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

GRACE/GRACE-FO gravity data. However, satellite gravity data exhibits low spatial
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} j iy-—Satellite altimetry is an important

technique for observing global ocean and provides many consecutive years data,

which enables the study of high-resolution marine gravity variations. This study aims

to construct a high-resolution marine gravity change rate (MGCR) model using multi-
satellite altimetry data. Initially, multi-satellite altimetry data and ocean temperature-
salinity data from 1993 to 2019 are utilized to estimate the altimetry sea level change
rate (SLCR) and steric SLCR, respectively. Subsequently, the mass-term SLCR is
calculated. Finally, based on mass-term SLCR, we-censtruet-the global MGCR model
on 5'x5" grids (SDUST2020MGCR) is constructed by applying the spherical

harmonic function method and mass load theory. Comparisons and analyses are
conducted between SDUST2020MGCR and GRACE2020MGCR resolved from
GRACE/GRACE-FO gravity data. The spatial distribution characteristics of
SDUST2020MGCR and GRACE2020MGCR are similar in the sea areas where
gravity changes significantly, such as-the-seasnear-some-ocean-eurrents_the eastern

seas of Japan, the western seas of the Nicobar Islands, and the southern seas of
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Greenland. The statistical mean values of SDUST2020MGCR and
GRACE2020MGCR in global and local oceans are all positive, indicating that MGCR
is rising. Nonetheless, differences in spatial distribution and statistical results exist
between SDUST2020MGCR and GRACE2020MGCR, primarily attributable to
spatial resolution disparities among altimetry data, ocean temperature-salinity data,
and GRACE/GRACE-FO data. Compared with GRACE2020MGCR,
SDUST2020MGCR has higher spatial resolution and excludes stripe noise and
leakage errors. The high-resolution MGCR model constructed using altimetry data
can reflect the long-term marine gravity change in more detail, which is helpful-te
study in studying-Earth-mass—migration_seawater mass migration and its associated
geophysical processes. The SDUST2020MGCR model data is available at

hitps://zenodo-orgirecords/10098524-https://zenodo.org/records/10701641 (Zhu et al.,
2024).

1 Introduction
The Earth’s large-scale mass migration-wiH can cause spatiotemporal changes of

the Earth’s gravity field (Li et al., 2021). The ocean accounts for about 71% of the
global area, and the determination of time-varying marine gravity field is an important
research content of the Earth’s time-varying gravity field. The high-precision and
high-resolution spatiotemporal change information of marine gravity field is useful
for monitoring related geophysical processes such as the-ice melting, ocean dynamic
processes and crustal deformation.

Investigating the Earth’s time-varying gravity field mainly relies on repeated
observations data—of ground gravity and satellite gravity. The large-scale regional
gravity field changes can be studied utilizing the multi-year gravity measurement data
on the relative gravity surveying network (Liang et al., 2016). The precise gravity
field changes in small areas can be investigated using repeated measurement data
from absolute gravimeters on gravity stations (Greco et al., 2012). However, the
gravimeter observation is costly, and gravimeter marine observation requires a lot of
manpower, material and financial resources. The satellite gravity provides the
possibility for repeated observations of the Earth’s large-scale gravity field. At present,
the high-low satellite-to-satellite tracking, low-low satellite-to-satellite tracking and
satellite gravity gradient measurement technologies have been developed. The
successfully launched gravity satellites include CHAMP, GRACE/GRACE-FO and
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GOCE (Flechtner et al., 2021). Among them, the GRACE/GRACE-FO gravity
satellite data is the most widely-used utilized. The GRACE/GRACE-FO-uses—the
adopts the gravity measurement technology of low-low satellite-to-satellite tracking
model;. #The GRACE/GRACE-FO can obtain time-varying gravity with an accuracy

of about 0.1 mGal (Flury and Rummel, 2005) and time-varying equivalent water
height with an accuracy of approximately 1 cm (Wahr et al., 2004), but its spatial
resolution of one-half wavelength is only 400-500 km (Tapley et al., 2004), the
resolution is low, and there is large signal distortion and leakage errors.

The satellite altimetry technique can quickly and repeatedly obtain high-
precision global ocean information, becoming an important means to observe and
study the ocean. Products such as mean sea level model, static marine gravity field
model, and sea level change dataset can be extracted or derived by using altimetry sea
surface height (SSH). The Technical University of Denmark team foeuses-focused on
model improvement in the Arctic Ocean, utilizing multi-satellite altimetry data to
construct the global mean sea level model (Andersen et al., 2021, 2023) and the
global marine gravity field model (Andersen and Knudsen, 2020). The Shandong
University of Science and Technology (SDUST) team also-censtructs constructed the
global mean sea level model (Yuan et al., 2023) and the marine gravity field model

(Zhu et al., 2022) using altimetry data,—mproving-the-medelaceuracy—in-offshere

areas and the accuracy of the model was improved in the offshore region. The

European Copernicus Marine Environment Monitoring Service-uses used altimetry
data to produce and release daily and monthly gridded sea level change dataset
products (Taburet et al., 2019). The Scripps Institution of Oceanography in the United
States also develeps—developed the global altimetry marine gravity field model
(Sandwell et al., 2021). So far, the altimetry SSH-is-of- has been at the centimeter-

level accuracy, and the calculated global sea level changes have reached millimeter-

level accuracy (Nerem et al., 2010). The global altimetry marine gravity field model
has had a spatial resolution better than 10 km, and the calculation accuracy is-has been
about 1 mGal (Sandwell et al., 2013). However, few studies have applied altimetry
means to time-varying marine gravity. This paper aims to utilize multi-satellite
altimetry data to construct a global marine gravity change rate (MGCR) model
(SDUST2020MGCR).

