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On Deflections of Vertical Determined From
HY-2A/GM Altimetry Data in the Bay of Bengal

Hui Ji, Jinyun Guo , Chengcheng Zhu , Jiajia Yuan, Xin Liu , and Guowei Li

Abstract—Satellite altimetry is an important technique to de-
rive oceanic deflections of vertical (DOV). HaiYang-2A (HY-
2A) is the first Chinese altimetry satellite launched in August
2011 to observe the global marine dynamic environment. To as-
sess the reliability of DOVs derived from HY-2A geodetic mis-
sion data, the Bay of Bengal and its adjoining area (0°–23°N,
80°–100°E) are selected as the research area, and the accuracy of
HY-2A/GM-derived DOVs is compared with that of DOVs deter-
mined from CryoSat-2-measured sea surface heights (SSHs) and
SARAL/AltiKa (SARAL)-measured SSHs which are in the same
period as HY-2A-measured SSHs. Compared with the along-track
DOVs calculated from Sentinel-3B-measured SSHs (from cycle 20
to cycle 33), the RMS of differences for HY-2A-determined DOVs
is 0.1 µrad smaller than that for SARAL-determined DOVs and
CryoSat-2-determined DOVs. The differences of the along-track
DOVs in the frequency domain are also analyzed by power spectral
density. In addition, the XGM2019e model is adopted to evalu-
ate the quality of the gridded DOVs model established by least-
squares collocation method. Marine gravity anomaly models (SIO
V30.1) and ship-borne gravity anomalies are also used to assess
the accuracy of gravity anomalies derived from gridded DOVs.
The whole results show that the accuracy of HY-2A-determined
DOVs is coincident with that of CryoSat-2-determined DOVs and
slightly lower than that of SARAL-determined DOVs. Therefore,
HY-2A/GM altimetry data can be applied in establishing the global
high-precision DOV model.

Index Terms—Bay of Bengal (BOB), cryosat-2, HY-2A/GM,
least-squares collocation, oceanic deflection of vertical (DOV),
SARAL/AltiKa, satellite altimetry.

I. INTRODUCTION

IN THE past decades, satellite altimetry as a space technology
has played an important role in the development of marine

geodesy [1]–[3], geophysics [4], [5], and oceanography [6]–[8].
Satellite altimeter directly observes the range between satellite
and nadir sea surface, significant wave height and backscattering
coefficient by transmitting and receiving radar pulse signals.
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Compared with traditional marine surveying, such as tide gauge,
measuring ship and buoy, the sea surface observations collected
by satellite altimeter have the advantages of wide range, high
accuracy, large amount of data and high repeatability. Therefore,
altimetry data have gradually become an important data source
for the study of ocean geoid, oceanic deflections of vertical
(DOVs), marine gravity anomalies, ocean surface wind field,
ocean tide, mesoscale eddies and ocean circulation [9]–[11].

DOVs [12]–[14] are important data for establishment of geoid
model and earth gravity field model, and study on the change of
earth mass. The traditional techniques for DOV determination
include astrogeodesy, astrogravimetry, gravimetry, and GNSS
leveling. Due to the existence of disturbance factors such as
sea surface wave, ocean current and ocean tide, it is difficult
to determine the marine DOVs by traditional techniques, so
calculating high-precision and high-resolution marine DOVs
have attracted wide attention. With the development of satellite
altimetry, the recovery of oceanic DOVs from altimeter data is
studied. The 1′×1′ oceanic DOV model was established from
multi-satellite altimetry data and gravity anomaly data [15],
and a new approximate relationship between DOVs and gravity
anomalies was proposed [16]. At present, there are three main
approaches to calculate the oceanic DOVs from altimeter data,
which are proposed by Sandwell [17], Olgiati et al. [18] and
Hwang et al. [19], respectively. The process of obtaining DOVs
can eliminate the influence of long-wavelength error and DOV
can be used to inverse gravity anomaly.

More and more ocean satellites are successfully launched.
HY-2A [20], [21] is the first marine dynamic environment satel-
lite developed by China. It was launched in August 2011. In
March 2016, it changed its orbit to carry out geodetic mission
(GM) with a repeat period of 168 days, and stopped collecting
data in September 2020. The objective of HY-2A mission is to
use microwave sensors to detect the ocean dynamic environ-
ment, sea surface wind field, sea surface height and sea surface
temperature. Since the successful launch of HY-2A, the accuracy
of HY-2A altimeter data is discussed. The quality and system
performance of HY-2A altimeter data are evaluated [22], [23],
and the accuracy of gravity anomalies derived from HY-2A/GM
altimetry data in the South China Sea is assessed [24].

