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Performance of Jason-2/GM altimeter in deriving marine gravity
with the waveform derivative retracking method: a case study
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Abstract
Deriving marine gravity is one of the important applications of satellite altimetry in earth science. The quality of marine gravity
derived from each altimeter data always is limited by the range measurement on the certain ground track spacing. We assess the
performance of Jason-2/geodetic-mission (GM) altimeter in deriving marine gravity by the improved range from waveform
retracking. The singular value decomposition was applied to denoise waveforms, and the waveform derivative retracking was
employed to improve the sea surface heights (SSHs). Finally, Jason-2/GM-derived gravity anomalies on 1′ × 1′ grids were
determined by the least-squares collocation method based on the resample 5 Hz SSHs around the South China Sea (SCS).
Assessed by ship-borne data from different institutions, the accuracy of Jason-2/GM-derived gravity is consistent with that of the
V27.1 and DTU13 models. Moreover, with the application of waveform derivative retracking, the accuracy of gravity anomalies
has improved from 6.6 mGal before retracking to 5.5 mGal after retracking over the open ocean, and from 8.9 to 7.4 mGal over
the coastal area. It is better than the results obtained by traditional retracking methods, including off-center of gravity (OCOG),
5-β, threshold, Ice-1, and maximum likelihood estimator-4 (MLE4). Furthermore, evaluated by V27.1 and DTU13, the result
shows root mean square (RMS) difference of 2.0 mGal and 3.0 mGal, respectively. Therefore, the waveform derivative
retracking is an effective method for altimeter data, and the accuracy of derived gravity is an improvement by retracked SSHs.
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Introduction

Satellite altimetry has wide applications in earth science,
where it provides precise sea surface heights (SSHs) all over

the world (Shum et al. 1995; Guo et al. 2016; Stammer and
Cazenave 2017; Yuan et al. 2020a). The SSHs are used to
derive global and regional marine gravity (Hwang et al.
2006; Sandwell et al. 2013; Khaki et al. 2015). Marine gravity
derived from satellite altimeter data can reveal more localized
information than that provided by satellite gravity missions
(Sandwell et al. 2014; Zhu et al. 2020). Moreover, it takes less
time and gets more repeatable data in a significant range with
respect to ship-borne or airborne gravity data (Zhang et al.
2018). The quality of SSHs is closely related to the altimeter
echo waveforms. As the waveform over a complex area is
susceptible to the effects of the land, island, and sea surface
conditions, the retrieving SSH accuracy is limited (Tseng et al.
2013; Arabsahebi et al. 2018).

In order to improve the quality of SSH, several retrackers
have been developed. The waveform retracking methods are
mainly divided into two categories based on either full-
waveform or sub-waveform (Anzenhofer et al. 1999;
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Gommenginger et al. 2011), including the function fitting and
the empirical statistical methods. The sub-waveform is de-
fined as the partial waveform. It is beneficial to obtain reliable
SSH by sub-waveform retracking, but the identification of
sub-waveform is difficult (Idris and Deng 2012; Passaro
et al. 2014). The function fitting method is used to retrieve
geophysical parameters on the basis of the function model. It
is related to the physical properties of ocean reflecting surface,
such as the maximum likelihood estimator-4 (MLE4) method
(Amarouche et al. 2004). The MLE4 method has been used as
the standard ocean retracker for most altimeter data (Dumont
et al. 2011). This kind of method has a clear physical expla-
nation and higher calculation accuracy (Martin et al. 1983;
Peng and Deng 2017). The other empirical method is devel-
oped on the pre-defined statistical equations, such as off-
center of gravity (OCOG) (Wingham et al. 1986) and thresh-
old retrackers (Davis 1997). It has a high adaptability and
provides a robust estimate of range for complex waveform
shapes (Huang et al. 2017; Roscher et al. 2017). However,
the performance of each single retracker has certain limita-
tions, for example, the estimated range of function fitting
method is affected by the waveform shapes and the physical
explanation of empirical method is unclear (Gommenginger
et al. 2011; Arabsahebi et al. 2018). Therefore, considering the
complexity of waveform over a region, the single kind of
method is not always optimal retracker (Idris 2019; Yuan
et al. 2020b).

