Terr. Atmos. Ocean. Sci., Vol. 30, No. 1, 139-149, February 2019

doi: 10.3319/TA0.2019.02.14.01

Influences of the Tibetan plateau on tidal gravity detected by using SGs at
Lhasa, Lijiang and Wuhan Stations in China

Heping Sun'-2, Huikang Zhang'-?, Jiangiao Xu'-", Xiaodong Chen', Jiangcun Zhou', and Miaomiao Zhang'

! Institute of Geodesy and Geophysics, Chinese Academy of Sciences, Wuhan, China

2 University of Chinese Academy of Sciences, Beijing, China

Article history:
Received 7 March 2018

Revised 26 January 2019
Accepted 14 February 2019

Keywords:

Tidal gravity observations, Effects
of atmospheric pressure and oceanic
loading, Tibetan Plateau tectonic
setting

Citation:

Sun, H., H. Zhang, J. Xu, X. Chen,
J. Zhou, and M. Zhang, 2019: Influ-

ABSTRACT

We accurately retrieved tidal gravimetric parameters using long-term continu-
ous tidal gravity measurements recorded by superconducting gravimeters (SGs) at
stations in Lhasa, Lijiang, and Wuhan, China. We used these results to investigate
the influences of the special tectonic setting on regional tidal deformation. We ac-
curately evaluated scale factors of SGs with high precision better than 0.06%. We
carefully removed the effects of barometric pressure and oceanic loading from tidal
gravity observations. We did not observe any obvious differences in amplitude fac-
tors for main tidal gravity waves for the stations in Lhasa and Lijiang. In the plateau
area, we found the amplitude factor to be about 0.34% larger than that in the plain
(Wuhan). Our study shows for the first time that the main reason for such tidal grav-
ity anomalies can be explained by the influence of the special tectonic setting in the
Tibetan Plateau.

ences of the Tibetan Plateau on tidal
gravity detected using superconduct-
ing gravimeters in the Lhasa, Lijiang,
and Wuhan Stations in China. Terr.
Atmos. Ocean. Sci., 30, 139-149, doi:
10.3319/TA0.2019.02.14.01

1. INTRODUCTION

Gravitational tides are the resultant periodic changes in
gravity fields associated with the Earth’s deformation under
tidal-generating forces from celestial bodies, including the
Sun, the Moon, and the other planets. These tidal-generat-
ing forces are the dominant components in temporal gravity
variation, and the largest magnitude of these forces is more
than 250 pGal on the surface of the Earth. Previous research
has shown that the tidal gravity change consists mainly of
discrete harmonic signals located in long-period, diurnal
(D), semidiurnal (SD), and terdiurnal (TD) frequency bands
(Melchior 1994). The characteristics of gravity tides usu-
ally are described by using gravimetric parameters of the
individual tidal waves, including the dimensionless ampli-
tude factor 6 and phase difference A¢. The amplitude fac-
tor is defined as the ratio of observed tidal gravity changes
to those of a rigid Earth under tide-generating forces at the
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same location on Earth’s surface, and is a linear combina-
tion of Love numbers. The research also shows that the gra-
vimetric parameters, as well as the associated Love num-
bers, are comprehensive reflections of the Earth’s interior
structure and dynamical processes, including the layered
spheres, the physical properties of the medium, Earth’s rota-
tion, free oscillation, free core nutation and so on. Theoreti-
cally, the gravimetric parameters can be modeled by means
of a numerical integral of the deformation equations of the
Earth’s tides (Wahr 1981; Dehant et al. 1999; Mathews
2001; Xu and Sun 2003; Métivier and Conrad 2008). On the
basis of accurate astronomical ephemerides deduced from
modern astrometry, tide-generating potential (forces) can
be modeled accurately at any place on the Earth’s surface
(Doodson 1921; Hartmann and Wenzel 1995; Roosbeek
1996). Meanwhile, these gravimetric parameters also can be
retrieved accurately from long-term continuous tidal gravity
measurements (Melchior et al. 1996; Xu et al. 2004; Sun
et al. 2005b; Hinderer et al. 2015). Therefore, precise tidal
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gravity observations can reveal the Earth’s exact response
to these tide-generating forces and can contain abundant in-
formation about the structure of Earth’s interior.

The Tibetan Plateau is located in the convergent region
of the Pacific, Indian, and Eurasian plates. It is the largest
and highest plateau in the world and also has the youngest
orogeny. Recent measurements from global positioning sys-
tem in the plateau and its adjacent regions have suggested
that the Tibetan Plateau is undergoing extremely inhomoge-
neous strong deformation. This deformation shows that the
crust is shrinking in a north-south direction and stretching in
an east-west direction as a result of the continuous subduc-
tion and collision of the Indian plate into the Eurasian plate
(Wang et al. 2001; Shen et al. 2005; Liang et al. 2013). Seis-
mic and gravity studies have suggested that the distribution
of crust thickness is extremely complicated in this region, at
about 70 km on average and nearly two times the mean crust
thickness of the Earth (Zhang et al. 2011; Shin et al. 2015;
Xu et al. 2017). Additionally, the lithosphere of the Tibetan
Plateau has strong heterogeneity and anisotropy (Yao et al.
2010). This raises two questions: Can this special tectonic
unit significantly influence the regional tidal response? And
if so, how large is that influence?

