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Abstract
We search in the continuous GPS 3-D displacement data for the signals of the normal modes of Earth’s free oscillation that were excited by the 2011 Mw 9.0 Tohoku earthquake. A previous study has reported such a detection; we here conduct a more comprehensive and detailed study. We use GPS data from three separate networks: (i) about 1000 stations from the Japan GEONET; (ii) about 600 stations from the western USA PBO; and (iii) about 140 stations of the global IGS, and solve and form records of 21 h length at 30-s sampling rate. We conduct various multiple-record stacking methods: the frequency-domain power spectrum stacking that reduces the variance of the noises, and the time-domain stackings that boost the SNR of target modes while suppressing the non-target modes. We find the time-domain stacking method of optimal sequence estimation (OSE) to be the most effective, which show clearly high sensitivity and detectability of the modes in the spectrum. For the near-field GEONET where all excited modes have anti-nodes, all the spheroidal fundamental modes 0S9–0S43 below 5 MHz and some of the lower-degree overtones as well as most of the low-degree toroidal fundamental modes show up as prominent spectral peaks against the PREM model eigenfrequencies. The PBO sees less strong (being far-field and generally off-antinodes), but still clearly identifiable spectral peaks of the fundamental modes. The global IGS network data detect barely a handful of these modes because of its sparsity and small numbers of stations. We thus demonstrate that GPS does actually record the tiny seismic signals that can be revealed by means of multiple-record stacking methods, potentially useful for studying earthquake source mechanisms exciting the normal modes.

[image: ../images/40623_2021_1434_Figa_HTML.png]

Introduction
After a large earthquake the whole Earth would “ring” for up to days, when it undergoes free oscillation with discrete normal modes much like a musical instrument. The elastic normal modes of a spherically symmetric Earth are of two types: spheroidal modes have both radial (or vertical) and transverse (or horizontal) components, and toroidal modes have only horizontal components. These modes exist in (2l + 1)-fold degenerate multiplets, where l is the spherical-harmonic degree. Symmetry-breaking perturbations of rotation and ellipticity as well as general heterogeneity cause frequency splitting to the degenerate multiplets into split singlets with close-by frequencies dependent on the spherical-harmonic order m.
The Earth’s elastic normal modes have periods just short of an hour; ones with periods on the order of minutes and longer have been clearly observed since the 1960s in the spectra of seismic records worldwide (e.g., Gilbert and Dziewonski 1975; Bullen and Bolt 1985). The observations are now made routinely by broadband seismometers and gravimeters (Agnew et al. 1986), and to a lesser extent other geophysical instruments such as strainmeters, tiltmeters (e.g., Park et al. 2008), and even groundwater level (Yan et al. 2016).
In seismological applications, GPS (Global Positioning System) measurements of co-seismic static surface displacement have been commonly used to help determine the slip distributions and faulting mechanisms of earthquakes. On the other hand, when sampled rapid enough down to the range of seconds, GPS would record the actual 3-D ground displacement during an earthquake (e.g., Larson et al. 2003), in parallel to seismometers for the ground velocity or acceleration. A GPS receiver is free from any instrument response and not band-limited in frequency, so in principle it can record normal modes of all periods to the extent supported by its sensitivity and sampling rate.
Large earthquakes can excite free oscillations with displacement amplitudes up to millimeter (mm) scale. For example, the spheroidal modes excited by the 1960 Chilean Earthquake were on the order of 0.1–1 mm (Kanamori and Anderson 1975); the “breathing” mode of 0S0 excited by the 2004 Mw 9.3 Sumatra earthquake was about 0.05 mm (Park et al. 2005). That is at least an order of magnitude smaller than typical precision level of modern GPS observations at their best, which is about 3 mm for horizontal and 6 mm for vertical positions. However, that does not mean that the seismic normal-mode displacements are undetectable in GPS time records. For one thing, the normal modes are harmonic in time and hence enjoy the processing gain in Fourier analysis—the amplitude signal-to-noise ratio (SNR) of a harmonic signal in the frequency domain is proportional to the square root of the number of data points. For example, using 17 years of GPS data, Yuan and Chao (2012) demonstrated the achievement of 0.1 mm horizontal and 0.3 mm vertical precisions for tidal displacements, even for single station record.
Furthermore, the fact that all records contain signals of the same normal-mode frequencies allows further boost of signal detection by proper multiple-station data-stacking procedures. Mitsui and Heki (2012) reported detection of the normal modes excited by the 2011 Tohoku, Japan, earthquake using simple frequency-domain power spectral stacking of GPS records from the Japanese GEONET network. One can take further advantage of the spatial coherence in the displacement field from (hopefully worldwide) network stations, because a normal mode is a (generalized) standing wave having a specific surface spherical-harmonic pattern on Earth surface. A number of effective time-domain stacking schemes have been developed for that purpose, most notably the spherical-harmonic stacking (SHS) (Buland et al. 1979; Chao and Ding 2014) and the optimum sequence estimation (Ding and Shen 2013); see Ding and Chao (2015a) for a review. These stacking techniques not only boost the SNR by ~[image: $$\sqrt{N}$$] (N is the number of stations or records used) of target modes, but also suppress the non-target signals. Further gain in SNR can be achieved by simultaneous processing of multiple earthquakes, as they excite the same set of normal modes, differing only in excitation amplitudes.
With the paradigm above, we shall conduct a comprehensive study and present the results of the data-stacking techniques on GPS detection of Earth’s normal modes excited by the 2011 Tohoku earthquake.
Data
We use the 3-D displacement data from three continuous GPS networks—two dense regional and one global networks, as shown in Fig. 1: (i) the Japan Geospatial Information Authority GEONET (GNSS Earth Observation Network) network; we use around 1000 (out of 1230) stations in different cases. (ii) The PBO (Plate Boundary Observatory) Array in the Western USA; we use around 600 (out of 1548) stations. (iii) The IGS (International GNSS Service) global network with around 140 (out of 337) stations. Unused stations are those deemed relatively noisy in their records.[image: ../images/40623_2021_1434_Fig1_HTML.png]
Fig. 1Stations of the three continuous GPS networks used in this paper: a the Japan Geospatial Information Authority GEONET (GNSS Earth Observation Network) network; b the PBO (Plate Boundary Observatory) Array in the Western USA; c the IGS (International GNSS Service) network (with a and b also shown in inset boxes)