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

this study, we propose to utilize the sea level change rate (SLCR) to calculate the
3
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MGCR. Firstly, multi-satellite altimetry data from 1993 to 2019 are utilized to
estimate the long-term altimetry SLCR, and EN4.2.1 ocean temperature and salinity
data from 1993 to 2019 are utilized to estimate the long-term steric SLCR. Then, the
steric SLCR is subtracted from altimetry SLCR to calculate the mass-term SLCR.
Finally, this paper applies the method proposed by-Zhu-—et-ak {Zhu et al.; (2023) to
estimate long-term MGCR, that is utilizing the mass-term SLCR to construct a global
MGCR model based on mass load theory and spherical harmonic function method. In
Sect. 2, the study area and data sources are introduced. In Sect. 3, the methods of
altimetry SLCR estimation, steric SLCR estimation, mass-term SLCR estimation and
MGCR estimation are described in detail, respectively. In Sect. 4, the global SLCR
and MGCR models are given, and the model comparisons and analyses are performed.
In Sect. 5, the conclusion is presented.

2 Study area and data

2.1 Study area

In this paper, the ocean covering 0-360 E and 70 5-70N is selected as the study area,

as shown in Fig. 1. There are various mass migration phenomena on Earth, such as
ocean currents that move seawater in a certain direction, the subduction of oceanic
plates to continental plates that form island arcs (e.g. Nicobar Islands) and trenches,
and the melting ice due to global warming that reduce the mass of Greenland and
Antarctic. The mass migration causes changes in the Earth’s gravity field.
Constructing the high-resolution time-varying marine gravity model is helpful for the

study of the material migration movement.
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Figure 1. The study area eevering-covers 0-360E and 70<5-70N. The base map was created

using Generic Mapping Tools, then we have roughly marked the Continents, the Oceans and the
4
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local sea areas with obvious gravity changes. Red arrows indicate areas where warm currents pass,
blue arrows indicate areas where cold currents pass, the Nicobar Islands and Greenland Ice Sheet

are also marked.

2.2 L2P satellite altimetry data
The satellite altimetry data includes products at different levels: Level-0 (LO),

Level-1 (L1), Level-2 (L2), Level-2 Plus (L2P) and Level-3 (L3). The LO product is
raw telemetered data. The LO product is corrected for instrumental effects to obtain
the L1 product. The L1 product is corrected for geophysical effects to obtain the L2
product. The geophysical effects corrections include corrections for dry and wet
tropospheric effects, ionospheric effects, ocean state bias, ocean tides, solid tides,
polar tides and atmospheric pressure. The L2 product is also called_the geophysical
data records (GDR) product. Based on the L2 product, the correction model is
updated and replaced, and the—new quality control is carried out, such as data
validation, data editing and algorithmic improvement, and finally, the L2P product is
ebtatped-produced (CNES, 2020). The L3 product is processed river and lake water
level time series data.

The L2P product is released by the AVISO (Archiving, Validation and
Interpretation of Satellite Oceanographic) data center (https://www.aviso.altimetry.fr/)
of the French Centre National d'Eudes Spatiales (CNES). The L2P product includes

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

geophysical correction models. Therefore,—the-corresponding-SSH-can-be-caleulated

using-L2P-product-asneeded the L2P product can be utilized to calculate the required
SSH. This study utilizes SSH data derived from L2P product to calculate multiple

mean sea level models; and construct sea level time series data, and finally, the least
squares model is applied to estimate high-resolution SDUST altimetry SLCR (Yuan et
al., 2021).

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

including two observation mission data of 12 altimetry satellites, as shown in Fig. 2.
The ERM (Exact Repeat Mission) data is observed by ERS-1/2, Topex/Poseidon (T/P),
Geosat Follow On (GFO), Envisat, Jason-1/2/3, HaiYang-2A (HY-2A), Saral, and
Sentinel-3A, and the GM (Geodetic Mission) data is observed by ERS-1, Jason-1/2,
HY-2A, Cryosat-2, and Saral.
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Figure 2. The multi-satellite altimetry data is utilized in this study. The horizontal axis marks the
observation time, and the vertical axis marks the name of the altimetry satellite. Blue represents

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

2.3 EN4 ocean temperature and salinity data
The ocean temperature and salinity data is important basic data for studying

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

velume-changeocean volume changes caused by changes in seawater temperature and

salinity, and further to predict global climate disasters. The Argo (Array for Real-Time
Geostrophic Oceanography) project aims to use Argo floats to form a global ocean
observation network to measure the depth, temperature, salinity and other data
parameters of the ocean in real time (Riser et al., 2016). Now, nearly 4000 Argo floats
are in working condition, which provides basic data for constructing global ocean
temperature and salinity data products.

The various ocean temperature and salinity data products are all affected by
irregular floats distribution and model gridding, and their accuracy is basically the
same (Hosoda et al., 2008; Roemmich and Gilson, 2009). This study utilizes the
EN4.2.1 monthly ocean temperature and salinity product from January 1993 to
December 2019 released by the Met Office (https://argo.ucsd.edu/data/argo-data-

products/) to study the seawater—velume-changeocean volume change and calculate
the steric SLCR. The grid size of EN4.2.1 data is 1<<1°(Good et al., 2013).