Due to the advantages of very high sensitivity and sta-
bility, extremely low noise level and drift, and broad fre-
quency range of dynamic linear responses, the supercon-
ducting gravimeters (SGs) play an important role in study
of geophysics and geodynamics (Melchior et al. 1996; Sun
et al. 1999, 2003; Xu and Sun 2003; Hinderer and Crossley
2004; Crossley and Hinderer 2009).

During the past decades, the Institute of Geodesy and
Geophysics, Chinese Academy of Sciences, successively
established three permanent SGs at stations in Wuhan, Lha-
sa, and Lijiang (see the locations in Fig. 1). Lhasa is located
in the southern part of the Tibetan Plateau near the northern
side of the Himalayan Mountains. It is situated on flat land
in a valley near the middle reaches of the Lhasa River, a
tributary of the Brahmaputra River, with a crust thickness
of about 75 km. Lijiang is located near the eastern-southern
boundary of the Tibetan Plateau, and Wuhan is located in
the central area of the ancient stable Yangzi platform, far
from the plateau, with a crust thickness of about 34 km.
All three SGs are the same type of model manufactured
by GWR Instruments (San Diego, CA, USA) and include
recording system. The latitudes for these three stations are
more or less the same, such that the effects of ellipticity and
rotation of the Earth on tidal gravity observations are nearly
equal, and can be negligible in our case. Because the Tibetan
Plateau is far away from the sea regions, the loading effects
of the oceanic tides at the stations in Lhasa and Lijiang are
relatively weak compared with station in Wuhan.

Researchers have attempted to make associations be-
tween the Earth’s tidal gravity response and the physical
properties of the lithosphere for years. Using global distri-
bution observations from 227 tidal gravity stations and the
regression technique, Shukowsky and Mantovani (1999)
obtained an association between tidal gravity response and
average blocks with the characteristic size of homogeneous
lithosphere segments. They also showed a high correlation
between M, tidal gravity anomalies and lithosphere effective
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Fig. 1. Locations of the SG stations.
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elastic thickness. Latychev et al. (2009) used a finite volume
numerical scheme to predict the response of a set of 3-D Earth
models to a tide-generating potential while considering all
three tidal bands. When they performed a series of numerical
tests while also considering the elastic moduli, density, and
dynamic topography, the resultant surface gravity changed in
the semi-diurnal band by about 0.2 pgal.

The purpose of this study is to gain knowledge about
the local influences of the Tibetan Plateau on regional tid-
al response. We used the SGs at three stations in Wuhan,
Lhasa, and Lijiang to make continuous tidal gravity obser-
vations. We retrieved the gravimetric parameters from two
years of continuous SG measurements, for which we care-
fully considered the loading effects of global and regional
oceanic tides and local barometric pressure.

2. PREPARATION OF THE SG OBSERVATIONS

In this study, we select two years of continuous record-
ings in Lhasa from 1 January 2011, to 31 December 2012,
and in Lijiang and Wuhan from 1 January 2015 to 31 De-
cember 2016. Because of a broken SG data acquisition card
in Lhasa, a gap of 286 hrs was appeared for the period from
25 November to 7 December 2011. Related information
from the SGs at the three stations is given in Table 1. We

adopted the same data acquisition systems for these stations
to automatically record changes in tidal gravity, barometric
pressure, and temperature with a sampling rate of 1 s, re-
spectively.

Similar to a spring gravimeter, the SG is also a relative
instrument. Its original feedback output is given in voltage
to describe relative gravity changes. Each SG’s scale fac-
tor (i.e., the transfer function from output voltage to grav-
ity value) must be determined accurately using a strategy of
co-site comparison between the SGs and the FG-5 absolute
gravimeter, by Micro-g LaCoste Company (Lafayett, CO,
USA) (Hinderer et al. 1991; Sun et al. 2001; Amalvict et
al. 2002; Riccardi et al. 2012; Van Camp et al. 2016). We
conducted this calibration from 18 to 23 September 2013 in
Lhasa; from 23 to 25 July 2014 in Lijiang; and from 20 to 24
June 2013 in Wuhan. Figure 2 compares the measurements
taken with the SGs and the FG-5 at these three stations.

As seen in Fig. 2, the dispersions in the FG-5 measure-
ments are relatively large and the curves describing the SG
measurements are much smoother and have higher precision.
Using a linear regression technique, we evaluated the scale
factors of the SGs, which were given as follows: -92.393 +
0.037 pGal V™' in Wuhan, -96.332 + 0.061 uGal V™' in Liji-
ang, and -77.129 £+ 0.046 uGal V' in Lhasa. Compared with
a former scale factor of -77.736 + 0.041 uGal V! in Lhasa

Table 1. Basic information of the SG stations and co-site calibration.