All these GPS data are solved from GPS 30-s interval raw data by us using the kinematic precise point positioning algorithm (Zumberge et al. 1997) of the GIPSY/OASIS-II (Version 6.1) software. JPL’s reprocessed fiducial satellite orbits, 30-s high-rate clocks, and Earth orientation products are held fixed, including single station ambiguity fixing method (Bertiger et al. 2010). To minimize daybreak effects, the data are processed in 30-h sessions centered daily on 12:00 (GPS time), with the 30-s station displacement estimates corresponding to each unique GPS day (24 h) extracted and concatenated to form displacement time series in three local components in the geographical coordinates (East, North and Up), referenced to the IGS08 reference frame. The other parameter settings follow that of Yuan and Chao (2012). The sampling interval is set at 30 s, hence the Nyquist period is 1 min, corresponding to attainable signal frequency up to ~ 17 millihertz (mHz).
We let the time span (T) of our analysis start at 15 min after the nominal origin time of the Tohoku earthquake—05:46:18 UTC March 11, 2011, by which time all the fault rupture actions had ceased. For study of seismically excited normal modes, typically one lets T to be several days and sufficiently long before the free oscillations decay away to allow desired spectral resolutions. Here, however, the GPS solutions are based on IGS daily updated orbits, effectively introducing an artificial discontinuity into the time series. These daily discontinuities, albeit fine, are found to give rise to artificial repeated spectral peaks in the spectra, seriously corrupting the spectra for practical detection of small signals.
So T needs to be terminated at the end of the first UT calendar day, giving a finite 18 h of timespan. In practice, 21 h are actually available because for ambiguity resolution IGS typically issues 30 h of span for each “daily” solution with two overlapping 3-h segments appended on either end of the 24-h segment. The signal levels at the end of this “day” have dropped significantly according to the normal mode’s Q-values typically of a few hundred. Nevertheless, this T limits the spectral resolution at 1/(21 h) or 0.013 MHz, insufficient to resolve the mode splittings from multiplet to singlets—for instance the frequency splitting of the longest-period mode 0S2 is no more than ~ 0.005 MHz. Therefore, the eigenfrequencies we shall refer to below are the (unresolved) degenerate eigenfrequencies of the multiplets.
Data-stacking techniques
Data stacking with respect to multiple records aims to accentuate, for the benefit of detection, a common signal that is present (but “buried” in random noise) in a temporally and/or spatially coherent manner. A seismic normal mode does constitute such a signal—a harmonic standing wave phase-synchronous in time, having a spatial pattern of a surface spherical harmonic function on Earth surface. Taking advantage of these favorable features of the observed data, we shall now try various data-stacking techniques.
Frequency-domain stacking
The excitation amplitude of a normal mode by an earthquake depends on the magnitude and source mechanism of the earthquake. Proportional to that, each actual amplitude that gets recorded by a given seismometer differs from station to station depending on the location of the station relative to the source, but all seismograms contain the same set of normal modes each manifesting as a harmonic signals of its characteristic eigenfrequency.
On a Fourier power spectrum |F(ω)|2, or periodogram, where F(ω) is the complex Fourier transform of the time record obtained, for instance, by the fast Fourier transform (FFT), a harmonic signal manifests as a spectral peak at the specific frequency. Suppose we add up all the N periodograms from a station network: Σj = 1,N |Fj(ω)|2/N, which is equivalent to forming the arithmetic mean of the N periodogram, we obtain more “stabilized” spectral peaks. While it does not boost the overall SNR, this sum-periodogram procedure “flattens” the noise spectrum by reducing it by the factor of N (see Ding and Chao 2015b). This facilitates the detection of the harmonic signals by enabling them to stand out more prominently against noise level. That is the scheme followed by Mitsui and Heki (2012) in their GPS detections of normal modes, except that they took the amplitude, rather than power, spectra |F(ω)|.
In this paper, following Smylie et al. (1993), we shall adopt the product-periodogram, which is equivalent to forming the geometric mean of multiple records. We form the product of N periodograms: [πj = 1,N |Fi(ω)|2]1/N, which upon taking the logarithm forms the conventional power dB, 20/N × Σj = 1,N log|Fj(ω)|. The product-periodogram has an advantage over the sum-periodogram in that any scaling difference among individual spectra (for example, those owing to different instrument types or calibration) only introduces static offsets (which do not matter) and requires no data normalization.
Computing F(ω) via FFT, we zero-pad our time series beforehand from 21 h (see above) to 11 days, thus allowing interpolation of spectrum at much finer frequency spacing than the elementary Fourier frequency bin. For harmonic signals this practice under certain conditions can be beneficial in spectral resolution, as demonstrated by Buland and Gilbert (1978), in the spirit of the super-resolution raised by Munk and Hasselmann (1964).
