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Sumatra-Andaman Large Earthquake on Dec. 26, 2004 generated not only the Indian Ocean Tsunami
but also the Earth’s free oscillations (EFO). The signals of Earth’s free oscillations were perfectly re-
corded by the superconducting gravimeter C0-32 at Wuhan station in China. After the pre-treatment and
spectral analysis on the observational data from Wuhan station, we obtained more than ninety EFO
modes including 42 fundamental modes, 2 radial modes and 49 harmonic modes. On the basis of the
discussions on some observed harmonic modes and abnormal splitting phenomena, we considered
that the real rigidity might be lower than the theoretical prediction of PREM model in the inner core and
however the anisotropy of compressive wave was brightly higher than the present estimations in the
inner core. This suggested that the anisotropy of the inner core could be much more complicated than
our present understanding, and there might be some new geophysical phenomena in the formation

process of the inner core.

Sumatra-Andaman Large Earthquake, Earth’s free oscillations, superconducting gravimeter, abnormal spectral splitting, anisotropy of inner

core

There was Sumatra-Andaman Large Earthquake more
than 9.0 My, occurring in the Indian Ocean west of Su-
matra Island on Dec. 26, 2004, which has been one of
the largest earthquakes since 1964. The earthquake gen-
erated the Indian Ocean Tsunami roaring the coast of
Southeast Asia, at the same time it still excited the
Earth’s free oscillations (EFO). The observation of EFO
was not only helpful to determining accurately the am-
plitude of this huge earthquake, but also to providing a
precious chance for us to study the deep structure of the
Earth!'?.

The Earth’s free oscillations consist of two basic se-
ries: toroidal modes and spheroidal modes containing
the radial deformation of the Earth’s surface. Supercon-
ducting gravimeters (SG) are one kind of very reliable
and accurate instruments to investigate the vertical de-
formation of the Earth’s surface and the variation of the
Earth’s gravity field, which can catch the Earth’s gravity
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field variation within the period range from seconds to
years at very low noise level®. So SG has an excellent
capacity of checking the Earth’s free oscillations. It is
one of research contents of the Global Geodynamic Pro-
ject (GGP) and also an international frontier in the cor-
relative earth-science field that the EFO phenomena
were checked with SG**.

The accident of Sumatra-Andaman Large Earthquake
was accurately recorded by SG C0-32 at Wuhan station
under Institute of Geodesy and Geophysics, Chinese
Academy of Sciences. After the pre-treatment and spec-
tral analysis for the observational data, we obtained a
total of 93 EFO modes and the spectral splitting of 12
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EFO modes.

1 Observational data and pre-treatment

A more than 9.0 M, huge earthquake (95.95°E, 3.31°N)
occurred in the Indian Ocean west of Sumatra Island at
00:58:53 on Dec. 26, 2004 (UT). Stein and Okal'"
pointed out that the earthquake could arrive at 9.3 M, by
analyzing the observational recording of seismographs.
Park et al.'”! considered that the amplitude of the earth-
quake is about 9.15 M,, by the comprehensive discus-
sions on the observations from strainmeters, long-period
seismographs and superconducting gravimeters. In gen-
eral, the Sumatra-Andaman Earthquake has been one of
the largest earthquakes in the globe since 1964. The su-
perconducting gravimeter (SG) No.C0-32 was set up in
the geodynamic observation station of the Jiufeng
Mountain nearby Wuhan City in 1997, which belongs to
Institute of Geodesy and Geophysics, Chinese Academy
of Sciences. The observational data were recorded by
the instrument depending on a set of highly accurate
digital collection systems and with the sampling time
signals provided by GPS clock. The sampling ratio is 10
seconds for both gravity values and the pressure values.
The calibration of the SG C0-32 was realized by the
same address observation of several absolute gravime-
ters (FGS5). The calibration value of SG CO0-32 is
-84.6550 10°M-S/mV!®. Because most of EFO
modes usually last only several days, we can neglect the
influence of some long-period term variations in the
Earth’s gravity field such as polar migration. For the
check of the Earth’s free oscillations, the pre-treatment
of the SG data consists of the removal of gravity tides,
the correction of pressure effect and the appraisal of ob-
servational background noise.