Waveform retracking plays an important role in improving
the accuracy of marine gravity derived from satellite altimeter
data. On the basis of sub-waveform, the retracked SSHs are
obtained by the threshold or 5-β method (Martin et al. 1983),
improving the accuracy of derived gravity anomalies in the
coastal area (Hwang et al. 2006; Guo et al. 2010; Yang et al.
2012). To improve the regional gravity anomalies, the extre-
ma retracking method (Khaki et al. 2015) based on edge de-
tection and extracting extremumpoints is applied towaveform
over a region. Moreover, in order to optimize the global ma-
rine gravity model derived by satellite altimetry, a two-step
waveform retracking is employed (Andersen et al. 2010;
Garcia et al. 2014). In the first retracking step, all three param-
eters (amplitude, range, and significant wave height) are esti-
mated and the significant wave height (SWH) is smoothed
along ground track. In the second step, the SWH is fixed to
a known value and re-estimated the range correction and am-
plitude. The two-step retracking method improves the range
precision by a factor of 1.5 for sea surface slopes, but it does
not result in an improvement in the precision of absolute SSHs
(Hwang and Chang 2014; Zhang et al. 2017).

With the development of satellite altimetry technology, the
method of derivation of gravity anomalies by satellite altime-
try is gradually mature (Rap, 1979; Andersen et al. 2010;
Sandwell et al. 2013). The least-squares collocation (LSC)
method is used to determine gravity anomalies based on the

remove-restore procedure (Hwang 1989; Andersen and
Knudsen 1998). The advantage of LSC is that the process is
stable and the result is smooth (Shih et al. 2015). Moreover,
the LSC is able to combine multiple types of data for gravity
anomaly derivation (McCubbine et al. 2017). Based on LSC,
the gravity anomalies are derived from different satellite al-
timeter data and their accuracy is reliable (Hwang et al. 2006;
Zhu et al. 2019).

Jason-2 is the follow-on to TOPEX/Poseidon and Jason-1,
whose main features have been inherited (Dumont et al.
2011). The Jason-2 altimeter has the same characteristics with
Jason-1, but with a lower instrument noise. It is usually used
as a reference to the accuracy evaluation for other altimeters
(Bao et al. 2015; Prandi et al. 2015). The geodetic mission
(GM) of Jason-2 is carried out from July 2017 after the exact
repeat mission. It has collected a large amount of high-
resolution GM altimeter data. The GM data provides denser
spatial coverage in the derivation of marine gravity, such as
Geosat/GM, Jason-1/GM, and HY-2A/GM (Garcia et al.
2014; Zhu et al. 2019). Therefore, we assess the performance
of Jason-2 altimeter in deriving marine gravity by retracked
SSHs of GM.

The paper is organized as follows: the data used in this
study are explained in the “Data” section. In order to improve
the quality of Jason-2/GM altimeter data, the waveform deriv-
ative retracking method is provided in the “Satellite altimetry
retracking” section. The discussion of waveform SVD denoise
and the result of derived gravity anomalies by retracked SSHs
on 1′ × 1′ grid around the South China Sea (105°–125° E, 0°–
30° N) is shown in the “Results and discussions” section. The
performance of Jason-2/GM-derived gravity anomalies with
waveform derivative retracking method is analyzed in the
“Comparison and analysis” section. Finally, the study is con-
cluded in the “Conclusion” section.

Data

Altimeter data

The latest version D of Sensor Geophysical Data Records
(SGDR) from Jason-2/GM is released by AVISO
(Archiving, Validation, and Interpretation of Satellite
Oceanographic, http://www.aviso.altimetry.fr/). The SGDR
products include the waveform data of 20 Hz and current
state-of-the-art geophysical corrections which are necessary
to compute SSH. The Jason-2/GM altimeter data from
July 2017 to July 2018 was used, corresponding to the data
files from cycles 500 to 537. The Jason-2/GM ground tracks
within the South China Sea and its adjacent areas are shown in
Fig. 1, and the data in cycles 506 and 507 are missing. In this
complex region, the waveform is susceptible to contamination
from the land, island, and sea surface conditions. The
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waveforms of a ground track (cycle520 pass177) are shown in
Fig. 2. To improve the quality of SSH, it is necessary to
retrack waveform over the SCS.

Ship-borne gravity data

To assess the precision of Jason-2/GM-derived gravity anom-
alies with waveform derivative retracking method, a compar-
ison is done with ship-borne gravity data provided by the US
National Center for Environmental Information (NCEI) and
the Second Institute of Oceanography (SIO), Ministry of

Natural Resources of P. R. China. The NCEI ship-borne data
includes 461652 points measured by 85 cruises from 1967 to
2010 (https://maps.ngdc.noaa.gov/viewers/geophysics/).
Most of the NCEI ship-borne data are taken before the
1990s; the accuracy is affected by navigation accuracy. The
SIO ship-borne gravity is measured from 1999 to 2010, with
better data quality. It includes 13288 points measured by 17
cruises. Since the NCEI, ship-borne gravity is obtained from
different organizations, which cause that the ship-borne data
contain systematic errors, such as the drift error of gravimeter
and the error between different reference gravity fields
(Wessel and Watts 1988).

