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Abstract

In this study, China’s first altimeter satellite Haiyang-2A (HY-2A) data combined observations from CryoSat-2, SARAL/
AltiKa, and Jason-1&2 are used to calculate the global (60°S-60°N) marine deflections of the vertical and gravity
anomalies named Global Marine Gravity Anomaly Version 1(GMGAT1), with grid resolution of 1/ x 1/. The deflections
of the vertical from each satellite observations are first derived from the gradients of the geoid height through the
least squares method. The deflections of the vertical are then merged by assigning different weights to each satellite
product based on their accuracy. Finally, gravity anomalies are obtained by the remove-restore method. The results
reveal that the fused deflections of the vertical have an accuracy of 0.4 arcsec in the north component and 0.8 arcsec
in the east component. HY-2A’s contribution to the north component of the integrated deflections of the vertical is
second only to Cryosat-2. Jason-1/2 accounts for a large proportion of the integrated east components. Compared
to worldwide products such as DTU17, Sandwell & Smith V31.1, as well as values from EGM2008, EIGEN-6C4 and
XGM2019e_2159, GMGA1 has an accuracy of around 3.3 mGal. By not using HY-2A data, the precision of GMGAT is
reduced by about 0.1 mGal. To further improve the accuracy, seafloor topography information is used to provide short
wavelength gravity anomaly. It is verified in the South China Sea (112°E=119E°, 12°N-20°N) using the Parker formula.
By combining shipborne depth generated data and GMGAT1 through a filtering technique, a new version of gravity
anomaly grid with an accuracy improvement of 0.4 mGal in the South China Sea is obtained.
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Introduction

With the advance in space technology, altimetry observa-
tions have played a significant role in Earth science (Guo
et al. 2022a), such as the monitoring of sea level vari-
ation (Ablain et al. 2015; Rose et al. 2019; Watson et al.
2015), investigation on ocean geology and plate tecton-
ics (Hwang and Chang 2014; Li et al. 2020; Sandwell and
Smith 2009; Sandwell et al. 2014) inversion of marine
gravity anomaly (Andersen et al. 2010; Annan and Wan,
2021; Hwang 1998; Sandwell et al. 2013, 2021) and sea-
floor topography (Annan and Wan 2020; Hu et al. 2021;
Smith and Sandwell 1994; Tozer et al. 2019).

The accuracy of the marine gravity anomaly inversion
from satellite altimetry observations mainly depends on
the density of the observation points, orbit determina-
tion precision, the ranging precision of the altimeter, and
kinds of corrections (Sandwell et al. 2013; Zhang et al.
2017). After removing the influence of mean dynamic
topography (MDT) from the sea surface height (SSH)
data, the geoid heights can be obtained, and then the
marine gravity anomaly can be deduced according to
the inverse Stokes formula (Andersen et al. 2010; Olgiati
et al. 1995); The deflections of the vertical can also be
used to derive marine gravity using inverse Vening—
Meinesz formula (Hwang 1998; Hwang et al. 2002), least
squares coordination (LSC) method (Hwang and Parsons
1996), or Laplace’s equation (Sandwell and Smith 1997).
The deflections of the vertical can be obtained from the
geoid gradients calculated from two continuous sea sur-
face height data along the orbit, which can weaken the
long wavelength errors (Hwang et al. 2002).

China launched Haiyang-2A (HY-2A) satellite in 2011
and changed its orbit in 2016 to conduct the geodetic
mission (GM) for detecting marine gravity anomaly. Dur-
ing its whole lifetime, more than 4 years of GM obser-
vations have been obtained. Several investigations have
proved that the HY-2A has close accuracy to other altim-
etry satellites (Jiang et al. 2019; Liu et al. 2020; Wan et al.
2020; Zhang et al. 2020; Zhu et al. 2019; Ji et al. 2021;
Guo et al. 2022b), and thus the data of this satellite has a
large potential in Earth science, including global marine
gravity anomaly inversion. However, few global marine
gravity anomaly products are derived using HY-2A
observations. Although Wan et al. (2020) has derived
global gravity products using HY-2A observations, only
part of HY-2A/GM observations was used. The accuracy
of products given by Wan et al. (2020) is only around
7-8 mGal, and the grid size is 0.5° x 0.5° , which is not
enough for most Earth science researches. One of the
main reasons leading to the not high accuracy in Wan
et al. (2020), is that the remove-restored method is not
used. Indeed, the remove-restored method is the stand-
ard procedure in the derivation of global marine gravity
anomaly products such as DTU (Technical University of
Denmark) series gravity anomaly products and Sandwell
& Smith (S&S) products released by Scripps Institution
of Oceanography (SIO). In addition, adding more obser-
vations of HY-2A would also improve the accuracy of
Wan et al. (2020) results.

