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Abstract: The gravitational effects of ocean tide loading,
which are one of the main factors affecting gravity mea-
surements, consist of three components: (1) direct attrac-
tion from the tidal watermasses, (2) radial displacement of
the observing station due to the tidal load, and (3) internal
redistribution ofmasses due to crustal deformation. In this
study, software for gravitational effects of ocean tide load-
ing was developed by evaluating a convolution integral
between the ocean tide model and Green’s functions that
describe the response of the Earth to tide loading. The
effects of three-dimensional station coordinates, computa-
tional grid patterns, ocean tide models, Green’s functions,
coastline, and local tide gauge were comprehensively
considered in the programming process. Using a larger
number of high-precision coastlines, ocean tide models,
and Green’s functions, the reliability and applicability of
the software were analyzed at coastal stations in the China
Earthquake Gravity Network. The software can provide the
amplitude and phase for ocean tide loading and produce
a predicted gravity time series. The results can effectively
reveal the variation characteristics of ocean tide loading
in space and time. The computational gravitational effects
of ocean tide loading were compared and analyzed for
different ocean tide models and Green’s functions. The
results show that different ocean tide models and Green’s
functions have certain effects on the calculated values of
loading gravity effects. Furthermore, a higher-precision
local ocean tide model, digital elevation model, and
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local tidal gauge record can be further imported into our
software to improve the accuracy of loading gravity effects
in the global and local zones. The software is easy to
operate and can provide a comprehensive platform for
correcting the gravitational effects of ocean tide loading
at stations in the China Earthquake Gravity Network.

Keywords: GOTL software; gravitational effect; green’s
functions; ocean tide loading; ocean tide model.

1 Introduction
Following the Xingtai earthquake in the 1960s, terrestrial
gravity measurements in China were gradually conducted
to practice earthquake prediction [1, 2]. After decades
of construction, the China Earthquake Gravity Network
(CEGN), composed of continuous (86 stations) and mobile
gravity observations (105 absolute gravity points and
approximately 4,000 relative gravity points), has been
formed. At present, there are 92 sets of instruments at
continuous gravity stations, including 8 GS15, 18 DZW, 3
TGR, 61 PET & gPhone, and 2 GWR iGrav superconducting
gravimeters [3–5].Theabsolutegravitypointsareobserved
with FG5 and A10 absolute gravimeters, and the relative
gravity points are measured with LCR-G, CG5/CG6, and
Burris relative gravimeters. The accuracy of the continuous
and mobile gravity observations of the CEGN can reach
0.1–1 μGal and 10 μGal (1 μGal equals 10−8 m/s2), respec-
tively. The network can effectively obtain gravity changes
inmainlandChina,providebasicdata for seismic research,
and be used for maintaining gravity datum in China.

To obtain the geophysical and geodynamical vari-
ations in gravimeter recordings of the CEGN, the tidal
signals, including solid earth tide and ocean tide loading
effects, must be corrected [6, 7]. Ocean tide loading is
the deformation of the Earth’s crust due to the load of
the ocean tides caused by gravitational forces from the
celestial bodies. The gravitational ocean tide loading effect
has three constituent parts: gravitational change caused
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by (1) direct attraction from the tidal water masses, (2)
radial displacement of the observing station due to the
tidal load, and (3) internal redistribution of Earth’smasses
due to crustal deformation [3]. Farrell [8] developed a
method to compute the ocean tide loading effects that
involve performing calculations through the convolution
between an ocean tide model and appropriate Green’s
functions.

The accuracy of ocean tide loading effects greatly
depends on the accuracy of the ocean tide model. With
the improvements in hydrodynamic models of tidal propa-
gation that assimilate available tide gauges and satellite
altimetry and direct empirically produced models from
satellite altimetry, tidal research groups have published
a series of global and local ocean tide models, including
Schwiderski [9, 10], FES [11], CSR [12], GOT [13], NAO [14],
TPXO [15], EOT [16], DTU [17], OSU [18], and HAMTIDEOSU
[19]. Current ocean tide models have strong consistency
in the deep ocean and can reach centimeter-level accuracy
[20–22]. Themaindifferencesbetween tidalmodels appear
in the coastal and continental shelf areas. These results
suggest the importance of detailed modeling of the local
ocean tide loading effects when correcting terrestrial
gravity measurements at coastal stations. Moreover, the
accuracy of ocean tide loading effects is determined by
the Green’s functions, which are the linear combination of
dimensionless load Love numbers. The load Love numbers
are known as load deformation coefficients, describing the
response of theEarth to the surfacemass load. For a spheri-
cally symmetric nonrotating elastic isotropic (SNREI) Earth
model, the fundamental methodology related to computa-
tions of the load Love numbers and Green’s functions can
be found in previous works [23–25], which are applied to
the numerical calculation for elastic Earth models PREM,
ak135, iasp91, and modified models by refined crustal
structure [26].