Marine gravity models V27.1 and DTU13

Due to the limitations of ship-borne gravity data, the Jason-2/
GM-derived gravity anomalies with waveform derivative
retracking method are also compared with the high-accuracy
global marine gravity models V27.1 (Sandwell et al. 2013)
and DTU13 (Andersen et al. 2014). The V27.1 is released
on March 2019 by Scripps Institution of Oceanography
(https://topex.ucsd.edu/). The altimeter data used in the V27.
1 is fromCryoSat-2, Jason-1, Geosat, and ERS-1 (Garcia et al.
2014). The model has a high resolution of 1′ × 1′ on the global,
including 1431288 grid points around the SCS.

The DTU13 is released by the Technical University of
Denmark. It is derived not only by the retracked SSHs from
CryoSat-2, Jason-1, and so on but also by the combination of
airborne gravity data and laser altimetry from ICESat
(Andersen et al. 2010). The DTU13 model also has a high
resolution of 1′ × 1′ on the global, including 1382108 grid
points around the SCS.

EGM2008

Earth gravitational field model (EGM2008) is a high-
precision spherical harmonic function model of the global
gravitational field model (http://earth-info.nga.mil/GandG/
wgs84/gravitymod/egm2008). EGM2008 up to degree and

Fig. 1 Jason-2/GM ground tracks around the South China Sea

Fig. 2 Waveform data (cycle520
pass177)
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order 2160 is used to compute a series of products, such as
vertical deflection, gravity anomalies, and geoid heights.
(Pavlis et al. 2012; Wang et al. 2018). In this study, it is
selected as the reference gravitational field.

Satellite altimetry retracking

Waveform SVD denoising

The echo waveform of satellite radar altimeter is a set of
discrete gate power. Each gate power includes the echo
signal from ocean reflection surface and speckle noise.
However, the existence of noise influences the result of
waveform retracking (Halimi et al. 2017; Xu et al. 2018).
For this reason, the singular value decomposition (SVD)
is applied to denoise waveforms (Ollivier 2006; Thibaut
et al. 2009). The idea of SVD denoise is to eliminate the
minor singular value of waveform components, since
those components are considered to be caused by noises
rather than ocean echo signals. The procedure is as
follows:

(1) Arrange L (>N, the number of the waveform gates) con-
secutive waveforms form a waveform matrix:W(N × L);

(2) SVD of waveform matrix W(N × L):

W ¼ U � S � V
0 ð1Þ

where U and V are both orthogonal matrixes, and S is a
diagonal matrix, whose diagonal elements are sorted from
large to small:

S ¼ diag s1; s2; s3…sNð Þ ð2Þ

(3) Select the percentage T of waveform singular according
to the following conditions:

∑
k−1

i¼1
si < T* ∑

N

i¼1
si; ∑

k

i¼1
si≥T* ∑

N

i¼1
si ð3Þ

(4) Reconstruct the waveform matrix WSVD:

WSVD ¼ U � Sk � V
0 ð4Þ

The percentage T of waveform singular affects the quality
of denoising waveform. If the value is large, the noise of
waveform cannot be eliminated. If it is small, the effective
signal can be removed. The different percentage is discussed
in the “Results and discussions” section.

Waveform derivative retracking method

On the basis of analysis radar altimeter echo principle and the
waveform model, Brown (1977) demonstrated the echo re-
ceived from ocean target has a typical rising part (leading
edge). The leading edge of the waveform model is an odd
function with respect to the midpoint of the leading edge
(Vignudelli et al. 2019; Gommenginger et al. 2011).
Therefore, the leading edge midpoint can be determined by
the maximum value of the leading edge slope, i.e., the zero of
the second waveform derivative function. The theoretical
waveform model is the Brown model (Brown 1977), which
describes the average return power as a function of delay time,
expressed as:

W tð Þ ¼ Apexp −vð Þ 1þ erf uð Þð Þ þ Tn ð5Þ

where

v ¼ a t−t0ð Þ− a
2
σ2c

h i
u ¼ t−t0ð Þ−a� σ2cffiffiffiffiffiffiffi

2σc
p

a ¼ a−
β2

4
a ¼ ln4

sin2 θ
�
2

� � � c
h
� 1

1þ h�
R

� cos 2ξð Þ

Ap ¼ A0

2
exp −

4

γ
sin2ξ

� �
β ¼ ln4

sin2 θ
�
2

� � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c
h
� 1

1þ h�
R

� sin 2ξð Þ
s

where h is the satellite altitude, R is the radius of the Earth,
c is the speed of light in vacuum, A0 is the amplitude of wave-
form, θ is the antenna beam width, ξ is the antenna off-nadir
mispointing angle, t0 is the epoch with respect to the nominal
tracking reference point, σc is the rise time of the leading edge,
γ is the parameter related to the beam width, Tn is the thermal
noise level, and erf(x) is the error function.

