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Abstract

The mode serials of the Earth’s free oscillation provide some important information on the Earth’s

deep structure and superconducting gravimeters (SG) can investigate the phenomena of the Earth’s free oscilla-

tions with high accuracy. The great Sumatra-Andaman earthquake fully excited the Earth’s free oscillations and

these signals were perfectly recorded by five superconducting gravimeters in the globe. After the pre-treatment

and spectral analysis on the SG observation data, we obtained the experimented mode serials of the Earth’s free

oscillations consisting of 147 modes with GGP station data. These observed modes were themselves some new

important data for the study of the Earth’s deep structure. On the basis of the discussions on some checked

inner-core-sensitive modes, we distinguished three layers from the inner core, and the boundary of the upper

layer was compatible with the formerly known transition zone in the inner core based on seismic body waves and

supported that there were the hemispherical variation and very lower shear velocity zone in the lower inner core.
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1 Introduction

The Earth’s free oscillations (EFO) are usual-
ly excited after some large earthquakes. In 1961, the
EFO phenomenon was first observed separately with
the strainmeter (Benioff et al., 1961) and with spring
gravimeter (Ness et al., 1961), which opened formally
the prologue of academic EFO subject. The EFO phe-
nomena provides a valuable path independent of seismic
body waves to investigate the Earth’s deep structure
(Fu et al., 1985; Garland, 1979; Widmer et al., 1991),
by comparing the experimented EFO modes with the
theoretical predictions basing on the Earth’s known
construction. The EFO modes have two basic cate-
gories: spheroidal modes and toroidal modes. As the
spheroidal modes can propagate in the whole Earth, it
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provides a window to look into the Earth’s deep con-
struction (Garland, 1979; He and Tromp, 1996). So it is
still an important aspect for the EFO research to obtain
accurately the experimented mode serials at present.
Derr (1969) investigated the spheroidal modes with
spring gravimeters and Dziewonski and Gilbert (1972)
presented the classic paper on the observation of EFO
modes with the long-period seismographs. Dziewonski
and Anderson (1981) provided the famous preliminary
reference Earth model (PREM) based on many kinds
of observation data. The mode serials of experiment-
ed spheroidal EFO are mainly determined by the long-
period seismographs or spring gravimeters before the
1980s. As the superconducting gravimeters (SG) came
into being in 1980s, people gained a new kind of mod-
ern measure technique to investigate the small vertical
deformation of the Earth’s surface and the gravity field
variation in the period range from seconds to years in-
cluding the EFO signals with high accuracy. So it is
also one of research contents of the Global Geodynam-
ic Project (GGP) to investigate the EFO phenomena
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(Crossley and Hinderer, 1995). Some researchers have
studied the EFO phenomena with SG instruments and
checked the splitting peaks of the gravest EFO mode
with SG observation data (Van Camp, 1999; Neumeyer
et al., 2002; Lei et al., 2002a, b, 2007; Rosat et al., 2004,
2005).

The great Sumatra-Andaman earthquake was one
of the largest earthquakes since 1964 and fully excited
the Earth’s free oscillations, which provided a precious
chance to study the deep structure of the Earth. We
obtained a total of 147 EFO modes with SG instru-
ments at five GGP stations, and they were a new group
of observation mode serials of EFO which help to con-
strain the Earth’s deep structure. By the analysis on the
checked core-sensitive modes, we presented some com-
plex constructions with three distinct layers and strong
hemispherical variation in the inner core, which is com-
patible with the former observation results obtained by
Song and Helmberger (1998) and Sun and Song (2008)
based on the travel time data of seismic body wave.

2 Observation data

Nearly all SG instruments were produced by the
GWR Corporation in USA. The key parts of SG instru-
ments are small superconducting hollow sphere and su-
perconducting coils at the very low temperature shield-
ed from surrounding magnetic field. The small super-
conducting sphere is always floating in the stable mag-
netic field produced by the superconducting electric cur-
rent. If there was a little variation of the gravity field
or small deformation of the Earth’s surface, the super-
conducting sphere’s position would change and be ac-
curately recorded with an advanced response system.
The observation accuracy of SG instruments can arrive
at the magnitude of 1.0x107% m/s%. The Globe Geo-
dynamic Project (GGP) is an international cooperative
project to research all kinds of the geophysical and geo-
dynamic phenomena by employing the continuous and
synchronous observations of SG instruments located in

Table 1 Some information on five GGP stations

the whole globe (Crossley and Hinderer, 1995; Rosat et
al., 2004).

The great Sumatra-Andaman earthquake on De-
cember 26, 2004 was one of the largest earthquakes s-
ince 1964, which not only generated the Indian Ocean
tsunami but also excited the EFO. As people are very
interested in this large earthquake, many GGP research
groups provided two months of the SG data on the GGP
website (http://www.eas.slu.edu/GGP /sumatra.html).
The SG data files are given in two formats (1 minute and
seconds sampling) and listed separately in two directo-
ries. We adopted the SG observation data coming from
five GGP stations: Wuhan station in China, Canber-
ra station in Australia supported by Japan, Strasbourg
station in France, Bad Homburg station and Wettzell
station in Germany. As there are two probe spheres for
the double sphere SG instruments at Bad Homburg sta-
tion and Wettzell station, they can provide two groups
of recording serials at one SG station. The lower sphere
recording is usually the main recording serials with bet-
ter quality.