In this study, we developed a correction software,
GOTL, for gravitational effects of ocean tide loading.
Although there are several independent software pack-
ages, such as SPOTL [27–29], Bos–Scherneck [30], GOTIC2
[31], SGOTL [32], and LoadDef [33], our purpose here
was to provide an easily operatable and comprehensive
platform for correcting terrestrial gravitymeasurements in
the CEGN. The gravitational effects of ocean tide loading
were assessed at five selected coastal gravity stations in
the CEGN. As shown in Figure 1, these five stations, includ-
ing Qiongzhong, Pingtan, Shanghai, Qingdao, Jixian, are
located in four major sea areas of China. The impacts
of different coastlines, ocean tide models, and Green’s
functions were further analyzed and discussed.

Figure 1: Distribution of CEGN coastal gravity stations. These
stations are observed by high-precision continuous, absolute, and
relative gravimeters.

2 Data and data processing

2.1 Basic formulation
The ocean tide loading effects at each station on the
surfaceof theEarthcanbecomputedbyconvolvingGreen’s
functions with an ocean tide distributionmodel [8, 34, 35].
For a particular tidal constituent n, the ocean tide loading
effects Ln at latitude 𝜙 and longitude 𝜆 is given by the
convolution integral:

Ln(𝜑, 𝜆) = 𝜌w∬
Ω

H
(
𝜑′, 𝜆′

)
G(𝜓)ds (1)

where 𝜌w is the density of seawater, H is the elevation of
the ocean tide for a given tidal constituent over surface
area ds at latitude 𝜑′ and longitude 𝜆′.𝛺 is the region of
integration, i.e., the global ocean area. G(ψ) is the Green’s
functions,which cancharacterize thegravity changeusing
a function of the angular distance 𝜓 between the obser-
vation point and a point mass load. For the convolution
integral in formula (1), its numerical evaluation is then
given by [36, 37]:

Ln(𝜑, 𝜆) = 𝜌𝑤
N∑

i=0
Hi
(
𝜑′, 𝜆′

)
G(𝜓i)dsi (2)

where the global ocean area is divided into a set of grids,
and N is the corresponding total number of grids.

With the above basic formulation, we further devel-
oped a software to compute the gravitational effects of
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ocean tide loading based on MATLAB. As shown in
Figure 2, all the parameters related to station coordinates,
computational grid patterns, ocean tide models, Green’s
functions, coastline, and local tide gauge can be set in the
graphical user interface.

2.2 Computational grid patterns
In this study, the coastline information was collected from
the Global Self-consistent, Hierarchical, High-resolution
Geography Database (GSHHG) in full resolution and shut-
tle radar topographic mission (SRTM) digital elevation
model (DEM) toextract theglobalandregional land–ocean
distribution, respectively [38–40].

As shown in Figure 3, computational grid patterns
of five regions describing land–ocean distribution were
provided to compute loading gravity effects in the global
and local zone. The boundary of the computational grid
patterns and its associated grid size can be appropriately
set according to the angular distance in formula (2). Finer-
scale grids should be set for the nearer regions adjacent
to the calculated point where the variation of Green’s
functions is large in terms of angular distance. Based on

the above parameter settings, the ocean surface height
and Green’s functions concentrated at the associated
center of grids were interpolated using linear and cubic
interpolation.

2.3 Ocean tide models
For a single tidal constituent with frequency 𝜔, global
ocean surface height in space and time can be predicted
with amplitude h and Greenwich phase 𝛿 provided by the
ocean tide models:

Hn(𝜑, 𝜆, t) = h cos(𝜔t + 𝜒 − 𝛿)

= Hc cos(𝜔t + 𝜒)+ Hs sin(𝜔t + 𝜒) (3)

where 𝜒 is the corresponding astronomical argument. To
force mass conservation of the ocean tide, we removed a
uniform sheet of water from Hc and Hs [41, 42]:

H∗c = Hc −

∑
i
HcSi
∑
i
Si
,H∗s = Hs −

∑
i
HsSi
∑
i
Si

(4)

where Si is the oceanic grid area.

Figure 2: The interface of software for computing the gravitational effects of ocean tide loading.
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Figure 3: The calculation flow chart of gravitational effects of ocean tide loading in GOTL.