Based on Eq. (5), the functions of the first and second
waveform derivative are given as:

W
0
tð Þ ¼ Ap � exp −vð Þ −a� 1þ erf uð Þð Þ þ

ffiffiffi
2

p
ffiffiffiffiffiffiffiffi
πσc

p � exp −u2
� �� 	

ð6Þ

W} tð Þ ¼ Ap � exp −vð Þ � a2 � 1þ erf uð Þð Þ− 2
ffiffiffiffiffi
2a

p
ffiffiffiffiffiffiffiffi
πσc

p � exp −u2
� �

−
2uffiffiffiffiffiffiffiffi
πσ2c

p � exp −u2
� �" #

ð7Þ

At the position of maximum slope of leading edge, the
leading edge midpoint is determined by the zero of the second
waveform derivative function (W" = 0). It is expressed as

tm ¼ t0−aσ2
c ð8Þ

where the t0 and σc are the unknown parameters.
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In order to more accurately determine the leading
edge midpoint on the measured waveform, combining
the advantages of the empirical statistical retracker (sim-
ilar to threshold method), the leading edge midpoint is
redetermined. The leading edge midpoint power value is
obtained by Eq. (5), which is linearly interpolated to the
adjacent power value of the leading edge of measured
waveform to redetermine the midpoint, i.e.,

trm ¼ bn−1
 �
þ

Wm−Wbn−1
Wbn−Wbn−1

ð9Þ

where trm is the re-determined leading edge midpoint, Wm

is the estimated midpoint power by Eq. (5), bn is the first gate
position beyond the estimated midpoint power, and Wbn and

Wbn−1 are the measured waveform power respectively.

Determination of midpoint

Based on the waveform model, there are five unknown pa-
rameters in Eq. (5): A0, t0, σc, Tn, ξ. Generally, the thermal
noise Tn is less than 3% of waveform amplitude; it can be
estimated by the first few waveform gates (Gommenginger
et al. 2011). The off-nadir mispointing angle provided by the
Jason-2 SGDR products can be used due to its very small
value (usually less than 0.3°) and improved accuracy
(Amarouche et al. 2004). Thus, in order to calculate the lead-
ing edge midpoint, we estimate three unknown parameters,
i.e., A0, t0, and σc.

Three unknown parameters are estimated based on the
measured waveform. They are solved using the least-squares
estimator (Gommenginger et al. 2011). The leading edge mid-
point is determined by the estimated parameters t0 and σc
according to Eqs. (8) and (9). It is called the first waveform
derivative retracker (FWDR) in this paper.

Moreover, to improve the accuracy of three unknown pa-
rameters to be estimated, they are re-estimated based on the
first-order difference quotient of waveform. Because the noise
of waveform cannot be completely eliminated by SVD
denoise, it can be further reduced by the first-order difference
quotient of waveform, such as thermal noise. The first-order

difference quotient of waveform,W
0
tkþ1=2


 �
, can be comput-

ed as,

W
0
tkþ1=2


 �
¼ W tkþ1ð Þ−W tkð Þ

Δt
ð10Þ

where W(tk + 1) and W(tk) are the echo powers correspond-
ing to the gates k + 1 and k respectively, Δt is the sampling

interval. Equation (10) is indicated that theW
0
tkþ1=2


 �
is cor-

related between different gates.

Three unknown parameters (A0, t0, σc) are estimated using
the weighted least-squares estimator. The weight P is deter-
mined based on the covariance propagation law as,

P ¼

2 −1 0 … 0
−1 2 −1 … 0
0
…
0

−1
…
…

2 … 0
… … −1
0 −1 2

2
6664

3
7775

−1

n−1ð Þ� n−1ð Þ

ð11Þ

The leading edge midpoint is determined by the re-
estimated parameters t0 and σc. It is called the second wave-
form derivative retracker (SWDR) in this paper.

