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Abstract. Investigating global time-varying gravity field mainly depends on 15 

GRACE/GRACE-FO gravity data. However, satellite gravity data exhibits low spatial 16 

resolution and signal distortion. The satellite altimetry is an important technique for 17 

observing global ocean, providing continuous multi-year data that enables the study of 18 

high-resolution time-varying marine gravity. This study aims to construct a high-19 

resolution marine gravity change rate (MGCR) model using multi-satellite altimetry 20 

data. Initially, multi-satellite altimetry data and ocean temperature-salinity data from 21 

1993 to 2019 are utilized to estimate the altimetry sea level change rate (SLCR) and 22 

steric SLCR, respectively. Subsequently, the mass-term SLCR is calculated. Finally, 23 

based on mass-term SLCR, we construct the global MGCR model on 5′×5′ grids 24 

(SDUST2020MGCR) applying the spherical harmonic function method and mass 25 

load theory. Comparisons and analyses are conducted between SDUST2020MGCR 26 

and GRACE2020MGCR resolved from GRACE/GRACE-FO gravity data. The 27 

spatial distribution characteristics of SDUST2020MGCR and GRACE2020MGCR 28 

are similar in the sea areas where gravity changes significantly, such as the seas near 29 

some ocean currents, the western seas of Nicobar Islands, and the southern seas of 30 

Greenland. The statistical mean values of SDUST2020MGCR and 31 

GRACE2020MGCR in global and local oceans are all positive, indicating that MGCR 32 

is rising. Nonetheless, differences in spatial distribution and statistical results exist 33 
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between SDUST2020MGCR and GRACE2020MGCR, primarily attributable to 34 

spatial resolution disparities among altimetry data, ocean temperature-salinity data, 35 

and GRACE/GRACE-FO data. Compared with GRACE2020MGCR, 36 

SDUST2020MGCR has higher spatial resolution and excludes stripe noise and 37 

leakage errors. The high-resolution MGCR model constructed using altimetry data 38 

can reflect the long-term marine gravity change in more detail, which is helpful to 39 

study Earth mass migration. The SDUST2020MGCR model data is available at 40 

https://zenodo.org/records/10098524 (Zhu et al., 2023b). 41 

1 Introduction 42 

The Earth large-scale mass migration will cause spatiotemporal changes of the 43 

Earth gravity field (Li et al., 2021). The ocean accounts for about 71% of the global 44 

area, the determination of time-varying marine gravity field is an important research 45 

content of the Earth time-varying gravity field. The high-precision and high-46 

resolution spatiotemporal change information of marine gravity field is useful for 47 

monitoring related geophysical processes such as the ice melting, ocean dynamic 48 

processes and crustal deformation. 49 

Investigating the Earth time-varying gravity field mainly relies on repeated 50 

observation data of ground gravity and satellite gravity. The large-scale regional 51 

gravity field changes can be studied utilizing the multi-year gravity measurement data 52 

on the relative gravity surveying network (Liang et al., 2016). The precise gravity 53 

field changes in small areas can be investigated using repeated measurement data 54 

from absolute gravimeters on gravity stations (Greco et al., 2012). However, the 55 

gravimeter observation is costly, and gravimeter marine observation requires a lot of 56 

manpower, material and financial resources. The satellite gravity provides the 57 

possibility for repeated observations of the Earth large-scale gravity field. At present, 58 

the high-low satellite-to-satellite tracking, low-low satellite-to-satellite tracking and 59 

satellite gravity gradient measurement technologies have been developed. The 60 

successfully launched gravity satellites include CHAMP, GRACE/GRACE-FO and 61 

GOCE (Flechtner et al., 2021). Among them, the GRACE/GRACE-FO gravity 62 

satellite data is the most widely used. The GRACE/GRACE-FO uses the gravity 63 

measurement technology of low-low satellite-to-satellite tracking model, it can obtain 64 

time-varying gravity with an accuracy of about 0.1 mGal (Flury and Rummel, 2005) 65 

and time-varying equivalent water height with an accuracy of approximately 1 cm 66 
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(Wahr et al., 2004), but its spatial resolution of one-half wavelength is only 400-500 67 

km (Tapley et al., 2004), the resolution is low, and there is large signal distortion and 68 

leakage errors. 69 

The satellite altimetry technique can quickly and repeatedly obtain high-70 

precision global ocean information, becoming an important means to observe and 71 

study the ocean. Products such as mean sea level model, static marine gravity field 72 

model, and sea level change dataset can be extracted or derived by using altimetry sea 73 

surface height (SSH). The Technical University of Denmark team focuses on model 74 

improvement in the Arctic Ocean, utilizing multi-satellite altimetry data to construct 75 

the global mean sea level model (Andersen et al., 2021, 2023) and the global marine 76 

gravity field model (Andersen and Knudsen, 2020). The Shandong University of 77 

Science and Technology (SDUST) team also constructs the global mean sea level 78 

model (Yuan et al., 2023) and the marine gravity field model (Zhu et al., 2022) using 79 

altimetry data, improving the model accuracy in offshore areas. The European 80 

Copernicus Marine Environment Monitoring Service uses altimetry data to produce 81 

and release daily and monthly gridded sea level change dataset products (Taburet et 82 

al., 2019). The Scripps Institution of Oceanography in the United States also develops 83 

the global altimetry marine gravity field model (Sandwell et al., 2021). So far, the 84 

altimetry SSH is of centimeter-level accuracy, and the calculated global sea level 85 

changes have reached millimeter-level accuracy (Nerem et al., 2010). The global 86 

altimetry marine gravity field model has a spatial resolution better than 10 km, and 87 

the calculation accuracy is about 1 mGal (Sandwell et al., 2013). However, few 88 

studies have applied altimetry means to time-varying marine gravity. This paper aims 89 

to utilize multi-satellite altimetry data to construct a global marine gravity change rate 90 