As shown inFigure 2, our software canprovide a series
of global and local ocean tide models, including NAO,
TPXO, FES, EOT, DTU, and CSR. These ocean tide models
can provide the amplitudes and Greenwich phases for 11
main constituents, i.e., semi-diurnal harmonics M2, S2,
N2, and K2; diurnal harmonics K1, O1, P1, and Q1; and
long-period harmonics Mf, Mm, and Ssa, which account
for more than 95% of the tidal signal [43, 44].

2.4 Green’s functions
In this study, the computation of Green’s functions for
gravity was divided into the loading and gravitational
parts. The loading part consists of radial displacement of
the observing station due to the tidal load and internal
redistribution of Earth’s masses due to crustal deforma-
tion. For the computational grid patterns of five regions in
Figure 3, the expression of the loading part to a point mass
load is given as [8]:

Gl
g(𝜓) =

g0
me

∞∑

n=0

[
2h′n − (n+ 1)k′n

]
Pn cos(𝜓) (5)

where g0 is themean surface gravity,me is the totalmass of
the Earth, Pn is the Lengendre function of degree n, h′n and
K′n is the load Love number. As shown in Figure 2, there
are sixpotentialGreen’s functions,whichareprecomputed
based on the Gutenberg–Bullen [8], 1066A [45], PREM,
ak135, iasp91, andmodifiedEarthmodelsby refinedcrustal

structure [26]. TheseGreen’s functionswere all given in the
CenterofEarthFrame,asourstudy isaimedatobservations
on the Earth.

For the computational gridpatterns of near (near 1 and
2) andmiddle-far regions in Figure 3, the expression of the
gravitational part to a point mass load is given as [8]:

Gg
g(𝜓) =

⎧
⎪
⎪
⎨
⎪
⎪⎩

G

[
d2 + (R+ hs)2 − R2

]

2d3(R+ hs)
, ⟨In near regions⟩

g0
4me sin(𝜓∕2)

, ⟨Inmiddle and far regions⟩
(6)

where G is the gravitational constant, R is the radius
of the Earth, d is the distance between the observa-
tion point and a point mass load, hs is the height of
the observation station, and its reference surface is the
mean sea level. In comparison, the expression in near
regions can comprehensively account for the effect of the
topography [46].

For the computational grid patterns of the innermost
region in Figure 3, the local effects of ocean tide loading is
computed when the file containing amplitude and phase
is imported. In this case, the innermost region would be
defined as the area within the lower threshold of the near
regions. The SRTM DEM is recommended to extract the
local land–ocean boundary, and the grid sizewould be the
same as that in near region 1. Moreover, the gravitational
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partofGreen’s functionswouldbecalculatedbya tesseroid
approximation [47].

2.5 Loading gravity effects
As shown in Figure 2, our software can export the calcula-
tion results of amplitude and phase of the loading gravity
effects to the selected file. Based on the International Earth
Rotation Service Conventions Note 36, the gravity change
time-series can be further transformed by [48]:

Gc(𝜑, 𝜆, t) =
n∑

p=0
f pLp cos

(
𝜔 pti + 𝜒 p + 𝜇 p − 𝛼 p

)
(7)

where Lp and αp are the amplitude and phase of the pth
tidal constituent, respectively, t is the time at ith epoch, fp
and μp are the nodal corrections. For a given observation
epoch and sampling interval, the results calculated by
formula (7) can be used as corrections of terrestrial gravity
measurements.

3 Results and analysis

3.1 Verification of computation results
Our computation results were verified using the
Bos–Scherneck, which has been recommended as the
ocean tide loading provider by the International Geody-
namics and Earth Tide Service [49]. The results of ocean
tide loading from Bos–Scherneck were also derived from
ocean tidemodels using an integration over all global tidal
masses using Green’s functions for the Gutenberg–Bullen
or STW105 Earthmodel, providing site-specific amplitudes
and phases of loading gravity extracted for the 11 main
constituents for each ocean tide model.

As shown in Figure 1, we analyzed the results of ocean
tide loading at five gravity stations along the coast of
the Chinese mainland, approximately 60, 10, 70, 25, and
110 km from the coastline. Here, the height datum of the
station elevation is the mean sea level. The ocean tide
model and Green’s functions were selected as Fes2004
and Gutenberg–Bullen, respectively. As shown in Table 1,
the amplitudes and related phases of loading gravity
effects for eight main tidal constituents were given at
the five gravity stations. The stations, especially those
close to the coastline, would be strongly affected by
ocean tide loading, and the maximum amplitude can
reach 6.02 μGal at Pingtan station. For the difference in
amplitude between GOTL and Bos–Scherneck, the larger
values are at Pingtan and Qingdao stations, reaching 0.17

μGal. In addition to these two stations, the difference in
amplitude was within 0.03 μGal. The difference between
the computational results of the two software programs
is related to the coastline data and the convolution inte-
gration method, especially in the coastline representation
[50–52]. The overall difference in phase for K2 waves was
relatively large, reaching 17.1◦. This is most likely due to
its small magnitude making it more sensitive to the above
effects.