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

6
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data product on 15'x15" grids. The sea level anomaly is referenced to the mean sea
level from 1993 to 2012. This product can resehve-discern sea level changes on a scale
of 150-200 km, with an accuracy of centimeter-level in most sea areas_worldwide
around-the-werld (Ducet et al., 2000). The AVISO monthly sea level anomaly data
integrates observation data from Jason-1/2/3, T/P, Envisat, ERS-1/2, Geosat and GFO,
and has been corrected for geophysical influences, such as dry and wet tropospheric
influence, ionospheric delay, tides, and the dynamic atmosphere. This study utilizes
AVISO monthly sea level anomaly grid data from January 1993 to December 2019 to
estimate AVISO altimetry SLCR.

2.5 ICE-6G glacial isostatic adjustment model
The glacial isostatic adjustment (GIA) is the response of the viscoelastic earth to

changes in surface ice and seawater load during the last glacial period. The marine
gravity changes resolved from satellite gravity data and satellite altimetry data include
not only the impact of contemporary Earth mass migration, but also the impact of
solid earth mass redistribution driven by GIA. In the research on various Earth science
issues, the GIA effect is usually deducted as a linear term. Argus and Peltier et al.
(Argus et al., 2014; Peltier et al., 2015) provided the ICE-6G fully normalized

geopotential trend coefficients CS* and SS* , with the degree and order fully

expanded to 256. In this study, the degree of GIA model is truncated to the 60, which

will be deducted from GRACE and altimetry observations. The spherical harmonic

coefficients in the ICE-6G model correspond to the interannual trend, and we need to

calculate the GIA coefficients for each month to deduct the GIA effect from the

GRACE monthly harmonic coefficients. Based on the ICE-6G fully normalized

SGIA

geopotential_annual trend coefficients_él?n"* and S,.", the GIA corrected geopotential

coefficients ACS" and AS:" for each month from January 1993 to December 2019
can also be calculated:
{ACISH'A(N)(N /12)><§,§'A (N =12,---,324) 0
ASC*(N)=(N/12)xS* (N =1,2,---,324)
Where N represents the month, and there are 324 months from January 1993 to
December 2019. The GIA corrected geopotential annual trend coefficients and GIA

corrected geopotential coefficients are utilized to correct the altimetry MGCR and

GRACE/GRACE-FO monthly gravity data, respectively, which can deduct the marine
7
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gravity changes due to the long-term oceanic crust deformation driven by GIA.

2.6 GRACE/GRACE-FO monthly geopotential spherical harmonics data
The main purpose of the GRACE system and the GRACE-FO system is to obtain

the long-medium wavelength signals of the Earth’s gravity field and to detect gravity
changes (Han et al., 2004). The orbit parameters of GRACE satellite and GRACE-FO
satellite are basically the same, with an orbit inclination of 89.5and an orbit altitude
of about 500 km (Wouters et al., 2014). The main instruments carried by the satellites
are GPS receivers and ranging systems. The GRACE/GRACE-FO time-varying
gravity data mainly consists of Level-1, Level-2 and Level-3.-FheLevel-1-datais
satelite-orbit-data The Level-1 data is raw observations that include distance changes

between the dual-satellite, and acceleration changes due to the Earth's gravitational

variations. The Level-2 data is Earth—global time-varying gravity field model
expressed in spherical harmonic coefficient, which has been corrected for the effects
of ocean tides, solid tides, atmosphere tides, pole tides, and non-tidal variability in the
atmosphere and ocean (UTCSR, 2018). The Level-3 data is grid format data
represented by Mascon products.

The Center for Space Research at the University of Texas (UTCSR) released
GRACE/GRACE-FO Level-2 RL06 monthly geopotential spherical harmonics data,
including GSM and GAD data. The CSR_GSM data represents the estimation of
Earth’s monthly average gravity field, and the degree and order is-are fully calculated
to 60. The CSR_GAD data represents the impact of non-tidal oceanic and
atmospheric pressure to-on the ocean bottom pressure. The International Center for
Global Earth Model (ICGEM, http://icgem.gfz-potsdam.de/home) provides
CSR_GSM data filtered by DDK2. The DDK2 is a non-isotropic filtering method, and
CSR_GSM_DDK?2 contains less stripe noise.

The GRACE/GRACE-FO dataset has 180-months data between April 2002 and
December 2019, and any missing GRACE/GRACE-FO data are not reconstructed in
this study. The degree-1 coefficients supplementation, degree-2 and degree-3
coefficients replacement are performed on CSR_GSM_DDK2 data. In addition, to
match with the satellite altimetry data, the spherical harmonic coefficient of
CSR_GSM_DDK?2 and CSR_GAD are linearly summed-in-a-tnearmanner:

{5 (N)=C (N) +C/°(N)

m

C GRACE c GSM c GAD (2)
SIm (N)=S|m (N)+Slm (N)

8
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reference-gravity-fieldThe mean spherical harmonic coefficient of 180-months gravity

data is utilized as the reference gravity field, and the GRACE/GRACE-FO

geopotential spherical harmonic coefficient variations ACS® and ASS™ are

calculated. Then the monthly equivalent seawater height (ESH) change is ebtained
calculated (Wahr et al., 1998; Godah, 2019):

6)= ape g‘ VI‘ [(21+1)/(1+ k| )] F_)|m (cos@)-
3p, G E[ACCRE (N) cos mA + ASCRCE (N)sin mA]