(MGCR) model (SDUST2020MGCR). 91 

The seawater migration causes changes of the Earth shape and gravity field. In 92 

this study, we propose to utilize the sea level change rate (SLCR) to calculate the 93 

MGCR. Firstly, multi-satellite altimetry data from 1993 to 2019 are utilized to 94 

estimate the long-term altimetry SLCR, and EN4.2.1 ocean temperature and salinity 95 

data from 1993 to 2019 are utilized to estimate the long-term steric SLCR. Then, the 96 

steric SLCR is subtracted from altimetry SLCR to calculate the mass-term SLCR. 97 

Finally, this paper applies the method proposed by Zhu et al. (Zhu et al., 2023a) to 98 

estimate long-term MGCR, that is utilizing the mass-term SLCR to construct a global 99 

MGCR model based on mass load theory and spherical harmonic function method. In 100 
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Sect. 2, the study area and data sources are introduced. In Sect. 3, the methods of 101 

altimetry SLCR estimation, steric SLCR estimation, mass-term SLCR estimation and 102 

MGCR estimation are described in detail, respectively. In Sect. 4, the global SLCR 103 

and MGCR model are given, and the model comparisons and analyses are performed. 104 

In Sect. 5, the conclusion is presented. 105 

2 Study area and data 106 

2.1 Study area 107 

This paper selects the ocean covering 0-360°E and 70°S-70°N as the study area, 108 

as shown in Fig. 1. There are various mass migration phenomena on Earth, such as 109 

ocean currents that move seawater in a certain direction, the subduction of oceanic 110 

plates to continental plates that form island arcs (e.g. Nicobar Islands) and trenches, 111 

and the melting ice due to global warming that reduce the mass of Greenland and 112 

Antarctic. The mass migration causes changes in the Earth gravity field. Constructing 113 

the high-resolution time-varying marine gravity model is helpful for the study of the 114 

material migration movement. 115 

 116 

Figure 1. The study area covering 0-360°E and 70°S-70°N. The base map was created using 117 

Generic Mapping Tools, then we have roughly marked the Continents, the Oceans and the local 118 

sea areas with obvious gravity changes. Red arrows indicate areas where warm currents pass, blue 119 

arrows indicate areas where cold currents pass, the Nicobar Islands and Greenland Ice Sheet are 120 

also marked. 121 

2.2 L2P satellite altimetry data 122 

The satellite altimetry data includes products at different levels: Level-0 (L0), 123 

Level-1 (L1), Level-2 (L2), Level-2 Plus (L2P) and Level-3 (L3). The L0 product is 124 

raw telemetered data. The L0 product is corrected for instrumental effects to obtain 125 

the L1 product. The L1 product is corrected for geophysical effects to obtain the L2 126 
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product. The geophysical effects corrections include corrections for dry and wet 127 

tropospheric effects, ionospheric effects, ocean state bias, ocean tides, solid tides, 128 

polar tides and atmospheric pressure. The L2 product is also called geophysical data 129 

records (GDR) product. Based on the L2 product, the correction model is updated and 130 

replaced, and the new quality control is carried out, such as data validation, data 131 

editing and algorithmic improvement, and finally the L2P product is obtained (CNES, 132 

2020). The L3 product is processed river and lake water level time series data. 133 

The L2P product is released by the AVISO (Archiving, Validation and 134 

Interpretation of Satellite Oceanographic) data center (https://www.aviso.altimetry.fr/) 135 

of the French Centre National d'Études Spatiales (CNES). The L2P product includes 136 

data such as sea level anomaly, mean sea level, environmental parameters, and 137 

geophysical correction models. Therefore, the corresponding SSH can be calculated 138 

using L2P product as needed. This study utilizes SSH data derived from L2P product 139 

to calculate multiple mean sea level models, and construct sea level time series data, 140 

and finally the least squares model is applied to estimate high-resolution altimetry 141 

SLCR (Yuan et al., 2021). 142 

In this study, the L2P product from January 1993 to December 2019 is selected, 143 

including two observation mission data of 12 altimetry satellites, as shown in Fig. 2. 144 

The ERM (Exact Repeat Mission) data is observed by ERS-1/2, Topex/Poseidon (T/P), 145 

Geosat Follow On (GFO), Envisat, Jason-1/2/3, HaiYang-2A (HY-2A), Saral, and 146 

Sentinel-3A, and the GM (Geodetic Mission) data is observed by ERS-1, Jason-1/2, 147 

HY-2A, Cryosat-2, and Saral. 148 
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Figure 2. The multi-satellite altimetry data utilized in this study. The horizontal axis marks the 150 

observation time, and the vertical axis marks the name of the altimetry satellite. Blue represents 151 