Figure 4 shows the predicted gravity time series due to
ocean tide loadingderived fromGOTLandBos–Scherneck.
The sampling time interval and reference time were
selected as 1 min and UTC, respectively. The maxi-
mum peak to peak of the gravity time series can reach
approximately 7.00, 20.56, 9.14, 5.53, and 2.93 μGal at
Qiongzhong, Pingtan, Sheshan, Qingdao, and Jixian sta-
tions, respectively. However, these two software programs
gave relatively consistent results during August 2020. The
difference in the two predicted time series was within 0.25,
0.42, 0.21, 0.29, and 0.14 μGal at Qiongzhong, Pingtan,
Sheshan, Qingdao, and Jixian stations, respectively, and
the related correlation coefficients are all approximately
1.0. The above results show that the software in our study
can accurately describe the variation characteristics of the
gravitational effects of the ocean tide load in time and
space.

3.2 Comparison of ocean tide models
The quality of the ocean tide model is one of the main
factors affecting the accuracy of ocean tide loading effects.
To evaluate the influence of the ocean tide model on the
loading gravity effects, we compared the results obtained
for the Fes2004 model with the results for the FES2014b
and TPXO9_Atlas models. The Gutenberg–Bullen Green’s
function was selected. Table 2 shows the computational
results of loading gravity effects for the three ocean tide
models from GOTL. The results given by these three
ocean tide models were quite different. Compared with
the Fes2004 model, the maximum difference of amplitude
and phase for FES2014b can reach 0.35 μGal and 50.0◦,
respectively. Furthermore, the maximum difference of
amplitude and phase for TPXO9_Atlas can reach 0.35 μGal
and 48.4◦, respectively. The results also showed that the
differences were larger at Qingdao and Sheshan stations,
which were closer to the coast and had a more complex
coastline. The above results demonstrated that the loading
gravity effectswere sensitive to thequality of theocean tide
model.

The spatial resolutions of FES2004, FES2014b, and
TPXO9_Atlas used in our study were 1/8, 1/16, and 1/30◦,
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Table 1: The amplitudes and related phases of loading gravity effects from GOTL and Bos–Scherneck.

Station Harmonic GOTL Bos-Scherneck Difference

Amplitude Phase Amplitude Phase Amplitude Phase
(μGal) (degree) (μGal) (degree) (μGal) (degree)

Qiongzhong (109.8◦E, 19.0◦N)

M2 1.08 −150.8 1.09 −147.6 −0.01 −3.2
S2 0.30 −134.8 0.27 −128.4 0.03 −6.4
N2 0.23 −172.5 0.20 −169.2 0.03 −3.3
K2 0.07 −122.8 0.09 −108.3 −0.02 −14.5
K1 1.35 18.8 1.37 19.4 −0.02 −0.6
O1 1.43 −10.6 1.46 −7.9 −0.03 −2.7
P1 0.51 25.4 0.51 26.5 0.00 −1.1
Q1 0.28 −24.5 0.31 −17.9 −0.03 −6.6

Pingtan (119.8◦E, 25.5◦N)

M2 6.02 −121.0 6.07 −120.0 −0.05 −1.0
S2 1.32 −103.9 1.31 −101.7 0.01 −2.2
N2 1.09 −154.0 1.08 −152.9 0.01 −1.1
K2 0.36 −110.6 0.22 −117.0 0.14 6.4
K1 2.14 −65.4 2.22 −64.0 −0.08 −1.4
O1 2.04 −84.1 2.09 −82.9 −0.05 −1.2
P1 0.71 −62.9 0.74 −61.9 −0.03 −1.0
Q1 0.44 −99.4 0.43 −95.3 0.01 −4.1

Sheshan (121.2◦E, 31.3◦N)

M2 1.77 −149.2 1.80 −150.6 −0.03 1.4
S2 0.47 −155.1 0.45 −156.2 0.02 1.1
N2 0.41 −170.4 0.40 −171.1 0.01 0.7
K2 0.11 −152.6 0.08 −162.9 0.03 10.3
K1 1.49 −97.7 1.52 −95.7 −0.03 −2.0
O1 1.19 −112.0 1.21 −110.6 −0.02 −1.4
P1 0.47 −95.5 0.49 −93.6 −0.02 −1.9
Q1 0.27 −126.9 0.25 −122.8 0.02 −4.1