This article aims to assess the accuracy of HY-2A/GM al-
timeter data in estimating DOVs over the Bay of Bengal (BOB).
The accuracy of DOVs derived from HY-2A/GM altimeter data
is compared with that of DOVs derived from SARAL/AltiKa
(SARAL) and CryoSat-2 altimeter data. In Section II, the
research area and data are introduced. Altimeter data of
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TABLE I
INFORMATION OF THREE SATELLITE ALTIMETRY DATA

HY-2A/GM, SARAL-drifting phase (SARAL-DP) and
CryoSat-2 in the same period are selected. Section III presents in
detail the method for calculating the meridional component and
the prime vertical component of DOVs from altimeter-measured
sea surface heights (SSHs), and the method for deriving gravity
anomalies from DOVs is also described. In Section IV-B, the
along-track DOVs at observation points of Sentinel-3B are
used to assess the accuracy of gridded DOVs determined from
altimeter data, and their differences in the wave number domain
are discussed. Then, the XGM2019e-DOV model is also used
to evaluate the accuracy of the meridional component and
the prime vertical component of altimeter-determined DOVs.
In Section IV-C, the gravity anomaly model derived from
the gridded DOVs is established, and the accuracy of gravity
anomaly derivation is evaluated by using National Centers
for Environmental Information (NCEI) ship-borne gravity
anomalies and SIO V30.1-GRA model. Section V gives the
conclusion.

II. RESEARCH AREA AND DATA

A. Research Area

The BOB and its adjoining areas (0°–23°N, 80°–100°E) are
selected as the research area. The research area contains many
special terrains such as basins and islands. In addition, as the
largest turbidite alluvial fan in the world, the BOB collects plenty
of terrigenous matter from the Qinghai-Tibet Plateau and the
Indian peninsula, and is an ideal area for the study of land and
ocean interaction [25], [26].

B. Altimetry Data

In order to assess the reliability of HY-2A/GM altimetry data
in calculating DOVs, the accuracy of SARAL/AltiKa (SARAL)
and CryoSat-2 altimetry data in calculating DOVs is compared
with that of HY-2A/GM-derived DOVs. The altimetry data of the
three satellites are all from the global 1 Hz along-track Level-2+
(L2P) version 2.0 SLA product (including sea level anomaly and
its components, and validity flags). Table I gives the information
of the selected three satellites. L2P product is the result of
reprocessing geophysical data record, that provided by archiv-
ing, validation, and interpretation of satellite oceanographic.1

The reprocessing includes updating corrections and a quality
control on altimeter data [27]. The reference ellipsoid used for

1[Online]. Available: https://www.aviso.altimetry.fr/

L2P version 2.0 SLA product (including HY-2A, SARAL and
CryoSat-2) is the TOPEX/Poseidon ellipsoid.

HY-2A [28] was successfully launched from Taiyuan Space
Center in August 2011. It is the first marine dynamic envi-
ronment satellite successfully planned by China to perform
altimetry and scattering measurement missions. HY-2A carried
out 14-day exact repeat mission at the altitude of 971 km and
168-day repeated GMs at the altitude of 973 km. The orbit of
HY-2A is sun-synchronous with an inclination of 99.3°. HY-2A
is mainly equipped with microwave sensor, dual-frequency radar
altimeter and Ku-band scatterometer.

SARAL [29], [30] is a satellite jointly developed by Indian
Space Research Organisation and Centre National d’Etudes
Spatiales (CNES), which was successfully launched in February,
2013. AltiKa altimeter uses Ka-band (35 GHz) for the first
time, and its working frequency is higher than all previous
radar altimeters. Therefore, AltiKa altimeter can obtain better
observations in coastal and land areas. After July 2016, the
SARAL ground track drifted and the repeated ground track could
not be maintained, so the new phase is named “SARAL-DP.”

CryoSat-2 [31]–[33], developed by European Space Agency
for polar observation, was successfully launched in April
2010. The altimeter (synthetic aperture interferometric altimeter,
SIRAL) on CryoSat-2 innovatively have three working modes:
low resolution mode (LRM); synthetic aperture radar mode
(SAR); and synthetic aperture radar interferometry mode. The
L2P product data of CryoSat-2 mission are mainly collected in
LRM.

It can be seen from the ground tracks of the three satellites
(see Fig. 1) that CryoSat-2 has the highest spatial resolution and
the densest tracks, because it has a 369-day repeat period. The
nominal inter-track distance of CryoSat-2 is 7.5 km, and the
ground track is allowed to drift within 5 km [34]. In addition,
the ground tracks of HY-2A have high reproducibility.

C. Data for Assessment

In this article, altimetry data of Sentinel-3B [35] from cycle
20 to cycle 33 of L2P product are used to assess the along-
track DOVs calculated from altimetry data of three satellites.
Sentinel-3B was successfully launched in April 2018 with an
altitude of 815 km and orbital inclination of 98.6°, the cycle
duration was 27 days. The main purpose of Sentinel-3B surface
topography mission which works at Ku band is to measure sea
surface topography, SSHs and significant wave height with high
accuracy and reliability.

https://www.aviso.altimetry.fr/
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Fig. 1. Ground tracks of three satellites. (a) Distribution of HY-2A’s ground tracks (cycle129-288). (b) Distribution of SARAL’s ground tracks (cycle100-140).
(c) Distribution of CryoSat-2’s ground tracks (cycle82-131).

SIO V30.1-DOV and SIO V30.1-GRA [36] are respectively
high-resolution and high-precision DOV model and marine
gravity field model with 1′×1′ resolution published by the
scripps institution of oceanography (SIO) of the University of
California, San Diego. The main improvement of SIO V30.1
with respect to SIO V29.1 is to add the latest altimetry data of
SARAL, CryoSat-2 and Sentinel-3A/B. In addition, the filtering
wavelength in shallow water is changed to 14 km. It is worth not-
ing that HY-2A altimetry data were not used in the construction
of SIO V30.1 model.