AESH (N
| == ) \I

LI \ER4AT]

o
[¢8)
=

AESH (N, 4,60) =ap. /3p -
60 |
D > @I+1)/(1+k)- R, (cos6) - [ACTF(N)cosmA+AS ™ (N)sinmA]

m m
1=0 m=0

Where 4 and 6 are the geocentric longitude and colatitude of the calculation point, a
(= 6378136.3 m) is the Earth equatorial radius, p. (= 5514 kg/m®) is the Earth

average density, and p, (= 1028 kg/m?®) is the seawater average density, | and m are

degree and order of spherical harmonic coefficient, P is the fully normalized
associated Legendre function, k is the load Love number.
In this study, the GIA corrected geopotential coefficient is subtracted from the
GRACE/GRACE-FO geopotential spherical harmonic coefficient variations:
{Aé.m(N)=AC.$RACE(N)—AC.%‘A(N) @
AS,, (N) = ASHE(N) ~ ASZH(N)

m m

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

GM & & (1-1)-(a/n)'- R, (cos0)-

r? S4[AC, (N)cosma +AS, (N)sinmA]

Ag(N,r,1,0)=GM /r?.

%ZI:(I ~1)-(al/r)"-P,_(cos®)-[AC, (N)cosmA+AS, (N)sinmi]

1=0 m=0

Where r is the geocentric radius, GM is the Earth’s gravitational constant, and other
variables are the same as before. This study applies the forward modelling method to
correct signal leakage errors on GRACE/GRACE-FO ESH time series data and
gravity time series data. Finally, the least squares model is applied to estimate the
GRACE/GRACE-FO mass-term SLCR and MGCR, and the grid size is 1 <1<
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3 Methodology

The submarine plate motion, the melting of glaciers and ice sheets, and the
changes of ocean dynamics all lead to the spatial distribution changes of seawater
mass, which in turn causes changes of Earth’s shape and gravity field. In static marine
gravity field studies, the geoid height is obtained by subtracting the mean sea surface
topography from the instantaneous altimetry SSH, and then the geoid height or geoid
gradient is utilized to construct the gravity field model (Gopalapillai and Mourad,
1979; Hwang et al., 2002). In this study of time-varying marine gravity based on
satellite altimetry, the mean sea surface topography is also regarded as invariable, and
it is proposed to utilize sea level change to study marine gravity change.

The flowchart of this research is shown in Fig. 3. Firstly, following the data
grouping, editing and preprocessing of L2P multi-satellite altimetry data, multiple
mean sea level models are calculated to construct altimetry sea level time series data,
and then the high-resolution SDUST altimetry SLCR is estimated by applying the
least squares model and is compared with the AVISO altimetry SLCR. Then the
SDUST mass-term SLCR is calculated by subtracting the EN4 steric SLCR from the
SDUST altimetry SLCR, and is compared with the GRACE/GRACE-FO mass-term
SLCR. Finally, based on the SDUST mass-term SLCR, the spherical harmonic
analysis, GIA effect deduction and spherical harmonic synthesis are performed to
obtain the SDUST MGCR, and the SDUST MGCR is compared with the
GRACE/GRACE-FO MGCR.

10
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Figure 3. Flowchart of marine gravity change rate derivation from satellite altimetry data

3.1 Estimation of altimetry SLCR

3.1.1 Data grouping and editing
The multi-L2P satellite altimetry data from January 1993 to December 2019 are

utilized to construct the high-precision and high-resolution altimetry SLCR model.
The obliquity between the Moon orbit and the Earth equator is called the lunar

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

11
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its change cycle is 18.6 years. This study uses a 19-year moving window and a 1-year

moving step to divide the L2P products into 9 groups (1993-2011, 1994-2012, 1995-

2013, 1996-2014, 1997-2015, 1998-2016, 1999-2017, 2000-2018, 2001-2019) (Yuan

et al., 2020a), which can attenuate the ocean effect of a typical tide with 18.6 years. In
addition, in order to improve the modeling accuracy, the low-quality SSH data is
excluded according to the thresholds for altimeter, radiometer and geophysical
parameters defined in the L2P product handbook (CNES, 2020).

3.1.2 Data preprocessing

Each group of SSH data needs to perform the ocean variability correction to
attenuate SSH anomalous variation, SSH seasonal variation and radial orbit error. For
the ERM data, the collinear adjustment method is applied to perform ocean variability
correction (Rapp et al., 1994). The steps of this method are as follows: firstly, the
track with the most observation points among all collinear tracks is selected as the
reference track; then, the SSH of each point on other period collinear tracks is
interpolated to_the corresponding point on the reference track; finally, the average
value of the SSH at each point is calculated to obtain a mean track.

The tracks of GM data are not collinear, so the GM data cannot useapply the
collinear adjustment to perform the ocean variability correction. In this study, the
ERM data of T/P series satellites (T/P, Jason-1/2/3) is continuous from 1993 to 2019,
thus the tracks of T/P series ERM data after collinear adjustment are selected as
reference tracks (Yuan et al., 2021). Then, the SSH difference of the T/P series ERM
data between the reference track point and the corresponding collinear track point is
calculated (Yuan et al., 2020b). Finally, the SSH correction on the GM track is
obtained using the space-time objective analysis interpolation (Yuan et al., 2020b;
Schaeffer et al., 2012), and the ocean variability correction for GM data of each
satellite is performed.