In this study, all the observations of HY-2A/GM are
used together with CryoSat-2, SARAL/AltiKa-Drift-
ing Phase (SRL/DP), Jason-1/GM, and Jason-2/GM
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observations to derive a global version of gravity anomaly
with grids size of 1’ x 1/, called Global Marine Gravity
Anomaly Version 1 (GMGAL) in this study. “Method”
Section introduces the methods for computing deflec-
tions of the vertical and gravity anomaly; “Altimetrydata”
Section describes the altimetry data used, and “Results
and analysis” Section presents the obtained gravity field
products and evaluates their accuracy as well as the con-
tribution from HY-2A observations. To further improve
the accuracy of GMGAL1, “Discussion” Section discusses
the feasibility of the construction of short wavelength
gravity anomaly from seafloor topography information.
Conclusions are finally drawn in “Conclusion” Section.

Methods

Computation of SSHs

The calculation of SSH with the original data of altim-
etry satellite needs to go through kinds of corrections,
including dry troposphere correction, wet troposphere
correction, ionosphere correction, sea tide correction,
polar tide correction, solid earth tide correction, dynamic
atmosphere correction, and sea state bias, as shown in
formulas (1). It is also necessary to eliminate the observed
outliers caused by environmental factors, and the obser-
vations with values beyond the ranges shown in Table 1
are eliminated:

SSH = altitude — range-corrections (1)

in which altitude refers to the satellite height above the
reference ellipsoid surface, which is provided by the orbit
position determination system, and range denotes the
distance between satellite centroid and sea surface which
is provided by the payload altimeter; corrections are kinds
of correction values.

Computation of deflections of the vertical

The calculation of deflections of the vertical requires
geoid data (Hwang et al. 2002). The geoid heights are
obtained by deducting the influence of mean dynamic
topography (MDT) from SSH data, as shown in for-
mula (2). In this study, the mean dynamic topography
DTU15MDT released by DTU is adopted (Knudsen et al.
2016). The deflections of the vertical along the orbit are
calculated by two consecutive sampling points along the
satellite trajectory, as shown in Eq. (3), and the azimuth
between the two points also can be calculated:

N, = SSH, — MDT, (2)

Nb_Na

oh=—
d

®3)
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Table 1 Editing criteria of altimeter products
Term Range
SSH (m) [—130,100]
lonospheric correction (m) [— 0.4,0.04]
Sea state bias correction (m) [—0.5,0]
Earth tide correction (m) [—1,1]
Pole tide correction (m) [— 0.15,0.15] (for GDR)
[—15,15] (for L2P)
Oceanic tide correction (m) [—5,5]
Dry tropospheric correction (m) [—25—-19]
Wet tropospheric correction (m) [— 0.5 — 0.001]
Dynamic atmospheric correction (m) [-22]
Nb measurements of range Greater than 10 (for GDR)

Greater than 10 to 20 (for L2P)

0.2, 0.64] (for GDR)
0.36~0,0.09~0.64] (for L2P)

Greater than 1

Square off-nadir angle (degz)

RMS of the range (m) [0,0.2]
Significant wave height (m) [0, 11] (for GDR)
[0, 15] (for L2P)
Backscatter coefficient (dB) [7,30]
Wind speed (m/s) [0,30]
[—
[—

Nb measurements of backscatter coef-
ficient

RMS of the backscatter coefficient (dB) [0, 1]

GDR Geophysical Data Record
Level-2+(L2P)

where d denotes the spherical distance between points of
Nj, and Ng; ok is the deflection of the vertical along the
orbit.