Time-domain stacking
Time-domain stacking is to enhance signal detectability using multiple time records by taking advantage of prior knowledge about the spatial pattern of the target signal. An earlier success was reported by Gilbert and Dziewonski (1975) for normal mode detection, where the basic idea is to add up (or stack) multiple time series, but not before they are properly normalized. Thus, while the frequency-domain stacking gives equal weight to each time series, the time-domain stacking imposes different weight (with polarity) on each time series in certain designated way. There are a variety of designated normalizations in the literature that have been developed over the decades (see Ding and Chao 2015a for a review).
Suppose the target signal is identical in all records, such as the “breathing” singlet mode 0S0 (or for that matter all nS0 radial overtones). Then a simple summation of all records suffices to boost the amplitude SNR by [image: $$\sqrt{N}$$]. That is actually a special trivial case of the SHS stacking below.
Now suppose we know that the signal has a spatial pattern of P(x,y) on Earth surface whose value is a function of x- and y-coordinates (e.g., latitude and longitude) with positive or negative polarities. A simple sum would no longer work as it tends to have the signals canceled in random-walk fashion rather than enhanced straightly. So it makes sense to divide out the P(x,y) value from, i.e., to “normalize”, each time record prior to summation. That constitutes the so-called multi-station experiment scheme proposed by Courtier et al. (2000). However, the division is often a poor numerical operation that ought to be avoided, as it can disproportionately magnify noises especially when near P(x,y)’s nodes where the value approaches zero.
Suppose the pattern P(x,y) is a surface spherical harmonic function Ylm(x,y) of degree l and order m, as is the case for many geophysical phenomena including the seismic normal modes under present study, as well as tides, centrifugal potential, mass loading, and multipoles of the gravitational and geomagnetic fields. Note that P(x,y) is not necessarily real-valued; a complex-valued P(x,y) can signify propagating pattern across the Earth surface. Then, instead of division, one can multiply each time record by Ylm*(x,y), the complex conjugate of Ylm(x,y), before summation or stacking. If the stations being stacked are reasonably globally distributed, then the sum would tend to cancel out (or at least suppress) all other Ylm’s of degree and order different than the target one because of the mathematical orthogonality among the spherical harmonics. The end result is a composite time series, the stack, wherein the target signal is well accentuated. That is the principle of the spherical-harmonic stacking (SHS), first devised by Buland et al. (1979) for enhancing the vertical component of spheroidal singlets, and later extended to horizontal components of both spheroidal and toroidal singlets (making use of the vector spherical harmonics) by Chao and Ding (2014).
In this paper, we mainly report the results of the optimal sequence estimation (OSE), another multiple-station stacking method in parallel. OSE was devised by Ding and Shen (2013) and extended by Ding and Chao (2015a) for, although in principle not limited to, spatially spherical-harmonic signal extraction. Suppose the time record from each station is a superposition of many modes of spherical-harmonics Ylms. In OSE processing, one builds the multiple-station data at any given moment in time in terms of superposition of a selected set of Ylm modes, and then solve for the coefficients of these modes simultaneously by least-squares regression. The number of selected modes need not be large—it typically suffices to include the 2L + 1 Ylms of different orders m belonging to the target degree L as “companions” to absorb “stray” signals. As all harmonics are orthogonal, synthetic experiments have demonstrated that this procedure is quite robust, even when the spatial coverage of the network stations is not quite globally distributed. Note that OSE when formulated in complex form applies not only to standing waves, but also propagating waves in general (e.g., Ding and Chao 2017).
Specifically, OSE consists of the following: for the vertical Up component and for any given point in time t, one construct the matrix equation U(t) = YA(t), where [image: $$U\left( t \right) = \left[ {\begin{array}{*{20}c} {u_{1} \left( t \right)} &amp; {u_{2} \left( t \right)} &amp; \ldots &amp; {u_{N} \left( t \right)} \\ \end{array} } \right]^{{\text{T}}}$$] is the N-vector of network data u, [image: $$A(t) = \left[ {\begin{array}{*{20}c} {A_{L( - L)} (t)} &amp; {A_{L( - L + 1)} (t)} &amp; \ldots &amp; {A_{LL} (t)} \\ \end{array} } \right]^{{\text{T}}}$$] is the (2L + 1)-vector of the coefficients to be inverted for the target degree L, and[image: $$Y = \left[ {\begin{array}{*{20}c} {Y_{L( - L)} (\Omega_{1} )} &amp; {Y_{L( - L + 1)} (\Omega_{1} )} &amp; \cdots &amp; {Y_{LL} (\Omega_{1} )} \\ {Y_{L( - L)} (\Omega_{2} )} &amp; {Y_{L( - L + 1)} (\Omega_{2} )} &amp; \cdots &amp; {Y_{LL} (\Omega_{2} )} \\ \vdots &amp; \vdots &amp; \ddots &amp; \vdots \\ {Y_{L( - L)} (\Omega_{N} )} &amp; {Y_{L( - L + 1)} (\Omega_{N} )} &amp; \cdots &amp; {Y_{LL} (\Omega_{N} )} \\ \end{array} } \right]$$]

