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Abstract

The gravity field is one of the Earth's basic physical fields. The geoid can be calculated and the tectonic activity under-
ground can be inversed by gravity anomaly. With the development of various ship-borne gravimeters and navigation
technology, including the Global Navigation Satellite System (GNSS) and Strapdown Inertial Navigation System (SINS),
the precision of marine gravimetry has been significantly improved (achieve or better than TmGal). Errors arising

from calculations of the correction term have become the main source of gravity measurement errors. At present,

the traditional approach is to deploy a GNSS antenna, connect the GNSS antenna to the gravimeter, record the real-
time position through data acquisition software, and then use this position to calculate the gravity correction item
afterward. Two errors are inevitable. (1) The GNSS antenna position error is large. The pseudorange point positioning
method is generally used to obtain real-time GNSS antenna positions, and the positioning accuracy is poor compared
with that of precise point positioning. (2) The position coordinates of the gravimeter contain systematic errors related
to the ship’s attitude. In this paper, a joint experiment including GNSS antenna arrays and ship-borne gravimeters was
designed to evaluate the measurement accuracy via repeat lines on the same ship. The experimental results show the
following: (1) attitude accuracies of 0.0299° for the yaw angle, 0.0361° for the pitch angle, and 0.1671° for the roll angle
can be obtained at baseline lengths of 25 and 4 m. (2) The GNSS antenna array has an obvious role in determining the
point acceleration in the low-frequency band (0-0.01 Hz) and the point position and velocity in the high-frequency
band (0.01-1 Hz). (3) The vertical position eccentricity causes an absolute error of 1 mGal and a relative error of 1 0!
mGal in gravity measurements and can be corrected by the GNSS antenna array method. (4) Using a GNSS antenna
array can obviously improve the measurement accuracy of an instrument with a precision equaling or exceeding 1
mGal, but cannot obviously improve that to an instrument with poor precision (2 mGal or below).
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Introduction

The gravity field is one of the Earth’s most important
physical fields; and all of humankind lives within and is
influenced by the gravity field. It is well known that the
ocean covers 70% of the Earth’s surface. With the applica-
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spatial resolution and low accuracy (Sandwell and Smith
1997; Ebbing et al. 2013; Zhu et al. 2019). Therefore, high-
precision dynamic gravimetry is important and necessary
(Liu et al. 2017).

Marine gravimetry was developed after terrestrial
gravimetry. Vening Meinesz (1929) first measured the
gravity field at sea in 1923 with a precision of 4-5 mGal;
he used two pendulums with the same amplitude but
opposite phases to correct the influence of horizon-
tal acceleration. He also investigated the relationship
between gravity anomalies and tectonic activity. Subse-
quently, many instruments appeared using pendulums
(Hu et al. 2017). In the 1950s, Lacoste (1967) and Lacoste
and Bowles (1982) developed the first gravimeter with a
stable platform utilizing a zero-length spring as the sens-
ing unit. Ouyang et al. (2013) conducted repeated line
and crossing point tests on 5 sea—air gravimeters car-
ried by the same Y-8 fixed-wing aircraft, and the results
showed that the Russian GT-1A airborne gravimeter
had the best comprehensive performance and accuracy.
Cai et al. (2017) analyzed the error characteristics of the
strapdown gravimeter SAG-ZW. Yuan et al. (2020) selec-
tive analyzed the error characteristics of different types
of gravimeters with different principles. Yuan finds that
GT-2M gets the best performance in the rough sea condi-
tion compares with the other five gravimeters (SAG-2M,
CHZ-1I, SGA-WZ, ZL11, and L&R). The precision of 5
gravimeters (except L&R) is less than 0.5 mGal. With the
development of associated hardware and data processing
methods, the precision of gravity measurements contin-
ues to increase (Ishihara et al. 2018; Hwang et al. 2014).
After obtaining specific force observations, two funda-
mental steps must be performed to obtain accurate grav-
ity values. The first step is various error corrections, such
as Eo6tvos corrections, vertical acceleration corrections,
and free air corrections. The accuracy of the correction
directly affects the gravity observation. Accordingly,
this paper will focus on methods for applying these cor-
rections. The second step is low-pass filtering, which is
important because gravity data are composed of low-fre-
quency signals, and thus, the noise amplitude is generally
several times that of the true gravity signal. A finite-
impulse response (FIR) filter, a common low-pass filter,
is often used to restore the gravity signal (Liang 2012;
Ouyang 2013; Saha et al. 2012; Hehl 1992). However, this
paper will not focus on the low-pass filtering of gravity
data.