ERM (Exact Repeat Mission) data, and orange represents GM (Geodetic Mission) data. 152 

2.3 EN4 ocean temperature and salinity data 153 

The ocean temperature and salinity data is important basic data for studying 154 

global climate change and ocean change. This data can be used to study seawater 155 

volume changes caused by changes in seawater temperature and salinity, and to 156 

predict global climate disasters. The Argo (Array for Real-Time Geostrophic 157 

Oceanography) project aims to use Argo floats to form a global ocean observation 158 

network to measure the depth, temperature, salinity and other data of the ocean in real 159 

time (Riser et al., 2016). Now, nearly 4000 Argo floats are in working condition, 160 

which provides basic data for constructing global ocean temperature and salinity data 161 

products. 162 

The various ocean temperature and salinity data products are all affected by 163 

irregular floats distribution and model gridding, and their accuracy is basically the 164 

same (Hosoda et al., 2008; Roemmich and Gilson, 2009). This study utilizes the 165 

EN4.2.1 monthly ocean temperature and salinity product from January 1993 to 166 

December 2019 released by the Met Office (https://argo.ucsd.edu/data/argo-data-167 

products/) to study the seawater volume change and calculate the steric SLCR. The 168 

grid size of EN4.2.1 data is 1°×1° (Good et al., 2013). 169 

2.4 AVISO monthly sea level anomaly data 170 

The AVISO data center of the CNES also released monthly sea level anomaly 171 

data product on 15′×15′ grids. The sea level anomaly is referenced to the mean sea 172 

level from 1993 to 2012. This product can resolve sea level changes on a scale of 150-173 

200 km, with an accuracy of centimeter-level in most sea areas around the world 174 

(Ducet et al., 2000). The AVISO monthly sea level anomaly data integrates 175 

observation data from Jason-1/2/3, T/P, Envisat, ERS-1/2, Geosat and GFO, and has 176 

been corrected for geophysical influences, such as dry and wet tropospheric influence, 177 

ionospheric delay, tides, and the dynamic atmosphere. This study utilizes AVISO 178 

monthly sea level anomaly grid data from January 1993 to December 2019 to estimate 179 

AVISO altimetry SLCR. 180 

2.5 ICE-6G glacial isostatic adjustment model 181 

The glacial isostatic adjustment (GIA) is the response of the viscoelastic earth to 182 
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changes in surface ice and seawater load during the last glacial period. The marine 183 

gravity changes resolved from satellite gravity data and satellite altimetry data include 184 

not only the impact of contemporary Earth mass migration, but also the impact of 185 

solid earth mass redistribution driven by GIA. In the research on various Earth science 186 

issues, the GIA effect is usually deducted as a linear term. Argus and Peltier et al. 187 

(Argus et al., 2014; Peltier et al., 2015) provided the ICE-6G fully normalized 188 

geopotential trend coefficients GIA

lmC  and GIA

lmS , with the degree and order fully 189 

expanded to 256. Based on the ICE-6G fully normalized geopotential trend 190 

coefficients, the GIA corrected geopotential coefficients GIA

lmC  and GIA

lmS  for each 191 

month from January 1993 to December 2019 can also be calculated: 192 

 
( ) ( /12)      ( 1,2, ,324)

( ) ( /12)       ( 1,2, ,324)

GIA GIA

lm lm

GIA GIA

lm lm

C N N C N

S N N S N

 =  =

 =  =

  (1) 193 

Where N represents the month, and there are 324 months from January 1993 to 194 

December 2019. The GIA corrected geopotential trend coefficients and GIA corrected 195 

geopotential coefficients are utilized to correct the altimetry MGCR and 196 

GRACE/GRACE-FO monthly gravity data, respectively, which can deduct the marine 197 

gravity changes due to the long-term oceanic crust deformation driven by GIA. 198 

2.6 GRACE/GRACE-FO monthly geopotential spherical harmonics data 199 

The main purpose of the GRACE system and the GRACE-FO system is to obtain 200 

the long-medium wavelength signals of the Earth gravity field and detect gravity 201 

changes (Han et al., 2004). The orbit parameters of GRACE satellite and GRACE-FO 202 

satellite are basically the same, with an orbit inclination of 89.5° and an orbit altitude 203 

of about 500 km (Wouters et al., 2014). The main instruments carried by the satellites 204 

are GPS receivers and ranging systems. The GRACE/GRACE-FO time-varying 205 

gravity data mainly consists of Level-1, Level-2 and Level-3. The Level-1 data is 206 

satellite orbit data. The Level-2 data is Earth time-varying gravity field model 207 

expressed in spherical harmonic coefficient, which has been corrected for the effects 208 

of ocean tides, solid tides, atmosphere tides, pole tides, and non-tidal variability in the 209 

atmosphere and ocean (UTCSR, 2018). The Level-3 data is grid format data 210 

represented by Mascon products. 211 

The Center for Space Research at the University of Texas (UTCSR) released 212 

GRACE/GRACE-FO Level-2 RL06 monthly geopotential spherical harmonics data, 213 
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including GSM and GAD data. The CSR_GSM data represents the estimation of 214 

Earth monthly average gravity field, and the degree and order is fully calculated to 60. 215 