Qingdao (120.3◦E, 36.1◦N)

M2 1.74 98.4 1.91 101.2 −0.17 −2.8
S2 0.50 143.8 0.53 146.4 −0.03 −2.6
N2 0.28 105.3 0.30 103.1 −0.02 2.2
K2 0.14 128.2 0.13 126.5 0.01 1.7
K1 0.38 −90.5 0.38 −85.7 0.00 −4.8
O1 0.57 −84.9 0.57 −82.0 0.00 −2.9
P1 0.13 −84.8 0.14 −80.6 −0.01 −4.2
Q1 0.13 −125.4 0.11 −116.4 0.02 −9.0

Jixian (117.5◦E, 40.1◦N)

M2 0.28 128.2 0.31 123.5 −0.03 4.7
S2 0.22 121.4 0.22 114.9 0.00 6.5
N2 0.11 153.3 0.09 143.7 0.02 9.6
K2 0.06 130.8 0.05 113.7 0.01 17.1
K1 0.59 −124.9 0.61 −121.9 −0.02 −3.0
O1 0.50 −135.9 0.51 −135.2 −0.01 −0.7
P1 0.20 −122.4 0.21 −118.9 −0.01 −3.5
Q1 0.12 −149.0 0.10 −145.9 0.02 −3.1

respectively. With the advantage of a longer altimeter time
series,more tidalgauges,andabetterassimilationscheme,
the latest FES2014b and TPXO9_Atlas exceeded the quality
and resolution of older FES2004 in the vast majority of
regions [53, 54]. The TPXO9_Atlas model, which integrates
thirty 1/30-degree regional tidal models, including for
the Pacific Ocean, has significantly improved the quality

in shallow waters and coastal seas [54]. As shown in
Table 2, the difference in amplitude and phase between
FES2014b and TPXO9_Atlas was within 0.12 μGal and
10.9◦, respectively. The results demonstrate that loading
gravity effects have been improved in accuracy with the
development of the ocean tide models. Moreover, it is
necessary to adopt a higher-precision regional ocean tidal
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Figure 4: The gravity time series of
ocean tide loading from GOTL (blue) and
Bos–Scherneck (red) during August 2020.

model and tidal gauge data to improve the accuracy of
ocean tide loading [55, 56].

3.3 Comparison of Green’s functions
The Green’s functions constitute another important factor
affecting the accuracy of ocean tide loading effects. To
evaluate the influence of Green’s functions on the loading
gravity effects, we compared the results obtained for the
Gutenberg–Bullen with the results for the PREM and
PREM-hard Earth models. Here, the ocean tide model
was set as the FES2004 model. For these three Green’s
functions, the discrepancy in corresponding Earth models
is mainly reflected in the crust and upper mantle. Com-
pared with the two representative Gutenberg–Bullen and
PREM Earth models, PREM-hard has been modified by the
global-averaged Crust2.0, which improves the resolution
of crustal elastic structure in depth [26].

Table 3 gives the amplitudes and related phases of
loadinggravityeffects for theabove threeGreen’s functions

from GOTL. Except for Pingtan and Qingdao stations, the
difference in amplitude between Gutenberg–Bullen and
PREM, PREM-hard was within 0.02 μGal, and the phase
differencewaswithin2.9◦.However, for thecoastalPingtan
andQingdaostations, the loadinggravity effectsweremore
sensitive to the Green’s functions. The maximum ampli-
tude difference between Gutenberg–Bullen and PREM can
reach 0.23 and 0.02 μGal, respectively, and that between
Gutenberg–Bullen and PREM-hard can reach 0.51 and
0.07 μGal, respectively. In practical application, we found
that the differences in those three Green’s functions were
in the near field less than 1◦ from the observation station.
For PREM-hard, the corresponding differences were more
obvious in regions less than 0.1◦ (approximately 10 km)
from the observation station. The distances from the
Pingtan and Qingdao stations to the coastline were 10 and
25 km, respectively. Our results suggest that the influence
of the Green’s functions on loading gravity effects should
be considered at coastal stations, especially for those less
than 10 km from the coastline.
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Table 2: The amplitudes and related phases of loading gravity effects for different ocean tide models from GOTL.