Retracked SSH

The SSH is defined as,

SSH ¼ Halt−


Tracker þ Corrdoppler þ Corrmodel þ Corrsystem bias þ CorrDryþ

CorrWet þ CorrIono þ CorrIb þ Corrhf þ Hocean þ Hsolid þ Hpole þ Rretracking

ð12Þ

where Halt is the Jason-2 satellite altitude, Tracker is
the range between satellite and reflective surface (partial
instrumental corrections included, i.e., distance antenna-
COG, USO drift correction, internal path correction),
Corrdoppler is the Doppler correction, Corrmodel is the
modeled instrumental correction, Corrsystem _ bias is the
system bias of instrument, CorrDry is the dry tropo-
spheric correction, CorrWet is the wet tropospheric cor-
rection, and CorrIono is the ionospheric delay correction.
The numerical prediction models from the European
Cen t r e fo r Med ium-Range Wea the r Forecas t s
(ECMWF) are applied for CorrWet and CorrIono. CorrIb
(inverted barometer correction) and Corrhf (high-
frequency atmospheric pressure loading correction) are
the dynamic atmospheric corrections, Hocean is the geo-
centric ocean tide height correction, Hsolid is the solid
earth tide height correction, and Hpole is the pole tide
height correction. These above corrections are available
in the SGDRs, and the outliers of geophysical correc-
tion are eliminated by the data editing criteria (Dumont
et al. 2011). Rretracking is the range correction of wave-
form retracking.

The range correction of waveform derivative retracking is
given as,

Rretracking ¼ trm−τð Þ � c� ΔGa

2
ð13Þ

where trm is the leading edge midpoint, τ is the nominal
tracking gate (τ = 32 gate of Jason-2 altimeter waveform), and
ΔGa is the sampling interval of a gate (1 gate = 3.125 ns of
Jason-2 altimeter).
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Results and discussions

Analysis of SVD denoise

In order to analyze the performance of waveform SVD
denoise, we tested three typical percentage T of SVD: 90%,
80%, and 70%. The standard deviation (STD) of 20 Hz
retracked SSHs is computed, and the total number is
187347. The median of standard deviation is listed in
Table 1. In the procedure of calculation, because the geoid
gradients with rapidly changing can increase the STD
(Gommenginger et al. 2011), the geoid height of 1 Hz derived
by EGM2008 is selected as the mean value instead of the
simple average value.

Table 1 represents that the STDs of 20 Hz retracked
SSHs with waveform SVD denoise are less than of
without SVD denoise. It is indicated that the waveform
SVD can reduce the effect of waveform noise, and im-
prove the quality of retracked SSHs. From empirical
method, such as OCOG and threshold 50%, the im-
provement of STD is slight. The reason is that the
range correction of empirical method mainly depends
on the pre-defined equations. From the function fitting
method, such as 5-β, FWDR, and SWDR, the improve-
ment of STD is more obvious. This is because the
smooth waveform is beneficial to obtain accurate pa-
rameter estimation for the function fitting method.
From Table 1, it is notable that the STD of 80% SVD
is less than of other SVD denoise. Consequently, the
80% SVD of waveform denoise is selected in this
paper.

The 1 Hz data correspond to the distance of ground
along-track about 6 km (Dumont et al. 2011). The high
rate data can improve the resolution of along-track
SSHs comparison with 1 Hz data (Zhang et al. 2017).
The number of 5 Hz SSHs meets the 1′ × 1′ grids data
requirement of along-track. Therefore, the retracked
20 Hz SSHs are resampled at 5 Hz, and the Gauss filter
with a window length of 20 km is used to reducing the
noise of 20 Hz SSH.

Altimeter-derived gravity anomalies based on LSC

The least-squares collocation (LSC) method is used to deriv-
ing gravity anomalies based on remove-restore technique
(Yang et al. 2012; Zhu et al. 2019). The residual geoid gradi-
ents are determined by the geoid gradients computed by the
retracked SSH removing the reference geoid gradients of
EGM20008. Then, the residual gravity anomalies are deter-
mined by the residual geoid gradient, and the final gravity
anomalies are obtained by restoring reference gravity anoma-
lies of EGM2008. Based on the LSC, the residual gravity
anomalies are computed by Hwang and Parsons (1995):

Δgres¼CΔge Cee þ Cnnð Þ−1eres ð14Þ

where Δgres is the vectors of residual gravity anomalies, eres
is the residual geoid gradients, CΔge is the covariance matrices
for gravity anomaly-residual geoid gradients,Cee is the covari-
ancematrices for gravity anomaly-gravity anomaly, andCnn is
the diagonal matrix holding the noise of residual geoid
gradient.

The CΔge and Cee can be derived by the parameters of
gravity field, including the covariance of gravity anomaly-
gravity anomaly CΔgΔg, the covariance of longitudinal
gradient-gravity anomaly C IΔg , the covariance of
longitudinal-longitudinal gradient Cu, and the transverse-
transverse gradient Cmm (Hwang 1989). Furthermore, all pa-
rameters of the gravity field can be expressed as the functional
of anomalous gravity potentials. The covariance of anomalous
gravity potentials is homogeneous and isotropic, so parame-
ters of gravity field are only related to the distance between
two points on the reference ellipsoid. As shown in Fig. 3,
when the spherical distance is greater than 0.5°, the covariance
of gravity field related parameters are close to 0, indicating
that the gravity anomaly and geoid gradient have little
correlation.