The CSR_GAD data represents the impact of non-tidal oceanic and atmospheric 216 

pressure to the ocean bottom pressure. The International Center for Global Earth 217 

Model (ICGEM, http://icgem.gfz-potsdam.de/home) provides CSR_GSM data filtered 218 

by DDK2. The DDK2 is non-isotropic filtering method, and CSR_GSM_DDK2 219 

contains less stripe noise. 220 

The GRACE/GRACE-FO dataset has 180-months data between April 2002 and 221 

December 2019, and any missing GRACE/GRACE-FO data are not reconstructed in 222 

this study. The degree-1 coefficients supplementation, degree-2 and degree-3 223 

coefficients replacement are performed on CSR_GSM_DDK2 data. In addition, to 224 

match with the satellite altimetry data, the spherical harmonic coefficient of 225 

CSR_GSM_DDK2 and CSR_GAD are summed in a linear manner: 226 

 
( ) ( ) ( )

( ) ( ) ( )

GRACE GSM GAD

lm lm lm

GRACE GSM GAD

lm lm lm

C N C N C N

S N S N S N

 = +


= +

  (2) 227 

Utilizing the mean spherical harmonic coefficient of 180-months gravity data as the 228 

reference gravity field, and the GRACE/GRACE-FO geopotential spherical harmonic 229 

coefficient variations GRACE

lmC  and GRACE

lmS  are calculated. Then the monthly equivalent 230 

seawater height (ESH) change is obtained (Wahr et al., 1998; Godah, 2019): 231 

 
60

0 0

[(2 1) / (1 )] (cos )
( , , )

3 [ ( ) cos ( )sin ]

l
l lmE

GRACE GRACE
l mS lm lm

l k Pa
ESH N

C N m S N m


 

  = =

+ +  
 = 

 + 
   (3) 232 

Where   and   are the geocentric longitude and colatitude of the calculation point, a 233 

(= 6378136.3 m) is the Earth equatorial radius, E  (= 5514 kg/m3) is the Earth 234 

average density, and S  (= 1028 kg/m3) is the seawater average density, l and m are 235 

degree and order of spherical harmonic coefficient, P  is the fully normalized 236 

associated Legendre function, k is the load Love number. 237 

In this study, the GIA corrected geopotential coefficient is subtracted from the 238 

GRACE/GRACE-FO geopotential spherical harmonic coefficient variations: 239 

 
( ) ( ) ( )

( ) ( ) ( )

GRACE GIA

lm lm lm

GRACE GIA

lm lm lm

C N C N C N

S N S N S N

 =  −

 =  −

  (4) 240 

Then the monthly gravity change is calculated (Godah, 2019): 241 
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 = =

−   
 =

 + 
   (5) 242 

Where r is the geocentric radius, GM is the Earth gravitational constant, and other 243 

variables are the same as before. This study applies the forward modelling method to 244 

correct signal leakage errors on GRACE/GRACE-FO ESH time series data and 245 

gravity time series data. Finally, the least squares model is applied to estimate the 246 

GRACE/GRACE-FO mass-term SLCR and MGCR, and the grid size is 1°×1°. 247 

3 Methodology 248 

The submarine plate motion, the melting of glacier and ice sheet, and the change 249 

of ocean dynamics all lead to the spatial distribution changes of seawater mass, which 250 

in turn causes changes of Earth shape and gravity field. In static marine gravity field 251 

studies, the geoid height is obtained by subtracting the mean sea surface topography 252 

from the instantaneous altimetry SSH, and then the geoid height or geoid gradient is 253 

utilized to construct the gravity field model (Gopalapillai and Mourad, 1979; Hwang 254 

et al., 2002). In this study of time-varying marine gravity based on satellite altimetry, 255 

the mean sea surface topography is also regarded as invariable, and it is proposed to 256 

utilize sea level change to study marine gravity change. 257 

The flowchart of this research is shown in Fig. 3. Firstly, following the data 258 

grouping, editing and preprocessing of multi-satellite altimetry data, multiple mean 259 

sea level models are calculated to construct altimetry sea level time series data, and 260 

then the high-resolution SDUST altimetry SLCR is estimated by applying the least 261 

squares model and is compared with the AVISO altimetry SLCR. Then the SDUST 262 

mass-term SLCR is calculated by subtracting the EN4 steric SLCR from the SDUST 263 

altimetry SLCR, and is compared with the GRACE/GRACE-FO mass-term SLCR. 264 

Finally, based on the SDUST mass-term SLCR, the spherical harmonic analysis, GIA 265 

effect deduction and spherical harmonic synthesis are performed to obtain the SDUST 266 

MGCR, and the SDUST MGCR is compared with the GRACE/GRACE-FO MGCR. 267 

https://doi.org/10.5194/essd-2023-498
Preprint. Discussion started: 11 December 2023
c© Author(s) 2023. CC BY 4.0 License.