 (1)


 is the N × (2L + 1) kernel matrix. For number of station N ≥ 2L + 1, one can thus obtain the least-squares solution for A. A composite time series is subsequently constructed along time by repeating the procedure in this optimal manner, simultaneously for the included modes. Similar formulation is developed for the two horizontal East/North components that are combined in terms of complex vector spherical harmonics (i.e., vector harmonics replacing scalar harmonics in matrix Y), and corresponding data stack can be constructed for least-squares regression; for details see Ding and Chao (2015a).
Results
Our results presented below consist of Fourier power spectra (i.e., periodograms) of data stacks, stacked either in the frequency domain or in the time domain as described above. The time-domain stacks are the major results; the frequency-domain ones are mainly for reference and comparison. The spectra consist of discrete peaks representing the normal modes excited by the Tohoku earthquake. Overlain on each spectrum, we plot vertical solid/dash lines to indicate the degenerate eigenfrequencies of the fundamental spheroidal/toroidal multiplet modes 0Sl/0Tl, determined according to the Preliminary Reference Earth Model (PREM; Dziewonski and Anderson 1981; Masters and Widmer 1995), against which the observed spectral peaks can be identified. We shall present the frequency range up to 5 MHz (period ~ 3.3 min), corresponding to l ~ 43 fundamental modes; higher frequencies see either little or non-resolvable normal mode energy.
Frequency-domain stacking
First we duplicate the sum-periodograms of Mitsui and Heki (2012; their Fig. 2), but for power spectra (instead of amplitude). Considering the fact that the selection of stations can make significant differences in the stacked spectrum (Gilbert and Dziewonski 1975), we took from the Japan GEONET network as many stations as feasible—1019 stations (see Fig. 1), compared to just over 300 stations by Mitsui and Heki (2012)). The result (in logarithmic dB) for the three components East/North/Up is given in Fig. 2a. Figure 2b is the same as Fig. 2a but for our corresponding product-periodograms. The E-component has the higher SNR, as expected since the observed co-seismic displacements by the Tohoku earthquake are predominantly eastward of up to 5.3 m (Ozawa et al. 2011).[image: ../images/40623_2021_1434_Fig2_HTML.png]
Fig. 2Frequency-domain power spectral stacks (in dB) to show the normal modes, from 1019 station 3-D (E/N/U-components) records of the Japan GEONET network for the 2011 Tohoku earthquake. a Sum-periodogram (corresponding to Fig. 2 of Mitsui and Heki 2012; no relative vertical shift); b product-periodogram (the low-frequency portion of the middle panel shifted downward to show the upper details). The vertical solid/dash lines indicate the degenerate eigenfrequencies of the fundamental spheroidal/toroidal multiplets according to PREM model


In Fig. 2, we see similar sets of spectral peaks in the product-periodogram as the sum-periodogram, but somewhat more clearly given its more effective performance as stated above. Yan et al. (2016) have obtained a similar product-periodogram from 43 groundwater array station records for the same earthquake. Against the PREM-modeled eigenfrequencies (vertical lines in the figures), the nearly uniform-spaced large peaks are identified, not surprisingly, to be the well-excited fundamental modes that correspond to surface waves. The spheroidal modes show up in both horizontal and vertical components, whereas the toroidal modes are absent in the vertical, as noted above. One confirms, as did Mitsui and Heki (2012) that the GEONET GPS displacement has recorded unambiguously the Earth’s normal modes excited by the Tohoku earthquake, most clearly for the fundamental modes in the frequency band of ~ 1.5–3.5 MHz. It should be noted that the excited modes in general have anti-nodes with peak amplitude at the earthquake source, thereby favoring their detection by the near-field GEONET stations not far from the source.
Figure 3 presents the product-periodograms just like Fig. 2b but for the western USA PBO stations—we have selected 685/685/489 stations used for East/North/Up components out of the entire 1548 stations (see Fig. 1). The generally weaker SNR of the peaks relative to the GEONET records is attributed to the fact that the PBO network, being far-field, is generally off from the antinode locations (such as in the near-field case of GEONET) for the normal modes and hence of weaker amplitude.[image: ../images/40623_2021_1434_Fig3_HTML.png]
Fig. 3GPS product-periodogram, same as Fig. 2b, but for the Western US PBO network with 685/685/489 stations used for E/N/U-components


We have also obtained the product-periodograms for the global IGS network with 260 selected stations. The spectra (not shown) have similar characteristics as Fig. 3, but further weaker.
Time-domain stacking
We have first tried SHS processing of the three sets of GPS network data. The results (not shown) are somewhat more noisy and less clean than those obtained via the OSE-processing scheme (which we report below). That is not surprising because the performance of SHS relies more on the global distribution of the stations than does OSE (Ding and Chao 2015a), while GEONET and PBO are non-global regional networks.
The OSE scheme yields one single composite time series from multiple-station time series upon optimal weighting with respect to designated spatial function, in our case the scalar or vector surface spherical harmonics as the case may be, as described above. We apply OSE to the near-field network GEONET, and obtain the power spectra of the composite time series targeted for designated Ylm, for the horizontal and vertical components. Figure 4a gives the power spectra for l = 1 and m =  − 1, 0, 1, for spheroidal modes in the U-component. Ideally, if the OSE operation is perfectly effective, we expect to see the (m =  − 1, 0, 1) singlets of the nth radial overtones nS1 that are excited, with all others suppressed to the extent dependence upon the global-ness of the station distribution.[image: ../images/40623_2021_1434_Fig4_HTML.png]
Fig. 4The Fourier power spectra of OSE stack for the spheroidal modes from the GEONET network with 968/910 stations, for: a U-component for l = 1 (m = − 1, 0, 1); b U-component for l = 2 (m =  − 2,  − 1, 0, 1, 2); c N/E-component for l = 2 (m =  −  2,  − 1, 0, 1, 2); d N/E-component for l = 3 (m =  − 3, − 2, −  1, 0, 1, 2, 3). The vertical lines indicate the PREM eigenfrequencies of the spheroidal fundamental modes


Figures 4, 5, 6 and 7 present selected examples of Fourier power spectra of the OSE stacks, for spheroidal vs. toroidal modes, for the low-degree l = 1, 2, 3 with respective order m’s, and for the vertical (U) vs. horizontal (N/E) components, from different GPS networks of GEONET, PBO or IGS. The most striking difference of these time-domain stacking results from the power spectral stacking (Figs. 2, 3) is the enhanced SNR for the normal modes and hence the heightened spectral peaks, which match remarkably well in general against the vertical solid/dashed lines that indicate the PREM eigenfrequencies of the spheroidal/toroidal fundamental modes.[image: ../images/40623_2021_1434_Fig5_HTML.png]
Fig. 5The same as Fig. 4, but for toroidal modes: a N/E-component for l = 2 (m =  −  2,  − 1,0,1,2); b N/E-component for l = 3 (m = − 3, − 2, − 1, 0, 1, 2, 3). The vertical solid/dashed lines indicate the PREM eigenfrequencies of the spheroidal/toroidal fundamental modes