E6tvos derived the formula for the E6tvds correction
in 1919, after which Harlan (1968) provided another rig-
orous formula in which the Global Positioning System
(GPS)-derived east—west or north—south velocity can be
used directly. The free air correction and normal gravity
correction are related to the normal elliptic parameters

Page 2 of 20

(physical geodesy), for which there are strict formulas.
Zheleznyal and Mikhailov (2012) found that the accu-
racy of the GNSS-derived height is insufficient when
employed for the free air correction. Thus, they deployed
a GNSS receiver on a fixed base near the route of a grav-
ity survey and applied the 1996 Earth Gravitational
Model (EGM-96) to transform ellipsoidal heights into
orthometric heights; accordingly, a higher precision was
obtained. However, this method is not practical when the
region to be surveyed is far from land.

Most of the above-mentioned corrections are related
to or derived from position data. At present, GNSS sys-
tems are the most commonly used approach for meas-
uring position data, and the coordinates of the antenna
can be calculated conveniently. However, the coordinates
of instruments in the laboratory cannot be obtained
directly, and taking the antenna position as the instru-
ment position can produce errors in the correction cal-
culations (Huang 1995). Sun et al. (2003) analyzed the
eccentricity correction method in the airborne gravity
survey with attitude sensor and concluded that the atti-
tude angle accuracy should be better than 0.3° to obtain
sufficient eccentricity correction accuracy. The eccentric-
ity correction method of gravity measurement has been
mentioned all the time, but few people have analyzed the
specific influence of eccentricity correction on different
gravimeters and different corrections in detail. Alterna-
tively, the position of a gravimeter installed indoors can
be calculated if we can obtain the attitude of the ves-
sel, the position of the GNSS antenna and the baseline
between the antenna and instrument; this process is
called an eccentricity correction. The attitude of the ves-
sel can be measured by a SINS or determined by several
GNSS antennas (no fewer than 3) mounted on the sur-
veying vessel (Lavrov et al. 2017; Varble et al. 2020). This
paper will compare the accuracy and error corrections of
two different methods to compute the position: using the
positions of GNSS antennas and using the position of a
gravimeter after an eccentricity correction.

Shipborne gravimetry and error budget
Methodology for measuring and correcting the gravity
field

The theory employed for surveying the gravity field is
Newton’s second law, and the equation is:

Sg=fu—Vu+8y — Vs (1)

where Jg is the gravity anomaly, which is located on the
geoid; fu is the specific force in the vertical direction out-
put by the gravimeter; vy is the vertical acceleration of
the gravimeter at the moment when obtaining fu; 8, is
the E6tvos correction, which is related to the velocity of
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the gravimeter; and y is the normal gravity value, which is
located on the geoid.

However, in relative gravity measurements, the follow-
ing formula is more commonly used:

dg =gb+ (U_f8> — VU + Say + Sap + Sap +Sa — ¥,
)
where gy, is the gravity anomaly at the gravity benchmark;

fJ is the mean specific force in the vertical direction at
the gravity benchmark; &, is the horizontal correction;
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x = (N + h) cos ¢ cos A
y= (N +h)cospsinl (5)
z=(N(1—¢€?) +h)sing

where (x, y, z) are the coordinates of the Earth-fixed ref-
erence system; N is the curvature radius of the unitary
circle of the Earth at the coordinate point; e is the Earth’s
first eccentricity:

a = —tan~

1 ( =%13n8in B siny —y13,, sin B cos y +213,, cos B
X13,1 COS Y —Y13,1 SIN Y

84 is the free air correction, which is related to the ortho- B =tan~! < 210 ,
metric heights; 8, is the drift correction(Jekeli 2012; ont2m
Wang et al. 2018; Dodson et al. 1997). y = tan~! (;%
The formula of the E6tvos correction is expressed as ' ©)
follows (Harlan 1968; Sun 2004):
2
Sap = <1 + Z) <2a)VEcos<p + :) —£(V2 — cos’¢ (31/2 - 21/1%), 3)

where v (m/s) is the velocity of the gravimeter; vg is the
velocity on the east-west component;  is the Earth’s
angular velocity of rotation; f is the first oblateness of the
ellipsoid; a is the semimajor axis of the ellipsoid.

The velocity (v) and acceleration (v) are calculated by
taking the derivative of the position using the following
equations:

__dr
V=@
(4)
< dv
V—a.

In the corrections mentioned above, vy, 8ays Sag» Sag» Sag
and y are related to the instrument position. There is a
large body of literature that studies their formulas, which
will not be introduced here. Their differences before
and after the correction are compared in “Experimental
design and data processing” section.