Station Harmonic FES2004 FES2014 TPXO9_atlas

Amplitude Phase Amplitude Phase Amplitude Phase
(μGal) (degree) (μGal) (degrees) (μGal) (degree)

Qiongzhong (109.8◦E, 19.0◦N)

M2 1.08 −150.8 1.01 −150.1 1.09 −154.1
S2 0.30 −134.8 0.29 −120.5 0.31 −129.6
N2 0.23 −172.5 0.23 −163.9 0.24 −165.2
K2 0.07 −122.8 0.11 −129.3 0.10 −124.9
K1 1.35 18.8 1.34 16.5 1.30 18.5
O1 1.43 −10.6 1.29 −8.5 1.30 −7.9
P1 0.51 25.4 0.45 10.2 0.42 12.8
Q1 0.28 −24.5 0.31 −22.5 0.31 −24.6

Pingtan (119.8◦E, 25.5◦N)

M2 6.02 −121.0 5.96 −122.6 6.02 −122.1
S2 1.32 −103.9 1.50 −93.6 1.47 −95.6
N2 1.09 −154.0 1.26 −146.4 1.23 −144.9
K2 0.36 −110.6 0.43 −101.0 0.45 −102.2
K1 2.14 −65.4 2.32 −62.2 2.27 −62.7
O1 2.04 −84.1 2.04 −86.7 2.08 −85.0
P1 0.71 −62.9 0.74 −65.5 0.75 −64.0
Q1 0.44 −99.4 0.43 −102.1 0.44 −96.8

Sheshan (121.2◦E, 31.3◦N)

M2 1.77 −149.2 2.12 −138.1 2.06 −141.6
S2 0.47 −155.1 0.70 −105.1 0.63 −106.7
N2 0.41 −170.4 0.47 −158.4 0.47 −160.0
K2 0.11 −152.6 0.22 −118.6 0.21 −120.1
K1 1.49 −97.7 1.53 −97.6 1.50 −96.7
O1 1.19 −112.0 1.18 −116.3 1.18 −113.0
P1 0.47 −95.5 0.50 −99.8 0.49 −97.6
Q1 0.27 −126.9 0.24 −126.3 0.24 −120.9

Qingdao (120.3◦E, 36.1◦N)

M2 1.74 98.4 1.97 90.2 2.09 91.9
S2 0.50 143.8 0.73 112.9 0.73 117.1
N2 0.28 105.3 0.37 75.2 0.38 76.5
K2 0.14 128.2 0.22 110.9 0.18 116.9
K1 0.38 −90.5 0.34 −69.3 0.30 −71.5
O1 0.57 −84.9 0.55 −82.0 0.56 −78.7
P1 0.13 −84.8 0.16 −83.0 0.15 −72.41
Q1 0.13 −125.4 0.16 −98.3 0.16 −96.0

Jixian (117.5◦E, 40.1◦N)

M2 0.28 128.2 0.38 117.3 0.41 123.9
S2 0.22 121.4 0.20 116.1 0.20 127.0
N2 0.11 153.3 0.09 142.3 0.09 143.4
K2 0.06 130.8 0.07 119.7 0.06 130.4
K1 0.59 −124.9 0.60 −125.9 0.59 −126.0
O1 0.50 −135.9 0.50 −142.2 0.49 −139.3
P1 0.20 −122.4 0.20 −128.0 0.19 −122.0
Q1 0.12 −149.0 0.11 −149.7 0.11 −140.3

4 Discussion

Using the high-precision coastline, ocean tide model, and
Green’s functions, a correction software for gravitational
effects of ocean tide loading was developed and applied
at five stations in the CEGN. As shown in Table 1, the

reliability and applicability of the software were ana-
lyzed through comparison with the existing international
software. With the exception of the coastal stations, the
difference between the calculation results of the two
software programs was relatively small. This indirectly
proves that the coastline can affect the computational
gravitational effects of ocean tide loading. Thus, it is
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Table 3: The amplitudes and related phases of loading gravity effects for different Green’s functions from GOTL.

Station Harmonic Gutenberg-Bullen PREM PREM-hard

Amplitude Phase Amplitude Phase Amplitude Phase
(μGal) (degree) (μGal) (degree) (μGal) (degree)

Qiongzhong (109.8◦E, 19.0◦N)

M2 1.08 −150.8 1.08 −150.8 1.08 −150.1
S2 0.30 −134.8 0.30 −134.8 0.29 −132.8
N2 0.23 −172.5 0.23 −172.5 0.22 −171.6
K2 0.07 −122.8 0.07 −122.8 0.07 −120.7
K1 1.35 18.8 1.35 18.8 1.37 17.9
O1 1.43 −10.6 1.43 −10.6 1.44 −11.0
P1 0.51 25.4 0.51 25.4 0.51 24.3
Q1 0.28 −24.5 0.28 −24.5 0.29 −23.4

