. Remote Sensing 7: 13782-13806. 375 

Ouyang M, Sun A, Zhai Z (2014). Predicting bathymetry in south china sea using the gravity geologic 376 

method. Chinese Journal of Geophysics 57:2756-2765. 377 

Parker RL (1972) The Rapid Calculation of Potential Anomalies. Geoplzys. J. R. astr. SOC 31:447-378 

455. 379 

Rummel R, Haagmans RHN (1991) Gravity gradients from satellite altimetry. Marine Geodesy 14:1-380 

12. 381 

Safari A, Sharifi MA, Amin H, Foroughi I, Tenzer R (2014) Determining the gravitational gradient 382 

tensor using satellite-altimetry observations: over the Persian Gulf. Marine Geodesy 37:404-418. 383 

Sandwell DT, Smith WHF (1997) Marine gravity anomaly from Geosat and ERS1 satellite altimetry. 384 

J. Geophys. Res. 102:10039-10054. 385 

Sandwell DT, Smith WHF (2009) Global marine gravity from retracked Geosat and ERS-1 altimetry: 386 

Ridge segmentation versus spreading rate. J. Geophys. Res. 114: B01411. https://doi.org/ 387 

10.1029/2008JB006008. 388 

Smith WHF, Sandwell DT (1994) Bathymetric prediction from dense satellite altimetry and sparse 389 

shipboard bathymetry. Journal of Geophysical Research-Solid Earth 99(B11): 21803-21824. 390 

Smith WHF, Sandwell DT (1997) Global sea floor topography from satellite altimetry and ship depth 391 

soundings. Science 277: 1956-1962. 392 

Sun W, Zhou X (2012) Coseismic deflection changes of the vertical caused by the 2011 Tohoku-Oki 393 

earthquake (Mw9.0). Geophys.J.Int. 189: 937–955.https://doi.org/10.1111/j.1365-394 

246X.2012.05434.x. 395 

Wan X, Ran J, Jin S (2019) Sensitivity analysis of gravity anomalies and vertical gravity gradient data 396 

for bathymetry inversion. Mar. Geophys. Res. 40: 87-96. https://doi.org/10.1007/s11001-018-9361-8. 397 

Wan X, Annan RF, Wang W (2020a) Assessment of HY-2A GM data by deriving the gravity field and 398 

bathymetry over the Gulf of Guinea. Earth, Planets and Space 72:1-13. 399 

Wan X, Annan RF, Jin S, Gong X (2020b) Vertical deflections and gravity disturbances derived from 400 

HY-2A data. Remote Sensing 12: 2287. https://doi.org/10.3390/rs12142287. 401 

Wang Y (2000) Predicting bathymetry from the Earth’s gravity gradient anomalies. Mar Geod. 23:251-402 

258. 403 

http://dx.doi.org/10.4236/ars.2015.42013


19 

 

Xiang X, Wan X, Zhang R, Li Y, Sui X, Wang W (2017) Bathymetry inversion with Gravity-Geologic 404 

Method: A study of long-wavelength gravity modeling based on adaptive mesh. Marine Geodesy. 405 

40:329-340. https://doi.org/10.1080/01490419.2017.1335257. 406 

Yang J, Luo T, Li S, Guo J, Fan D (2020) On the feasibility of seafloor topography estimation from 407 

airborne gravity gradients: performance analysis using real data. Remote Sensing 12:4092. 408 

https://doi.org/10.3390/rs12244092 409 

Zhu C, Guo J, Gao J, Liu X, Hwang C, Yu S, Yuan J, Ji B, Guan B (2020) Marine gravity determined 410 

from multi-satellite GM/ERM altimeter data over the South China Sea: SCSGA V1.0. Journal of 411 

Geodesy 94:50. https://doi.org/10.1007/s00190-020-01378-4 412 

https://doi.org/10.3390/rs12244092


Figures

Figure 1

Sketch of sea�oor topography

Figure 2

Flow chart of bathymetry inversion based on vertical de�ections



Figure 3

Flow chart of bathymetry inversion based on gravity anomaly

Figure 4



Distribution of ship depths. (Blue dots: Control points; Red dots: Test points)

Figure 5

Bathymetry from ship-depths



Figure 6

Bathymetry from ETOPO1



Figure 7

North component of vertical de�ections.



Figure 8

East component of vertical de�ections.



Figure 9

Distribution of gravity anomaly



Figure 10

Coherence (γxy2) between έ and ή, gravity anomaly and bathymetry



Figure 11

Filtering results. (a) Ship-depths outside of the pass band; Band-pass �ltered (b) Gravity anomaly, (c) έ ,
(d) ή



Figure 13

Bathymetry. (a) ETOPO1; (b) Derived from gravity anomaly; (c) Derived from ε ; (d) Derived from  .



Figure 14

Point ratio according to error magnitudes



Figure 15

Error variation with water depths: (a) error mean; (b) error std; (c) point number ratio



Figure 16

Density contrast variation with water depths



Figure 17

Error mean (top) and std variation (below) against water depths.
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