Stations  Latitude (°N) Longitude (°E)  Altitude (m) SG model Comments FG5code Duration Valid drops
Wuhan 30.516 114.49 89.3 0SG065 continuous FG5-112 73 h 10950
Lijiang 26.896 100.232 2435.0 0SG066 continuous FG5-232 46.5h 9300
Lhasa 29.645 91.035 3632.3 0SG057 286h gap FG5-246 120 h 18000
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Fig. 2. Comparison of measurements with SGs (black curves) and FG5 (red +) in (a) Wuhan, (b) Lijiang, and (c) Lhasa.



142

Sun et al.

that was determined in a previous calibration (Chen et al.
2013), our scale factor was about 0.8% lower. The former
scale factor was estimated by co-site comparison between the
SG and Lacoste-Romberg (LCR) spring gravimeter (Earth
Tidal model, No.20, ET20), by Micro-g LaCoste Company
(Lafayett, CO, USA). The scale factor of this LCR-ET20
was obtained at the Wuhan international tidal gravity bench-
mark station (Xu et al. 2000). In fact, the gravity difference
is extremely large because of the significant altitude differ-
ence at both Lhasa and Wuhan stations.

Using a remove-restore technique, we treated the origi-
nal SG records with T-Soft, a graphic and interactive soft-
ware package (Vauterin 1998). We removed some bad re-
cords, such as spikes, steps, and large-amplitude vibrations
caused by earthquakes, we modified the offsets; and inter-
polated small gaps. We used a low-pass filter to transform
the 1 s sampled data series to the hourly ones. The resultant
data series of tidal gravity changes are presented in Fig. 3.
We also treated the original station pressure records accord-
ing to the same procedures (see also Fig. 4).
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Fig. 3. Temporal gravity variations recorded with the SGs at (a) Lhasa, (b) Lijiang, and (c) Wuhan.
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Fig. 4. Temporal pressure variations recorded at stations in (a) Lhasa, (b) Lijiang, and (c) Wuhan.
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3. TIDAL GRAVITY OBSERVATIONS WITH THE
SGS

After careful data preprocessing, we performed the
harmonic analysis using the software package Eterna 3.30
(Wenzel 1996), as recommended by the International Center
for Earth Tides. We retrieved accurate tidal gravimetric pa-
rameters, including amplitude factors, phase lags, and their

corresponding error estimation (see Table 2). For the har-
monic analysis, we adopted the high-precision tide-generat-
ing potential developed by Hartmann and Wenzel (1995).
Previous studies have shown that the loading effects of
atmospheric pressure are the main sources of noise in tidal
gravity observations and that more than 90% of the signals
come from an area within 50 km surrounding the station.
Previous studies also showed that the barometric gravity

Table 2. Observations of gravity tides from the SGs at stations in Lhasa, Lijiang, and Wuhan.

Wave Frequency Range Lhasa Lijiang Wuhan
(cpd) é A¢ (°) ) Ag (%) o Ag (°)