Accordingly, the gravity anomalies are calculated
with different spherical distances in the range of 0.1°
to 0.5°. The results are list in Table 2. The result of
FWDR and SWDR is the root mean square (RMS) dif-
ference between Jason-2/GM-derived gravity anomalies
with the waveform derivative retracking method and the
NCEI ship-borne gravity anomalies. In the span of 0.1°
to 0.4°, while the spherical distance increases, the RMS
difference between Jason-2/GM-derived and NCEI ship-
borne gravity anomalies gradually decreases, but the
RMS is increased when the distance is 0.5°. The main
reason is that the little correlation between the gravity
anomaly and geoid gradient affects the accuracy of sat-
ellite altimeter-derived gravity anomalies. Therefore, the
altimeter-derived gravity anomalies on the spherical dis-
tance of 0.4° are selected in this paper.

Table 1 The median of standard deviation (unit: cm)

Percentage of SVD No SVD 90% SVD 80% SVD 70% SVD

OCOG 15.7 15.4 15.3 15.3

5-β 11.9 11.3 11.0 11.2

Threshold 50% 9.6 9.7 9.5 9.4

FWDR 9.4 9.0 8.7 8.9

SWDR 9.1 8.8 8.5 8.7
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The Jason-2/GM altimeter-derived gravity anomalies with
SWDR on 1′ × 1′ grid around the SCS are shown in Fig. 4.

Comparison and analysis

Comparison with ship-borne data

A direct assessment of the Jason-2/GM-derived gravity anom-
alies with waveform derivative retracking is carried out: com-
parison with NCEI and SIO ship-borne gravity anomalies.
Before comparison, the systematic errors of ship-borne grav-
ity caused by different organizations are removed and the
outliers are deleted using the three-sigma criterion (Hwang

and Parsons 1995; Zhu et al. 2019). The remaining NCEI
and SIO ship-borne gravity anomalies are 451453 points and
13288 points, respectively. The differences between the
Jason-2/GM-derived gravity anomalies with SWDR and
ship-borne gravity anomalies are shown in Fig. 5. The statis-
tical results are shown in Table 3.

The NCEI ship-borne data has a large number of measure-
ments and is distributed throughout the region (Fig. 5a). The
RMS difference between Jason-2/GM-derived gravity anom-
alies with waveform derivative retracking method (FWDR
and SWDR) and NCEI ship-borne gravity anomalies both is
5.8 mGal. To assess the accuracy of the results, the RMS
difference between the high-accuracy gravity field models
(V27.1 and DTU13) and the ship-borne data are also comput-
ed. The RMS difference between the V27.1-derived and the
ship-borne gravity anomalies is 5.1 mGal, and is 5.4 mGal
when replacing the V27.1 from the DTU13. The accuracy of
Jason-2/GM-derived gravity anomalies with waveform deriv-
ative retracking is consistent with the DTU13 and V27.1 over
the region.

Additionally, the gravity results are compared with the SIO
ship-borne gravity with better data quality, which is mainly

Fig. 3 Covariance of gravity field
parameters, a is the covariance of
gravity anomaly-gravity anomaly
CΔgΔg, b is the covariance of lon-
gitudinal gradient-gravity anoma-
ly CIΔg, c is the covariance of
longitudinal-longitudinal gradient
Cu and the transver-transverse
gradient Cmm.

Table 2 Statistical results of different spherical distances (unit: mGal)

Spherical distance/° 0.1 0.2 0.3 0.4 0.5

FWDR 5.87 5.86 5.85 5.84 5.85

SWDR 5.87 5.86 5.84 5.83 5.85
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distributed in the SCS. The RMS difference between Jason-2/
GM-derived gravity anomalies with waveform derivative
retracking method (FWDR and SWDR) and SIO ship-borne
gravity anomalies both is 2.9 mGal. The RMS difference be-
tween the V27.1-derived and the SIO ship-borne gravity
anomalies is 2.8 mGal, and is 2.5 mGal when replacing the
V27.1 from the DTU13. Thus, it is indicated that the Jason-2/
GM-derived gravity anomalies with waveform derivative
retracking are reliable.