XGM2019e [37] is a spherical harmonic model of the Earth’s
gravitational potential constructed by combination of three ma-
jor data sources: longer wavelength ranging up to d/o 300
provided by the combined satellite model GOCO06s, the 15′

augmented with topography induced gravity anomalies over land
provided by the NGA and the 1′×1′ marine gravity anomalies
provided by DTU2013. XGM2019e is represented by a spherical
harmonic function, and its degree and order (d/o) reach 5399.
The XGM2019e-DOV and XGM2019e-GRA used for accuracy
evaluation is the DOV model and gravity anomaly model ob-
tained from XGM2019e_2159 (d/o are 21592).

In order to test the accuracy of gravity anomalies derived
from DOVs, the ship-borne free air gravity anomalies provided
by the NCEI [38]–[40] is adopted. Ship-borne gravimetry is less
affected by time-varying sea surface topography, and has high
accuracy in nearshore area. There are 27 routes in the study
area, and the measuring time is from 1963 to 2008. The distri-
bution of ship-borne gravity anomalies over the BOB is shown
in Fig. 2.

III. METHODS

A. Gridded DOVs’ Derivation

DOVs are calculated by the least-squares collocation (LSC)
method [41]–[43]. The LSC combines calculation of DOVs and
grid transformation of DOVs into one step.

2[Online]. Available: http://icgem.gfz-potsdam.de/calcgrid

Fig. 2. Distribution of free air gravity anomalies in the BOB.

First, the influence of sea surface topography (CNES-CLS18
MDT) [44] is removed from the preprocessed SSHs (after
instrument error correction, propagation error correction and
geophysical correction) to obtained the geoid height N. Then,
according to the difference of geoid height ∂N at two adjacent
along-track observation points, the along-track geoid gradient is
obtained as ∂N

ψ , where ψ is the spherical distance between the
two points. Then, the remove-restore method is used to remove
the along-track geoid gradient calculated by the reference grav-
ity field model (EGM2008, [45]) from the altimeter-determined
along-track geoid gradient, and the residual along-track geoid
gradients and the residual along-track DOVs ε (ε = −∂N

ψ ) are
obtained (the along-track geoid gradient and the along-track
DOV are equal and their directions are opposite).

Then, the meridian component ξ and the prime vertical com-
ponent η of residual gridded DOVs [4], [46] [47] are computed

http://icgem.gfz-potsdam.de/calcgrid
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by LSC (
ξ
η

)
=

(
Cξε
Cηε

)
(Cεε + Cnn)

−1ε (1)

where Cξε is the covariance matrix for the meridian compo-
nent of gridded DOVs and the along-track DOVs, Cηε is the
covariance matrix for the prime vertical component of gridded
DOVs and the along-track DOVs, Cεε is the variance matrix for
the along-track DOVs, Cnn is the noise variance matrix for the
along-track DOVs, and ε is the matrix for the along-track DOVs.

The variance functions of two deflection components (ξ, η)
are not isotropic. However, the variance functions of the longi-
tudinal component (l) and the transverse component (m) of DOV
are isotropic. Then for theoretical discussions it is more conve-
nient to calculate Cξε, Cηε and Cεε by the variance functions of
the longitudinal and the transverse component.

The meridian and prime vertical components of residual grid-
ded DOV (ξp, ηp) at point P are expressed by the longitudinal
and the transverse components (lp, mp) of the DOV as

ξp = lp cosαpq −mp sin sinαpq

ηp = lp sinαpq +mp sin cosαpq. (2)

The residual along-track DOV at point p and q (εp, εq) [48]
are expressed by the longitudinal and the transverse components
of the DOV as

εp = − lp cos(αεp − αpq)−mp sin(αεp − αpq)

= lp cos(αεp − αqp) +mp sin(αεp − αqp)

εq = lq cos(αεq − αqp) +mq sin(αεq − αqp) (3)

where αεp and αεq represent the azimuth of the along-track
DOV at subsatellite point P and Q, respectively; αpq and αqp
represent the azimuth from p to q and the azimuth from q to p,
respectively.

Therefore, the covariance between the two deflection compo-
nents of the residual gridded DOV and the residual along-track
DOV (Cξε, Cηε), and the variance of the residual along-track
DOV (Cεε) [49] can be expressed as

Cξε = Cll cosαpq cos(αεq − αqp)

− Cmm sinαpq sin(αεq − αqp)

Cηε = Cll cosαpq cos(αεq − αqp)

+ Cmm sinαpq sin(αεq − αqp)

Cεε = Cll cos(αεp − αqp) cos(αεq − αqp)

+ Cmm sin(αεp − αqp) sin(αεq − αqp) (4)

where, Cll and Cmm are determined by the covariance function
of the Earth’s disturbing potential K(ψ) in Moritz [50].