The GWR SG C032 was set up in the geodynam-
ic observation station of the Jiufeng Mountain near-
by 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 (Lei et al., 2002a).
The SG C032 was calibrated by the same address obser-
vation of several absolute gravimeters (FG5). The cal-
ibration value of SG C032 is —84.6550x107% m-s=2/V
(Sun et al., 2001). Although the calibration and sam-
pling of the other four SG stations should make use of
the similar method and technique, the calibration and
sampling ratio is still different at different SG station.
Some information on the five GGP stations are listed in
Table 1, which include the positions, height, instrumental

Station Lat. Long. Height SG model Cal. of SG Cal. of pressure Sampling
/°E /m (GWR) /(1078 ms=2.V~1) /(hPa-V~1) ratio/s
Canberra 35.32°S 149.01 762.75 Co031 —175.792 1.0 60
Strasbourg 48.62°N 7.68 180.00 C026 —79.200 22.2222 60
Bad Homburg 50.23°N 8.61 190.0 CDO030* —73.95 1.0 60
Wettzell 49.14°N 12.88 613.7 CD029* —T77.366 1.0 60
Wuhan 30.52°N 114.49 80 C032 —84.6550 557.254 20

Note: Both CD030 and CD029 are the double spheres superconducting gravimeters and this table presents these information on

the lower sphere of SG.
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models, sampling ratio, and the calibration values of
SG instruments and the calibration values of pressure
recordings.

3 Pretreatment of observation

data

The great Sumatra-Andaman earthquake gave out
so huge energy that the EFO modes were fully excited,
which were well recorded by strainmeters, long-period
seismographs and superconducting gravimeters (Stein
and Okal, 2005; Park et al., 2005). We investigated the
EFO phenomena excited by the large earthquake with
the observation data of five SG instruments. As EFO
modes usually last several days, the influence of some
long-period term variations such as polar migration may
be neglected. In order to investigate the EFO signals
recorded by SG instruments, the pre-treatment process
consists of three parts: the correction of gravity tides,
the correction of air pressure effect and the appraisal of
observational background noise.

The theoretical method is the computation of syn-
thetic tides based on accurate tidal factors for the cor-
rection of the gravity tides, however it needs several
years of observation data to determine the tidal param-
eters (Tamura, 1987; Xi, 1998; Xu et al., 2000). So the
former researchers (Van Camp, 1999; Neumeyer et al.,
2002) usually removed the tidal signals from the obser-
vational data with digital filters instead of the compu-
tation of synthetic tides. Considering some unsatisfied
frequency-phase characteristics of digital filters, we ap-
plied a kind of fragmentally polynomial fitting method
to the removal of gravity tides (Lei et al., 2002a). The
process includes two steps of polynomial fittings, the
first step fitting is of 20-class polynomial and the sec-
ond step is of 10-class polynomial. The optimal data
length is about a half day for the fragmental polynomi-
al fitting. After the correction of gravity tides, the tide
signals have been basically eliminated from the obser-
vational data, and all the EFO modes were perfectly
kept in the observation residual serials of SG data (Lei,
2003).

It is very complex to calculate directly the at-
mosphere variation effect on the station observation
for the correction of air pressure effect. Fortunately
a simple method (Farrell, 1972; Niebauer, 1988; Mer-
riam, 1992) was proposed to compute the correc-
tion of the air pressure effect, which could be sim-
ply expressed as the multiplication of the pressure
variation AP and atmospheric gravity admittance

A. Niebauer (1988) and Merriam (1992) showed this
method still occupied a high accuracy for the cor-
rection of pressure effect. Sun (1997) gained the
theoretical atmosphere admittance at Wuhan station
(A=-0.3603x1078 m-s~2/hPa) with the Green’s func-
tion computation. Xu et al. (1999) got the experimental
atmospheric admittance (A=-0.307x107% m-s~2/hPa)
by the analysis of the observation data of SG C032
at Wuhan station. We have tested some different ad-
mittance values from —0.3603x10~® m-s~2/hPa to
—0.307x107% m-s~2/hPa, there was only small differ-
ence between these admittances. So it was suitable to
adopt the average admittance value A=—0.326x10"8
m-s~2/hPa for the correction of pressure effect at
Wuhan station. Ziirn and Widmer (1995) and Van
Camp (1999) considered that the background noise be-
low 1.2 mHz could be effectively decreased after the
correction of pressure effect, however, Lei et al. (2002b)
showed that the correction of pressure variation pro-
duced an effect on the check of EFO signals only be-
low 0.8 mHz. As the atmospheric admittance is about
—0.30x107® m-s~2/hPa in the globe, we applied this
value to the correction of pressure effect for other sta-
tions. After the correction of gravity tides and pressure
effect, the EFO signals have become the main element
of the observation residual serials (Lei, 2003).