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

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

12
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level. This study uses the crossover adjustment based on the posteriori compensation
theory of error to continue the correction of SSH data. The details of this crossover
adjustment method were described by-Huang-et-al-and-Yuan-etal {(Huang et al.; (2008);
and Yuan et al; (2020b). The steps of this method are as follows: firstly, the
observation equation of altimetry satellite at the crossover point is established, and the
conditional adjustment is performed to obtain the SSH correction v at the crossover
point; then, for each altimetry track, a mixed polynomial error model f(t) with
independent variable of the measurement time t at observation point is established

(Yuan et al., 2021):
f(t)=a,+at-T)+

M 6
Z(b. -cos(27i - (t—T,) / (T, —T,)) +c, -sin(2zi - (t—T,) / (T, = T,))) (©)
i=1

Where a,, a,, b, and ¢, (i = 1, 2, ..., M) are the parameters that need to be

determined, the value of M can be determined based on the length of the altimetry
track (Huang et al., 2008), the To and T1 respectively represent the start and end
observation time of the altimetry track. The correction v is used as the virtual
observation to establish the error equation v = f(t) + &, 5is observation noise, and the
unknown coefficients in f(t) are solved by the least squares principle; finally, the
solved coefficients and the measurement time t are put in the error model f(t), and the
SSH error of each observation point is calculated, and the SSH is corrected.
3.1.3 The mean sea level model establishing

The least squares collocation (LSC) method are-is excellent at achieving optimal
interpolation using the priori information of observations (Jin et al., 2011). In this
study, the LSC method is used to establish the mean sea level model on 5'x5" grids
based on the along-track SSH data. The steps of this method are as follows: firstly, the
geoid height calculated from the EGM2008 Global Gravity Field model is selected as
the reference SSH, and the SSH data subtracts the reference SSH to obtain the
residual SSH; then the along-track residual SSH is de-averaged, and gridded by

applying the LSC method, where the covariance function in the LSC method is
13
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described by a second-order Markov process (Jordan, 1972); finally, the average value
of the residual SSH is added back to the grid value, and the reference SSH is also
recovered, a mean sea level model on 5'x5’ grids is established.

3.1.4 Long-term altimetry SLCR model establishing

Nine mean sea level models are established in this study using nine groups of SSH

data, which constructs sea level time series data with 1-year interval. Then, we apply
the least squares method to estimate the long-term altimetry SLCR. The SDUST
global altimetry SLCR model (SDUST_Altimetry SLCR) on 5'x5" grids is
established, and will be compared with the AVISO global altimetry SLCR model
(AVISO_Altimetry SLCR).

3.2 Estimation of steric SLCR
The changes in ocean temperature and salinity cause the—seawater—volume

changeocean volume changes, which are also known as steric SSH changes. The

steric SSH change at any location can be calculated using the seawater density change
(Llovel et al., 2010; Fofonoff and Millard, 1983):

1 0
ASSH (N2 A)— [
OO I gric U V1 757 U7 J

0
ASSHSteric(N1ﬂ'|9) = i .[ ,O(N,Z,G, Z,T,S)—ﬁ(l,@, Z,-F, S_)d24(D
Ps *h

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

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

average salinity of seawater from January 1993 to December 2019, h is the distance
from the sea bottom to the sea surface.

This study utilizes the EN4.2.1 monthly ocean temperature and salinity data from
January 1993 to December 2019 to calculate the monthly steric SSH changes on a
1<<1<=grid, and then applies the least squares model to estimate the long-term steric
SLCR. Finally, the EN4 global steric SLCR model (EN4_Steric_ SLCR) with 1<1°

grid size is constructed.

14



381
382

Fss
384
385
386

387
Fss
389
390
391

392
393

394
395
396
397
398
399
400
A01

A02

403

404
405

3.3 Estimation of mass-term SLCR
The altimetry sea level change represents the total sea level change, which

includes seawater—velume—changeocean volume change and seawater mass change
(Yang et al., 2022). Therefore, the EN4 steric SLCR is subtracted from the SDUST
altimetry SLCR:

SLCR,... = SLCR, o — SLCR.. ®)

Mass Altimetry

Note that the EN4 steric SLCR model, initially defined on 11 <grids, is up-sampled
to 5'x5" using the Kriging interpolation model to facilitate model calculation. Finally,
the SDUST global mass-term SLCR model (SDUST_Mass_SLCR) with 5'x5" grid
size is constructed, which will be compared with the GRACE/GRACE-FO mass-term
SLCR model.

3.4 Estimation of MGCR
The Earth-have has an obvious load response to the surface mass change;.-the
hange- This load

response manifests as Earth’s surface displacement and gravity field change. The

Earth’s gravity field change by the mass load response can be calculated by applying
the spherical harmonic function method. The spherical harmonic function method can
be divided into two steps: the spherical harmonic analysis and spherical harmonic
synthesis (Sneeuw, 1994; Godah, 2019).