The removal of gravity tides can be theoretically re-
alized by the computation of synthetic tides, but it needs
several years of observation data to determine accurately
the tidal parameters”’ *\. So the former researchers ['~'%
usually removed the tidal signals from the observational
data with digital filters instead of the calculation of syn-
thetic tides. In view of possible abasement of some
low-class mode and unsatisfied frequency-phase char-
acteristics of some digital filters, we have adopted the
method of fragmental polynomial fitting to remove the
gravity tides!"*). This process includes twice polynomial
fittings, the first fitting is of 20-class polynomial and the
second is of 10-class polynomial. The optimal passage

length is about a half day for the fragmental polynomial
fitting, the gravity tides were removed fully from the
observational SG data, at the same time, the low-class
and high-class EFO modes were excellently kept in the
observational residuals of SG data!*!.

The second step of pre-treatment was the correction
of pressure effect. Although it is complex to directly
consider the effect of atmosphere variation on the grav-
7 found that

the correction of pressure effect could be simply ex-
pressed as the multiplication of the pressure variation

ity observation at station, some scholars!

AP and an atmospheric gravity admittance A, and their
investigations showed that it could gain high accuracy to
apply the atmospheric admittance to the correction of
pressure effect. Sun!"™ gained the theoretical atmosphere
admittance at Wuhan station (A = —0.3603 pGal/ hPa) by
the computation of atmospheric gravity Green’s function.
Xu et al.["”! got the experimental atmospheric admittance
(A=-0.307 pGal/hPa) by the analysis of the observa-
tion data of SG C0-32. Luo"®” simulated the atmospheric
gravity effect at Wuhan station with the global tempera-
ture and pressure data, and got an atmospheric admit-
tance: A=—-0.336 pGal/hPa. We have adopted some dif-
ferent admittance values from —0.3603 pGal/hPa to
—0.307 pGal/hPa, there was only small discrepancy
among these admittances. Our experiments showed that
it was suitable to adopt the admittance value A=-0.326
pnGal/hPa for the correction of pressure effect at Wuhan
station. Ziirn et al.*"’and Van Camp!"" considered that
the background noise below 1.2 mHz could be effec-
tively decreased by the correction of pressure effect;
however, our results showed that it was only below 0.8
mHz that the check of EFO signals was clearly im-
proved by the correction of pressure effect at Wuhan
station. In fact, the EFO signals have already been the
main element of the observational residuals after the
removal of gravity tides and the correction of pressure
effect, the amplitude of which showed a temporal decay
with the exponential form!'*),

The SG observation noise is so complicated that we
cannot have an analytic method to describe directly it
during EFO'". The SG observation noise mainly in-
cludes the observation noise of instrument itself and the
local background noise around SG station. Banka'*?
introduced a method of the noise magnitude of earth-
quake (abbrev: Mn method) to estimate the observation
noise of SG, in which Banka took the observational-
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residuals spectrum in the frequency range of 1.67—9.9
mHz as a part of the observation noise spectrum of SG;
however in fact, there were the abundant spectral peaks
of EFO modes in this frequency range. For this reason,
we introduced a new method to simulate the observation
noise of SG with the observational residuals in the quiet
earthquake period before and after a large earthquake.
Sumatra-Andaman Large Earthquake was so huge that it
was still not quiet after the earthquake, so we adopted
the observational residuals in the quiet period before the
earthquake as the simulation of the observation noise of
SG C0-32. Applied Fast Fourier Transform (FFT) to the
observational residuals, we gained the simulated noise
spectrum (abbrev: SNS) of SG observation. Although
SNS is not equal to the real noise spectrum of SG C0-32
during EFO, it is reasonable and effective to describe the
real noise spectrum during EFO, because it is a case that
the observation noise of SG itself is very stable and the
local noise around station can have only a small change
in a short time. In Figure 1(a), we show the simulated
observation noise of SG C0-32. To provide a convenient
evaluation for the reliability of observed EFO modes, we
used the average value of SNS in a narrow frequency