The continuous curvature spline interpolation
method (Smith and Wessel 1990) is used to grid the
deflections of the vertical by GMT (generic mapping
tools) software (Wessel et al. 2019), and the sine and
cosine values of the azimuth along the track with grid
size of 1’ x 1’. And then, in the grid with size of 4’ x 4/,
the north and east components of deflections of the
vertical can be obtained by the least squares method
(Hwang et al. 2002), as shown in Eq. (4):

ohj +vi=E&cosaj +nsine; j=1,2,3,...,n (4)

In which, & denotes the north component of the
deflection of the vertical, whereas 7 is the east compo-
nent; o; represents the azimuth of the orbit; v; means
the residual values, 7 is the total number of grid points.

The deflections of the vertical of five altimetry satel-
lites are fused by a weighting method. The index m rep-
resents different deflections of the vertical. The weight,
denoted as py,, is assigned in terms of inverse propor-
tion to the square value of the error standard deviation
of deflections of the vertical (denoted as §,,), as shown
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in Eq. (5). Four high-precision models (EGM2008
(Pavlis et al. 2012), EIGEN-6C4 (Foerste et al. 2014),
XGM2019e_2159 (Zingerle et al. 2020), S&S V31.1
(https://topex.ucsd.edu/pub/archive/grav/) are used to
evaluate the accuracy of deflections of the vertical and
the error standard deviations are derived correspond-
ingly. We use the average of error standard deviations,
denoted as §,, in Eq. (5), to derived the weight of each
satellite:

a
le:aT’m:l,z)S,él‘:s (5)
m
where
1
a = .
5
6
m=1""

Computation of gravity anomalies

The inversion of gravity anomaly by deflections of the
vertical often uses the so-called “remove-restore method”
In this study, the 2160° and orders of gravity field model
EGM2008 are used as the background field. The residual
deflections of the vertical are first obtained by subtract-
ing EGM2008 values from the deflections of the vertical
obtained from altimetry satellites, as shown in Eq. (7).
And then, the residual gravity anomaly can be derived by
Eq. (8) (Sandwell and Smith 1997):

{ AE =& — EEGM2008 @)
An = n— NEGM2008
Agres(K,0) = ifft<|;<|go [kxAS (K) + kyAn(K)])

(8)

where

Table 2 Altimetry data information
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K=k, ky)

1
ky = —

Ax

1 )
ky=—
Y=,
K| = ,/k%-i-k)%

in which g is the mean normal gravity, A, and A, repre-
sent the wavelengths of the deflections of the vertical in
x and y axes; ifft denotes inverse fast Fourier transform.
Finally, gravity anomaly, denoted as Ag, can be recovered
by adding the residual gravity anomalies to the values
from EGM2008 as Eq. (10):

Ag = Agres + AgEGM2008 (10)

Altimetry data

In this study, five satellite observations are used, includ-
ing CryoSat-2, SRL/DP, Jason-1&2/GM, and HY-2A/
GM. Data of CryoSat-2, SRL/DP, Jason-1/GM, and
HY-2A/GM are provided by AVISO (Archiving, Valida-
tion, and Interpretation of Satellite Oceanographic, ftp://
ftp-access.aviso.altimetry.fr/uncross-calibrated/open-
ocean/non-time-critical/12p/sla), i.e., 1 Hz Along-track
L2P altimeter data (CNES 2020). GDR of Jason-2/GM
is used from ftp://@ftp-access.aviso.altimetry.fr/geoph
ysical-data-record/jason-2. The detailed information on
the used data is shown in Table 2. The ground tracks of
five satellites in western Pacific Ocean (150°E-170°E,
0°-10°N) are shown in Fig. 1.

Results and analysis

Deflections of the vertical

According to the method introduced in “Method” Sec-
tion, two components of deflections of the vertical of
the five altimetry satellites are obtained with grids of
1’ x 1. The accuracies of them are evaluated by the
comparison with values from highly accurate ultra-
high degree gravity field models from the Interna-
tional Centre for Global Earth Models (ICGEM, http://
icgem.gfz-potsdam.de/calcgrid), including EGM2008,