Finally, the accuracy of the along-track DOVs needs to be
obtained. The discrepancy of SSHs after crossover adjustment
can be adopted to evaluate the accuracy of the along-track DOVs
determined by Ku-band altimeters. Therefore, the noise variance

of the along-track DOVs Cnn can be calculated by

Cnn = (mε)
2 =

(√
2mSSH

ψ

)2

=

(
mΔ

ψ

)2

(5)

where mε is the STD of the along-track DOVs determined by
Ku-band altimeters,mSSH is the STD of SSHs,mΔ is the STD
of discrepancy of SSHs at crossover points, and ψ is the average
spherical distance of two adjacent points.

The frequency of Ka-band altimeter is higher than that of
Ku-band altimeter, so the penetration ability of Ka-band signal is
weaker than Ku-band signal, which leads to the greater influence
of tropospheric refraction error on Ka-band SSHs. In addition,
the crossover adjustment cannot correct the propagation error
caused by cloud and rain weather. Therefore, the accuracy of
the along-track DOVs determined by Ka-band altimeter is not
suitable to be evaluated by the discrepancy of SSHs at crossover
points, and should be calculated by another method.

The gravity anomaly derived by LSC is based on along-track
DOVs. When LSC is used to derived the gravity anomalies, the
STD of the derived gravity anomaly is calculated as follows:

C
Δ

�
g
= (m

Δ
�
g
)2 = CΔgΔg − CΔgε(Cεε + Cnn)

−1CεΔg
(6)

in which CΔĝ is the variance matrix for gravity anomalies
estimation, CΔgΔg and Cεε are the variance matrix for grav-
ity anomalies and DOVs, respectively, CεΔg is the covariance
matrix for DOVs and gravity anomalies, and Cnn is the noise
variance for DOVs.mΔĝ is the STD of altimeter-derived gravity
anomalies.

As the accuracy of gravity anomalies increases with the
accuracy and density of the along-track DOVs, (6) can be
simplified into an empirical formula between the precision of
gravity anomalies, the precision of the along-track DOVs mε

and the density of the along-track DOVs (the average of the
along-track DOVs in every 2′×2′ grid) determined by altimeter
data, the empirical formula as follows:

mΔĝ =

√
β2
0 + β1ρ(Cnn)

−1

Cnn =
β1ρ

mΔĝ
2 − β2

0

(7)

where ρ is the density of the along-track DOVs, β0 and β1 are
fitting parameter. Assuming that the NCEI ship-borne gravity
anomaly, the altimeter-derived gravity anomaly and the global
marine gravity anomaly model (SIO V30.1-GRA) are indepen-
dent of each other, the STD of altimeter-derived gravity anomaly
mΔĝ can be obtained by the law of error propagation⎡

⎢⎣
σ2
BS

σ2
BN

σ2
SN

⎤
⎥⎦ =

⎡
⎢⎣
1 1 0

0 1 1

1 0 1

⎤
⎥⎦
⎡
⎢⎣
σ2
S

σ2
B

σ2
N

⎤
⎥⎦ (8)

where σ2
BS , σ2

BN and σ2
SN represent the covariance of the

difference between altimeter-derived gravity anomalies and SIO
V30.1-GRA model gravity anomalies, the covariance of the dif-
ference between altimeter-derived gravity anomalies and NCEI
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TABLE II
RMS OF THE DIFFERENCE BETWEEN THE DIRECTIONAL COMPONENTS OF ALTIMETER-DETERMINED GRIDDED DOVS AND SIO V30.1-DOV

MODEL IN DIFFERENT LSC CALCULATION WINDOWS UNIT: μRAD

Time refers to CPU time (Intel(R) Core (TM) i7-4790 CPU @ 3.60 GHz).

ship-borne gravity anomalies, and the covariance of the differ-
ence between SIO V30.1-GRA model gravity anomalies and
NCEI ship-borne gravity anomalies, respectively. σ2

S , σ2
B , and

σ2
N represent the variance of SIO V30.1-GRA model gravity

anomalies, altimeter-derived gravity anomalies and NCEI ship-
borne gravity anomalies respectively.

B. Gravity Anomalies’ Derivation

One-dimensional (1-D) FFT method and IVM formula are
used to derive gravity anomalies from DOVs. Since the dif-
ference of latitude is taken into account in the calculation of
spherical latitude by 1-D FFT method, the algorithm [46] is more
rigorous in theory. In addition, compared with marine gravity
anomalies directly derived from SSHs, the advantage of marine
gravity anomalies derived from DOVs is that the DOVs are not
affected by long wavelength error and crossover adjustment is
not necessary in the calculation of DOVs. Therefore, IVM [51],
[52] is used to derive the marine gravity anomalies

Δg(p) =
γ0
4π

∫ ∫
σ

H ′(ψ)(ξq cosαqp + ηq sinαqp)dσq (9)

where Δg(p) is the gravity anomaly at point p, γ0 = GM
R2 (GM

is the gravitational constant, R is the mean earth radius), αqp is
the azimuth from point q to point p; ξq and ηq are the meridian
component and the prime vertical component of the DOV at
point q respectively. H ′(ψ) is the derivative of kernel function

H ′(ψ) = − cos ψ2
2sin2 ψ2

+
cos ψ2 (3 + 2 sin ψ

2 )

2 sin ψ
2 (1 + sin ψ

2 )
(10)

where ψ is the spherical distance between p and q.
ψ cannot be zero in the derivative of kernel function H ′(ψ),

so it is necessary to consider the influence of inner zone effect
on gravity anomaly derivation

Δg =
s0γ0
2

(ξx + ηy) (11)

s0 =

√
R2ΔλΔϕ cosϕ

π
(12)

ξx(i) =
1

2RΔϕ
[ξ(i+ 1)− ξ(i− 1)] (13)

ηy(i) =
1

2RΔλ cosϕ
[η(i+ 1)− η(i− 1)] (14)

where ξx and ηy are the change rates of the meridian and prime
vertical component of the DOV, respectively; s0 is the size of

the inner zone. Δλ and Δϕ are the difference of longitude and
latitude, respectively.