The SG observation noise is so complicated that
there was no analytic description method at present
(Van Camp, 1999). The observation noises of SG instru-
ments mainly include the noises of the SG instruments
themselves and the local background noise around the
SG station. Banka et al. (1998) introduced a method
of the noise magnitude of earthquake (abbrev: Mn
method) to estimate the observation noises of SG in-
struments, in which they took the observational residu-
als spectra in the whole frequency range from 1.67 mHz
to 9.9 mHz as the observation noise spectra of SG in-
struments. However it is clear in fact that there are
abundant EFO modes in this frequency range. For this
reason, another method was introduced to simulate the
observation noises of SG instruments by stacking the ob-
servational residuals during the quiet earthquake period
(Lei, 2003). The great Sumatra-Andaman earthquake
was so huge that there were not quiet recordings for a
period after the earthquake, so we stacked the observa-
tional noises in the quiet period before this earthquake
as the simulation of the observation noise of SG C032.

After applying the fast Fourier transform (FFT)
(Ding, 1998) to the observational residuals of SG da-
ta, we gained the simulated noise spectrum (SNS) of
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SG instruments. Although SNS are not completely e-
qual to the real noise spectrum of SG instruments dur-
ing EFO, it also effectively describes the observed noise
level of SG instruments during EFO, because the noise
level of SG instruments themselves are very stable. We
have shown an example of SNS of SG instrument at
Wuhan station (Lei et al., 2007). For the accurate es-
timation on the signal-to-noise ratio (SNR) of every
checked EFO mode, we used the average value of SNS in
a narrow frequency range covering the mode to present
the noise level around it marked as NLy,o4e (Lei, 2003).
As there were no enough long observation data before
the great Sumatra-Andaman earthquake to construct
the SNS models of the other four SG stations, we used
directly the real observation data during EFO to build
the NL;,04e model for the observed EFO modes.

EFO spectral peaks checked by GWR C031 at Canberra station
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Figure 1

4 Spectrum analysis and check of
the Earth’s free oscillation

The EFO signals are remained as the main element
of SG observation residuals after the correction of grav-
ity tides and pressure effect. The EFO spectra were ob-
tained after applying FFT to the observation residuals.
The data lengths for the four GGP stations, including
Canberra station, Strasbourg station, Bad Homburg s-
tation and Wettzell station, were about 394.4 hours and
according to the frequency-resolution ratio (FRR) of E-
FO spectra about 7.04x10~7 Hz. We have separately
presented the EFO spectra from the four stations men-
tioned above in Figures la—1d. As the low pass filters
has been applied to the observation data from Bad

EFO spectral peaks checked by GWR C026 at Strasbourg station
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EFO spectral peaks checked by the superconducting gravimeters at four GGP stations. The abscissa

is a frequency, the y-coordinate is the power spectral density of gravity residuals (PSD). (a) Canberra station; (b)
Strasbourg station; (¢) Bad Homburg station; (d) Wettzell station.

Homburg station and Wettzell station, there are no
EFO mode spectra in the frequency range higher than
3.3 mHz. The passage length of observation residuals is
about 112.2 hours for Wuhan station and the FRR of
EFO spectra is about 2.6 uHz (Lei et al., 2007).

The SNR of every EFO mode was defined as the
ratio value between the checked mode peak and the
NLode covering the mode. If the SNR of a mode peak
was more than 3.0, the checked mode was then consid-
ered believable and accepted. We have obtained total

