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) Abstract

In a previous study, GPS (Global Positioning System) was presented as a new instrument for de-
tecting Earth's free oscillation in three-direction displacement. We improve a method of the data
stacking and perform two types of time-frequency analyses as additional tests, using the GEONET
data after the 2011 Tohoku-oki earthquake analyzed by a kinematic PPP method. We find that a
time-domain stacking notably reduces background noise in spéctra, although the time-domain
stacking seems improper at frequencies higher than 3.5 mHz. The STFT (short-time Fourier trans-
form) time-frequency analysis and the CWT (continuous wavelet transform) time-frequency analy-
sis reveal temporal changes of the spectral peaks for the Earth's free oscillation at frequencies
higher than 1 mHz. In several fundamental modes of the Earth’s free oscillation, the amplitudes of
the spectral peaks tend to increase after their temporal decreases. The results of the analyses indi-
cate that the stacked GPS data truly detected the low-frequency ground oscillation. But we addi-
tionally note that we might not be able to exclude effects of satellite clock error especially at very

low frequencies (< 1 mHz) .
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Figure 1. (Left figure) Locations of 341 GEONET stations (solid triangles) in North Eastern Japan. The beach-
ball symbol shows the GCMT solution (Nettles et al., 2011) of the 2011 Tohoku earthquake along the Japan
Trench. The dashed squares represent the ruptured area of the 2011 Tohoku earthquake estimated by Geospatial
Information Authority of Japan (2011). The plate boundaries are drawn referring to Bird (2003). (Right figures)
Observed displacement data at selected GEONET stations in three directions of radial, transverse, and Up-
Down. The horizontal axes represent the time on March 11 and 12, 2011. The 0144 station is located at
(142.935°E, 42.131°N), the 0920 station is at (140.728°E, 37.825°N), and the 0838 station is at (138.763°E,
34.690°N) .
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Figure 2. The upper figure shows the “time-stacked” power spectral density of the U-D direction data for a period

from 15:00 (March 11) to 9:00 (March 12) in JST. The lower figure exhibits the “frequency-stacked” power spec-

tral density for the same data. The vertical broken lines represent the frequencies of the fundamental spheroidal

modes based on PREM (Dziewonski and Anderson, 1981).
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Figure 3. Comparison of the “time-stacked” power spectral density with “frequency-stacked” one with correction,

for the same data of Figure 2. We corrected the “frequency-stacked” power spectral density with , =, — 0.0002,,
where ; is the power spectral density after correction, ; is the one without correction (the lower figure in Figure

2), and , is the frequency.
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Figure 4. The upper figure illustrates the “time-stacked” power spectral density of the radial direction data for

the same period as Figure 2. The lower figure shows that of the transverse direction data. The black broken lines

represent the frequencies of the fundamental spheroidal modes, and the red broken lines represent those of the

fundamental toroidal modes, based on PREM (Dziewonski and Anderson, 1981).
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Figure 7. The “time-stacked” power spectral density of 31 GPS satellite clocks (in IGS final orbit products) for a
period from 15:00 (March 11) to 9:00 (March 12) in JST.
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