[image: ../images/40623_2021_1434_Fig6_HTML.png]
Fig. 6The same as Fig. 4, but for the western USA PBO network of 685/585 stations for l = 3 (m = − 3, − 2, − 1, 0, 1, 2, 3): a U-component of spheroidal modes; b N/E-component of spheroidal modes; c N/E-component of toroidal modes. The vertical solid/dashed lines indicate the PREM eigenfrequencies of the spheroidal/toroidal fundamental modes

[image: ../images/40623_2021_1434_Fig7_HTML.png]
Fig. 7The same as Fig. 4, but for the global IGS network of 146/143 stations for l = 1 (m = − 1, 0, 1): a U-component of spheroidal modes; b N/E-component of spheroidal modes; c N/E-component of toroidal modes. The vertical solid/dashed lines indicate the PREM eigenfrequencies of the spheroidal/toroidal fundamental modes


Figure 4 targets the spheroidal modes from the GEONET network with 968/910 stations—3(a) for U-component for l = 1 (m =  −  1, 0, 1); 3(b) U-component for l = 2 (m =  − 2,  − 1, 0, 1, 2); 3(c) N/E-component for l = 2 (m =  −  2,  − 1, 0, 1, 2); 3(d) N/E-component for l = 3 (m =  −  3,  −  2,  −  1, 0, 1, 2, 3). One sees that essentially all the spheroidal fundamental modes between 1.5 and 5 MHz, i.e., 0S9–0S43, stand out prominently. Lower-frequency modes are less excited by this earthquake (unlike the 2004 Sumatra earthquakes, see Park et al. 2005), where only 0S4 and 0S5 can be seen relatively well. The overtone modes are barely excited to a detectable level at the GPS sensitivity. The only overtone that is identifiable consistently is the cluster 1S3/3S1 at ~ 0.94 MHz.
The results in Fig. 4 further demonstrate an inadequacy in the sensitivity for discriminating the modes by OSE (or any spatial stacking pending global distribution)—that is, the GEONET network being only regional and far from global in either latitude (pertaining to degree l) or longitude (pertaining to order m), all low-frequency modes stay near constant in phase in the limited region because of their long wavelengths. In such a case the OSE procedure is effective in enhancing the SNR of the spatially coherent signals but cannot effectively discriminate and suppress the non-target modes. That is evident in Fig. 4, where all the well-excited modes, namely the fundamental modes (especially spheroidal) whether or not targeted, would show up in the OSE stacks, although weighted differently dependent on the l and m.
The same things happen with respect to the OSE stacks for the toroidal modes. Figure 5 shows the results in the horizontal N/E-components. Here one sees clear toroidal fundamental modes 0T2–0T12 on the left portion of the spectra, as well as the series of spheroidal fundamental modes from 0S10 up to 0S42 for l = 2 in 4(a), and up to 0S31 for l = 3 in 4(b).
Figure 6 gives the OSE stacks for the western USA PBO network using 685/585 GPS stations, targeted for l = 3 (m =  −  3,  − 2,  − 1, 0, 1, 2, 3) and (a) U-component of spheroidal modes; (b) N/E-component of spheroidal modes; (c) N/E-component of toroidal modes. Again, the results show clear detection of the fundamental modes, albeit not as strong as in the GEONET case. The latter is not surprising as stated above, because the PBO network is no longer near the anti-nodes of each of the excited normal modes. In spectrum 5(a) for the U-component, one sees spheroidal 0S8–0S15 (in frequency band 1.4–2.4 MHz), plus a few toroidal modes of 0T3, 0T5, 0T8, and 0T9. The appearance of toroidal modes in the U-component results from their coupling with nearby spheroidal modes (e.g., Masters et al. 1983). The large peak at ~ 0.4 MHz coincides with that of the overtone 2S1, but cannot be further identified in our analysis. In Fig. 6b, c for the N/E-components, most of the toroidal 0T4–0T22 and spheroidal 0S6–0S22 (0.7–3.3 MHz) show up in the spectrum.
Figure 7 gives some examples of the corresponding results for the global IGS network (see Fig. 1) using 146/143 stations for l = 1 (m =  −  1, 0, 1): (a) U-component of spheroidal modes; (b) N/E-component of spheroidal modes; (c) N/E-component of toroidal modes. The results fall short of what are expected despite the relatively worldwide distribution of the IGS network stations. Significant spectral peaks are much fewer and weaker compared to those from the GEONET and PBO networks. Whereas a few peaks in the lowest-frequency end do not correspond to any PREM-modeled eigenfrequencies, only a handful peaks are identifiable against the PREM eigenfrequencies of the fundamental modes (e.g., 0T2–0T4 and 0S3). This presumably can be attributed to the sparsity and small number of available IGS stations and the fact that the suppression of non-target modes is relatively more effective given the global-ness of the network.
Discussion and conclusions
We conduct a host of numerical experiments in a comprehensive effort of detecting and analyzing the Earth’s normal modes of free oscillation in GPS records collected during the 21 h following the 2011 Tohoku, Japan, earthquake. Three continuous GPS networks are taken: two regional network of the Japan GEONET (~ 1000 stations) and the western USA PBO (~ 600 stations), and the global IGS (~ 140 stations). Overall, we find clear signals for fundamental modes both in GEONET and PBO.
The 3-D GPS time records at 30-s sampling rate are solved by us from raw observational data. Using them, our experiments consist of various multiple-record stacking techniques. The simple frequency-domain power spectrum stacking has the benefit of reducing the variance of the noise spectrum to facilitate the identification of the true signals belonging to the normal modes. We use the sum-periodogram (arithmetic mean) scheme for the GEONET records (to duplicate the previous study by Mitsui and Heki (2012), but using three times as many stations), as well as the product-periodogram (geometric mean) scheme which proves to be more effective. The results are presented in Fig. 2 (for GEONET) and 3 (PBO).
Our main results come from the time-domain stackings that convey two benefits for normal mode detection—boosting the amplitude SNR of the target modes by [image: $$\sqrt{N}$$], and suppressing non-target modes via the orthogonality of the modes. We have tried two separate schemes: the SHS and OSE that yield comparable results; here we report those of OSE which is found to be more tolerant to non-globalness of the network and yields somewhat more prominent spectral peaks in the present applications.
Representative examples of the OSE results are presented in Figs. 4–7. They as expected show clearly much higher sensitivity and detectability of the normal modes than the frequency-domain stacking. In the case of GEONET in the region where all excited modes have anti-nodes, all the spheroidal fundamental modes 0S9–0S43 below 5 MHz and some of the lower-degree overtones show up as clean spectral peaks against the PREM model eigenfrequencies in various OSE stack spectra with respect to the target degree and order. So do most of the low-degree toroidal fundamental modes. The regional PBO network sees less strong, but still clearly identifiable spectral peaks of the above-mentioned fundamental modes. The global IGS network data on the other hand detect barely a handful of these modes, presumably because of its sparsity and smaller number of stations.
On individual basis under its given measurement sensitivity, a single GPS record is hardly about to reveal the tiny normal mode signals generated even by a greatest earthquake. It is thus gratifying to be able to detect such signals clearly by means of numerical stacking techniques that take advantage of the multiple records in a GPS network. Conversely, this ability demonstrates that the GPS receivers do actually record the seismic signals loyally, notwithstanding their small amplitudes. Currently as things stand in terms of sensitivity and spectral resolution the GPS technique cannot compete with the conventional broadband seismology, or, say, the dozen-or-so superconducting gravimeters that only record the vertical component, in detecting and analyzing the normal modes. Nevertheless, GPS records the “true” 3-D displacement, particularly important in low-frequencies down to static changes and in complete dynamic range unachievable from other instruments. That has potential implications with respect to the GPS seismology (Larson et al. 2003).
We have focused on the eigenfrequencies of the detected normal modes in this paper, and less on their amplitudes and phases (or complex amplitudes). The information on the latter, or more specifically the “true” excited complex amplitudes of the modes, not those in each station record, actually resides in the OSE formulation for Eq. 1. Hence they in principle can be recovered from the OSE stack (cf. Ding and Chao 2017). (The same is true with respect to the SHS stacking for that matter.) That would provide useful information about the source mechanism of the earthquake (cf. Bogiatzis and Ishii 2014; Lentas et al. 2014). In practice, however, that requires a reasonably good global distribution of the network data, which to a large extent is lacking in our present datasets as we have demonstrated. Another interesting prospect that may become possible if, in addition, the GPS time series are truly continuous (without daily breaks) to enable higher frequency resolution is the following. For an earthquake modeled as a double-couple point source, the spherical-harmonic components of the induced displacement field in the epicentral (as opposed to geographical) coordinates for order greater than 2 would vanish identically (Phinney and Burridge 1973). Achievable through a coordinate transformation of GPS data this would “concentrate” the seismic signal in greatly fewer numbers of components (cf. Chao and Liau 2019), hence presumably rendering the OSE procedure more effective in terms of singlet resolution. These await future developments of the GPS or GNSS system with respect to seismic applications.
Acknowledgements
We thank the NASA Jet Propulsion Laboratory (JPL) for the GIPSY software and GPS orbit/clock products.