of 147 EFO modes including 43 fundamental modes,
five radial modes and 99 harmonic modes, five groups
of checked mode frequencies as listed in Table 2. The
fundamental modes are usually the main element of
EFO modes excited by some shallow-focus earthquakes.
However, the great Sumatra-Andaman earthquake was
so large that it excited not only some fundamental
EFO modes but also abundant harmonic modes. It is
clear that the excitation of EFO harmonic modes had
an uneven distribution in different harmonic degrees.
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Table 2 All EFO modes checked by five GGP stations and comparson with PREM Earth model
Checkl Check2 Check3 Check4 Check5 PREM Check DEM
Mode /mHz /mHz /mHz /mHz /mHz /mHz /mHz /mHz RDEM
Radial modes
050 0.814 33 0.814 33 0.814 33 0.814 33 0.8145 0.814 31 0.814 342 0.000 032 0.004%
150 1.63148 1.63148 1.63148 1.63148 1.6315 1.631 34 1.631481 0.000 141 0.009%
350 3.27421 3.2728 3.27118 3.273 505 0.002 325 0.071%
450 4.107 55 4.1097 4.10576 4.108 037 0.002 277 0.055%
850 7.4268 7.42413 7.426 800 0.002 670 0.036%
Fundamental modes
052 0.309 333 0.308 981 0.308 981 0.308 981 0.3095 0.309 28 0.309 098 —0.000 182 —0.059%
053 0.468 398 0.468 705 0.468 75 0.468 75 0.468 7 0.468 56 0.468 654 0.000 094 0.020%
054 0.646 115 0.646 819 0.646 819 0.646 819 0.6474 0.64707 0.646 695 —0.000 375 —0.058%
035 0.839 316 0.840 372 0.840 372 0.840 372 0.8393 0.840 42 0.840 053 —0.000 367 —0.044%
056 1.039 56 1.039 56 1.039 56 1.039 56 1.0386 1.038 22 1.039495 0.001 275 0.123%
0S7 1.2324 1.2324 1.2324 1.2317 1.2304 1.23179 1.232101 0.000 311 0.025%
058 1.41329 1.41399 1.41399 1.41329 1.4112 1.41351 1.413474 —0.000 036 —0.003%
059 1.57728 1.57728 1.57728 1.576 58 1.577 1.578 28 1.577098 —0.001 182 —0.075%
0S10 1.723 68 1.723 68 1.7256 1.726 47 1.723925 —0.002 545 —0.147%
0511 1.863 03 1.863 74 1.863 03 1.864 2 1.862 42 1.863 350 0.000 930 0.050%
0512 1.99113 1.989 02 1.993 24 1.9905 1.990 37 1.991074 0.000 704 0.035%
0513 2.11289 2.11289 2.11219 2.11289 2.1143 2.11294 2.112823 —0.000 117 —0.006%
0514 2.23043 2.23255 2.23114 2.22903 2.2331 2.2314 2.230945 —0.000 455 —0.020%
0315 2.34516 2.345 86 2.345 86 2.347 2.346 38 2.345749 —0.000 631 —0.027%
0316 2.45707 2.459 18 2.45918 2.458 47 2.4609 2.458 22 2.458 640 0.000 420 0.017%
0S17 2.57038 2.568 27 2.56757 2.568 27 2.569 8 2.567 12 2.568 703 0.001 583 0.062%
0318 2.67314 2.67314 2.676 66 2.67455 2.6763 2.6733 2.674 504 0.001 204 0.045%
0519 2.77309 2.77449 2.77309 27778 2.776 98 2.773934 —0.003 046 —0.110%
0520 2.87584 2.878 66 2.878 66 2.8793 2.878 37 2.877860 —0.000 510 —0.018%
0521 2.97649 2.976 49 2.9786 2.9783 2.97772 2.977292 —0.000 428 —0.014%
0522 3.073 62 3.07151 3.07151 3.07151 3.0749 3.07527 3.072233 —0.003 037 —0.099%
0523 3.176 38 3.17145 3.172 86 3.1714 3.171 26 3.173371 0.002111 0.067%
0524 3.263 65 3.262 95 3.264 36 3.2655 3.265 89 3.263817 —0.002073 —0.063%
0525 3.355 86 3.35797 3.35726 3.35797 3.3621 3.359 38 3.357 595 —0.001 785 —0.053%
0526 3.4558 3.450 87 3.4561 3.45191 3.453 688 0.001 778 0.052%
0S27 3.5453 3.543 65 3.545 300 0.001 650 0.047%
0528 3.628 94 3.633 16 3.6344 3.634 76 3.631478 —0.003 282 —0.090%
0529 3.72537 3.723 96 3.7235 3.725 34 3.724516 —0.000 824 —0.022%
0530 3.81334 3.8176 3.81552 3.814 305 —0.001 215 —0.032%
0531 3.90343 3.90273 3.906 7 3.9054 3.903 542 —0.001 858 —0.048%
0532 3.998 3 3.995 04 3.998 300 0.003 260 0.082%
0533 4.078 69 4.084 52 4.078 690 —0.005 830 —0.143%
0534 4.17019 4.1716 4.1739 4.170 509 —0.003 391 —0.081%
0535 4.261 68 4.258 3 4.263 23 4.260915 —0.002 315 —0.054%
0536 4.354 8 4.35253 4.354 800 0.002 270 0.052%
0337 4.4415 4.441 84 4.441 500 —0.000 340 —0.008%
0538 4.528 1 4.5312 4.528 100 —0.003 100 —0.068%
0539 4.6222 4.620 61 4.622 200 0.001 590 0.034%
0540 4.7113 4.7101 4.711 300 0.001 200 0.025%
0541 4.793 4.799 67 4.793 000 —0.006 670 —0.139%
0542 4.887 39 4.8896 4.889 34 4.887 890 —0.001 450 —0.030%
0544 5.070 38 5.0654 5.069 01 5.069 252 0.000 242 0.005%
0547 5.341 36 5.339 35 5.341 360 0.002 010 0.038%
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Continued from Table 2
Checkl Check2 Check3 Check4 Check5 PREM Check DEM
Mode /mHz /mHz /mHz /mHz /mHz /mHz /mHz /mHz RDEM
1-degree harmonic modes
152 0.677787 0.677 787 0.677 787 0.6808 0.679 85 0.678 055 —0.001 795 —0.264%
154 1.16848 1.17188 1.16976 1.17117 1.1747 1.17285 1.170621 —0.002 229 —0.190%
155 1.368 95 1.370 35 1.37106 1.368 95 1.370 27 1.371919 0.001 649 0.120%
156 1.528 72 1.521 68 1.52168 1.52731 1.5251 1.52204 1.524 865 0.002 825 0.186%
157 1.658 92 1.658 92 1.658 92 1.65963 1.6538 1.65551 1.658 736 0.003 226 0.195%
158 1.798 28 1.799 69 1.80251 1.796 17 1.8023 1.7993 1.799 376 0.000076 0.004%
159 1.967 2 1.96791 1.9672 1.9672 1.9657 1.963 74 1.967 263 0.003 523 0.179%
1510 2.15231 2.1516 2.1516 2.148 42 2.151837 0.003417 0.159%
1511 2.345 86 2.347 54 2.345 860 —0.001 680 —0.072%
1514 2.976 49 2.97508 2.97579 2.975785 —0.000 005 0.000%
1515 3.17005 3.17055 3.170050 —0.000 500 —0.016%
1518 3.6418 3.644 94 3.641 800 —0.003 140 —0.086%
1522 4.231 4.2344 4.231000 —0.003 400 —0.080%
1529 5.2387 5.23929 5.238 700 —0.000 590 —0.011%
2-degree harmonic modes
252 0.932221 0.936 092 0.936 092 0.936 092 0.937 85 0.935124 —0.002 726 —0.291%
253 1.24367 1.244 37 1.244 37 1.244 37 1.2453 1.24219 1.244 270 0.002 080 0.167%
254 1.38091 1.38091 1.38091 1.3765 1.3792 1.380518 0.001 318 0.095%
255 1.51323 1.516 05 1.516 05 1.5127 1.51493 1.514 896 —0.000 034 —0.002%
256 1.682 85 1.680 74 1.680 74 1.6835 1.680 84 1.681 626 0.000 786 0.047%
257 1.867 26 1.864 96 1.867 260 0.002 300 0.123%
2510 2.404 28 2.403 58 2.404 98 2.402 93 2.404 280 0.001 350 0.056%
2516 3.4438 3.443 46 3.443 800 0.000 340 0.010%
2518 3.87247 3.87528 3.874 44 3.873875 —0.000 565 —0.015%
3-degree harmonic modes
351 0.944 538 0.944 538 0.944 538 0.944 538 0.9457 0.943 95 0.944 617 0.000 667 0.071%
352 1.099 38 1.100 08 1.10008 1.100 08 1.1029 1.106 21 1.100109 —0.006 101 —0.552%
356 2.550 68 2.549 64 2.550 680 0.001 040 0.041%
357 2.690 74 2.686 33 2.690 740 0.004 410 0.164%
358 2.81954 2.8199 2.81964 2.819 622 —0.000018 —0.001%
3510 3.086 99 3.08479 3.086 990 0.002 200 0.071%
3513 3.503 66 3.507 44 3.503 660 —0.003 780 —0.108%
3514 3.656 39 3.656 39 3.65711 3.656 390 —0.000 720 —0.020%
3515 3.80771 3.8126 3.81048 3.808817 —0.001 663 —0.044%
3519 4.4489 4.447 56 4.448 900 0.001 340 0.030%
3521 4.7732 4.77264 4.773 200 0.000 560 0.012%
4-degree harmonic modes
451 1.408 36 1.41264 1.408 360 —0.004 280 —0.303%
452 1.723 68 1.723 68 1.7206 1.7223 1.723 287 0.000 987 0.057%
453 2.048 85 2.043 92 2.044 62 2.043 32 2.048 96 2.045178 —0.003 783 —0.185%
457 3.01591 3.016 61 3.016 61 3.01363 3.016 377 0.002 747 0.091%
459 3.71129 3.7087 3.708 76 3.710704 0.001 944 0.052%
4S10 3.866 84 3.864 58 3.866 840 0.002 260 0.058%
4S12 4.15189 4.15297 4.151 890 —0.001 080 —0.026%
4S19 5.206 5 5.206 51 5.206 500 —0.000010 0.000%
5-degree harmonic modes
551 1.71734 1.71379 1.717 340 0.003 550 0.207%
593 2.1692 2.1692 2.169 2 2.169 66 2.169 200 —0.000 460 —0.021%
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Continued from Table 2