Satellite Product Inclination (°) Cycle duration (days) Time period

CryoSat-2 L2P 92 369 10.07-20.05 (cycle7-cycle130)
SRL /DP L2P 98.55 35 (virtual cycle) 16.07-21.04 (cycle100-cycle149)
Jason-1/GM L2P 66 406 12.05-13.06 (cycle500-cycle537)
Jason-2/GM GDR 66 406 17.07-19.10 (cycle500-cycle644)
HY-2A/GM L2P 99.34 168 16.04-20.06 (cycle121-cycle288)



https://topex.ucsd.edu/pub/archive/grav/
ftp://ftp-access.aviso.altimetry.fr/uncross-calibrated/open-ocean/non-time-critical/l2p/sla
ftp://ftp-access.aviso.altimetry.fr/uncross-calibrated/open-ocean/non-time-critical/l2p/sla
ftp://ftp-access.aviso.altimetry.fr/uncross-calibrated/open-ocean/non-time-critical/l2p/sla
ftp://@ftp-access.aviso.altimetry.fr/geophysical-data-record/jason-2
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EIGEN-6C4 and XGM2019¢e 2159, and deflections of
the vertical released by SIO, i.e., S&S V31.1. Table 3
presents the statistical results of the comparison.
According to Table 3, it is easy to find that all the
east component of deflections of the vertical has an
obviously poorer accuracy than the north one. This
is because to expand the earth observation coverage,
the inclination angle of altimetry satellite is usually
designed to be close to 90°, which affects the calcula-
tion of deflections of the vertical, resulting in the accu-
racy of the east component being several times lower
than that of north component (Annan and Wan 2021;
Sandwell and Smith 1997; Wan et al. 2020). Because the
Cryosat-2 data have high observation accuracy, long

period, dense sampling points, and the orbit inclina-
tion of the satellite is closest to 90°, the accuracy of the
north component of deflections of the vertical from by
Cryosat-2 is the highest, i.e., 0.5 arcsec. In contrast, the
east component has the lowest accuracy. The accuracy
of the north component of deflections of the vertical
calculated by HY-2A has a little better performance
than SARAL/AItiKa. The accuracy of the east compo-
nent of deflections of the vertical calculated by SARAL/
AltiKa is second only to Jason-1 and Jason-2. Jason-1
and Jason-2 are two inclined orbit satellites with an
orbital inclination of 66°. This leads to the fact the east
component of deflections of the vertical calculated by
observations of these two satellites has higher accuracy
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Table 3 Accuracy statistics of deflections of the vertical from
the five altimetry satellites in global marine area (Latitude:
— 60°— 60°, Longitude: 0°— 360°) (unit: arcsec)

Satellite The“True”model  § component n component
Mean STD  Mean STD
CryoSat-2 EIGEN-6C4 —0.004 0.507 0.017 3.003
XGM2019e_2159 —0.004 0498 0.016 299
EGM2008 —0.004 0478 0.017 2999
S&SV31.1 0.004 0482 0.017 2990
SRL/DP EIGEN-6C4 —0.005 0641 —0004 1914
XGM2019e_2159 —0004 0637 —0004 1.907
EGM2008 —0.005 0619 —0.003 1.906
S&SV31.1 0004 0618 —0.003 1.89%
Jason-1/GM  EIGEN-6C4 —0.004 0952 —0001 1318
XGM2019e_2159 —0.004 0932 —0001 1.286
EGM2008 —0.004 0938 0.000 1307
S&SV31.1 0.004 0.933 0.000 1.297
Jason-2/GM  EIGEN-6C4 —0.004 0956 0.004 1329
XGM2019e_2159 —0.003 0.950 0.003 1317
EGM2008 —0.004 0941 0.004 1318
S&SV31.1 0.005 0.934 0.004 1306
HY-2A/GM EIGEN-6C4 — 0004 0635 —0003 2406
XGM2019e_2159 —0004 0633 —0.003 2400
EGM2008 — 0005 0613 —0003 2400
S&SV31.1 0004 0619 —0003 2398

than that of the other three satellites, with an accuracy
of about 1.3 arcsec.