Pingtan (119.8◦E, 25.5◦N)

M2 6.02 −121.0 5.79 −121.9 5.51 −123.1
S2 1.32 −103.9 1.27 −105.2 1.20 −107.3
N2 1.09 −154.0 1.05 −154.8 1.01 −156.1
K2 0.36 −110.6 0.34 −111.9 0.33 −113.9
K1 2.14 −65.4 2.13 −65.2 2.09 −65.4
O1 2.04 −84.1 2.02 −83.9 1.99 −84.0
P1 0.71 −62.9 0.71 −62.9 0.69 −63.1
Q1 0.44 −99.4 0.43 −98.1 0.42 −98.2

Sheshan (121.2◦E, 31.3◦N)

M2 1.77 −149.2 1.78 −149.9 1.78 −150.2
S2 0.47 −155.1 0.47 −155.2 0.47 −155.5
N2 0.41 −170.4 0.40 −170.7 0.40 −170.9
K2 0.11 −152.6 0.11 −152.6 0.11 −152.9
K1 1.49 −97.7 1.49 −96.8 1.50 −96.8
O1 1.19 −112.0 1.19 −111.2 1.19 −111.2
P1 0.47 −95.5 0.48 −94.7 0.48 −94.7
Q1 0.27 −126.9 0.26 −125.1 0.26 −125.1

Qingdao (120.3◦E, 36.1◦N)

M2 1.74 98.4 1.74 99.1 1.67 99.2
S2 0.50 143.8 0.48 144.5 0.48 143.5
N2 0.28 105.3 0.28 104.2 0.27 104.7
K2 0.14 128.2 0.14 127.6 0.14 127.4
K1 0.38 −90.5 0.40 −87.9 0.41 −88.4
O1 0.57 −84.9 0.57 −84.0 0.58 −85.1
P1 0.13 −84.8 0.14 −82.9 0.14 −83.7
Q1 0.13 −125.4 0.12 −121.6 0.12 −122.1

Jixian (117.5◦E, 40.1◦N)

M2 0.28 128.2 0.27 128.4 0.27 128.4
S2 0.22 121.4 0.21 119.1 0.21 119.1
N2 0.11 153.3 0.10 150.3 0.10 150.4
K2 0.06 130.8 0.05 128.2 0.05 128.3
K1 0.59 −124.9 0.59 −122.2 0.59 −122.2
O1 0.50 −135.9 0.49 −134.1 0.49 −134.1
P1 0.20 −122.4 0.20 −119.8 0.20 −119.8
Q1 0.12 −149.0 0.11 −146.7 0.11 −146.7

necessary touseahigh-precision local coastline to improve
the accuracy of ocean tide loading. In view of this, our
software can further import a DEM with 90 m resolu-
tion, as shown in Figure 2, which was obtained by the
SRTM. In this case, the coastline in the near regions
would be extracted from SRTM DEM. The SRTM DEM
would provide a high-precision ocean–land boundary and

effectively improve the calculation accuracy of ocean tide
loading.

As shown in Table 4, the amplitudes and related
phases of loading gravity effects were computed from
GSHHG and SRTM at two coastal stations. Here, the ocean
tide model and Green’s functions were set as FES2004
and Gutenberg–Bullen, respectively. For Pingtan station,
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Table 4: The amplitudes and related phases of loading gravity effects from GSHHG and SRTM.

Station Harmonic GSHHG SRTM

Amplitude (μGal) Phase (degree) Amplitude (μGal) Phase (degree)

Pingtan (119.8◦E, 25.5◦N)

M2 6.02 −121.0 6.86 −118.2
S2 1.32 −103.9 1.52 −98.8
N2 1.09 −154.0 1.21 −150.7
K2 0.36 −110.6 0.41 −105.8
K1 2.14 −65.4 2.24 −64.7
O1 2.04 −84.1 2.14 −83.7
P1 0.71 −62.9 0.74 −62.3
Q1 0.44 −99.4 0.46 −99.0

Qingdao (120.3◦E, 36.1◦N)

M2 1.74 98.4 1.89 98.4
S2 0.50 143.8 0.52 146.2
N2 0.28 105.3 0.30 104.5
K2 0.14 128.2 0.16 131.3
K1 0.38 −90.5 0.35 −89.5
O1 0.57 −84.9 0.56 −82.9
P1 0.13 −84.8 0.12 −83.3
Q1 0.13 −125.4 0.13 −124.8

the maximum difference in amplitude and phase between
GSHHG and SRTM can reach 0.84 μGal and 5.1◦, respec-
tively. For Qingdao station, the maximum difference in
amplitudeandphasebetweenGSHHGandSRTMcan reach
0.15 μGal and 3.1◦, respectively. The calculation results of
Pingtan station, which was closer to the coast, were more
vulnerable to the influence of the coastline.