SGQ, | 0.721499 0.833113 | 1.16352 £0.00735 -0.1160 +0.3620 | 1.17291 £0.02196 -1.1243 +1.0748 | 1.16238 +0.03710 1.3503 + 1.8272
2Q, | 0.851181 0.859691 | 1.16297 £0.00233  1.0821 £0.1150 | 1.17727 +0.00715  0.4860 = 0.3480 | 1.19690 £ 0.01206 0.5953 +0.5787
o, 0.860895  0.870024 | 1.16433 £0.00199 0.5547 +0.0982 | 1.18834 +£0.00601 -0.3479 +£0.2899 | 1.17352 £0.01017  0.1605 =+ 0.4965
Q, | 0887326 0.896130 | 1.16543 +£0.00032 0.2361 +0.0158 | 1.17210 £0.00099 -0.1968 +0.0486 | 1.18001 +0.00168 -0.2461 +0.0817
o} 0.897806  0.906316 | 1.16229 £0.00178 0.2609 +0.0872 | 1.17750 £ 0.00566 -0.3377 +0.2751 | 1.18681 +0.00958 -0.4056 + 0.4623
O, | 0921940 0.930450 | 1.16101 £0.00006 0.0107 £0.0032 | 1.16564 £ 0.00020 -0.3911 £0.0099 | 1.17571 £0.00034 -0.4804 +0.0166
T, 0931963  0.940488 | 1.14875 £0.00489 0.6679 +0.2435 | 1.16519 £0.00975 0.1925 £ 04793 | 1.19875+0.01654 -0.5764 +0.7907
NO, | 0958085 0.966757 | 1.15385+0.00076 -0.1691 +0.0376 | 1.16429 +0.00198 -0.3240 +0.0974 | 1.17082 +0.00337 -0.4827 +0.1646
%i 0.968564  0.974189 | 1.16157 £0.00439 -0.0847 +0.2168 | 1.16427 £0.01380 -0.0422 +0.6792 | 1.15742 +0.02335 -0.8393 + 1.1555
T 0.989048  0.995144 | 1.14733 £0.00330 -0.7982 +0.1630 | 1.15160 = 0.00613 -0.7642 +0.3048 | 1.16863 +0.01039 -2.2225 +0.5096
P, 0.996967  0.998029 | 1.14934 +£0.00024 0.0030 +0.0122 | 1.15228 £0.00036 -0.3484 +0.0179 | 1.16237 +0.00061 -0.5722 +0.0298
S, 0.999852  1.000148 | 1.59167 £0.02187 19.0573 £0.7547 | 1.57459 £0.02697 20.8111 £1.2692 | 1.28292 +0.04101 16.2532 +1.8936
K, 1.001824  1.003652 | 1.13550 +0.00009 0.0597 +£0.0046 | 1.13924 +0.00014 -0.3328 +0.0068 | 1.14887 +0.00023 -0.5787 +0.0114
P, 1.005328  1.005624 | 1.24723 £0.01037 0.1047 +0.4762 | 1.24746 £0.01543 -0.6100 +£0.7089 | 1.21339 £ 0.02604 -3.1292 + 1.2285
0N 1.007594  1.013690 | 1.17340 £0.00437 -0.6506 +0.2134 | 1.17547 £0.00813 0.1010 +0.3970 | 1.19630 +0.01376  0.8782 + 0.6584
0, 1.028549  1.034468 | 1.15345+0.00449 0.1308 £0.2230 | 1.15104 £0.01358 0.0732 £0.6761 | 1.17359 +0.02302 -0.9647 + 1.1243
1 1.036291  1.044801 | 1.15700 £0.00083 0.0221 +0.0414 | 1.16081 £0.00254 -0.2215+0.1252 | 1.16309 £ 0.00427 -0.6120 +£0.2105
SO, | 1.064840 1.071084 | 1.17138 £0.00515 -0.2424 +0.2513 | 1.13268 £ 0.01588 -1.9805 +0.8026 | 1.07640 +0.02681  0.2419 + 1.4269
00, | 1.072582 1.080945 | 1.15611 +0.00153 0.0876 +£0.0760 | 1.15606 +0.00619 -0.2405 £ 0.3071 | 1.17415 £0.01048 -1.9905 +0.5113
\7 1.099160 1.216398 | 1.14337 £0.00754 0.4660 +0.3773 | 1.17943 £0.03064 1.2424 +1.4889 | 1.10020 £0.05181 1.6849 +2.6973
€, 1.719380  1.837970 | 1.17720 £ 0.00265 -0.1688 +0.1288 | 1.16491 £0.00457 0.0552 +0.2247 | 1.17971 £0.00693  0.3652 + 0.3364
2N, | 1.853919 1.862429 | 1.17280 +0.00085 -0.6763 +0.0415 | 1.16892 +0.00147 -0.5198 +0.0723 | 1.18109 +0.00223 -0.2860 + 0.1084
W, 1.863633  1.872143 | 1.16785 £0.00068 -0.4769 +0.0335 | 1.16886 £0.00124 -0.4235+0.0610 | 1.17440 £0.00189 -0.0733 +0.0922
N, 1.888386  1.896749 | 1.16463 £ 0.00011 -0.5937 +0.0053 | 1.16649 + 0.00020 -0.4095 +0.0098 | 1.17481 +£0.00030 -0.4797 +0.0147
v, 1.897953  1.906463 | 1.16313 £ 0.00055 -0.6240 +0.0270 | 1.16487 £0.00105 -0.4109 +0.0519 | 1.17606 +0.00160 -0.5875 +0.0780
M, | 1923765 1.942754 | 1.16289 +0.00002 -0.4388 +0.0010 | 1.16575 £ 0.00004 -0.3505 +0.0019 | 1.17159 £ 0.00006 -0.4376 +0.0028
A 1958232 1.963709 | 1.16085 £ 0.00276 -0.5854 +£0.1364 | 1.15152 £0.00513 -0.4522 +0.2554 | 1.16563 +£0.0078 -0.2128 +0.3835
L, 1965826  1.976927 | 1.16198 £ 0.00054 -0.3162 +0.0264 | 1.15936 £0.00159 -0.3678 £0.0788 | 1.15828 £0.00242 -0.5863 +£0.1196
T, 1.991786  1.998288 | 1.16457 £0.00088 -0.8526 +£0.0433 | 1.16775 £0.00144 -0.8892 +0.0729 | 1.17108 £0.00218 -1.0462 +0.1092
S, 1.999705  2.000767 | 1.15696 +0.00006 -0.6657 +0.0036 | 1.15925 £ 0.00010 -0.6126 +0.0079 | 1.16550 +0.00015 -0.6790 +0.0100
K, | 2002590 2.013690 | 1.15772+0.00017 -0.3910 +£0.0085 | 1.16141 £0.00041 -0.3456 +0.0203 | 1.16565 +0.00062 -0.4493 +0.0309
M2 2031287 2.047391 | 1.15981 £0.00316 -0.3040 +0.1560 | 1.15431 £0.00833 -0.2136 +£0.4136 | 1.14639 +£0.01262 -0.3930 + 0.6309
2K, | 2067578 2.182844 | 1.15946 £0.00943 0.0717 £0.4658 | 1.14342 +£0.03094 -1.5935 +1.5503 | 1.20064 +0.04705 1.3665 + 2.2452
MN, | 2.753243 2.869714 | 1.07127 £0.00283 -0.0565 +0.1515 | 1.07699 £0.00512 -0.4391 £0.2722 | 1.08348 +0.0076 -0.5734 +0.4021
M; | 2.892639 3.081255 | 1.07333 £0.00077 -0.0299 +£0.0411 | 1.07233 £0.00146 -0.0232 +0.0782 | 1.07993 +0.00218 -0.1496 +0.1156
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admittance (i.e., the transfer function from the local pres-
sure to its resultant gravity change) is in a range from -0.3
to -0.4 puGal hPa'! and about -0.3317 pGal hPa! on average
(Merriam 1992; Sun 1997; Kroner and Jentzsch 1999; Boy et
al. 2002, 2006; Meurers 2012). As show in Fig. 4, the main
components of pressure variations were concentrated in the
D and SD bands. However, an annual signal can be found for
station Wuhan, but no such variation was found for the sta-
tions in Lhasa and Lijiang, this is the special phenomena in
plateau region. The peak-to-peak magnitude was as large as
49.48 hPa in Wuhan, and the dominant signals concentrated
at the annual band. The pressure changes behaved primarily
in short periods in D and SD bands in Lhasa and Lijiang,
however, and the peak-to-peak magnitudes were 30.18 and
19.31 hPa, respectively. Using a linear regression technique
between tidal gravity residuals and station pressure, we de-
termined the atmospheric gravity admittances, they were
as follows: -0.3721 + 0.0006 puGal hPa! in Lhasa, -0.3603
+ 0.0022 pGal hPa' in Lijiang, and -0.3376 + 0.0027 pGal
hPa! in Wuhan. These results were in the range of theoretical
simulations, and they increased with station altitude. After
removing local pressure effects, the standard deviations in
tidal gravity band decreased significantly by 77,37, and 27%
for the stations in Lhasa, Lijiang, and Wuhan, respectively.