Mode Check1l Check2 Check3 Check4 Check5b PREM Check DEM RDEM
/mHz /mHz /mHz /mHz /mHz /mHz /mHz /mHz
554 2.37965 2.38035 2.38035 2.38035 2.378 2.379 52 2.380 027 0.000 507 0.021%
555 2.702 2.70763 2.70763 2.7035 2.703 36 2.705 553 0.002193 0.081%
556 3.01028 3.01069 3.010 280 —0.000410 —0.014%
557 3.296 03 3.296 03 3.2952 3.290 76 3.295924 0.005 164 0.157%
598 3.53111 3.52759 3.5279 3.52565 3.529165 0.003 515 0.100%
5510 4.15541 4.157 4.155410 —0.001 590 —0.038%
5511 4.45524 4.458 8 4.456 55 4.456 046 —0.000 504 —0.011%
5513 4.9218 4.9244 4.921 800 —0.002 600 —0.053%
5514 5.136 54 5.13443 5.1322 5.136 81 5.135 066 —0.001 744 —0.034%
5515 5.3303 5.33011 5.330 300 0.000 190 0.004%
5516 5.505 35 5.506 96 5.505 350 —0.001610 —0.029%
5517 5.668 64 5.673 69 5.668 640 —0.005 050 —0.089%
6-degree harmonic modes
653 2.82095 2.824 8 2.82172 2.821 822 0.000 102 0.004%
654 3.08981 3.09211 3.089810 —0.002 300 —0.074%
656 3.404 42 3.403 86 3.404 420 0.000 560 0.016%
657 3.551 52 3.550 82 3.550 2 3.5526 3.551 046 —0.001 554 —0.044%
6510 4.205 38 4.21076 4.205 380 —0.005 380 —0.128%
6513 5.234 38 5.233 88 5.234 380 0.000 500 0.010%
6515 5.597 55 5.602 51 5.597 550 —0.004 960 —0.089%
7-degree harmonic modes
755 3.661 6 3.65975 3.661 600 0.001 850 0.051%
756 3.95763 3.961 2 3.958 72 3.958 438 —0.000 282 —0.007%
757 4.236 35 4.23775 4.236 4.23785 4.236 916 —0.000934 —0.022%
758 4.4489 4.452 59 4.448 900 —0.003 690 —0.083%
7510 4.7584 4.767 76 4.758 400 —0.009 360 —0.196%
7511 4.914 3 4.916 94 4.914 300 —0.002 640 —0.054%
7513 5.2808 5.28815 5.280 800 —0.007 350 —0.139%
7518 6.750 42 6.766 28 6.750 420 —0.015 860 —0.234%
8-degree harmonic modes
851 2.87233 2.87021 2.8719 2.873 36 2.871 350 —0.002010 —0.070%
853 3.284 77 3.283 64 3.284 770 0.001 130 0.034%
855 4.16174 4.168 07 4.166 7 4.166 2 4.165134 —0.001 066 —0.026%
856 4.4316 4.43524 4.431 600 —0.003 640 —0.082%
857 4.648 09 4.650 46 4.648 090 —0.002 370 —0.051%
858 4.902 87 4.908 07 4.902 870 —0.005 200 —0.106%
859 5.21185 5.209 74 5.21187 5.210795 —0.001075 —0.021%
9-degree harmonic modes
952 3.22987 3.23057 3.2284 3.23175 3.229 988 —0.001 762 —0.055%
954 3.876 69 3.8721 3.87795 3.875651 —0.002299 —0.059%
057 4.87261 4.87264 4.872610 —0.000 030 —0.001%
More than 10-degree harmonic modes
1052 4.040 68 4.041 39 4.0355 4.03233 4.040 328 0.007 998 0.198%
1095 4.467 2 4.4687 4.467 95 4.467 540 —0.000410 —0.009%
1153 4.464 39 4.459 46 4.462 42 4.461 925 —0.000495 —0.011%
1154 4.766 33 4.766 86 4.766 330 —0.000 530 —0.011%
1155 5.07531 5.0728 5.07441 5.074 742 0.000 332 0.007%
1251 4.3078 4.300 34 4.307 800 0.007 460 0.173%
1252 4.341 92 4.330 16 4.341 920 0.011 760 0.272%
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Continued from Table 2
Checkl Check2 Check3 Check4 Check5 PREM Check DEM
Mode /mHz /mHz /mHz /mHz /mHz /mHz /mHz /mHz RDEM
1255 5.529 28 5.527 66 5.529 280 0.001 620 0.029%
1257 5.85515 5.855 88 5.855 150 —0.000 730 —0.012%
1258 6.13739 6.13717 6.137390 0.000 220 0.004%
1352 4.83812 4.8475 4.845 26 4.840244 —0.005 016 —0.104%
1353 5.195 66 5.190 74 5.1941 5.193 82 5.193 315 —0.000 505 —0.010%
1356 6.164 84 6.16119 6.164 840 0.003 650 0.059%
1553 6.035 33 6.03392 6.035 22 6.034 625 —0.000 595 —0.010%
1555 6.473 82 6.475 31 6.473 820 —0.001 490 —0.023%
1752 6.39147 6.395 21 6.391470 —0.003 740 —0.058%
1854 7.2431 7.241 7.243 100 0.002 100 0.029%
1991 6.423 14 6.427 44 6.423 140 —0.004 300 —0.067%