Background noise spectrum of SG C0-32

I 2 3 4 5 6
Frequency (10~ Hz)
EFO FFT-han spectrum checked by SG C0-32

(b)

PSD (1071 M*-$7

10 i
0 [ 2 3 , 3 6

Frequency (107 Hz)
Figure 1 The simulated observation noise of SG C0-32. Horizontal
ordinate is frequency, vertical ordinate is power spectral density. (a) The
background noise spectrum of SG C0-32 at Wuhan station before Suma-
tra-Andaman Large Earthquake; (b) the power spectrum of EFO signals
excited by Sumatra-Andaman Large Earthquake.

range covering a mode to describe the noise level nearby
this mode and it was marked as NLMODE[M].

2 Spectrum analysis and check of
Earth’s free oscillation

The former scholars have applied three kinds of spectral
analysis methods to catch the signals of the Earth’s free
oscillations, which included Fast Fourier Transform
(FFT)!'*!1 wavelet analysis!'?! and maximum entropy
spectrum“’m. The maximum entropy spectrum can pro-
vide a very high frequency resolution, however it is only
suitable for the continuous stable signals. The wavelet
analysis has an excellent temporal resolution on the ob-
servational signal, while FFT can provide a good fre-
quency resolution on the EFO signals. Because our fo-
cus was on the accurate check of EFO frequencies, we
applied FFT to the observational residuals for checking
EFO signals, which is also convenient for the estimation
of Signal-to-Noise Ratio of observed EFO modes. In
Figure 1(b), we show the spectral peaks of EFO modes
excited by Sumatra-Andaman Large Earthquake. The
checked EFO signal was a passage of observational re-
siduals of about 112.2 hours, so the frequency-resolution
ratio (FRR) of FFT was approximately equal to
2.6x10°Hz for EFO spectral peaks. The Signal-to-Noise
Ratio (SNR) of an EFO mode was defined as a rate be-
tween the spectral peak value of a mode and the NLyiopg
covering the mode. If SNR value of a checked EFO
mode was more than 3.0, we considered it as the be-
lievable and adopted mode. In total, we have obtained
94 EFO modes including 42 fundamental modes, 2 ra-
dial modes and 49 harmonic modes.

We provide the observed 42 modes in Table 1, and the
theoretical predictions of PREM model (http://www-
gpi.physik.uni-karlsruhe.de/pub/widmer/Modes/modes.h
tml MINOS Program) are also listed as a comparison.
All basic modes were checked except (Ss;; and (S43
modes in the fundamental mode series from ¢Sy to (S4s.
Apart from ¢Sz, 0535, 0541 and (S44 modes, the other
checked basic modes had no more than a multiple of
FRR discrepancy from the theoretical predictions. There
were two reasons to explain why the four modes occupy
the larger discrepancies from the theoretical predictions.
The first possible explanation was that the four modes
may have some nodal lines nearby Wuhan station, so
their spectral peaks have small amplitudes and low SNR.
The other reason may originate from a zone with
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Table 1 Comparison between the checked 42 fundamental and the theoretical predictions of PREM model, as well as the checked 2 radial modes