Comparison with different waveform retracking
methods

To assess the improvement of Jason-2/GM-derived grav-
ity with waveform deriving retracking method, the
altimeter-derived gravity by raw and retracked SSHs
from common waveform retracking methods is also
compared with the NECI ship-borne data. The common
methods include off-center of gravity (OCOG), 5-β,
threshold, Ice-1 (Wingham et al. 1986), and maximum
likelihood estimator-4 (MLE4). For threshold method,
there is no clear criterion for the selection of threshold

level. Here, the threshold level of 50% is selected for
retracking waveforms over the region (Guo et al. 2006).
The retracked SSHs of OCOG, 5-β, threshold, FWDR,
and SWDR are from the waveform of SVD (80%)
denoise. The Ice-1 method is similar to the threshold,
and with threshold level of 30%. The retracked SSHs of
Ice-1 and MLE4 are the standard products of SGDR.
We compute the statistical results for ship-borne data
where water depths are larger than 500 m and smaller
than 500 m, on the basis of values interpolated from
global topographic model ETOPO1.

The statistics of differences for NCEI ship-borne
gravity anomalies over the open ocean (water depths
larger than 500 m) are shown in Table 4. The raw
represents the result of altimeter-derived gravity anoma-
lies by unretracked SSHs. Table 4 is evident that the
accuracy of altimeter-derived gravity anomalies is im-
proved by retracked SSHs. The RMSs of difference ob-
tained by FWDR and SWDR both are 5.5 mGal. They
are smaller than that of obtained by OCOG, 5-β, Ice-1,
and threshold method. In addition, the maximum and
minimum of difference obtained by FWDR and SWDR
are better than that of obtained by MLE4 method, while
they have the same RMS with MLE4. Considering the
RMS of difference obtained by the raw data of 6.6
mGal, the accuracy of Jason-2/GM-derived gravity
anomalies with waveform derivative retracking method
has been improved about 1.1 mGal over the open
ocean.

The statistics of differences for NCEI ship-borne gravity
anomalies over the coastal area (water depths smaller than
500 m) are shown in Table 5. The RMS of difference ob-
tained by raw is 8.9 mGal, and the RMSs of difference
obtained by FWDR and SWDR both are 7.4 mGal. It is
indicated that the accuracy of Jason-2/GM-derived gravity
anomalies with waveform derivative retracking method has
been improved about 1.5 mGal over the coastal area. The
improvement of RMS over the coastal area is better than
that of over the open ocean. The main reason is that the
waveforms over the coastal area are more susceptible to
contamination. The RMSs of difference obtained by wave-
form derivative retracking method (FWDR and SWDR)
are also smaller than that of obtained by OCOG, 5-β,
Ice-1, MLE4, and threshold method. It is shown that the
waveform derivative retracking method can combine the
advantages of function fitting and empirical statistical
methods, and get more reliable SSHs than common
methods. Moreover, the maximum and minimum of differ-
ence obtained by SWDR are better than that of obtained by
FWDR method, when the RMS difference is same.

Therefore, through comparison with the derived gravity
anomalies by raw and retracked SSHs, it seems that the appli-
cation of waveform retracking is highly beneficial for the

Fig. 4 Jason-2/GM-derived gravity anomalies with SWDR around the
SCS
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derivation of gravity anomalies. The improvement of accuracy
of Jason-2/GM-derived gravity anomalies with waveform de-
rivative retracking method is better than that of traditional
retrackers.

Comparison with the global marine gravity model

The Jason-2/GM-derived gravity anomalies with waveform
derivative retracking method are also compared with the glob-
al marine gravity model V27.1 and DTU13. The results are
interpolated to the grid points of model V27.1 and DTU13,

respectively. The grid points on land are eliminated by using
GMT.

The differences between the Jason-2/GM-derived with
SWDR and gravity model are shown in Fig. 6. The distance
of the grid points to the coastline is computed (Wessel et al.
2013). The grid points are excluded in the different range of 0
to 50 km (interval: 10 km) away from coastline, respectively;
the statistical results in the different distance are shown in
Table 6. The Jason-2/GM_A-V27.1 represents the difference
between Jason-2/GM-derived with SWDR and V27.1 model,

Table 4 Statistics of the difference obtained by different retrackers over
the open ocean (unit: mGal)

Retracker Max Min Mean STD RMS

Raw 44.9 − 45.8 − 0.2 6.6 6.6

OCOG 43.9 − 44.9 − 0.2 6.1 6.1

5-β 45.1 − 44.0 − 0.2 5.7 5.7

Ice-1 43.1 − 43.7 − 0.2 5.7 5.7

Threshold 43.8 − 44.1 − 0.2 5.6 5.6

MLE4 43.9 − 43.8 − 0.2 5.5 5.5

FWDR 42.4 − 43.5 − 0.2 5.5 5.5

SWDR 42.1 − 42.6 − 0.2 5.5 5.5

Fig. 5 Gravity difference. a is the difference between Jason-2/GM-derived gravity anomalies with SWDR and NCEI ship-borne gravity anomalies, b is
the difference between Jason-2/GM-derived gravity anomalies with SWDR and SIO ship-borne gravity anomalies