Notes: The serials of checkl, check2, check3, check4 and checkb are the observed values of EFO modes checked separately by
Canberra station, Strasbourg station, Bad Homburg station, Wettzell station and Wuhan station. Among the five serials of EFO
modes, the group of check5 serials refer to our former paper (Lei et al., 2007), the other check serials are all the new observation
results provided in this paper. The signal-to-noise ratios (SNR) of all EFO modes are more than 3. The frequency-resolution ratios
(FRR) of checkl, check2, check3 and check4 serials are approximately equal to 7.04x 10~7 Hz and that of check5 serials is about
2.6x10~7 Hz. The serials of PREM are the frequency values based on the PREM Earth model. Check serials are the weighted
average values of all observations provided by the five SG stations, and the weighted parameters are according to their FRR. The
serials of DEM are the frequency differences between the check serials and the PREM serials. The serials of RDEM are the ratio

values of the DEM serials to the PREM serials.

The great Sumatra-Andaman earthquake fully gener-
ated the 1-degree (14 modes), 3-degree (11 modes) and
5-degree (14 modes) harmonic modes. To determine the
final check results of EFO modes, the weighted average
value of observed frequencies has been calculated for
every checked EFO mode and the weighted parameters
are got according to the reciprocal values of the FRR of
every observation data serials.