Basic modes 0So 05, 0Ss 0S4 0Ss 0S6 0S7 0S8 0So 0Si0
Observation (10’3Hz) 0.8145 0.3095 0.4687 0.6474 0.8393 1.0386 1.2304 1.4112 1.5770 1.7256
PREM (10’3HZ) 0.8143 0.3093 0.4686 0.6471 0.8404 1.0382 1.2318 1.4135 1.5783 1.7265
Basic modes oSn 0Si2 0S13 0Sia 0Sis 0S16 0S17 0Sis 0S19 0S20
Observation (10’3Hz) 1.8642 1.9905 2.1143 2.2331 2.3470 2.4609 2.5698 2.6763 2.7778 2.8793
PREM (10’3HZ) 1.8624 1.9904 2.1129 2.2314 2.3464 2.4582 2.5671 2.6733 2.7770 2.8784
Basic modes 0521 052 0523 0524 0525 0526 0S27 0528 0529 0S30
Observation (10’3Hz) 2.9783 3.0749 3.1714 3.2655 3.3621 3.4561 3.5453 3.6344 3.7235 3.8176
PREM (10’3Hz) 2.9777 3.0753 3.1713 3.2659 3.3659 34519 3.5437 3.6348 3.7253 3.8155
Basic modes 0Ss31 0S5 0533 0S54 0 S35 0S36 0S37 0S38 0S39 0S40
Observation (10’3Hz) 3.9067 3.9983 4.1716 4.2583 4.3548 4.4415 4.5281 4.6222 47113
PREM (10’3Hz) 3.9054 3.9950 4.1739 4.2632 4.3525 4.4418 4.5312 4.6206 47101
Basic modes 0S4 0S4 0S4 0S4 Radial modes 1So 4So
Observation (10~°Hz) 4.7930 4.8896 5.0654 Observation (10~°Hz) 1.6315 4.1097
PREM (10’3HZ) 4.7997 4.8893 5.0690 PREM (10’3Hz) 1.6313 4.1058

strong lateral heterogeneity in the upper mantle, which
had an effect on the frequencies of these observed
modes. We observed three radial modes including Sy,
150 and 4So. Among them, the (So mode could be looked
on as a fundamental mode too, and the Sy and 4Sg
modes are listed after (S44 mode in Table 1. The SNR of
1So and 4SSy mode separately reached 33.0 and 5.0, so the
1So mode agreed with the PREM model better than 4S,
mode, yet the discrepancy of 4Sy mode was still no more
than 2 multiples of FRR.

In general, shallow-focus earthquakes mainly gener-
ate fundamental EFO modes,
Andaman Large Earthquake was so huge that it excited
not only fundamental EFO modes but also abundant
harmonic modes. We observed a total of 49 harmonic

however Sumatra-

modes excited by Sumatra-Andaman Large Earthquake.
The checked harmonic modes are provided in Table 2, as
the reference, we listed the theoretical predictions of
PREM model*"! provided by MINOS Program. The ex-
citation of EFO modes presented an unbalanced distri-
bution in different degrees, Sumatra-Andaman Large
Earthquake fully excited the 1-degree (9 modes),
5-degree (8 modes) and 7-degree (7 modes) harmonic
modes. Among the checked harmonic modes, six modes
(including 587, 5814, 9S4, 7810, 7Sl3 and 1281) had 1.7 mul-
tiples of FRR about 4.0x10™°Hz discrepancy from the
theoretical predictions of PREM model, especially 7S,
7313 and 1,S; modes separately occupied the discrepan-
cies of —9.4x107° Hz, ~7.4x10°° Hz and 7.5%107° Hz
according to about 3 multiples of FRR from PREM
model. It showed that the checked modes were reliable
that the three modes respectively occupied the SNR
values of 13.2, 5.0 and 5.7.