Table 2 shows that the global ocean tide model has a
certain impact on the computational gravitational effects
of ocean tide loading. The current ocean tide models
were obtained from satellite altimetry or the assimilation
of satellite altimetry. The accuracy of the global ocean
tide model remains poor in certain coastal regions owing
to three factors: (1) The model is greatly affected by
the coastline and seabed topography, especially in bays,
trenches, and shallow waters, because of the uncertainty
of bathymetry, bottom friction and viscosity coefficients,
and boundary conditions. (2) The model is greatly affected
by the offshore marine environment where the quality of
satellite altimetry is poor owing to thebad reflection signal.
(3) The assimilation of tidal gauge records is insufficient
[20–22]. Owing to the poor quality of the global ocean
tide model in coastal regions, a more accurate local tidal
model can be imported to replace the global ocean tide
model in our software (as shown in Figure 2), which would
improve the accuracy of global loading gravity effects
[55, 56]. In addition, the local loading gravity effect is
an important component affecting gravity observations
[57–63]. Therefore, our software can import the local tidal

gauge record to comprehensively improve the calculation
accuracy of ocean tide loading.

Table 3 shows that the Green’s functions have a
certain impact on the computational gravitational effects
of ocean tide loading at coastal stations. As shown in
Figure 5, the values of Green’s functions exhibited signif-
icant differences in the near-field (less than 1◦) due to the
discrepancies of physical parameters for the Earth model.
For PREM-hard and PREM-soft, the crust structures of the
PREM Earth model were composed by Crust 2.0, in which
the outmost layer is composed of hard and soft sediments,
respectively [21]. The discrepancies were larger for the
Green’s functions in theadjoiningareas (especially thoseat

Figure 5: The gravity Green’s functions for the Gutenberg–Bullen,
PREM, PREM-hard, and PREM-soft earth models. Gravity is positive
upwards and scaled by 1018, the radius of the earth, and the angular
distance to the station. The surface mass of applied load is 1 kg.
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less than 0.1◦) among the Gutenberg–Bullen, PREM-hard,
and PREM-soft. Hence, the results of ocean tide loading
wouldhaveobviousdifferences in thenearfield. Therefore,
it is necessary to use PREM-hard or PREM-soft Green’s
functions to improve the accuracy of local loading gravity
effects, especially for those stations less than 0.1◦ from the
coastline.

5 Conclusions
In this study, we developed a correction software, GOTL,
for the gravitational effects of ocean tide loading. In the
modeling process, we divided the ocean tide contributions
into five parts: innermost, near, middle, and far regions.
The effects of three-dimensional station coordinates, com-
putational grid patterns, ocean tide models, Green’s func-
tions, coastline, and local tide gauge are all considered
in the programming process. Compared with the existing
software, our contributions are mainly reflected in the
following four points. (1) During software design, the
advantages of matrix operation and the graphical user
interface were fully utilized. All the key parameters during
calculation can be set in the graphical user interface,
and the loading amplitudes, phases, and corresponding
predicted gravity time series could be given together. This
can effectively increase the operability and practicability
of the software. (2) Several of the latest ocean tide models
and Green’s functions have been added to the software.
(3) In the innermost region, the local effects model has
been added to the software by further importing the
tidal gauge record, and the corresponding gravitational
part of Green’s functions would be calculated using a
tesseroid approximation. (4) In the innermost and near
regions, a high-precision ocean–land boundary with 90m
resolution can be extracted from SRTM DEM, which can
improve the calculation accuracy of ocean tide loading,
especially in some regions with complex coastlines. The
results in our study indicate that the GOTL software
can accurately describe the variation characteristics of
gravitational effects of ocean tide loading in space and
time.

At present, a gravity observation network composed
of relative gravity and absolute gravity has been installed
along the coast of the Chinese mainland. Based on the
resultsofour study, the impactofocean tide loadingshould
be seriously considered in certain coastal and island
regions. In addition, our results show that the correction
of loading gravity effects are sensitive to the accuracy of
the coastline, ocean tide model, and internal structure of
the Earth. Based on the higher-precision local ocean tide

model, tidal gauge record, coastline, andGreen’s functions
modified by refined crustal structure, our software would
improve the accuracy of gravitational effects of loading
effects at stations in the CEGN.
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