10 

 

Multi-satellite 

altimetry data

Spherical harmonic 

synthesis

EN.4.2.1 monthly 

ocean temperature 

and salinity data

GIA ICE-6G 

model

GRACE/GRACE-FO  

monthly geopotential 

spherical harmonics data

AVISO altimetry 

monthly mean sea 

level anomaly data

Data grouping, editing and 

preprocessing, mean sea level  

model establishing

SDUST 

altimetry SLCR

EN4 steric sea 

level change 

rate (SLCR)

SDUST 

Mass SLCR

Remove

GRACE/

GRACE-FO 

Mass SLCR

Comparison

GRACE/GRACE-FO 

marine gravity change 

rate (MGCR)

Remove

Spherical harmonic 

analysis

Comparison
SDUST MGCR

Spherical harmonic 

synthesis

Remove

altimetry sea 

level time 

series data

AVISO 

altimetry SLCR

Comparison

 268 

Figure 3. Flowchart of marine gravity change rate derivation from satellite altimetry data 269 

3.1 Estimation of altimetry SLCR 270 

3.1.1 Data grouping and editing 271 

The multi-satellite altimetry data from January 1993 to December 2019 are 272 

utilized to construct the high-precision and high-resolution altimetry SLCR model. 273 

The obliquity between the Moon orbit and the Earth equator is called the lunar 274 

declination angle, with a maximum value of 28.5° and a minimum value of 18.5°, and 275 

its change cycle is 18.6 years. This study uses a 19-year moving window and a 1-year 276 

moving step to divide the L2P products into 9 groups (Yuan et al., 2020a), which can 277 

attenuate the ocean effect of a typical tide with 18.6 years. In addition, in order to 278 

improve the modeling accuracy, the low-quality SSH data is excluded according to 279 

the thresholds for altimeter, radiometer and geophysical parameters defined in the L2P 280 

product handbook (CNES, 2020). 281 

3.1.2 Data preprocessing 282 

Each group of SSH data needs to perform the ocean variability correction to 283 

attenuate SSH anomalous variation, SSH seasonal variation and radial orbit error. For 284 

the ERM data, the collinear adjustment method is applied to perform ocean variability 285 

correction (Rapp et al., 1994). The steps of this method are as follows: firstly, the 286 
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track with the most observation points among all collinear tracks is selected as the 287 

reference track; then, the SSH of each point on other period collinear tracks is 288 

interpolated to corresponding point on the reference track; finally, the average value 289 

of the SSH at each point is calculated to obtain a mean track. 290 

The tracks of GM data are not collinear, so the GM data cannot use the collinear 291 

adjustment to perform the ocean variability correction. In this study, the ERM data of 292 

T/P series satellites (T/P, Jason-1/2/3) is continuous from 1993 to 2019, thus the tracks 293 

of T/P series ERM data after collinear adjustment are selected as reference tracks 294 

(Yuan et al., 2021). Then, the SSH difference of the T/P series ERM data between the 295 

reference track point and the corresponding collinear track point is calculated (Yuan et 296 

al., 2020b). Finally, the SSH correction on the GM track is obtained using the space-297 

time objective analysis interpolation (Yuan et al., 2020b; Schaeffer et al., 2012), and 298 

the ocean variability correction for GM data of each satellite is performed. 299 

The short-wavelength ocean variability signals, radial orbit error residuals and 300 

geophysical correction residuals in SSH data still affect the modeling of mean sea 301 

level. This study uses the crossover adjustment based on the posteriori compensation 302 

theory of error to continue the correction of SSH data. The details of this crossover 303 

adjustment method were described by Huang et al and Yuan et al (Huang et al., 2008; 304 

Yuan et al., 2020b). The steps of this method are as follows: firstly, the observation 305 

equation of altimetry satellite at the crossover point is established, and the conditional 306 

adjustment is performed to obtain the SSH correction v at the crossover point; then, 307 

for each altimetry track, a mixed polynomial error model f(t) with independent 308 

variable of the measurement time t at observation point is established (Yuan et al., 309 

2021): 310 

 

0 1 0

0 1 0 0 1 0

1

( ) ( )

( cos(2 ( ) / ( )) sin(2 ( ) / ( )))
M

i i

i

f t a a t T

b i t T T T c i t T T T 
=

= + − +

  − − +   − −
  (6) 311 

Where 0a , 1a , ib  and ic  (i = 1, 2, …, M) are the parameters that need to be determined, 312 

the value of M can be determined based on the length of the altimetry track (Huang et 313 
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al., 2008), the T0 and T1 respectively represent the start and end observation time of 314 

the altimetry track. The correction v is used as the virtual observation to establish the 315 

error equation v = f(t) + ,  is observation noise, and the unknown coefficients in f(t) 316 

are solved by the least squares principle; finally, the solved coefficients and the 317 

measurement time t are put in the error model f(t), and the SSH error of each 318 

observation point is calculated, and the SSH is corrected. 319 

3.1.3 The mean sea level model establishing 320 

The least squares collocation (LSC) method are excellent at achieving optimal 321 

interpolation using the priori information of observations (Jin et al., 2011). In this 322 

study, the LSC method is used to establish the mean sea level model on 5′×5′ grids 323 

based on the along-track SSH data. The steps of this method are as follows: firstly, the 324 

geoid height calculated from the EGM2008 Global Gravity Field model is selected as 325 

the reference SSH, and the SSH data subtracts the reference SSH to obtain the 326 

residual SSH; then the along-track residual SSH is de-averaged, and gridded applying 327 

the LSC method, where the covariance function in the LSC method is described by a 328 

second-order Markov process (Jordan, 1972); finally, the average value of the residual 329 