Authors’ contributions
This paper is based on the first author C-YC dissertation, supervised by the corresponding author BFC. Co-authors HD contributed the primary algorithm (OSE) and program employed, and LY provided the GPS solutions obtained from the data of the various GPS networks. All authors read and approved the final manuscript.

Funding
This work was supported by the Taiwan Ministry of Science and Technology via Grant #109-2116-M-001-028.

Availability of data and materials
The following organizations provided the data used in this paper: the Geospatial Information Authority (GSI) of Japan, the Plate Boundary Observatory (PBO) operated by UNAVCO for EarthScope, and the International GNSS Service (IGS).

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

Change History
22 July 2021The Grant number in the Funding section has been updated from “Grant #108-2116-M-001-016” to “Grant #109-2116-M-001-028”.


References
	Agnew DC, Berger J, Farrell WE, Gilbert JF, Masters G, Miller D (1986) Project IDA: a decade in review. Eos Trans AGU 67:203–212. https://​doi.​org/​10.​1029/​EO067i016p00203Crossref

	Bertiger W, Desai SD, Haines B, Harvey N, Moore AW, Owen S, Weiss JP (2010) Single receiver phase ambiguity resolution with GPS data. J Geod 84:327–337. https://​doi.​org/​10.​1007/​s00190-010-0371-9Crossref

	Bogiatzis P, Ishii M (2014) Moment tensor of the 2011 Tohoku-Oki earthquake from Earth’s free oscillations. Bull Seismol Soc Am 104:875–884. https://​doi.​org/​10.​1785/​0120130243Crossref

	Buland R, Berger J, Gilbert F (1979) Observations from the IDA network of attenuation and splitting during a recent earthquake. Nature 277:358–362. https://​doi.​org/​10.​1038/​277358a0Crossref