IV. RESULTS AND ANALYSIS

A. DOVs’ Calculation

The along-track DOVs and gridded DOVs are obtained with
the above method. When LSC is used to estimate gridded DOVs,
the different calculation window will cause the difference of the
quantity and the distribution of the along-track geoid gradients,
which affect the accuracy of DOVs. The influence of the size
of the LSC calculation window on DOV precision should be
considered when establishing high-precision gridded DOVs.
Table II gives the RMS of the difference between altimeter-
determined gridded DOVs and SIO V30.1-DOV model under
different LSC calculation windows.

The Sentinel-3B-determined along-track DOVs and
altimeter-determined DOVs are independent of each other.
The influence of different LSC calculation window on gridded
DOVs’ precision is also assessed by Sentinel-3B altimetry
data. First, altimeter-determined gridded DOVs are used to
interpolate the meridian components and the prime vertical
components at observation points of Sentinel-3B. Second,
the along-track DOVs [4] determined by gridded DOVs at
observation points of Sentinel-3B are calculated by

εsatellite = ξ cosα+ η sinα (15)

where, ξ and η are the meridian components and the prime
vertical components at observation points of Sentinel-3B, which
are interpolated from altimeter-determined gridded DOVs; α is
the along-track azimuth of Sentinel-3B.

Third, the along-track DOVs of Sentinel-3B are determined
from the along-track geoid gradients which are calculated
from Sentinel-3B-measured SSHs. Finally, the statistic infor-
mation on differences between the along-track DOVs calcu-
lated from altimeter-determined DOVs and those calculated
from Sentinel-3B-measured SSHs under different windows is
given in Table III. The differences between satellite-determined
and Sentinel-3B-calculted along-track DOVs are expressed as
satellite—Sentinel-3B, e.g., HY-2A—Sentinel-3B, SARAL—
Sentinel-3B, and CryoSat-2—Sentinel-3B.

As shown in Fig. 3, when the spherical distance is greater
than 0.1°, the covariance of the longitudinal and the transverse
component of DOV is close to 0. In order to achieve the optimal
accuracy, the LSC window is selected at an interval of 0.1°. It



JI et al.: ON DOV DETERMINED FROM HY-2A/GM ALTIMETRY DATA IN THE BOB 12053

TABLE III
RMS OF THE DIFFERENCE OF THE ALONG-TRACK DOVS CALCULATED FROM

THE ALTIMETRY DATA OF THREE SATELLITES AND SENTINEL-3B IN DIFFERENT

CALCULATION WINDOWS OF LSC UNIT: μRAD

Fig. 3. Relationship between the covariance of the longitudinal and the trans-
verse component of the DOVs and the spherical distance.

can be seen from Table II that the influence of LSC window
size on the prime vertical component is greater than that of
meridian component. With the increasing window size, the RMS
of the difference of the prime vertical component calculated
from three satellite altimetry data and SIO V30.1-DOV model
is decreasing gradually, while the RMS of the difference of
meridian component remains unchanged. This is because the
orbit of altimeter is around 90°, and the along-track DOVs
contain more signals in the meridional direction. Compared with
prime vertical component, higher accuracy on the meridional
component can be obtained from less altimeter data in a small
calculation window. Table III gives that RMS of the along-
track DOVs calculated from the altimeter-determined DOVs
and Sentinel-3B-measured SSHs has a small change with the
increase of window. With the increasement of the window, the
time increases exponentially. Therefore, 0.4° can be the optimum
window under comprehensive considering.

B. Accuracy Evaluation of DOVs Derivation

The 2′×2’ gridded DOVs are determined from three satellite
altimetry data by LSC over the BOB and its adjoining area, and
shown in Fig. 4.

The altimeter-determined along-track DOVs at observation
points of Sentinel-3B are calculated from altimeter-determined
DOVs and from Sentinel-3B-measured SSHs in the same way
described in Section IV-A, respectively. After obtaining the
STD of satellite—Sentinel-3B, the accuracy of the satellite-
determined DOVs can be compared according to the law of error
propagation (the accuracy of the Sentinel-3B-determined DOVs
is constant). If the STD of satellite—Sentinel-3B is smaller,
it indicates that the accuracy of altimeter-determined DOVs is
higher. The statistical information is given in Table IV.

Table IV gives that the STD of HY-2A—Sentinel-3B is the
maximum and that of SARAL—Sentinel-3B is the minimum,

TABLE IV
STATISTICAL RESULTS OF THE DIFFERENCE BETWEEN ALONG-TRACK DOVS

CALCULATED FROM HY-2A, SARAL, CRYOSAT-2 AND SENTINEL-3B UNIT:
μRAD

but the difference between them is less than 0.1 μrad. Therefore,
the accuracy of HY-2A-determined DOVs is similar to that of
SARAL and CryoSat-2.

