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Summary
The March 11, 2011 Tohoku earthquake together with 2004 Sumatra-Andaman and 2010 Maule are the three largest earthquakes recorded 
during the last decade. Such extraordinary events generate clear signals with a broad frequency content that is strong enough for both detailed 
structural studies associated with the eigenfrequencies of the Earth and source studies based on modal amplitude analysis (Park et al., 2005, 
Okal and Stein, 2009). Because of the complexity of the source region of such events (Ammon et al., 2005) their Mw magnitude estimates are 
subject to substantial uncertainty (e.g., Kanamori, 2006).
The aim of this study is to analyse the data from the superconducting gravimeter and the broadband seismometer located in the epicentral 
distance 82° at the same place at the Geodetic Observatory Pecný (GOPE), the Czech Republic and use them to re-estimate the seismic 
moment assuming that the source geometry, and relative slip distribution on the fault in finite-source models, are known.
We calculated synthetic seismograms for several point- and finite-source solutions of the 2011 Tohoku earthquake and compared them to the 
observed data. In order to get a good fit of the synthetic amplitude spectrum with the data up to 3.5 mHz, we need to multiply published 
seismic moment tensors by a factor of about two, which represents an increase of the moment magnitude by roughly 0.2. Our results point to 
the possibility that either the magnitude of the earthquake was previously underestimated or additional source mechanisms such as an afterslip 
on the faultor submarine landslides were triggered immediately after the main shock.

Data
The superconducting gravimeter (SG) OSG-050 with the sampling frequency of 1 Hz was installed at the Geodetic Observatory Pecný (GOPE) 
(49.9° N, 14.8° E) in February 2007. The new instrumentation allows to study a number of geodynamic phenomena towards both the higher 
frequencies (i.e., free oscillations of the Earth, long-period seismic waves) and the lower frequencies (e.g., environmental effects, long-period 
tides). In May 2009 the broadband seismometer (BB) CMG-3TD was installed in a new steel-cased, 60 m deep borehole in immediate vicinity to 
the gravimeter. The main characteristics of the BB include 360 s to 50Hz flat frequency response and high-stability variant with low self-noise up 
to 400 s. Collocation of two modern instruments like that is still rather rare worldwide. We have used FFT to compute amplitude spectra of the 
records. Data from SG were corrected for tides and those from BB were used with no pre-processing. To validate our method, the comparisons 
of the free oscillations in the frequency range 0.5-3.5 mHz, using the SG and BB records from the Pecný observatory, were performed for the 
somewhat smaller 2010 Maule earthquake with Mw=8.8. The same approach was then repeated with the new data obtained after the 2011 
Tohoku earthquake.
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Conclusions
To have an agreement between the data and the synthetics, we need to multiply the moment of the source 
models for the 2011 Tohoku earthquake by a factor of around 2, whereas no multiplication was needed for the 
data of the 2010 Maule earthquake. This fact suggests that the original magnitude Mw=9.1 of the 2011 Tohoku 
earthquake is underestimated. A possible explanation is that additional sources might have immediately 
followed the main shock, e.g., an afterslip (F. Gallovič, personal communication) or submarine landslides 
(Maruyama et al., 2011). However, further research is needed to clarify this point.

Synthetic calculations
When spherical harmonic analysis is employed, the equations describing the free oscillations can be written as a system of boundary-value 
problems for second-order ordinary differential equations. The standard methodology developed for these eigenvalue problems is based on 
numerical integration of a characteristic equation. The solution of this equation can be numerically problematic, especially when close 
frequencies need to be separated and/or the skin effect of the eigenfunctions is significant. Our research team has been developing a novel 
numerical approach, where high-accuracy pseudospectral schemes (Fornberg, 1996) are applied to discretize the equations in radial direction. 
In such a way, either a matrix eigenvalue problem (in the case of free oscillations) or a system of linear equations (in the case of tidal 
deformations) is obtained; see Zábranová et al. (2009), where the numerical method is described in detail. Using numerical libraries for matrix 
spectral analysis, the eigenfunctions and eigenfrequencies of the fundamental modes are obtained simultaneously. Our calculations of the 
eigenproblem were performed for the 1-D PREM model (Dziewonski and Anderson, 1981) in a non-rotating approximation. Note that 1-D 
structural approximations are still standard tools in low-frequency source studies (e.g., Hingee et al., 2011). The source has been incorporated 
into our calculations by means of the formulas of Dahlen and Tromp (1998) and the attenuation of individual modes was taken from the Mineos 
software package (Masters, 2010).