Methodology for calculating the position of the gravimeter
Generally, the coordinates of GNSS antennas are geo-
graphic coordinates comprising the latitude (¢), longi-
tude (1) and ellipsoidal height (h). These coordinates
are converted into a spatial Cartesian coordinate system
under an Earth-fixed reference system using the follow-

where « is the roll angle, § is the pitch angle, y is the yaw
angle and (xij, Yijs z,;) 18 the baseline vector from antenna
i to antenna j in the navigation coordinate system. Sub-
script e, n, b represents the Earth-fixed coordinate sys-
tem, the navigation coordinate system, and the body
coordinate system, respectively. The detailed derivation
process can be found in the literature (Cai et al. 2018; Liu
and Ou 2003; Aleshechkin 2011; Zhang and Hao 2017).

After obtaining the attitude angle, the position of a
gravimeter installed indoors can be easily calculated
using the following formula:

Xg Xa

Jg =1Ja

de Zae

X.
r T | Xag
+(C) (CS) Yag | » (7)
Zag |,

where (x,7, z)e are the coordinates in the Earth-fixed
coordinate system, the subscript g indicates the posi-
tion of the gravimeter, the subschipt a indicates the posi-
tion of the antenna; (xag, Yags zag) PRt the baseline vector
from the antenna to the gravimeter; (C5) " is the rotation
matrix from the body coordinate system to the naviga-
tion coordinate system, and (C”) " is the rotation matrix
from the navigation coordinate system to the Earth-fixed
reference system.

ing equations:

cosxcosy + sinasinfsiny —cosasiny + sinasinfcosy —sinacosf

cl =

Y cosfsiny

cosfcosy

sinf , (8)

sinecosy — cosasinfsiny —sinasiny 4+ cosasinficosy coswcosf
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—sin/ cosA 0
C) = | —cos/sing —sinlsing cosg |. 9)
cosAcosp sindcosgp cosg

Error analysis of the eccentricity correction
Error of the attitude angle
First, we take the derivative with respect to the (x, y, z) of

Eq. (6):
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Hence, the accuracies of the two horizontal angles «
and B are related to the vertical positional accuracy of
the antenna and the distance of the baseline. Similarly,
the yaw accuracy is related to the horizontal positional
accuracy of the antenna and the equivalent distance of
the baseline. In reality, the distance of the baseline on the
ship can range from 10 to 80 m or more. Using the GNSS
differential positioning method, we can obtain a horizon-
tal positional accuracy on the millimeter or centimeter

—sin Bsiny —sin f cosy
dy =

cos 8

d

W X131 (1 + Q2>S V13,1
—X13,, COs Bsiny — y13,, cos B cosy

d
* 1+Q)s P
—X13,, 5in B cos y + y13,, sin B sin y
dy
(1+Q?)s

2 2
(xlz,n'f‘y]g,,,) Aeyyn—%12,n212,n8x15 , —Y12,n712n

d

(1+Q?)s ™

Y12,n

dﬂ = 2 42 42 2 442
X120 V12,0 7212, ) \/ ¥12,n TV 12,0
2 2
d _ d"lZ,n+dy12n
r s12 ’

where d, means differentiate with respect to variable
u, in the actual situation, it also means the error of
the variable; s1o(m) is the distance from antenna 1 to
antenna 2, S is the distance from antenna 3 to
baseline s12 equal to xj3,cosy —yisnsiny, and Q
is an auxiliary quantity that is quite small, where
__ —X1348inBsiny —y13 nsinBcosy +z13 ncosf
Q= X13,1COSY —Y13,nSiNyY '
In the real world, Q, dy,dg, dg andzy,, < %12, ~ Y12, < 5.
(~ means that x17, is of the same order of magnitude as

y12,1)- Thus, Eq. (10) is simplified to the following:

scale and a vertical positional accuracy on the centimeter
scale (Dong et al. 2020). Then, we can forecast accuracies
of approximately 0.01° for the yaw angle, 0.1° for the pitch
angle and 0.2° for the roll angle.

Error of the eccentricity correction

For convenience, an accuracy analysis is carried out in
the navigation coordinate system. Equation (7) can be
rewritten as follows:

Xg Xa 7| %ag

d, ~ m e = |Ya + (CS) Yag | - (12)
de ~ dzfz:" % n Za n Zag b
ﬂ 812 (11)
4 3 Ty The error of the eccentricity correction clearly consists
v 512 of two parts: the GNSS antenna position error and the
attitude angle error. The emphasis here is on the latter.
We take the derivative of Eq. (12) with respect to the atti-
tude angle:
dxg'n = [(—sinacosy + cosasinfsiny )xag 1, + (cosacosy + sinasinﬁsiny)zag,b]da

—|—(sinacosﬂsinyxag,b —sinBsinyy,gh — cosacosﬂsinyzag,b)dﬁ
+ [(—cosasiny + sinasinBcosy )xag b + coSBCosy yagp — (sinasiny + cosasinﬂcosy)zag,b]dy
dyg,n = [(sinasiny + cosasinfcosy )x,g b — (cosasiny + sinasinﬁcosy)zag,b]da
+(sinotcos,3cosyxag,b — sinfcosyyagp + cosacosﬂcosyzag,b)dﬂ
+[(—Cosacosy — sinasinfsiny )x,g b, — COSBsinyyaehp — (sinacosy + cosocsinﬁsiny)zag,b]dy
d,

gn

= (—Cosotcosﬂxag,b — sinacosﬁzag,b)da + (sinocsinﬂxag,b + cosBYagh — cosozsinﬂzag,b)dﬁ.