When comparing the numerical results of tidal gravity
amplitudes for different stations, we found that the observed
amplitudes were slightly different. For example, the ampli-
tude of wave O,, which is the most stable wave with the
highest precision in the D band, was 31.93 uGal in Wuhan,
which was about 2.9% larger than that obtained in Lhasa
and was about 8.5% larger than that obtained in Lijiang. The
precision of amplitude factor is 0.006% in Lhasa and 0.03%
in Wuhan. In contrast, the amplitude of wave M,, which
is the most stable wave with the highest precision in the
SD band, was 65.30 pGal in Wuhan, which is about 1.1%
lower than that obtained in Lhasa and about 6.2% less than
that obtained in Lijiang. The precision of amplitude factor
is 0.002% in Lhasa and 0.006% in Wuhan. These numeri-
cal results indicated that the precision of tidal gravity ob-
servations measured with the SGs was very high. The stan-
dard deviation in the tidal band was 0.0489 pGal in Lhasa,
0.1260 pGal in Lijiang, and 0.1694 uGal in Wuhan. For the
main tidal waves with amplitudes exceeding 10 puGal, the
precision of the amplitude factors was better than 0.05%,
and for all other tidal waves with amplitudes exceeding
5 nGal, the precision is better than 0.14%. Therefore, these
findings indicate the tidal gravity observations in this study
can distinguish miniscule characteristics in the Earth’s re-
sponse to the tide-generating forces.

Table 2 shows that the amplitude factor 0 of S, had rela-
tively large differences for the different stations: 1.59167 in
Lhasa, 1.57459 in Lijiang, and 1.28292 in Wuhan. In addi-
tion, their phase differences A¢ were extremely abnormal.
This analysis showed that these abnormalities were the result

of the solar heating, which contributed to changes in local at-
mospheric pressure and expansion or shrinking of local rock.
Such perturbation relating to solar heating was mixed in the
SG observations for wave S;. The solar heating effects were
much more conspicuous in Lhasa and Lijiang compared with
the effects in Wuhan. Meanwhile, the solar heating effects
were much weaker for the station in Wuhan.