On the basis of the displacement field of EFO modes,
Prof. Gilbert and Prof. Masters at the University of
California, San Diego calculated the distributions of
elastic-wave energy density of EFO modes (http://www-
gpi.physik.uni-karlsruhe.de/pub/widmer/Modes/modes.h
tml MINOS Program) within the Earth, which consisted
of compressive-energy and shear-energy density distri-
bution for spheroidal modes. This kind of elastic-wave
energy distribution was usually called the kernel func-
tions of EFO modes, because they directly mirrored the
sensitivity of EFO modes to the elastic parameters of
media in the different depth in the Earth. The kernel
functions of some modes (including (S»4, 12S1, 1S4, oS3,
8Ss, 1052, 135, and ;S;3) were provided by MINOS Pro-
gram and are presented in Figure 2. The elastic-energy
density of ¢S4 mode is higher in the upper mantle and
the crust than in other layers, therefore ¢S,4 mode is sen-
sitive to the elastic parameters in the upper mantle and
the crust, and this kind of EFO modes is called ‘sur-
face-wave equivalent’ modes. As the similar reason, S,
1S4 and (S; modes are sensitive to the shear-wave pa-
rameters in the mantle, and they is usually called
‘mantles-equivalent’ modes. The propagation of §Sg
mode has reached the outer core, so it is often called
‘PKP-equivalent’ mode, and ;S;¢ is a similar mode. ¢S,
and 135S, modes are usually called ‘PKIKP-equivalent’
modes, because their propagations have arrived at the
inner core. The shear-energy density of oS, mode is
high in the top of the inner core as well as the compres-
sive-energy density of 135, mode. The role that the ani-
sotropy of the inner core played in the spectral splitting
of 10S; and 13S; modes was more important, compared
with the effect of the anisotropy of the outer core and the
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Table 2 Comparison between the checked 50 harmonic modes and the theoretical predictions of PREM model

1-degree 1S, 1S4 1 S6 1S7 1 Ss 1So 1Si8 1S 1S2
Observation (10’3Hz) 0.6808 1.1747 1.5251 1.6538 1.8023 1.9657 3.6418 4.2310 5.2387
PREM (10’3HZ) 0.6799 1.1729 1.5220 1.6555 1.7993 1.9637 3.6449 4.2344 5.2393
2-degree 2S; 2S, 2Ss 2S¢ 2516
Observation (10’3Hz) 1.2453 1.3765 1.5127 1.6835 3.4438
PREM (10’3HZ) 1.2422 1.3792 1.5149 1.6808 3.4435
3-degree 35 35, 358 3S1s 3521
Observation (10’3Hz) 0.9457 1.1029 2.8199 3.8126 4.7732
PREM (10’3Hz) 0.9440 1.1062 2.8196 3.8105 4.7726
4-degree Sy 4So 4S9
Observation (10’3HZ) 1.7206 3.7087 5.2065
PREM (10’3Hz) 1.7223 3.7087 5.2065
5-degree 5S4 5Ss 557 5Sg 5Su 5813 5S14 N
Observation (10’3HZ) 2.3780 2.7035 3.2952 3.5279 4.4588 49218 5.1322 5.3303
PREM (10’3Hz) 2.3795 2.7034 3.2908 3.5257 4.4566 4.9244 5.1368 5.3301
6-degree 6S;3 6S7
Observation (10’3Hz) 2.8248 3.5502
PREM (10°Hz) 2.8217 3.5526
7-degree 7S5 756 757 758 7510 781 7513
Observation (IO’SHZ) 3.6616 3.9612 4.2360 4.4489 4.7584 49143 5.2808
PREM (10’3HZ) 3.6598 3.9587 4.2379 4.4526 4.7678 49169 5.2882
8-degree sSi 8Ss 8 Ss
Observation (10~°Hz) 2.8719 4.1667 4.4316
PREM (10’3HZ) 2.8734 4.1662 4.4352
9-degree 9 S, 9S4 9 S,
Observation (1 0’3Hz) 3.2284 3.8721 4.8673
PREM (10’3HZ) 3.2318 3.8780 4.8726
More than 10-degree 10S, 10Ss 1Ss 12S) 13S, 13S3
Observation (10’3Hz) 4.0355 4.4687 5.0728 4.3078 4.8475 5.1941
PREM (10’3HZ) 4.0323 4.4698 5.0744 4.3003 4.8453 5.1938

large-scalar heterogeneity of the mantle. So ¢S, mode is
sensitive to the shear-wave parameter in the inner core,
while 13S; mode is susceptible to the compressive-wave
parameter in the top of the inner core. 7S5 is a suscep-
tive mode of the shear-wave parameter in the top of the
inner core, however the amplitude of ;S;3 mode was of-
ten too low to observe. A kind of EFO modes like 1(S,,
13S, and ;S;;3 were also called ‘inner core sensitive’
modes, which were usually applied to the investigation
of the deep structure of the Earth.