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

coefficients:

[ G _ 1 3p (4k) Izﬁ J'nSLCRMaSS (1,0)-P_(cos6)-

™ 4za p,, (21+1) Yo Jocosma-sinododA

Fm _ 1 3p, (1+k) .IZEIHSLCRM%S (1,6)-P,_ (cos6)-
"™ 4rza p,, (21+1) Yo Josinma-sinododa

C;:Il\nl]lass = (1/47[8.) (3p0 /pave)[(1+ k|)/(2| +1)]
J.OZH,[: SLCR,...(4,6)-P_(cos#)-cosma-sinddod A

Mass

(9)

Spe = (11 472) (30, | ppe) (A4 k) 1 (21 +1)]-
[ [/ sLeR

(1,0)-P, (cos@)-sinmA-sinddad A

Mass

Where C;,“nﬁ'ass and é]n“fass are the fully normalized geopotential _annual trend coefficients

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

15
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model is 5'x5’, so its spherical harmonic coefficient is fully calculated to the-2160
degree. The above process is called spherical harmonic analysis.
In order to deduct the GIA effect, this study subtracts the GIA corrected

geopotential annual trend coefficients CZ* and $¢* from C¥** and 5"

{élm = C;:|'\n{1|aSS - éfnlA (10)

& _ &Mass GaGIA
SIm - SIm - SIm

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

spherical harmonic domain integration is performed:

2160 | . .
MGCR(r, ,0) = GIZ/I > > (1-1)(alr) P, (cos)(C,,cosmi+S, sinmi) (11)
r" 1= m-o

The above calculation is also called spherical harmonic synthesis. The SDUST
global MGCR model (SDUST2020MGCR) with a grid size of 5'x5" is obtained using
the spherical harmonic coefficient of degree 2160. The SDUST2020MGCR will be
compared with the GRACE/GRACE-FO MGCR model (GRACE2020MGCR).

4 Results and analysis
This study calculates the long-term SLCR of the sea area covering 70<S-70N,

and finally obtains the long-term MGCR. The grid sizes of models in the study are
inconsistent. Therefore, to enhance the presentation of models for comparison, the
models with grid sizes smaller than 5'x5'-is— are up-sampled to 5'x5" applying the

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

4.1 The SLCR model
The SDUST_Altimetry_SLCR constructed by using mutti-L2P satellite altimetry

data is shown in Fig. 4a. The AVISO_Altimetry_SLCR constructed by using AVISO
monthly sea level anomaly data is shown in Fig. 4b. The Fig. 5 illustrates
EN4_Steric SLCR, which is constructed using EN4.2.1 ocean temperature and
salinity data. Furthermore, The SDUST_Mass SLCR obtained by subtracting
EN4_Steric SLCR from SDUST_Altimetry SLCR is shown in Fig. 6a, and the
GRACE_Mass_SLCR resolved from the GRACE/GRACE-FO monthly geopotential

spherical harmonic data is presented in Fig. 6b. Upon comparing the results of long-

term altimetry SLCR (Fig. 4), it is evident that the distribution characteristics of the
SDUST_Altimetry_SLCR and the AVISO_Altimetry_SLCR are basically consistent
on the global scale. Upon comparing the results of the long-term mass-term SLCR
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(Fig. 6a and Fig. 6b), there are some differences in the distribution characteristics of
SDUST_Mass_SLCR and GRACE_Mass_SLCR on the global scale, however,
similarities are identified in local sea areas, such as the eastern seas of Japan, the
western seas of the Nicobar Islands, and the southern seas of Greenland.

The variation of terrestrial water storage is unevenly distributed in space. This

uneven variation of mass will in turn load the Earth and cause the sea level change,

these effects are termed self-attraction and loading (SAL) (Tamisiea et al., 2010).
Based on the method proposed by Sun et al. (2019), the GRACE/GRACE-FO data

and the fingerprints of mass redistributions (fingerprint is a base function associated

with a particular spatial mass distribution) are used, and the sea level equation on an

elastic Earth is solved. The SAL effect is estimated, and the result is shown in Fig. 6c¢.

The melting of the Greenland ice sheet due to global warming has reduced terrestrial

water storage (Groh et al., 2019). By comparing Fig. 6 (a), (b), (c), the results reflect

the correlation between mass-term sea level decline in southern Greenland and a

reduction in Greenland terrestrial water storage.
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Figure 4. The long-term altimetry SLCR. (a) SDUST_Altimetry SLCR, (b)
AVISO_Altimetry_SLCR.
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Atlantic Ocean (80W~20E, 60<5~60N) are statistically analyzed, and the results
are shown in Table 1. The statistical results of SDUST_Altimetry SLCR and
AVISO_Altimetry SLCR are basically consistent, and the mean value of altimetry
SLCR in the global ocean is al-about 3.2 mm/year._The results of previous studies

show that the mean value of global SLCR is about 3 mm/year (Leuliette and Miller,
2009; Cazenave et al., 2014), which is further confirmed by the SLCR results of this

study. There are some differences in the statistical results of SDUST_Mass SLCR
and GRACE_Mass_SLCR, but the mean values for both are all positive, signifying an
overall upward trend in the mass-term sea level. In addition, the statistical results
show that the standard deviation (STD) of SDUST_Mass _SLCR is smaller than
GRACE_Mass_SLCR. The more detailed comparative analysis of the results derived
from mutti-L2P satellite altimetry and GRACE/GRACE-FO is presented in Sect. 4.2.