SSH is added back to the grid value, and the reference SSH is also recovered, a mean 330 

sea level model on 5′×5′ grids is established. 331 

3.1.4 Long-term altimetry SLCR model establishing 332 

This study calculates nine mean sea level models using nine groups of SSH data, 333 

which constructs sea level time series data with 1-year interval. Then, we apply the 334 

least squares method to estimate the long-term altimetry SLCR. The SDUST global 335 

altimetry SLCR model (SDUST_Altimetry_SLCR) on 5′×5′ grids is established, and 336 

will be compared with the AVISO global altimetry SLCR model 337 

(AVISO_Altimetry_SLCR). 338 

3.2 Estimation of steric SLCR 339 

The changes in ocean temperature and salinity cause the seawater volume 340 

changes, which also known as steric SSH changes. The steric SSH change at any 341 

location can be calculated using the seawater density change (Llovel et al., 2010): 342 
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−

 = −   (7) 343 

Where z represents the seawater depth,  , T and S are the density, temperature and 344 

salinity of seawater,  , T  and S  are the average density, average temperature and 345 

average salinity of seawater from January 1993 to December 2019, h is the distance 346 

from the sea bottom to the sea surface. 347 

This study utilizes the EN4.2.1 monthly ocean temperature and salinity data from 348 

January 1993 to December 2019 to calculate the monthly steric SSH changes on a 349 

1°×1° grid, and then applies the least squares model to estimate the long-term steric 350 

SLCR. Finally, the EN4 global steric SLCR model (EN4_Steric_SLCR) with 1°×1° 351 

grid size is constructed. 352 

3.3 Estimation of mass-term SLCR 353 

The altimetry sea level change represents the total sea level change, which 354 

includes seawater volume change and seawater mass change (Yang et al., 2022). 355 

Therefore, the EN4 steric SLCR is subtracted from the SDUST altimetry SLCR: 356 

 
Mass Altimetry StericSLCR SLCR SLCR= −   (8) 357 

Note that the EN4 steric SLCR model, initially defined on 1°×1° grids, is up-sampled 358 

to 5′×5′ using Kriging interpolation model to facilitate model calculation. Finally, the 359 

SDUST global mass-term SLCR model (SDUST_Mass_SLCR) with 5′×5′ grid size is 360 

constructed, which will be compared with the GRACE/GRACE-FO mass-term SLCR 361 

model. 362 

3.4 Estimation of MGCR 363 

The Earth have obvious load response to the surface mass change, the load 364 

response includes Earth surface displacement and gravity field change. The Earth 365 

gravity field change by the mass load response can be calculated by applying the 366 

spherical harmonic function method. The spherical harmonic function method can be 367 

divided into two steps: the spherical harmonic analysis and spherical harmonic 368 

synthesis (Sneeuw, 1994; Godah, 2019). 369 

Firstly, the global mass-term SLCR is expanded into spherical harmonic 370 

coefficient: 371 
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  (9) 372 

Where Mass

lmC  and Mass

lmS  are the fully normalized geopotential trend coefficients 373 

corresponding to the mass-term SLCR. The grid size of the SDUST mass-term SLCR 374 

model is 5′×5′, so its spherical harmonic coefficient is fully calculated to the 2160 375 

degree. The above process is called spherical harmonic analysis. 376 

In order to deduct the GIA effect, this study subtracts the GIA corrected 377 

geopotential trend coefficients GIA

lmC  and GIA

lmS  from Mass

lmC  and Mass

lmS : 378 

 

Mass GIA

lm lm lm

Mass GIA

lm lm lm

C C C

S S S

 = −


= −

  (10) 379 

Then according to the spherical harmonic coefficient and the position information, the 380 

spherical harmonic domain integration is performed: 381 

 
2160

2
0 0

( , , ) ( 1)( / ) (cos )( cos sin )
l

l

lm lm lm

l m

GM
MGCR r l a r P C m S m

r
    

= =

= − +   (11) 382 

The above calculation is also called spherical harmonic synthesis. The SDUST 383 

global MGCR model (SDUST2020MGCR) with a grid size of 5′×5′ is obtained using 384 

the spherical harmonic coefficient of degree 2160. The SDUST2020MGCR will be 385 

compared with the GRACE/GRACE-FO MGCR model (GRACE2020MGCR). 386 

4 Results and analysis 387 

This study calculates the long-term SLCR of the sea area covering 70°S-70°N, 388 

and finally obtains the long-term MGCR. The grid size of models in the study are 389 

inconsistent. Therefore, to enhance the presentation of models for comparison, the 390 

models with grid size smaller than 5′×5′ is up-sampled to 5′×5′ applying the Kriging 391 

interpolation method. The results are discussed and analyzed below. 392 

4.1 The SLCR model 393 

The SDUST_Altimetry_SLCR constructed by using multi-satellite altimetry data 394 

is shown in Fig. 4a. The AVISO_Altimetry_SLCR constructed by using AVISO 395 

monthly sea level anomaly data is shown in Fig. 4b. The Fig. 5 illustrates 396 

EN4_Steric_SLCR constructed using EN4.2.1 ocean temperature and salinity data. 397 