All check values of EFO modes are listed in Table
2. In order to compare the experimental EFO modes
with the theoretical ones (Dziewonski and Anderson,
1981), we list the theoretical predictions of EFO modes
in Table 2 based on the PREM model. The deviation
of EFO modes (DEM) are defined as the frequency dif-
ferences between the checked modes and the theoretical
modes. The relative deviation of EFO modes (RDEM)
are defined as the ratios of the DEM values to the the-
oretical mode frequencies. Two group serials of checked
modes’ DEM and RDEM are also listed in Table 2. As
the theoretical frequencies of EFO modes are directly re-
lated to the geophysical parameters of the PREM Earth
model, the RDEM serials of experimental EFO modes
can provide some valuable information on the Earth’s
deep structure, which helps to improve the known Earth
model. However if the DEM value of an EFO mode
was not more than a multiple of FRR 7.04x10~7 Hz, it
would be unsuitable to discuss the Earth’s deep struc-
ture with the RDEM value of the mode. On the other

hand, the experimental DEM and RDEM serials are also
taken as the evaluating factors of the observation qual-
ity. Our observation results provide a new set of high
quality and fairly complete data serials of experimental
EFO modes with SG instruments, which is helpful to
improve the study of the Earth’s deep structure.

5 Discussions on the structure of
the Earth’s inner core

The Earth’s inner core with a radius of 1221.5 km
is an important deep structure in the Earth (Dziewon-
ski and Anderson, 1981; Tromp, 1993). Some geophys-
ical phenomena are directly related to the structure of
the Earth’s inner core. Poupinet et al. (1983) found the
abnormal travel times of PKIKP body waves passing
through the Earth’s inner core, and Masters and Gilbert
(1981) noticed the anomalous spectral splitting of EFO.
To explain these abnormal geophysical phenomena,
Morelli et al. (1986) and Woodhouse et al. (1986) intro-
duced the conception of the inner core anisotropy and
considered that the inner core anisotropy was axisym-
metric. Birch (1964) measured the density and sound
speed of different elements with the experiments and
manifested that the iron was possibly the only one of
main elements whose density under the pressure of the
inner core was in agreement with the density of the
inner core. Some mineralogy investigations displayed
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that the hexagonal close packed (hcp) iron (e-phase)
was the most likely phase on the conditions of the in-
ner core, and the directional distributions of e-phase
iron caused the anisotropy of the inner core (Anderson,
1995; Stixrude and Cohen, 1995). Creager (1992) and
Shearer (1994) discovered that in the inner core P wave
velocity in the north-south direction was faster than
that in the equatorial direction by about 3%. Laske and
Masters (1999) analyzed the differential rotation of the
inner core with EFO mode splittings. Ishii et al. (2002)
and Beghein and Trampert (2003) discussed carefully
the anisotropy of the inner core.

But there were still some arguments on the struc-
ture of the Earth’s inner core between the P wave results
and EFO observation. Shearer and Masters (1990) and
Song and Helmberger (1995) showed that there was an
approximately isotropic zone within a range of about
150 km in the top part of the inner core by analyzing
the travel times of seismic body waves, however, Durek
and Romanowicz (1999) presented that there should be
strong anisotropy in the top part of the inner core to
explain the known anomalous splitting of some EFO
modes. Song and Helmberger (1998) provided some seis-
mic evidences for the inner transition zone and pointed
out a velocity discontinuity layer separating an isotropic
upper inner core from an anisotropic lower inner core.
Deuss (2008) discussed the shear wave velocity discrep-
ancy between seismic data and mineral physical values
in the inner core and considered that there probably
existed the fluid inclusions in the inner core. Sun and
Song (2008) did the three-dimensional tomography in-
version for the anisotropy of the Earth’s inner core and
provided an inner core model with strong hemispherical
and depth variation.

On the base of the Earth’s displacement field,
Gilbert and Masters calculated the distributions of
elastic-wave energy density of EFO modes along
the radius within the Earth and made the MINOS
program (see http://stuplots.geophys.uni-stuttgart.de/
~plots/Modes/modes.html). The elastic-wave energy
density distribution consists of the compressive and s-
hear energy density distribution of EFO modes. This
kind of elastic-wave energy distribution was usually
called the kernel functions of EFO modes, because
they directly reflected the sensitivity of EFO modes
to the elastic parameters of media in the different
depth in the Earth. Those EFO modes sensitive to
the elastic wave velocity in the inner core were usu-
ally called as the inner-core-sensitive modes, and they

are still divided into the shear-wave-sensitive modes
and the compressive-wave-sensitive modes. We checked
13 inner-core-sensitive modes consisting of eight shear
wave sensitive modes (382, QSQ, 1082, 581, 4S7, 5810,
7513 and ¢S4) and five compressive wave sensitive
modes (450, 350, 851, 1352 and 13S3). The probe depth-
s of the shear-wave-sensitive modes and those of the
compressive-wave-sensitive modes are listed in Tables 3
and 4, respectively, and these parameters are approxi-
mately estimated on the basis of computation results of
the MINOS program. We have calculated the relative
deviation of every checked sensitive modes (Figures 2a
and 3a). The relative deviations of the checked sensitive

Table 3 Probe depth of S wave inner-core-sensitive modes

Radius(enpk) Radiusl(halfpk) Radius2(halfpk)
Mode
/km /km /km

954 1115 929 1221.5*
7513 1104 987 1151

5510 1070 925 1150

457 1030 822 1104

551 940 580 1221.5*
1052 880 517 1198

252 760 370 1060

352 710 355 1020
Notes: Radius(enpk) is the radius at which the s-
hear waves occupy the maximum energy density, ra-

diusl(halfpk) and radius2(halfpk) are the radii at which
the shear waves occupy the half maximum energy densi-
ty in the inner core for the S wave sensitive modes. These
parameters are approximately estimated on the computation
results of the MINOS program (http://stuplots.geophys.uni-
stuttgart.de/~plots/Modes/modes.html). The values with *
mark prefer to the boundary of the Earth’s inner core (BIC)
when Radius2(halfpk) are larger than BIC.