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

SLCR Models Oceans Max Min Mean STD
Global 2575  -9.66 318 159

. Indian 13.08 4.6 304 165
SDUST_Altimetry_SLCR Pacific 2575  -9.66 322 165
Atlantic 1605 -9.07 321 139

Global 3028 1555 322 138

. Indian 1406 572 341 125
AVISO_Altimetry_SLCR Pacific 3028 -1555 315 152
Atlantic 1677 -2.55 325 113

Global 1172 5094 119 1.72

. Indian 1172 -387 133 1.97
EN4_Steric_SLCR Pacific 9.58 5.04 117 171
Atlantic 9.72 5.01 113 154

Global 1653  -1152 198 198

Indian 957 1152 170 227

SDUST_Mass_SLCR Pacific 1653 -10.10 2.03 1.97
Alantic 1410 971 206 175

Global 4443 8554 116 4.46

Indian 2403 1242 069 263

GRACE_Mass_SLCR

Pacific 42.90 -85.54 1.75 4.45
Atlantic 44.43 -53.19 0.27 5.18

4.2 The MGCR model

The SDUST2020MGCR constructed by applying the spherical harmonic
function method is shown in Fig. 7a, and the GRACE2020MGCR resolved from the
GRACE/GRACE-FO satellite gravity data is shown in Fig. 7b. The
SDUST2020MGCR and GRACE2020MGCR have similar spatial distribution

characteristics in some local sea areas. In the eastern seas of Japan, both
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SDUST2020MGCR and GRACE2020MGCR can detect the dipole phenomenon of
marine gravity change, which may be related to the gradually increasing ocean

circulation (Wang and Wu, 2019)._Although the position and range of the dipole are

not completely consistent, both the altimetry and GRACE results can reflect the

impact of intensified ocean currents on the marine gravity field. The Nicobar Islands

in the northeastern Indian Ocean are located on the collision boundary where the
oceanic plate subducts beneath the continental plate. Both SDUST2020MGCR and
GRACE2020MGCR indicate that the marine gravity in the western seas of the
Nicobar Islands is rising, which may be attributed to the material accumulation caused
by plate subduction (Zhu et al., 2023). In the southern seas of Greenland, both
SDUST2020MGCR and GRACE2020MGCR exhibit a downward trend, which is
related to the mass loss of Greenland due to ice melting (Groh et al., 2019). In the seas
near the West Wind Drift and the Brazilian Warm Current, both SDUST2020MGCR
and GRACE2020MGCR reveal that the high-frequency signals of marine gravity
changes are relatively significant, which reflects the influence of ocean currents on
the marine gravity field_(Zhang et al., 2021; Zhu et al., 2022). However, differences
exist in the global scale spatial distribution between SDUST2020MGCR and
GRACE2020MGCR. The Fig. 7a shows that GRACE2020MGCR still exhibits strip

noise and may contains leakage errors residuals.
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Figure 7. The long-term MGCR. (a) SDUST2020MGCR, (b) GRACE2020MGCR.
The long-term MGCR in the global ocean, the Indian Ocean, the Pacific Ocean

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

methed;—as-Hlustrated-n-Fig—9—TFhe-Table 2 shows that the long-term MGCR mean
values for both SDUST2020MGCR and GRACE2020MGCR are positive values in

the global and local oceans. The long-term MGCR mean value in global ocean is
about 0.02 pGallyear. The statistical results also indicate that the STD of
SDUST2020MGCR is smaller than GRACE2020MGCR. The processed GRACE data
still have strip noise residuals and signal leakage error residuals (Chen et al., 2014),
the large STD of GRACE MGCR may be related to these error residuals. Strip noise,

leakage errors and their residuals affect the true physical signal, so the GRACE time-

varying marine gravity used for comparison is not precise. In the process of solving

the mean sea level using the along-track altimetry data, the altimetry data were

preprocessed (such as 19-year moving grouping, collinear adjustment, space-time

objective analysis interpolation, and crossover adjustment) to eliminate the influence

of anomalous ocean variability and some residuals, so that the STD of the SDUST
MGCR is smaller.

Table 12. Statistical results of long-term MGCR (Gal/year)

Oceans Max Min Mean STD

Global 3.28 -1.41 0.02 0.09

Indian 0.47 -0.44 0.03 0.08

SDUST2020MGCR Pacific 1.37 -0.48 0.02 0.08
Atlantic 3.28 -1.41 0.03 0.09

Global 1.00 -3.60 0.03 0.14

Indian 1.00 -0.51 0.01 0.10

GRACE2020MGCR Pacific 0.95 -3.60 0.03 0.14
Atlantic 0.94 -1.52 0.06 0.15

The statistical histogram of the long-term MGCR is plotted, as shown in Fig. 8.
The Fig. 8 shows that the MGCR value of SDUST2020MGCR and
GRACE2020MGCR are mainly between -0.2 and 0.2 pGallyear, and

SDUST2020MGCR is more consistent with the Gaussian normal distribution.
21
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Utilizing the periodogram method, the power spectral density of MGCR model is

estimated, and the result is illustrated in Fig. 9. The vertical axis of Fig. 9 is scaled by

a factor of 10lg, the horizontal axis is wavelength. In this study, the
GRACE2020MGCR was constructed using the GRACE model of spherical harmonic
degree 60. The spherical harmonic degree can be calculated from wavelength using
the conversion formula 40000/wavelength. The Fig. 9 shows that when the
wavelength exceeds 1110 km, corresponding to a spherical harmonic degree less than
36, the signal strength of GRACE2020MGCR is greater than SDUST2020MGCR.
When the wavelength is greater than 660 km and less than 1110 km, corresponding to

a spherical harmonic degree greater than 36 and less than 60, the signal strength of
GRACE2020MGCR is lower than SDUST2020MGCR, which suggests that it is
possible to improve the GRACE model of spherical harmonic degree 60 by using
altimetry data. When the wavelength is less than 660 km, the signal strength of
SDUST2020MGCR remains greater than GRACE2020MGCR.
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Figure 8. The statistical histogram of the long-term MGCR. (a) SDUST2020MGCR, (b)
GRACE2020MGCR.
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Figure 9. The power spectral density of MGCR model.
There are some differences in spatial distribution and statistical results between