Based on the results of Table 3, the average error STD
(8, in Eq. (5)) of deflections of the vertical of five altim-
etry satellites is calculated and further used to define
the weights (see Eq. (5)) for the fusion of all the satel-
lite results. Table 4 presents the weights of each satel-
lite value. In the north component of deflections of

Table 4 Average error STD and weights of each satellite
observations

Satellite Component Average STD Weight
(arcsec)

CryoSat-2 13 0491 0.361
n 2.997 0.065

SRL/DP 3 0.628 0.220
n 1.906 0.159

Jason-1/GM 19 0.939 0.099
n 1.302 0.342

Jason-2/GM & 0.945 0.097
n 1.318 0334

HY-2A/GM ¢ 0.625 0223
n 2401 0.100
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the vertical, Cryosat-2 accounts for 36.1%, followed by
HY-2A, and 22.30%; In the east component, Jason-1 and
Jason-2 account for 34.2% and 33.4%, respectively. The
accuracy evaluation of the weighted fused results is given
in Table 5. According to this table, the accuracy of the
north component is about 0.4 arcsec, and the accuracy of
the east component is about 0.8 arcsec. The accuracy of
the fusion result is obviously better than that of any single
satellite product. For example, compared with Cryosat-2
which has the best performance in the north component,
the accuracy of north component is improved by about
0.1 arcsec, and east component is improved by more than
2.0 arcsec; Compared with Jason 1 or 2, which has best
performance in the east component, the accuracies of the
deflections of the vertical are improved 0.5 arcsec in the
both two components. Figure 2 shows the spatial distri-
bution of the fused deflections of the vertical.

Gravity anomalies

GMGAL is obtained by the remove-restore method, as
shown in Fig. 3. This study adopts five versions of gravity
anomaly products to evaluate the accuracy of GMGAL,
and the comparison results are given in Table 6. Except
for EIGEN-6C4, the STD of the differences between
GMGA1 and the other four models are all about or
smaller than 3.3 mGal.

Assuming gravity anomalies of S&S V31.1 are the
true values, the spatial distribution of GMGAL errors is
shown in Fig. 4. Comparing Figs. 3 and 4, it is easy to find
that significant errors usually exist in the regions, where
gravity anomaly varies largely. We conduct statistics on
the error variations with ocean water depths. The ocean
water depths data are provided by SRTM15+ V2.0, which
is given as grids of 15” (~500 m) and has high accuracy
(Hao et al. 2022; Tozer et al. 2019). The abscissa interval
in Fig. 5 is 500 m. The error tends to decrease first and
then increase in error STD. The accuracy is high in 3500—
6500 m water depth. It seems there is a systematic error

Table 5 Accuracy evaluation results of the fused deflections of
the vertical (unit: arcsec)

Difference Component Max. Min. Mean STD
Fusion-EIGEN-6C4 '3 17.145 —14.002 —0.004 0427
n 10427 —12424 0.001 0.834
Fusion- '3 18061 —13935 —0004 0415
XGM2019e_2159 17172 — 14479 0001 0804
Fusion-EGM2008 & 13330 —14750 —0.004 0392
n 8967 —10647 0.002 0816
Fusion-S&SV31.1 & 26964 —33.757 0.004 0.393
n 26184 — 28264 0.002 0.798
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Table 6 Accuracy evaluation results of GMGAT1 (unit: mGal)

Different Max. Min. Mean STD

Fusion—EIGEN-6C4 88.558 — 62661 —0000 3513
Fusion—XGM2019e_2159 79.982 — 74.286 0011 3338
Fusion—EGM?2008 79.337 —70.754 0002 3319
Fusion—DTU17 62.872 —58347 —0001 3.021
Fusion—S&S V31.1 230956  —209.845 0123 3253
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in the deep ocean area in terms of the error mean value.
For example, in the region with water depth of more than
7000 m, the average error is greater than 1 mGal. Table 7
shows the ratio of the errors in terms of the magnitude.
The results reveal that the data with errors less than 5
m@Gal account for 90.71%, and the data with errors less
than 10 mGal account for 99.21%.
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Error distribution of GMGA1
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Table 7 Error ratio statistics
Index (mGal) <1 <2 <3 <4 <5 <6 <7 <8 <9 <10
Percent (%) 28.14 5252 70.94 83.26 90.71 94.88 97.09 98.25 98.86 99.21
20N Table 9 Weight distribution without HY-2A data
mGal o Satellite Component Average STD Weight
19°N (arcsec)
80 | CryoSat-2 3 0491 0464
18°N 0 n 2.997 0.072
SRL/DP '3 0.628 0.284
17°N 20 n 1.906 0177
Jason-1/GM 19 0.939 0.127
16°N 0 n 1302 0380
20 Jason-2/GM 19 0.945 0.125
15°N h
n 1318 0371
-40
14°N
60 We also adopted the airborne gravity data in the South
1N &0 China Sea to assess the accuracy of GMGA1. The data
ALK Y are provided by the China Aero Geophysical Survey and
N e o 110 E TToE ToE TR e T Remote Sensing Center for Natural Resources with a res-
Fig. 6 Shipborne gravity anomalies olution of 0.36” (~10 m) in longitude direction and 1.5”