Furthermore, The SDUST_Mass_SLCR obtained by subtracting EN4_Steric_SLCR 398 
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from SDUST_Altimetry_SLCR is shown in Fig. 6a, and the GRACE_Mass_SLCR 399 

resolved from the GRACE/GRACE-FO monthly geopotential spherical harmonic data 400 

is presented in Fig. 6b. Upon comparing the results of long-term altimetry SLCR (Fig. 401 

4), it is evident that the distribution characteristics of the SDUST_Altimetry_SLCR 402 

and the AVISO_Altimetry_SLCR are basically consistent on the global scale. Upon 403 

comparing the results of the long-term mass-term SLCR (Fig. 6), there are some 404 

differences in the distribution characteristics of SDUST_Mass_SLCR and 405 

GRACE_Mass_SLCR on the global scale, however, similarities are identified in local 406 

sea areas, such as the eastern seas of Japan, the western seas of the Nicobar Islands, 407 

and the southern seas of Greenland. 408 

 409 

 410 

Figure 4. The long-term altimetry SLCR. (a) SDUST_Altimetry_SLCR, (b) 411 

AVISO_Altimetry_SLCR. 412 

 413 
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Figure 5. The long-term steric SLCR (EN4_Steric_SLCR). 414 

 415 

 416 

Figure 6. The long-term mass-term SLCR. (a) SDUST_Mass_SLCR, (b) GRACE_Mass_SLCR. 417 

The long-term SLCR for the global ocean (60°S~60°N), the Indian Ocean 418 

(20°~105°E, 60°S~30°N), the Pacific Ocean (105°E~80°W, 60°S~60°N) and the 419 

Atlantic Ocean (80°W~20°E, 60°S~60°N) are statistically analyzed, and the results 420 

are shown in Table 1. The statistical results of SDUST_Altimetry_SLCR and 421 

AVISO_Altimetry_SLCR are basically consistent, and the mean value of altimetry 422 

SLCR in the global ocean is all about 3.2 mm/year. There are some differences in the 423 

statistical results of SDUST_Mass_SLCR and GRACE_Mass_SLCR, but the mean 424 

values for both are all positive, signifying an overall upward trend in the mass-term 425 

sea level. In addition, the statistical results show that the standard deviation (STD) of 426 

SDUST_Mass_SLCR is smaller than GRACE_Mass_SLCR. The more detailed 427 

comparative analysis of the results derived from multi-satellite altimetry and 428 

GRACE/GRACE-FO is presented in Sect. 4.2. 429 

Table 1. Statistical results of long-term SLCR (mm/year) 430 

SLCR Models Oceans Max Min Mean STD 

SDUST_Altimetry_SLCR 

Global 25.75 -9.66 3.18 1.59 

Indian 13.08 -4.69 3.04 1.65 

Pacific 25.75 -9.66 3.22 1.65 

Atlantic 16.05 -9.07 3.21 1.39 

AVISO_Altimetry_SLCR Global 30.28 -15.55 3.22 1.38 
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Indian 14.06 -5.72 3.41 1.25 

Pacific 30.28 -15.55 3.15 1.52 

Atlantic 16.77 -2.55 3.25 1.13 

EN4_Steric_SLCR 

Global 11.72 -5.94 1.19 1.72 

Indian 11.72 -3.87 1.33 1.97 

Pacific 9.58 -5.94 1.17 1.71 

Atlantic 9.72 -5.01 1.13 1.54 

SDUST_Mass_SLCR 

Global 16.53 -11.52 1.98 1.98 

Indian 9.57 -11.52 1.70 2.27 

Pacific 16.53 -10.10 2.03 1.97 

Atlantic 14.10 -9.71 2.06 1.75 

GRACE_Mass_SLCR 

Global 44.43 -85.54 1.16 4.46 

Indian 24.03 -12.42 0.69 2.63 

Pacific 42.90 -85.54 1.75 4.45 

Atlantic 44.43 -53.19 0.27 5.18 

4.2 The MGCR model 431 

The SDUST2020MGCR constructed by applying the spherical harmonic 432 

function method is shown in Fig. 7a, and the GRACE2020MGCR resolved from the 433 

GRACE/GRACE-FO satellite gravity data is shown in Fig. 7b. The 434 

SDUST2020MGCR and GRACE2020MGCR have similar spatial distribution 435 

characteristics in some local sea areas. In the eastern seas of Japan, both 436 

SDUST2020MGCR and GRACE2020MGCR can detect the dipole phenomenon of 437 

marine gravity change, which may be related to the gradually increasing ocean 438 

circulation (Wang and Wu, 2019). The Nicobar Islands in the northeastern Indian 439 

Ocean are located on the collision boundary where the oceanic plate subducts beneath 440 

the continental plate. Both SDUST2020MGCR and GRACE2020MGCR indicate that 441 

the marine gravity in the western seas of the Nicobar Islands is rising, which may be 442 

attributed to the material accumulation caused by plate subduction (Zhu et al., 2023a). 443 

In the southern seas of Greenland, both SDUST2020MGCR and GRACE2020MGCR 444 

exhibit a downward trend, which is related to the mass loss of Greenland due to ice 445 

melting (Groh et al., 2019). In the seas near the West Wind Drift and the Brazilian 446 