(13)
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Fig. 1 Errors of the eccentricity correction varying with the attitude angle caused by the attitude angle error. a, d and g show the east-west
position errors of the eccentricity correction; b, e, and g show the north-south position errors of the eccentricity correction; and ¢, f, and i show the
elevation position errors of the eccentricity correction. The baseline is taken as (10, 20, 10), and the attitude angle error is set to 0.1°
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Table 1 Maximum eccentricity correction errors with different
attitude angle errors

Attitude angle error (°) Maximum horizontal error Maximum
(m) vertical error
(m)
0.1 0.055 0.02
0.2 0.11 0.04
03 0.165 0.06
Table 2 Sensors and their position on the ship
Sensors name x (m) y (m) z(m)
Antenna 1 7471 33.857 4197
Antenna 2 —6.710 53401 12.728
Antenna 3 —2572 54.585 12.946
SAG-2M —1.904 41.500 0.185
GT-2M —1.944 47.260 0.714
L&R —0.827 45462 —2478
Instrument Positions
60 -
55 Aantenna 3 (12.946 m)
4 antenna 2 (12.728 m)
50
. * GT (0.714 m)
é 45 *L&R (-2.4775 m)
>
* SAG (0.185 m)
40
35
A
antenna 1 (4.197 m)
30
-15 -10 -5 0 5 10 15

X [m]
Fig. 2 Positions of the GNSS antennas and gravimeters in the body
coordinate system that the origin of coordinates is set on the deck
and the y-axis points to the bow and the x-axis points to starboard.
A total station was set up at the origin of coordinates to measure the
coordinate center of each instrument. The numbers in parentheses
represent the elevation, triangles represent GNSS antennas, and stars
represent gravimeters

Each error is related to nine different quantities: three
attitude angles, their errors, and three baseline coor-
dinates. Thus, to simplify the above, we employ the
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baseline (10 m, 20 m, 10 m) and analyze three different
yaw angles (0°, 45°, 90°) to determine the error distribu-
tion characteristics.

As shown in Fig. 1, where the error of each of the
three attitude angles is 0.1° and the baseline is (10 m,
20 m, 10 m), the direction of the maximum horizontal
position error rotates with the yaw angle, while the ver-
tical position error is independent of the yaw angle. The
maximum errors are listed in Table 1.

Experimental design and data processing

Gravity and GNSS data

The data employed in this study are from the 2018
Xiangyanghong No. 06 gravity comparison survey
in the South China Sea. Three GNSS antennas were
mounted on the exterior of the ship, and three gravim-
eters, namely, GT-2M (No. 39), SAG-2M and L&R
Air Sea System II (No. S129), were installed on the
ship. Their coordinates are shown in Table 2.

It should be noted that the SAG-2M gravimeter is a
strapdown gravimeter with a triaxial accelerometer
and a triaxial gyroscope that can be used as a SINS. Its
corresponding data processing software also uses iner-
tia’s integrated navigation algorithm to calculate grav-
ity. SAG-2M gravimeter adopts a high-precision fiber
optic gyroscope and a high-precision quartz accelerom-
eter, and the attitude resolution accuracy is better than
0.002° through inertial /GNSS combined navigation
calculation (Table 2).

Figure 2 demonstrates that the GNSS antennas are
positioned higher than the gravimeters. Given this allo-
cation of positions, the value of S in Eq. (11) is not long
enough to obtain a higher accuracy of roll angle preci-
sion. L&R is installed at a lower height than the other
gravimeters. The receiver corresponding to Antenna 1
is a NovAtel PwrPak7. Antennas 2 and 3 correspond to
a Trimble R9 receiver.

There are four repeated ship lines: a north—south line
named S1, an east—west line named H1, and two north-
west—southeast lines named X1 and X2. The informa-
tion of these repeated ship lines is provided in Table 3.
The location on the map is shown in Fig. 3. In Fig. 4,
thirty-one crossing points were selected for subsequent
accuracy assessment.

In the following text, X1-2 denotes the second repeated
line of X1.

The roll angle reflects the sea conditions for each route.
In Fig. 5, the conditions of the X1 lines are the worst; line
S1-1 is also bad. In contrast, the sea conditions for all X2
lines are good. All H1 lines are not bad (Fig. 6, Table 4).