Table 4 Probe depth of P wave inner-core-sensitive modes

Radius(enpk) Radiusl(halfpk) Radius2(halfpk)
Mode
/km /km /km

1353 1221.5 1036 1221.5*
1352 1221.5 936 1221.5*

851 1221.5 900 1221.5*

350 850 478 1221.5*
450 690 319 1036

Notes: Radius(enpk) is the radius at which the compressive
waves occupy the maximum energy density, radiusl(halfpk)
and radius2(halfpk) are the radii at which the compressive
waves occupy the half maximum energy density in the in-
ner core for the P wave sensitive modes. These parame-
ters are approximately estimated on the computation re-
sults of the MINOS program (http://stuplots.geophys.uni-
stuttgart.de/~plots/Modes/modes.html). The values with *
mark prefer to the boundary of the Earth’s inner core (BIC)
when Radius2(halfpk) are larger than BIC.
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of the checked EFO modes. (b) Relative deviations of five groups of EFO modes observed separately by five stations.

modes at every station are also computed to investigate
the lateral variation of the inner core (Figures 2b and
3b). The relative deviations of those sensitive modes re-
flect the variations of elastic wave velocity in the probe
depths zone in the inner core. PREM is a classic Earth
model based on many kinds of observation data, so
we may discuss the structure of the Earth’s inner core
by analyzing the relative deviations of some sensitive
modes from the PREM model.

Analysis on the relative variation of the shear wave
velocity shown in Figure 2a and the probe depths of rel-
evant sensitive modes listed in Table 3 both indicated
that the inner core may be divided into three layers,
i.e., the upper inner core (UIC) with lower shear ve-
locity, the middle inner core (MIC) with higher shear
velocity and the inner inner core (IIC) with very low-
er shear velocity. The lower boundary of UIC is about
at the position between the probe depth of 5519 mode
(151 km) and the probe depth of 4S7 mode (191 km),
therefore we adopt the average depth of 171 km below
the boundary of the inner core, which is approximately
compatible with the inner transition zone reported by
Song and Helmberger (1998). There are some differences
between the three sensitive modes (5510, 7513, 954) 0b-
served at different GGP station shown in Figure 2b and
it mirrors that UIC still occupies some anisotropy and
is similar to the former observation results based on the
seismic EFO data (Durek and Romanowicz, 1999).

The top boundary of IIC is close to the position

between the probe depth of 3S; mode (461 km) and the
probe depth of 19S2 mode (341 km), we accepted the
average depth of about 400 km below the boundary of
the inner core, which is larger 220 km than the distinct
IIC described by Sun and Song (2008). Of course, the
wide kernel functions of 2S5 and 355 modes also decrease
the accuracy of the checked boundary. A clear difference
between the observed 2S5 modes at different GGP sta-
tions (Figure 2b) reflects strong lateral anisotropy in the
lower inner core and there is a very lower shear velocity
observed at Canberra station, which may be related to
the strong hemispherical variation in the inner core pre-
sented by Sun and Song (2008). MIC has a higher shear
velocity and this is possibly related to the anisotropy
zone in the inner core pointed out by Sun and Song
(2008).

According to the relative variation of the compres-
sive wave velocity (Figure 3a) and the probe depths of
relevant sensitive modes (Table 4), we divides the inner
core into two layers including the upper layer with low-
er compressive velocity and the lower layer with higher
compressive velocity. The boundary of the two layers is
about at the position between the probe depth of 3Sg
mode (371 km) and the probe depth of gS; mode (321
km), and its average depth is about 346 km below the
boundary of the inner core, which is close to the upper
boundary of IIC determined by the shear wave sensitive
modes. As there are not enough compressive sensitive
modes, the upper layer can not be divided into two lay-
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ers again like the shear sensitive modes. In fact, the
lower layer occupies higher compressive wave velocity
in the inner core. However, an intriguing thing is that
there is suddenly a very lower shear wave velocity zone
in ITC, which may be related with the possible existence
of fluid inclusions in the inner core (Deuss, 2008).

6 Conclusions

EFO phenomena provide a path independent of
seismic body waves to investigate the Earth’s structure,
however experimental EFO mode serials were main-
ly checked by the long-period seismographs or spring
gravimeters before. Total of 147 EFO modes including
43 fundamental modes, five radial modes and 99 har-
monic modes were checked with the superconducting
gravimeters in this paper, which provided the serials of
newer experimental EFO modes and the valuable con-
straint on the Earth’s deep structure.

By investigating the relative deviations of some
experimental sensitive modes from PREM model, the
Earth’s inner core could be modeled as three layers and
the upper layer is compatible with the inner transition
zone reported by Song and Helmberger (1998) with the
seismic body data. The inner core also occupies a kind
of hemispherical variation like the presentation by Sun
and Song (2008). An interesting fact is that there is a
very lower shear velocity zone in the lower inner core,
which possibly indicates the existence of fluid inclusions
in the inner core suggested by Deuss (2008).
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