Warm Current, both SDUST2020MGCR and GRACE2020MGCR reveal that the 447 

high-frequency signals of marine gravity changes are relatively significant, which 448 

reflects the influence of ocean currents on the marine gravity field. However, 449 

differences exist in the global scale spatial distribution between SDUST2020MGCR 450 

and GRACE2020MGCR. The Fig. 7a shows that GRACE2020MGCR still exhibits 451 

strip noise and may contains leakage errors residuals. 452 
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 453 

 454 

Figure 7. The long-term MGCR. (a) SDUST2020MGCR, (b) GRACE2020MGCR. 455 

The long-term MGCR in the global ocean, the Indian Ocean, the Pacific Ocean 456 

and the Atlantic Ocean are statistically analyzed, and the results are presented in Table 457 

2. The statistical histogram of the long-term MGCR is plotted, as shown in Fig. 8. The 458 

power spectral density of MGCR model is estimated by using the periodogram 459 

method, as illustrated in Fig. 9. The Table 2 shows that the long-term MGCR mean 460 

values for both SDUST2020MGCR and GRACE2020MGCR are positive values in 461 

the global and local oceans. The long-term MGCR mean value in global ocean is 462 

about 0.02 µGal/year. The statistical results also indicate that the STD of 463 

SDUST2020MGCR is smaller than GRACE2020MGCR. The Fig. 8 shows that the 464 

MGCR value of SDUST2020MGCR and GRACE2020MGCR are mainly between -465 

0.2 and 0.2 µGal/year, and SDUST2020MGCR is more consistent with the Gaussian 466 

normal distribution. The Fig. 9 shows that the signal strength of SDUST2020MGCR 467 

is greater than GRACE2020MGCR in the entire frequency domain. 468 

Table 1. Statistical results of long-term MGCR (µGal/year) 469 

 Oceans Max Min Mean STD 

SDUST2020MGCR 

Global 3.28 -1.41 0.02 0.09 

Indian 0.47 -0.44 0.03 0.08 

Pacific 1.37 -0.48 0.02 0.08 

Atlantic 3.28 -1.41 0.03 0.09 

GRACE2020MGCR Global 1.00 -3.60 0.03 0.14 
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Indian 1.00 -0.51 0.01 0.10 

Pacific 0.95 -3.60 0.03 0.14 

Atlantic 0.94 -1.52 0.06 0.15 

 470 

Figure 8. The statistical histogram of the long-term MGCR. (a) SDUST2020MGCR, (b) 471 

GRACE2020MGCR. 472 

 473 

Figure 9. The power spectral density of MGCR model. 474 

There are some differences in spatial distribution and statistical results between 475 

SDUST2020MGCR and GRACE2020MGCR, which are mainly related to the 476 

following factors: (1) The spatial resolution of the GRACE/GRACE-FO monthly 477 

gravity data is low, its signal contains north-south strip noise and leakage errors, and 478 

both error correction processing and error residuals make real geophysical signals 479 

distorted and weak. (2) The satellite altimetry data exhibits relatively high spatial 480 

resolution, but its time-varying marine gravity may be affected by SSH measurement 481 

errors. (3) The EN4.2.1 ocean temperature and salinity data suffer accuracy problems 482 

that arise from irregular spatial data distribution and model gridding. Consequently, 483 

the spatial distribution and statistics of SDUST2020MGCR and GRACE2020MGCR 484 

are challenging to mutually validate. 485 

5 Data availability 486 

The global marine gravity change rate model (SDUST2020MGCR) can be 487 
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downloaded on the website of https://zenodo.org/records/10098524 (Zhu et al., 488 

2023b). The dataset contains geospatial information (latitude, longitude) and marine 489 

gravity change rates. 490 

6 Conclusions 491 

This study utilized multi-satellite altimetry data and ocean temperature-salinity 492 

data from 1993 to 2019 to estimate the global mass-term SLCR. Based on the 493 

spherical harmonic function method and mass load theory, we constructed the global 494 

MGCR model (SDUST2020MGCR) on 5′×5′ grids. This model provides the more 495 

detailed information of changes in the marine gravity field. 496 

The SDUST2020MGCR and the GRACE/GRACE-FO global MGCR model 497 

(GRACE2020MGCR) were compared. In local sea areas where marine gravity 498 

changes significantly, such as the eastern seas of Japan, the western seas of the 499 

Nicobar Islands, and the southern seas of Greenland, the SDUST2020MGCR and 500 

GRACE2020MGCR have certain similarities in spatial distribution. However, there 501 

are some differences in the global spatial distribution between SDUST2020MGCR 502 

and GRACE2020MGCR, which is mainly related to the mismatch in spatial 503 

resolution among satellite altimetry data, satellite gravity data, and ocean temperature-504 

salinity data. Compared with the low-resolution GRACE2020MGCR, the 505 

SDUST2020MGCR not only has a higher spatial resolution, but also excludes the 506 

strip noise and leakage errors, so it can more realistically reflect the long-term 507 

changes in the marine gravity field. 508 

The marine gravity changes are the comprehensive result of mass migration in 509 

various layers of the Earth, such as the oceanosphere and lithosphere. Utilizing the 510 

high-resolution MGCR model derived from multi-satellite altimetry data, and 511 

integrating it with other Earth dataset, will be helpful to study the Earth material 512 

migration. 513 
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