In Table 4 and Fig. 6, the average velocity and velocity
change of each survey line are shown.
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Table 3 Information of the repeated ship lines
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Name Direction Number of repeats Line endpoint (°)

H1 E-W 2 (116.834972,18.691314), (114.162026, 18.691703)
S1 N-S 3 (115.81966, 20.399971), (115.819741, 17.400011)
X1 NW-SE 3 (115.59999, 16.515155), (114.150013, 19.563549)
X2 NW-SE 3 (115.584181, 20.736491), (116.880896, 18.001463)

114°

R

115°

-40 -20 0 20 40

Grav [mGal]

Fig. 3 Ship routes, repeat lines, and bathymetric depth map

116°

117° 118° 119°
N - aliiAfiiR
-4000 -3000 -2000 -1000 O

DEM [m]

Data processing flow

This test involves the processing of three kinds of data:
gravity data, GNSS data and SINS data. Gravimeters
provide specific force observations for gravity measure-
ments. SINS instruments can provide position, velocity,
acceleration, and attitude information for gravity meas-
urement corrections, but the accuracy of pure inertial
navigation data drifts with time, so external reference

information must be provided. Data based on GNSS
antenna arrays can also provide auxiliary information
for gravity measurement corrections, and the accu-
racy does not drift over time. Differential positioning
can obtain the relative position with a high precision
(millimeter-level accuracy for the horizontal direction
and centimeter-level accuracy for the vertical direction)
(Dong et al. 2020) and thus can be used to determine
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Fig. 4 Grid lines and crossover points
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the attitude. Using precise point positioning (PPP) can
yield decimeter-level and even centimeter-level absolute
dynamic position accuracies (Li et al. 2013, 2010; Heroux
and Kouba 2001); hence, PPP can provide the location
reference for SINS. Alternatively, the difference between
epochs for computing the speed, Doppler observations
and carrier phase observations can provide higher-pre-
cision velocity and acceleration information (Xu et al.
2015). In this paper, the Moving-Base mode of rtklib
(http://gpspp.sakura.ne.jp/rtklib/rtklib.htm) is used to
process the multi-antenna GNSS data to get the base-
line. The internal coincidence accuracy of the processing
results can reach the level of millimeters. The attitude
angle is calculated by the baselines and the attitudes cal-
culated by the two methods (SINS and GNSS antenna
arrays) are compared. The absolute position is calculated

by the PPP method of MG-APP (Xiao et al. 2020), which
was able to achieve accuracy on the centimeter to millim-
eter scale. Finally, a unified 200 s FIR filter was applied to
the corrected gravity data (Fig. 7).

Comparison of the multi-antenna attitude with the inertial
navigation system attitude
The GNSS antenna array attitude angles and SINS atti-
tude angles are compared, and error statistics are
obtained. In Table 5, the precision of the roll angle is
worse than the precision of the yaw and pitch angles
because the value of S in Eq. (11) is not long enough, as
mentioned in “Gravity and GNSS data” section (Figs. 8, 9,
10).

Attitude determination requires simultaneous obser-
vation of at least three GNSS measurements, and the
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Fig. 5 Roll of each line:a for H1, b for S1, ¢ for X1, and d for X2. For convenience, the roll angle values were filtered by a 40 s FIR filter
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absence of one will cause the attitude to fail to be calcu-
lated. During the measurement of the X1-2 survey line,
the receiver corresponding to Antenna 2 was not turned
on, so the multi-antenna attitude determination could
not be carried out. The attitude angle of SINS was used in
the subsequent processing of the X1-2 survey line.

Fourier time-frequency analysis of the specific force

In specific force observations, which are inevitably
accompanied by high-frequency noise, the amplitude of
noise is often hundreds of times that of the gravity sig-
nal, and the noise signal occupies a wide frequency band.
In practical processing, a reasonable filter should be
designed according to the frequency band of the grav-
ity signal to extract the weak gravity signal. Accordingly,
this paper compares the post-processed GNSS antenna

array data with the GNSS observation data to recalcu-
late whether the gravity measurement corrections are
improved in the corresponding frequency band of gravity
signals.