The data of pass0094 from cycle20 to cycle33 in Sentinel-
3B of L2P are selected to calculate the along-track DOVs,
and the along-track DOVs at observation points of Sentinel-
3B are also calculated by altimeter-determined gridded DOVs.
Fig. 5(a) shows the difference between them in the wavenumber
domain.

Pujol et al. [53] concluded that the difference of SSHs in
the wavelength range of 25 to 175 km mainly reflects the error
of SSH model when using the measured SSHs to evaluate the
accuracy of SSH model. Therefore, it can be considered that
the signal in the wavelength range of 25 to 175 km of the
along-track DOVs’ difference mainly comes from the error of
gridded DOVs. The power spectral density (PSD) of the along-
track DOVs’ difference between the three satellites and Sentinel-
3B in the wavelength range of 25 km to 175 km is shown in
Fig. 5(b). As shown in Fig. 5(b), the PSD of SARAL—Sentinel-
3B is slightly smaller than that of HY-2A—Sentinel-3B and
CryoSat-2—Sentinel-3B, and the PSD of HY-2A—Sentinel-3B
is similar to that of CryoSat-2—Sentinel-3B. For more intuitive
display, the PSD of SARAL—Sentinel-3B and CryoSat-2—
Sentinel-3B are divided by HY-2A—Sentinel-3B, respectively.
The ratio is shown in Fig. 6. It can be seen from Fig. 6 that
most of the ratios between the PSD of HY-2A—Sentinel-3B
and SARAL—Sentinel-3B are above 1, so the accuracy of
SARAL-determined gridded DOVs is slightly higher. The ra-
tios between the PSD of HY-2A—Sentinel-3B and CryoSat-
2—Sentinel-3B fluctuate up and down in 1. In addition, the
average ratio between the PSD of HY-2A—Sentinel-3B and
CryoSat-2—Sentinel-3B is close to 0 after the ratios subtracting
1, and is smaller than the average ratio 0.028 when replacing the
CryoSat-2’s PSD by SARAL’s PSD. Therefore, the accuracy
of HY-2A-determined gridded DOVs is consistent with that of
CryoSat-2-determined gridded DOVs, and slightly lower than
that of SARAL-determined gridded DOVs.

From Fig. 4, it can be seen that differences between the
gridded DOVs determined from three-satellite altimetry data are
not obvious. Therefore, the XGM2019e-DOV model is adopted
to evaluate the accuracy of the meridian component and the
prime vertical component determined from three altimeters data.
The statistical information of the differences between them is
given in Table V.

As can be seen from Table V, differences of the
altimeters-determined meridian component and prime vertical
component and those of the XGM2019e-DOV model are similar.
The difference for the prime vertical component is significantly
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Fig. 4. DOVs determined from satellite altimetry data over the BOB. (a) and (d) Meridional component and the prime vertical component of the DOVs determined
from HY-2A altimetry data, respectively. (b) and (e) Meridional component and the prime vertical component of the DOVs determined from SARAL altimetry
data, respectively. (c) and (f) Meridional component and the prime vertical component of the DOVs determined from CryoSat-2 altimetry data, respectively.

Fig. 5. Difference between the along-track DOVs of three altimeters and those of Sentinel-3B in wavenumber domain. (a) PSD of the difference of the along-track
DOVs. (b) PSD of the difference of the along-track DOVs in the wavelength range of 25–175 km.

greater than that for the meridian component. This may be
because the orbital inclination of altimeter is closer to the
meridian direction, which makes the meridian component more
accurate. The STD of difference between HY-2A-determined
gridded DOVs and XGM2019e-DOV is consistent with that of
difference between CryoSat-2-determined gridded DOVs and

XGM2019e-DOV, and is slightly larger than that when replacing
CryoSat-2 by SARAL. This is because SARAL works in the Ka
band (35 GHz) and the frequency is higher than all previous
altimeters.

Compared with the traditional Ku-band radar altimeter, such
as HY-2A and CryoSat-2, SARAL has higher pulse repetition
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Fig. 6. Proportional relationship of PSD of the difference between along-track DOVs of three selected satellites and that of Sentinel-3B. (a) PSD ratios of data
in (b) for HY-2A and CryoSat-2. (b) PSD ratios of data in (b) for HY-2A and SARAL.

TABLE V
STATISTICAL RESULTS OF THE DIFFERENCES OF THE MERIDIAN COMPONENT AND THE PRIME VERTICAL COMPONENT DETERMINED FROM THREE

ALTIMETERS DATA (HY-2A, SARAL, AND CRYOSAT-2) AND XGM2019E-DOV UNIT: μRAD

frequency, which improves the precision of altimeter ranging
and significant wave height. Therefore, the meridian component
and the prime vertical component of SARAL-determined DOVs
have higher accuracy. Besides, it is proposed in many studies
that CryoSat-2 plays an important role in gravity anomalies
derivation [31], [46], so CryoSat-2-determined DOVs have high
accuracy. Therefore, it is feasible and reliable to use HY-2A
altimetry data to derive DOVs.