The checked 1,S; mode had a higher frequency than
the theoretical prediction and it was sensitive to the
shear-wave velocity of some layers in the mantle, which
suggested that these layers might have a higher
shear-wave velocity than PREM model ! in the mantle.
It was difficult for us to judge whether the observed 7S¢
mode mainly mirrors the elastic parameters in the lower
mantle or the upper mantle, because 7S,y mode was a
sensitive mode of the shear wave in the lower mantle
and the compressive wave in the upper mantle. 7S;
mode is hypersensitive to the shear-wave velocity in the

top of the inner core, which can provide us a valuable
way to investigate the characteristics of the Earth’s deep
structure. However it was very difficult for us to observe
usually. The checked ;S;3 mode had a lower frequency
than the prediction of PREM model and even much
lower than that of CORE II model™®!, which suggested
that the shear-wave velocity was clearly lower than the
prediction of present models, in other words, the real
rigidity might be lower than the present theoretical esti-
mation in the top of the inner core.

3 Check of EFO spectral splitting and
discussions

EFO modes produce the spectral splitting phenomena
instead of the spectral degeneration®® because of the
effect of the Earth’s rotation and ellipticity, at the same
time, the spectral splitting phenomena of EFO modes are
also created by the anisotropy of the inner core and the

[27.28

lateral heterogeneity in the mantle 1. So the splitting

phenomena of EFO can provide a valuable way to in-
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Figure 2 The kernel functions of some modes. Elastic-wave energy density is the function of radius in the Earth, and the energy has been normalized so
that the total elastic-wave energy of a mode is unity. Shear-energy density (solid line) and compressive-energy density (dashed line) for selected spheroidal
modes. Horizontal ordinate is the normalized radius (radius = 1 is surface), vertical ordinate is normalized elastic-wave energy density (abbrev: Normalized
EWED). (a) ¢S24 mode; (b) 1S, mode; (¢) 1S4 mode; (d) oS; mode; (e) sS¢ mode; (f) 1S, mode; (g) 135S, mode; (h) 7S;; mode.

vestigate the deep inner structure of the Earth and its
geodynamics mechanics™>>". Woodhouse et al.”" in-
troduced the splitting function of EFO modes to study
the anisotropy of the Earth’s inner core. Giardin et al.P?,
He and Tromp™ and Ishii et al.”*® separately applied
the abnormal splitting phenomena to the study of the
Earth’s deep construction. Laske & Masters™*! discussed
the anisotropy and the difference rotation of the inner
core by analyzing the abnormal spectral splitting of
EFO.

On the basis of the excellent theoretical work pro-
vided by Dahlen et al.”® the mature theory had been
built to study the spectral splitting of EFO effected by
the Earth’s rotation and ellipticity, so we can compare
the observed spectral splitting phenomena with the
theoretical predictions of some Earth’s models such as
PREM model®¥. Every splitting mode consists of two or
more than two splitting peaks. The observed splitting

914

width of an EFO mode is the difference frequency be-
tween the highest-frequency peak and the lowest-
frequency peak and it is marked as Wop. The theoretical
splitting width of an EFO mode can be calculated on the
basis of PREM model with the effect of the Earth’s rota-
tion and ellipticity[%’ 32]
convenience of splitting analysis, some researchers!
adopted a ratio value between the observed splitting
width Wy, and the theoretical splitting width Wy, as the
splitting ratio, which was marked as R and used to
evaluate the splitting phenomena of EFO modes usually.