	Buland R, Gilbert F (1978) Improved resolution of complex eigenfrequencies in analytically continued seismic spectra. Geophys J Int 52:457–470. https://​doi.​org/​10.​1111/​j.​1365-246X.​1978.​tb04243.​xCrossref

	Bullen KE, Bolt BA (1985) An Introduction to the theory of seismology, 4th edn. Cambridge University Press, New York

	Chao BF, Ding H (2014) Spherical harmonic stacking for the singlets of Earth’s normal modes of free oscillation. Geophys Res Lett. https://​doi.​org/​10.​1002/​2014GL060700Crossref

	Chao BF, Liau JR (2019) Gravity changes due to large earthquakes detected in GRACE satellite data via empirical orthogonal function analysis. J Geophys Res. https://​doi.​org/​10.​1029/​2018JB016862Crossref

	Courtier N, Ducarme B, Goodkind J, Hinderer J, Imanishi Y, Seama N, Sun H, Merriam J, Bengert B, Smylie DE (2000) Global superconducting gravimeter observations and the search for the translational modes of the inner core. Phys Earth Planet Int 117:3–20. https://​doi.​org/​10.​1016/​S0031-9201(99)00083-7Crossref

	Ding H, Chao BF (2015a) Data stacking methods for isolation of normal-mode singlets of Earth’s free oscillation: extensions, comparisons and applications. J Geophys Res Solid Earth 120:5034–5050. https://​doi.​org/​10.​1002/​2015JB012025Crossref

	Ding H, Chao BF (2015b) Detecting harmonic signals in a noisy time-series: the z domain autoregressive (AR-z) spectrum. Geophys J Int 201:1287–1296. https://​doi.​org/​10.​1093/​gji/​ggv077Crossref

	Ding H, Chao BF (2017) Solid pole tide in global GPS and superconducting gravimeter observations: signal retrieval and inference for mantle anelasticity. Earth Planet Sci Lett. https://​doi.​org/​10.​1016/​j.​epsl.​2016.​11.​039Crossref

	Ding H, Shen WB (2013) Search for the Slichter modes based on a new method: optimal sequence estimation. J Geophys Res. https://​doi.​org/​10.​1002/​jgrb.​50344Crossref

	Dziewonski AM, Anderson DL (1981) Preliminary reference Earth model. Phys Earth Planet Int 25:297–356. https://​doi.​org/​10.​1016/​0031-9201(81)90046-7Crossref

	Gilbert F, Dziewonski AM (1975) An application of normal mode theory to the retrieval of structural parameters and source mechanisms from seismic spectra. Phil Trans R Soc 278A:187–269. https://​doi.​org/​10.​1098/​rsta.​1975.​0025Crossref

	Kanamori H, Anderson DL (1975) Amplitude of the Earth’s free oscillations and long-period characteristics of the earthquake source. J Geophys Res 80(8):1075–1078. https://​doi.​org/​10.​1029/​JB080i008p01075Crossref

	Larson KM, Boden P, Gomberg J (2003) Using 1-Hz GPS data to measure deformations caused by the Denali fault earthquake. Science 300:1421–1424. https://​doi.​org/​10.​1126/​science.​1084531Crossref

	Lentas K, Ferreira AMG, Clévédé E, Roch J (2014) Source models of great earthquakes from ultra low-frequency normal mode data. Phys Earth Planet Int 233:41–67. https://​doi.​org/​10.​1016/​j.​pepi.​2014.​05.​011Crossref

	Masters G, Widmer R (1995) Free oscillations: frequencies and attenuations. In: Ahrens TJ (ed) Global Earth physics: a handbook of physical constants. American Geophysical Union, Washington

	Masters G, Park J, Gilbert F (1983) Observations of coupled spheroidal and toroidal modes. J Geophys Res 88:10285–10298. https://​doi.​org/​10.​1029/​JB088iB12p10285Crossref

	Mitsui Y, Heki K (2012) Observation of Earth’s free oscillation by dense GPS array: after the 2011 Tohoku megathrust earthquake. Nature Sci Rep 2:931. https://​doi.​org/​10.​1038/​srep00931Crossref

	Munk W, Hasselmann K (1964) Super-resolution of tides. Studies on oceanography. Hidaka Memorial Volume, Tokyo, pp 339–344

	Ozawa S, Nishimura T, Suito H, Kobayashi T, Tobita M, Imakiire T (2011) Coseismic and postseismic slip of the 2011 magnitude-9 Tohoku-Oki earthquake. Nature 475:373–376. https://​doi.​org/​10.​1038/​nature10227Crossref

	Park J et al (2005) Earth’s free oscillations excited by the 26 December 2004 Sumatra-Andaman earthquake. Science 308(5725):1139–1144. https://​doi.​org/​10.​1126/​science.​1112305Crossref

	Park J, Amoruso A, Crescentini L, Boschi E (2008) Long-period toroidal earth free oscillations from the great Sumatra-Andaman earthquake observed by paired laser extensometers in Gran Sasso, Italy. Geophys J Int 173:887–905. https://​doi.​org/​10.​1111/​j.​1365-246X.​2008.​03769.​xCrossref

	Phinney RA, Burridge R (1973) Representation of the elastic—gravitational excitation of a spherical Earth model by generalized spherical harmonics. Geophys J R Astr Soc 34:451–487. https://​doi.​org/​10.​1111/​j.​1365,246X.​1973.​tb02407.​xCrossref

	Smylie DE, Hinderer J, Richter B, Ducarme B (1993) The product spectra of gravity and barometric pressure in Europe. Phys Earth Planet Interior 80:135–157. https://​doi.​org/​10.​1016/​0031-9201(93)90044-ACrossref