From the diagrams of difference between HY-2A-determined,
SARAL-determined, and CryoSat-2-determined gridded DOVs
(see Fig. 7), it can be seen that the average difference of
meridian components between HY-2A-determined DOVs and
SARAL-determined DOVs is less than that when replacing
SARAL DOVs by CryoSat-2. The average difference of prime
vertical components between HY-2A-determined DOVs and
SARAL-determined DOVs is consistent with that of prime
vertical components between HY-2A-determined DOVs and
CryoSat-2-determined DOVs. The STD of the difference of
meridian components and prime vertical components between
HY-2A-determined and SARAL-determined gridded DOVs is
smaller than that of difference between HY-2A-determined
and CryoSat-2-determined gridded DOVs. In general, the
accuracy of HY-2A-determined gridded DOVs is consistent
with that of CryoSat-2, and is slightly lower than that of
SARAL.

TABLE VI
RESULTS OF THE FITTING PARAMETERS β0 AND β1

C. Accuracy Evaluation of Gravity Anomalies Derivation

IVM is applied to determine the 2′×2′ gravity anomalies over
the BOB and its adjoining area from altimeter-derived gridded
DOVs, and the gravity anomalies are shown in Fig. 8.

XGM2019e-GRA, SIO V30.1-GRA model gravity anomalies
and NCEI ship-borne gravity anomalies are used to evaluate the
accuracy of gravity anomalies derived from altimetry data of
three satellites. The statistical results of the differences between
the altimeter-derived gravity anomalies and XGM2019e-GRA,
SIO V30.1-GRA, ship-borne gravity anomalies are given in
Table VII.

In the process of deriving gravity anomalies, the noise vari-
ance of the along-track DOVs for SARAL need to be calculated
by iteration: the initial noise variance matrix of SARAL is
calculated based on (5); gravity anomalies are derived by IVM
based on SARAL-determined gridded DOVs and the STD of
gravity anomaly is calculated by (8); the STD of gravity anomaly
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Fig. 7. Difference between the gridded HY-2A-determined DOVs and SARAL-determined DOVs, CryoSat-2-determined DOVs. (a), (b), (e), and (f) Difference
distribution of meridian component and prime vertical component of gridded HY-2A-determined DOVs and SARAL-determined DOVs, and the distribution in
each interval respectively. (c), (d), (g), and (h) Difference distribution of meridian component and prime vertical component of gridded HY-2A-determined DOVs
and CryoSat-2-determined DOVs, and the distribution in each interval respectively.

Fig. 8. Gravity anomalies over the BOB and its adjoining area. (a)–(c) Gravity anomalies determined by HY-2A-derived DOVs, SARAL-derived DOVs and
CryoSat-2-derived DOVs, respectively.

is substituted into the empirical formula to obtain a new noise
variance matrix, and the new STD of gravity anomaly is obtained
according to the above steps; repeat the above steps until the
difference of two adjacent STD of SARAL-derived gravity
anomalies is less than 0.02 mGal. β0 and β1in (7) are calculated
according to the noise variances of altimeter-determined DOVs
and the precision of altimeter-derived gravity anomalies (from
HY-2A and CryoSat-2). The calculation results are given in
Table VI.

The difference between meridian component of gridded
SARAL-determined DOVs and SIO V30.1 is reduced by

0.01 μrad, and the difference of prime vertical component is
reduced by 0.07 μrad after the accuracy of the along-track
DOVs evaluated by empirical formula and iterative method. The
accuracy of SARAL-derived gravity anomalies is also improved
by 0.10 mGal. The above results show that it is suitable to
evaluate the accuracy of Ka-band along-track DOVs by the
iteration method.

The similar gravity anomalies derived from three satellite
altimetry data is shown in Fig. 9. As can be seen from Table VII,
the mean of difference between altimeter-derived and NCEI
ship-borne gravity anomalies tends to 0 mGal and is less than
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TABLE VII
STATISTICAL RESULTS OF THE DIFFERENCES BETWEEN THE ALTIMETER-DERIVED GRAVITY ANOMALIES AND SIO V30.1-GRA, XGM2019E-GRA

MODEL GRAVITY ANOMALIES, NCEI SHIP-BORNE GRAVITY ANOMALIES UNIT: MGAL

TABLE VIII
ACCURACY OF ALTIMETER-DERIVED GRAVITY ANOMALIES AT DIFFERENT DISTANCES AWAY FROM COASTLINE UNIT: MGAL

that between SIO V30.1 model and NCEI ship-borne gravity
anomalies. Because EGM2008 model is applied to calibrate
the long wave of ship-borne gravity data and used as the ref-
erence gravity field model in the remove-restore procedure.
However, the accuracy of altimeter-derived gravity anomalies
is lower than that of SIO V30.1 because SIO V30.1 integrates

altimetry data from multiple satellites, and the amount of data
is much larger than that of a single satellite. In addition, the
RMS of difference between HY-2A-derived gravity anomalies
and NCEI ship-borne gravity anomalies is similar to that of
difference determined by SARAL and CryoSat-2. The results
are also the same characteristic when changing NCEI ship-borne
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gravity anomalies into model gravity anomalies, such as SIO
V30.1-GRA and XGM2019e-GRA. Therefore, the accuracy of
gravity anomalies derived from HY-2A altimeter data is similar
to that of gravity anomalies derived from SARAL altimeter
data and gravity anomalies derived from CryoSat-2 altimeter
data.