Spectrum analysis of the specific force observations
from the entire voyage (Fig. 11, the small windows are
enlarged views of the low-frequency band. The small
windows are enlarged views of the low-frequency
band) reveals that the effective range of the gravity sig-
nal is below 0.005 Hz, and there is a wide frequency band
without a signal from 0.005 to 0.01 Hz. Therefore, the
cutoff frequency of the low-pass filter can be selected
within this frequency band, and thus, the focus of the
gravity correction calculation should be within 0.005 Hz
(or even 0.003 Hz).
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Fig. 6 The speed of the ship:afor H1, b for S1, ¢ for X1, and d for X2. The speed is somewhere between 9 and 11 knots

Speed comparison before and after correction

The horizontal velocity error is the main influencing fac-
tor in the calculation of the E6tvos correction. In gravim-
etry, the low-frequency domain should be of interest. As
Fig. 12 shows, the horizontal velocity is greatly improved
in the time domain; in the frequency domain, waves cause
the ship to sway at a high frequency (0.08-0.22 Hz), and
the gravimeters are less affected than the GNSS antennas
because the former are installed at a lower height. While

Table 4 The speed of repeated lines

Repeated lines name Speed (knots) Speed (m/s)
H1 10.3437 53213
S1 10.3545 5.3268
X1 10.5015 54025
X2 9.9734 5.1307

the speeds of these instruments are very different in the
high-frequency band, they do not differ much in the low-
frequency band. Therefore, the E6tvos correction error
caused by velocity eccentricities will be small.

E6tvos correction

As mentioned in “Speed comparison before and after
correction” section, the Eotvos corrections are scarcely
different when calculated by the velocities before and
after in the low-frequency band, but there is a large dif-
ference at high frequencies (Fig. 13).

Horizontal acceleration correction

For gravity measurements, specific force observations in
the vertical direction must be acquired. Platform gravim-
eters need a stable platform to ensure the sensitivity of
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Anomaly

Table 5 The standard deviation of the GNSS antenna array  their internal unit pointing in the vertical direction, while

attitude (°)

strapdown gravimeters need to measure the attitude of

the instrument in real time to calculate the projection of

Line name Yaw Pitch Roll

the triaxial acceleration in the vertical direction. How-
H1-1 00173 00359 01773 ever, certain errors are always encountered in the control
H1-2 0.0341 0.0446 0.1635 of a stabilized platform, and strapdown gravimeter atti-
51-1 00247 00346 0.1648 tude calculations also contain errors. These errors will
51-2 00170 00326 0.1631 detrimentally impact the vertical acceleration measure-
51-3 0.0629 0.0352 0.1652 ment accuracy and result in an unnecessary horizontal
X1-1 00174 00331 0.1701 acceleration component; therefore, a horizontal accel-
X1-2 No data No data Nodata  eration correction is needed. Moreover, the correction
X1-3 00354 0.0449 0.1814 intensity rises as the platform angle and horizontal accel-
X2-1 0.0323 0.0346 0.1570 eration increase.
X2-2 00324 00325 0.1644 In Fig. 14, we compare the horizontal acceleration
X2-3 00259 00335 0.1648 changes before and after the eccentricity correction and
Mean 0.0299 0.0361 0.1671 the sea conditions of the ship lines in. The horizontal
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acceleration changes obviously after the eccentricity cor-
rection and behaves differently at the lower frequencies
where the gravity signal is located.

Vertical acceleration correction

In marine gravimetry, the vertical acceleration is gener-
ally considered to have little influence on the gravity sig-
nal because of the specific measurement environment.
However, the vertical acceleration is a necessary cor-
rection in airborne gravimetry (Schwarz and Li 1997;
Krasnov et al. 2014). In this paper, the vertical accelera-
tion signal of a marine gravity survey is analyzed, and
the necessity of its correction and the influence of the
eccentricity correction on the vertical acceleration are
analyzed.

Figure 15 reveals that the change in the vertical accel-
eration after the eccentricity correction is not as great
as the change in the horizontal acceleration in the time
domain, and the same is true in the frequency domain.
However, the horizontal and vertical accelerations both
exhibit considerable changes in the low-frequency
band.

The main change is in the vertical acceleration cal-
culated by the antenna position, as it has a larger
amplitude in the low-frequency band than the vertical
acceleration corrected by the eccentricity. However, the
vertical acceleration signal in the low-frequency band
should be smaller in ocean gravity measurements, so
the vertical acceleration should not be corrected dur-
ing postprocessing. Furthermore, because the vertical
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acceleration after the eccentricity correction obtained
by postprocessing is different in the low-frequency
band from the vertical acceleration before the cor-
rection (at the same antenna position), in airborne
gravimetry, it is necessary to carry out the eccentricity
correction before the vertical acceleration correction.

Free air correction

The free air correction adjusts the normal ellipsoid ver-
tical gravity gradient. The free air correction values are
approximately 1 mGal for 3 m. As shown in Fig. 16, the
eccentricity causes an elevation deviation of approxi-
mately 4.3 m, which will result in an absolute error of
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1.32 m@Gal in gravity measurements. If using the aver-
age as the offset, the vertical eccentricity will still result
in an error of approximately 0.3 m (0.1 mGal).