SDUST2020MGCR and GRACE2020MGCR, which are mainly related to the
following factors: (1) The spatial resolution of the GRACE/GRACE-FO monthly
gravity data is low, its signal contains north-south strip noise and leakage errors, and
both error correction processing and error residuals make real geophysical signals
distorted and weak. (2) The satellite altimetry data exhibits relatively high spatial
resolution, but its time-varying marine gravity may be affected by SSH measurement
errors. (3) The EN4.2.1 ocean temperature and salinity data suffer accuracy problems
that arise from irregular spatial data distribution and model gridding. Consequently,
the spatial distribution and statistics of SDUST2020MGCR and GRACE2020MGCR

are challenging to mutually validate.

4.3 Reliability analysis of model

In many previous studies, there is a problem that the independent observations of
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GRACE satellite and altimetry satellite do not match well in terms of spatial

resolution and observation accuracy, the GRACE and altimetry results are difficult to
verify each other (Willis et al., 2008; Feng et al., 2014). Therefore, it is not possible to

use the GRACE results to assess the reliability of the altimetry results. In this study,

we conducted a reliability analysis aimed at informing potential dataset users about

regions where reliability is diminished.

We split the altimetry data in half, use data groups 1-5 to estimate SLCR1 and

data groups 5-9 to estimate SLCR2, and then calculate the difference between the two
SLCR, and the result is depicted in Figure 10. Where SLCR differ substantially, the

reliability of altimetry results may be reduced. The results of Figure 10 show that the

noise from altimetry observations has little effect on SLCR in most global ocean areas.

The large SLCR differences are mainly observed near the ocean current areas. On the

one hand, the quality of altimetry data is poor in regions with strong ocean currents
(Vignudelli et al., 2006; Zhu et al., 2022), especially the West Wind Drift, and the
reliability of altimetry SLCR may be low. On the other hand, global climate change

leads to changes in the intensity of ocean current activities (Du et al., 2019), which

objectively causes significant sea level changes near the ocean current areas. Indeed,

the SLCR is estimated applying the 19-year moving window method, which can

effectively mitigate the impact of ocean currents. In summary, SLCR can overcome

the influence of noise from altimetry observation, to further solve the relatively stable
and reliable MGCR.
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Figure 10. Difference of altimetry SLCR between two periods.
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gravity change rates.
The global marine gravity change rate model (SDUST2020MGCR) can be
downloaded on the website of https://zenodo.org/records/10701641 (Zhu et al., 2024).

In this study, the GIA effect is deducted as a known factor, and thus the marine gravity

change rate is investigated for other factors. In fact, many science applications that

require mass change trends over the oceans would require both ocean mass signals

and solid Earth effects (GIA effects and seismic deformations). Therefore, the dataset
contains geospatial information (latitude, longitude), SDUST2020MGCR and an
attachment data (GIA MGCR). The users can sum the SDUST2020MGCR with the
GIA MGCR to obtain a full-signal MGCR, or if users do not want to consider the GIA
effects, they can just use the SDUST2020MGCR.

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

data from 1993 to 2019 to estimate the global mass-term SLCR. Based on the
spherical harmonic function method and mass load theory, we constructed the global
MGCR model (SDUST2020MGCR) on 5'x5" grids. This model provides the-more
detailed information of changes in the marine gravity field.

The SDUST2020MGCR and the GRACE/GRACE-FO global MGCR model
(GRACE2020MGCR) were compared. In local sea areas where marine gravity
changes significantly, such as the eastern seas of Japan, the western seas of the
Nicobar Islands, and the southern seas of Greenland, the SDUST2020MGCR and
GRACE2020MGCR have certain similarities in spatial distribution. However, there
are some differences in the global spatial distribution between SDUST2020MGCR
and GRACE2020MGCR, which is mainly related to the mismatch in spatial
resolution among satellite altimetry data, satellite gravity data, and ocean temperature-
salinity data. Compared with the low-resolution GRACE2020MGCR, the
SDUST2020MGCR not only has a higher spatial resolution, but also excludes the
strip noise and leakage errors, so it can more realistically reflect the long-term

changes in the marine gravity field. The use of altimetry data can maximize the

opportunity to construct a high-resolution, high-precision MGCR model. Although the

altimetry MGCR may be less reliable at ocean current areas, the construction of
altimetry MGCR can fill the data gap compared to inability of GRACE to detect

small-scale marine gravity changes caused by ocean currents.
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The marine gravity changes are mainly caused by the seawater mass changes: (1)

global warming leads to melting of glacier and ice sheet, sea level rise and seawater

mass increase, which in turn affects the global marine gravity field. (2) the climate

warming leads to change of ocean dynamics, such as changes in the intensity and

number of tropical cyclones and enhancement of ocean circulation, which causes

changes in the seawater mass distribution, and then affects the marine gravity field. (3)

The variation of terrestrial water storage is unevenly distributed in space, this

unevenly variation of mass will in turn load the Earth, named as self-attraction and

loading effect, which causes changes in seawater mass distribution, and consequently

changes in marine gravity. SDUST2020MGCR has higher spatial resolution and

excludes stripe noise and leakage errors, it can more realistically reflect the long-term

marine gravity change in more detail, which is meaningful for the study of seawater

mass migration and its associated geophysical processes.
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