The dW value is the difference frequency between the
observed splitting width Wy, and the theoretical splitting
width Wy,, which describes the contribution of both the
anisotropy of inner core and the lateral heterogeneity in
the mantle to the spectral splitting of EFO™*?]. In gen-
eral, W was brightly smaller than Wy, the effect of the
Earth’s rotation and ellipticity, so R values usually ap-

and it is signed as Wy, For the
29,32]
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proached 1, this kind of EFO splitting phenomena was
often called the normal spectral splitting of EFO
modes ', Masters et al.C’” found that some EFO
modes occupied the dW values close to their Wy, values,
even dW values of a few modes went beyond the Wy,
values. This meant that the R values of these modes
were larger than 1.0 and even exceeded 2.0, and sug-
gested that it was not neglected for some EFO modes to
consider the effect of anisotropy of inner core and the
lateral heterogeneity of the mantle. This kind of EFO
splitting phenomena was usually called the abnormal
spectral splitting of EFO modes. The former investiga-
tions*®**** showed that the abnormal splitting phe-
nomena mainly focused on the inner core sensitive
modes, and most of abnormal splitting phenomena could
be explained by the cylindrical anisotropy of the inner
core. The dW values of these sensitive modes had some
kind of proportion relationship with the anisotropy
strength of the inner core[zg], in other words, the R val-
ues were also proportional to the anisotropy strength of
the inner core. So the larger the R values of sensitive
modes are, the stronger anisotropy it means in the inner
core. On the contrary, the weaker anisotropy it means in
the inner core.

Many splitting EFO modes were excited by Suma-
tra-Andaman Large Earthquake, we have investigated
the splitting phenomena of 12 EFO modes including (S,,
053, 152, 154, 157, 2S6, 352, 554, 555, 1052, 1352 and 13S; in
this paper. The observation results of these modes are
listed in Table 3, and the splitting peaks of 4 modes are
shown in Figure 3. All peaks of these splitting modes
possessed the SNR values of more than 3, which showed
that it was reliable for the check of these splitting modes.
Among those 12 splitting EFO modes, there were 9
modes (including ¢S;, ¢S3, 1S2, 154, 157, 256, 352, 554 and

sSs mode ) with the R values approximately equal to 1,
which were considered as the normal splitting mode.
1052, 135, and [3S;3 modes were considered as the abnor-
mal splitting modes, because their R values were clearly
larger than 1.0 or even beyond 2,08 The splitting
width of ¢S, mode is susceptive of the shear wave in the
top of the inner core, while the splitting width of 3S;
mode is sensitive to the compressive wave in the top of
the inner core as well as ;3S; mode. So the larger the R
values of sensitive modes were, the stronger anisotropy
it meant in the inner core. Laske and Masters™"! investi-
gated the anisotropy of the inner core by analyzing the
abnormal splitting of sensitive modes, and provided the
important constraint of the difference rotation of the in-
ner core. There have not been the former example for
the observation of sensitive modes and their splitting in
China so far, we first observed three sensitive modes and
their spectral splitting excited by Sumatra-Andaman
Large Earthquake in this paper.

Giardini et al.®’? at the Harvard University investi-
gated the splitting ratio R of some EFO modes with the
observational data of long-period seismographs, which
were very accurate and often referenced by the others,
their R values were separately equal to 3.45, 2.40 and
1.74 for 19S5, 13S, and 13S;3 modes. Our observed R val-
ues were respectively equivalent to 1.98, 3.72 and 2.32
for the three modes. There is a clear difference between
our observational results and the former results®” for
105, mode, our checked R value (1.98) was brightly less
than the former observation (3.45), it meant that the
shear-wave anisotropy in the inner core might be lower
than the former estimation provided by Giardini et al.**,
which was basically consistent with our result discussed
in the former chapter that the rigidity in the inner core
might be lower than the theoretical prediction of PREM.