Table 8 Accuracy evaluation using
gravity observations (unit: mGal)

shipborne and airborne

Difference Max Min Mean STD
GMGAT—shipborne gravity
Before removing gross errors  23.170  —24.137 —0273 5967
After removing gross errors 17188 —17729 —0256 5826
GMGAT—airborne gravity
Before removing gross errors  63.893  — 35.697 0.643 3.586
After removing gross errors 8.924 — 7317 0.804 2707

GMGA1 was evaluated in the South China Sea
(112°E-119°E, 12°N-20°N) using the shipborne gravity
provided by NCEI (National Centers for Environmental
Information, https://www.ngdc.noaa.gov/ngdc.html), as
shown in Fig. 6. First of all, it is needed to delete the gross
error of the shipborne data, and the data which deviates
from the EGM2008 model by 15 mGal are deleted, and
the amount of remaining data is 90461. Taking the ship-
borne data as the true value, the error STD of GMGA1
in this area is 5.967 mGal (see Table 8), after removing
the points, where the errors deviate from the mean error
by three times the initial error STD, the error standard
deviation is 5.826 mGal.

in latitude direction. The amount of the data is 48,01,806,
and the location is in the region with latitude of 9°~16°N
and longitude of 112°~114°E. To let the two versions of
the data be on the same surface, we first conducted a
downward continuation to the airborne gravity data by
Eq. (11) (Liu et al. 2014):

g = ifft[e¥ K1 Gy (ks Ky)]

in which k, and k, are the wavenumbers; |K'| = | /k2 + k2;

h is the height of the airplane; Gy is the Fourier transform
values of the airborne gravity data. Table 8 demonstrates
the statistics on the comparison. If the airborne data are
treated as true values, the error STD of GMGAL is 3.586
m@Gal. The largest error exceeds 60 mGal, which indicates
there may exist some gross errors. To reduce the influ-
ence of gross errors, the points where the errors deviate
from the mean error by three times the initial error STD
are removed. The results show that the error STD is
reduced to 2.707 mGal after removing the gross errors.

(11)

Analysis of HY-2A’s contribution

Compared with the mainstream gravity anomaly prod-
ucts released by other institutes, the main difference of
this study is the usage of 4 years of HY-2A data. This sec-
tion analyzing the contribution of HY-2A in the inversion
of GMGAL. This is achieved by repeating the inversion
without using HY-2A observations and then analyzes the


https://www.ngdc.noaa.gov/ngdc.html

Wan et al. Earth, Planets and Space (2022) 74:165

Table 10 Accuracy comparison of deflections of the vertical
derived using and not using HY-2A data (unit: arcsec)

Difference Component Using HY-2A  Without
data HY-2A data
Mean STD Mean STD
Fusion—EIGEN-6C4 & —0.004 0427 —0.004 0446
n 0.001 0.834 0.002 0.869
Fusion— 9 —0.004 0415 —0.004 0432
XGM2019%_2159 n 0001 0804 0002 0839
Fusion—EGM2008 9 —0.004 0392 —0.004 0413
n 0.002 0816 0.002 0852
Fusion—S&S V31.1 '3 0.004 0.393 0004 0411
n 0.002 0.798 0.002 0834

Table 11 Accuracy comparison of gravity anomaly derived
using and not using HY-2A data (unit: mGal)

Difference Using HY-2A data ~ Without HY-2A
data
Mean STD Mean STD

Fusion—EIGEN-6C4 0000 3513 —0.003 3629
Fusion—XGM2019e_2159 0.011 3.338 0.009 3.445
Fusion—EGM2008 0.002 3319 0.000 3440
Fusion—DTU17 —0.001 3.021 —0.003 3.141
Fusion—S&S V31.1 0.123 3.253 0.120 3.362

accuracy variations. The calculation method is the same
as that in “Method” Section. Table 9 gives the weight val-
ues of deflections of the vertical of each model without
using HY-2A data, and Table 10 presents the statistical
results on the new fused deflections of the vertical. It can
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be seen from Table 10 that the accuracy of the north com-
ponent of deflections of the vertical calculated without
using HY-2A data is reduced by about 0.02 arcsec, and
the accuracy of the east component is reduced by about
0.03 arcsec. The accuracy of gravity anomaly is reduced
by about 0.1 mGal, as shown in Table 11, which is similar
to the conclusion obtained by Zhu et al. (2020), i.e., with
an improvement of about 0.06 mGal in the South China
Sea using HY-2A observations.