	Yan R, Woith H, Wang RJ, Zhang Y (2016) Earth’s free oscillations excited by the 2011 Tohoku Mw 9.0 earthquake detected with a groundwater level array in mainland China. Geophys J Int 206:1457–1466. https://​doi.​org/​10.​1093/​gji/​ggw213Crossref

	Yuan L, Chao BF (2012) Analysis of tidal signals in surface displacement measured by a dense continuous GPS array. Earth Planet Sc Lett. https://​doi.​org/​10.​1016/​j.​epsl.​2012.​08.​03Crossref

	Zumberge JF, Heflin MB, Jefferson DC, Watkins MM, Webb FH (1997) Precise point positioning for the efficient and robust analysis of GPS data from large networks. J Geophys Res 102:5005–5017. https://​doi.​org/​10.​1029/​96JB03860Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Earth’s free oscillations excited by the 2011 Tohoku earthquake recorded in multiple GPS networks


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40623_2021_1434_Fig1_HTML.png
50° 50°
45°
457 -45¢
40°
40° -40°
35°
35° -35¢
30° . : ] 30°
—128° -120° —112° —104°
60°  120° 180°.
30°
. e IGS
0 e GEONET
e PBO






OEBPS/images/40623_2021_1434_Fig5_HTML.png
%107

4444 e

(zHw /., ww) e1dads 10M0J JOLINO,]

25
Frequency (mHz)

1.5

0.5





OEBPS/css/cc-by.png
() _®





OEBPS/images/40623_2021_1434_Fig2_HTML.png
a Sum_Periodogram

Power spectra (dB)

4 —Up
GEONET, 1019 stations
0

0.5 1 1.5 2 25 3 35

b Product_Periodogram

East

. T T T
i 010 0103 i
0S10 0S20

|

—~ 6 S liomos FETE fomho i RN o1 ! : North |
as] i 0540 ¢ i ¢ 10520 I3l & 1 Y P51 i
E * p- kit !
= |
o]
w ! \ |
-2 | Bl | |
- \i
g 1 1 It 1 H H
e, T : T 1 7 T ! T T T T T Up
i i 0S10 : ;ns,‘n; (»xirr: ] T
1 1 | i A 2 O AR LA LMK At
0.5 1 1.5 2 2.9 3 3.5 4 4.5 &

Frequency (mHz)





OEBPS/images/40623_2021_1434_Fig4_HTML.png
Fourier Power spectra (mm’/mHz)

| OSE (GEONET 968 stations, U)
Spherol all—2‘ :

0.2 || '
o WLE
x10°
2 : T T ] T T A T 4
(c) 0520 "‘=‘?
F m=-
15 SR EREEE : : : . =0
ps2. 0310 RERREREEEREERREEY - 10§} PR
m=.

1 " OSE (GEONET 910 statlons, NIE)
i Spheroldall—z i

05 1 15 2 25 3 35 4 45 5
Frequency (mHz)





OEBPS/images/40623_2021_1434_Figa_HTML.png
x10™

Fundamental normal modes of Earth’s free oscillation after 2011 Tohoku earthquake,

detected in the GEONET GPS network data using OSE stacking processing.





OEBPS/images/40623_2021_1434_Fig7_HTML.png
o m=
| m=0
| m=l

~ OSE (IGS 143 stations, U)

~ Spheroidal /=1

0-3

2.5 3

(zHw/, wur) e1309ds J0MOJ I91INO,]

OSE (IGS 143 stations, N/E)

Toroidal /

1

4.5

25
Frequency (mHz)

1.5





OEBPS/images/40623_2021_1434_Article_TeX_IEq5.png





OEBPS/images/40623_2021_1434_Fig6_HTML.png
Fourier Power spectra (mm’/mHz)

X lO'II

T T T T T ; me———
(a 0810 :1:;
1§52 oo o e
OSE (PBO 685 stations, U) mf(l)
\ Spher¢idal /=3 z;
/H! ' - -
Wbl »‘
NI O ‘ ‘ |
j l 1 ‘ ; il ‘/ ‘ i hh |
LA. L JJ “h\“' th ]l’ Ak JH\J ,U.u ] A Y “ AN v«{’ﬁ\y‘l“.%! I .‘{r,' Labhidhs
x10°
0-8 T | T T T T E—
0s10 0S20 0830 — m=-2
0.6 m=
m=0
OSE (PBO 585 stations, N/E) m=1
o4 Spheroidal /=3 w2

0.2
0 id \
05 5t I . l 1 —
0.4 }d 020 ot30 —
03 OSE (PBO 585 stations, N/E) m=(|)
’ Toroidal /=3 m=
0.2

Frequency (mHz)





OEBPS/images/40623_2021_1434_Article_TeX_IEq3.png
T
U@ =] u@® u® ... uy(® |





OEBPS/css/envelope.png





OEBPS/images/40623_2021_1434_Article_TeX_IEq4.png
A(t) = [AL(—L)(I) Ap-Lan(®) ... Ap(o) ]T





OEBPS/images/40623_2021_1434_Article_TeX_IEq1.png





OEBPS/images/40623_2021_1434_Article_TeX_IEq2.png





OEBPS/images/40623_2021_1434_Article_TeX_Equ1.png
[ Yien(Q) Yrrn(Q) c-- V() |
Yi-n)(2) Yrrpin(€2) -+ Y (€o)

| Yin)(Qn) Y Qy) -+ Y (Qp) |





OEBPS/css/sidebar.gif





OEBPS/images/40623_2021_1434_Fig3_HTML.png
Power spectra (dB)

Product_Periodogram (PBO, 685 stations)
T T T T T

TT T
: : 0710

fod ) o

0810 ¢

P pS30

£ 10130

L
0110

0810 ¢

0120:

: 0s20i i EIEIEE

i 0S30

07130

0S10

I

0S20:

i) i

Up

R EE
25 3
Frequency (mHz)