Table 3  Spectral splitting of 12 EFO modes checked by superconducting gravimeter C0-32 at wuhan station

Modes oSz 0S3 1S2 154 1S7 2S¢ 3S, 5S4 5Ss 1052 1352 1353
(Ll%vfls_;'zgreq“emy 02996 04605 06759 1.1611 1.6484 1.6786 1.0992 23742 27110 4.0354 48376  5.1892
SNR 663 1662 6.0 380 1020 110 455 112 1327 36 7.9 12.0
g‘og,};f;;freq“ency 03194 04753 0.6858 1.1809 1.6612 1.6860 1.1067 23817 2.7085 4.0429 4.8624 52015
SNR 60.1 3133 105 3682 919 274 465 83 2244 125 63 72
Wy (10 Hz) 198 148 9.9 198 128 74 75 75 75 75 248 17.3
Wi (107 Hz) 1948  13.05 1143 1833 13.15 728 649 682 824 379 666 7.47
dW (107 Hz) 032 175 153 147  —035 012 101 068 074 371  18.14 9.83
R 107 113 087 108 097 102 116 110 091 198 372 232

W,p is the observed splitting width of an EFO mode, Wy, is the theoretical splitting width of an EFO mode with the effect of Earth’s rotation and elliptic-
ity based on PREM model®***! | dW = Wq, — Wyy; splitting ratio of an EFO mode is described as R = Woy/Wip.
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Figure 3  Splitting peaks of some EFO modes checked by SG C0-32. Horizontal ordinate is frequency, vertical ordinate is power spectral density. (a) oS,

mode; (b) ¢S; mode; (¢) 10S, mode; (d) 13S, mode.

However, our observed R values (3.72 and 2.32) were
separately much larger than the former observation val-
ues (2.40 and 1.74)[32] for 13S, and 13S; modes, which
manifested that the compressive-wave anisotropy in the
top of the inner core was not only very strong but also
brightly higher than the former estimations. At present
the researchers™" **! generally believed that the anisot-
ropy of the inner core was originated from its rotation
and presented a kind of cylindrical anisotropy. The
shear-wave anisotropy should be in agreement with the
compressive-wave anisotropy for the cylindrical inner
core, so there was a noticeable contradiction between the
observed shear-wave anisotropy and the checked com-
pressive-wave anisotropy in the top of the inner core.
This suggested that the anisotropy of the inner core
could be much more complicated than what is known to
us at present, and there might be some new geodynamic
mechanics during the formation of the inner core.

4 Conclusions and discussions

4.1 Check of fundamental and harmonic EFO modes

The accident of Sumatra-Andaman Large Earthquake
was accurately recorded by the superconducting gra-

916

vimeter C0-32 at Wuhan station. After the process and
analysis on the observation data of SG C0-32, we caught
in total 93 EFO modes consisting of 42 fundamental
modes, 2 radial modes and 49 harmonic modes. It was
the first time that the harmonic mode series were sys-
tematically observed by SG, which provided the funda-
mental observation results for the investigation of the
deep inner structure of the Earth.

4.2 Check of EFO splitting phenomena and discus-
sions on the anisotropy of the inner core

By analyzing the splitting phenomena of EFO modes
excited by Sumatra-Andaman Large Earthquake, we
clearly caught the spectral splitting of 12 modes, espe-
cially the abnormal spectral splitting of 10S,, 13S; and
13S3. On the basis of the discussions of some sensitive
modes and abnormal splitting phenomena, we consid-
ered that the observed shear-wave anisotropy in the in-
ner core was lower than the former estimation!® 2], how-
ever the compressive-wave anisotropy in the inner core
was higher than the former estimation””!. This implied
that the anisotropy of the inner core was very compli-
cated, and there might be some new geophysical phe-
nomena in the formation process of the inner core.
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