Figure 7 shows the spatial distribution of data points,
where accuracy has been improved by more than 4
mGal using HY-2A data. According to this figure, most
of these data points are located in areas with severe fluc-
tuations of gravity anomalies, and these areas are usually
in seamounts and trenches. It indicates that the usage of
HY-2A data can improve the gravity detection accuracy
in these landforms, which is of great significance for
marine research.

Discussion

Due to the limitation of altimetry satellite payloads, orbit
parameters and data processing means, altimetry satellites
cannot retrieve all the short wavelength signals of gravity
anomaly with high precision. Therefore, other methods are
needed to recover the short wavelength gravity anomaly.
Indeed, the short wavelength gravity anomaly reflects some
complex and high-frequency topographic information. A
large number of studies (Hu et al. 2020; Hwang 1999; Smith
and Sandwell 1997; Sandwell et al. 2014) have shown that
there is a linear relationship between the gravity anomaly
in the medium and short wavelength part of the sea depth
which reflects seafloor topography variations. In theory,
seafloor topography must influence the values of grav-
ity anomaly at the sea surface. Conversely, the informa-
tion of seafloor topography variation provided by ocean

0° 60°E 120°E

180°
Fig. 7 Distribution of the points, where the accuracy of gravity anomaly is improved by more than 4 mGal

120°W 60°W 0°
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water depth can be used to derive short wavelength gravity
anomaly signals, which are not recovered by the altimetry
observations. This section discusses this issue.

The study area is located in the South China Sea, with
longitude of 112°E-119°E and latitude of 12°N-20°N. To
represent seafloor topography with as high accuracy as
possible, this study experiments with depth data from
NECI shipborne bathymetry (https://www.ncei.noaa.gov/
maps/bathymetry/) and three other versions of bathymetry
models, including ETOPO1 (https://www.ngdc.noaa.gov/
mgg/global/global.html), SRTM154V2.0 (https://topex.
ucsd.edu/pub/archive/srtm15/V2/) and DTU18 (https://
ftp.space.dtu.dk/pub/DTU18/1_MINY/).

According to Parker (1973) and Hu et al. (2020), the
gravity anomaly generated by seafloor topography can be
approximately expressed as Eq. (12):

AG(k)=ifft |2 G Ape™ X H (k) (12)
where Ap is the density difference between the upper
crust and seawater and is set as 1770 kg/m?® (Hu et al.
2021) in this study; G is gravitational constant; k:%
/. is the wavelength of the topography; H (k) is the Fou-
rier transform values of water depths; AG(k) is the
forward-derived gravity anomaly; d is the mean depth

’
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in the region, which is average values of ETOPOI,
SRTM15+ V2.0, and DTU18, i.e., 3200 m, in this study.

S&S V31.1 data are set as the “true value” to evaluate
the accuracy of the derived gravity anomaly. This study
adopts a bandpass filter (Wan et al. 2021) to obtain the
short wavelength gravity anomaly. Starting from [2 3] km
as the first passband, this study takes 1 km as the step to
change the filter bands. And then, accuracy statistics are
conducted to the filtered results. It is worth noting that
the boundary effect caused by the Fourier transform
would be generated in the computing shown in Eq. (12).
To reduce the boundary effect, the areas actually par-
ticipating in the accuracy statistics are the region with
longitude of 113°E-118°E and latitude of 13°N-19°N.
As shown in Fig. 8, the short wavelength gravity anom-
aly retrieved by shipborne depths has higher accuracy
than GMGA1 within the bands of 17 km. Compared to
GMGAL1, the dominant band of SRTM15+ V2.0 is within
22 km. Table 12 shows the accuracy statistics in the range
of 2—-17 km and 2-22 km. The results demonstrate that
SRTM15+ V2.0 performs best for providing short wave-
length gravity anomalies, followed by DTU18.