The tidal gravity results are given here for the first
time for station Lijiang. We also found that the tidal gravity
parameters determined in Lhasa and Wuhan were in good
agreement with those obtained in previous studies (Sun et
al. 2005b, 2013; Wei et al. 2012; Xu et al. 2012, 2014).
Compared with the previous findings in Lhasa, the ampli-
tude factors O of the main tidal waves were about 0.8%
larger as a result of evaluation bias in the scale factors in the
previous studies, whereas the phase differences A¢ were
nearly consistent.

4. LOADING CORRECTION OF OCEANIC TIDES

The global loading of oceanic tides will lead to obvi-
ous tidal gravity changes with same spectral pattern. To ob-
tain a pure response of such tide-generating forces, we had
to completely remove them. On the basis of the classical
loading theory (Farrell 1972), we simulated the tidal gravity
loading vectors, including magnitude L and phase 1, using a
global convolution technique that loaded Green’s functions
and oceanic tide models (Agnew 1997; Boy et al. 2003; Sun
et al. 2005a).

Schwiderski developed the first available global model
of oceanic tides in 1980 based on numerical solution of the
tidal movement equations, while considering global tidal
gauge data (Schwiderski 1980). In recent decades, with the
development of satellite altimetry and additional tidal gauge
data accumulation, many new oceanic tidal models, have
been successfully developed. Previous studies have shown
that the NAO99 global oceanic model (National Astronomi-
cal Observatory, Japan) will provide with the best results
for stations in the Asian region (Sun et al. 2005a; Xu et al.
2014). This model combines five-year data of Topex/Posei-
don altimetry and density tidal gauge data recorded along
the west Pacific area, in particular, areas near the Japanese
islands (Matsumoto et al. 2000). The model contains co-
tidal charts of seven D waves (i.e.,Q,,0,,M,,P,,K,,J,,and
00,) and nine SD waves (i.e., 2N, W, Ny, v,, My, L,, T,
S,, and K,) with a spatial resolution of 0.5° x 0.5°. By using
these co-tidal charts, we then evaluated the loading vector
by considering the regional co-tides near China for waves
0,,K;,M,, and S, (Fang et al. 1999). The numerical results
are presented in Table 3.

We found that the loading effects were much lower for
stations located in the Tibetan Plateau when compared with
the effects at the station Wuhan. As seen in Table 3, the
loading effects were at a level less than 1 pGal at all three
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SG stations. Considering the tidal waves of the largest am-
plitudes as examples, the loading value was of 0.613 pGal in
wave O;, which was about 1.9% of its observed tidal grav-
ity amplitude in Wuhan. This loading value was also about
4.9 and 2.3 times larger than the ones in Lhasa and Lijiang.
The loading effects contributed to a disturbance of 0.580
puGal in wave K, which was about 1.5% of its observed
tidal gravity amplitude in Wuhan, and the loading value was
about 3.3 and 4.6 times larger than the disturbances in Lhasa
and Lijiang. The loading effects resulted in a disturbance of
0.863 uGal in wave M,, which was about 1.3% of its ob-
served tidal gravity amplitude in Wuhan, and this loading
value was about 2.1 and 2.4 times larger than the ones in
Lhasa and Lijiang. After subtracting the loading effects
from these observations, we then obtained the gravimetric
parameters describing the Earth’s pure response to the tide-
generating forces (see also Table 3).

From Table 3, in Wuhan, it is evident that after re-
moval of the oceanic loading signals, the gravimetric am-
plitude factors significantly decreased by 1.9,1.2,and 1.2%
for main tidal waves O,, K, and M,, respectively, and de-
creased by 0.2 - 3.8% for the other tidal waves. In Lhasa,
the amplitude factors J for the main waves O, K;, and M,
decreased by less than 0.3%, but changed only slightly for
the other tidal waves. In Lijiang, the amplitude factor for
wave O, decreased by 0.8%, and by less than 0.2% for the
other tidal waves.

Our results show that the resultant phase differences
A¢ changed significantly and were more reasonable after
oceanic loading correction. Therefore, we concluded that
oceanic loading effects should be considered when observ-
ing the high precision of tidal gravity and explaining the
geophysical and geodynamical phenomena.

After removing the oceanic loading signals, the tidal
gravity amplitude factors in Wuhan were in good agreement
with the results from the theoretical simulation (Wahr 1981;
Dehant et al. 1999; Mathews 2001) and also were in good
agreement with the results from the experimental model (Sun
et al. 2003; Xu et al. 2004). After considering the Earth’s ro-
tation, ellipticity, and inelasticity, Mathews (2001) theoreti-
cally simulated the Earth’s response to the tide-generating
forces in 2001. In his simulation he modified some param-
eters in the preliminary reference Earth model to match the
nutation measurements (Mathews 2001).