The echo waveform of satellite altimeter is easy to be polluted
in the nearshore, and the maximum estimation error of ocean
tidal model in the nearshore is much larger than that in the
open ocean. Therefore, the connection between the accuracy
of gravity anomalies and the distance away from the coastline
is also discussed. Table VIII gives the accuracy of gravity
anomalies derived by altimeter-determined DOVs at different
distances away from the coastline. Obviously, the accuracy
of gravity anomalies increases with the increasing distance
away from the coastline. The RMS of differences between
HY-2A-derived gravity anomalies and NCEI ship-borne gravity
anomalies is the largest at 0–12 km away from the coastline.
However, when the distance away from the coastline is more
than 48 km, the RMS of differences between HY-2A-derived
and NCEI ship-borne gravity anomalies is consistent with that of
the difference between CryoSat-2-derived and NCEI ship-borne
gravity anomalies. Thus, compared with the CryoSat-2-derived
and SARAL-derived gravity anomalies, the accuracy of HY-2A-
derived gravity anomalies is more affected by the coastline, but
with the increase of the distance away from the coastline, the
accuracy of HY-2A-derived gravity anomalies is significantly
improved. In addition, the accuracy of single-altimeter-derived
gravity anomalies is less than that of SIO V30.1 model which
uses waveform retracked altimetry data. The above results show
that land or island will have an impact on the gravity anoma-
lies recovery. Reprocessing the data near the coastline is very
important to obtain high-precision gravity anomalies.

The process of calculating altimeter-determined DOVs can
effectively weaken the influence of low-frequency errors, such
as radial orbit error. The DOVs also reflect high-frequency
information of marine gravity field, so DOVs are widely used
in the construction of gravity anomaly model. The accuracy of
DOVs is closely related to the accuracy of gravity anomalies
derivation. Therefore, by comparing the accuracy of altimeter-
derived gravity anomalies derivation, it is also verified that
the accuracy of HY-2A-determined DOVs is similar to that of
CryoSat-2-determined DOVs, and slightly lower than that of
SARAL-determined DOVs.

V. CONCLUSION

HY-2A is the first marine dynamic environment satellite
launched by China. It was successfully launched in August
2011 and stopped collecting data in Sept. 2020. The main
purpose of this article is to evaluate the accuracy of HY-2A/GM-
determined DOVs in the BOB. The accuracy of HY-2A/GM-
determined DOVs is evaluated by comparing with the accu-
racy of SARAL/AltiKa-determined and CryoSat-2-determined
DOVs in the same period. First, the along-track DOVs calculated
from the SSHs of Sentinel-3B L2P product (from cycle 20 to

cycle 33) are used to evaluate the accuracy of altimeter-
determined gridded DOVs. Then, Sentinel-3B-measured SSHs
of pass 0094 from cycle 20 to cycle 33 are used to ana-
lyze the accuracy of the DOVs determined by the altime-
ters’data in the wavenumber domain, and the accuracy of 2′×2′

altimeter-determined gridded DOVs is assessed by XGM2019e-
DOV model. Gravity anomaly models determined by altimeter-
determined gridded DOVs are established. The accuracy of
altimeter-determined gridded DOVs can also be assessed
through the accuracy of gravity anomalies derivation. The results
are as follows.

Compared with the along-track DOVs calculated from
Sentinel-3B measured SSHs, the STD of the difference for
the along-track DOVs from HY-2A-derived DOVs is 0.03 and
0.08 μrad greater that for CryoSat-2 and SARAL, respectively.
The mean of PSD ratios of differences between along-track
DOVs calculated from Sentinel-3B-measured SSHs and ob-
tained from HY-2A-determined gridded DOVs is similar to that
when replacing HY-2A by CryoSat-2, and greater than that
when replacing HY-2A by SARAL. In addition, the STD of the
difference between HY-2A-determined DOVs and XGM2019e-
DOV is consistent with that of the difference between CryoSat-
2-determined DOVs and XGM2019e-DOV. Therefore, the ac-
curacy of DOVs calculated from HY-2A-measured is similar
to that of CryoSat-2-measured SSHs, and lower than that of
SARAL-determined DOVs.

The RMS of differences between HY-2A-derived and NCEI
ship-borne gravity anomalies is consistent with that when re-
placing HY-2A by CryoSat-2 and is slightly higher than that
when replacing HY-2A by SARAL. Therefore, the accuracy of
HY-2A-derived gravity anomalies is similar to that of CryoSat-
2-derived gravity anomalies, and slightly lower than that of
SARAL-derived gravity anomalies. Moreover, with the increase
of the distance away from the coastline, the accuracy of HY-2A-
derived gravity anomalies is significantly improved. Therefore,
from the performance of HY-2A/GM-derived gravity anomalies,
it can be verified that the accuracy of HY-2A/GM-derived DOVs
is high.

In conclusion, the performance of HY-2A/GM altimetry data
is similar to that of CryoSat-2 and SARAL, and the HY-2A/GM
data can be adopted to determine high-precision DOV models.
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