Discussion and conclusion

Precision statistics of repeat lines and crossover points

In this section, we calculate the maximum (Max.), min-
imum (Min.), average (Mean.), and root mean square
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Table 6 Statistical results of GT-2M (mGal)

Real time Postprocessing

Min Max Mean RMS Min Max Mean RMS
H1-1-2 —2434 3.941 0.175 0.607 —0.846 0.546 —0.060 0.209
S1-1-2 —2.526 2.102 —0.107 0.538 —1.073 1.225 0.062 0.304
S1-1-3 —2218 2177 0.220 0407 —0.751 1.042 0.070 0.162
S1-2-3 — 2407 2931 0.334 0.669 —1229 1.003 0013 0.228
X1-1-2 —2530 2.800 —0.585 0.630 —1.354 0.906 —0.154 0.326
X1-1-3 —2282 1459 —0.603 0.639 —1310 0.747 —0.098 0.286
X1-2-3 —1.699 1.381 —0.025 0.468 —0.589 0.689 0.053 0.161
X2-1-2 —1.21 3456 0.492 0.588 —0473 0.949 0.238 0.204
X2-1-3 —1.699 2151 0.097 0448 —0.906 0.774 —0.145 0.209
X2-2-3 —2418 1.550 —0.397 0.520 —1.528 0.458 —0.387 0333
Crossover points —1.874 1.152 —0.021 0.527 —0.566 0.755 —0.073 0.248

Mean —-2.118 2.282 —0.038 0.549 —0.966 0.827 —0.044 0.243




Shi et al. Earth, Planets and Space

(2021) 73:174

Page 16 of 20

0.012 T T T T T T T T T 1 T T T T T T T
a [——before eccentricity correction| S o8k b — before eccentricity correction| 4
| —after eccentricity correction | ‘o | I | —after eccentricity correction |
0.01 - i 103 1 é 06k I ]
— =
a S 04|
IE 0.008 - g |
RN ;G 0.2 1
2 8
3 0.006 [ é:) 0 1
E_ g -0.2 1
5 ‘0004 2 04! |
% ool
0.002 M £ 08 1
. I 1 N |
Lk H‘W*" NW‘J rr‘r"&'m' ; > 08+ ‘ |
gl ik
[ L L L L L H r et 1 L L L L L L . ]
0 0.05 0.1 015 02 025 03 035 04 045 05 0 2 4 6 8 10 12 14 16
f[Hz] time [h]
0.012 T T T T T T T T T 10 T T T T T T T T
C [—— before eccentricity correction] & o8k d —— before eccentricity correction] 1
after eccentricity correction ‘v after eccentricity correction
0.01F 3 8 o6k | BN I d
<10 o+ 0.6 [
2 o b N
a7 S 04
'en 0.008 ‘ 15 4 ‘3 I
E ‘ 1 5 02 1
o) o)
'g 0.006 [ 05 A 1 8 0 1
& /U,\/V\ — A~V vﬁ/-\,\/\_f 4:
E" 0 = -0.2 1
< 0.004 0 0.005 0.01 = 4
< 8 -0.4
5 -06
0.002 - ““ b ‘k 1 8 L
H\’ﬂ Z. -0.8 1
. Wi
o Pefiey L e § I N S SR NN SN S N
0 0.05 .1 015 02 025 03 035 04 045 05 0 2 4 6 8 10 12 14 16 18
f[Hz] time [h]
0.01 T T T T T T T T T 1 T T T T T T T T T
0.009 - € —— before eccentricity correction | & oslh f [—before eccentricity correction, |
: after eccentricity correction ‘v after eccentricity correction
(=]
0.008 - ’ x10* 1 A 4
6 .
— =}
o 0.007 \ S
w —
4 1 I
£, 0.006 / 4 5 .
= 2 ‘ Tu)
3 0.005 / I 2
5. 0.004 - . I i - |
[« ] —
=1
Z 0003 0 0.005 0.01} 3 ; 4
0.002 l | _Vé)
| Wy g
T i I |
0 005 0.1 015 02 025 03 035 04 045 05 0 2 4 6 8 10 12 14 16 18 20
f[Hz] time [h]
Fig. 14 Fourier time—frequency analysis of horizontal accelerations. a, c and e are the single-sided amplitude spectra of the horizontal accelerations
of S1-1, X1-2 and X1-3, respectively; the small windows are enlarged views of the low-frequency band. b, d, and f are the correspondin
y Y
time-domain horizontal accelerations

(RMS.) of the measurement error for each repeated
line. The statistical results are shown in the tables
below. The notation H1-1-2 indicates the difference
between the first and second lines of H1.