Comparing the tidal gravity amplitude factors with
theoretical simulation for the station in Wuhan, we found
that the discrepancy was less than 0.04% on average for
the main D waves, in which the discrepancy was 0.05% for
wave O, and 0.02% for wave K,, which was in the range
of the SG’s measuring precision. Conversely, the average
discrepancy was less than 0.14% for the main SD waves, in
which the discrepancy was 0.15% for wave M, and 0.24%
for wave S,.

The diagram comparing the amplitude factors for sev-

eral main waves in the D and SD bands after oceanic load-
ing correction is shown in Fig. 5. We found that the am-
plitude factors did not have remarkable difference for the
stations in the Tibetan Plateau as in Lhasa and Lijiang, and
it was only at the level of 0.1% or less for most tidal waves.
These factors, however, were significantly larger than those
obtained in Wuhan. The analysis showed that in the D band,
the amplitude factors were 0.25% (Lhasa) and 0.30% (Liji-
ang) larger than those measured in Wuhan, on average. For
example, for wave O,, the amplitude factor was about 0.31%
(Lhasa) and 0.23% (Lijiang) larger than that in Wuhan, and
for wave K, it was about 0.32% (Lhasa) and 0.37% (Liji-
ang) larger than that in Wuhan. In the SD band, the ampli-
tude factors were 0.61% (Lhasa) and 0.48% (Lijiang) larger
than those measured in Wuhan, on average. As an example,
for wave M,, the amplitude factor was about 0.41% (Lhasa)
and 0.43% (Lijiang) larger than that in Wuhan, and for wave
S,, it was about 0.21% (Lhasa) and 0.16% (Lijiang) larger
than that in Wuhan.

As we know, the main tidal waves O,, K, M,, and S,
have the highest signal-to-noise ratios, and the observations
for wave S, may also have been contaminated more or less
by solar heating radiation. The mean gravimetric amplitude
factors of O,, K,, and M,, retrieved in Lhasa and Lijiang
were about 0.27, 0.34, and 0.42% larger, respectively, than
those measured in Wuhan. The mean difference was about
0.34%, which we regarded as a local influence of the Tibet-
an Plateau. Of course, these finding may reflect the compre-
hensive effects resulting from an elastic property of an ex-
tremely thick crust, the complicated structure in the regional
lithosphere, and the strong heterogeneity and anisotropy of
the medium.

5. DISCUSSION AND CONCLUSIONS

To study the regional response of the Tibetan Plateau
to tide-generating forces, we used two-year continuous tidal
gravity measurements recorded by SGs at three stations in
China, Lhasa located in the central-southern area of the Ti-
betan Plateau; Lijiang, located in the eastern-southern edge
of the Tibetan Plateau; and Wuhan, located in the plain,
a central Yangzi platform and far away from the plateau.
We accurately scaled all of the SGs by comparing the mea-
surements with FGS5 at a scaling precision as of better than
0.06%. The determined precision of tidal gravity amplitude
factors was better than 0.05% for the main tidal waves and
was better than 0.14% for the other tidal waves.

We considered the effects of atmospheric pressure on
tidal gravity observations. The results indicated that these
effects are significantly different between the station in the
Tibetan Plateau (Lhasa and Lijiang) and the station in the
plain (Wuhan). The barometric pressure change behaved
mainly as short-period vibrations in D and SD bands in all
three stations, but it also behaved mainly as annual variations
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of a large magnitude in Wuhan. We found that the baromet-
ric gravity admittance showed an increasing tendency with
station altitude. After we removed pressure influence, the
standard deviation of tidal gravity decreased significantly.

Considering the global oceanic models and regional
models near China, the oceanic gravity loading signals was
in arange from 0.2 - 1.9% of the amplitude of the tidal grav-
ity waves in Wuhan, but they were much lower in Lhasa and
Lijiang. After removing these loading effects, the gravimet-
ric amplitude factors measured in Lhasa decreased by about
0.3% on average, and decrease significantly by about 1.2%
on average in Wuhan.

We found that no significant differences existed in
the amplitude factors measured in Lhasa and Lijiang, but a
relative remarkably difference was found when compared
with the factors measured in Wuhan. The mean gravimet-
ric amplitude factors of waves O,, K;, and M, were about
0.27,0.34, and 0.42% larger than those measured in Wuhan,
respectively. The tidal gravity anomaly was about 0.34%,
which we regarded as a local phenomenon unique to the
Tibetan Plateau.

Previous studies have shown that following the colli-
sion between the India Plate and Eurasia Plate, deep sub-
stance began to adjust and move. This resulted not only in

Table 3. Oceanic loading vectors and gravimetric parameters after removal of oceanic loading effects.