We choose shipborne depths for further analysis. It can
be seen from Fig. 9 that the inversion result from water
depth in the band of 2—17 km is closer to S&S V31.1 than

Shipborne depths data ETOPO1 GMGAL1
SRTM15+V2.0 DTUI18
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Fig. 8 Accuracy of short wavelength gravity anomaly with variations of wavelengths
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Table 12 Accuracy statistics of short wavelength gravity
anomaly (unit: mGal)
Difference 2-17 km band 2-22 km band
Mean STD Mean STD
Shipborne depths—S&S V31.1 —0.053 0.795 — 0084 1.139
SRTM15 4+V2.0—S&S V31.1 —0.041 0.644 —0.067 0903
ETOPO1—S&SV31.1 —0.048 0674 —0.079 0955
DTU18—S&SV31.1 —0.054 0.653 — 008 0918
GMGAT—S&SV31.1 —0.001 1.196 —0.001 1.561

that of GMGAL. Figure 9 also show the error distribution
of the two models, i.e., shipborne depths derived values
and GMGAL. The errors are mainly concentrated in the
area with drastic changes in gravity, and the shipborne
depths derived gravity anomaly has obviously smaller
errors. Indeed, the region, where gravity varies largely,
usually has a large fluctuation of seafloor topography, and
thus, it is reasonable to use water depth to improve the
short wavelength gravity anomaly.

Although SRTM15+V2.0, ETOPO1 and DTU18
derived short-wavelength gravity signals have better per-
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the derivations of these three models may have used
the information of marine gravity anomaly. Therefore,
the signals in the band of 2—17 km are provided by val-
ues derived from shipborne depths in this study, and
outside of this band are provided by GMGAL. By doing
this, a new version of gravity anomaly in the South China
Sea is obtained, and the accuracy statistics are given in
Table 13. The results reveal that the errors of the new ver-
sion of gravity anomaly have been reduced by 0.08 mGal
in terms of mean value and 0.431 mGal in terms of STD.
It verifies the effectiveness of using ocean water depths
to improve the accuracy of the short wavelength gravity
anomaly.

Conclusions

In this study, deflections of the vertical are first calcu-
lated from observations of each of the five altimetry
satellites, and then fused using varying weights based
on their accuracy. The remove-restore approach is then
used to obtain the marine gravity anomaly model, i.e.,

Table 13 Statistics on the accuracy of the new results (mGal)

formance than shipborne depths, if S&S V31.1 is the true  Difference Mean STD
Vah;le' Hls’wevetrf Shlptlilor nett:leptl:fl are moge fhrECt tOP(ﬁg' Filter combination model—S&8SV31.1  0.154 2831
ra observations an ese ree models. cspecia
Py PECIATY:  GMGAT—s85 V311 0234 3262
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GMGAL. Finally, the accuracy of GMGAL is tested
using a variety of products. HY-2A contribution is ana-
lyzed, and the effectiveness of using seafloor topog-
raphy information to enhance the short wavelength
gravity anomaly is experimented.

The results demonstrate that CryoSat-2 has the high-
est accuracy in the north component of deflections of
the vertical, while HY-2A is only second to CryoSat-2.
Jason-1 and Jason-2 contribute largest to the east com-
ponent of the fused deflections of the vertical. The
fused deflections of the vertical have an accuracy of 0.4
arcsec in the north component and 0.8 arcsec in the
east component. Compared to DTU17 and S&S V31.1,
GMGA1 has an accuracy of around 3.3 mGal. 90% of
the errors are smaller than 5.0 mGal. The accuracy of
GMGAL is also evaluated using airborne gravity obser-
vations and the comparison results show that the preci-
sion is about 2.7 mGal in the South China Sea. Without
using HY-2A data, the precision of gravity anomaly is
reduced by about 0.1 mGal; HY-2A can improve the
gravity anomaly accuracy in the region, where the sig-
nals vary largely.

This study also proved that dense water depth observa-
tions could help improve the accuracy of the short wave-
length of gravity anomaly. The gravity anomaly derived by
shipborne depths data has better accuracy than GMGA1
in the wavelength shorter than 17 km in the South China
Sea. The combination results of shipborne depths derived
values and GMGAL improve the accuracy of gravity
anomaly by 0.4 mGal in the study area.
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