As shown in Tables 6 and 7, the accuracy of gravime-
ters GT and SAG is improved because of the low meas-
urement noise of the instruments. However, in Table 8,
the improvement in the measurement accuracy is not
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Table 7 Statistical results of SAG-2M (mGal)

Real time Postprocessing

Min Max Mean RMS Min Max Mean RMS
H1-1-2 —2.683 4316 0.106 0.705 —2410 2.852 —0.129 0.501
S1-1-2 — 2457 2.964 0.447 0.722 —1.721 2491 0616 0.652
S1-1-3 —2.699 3.044 0.256 0.766 —2219 2.006 0.106 0.495
S1-2-3 —3.244 1.961 —0.198 0.562 —2.105 1472 —0.519 0515
X1-1-2 —2.517 1.801 —0.534 0.647 —1.744 2410 —0.103 0.583
X1-1-3 —3.350 2353 —0.220 0.751 —1.652 1.982 0.285 0.493
X1-2-3 —2831 3116 0.309 0.759 —2471 3.048 0.387 0.768
X2-1-2 — 1454 3.924 0.545 0.752 —1.169 2439 0.291 0435
X2-1-3 — 1424 3.168 1.204 0974 —0.114 2.038 0.962 0.733
X2-2-3 —1339 2824 0.672 0.752 —1.645 2.126 0.683 0.642
Crossover points —1.169 2436 1.132 0.991 0.240 2.055 1.079 0.823
Mean —2.288 2.901 0.338 0.762 —1.546 2.265 0.333 0.604
Table 8 Statistical results of L&R (mGal)

Real time Postprocessing

Min Max Mean RMS Min Max Mean RMS
H1-1-2 —12501 7.645 —0430 2.175 — 12461 6.029 —0.638 2.168
S1-1-2 —4.941 5.849 0.659 1.590 —6.105 5.940 0.801 1.545
S1-1-3 —3.846 7.981 2453 2114 —5542 8220 2271 1974
S1-2-3 —2210 7.790 1814 1.856 — 2264 6.687 1487 1616
X1-1-2 —12.603 13.359 —0919 2.710 —14.718 12463 — 0444 2476
X1-1-3 —18.201 40.947 1425 3.695 —19.101 41.010 1.949 3.803
X1-2-3 —9.257 40.823 2347 3.629 —8.763 41218 2.400 3.509
X2-1-2 — 1492 8317 3.508 2.769 —0.864 6.985 3241 2526
X2-1-3 —9778 3762 —1.653 2.118 —9.985 3653 —1.910 2.170
X2-2-3 —11.772 1430 —5.233 4.202 —12310 2.189 —5223 4.185
Crossover points —0733 7460 2.549 2463 —0.729 7.017 2.502 2.342
Mean —7939 13.215 0.593 2.666 — 8440 12.856 0.585 2574

obvious because the correction is obscured by the meas-
urement noise of the instrument.

Conclusion

Concerning the proposed postprocessing method for
gravity calculations using the GNSS antenna array atti-
tude positioning method, the following conclusions are
obtained:

1. The determination of an instrument’s position and
attitude using a GNSS antenna array is an efficient,
low-cost and high-precision method. In marine
gravimetry, the advantages of the ship’s large size and

long baseline can be utilized to obtain a more accu-
rate attitude, and the marine measurement environ-
ment is free of shielding effects; hence, the measure-
ment stability can be guaranteed. When the effective
baseline length is 25 m and 4 m, the attitude angle
accuracies obtained in this test are 0.0299° for the
yaw angle, 0.0361° for the pitch angle and 0.1671° for
the roll angle.

. The eccentricity correction has a great influence on

the overall calculation of the horizontal velocity, but
it has little influence on the low-frequency part cor-
responding to the gravity signal and thus has little
influence on the calculation of the E6tvos correction
in gravity measurements.
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3. The horizontal acceleration after implementing the
eccentricity correction exhibits obvious changes
in both the low-frequency and the high-frequency
parts, especially under poor sea conditions. There-
fore, the eccentricity correction should be carried
out first when the horizontal acceleration correction
is considered in gravity measurement. The vertical
acceleration does not change obviously in the high-
frequency band, but displays considerable variation
in the low-frequency band. Hence, the eccentricity
correction should be carried out first when the verti-
cal acceleration is corrected in airborne gravity data,
but can be ignored in marine gravity surveying.

4. The absolute error of the free air correction caused
by the position eccentricity is large (at the mGal
level) and thus cannot be ignored in marine and air-
borne gravity measurements. If the correction is car-
ried out with a constant value, an error on the scale
of 107! mGal will remain, which should be consid-
ered in gravity measurements. Measured data show
that the relative accuracy of gravity data can be stead-
ily improved by 0.02 mGal after applying the eccen-
tricity correction in this experiment.

5. The method of using a GNSS antenna array can obvi-
ously improve the measurement accuracy of instru-
ments with a precision equal to or exceeding 1 mGal,
but this approach is not effective for instruments
with poor precision (2 mGal or below).
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