Lhasa Lijiang Wuhan
e wGah A0) o A¢(C) |L@Ga) i() o  A¢(C) |LmGa) i() o Ap() o*
Q 0.04920 44.18 1.15852 -0.09 | 006320 -7.30 1.15903 -0.12 | 0.13540 -532 1.15408 -0.13 1.15410
0O, 0.12454 3323 1.15711 -0.12 | 0.26481 -25.62 1.15609 -0.17 | 061361 -10.64 1.15348 -028 1.15401
M, 0.00570  -7842 1.15330 -0.04 | 0.02020 -6891 1.16058 0.15 | 0.04480 -32.87 1.15316 0.08 1.15351
P, 0.03080 151.75 1.15152 -0.06 | 006730 -84.35 1.15169 -0.06 | 021340 -3523 1.14852 -0.09 1.14892
K, 0.17355 13562 1.13880 -0.10 | 0.12605 -92.76 1.13940 -0.15 | 0.58050 -26.46 1.13521 -0.24 1.13494
AR 0.01810 12009 1.16134 -0.35 | 0.00230 17487 1.16197 -023 | 0.02620 -30.51 1.15247 -031 1.15619
00, | 001830 106.16 1.16062 -0.67 | 0.00750 9331 1.15651 -058 | 001150 -6.67 1.16434 -195 1.15555
2N, | 0.02120 -88.38 1.17230 0.04 | 0.00990 -7443 1.16712 -0.21 | 0.02650 -8.64 1.16253 -0.15
Uy 001810 -92.61 1.16828 0.03 | 001290 -68.55 1.16625 -0.10 | 0.03260 -11.67 1.15567  0.12
N, 0.10940 -83.86 1.16349 -0.10 | 0.08510 -6327 1.16312 -0.08 | 0.18450 -22.00 1.15874 -0.17
v, 001880 -83.93 1.16210 -0.18 | 0.01540 -59.53 1.16125 -0.11 | 0.03550 -21.47 1.15971 -0.28
M, | 041411 -88.15 1.16262 -0.08 | 0.36386 -61.54 1.16283 -0.09 | 0.86334 -27.93 1.15787 -0.08 1.15610
L, 0.00700 -104.12 1.16303 -0.11 | 0.00680 -61.28 1.15741 -0.19 | 002120 -3426 1.14711 -0.21
T, 0.00640 -142.89 1.16784 -0.73 | 0.00320 -98.27 1.16800 -0.79 | 0.01660 -39.67 1.16254 -0.71
S, 0.14210 -14449 1.16131 -0.51 | 007549 -12345 1.16073 -0.50 | 0.24288 -4535 1.15886 -0.35
K, 0.03390 -147.76 1.16170 -0.27 | 0.01170 -124.48 1.16228 -0.28 | 0.07420 -29.82 1.15648 -0.19

Note: L and A are the oceanic loading magnitude and phase, 6 and A¢ are the amplitude factor and phase differences after loading effects are
removed, 0% stands for the gravimetric amplitude factor simulated theoretically by Mathews (2001), in which the modified preliminary
reference Earth model (M-PREM) is adopted and Earth’s rotation, ellipticity, and inelasticity are taken into account.
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Fig. 5. Comparison of the amplitude factors with Mathews’s theoretical model at stations Lhasa, Lijiang, and Wuhan.
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a shortening and thickening of the Tibetan Plateau, but also
in the lateral flow of the deep substance in the crust and up-
per mantle (Teng et al. 2012). On the basis of the stratified
velocity structure, especially the special layers beneath the
Tibetan Plateau and its adjacent areas, research results have
suggested that the crust beneath the Tibetan Plateau is very
thick. Therefore, a special deep process and geodynamical
environment exists beneath the hinterland of the Tibetan
Plateau and periphery.

Because of the SG’s advantages of high precision and
sensitivity, the tidal gravity observations surely have the po-
tential to distinguish miniscule characteristics in the Earth’s
regional tidal deformations. Because estimated accuracy of
the tidal gravimetric amplitude factors is better than 0.05%,
the results given in this study appear to have the potential
to reveal the influence of an unusual regional tectonic struc-
ture and lithosphere effective elastic thickness.

The tidal gravity observations in Wuhan, however, il-
lustrated the tidal deformation of a “mean Earth”. From our
numerical results and analysis, we found that the loading ef-
fects from oceanic and atmospheric tides should not be used
to explain differences in the gravimetric amplitude factors
obtained from the stations located in the Tibetan Plateau and
in the plain. Jiang et al. (2014) demonstrated that the effec-
tive elastic thickness in the central part of Tibetan Plateau
was 35 - 45 km, which was much larger than that in other
areas. Therefore, the altitudes of the SGs at the three sta-
tions and the thickness and elastic properties of the crust
and upper mantle must be responsible for these observed
anomalies. In other words, referring to the results given by
Shukowsky and Mantovani (1999), the lithosphere effective
elastic thickness in the Tibetan Plateau area does have a sig-
nificant influence on high-precision tidal gravity results.

To draw specific conclusions, however, further inves-
tigations are needed, including theoretical simulations of
the Earth’s deformation under the attraction of the celestial
bodies, in which the thickness and complicated structure un-
der the Tibetan Plateau should be considered. More accurate
estimations of these gravimetric parameters with longer ac-
cumulated SG observations also are necessary.
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