Table 3 Statistics of the difference between Jason-2/GM-derived and
ship-borne gravity anomalies (unit: mGal)

Ship-borne data (number) Max Min Mean STD RMS

FWDR NCEI (451453) 43.2 − 43.5 − 0.1 5.8 5.8

SWDR 42.2 − 42.6 − 0.1 5.8 5.8

V27.1 54.9 − 50.2 0.0 5.1 5.1

DTU13 47.0 − 42.3 − 0.1 5.4 5.4

FWDR SIO (13288) 16.8 − 14.0 0.0 2.9 2.9

SWDR 15.5 − 13.2 0.0 2.9 2.9

V27.1 16.1 − 17.6 0.0 2.8 2.8

DTU13 17.5 − 12.6 0.1 2.5 2.5
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and the Jason-2/GM_A-DTU13 represents the difference be-
tween Jason-2/GM-derived with SWDR and DTU13 model.

As can be seen from Table 6, in the range of 0 to 20 km, the
RMSs of Jason-2/GM_A-V27.1 and Jason-2/GM_A-DTU13
are decreasing rapidly with the increase of distance from the
coastline. In the range of 20 to 50 km, the RMSs have a small
value of about 3.0 mGal and 2.0 mGal, respectively. This is
indicated that the Jason-2/GM-derived gravity anomalies are
consistent with V27.1 and DTU13 model from the 20 km
away from coastline. Therefore, the accuracy of Jason-2/
GM-derived gravity anomalies with waveform derivative
retracking method is further verified.

The RMS difference over the coastal areas (about 20 km
away from coastline) is larger than the RMS over the open
ocean. It can be considered that the retracked SSHs in the last
20 km still contains some errors, such as lower accuracy tide
model and sea station bias corrections.

Conclusion

Jason-2/GM altimeter has collected a large amount of high-
resolution data. The accuracy of range measurement is re-
duced due to the contaminated waveform. To improve the
quality of SSHs, the SVD is applied to denoise waveforms,
and the waveform derivative retracking is employed to correct
range. Finally, the Jason-2/GM altimeter-derived gravity
anomalies by retracked SSHs on grid 1′ × 1′ are determined
by LSC around SCS.

The accuracy of Jason-2/GM-derived marine gravity
with waveform derivative retracking method is evaluated
by comparison with ship-borne data provided by NCEI
and SIO, marine gravity derived from different wave-
form retracking methods, and global marine gravity
V27.1 and DTU13. The RMS difference between
Jason-2/GM-derived gravity anomalies with waveform
derivative retracking method and NCEI ship-borne grav-
ity anomalies is 5.8 mGal, and is 2.9 mGal when

Table 5 Statistics of the difference obtained by different retrackers over
the coastal area (unit: mGal)

Retracker Max Min Mean STD RMS

Raw 45.2 − 40.1 0.9 8.8 8.9

OCOG 42.3 − 39.7 0.9 7.8 7.9

5-β 41.5 − 39.3 0.9 7.6 7.7

Ice-1 42.7 − 37.7 0.8 7.5 7.6

MLE4 42.5 − 38.8 0.9 7.5 7.6

Threshold 43.6 − 37.1 0.9 7.4 7.5

FWDR 43.2 − 37.4 0.9 7.3 7.4

SWDR 42.2 − 37.2 0.9 7.3 7.4

Fig. 6 Marine gravity differences. a is the difference between Jason-2/GM-derived and v27.1, b is the difference between Jason-2/GM-derived and
DTU13
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replacing the NCEI ship-borne from SIO ship-borne.
The results are consistent with that V27.1 and DTU13
model are assessed by ship-borne data. Furthermore,
with the application of waveform derivative retracking,
the accuracy of gravity anomalies has been improved
from 6.6 mGal before retracking to 5.5 mGal after
retracking over the open ocean, and from 8.9 to 7.4
mGal over the coastal area. The improvement is better
than the results obtained by traditional retracking
methods (OCOG, 5-β, threshold, Ice-1, and MLE4). It
is concluded that the SSH obtained by waveform deriv-
ative retracking method is more reliable than of tradi-
tional methods. Moreover, the RMS difference between
Jason-2/GM-derived and V27.1 is nearly 3.0 mGal, and
is 2.0 mGal when replacing the V27.1 from the DTU13.
It is indicated that the accuracy of Jason-2/GM-derived
is consistent with the V27.1 and DTU13. Therefore, the
waveform derivative retracking is an effective method
that can be used to improve the quality of SSH, and
the accuracy of Jason-2/GM-derived gravity by
retracked SSHs is reliable.
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