First we dealt with Mw=8.8 Maule, 2010, earthquake (epicentral distance 114°) to test whether our calculations of synthetic seismograms for 
generally accepted source models are in agreement with the data from the GOPE instruments. Fig. 1 shows the amplitude spectra from 62-
hour-long signal for both SG and the vertical acceleration measured by BB. The independent data sets exhibit an excellent fit, especially in 
terms of locations and amplitudes of the largest peaks. We argue that these observations are suitable for tests of source models. Fig. 2 shows 
the comparison of the SG data with the USGS Centroid Moment Solution representing the referenece point-source model (PS) [1]
(http://earthquake.usgs.gov/earthquakes/eqinthenews/2010/us2010tfan/neic_tfan_cmt.php) and with finite-source solution by Sladen (FS A) 
[2] (http://tectonics.caltech.edu/slip_history/2010_chile/index.html)
and by Hayes (FS B) [3] (http://earthquake.usgs.gov/earthquakes/eqinthenews/2010/us2010tfan/finite_fault.php).
In principle, there is a good agreement between the data and the models thus indicating that the synthetic calculations are free of any 
systematic error.

Figure 1. Vertical acceleration amplitude spectra of the 
superconducting gravimeter (red line) and the broadband 
seismometer (blue line) after February 27, 2010 Maule 
earthquake. The Fourier transform was applied to 62-hour 
time series.

Figure 3. Vertical acceleration amplitude spectra of the superconducting gravimeter (red) and the broadband 
seismometer (blue) after March 11, 2011 Tohoku earthquake. The Fourier transform was applied to 62-hour time series.

Figure 2. Vertical acceleration amplitude spectra after February 27, 2010 Maule earthquake. Red line - superconducting 
gravimeter, green lines - PS: synthetic calculations for point source [1], FS A and FS B: synthetic calculations for finite 
sources [2] and [3]. The Fourier transform was applied to 62-hour time series.

Test: Results for Maule 2010

Fig. 3 shows the amplitude spectra of the Tohoku earthquake 62-hour-long records at the GOPE 
from both SG (red line) and the vertical acceleration of BB (blue line) obtained from the time window 
starting at March 11, 9:00 UTC and finished at March 13, 23:00 UTC. The two data sets exhibit 
again a reasonable mutual agreement. Fig. 4 demonstrates the comparisons of the three point-
source solutions with the SG data. The first source is by Ekstrom (PS A) [4]
(http://earthquake.usgs.gov/earthquakes/eqinthenews/2011/usc0001xgp/neic_c0001xgp_gcmt.php),
the second solution is the USGS Centroid Moment Solution (PS B) [5]
(http://earthquake.usgs.gov/earthquakes/eqinthenews/2011/usc0001xgp/neic_c0001xgp_cmt.php)
and the third model is the USGS WPhase Moment Solution (PS C) [6]
(http://earthquake.usgs.gov/earthquakes/eqinthenews/2011/usc0001xgp/neic_c0001xgp_wmt.php).
The models A, B, and C underestimate the observed amplitudes but ratios of calculated individual 
mode amplitudes exhibit a good fit to the data. This is the reason, why re-evaluation of the total 
moment seems to be sufficient to improve the fit of the amplitudes substantially. Therefore, shown 
in Fig. 4 are also models A', B', C', where the original moment tensor was multiplied by the factors of 
1.8, 1.7 and 2.2. The  Mw  magnitudes of these A', B' and C' models are 9.32, 9.26 and 9.29, 
respectively. These multiplications resulted in a good fit to the data.

Figure 5: Surface projection of the slip distribution of the FS A model (Wei and Sladen - left) and FS B model 
(Shao et al. - right).

We also show the finite-source solutions in Fig. 6. The first model (FS A) is by Wei and Sladen [7]
(http://www.tectonics.caltech.edu/slip_history/2011_tohoku-oki-tele/). It consists of 252 point 
sub-sources and its original total moment is M0=5.39 1022 Nm. We had to muliply it by a factor of 1.9 
to obtain a good fit the data. The Mw magnitude obtained by such a procedure is 9.33. 
The second model (FS B) is by Shao et al.
(http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/2011/03/0311_v3/Honshu.html) [8].
It consists of 37050 sub-sources and its original total moment is M0=5.75 1022 Nm.The factor of two 
was again needed to improve the fit with the data - the resultant Mw magnitude is then 9.36.

Figure 4. Vertical acceleration amplitude spectra after March 11, 2011 Tohoku earthquake. Red line - superconducting 
gravimeter, green lines - PS A, PS B, PS C: synthetic calculations for original point sources [4], [5] and [6], black lines - 
PS A', PS B', PS C': synthetic calculations for point sources [4], [5] and [6] multiplied by the factors 1.8, 1.7 and 2.2. 
The Fourier transform was applied to 62-hour time series.

Figure 6. Vertical acceleration amplitude spectra after March 11, 2011 Tohoku earthquake. Red line - superconducting 
gravimeter, green lines - FS A, FS B: synthetic calculations for original finite sources [7] and [8], black lines -  FS A', FS 
B': synthetic calculations for finite sources [7] and [8] multiplied by the factors 1.9 and 2.0. The Fourier transform was 
applied to 62-hour time series.

Results for Tohoku 2011
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