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After the 2010 Maule and 2011 Tohoku earthquakes the spheroidal modes up to 1 mHz were clearly
registered by the Global Geodynamic Project (GGP) network of superconducting gravimeters (SG).
Fundamental parameters in synthetic calculations of the signals are the quality factors of the modes.
We study the role of their uncertainties in the centroid-moment-tensor (CMT) inversions. First, we have
inverted the SG data from selected GGP stations to jointly determine the quality factors of these normal
modes and the three low-frequency CMT components, Mrr ; ðM## �MuuÞ=2 and M#u, that generate the
observed SG signal. We have used several-days-long records to minimize the trade-off between the
quality factors and the CMT but it was not eliminated completely. We have also inverted each record sep-
arately to get error estimates of the obtained parameters. Consequently, we have employed the GGP
records of 60-h lengths for several published modal-quality-factor sets and inverted only the same three
CMT components. The obtained CMT tensors are close to the solution from the joint Q-CMT inversion of
longer records and resulting variability of the CMT components is smaller than differences among routine
agency solutions. Reliable low-frequency CMT components can thus be obtained for any quality factors
from the studied sets.

� 2014 Elsevier B.V. All rights reserved.
Introduction

CMT inversions of giant earthquakes in the frequency range
below 1 mHz are based on normal-mode calculations where funda-
mental parameters are the quality factors of the modes. Although
free oscillations of the Earth have been observed for decades, pre-
cise determination of the ultralong-period-mode quality factors is
still discussed (e.g., Roult et al., 2006; Okal and Stein, 2009;
Tanimoto et al., 2012; Deuss et al., 2013; Ding and Shen, 2013).
The modal quality factors can be estimated directly from the
observed signal attenuations. Very long high-quality records are
needed because multiplet splitting into singlets of near frequencies
causes complicated decrease of signal amplitudes with time, but
continuous non-disrupted SG records lasting several weeks are
rather rare. Determination of ultra-long-period-mode-singlet
attenuations from SG and seismic data yields relatively broad
ranges of values (Ding and Shen, 2013), probably due to the noise
in available signals. However, in quasi-spherical approximation,
when only splitting due to the Earth’s rotation and ellipticity is
considered, the quality factors of individual singlets should be very
close (e.g., Dahlen and Tromp, 1998).

The other way how to obtain the modal quality factors is, there-
fore, based on an inversion procedure when calculated synthetic
signals are compared with the observed data provided one quality
factor for all singlets of a mode is to be determined. Synthetic
calculations cannot be performed without a model of earthquake
source which should thus be simultaneously added into the inver-
sion procedure to obtain self-consistent results.

Here we first deal with the problem of joint determination of
both the modal quality factors and the CMT components from
the spheroidal-mode observations up to 1 mHz. Since they are
isolated in the spectrum, influence of mode couplings and 3-D
structures to amplitude spectrum is not substantial (e.g., He and
Tromp, 1996), it is sufficient to calculate multiplets splitting due
to the rotation and ellipticity. The observations after the 2010
Maule and 2011 Tohoku earthquakes within the GGP framework
provide high-quality data that exhibit lower noise level in submil-
ihertz frequency range than broadband seismometer data; detailed
discussion can be found in, e.g., Ferreira et al. (2006).

Ultralong-period-normal modes were employed in several
earthquake-source studies (e.g., Okal and Stein, 2009; Okal et al.,
2012; Okal, 2013; Tanimoto and Ji, 2010; Tanimoto et al., 2012)
to reveal potential ultraslow components to the seismic source of
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giant earthquakes by evaluating low-frequency estimates of the
scalar moment M0 when the strike, dip and rake were fixed in
agreement with the Global CMT double-couple-focal mechanisms.
The one parameter was thus inverted using a priori estimates of
the remaining source parameters (and quality factors). It is clear
that such an approach stabilizes inversion of M0 but the question
arises whether the influence of errors in determination of the
strike, dip and rake (Duputel et al., 2012; Tanimoto et al., 2012;
Valentine and Trampert, 2012) is negligible. Moreover, potential
usage of very long records (up to several weeks) require precise
knowledge of the modal quality factors.

Zábranová et al., 2012 obtained the Mrr component of the
moment tensor by inverting the amplitudes of radial modes
observed after the 2010 Maule and 2011 Tohoku earthquakes by
the GGP stations. Again, they had to re-evaluate quality factors of
the employed modes to obtain self-consistent results. Since the
radial modes are not split, their quality factors can be obtained
directly from the records; thus, this source inversion can be done
independently and used as a benchmark for the most influential
Mrr component. For this reason we do not incorporate the radial
modes into this study.

Here we show that vertical acceleration of the studied spheroi-
dal modes generated by shallow earthquakes is sensitive to the
three components of the CMT, assuming the isotropic component
of the source to be negligible: the diagonal terms of the CMT, Mrr

and ðM## �MuuÞ=2, and its #-u component M#u, see Eqs. (1)–(3)
and Table 1 below. Quite recently, Bogiatzis and Ishii (2014) tried
to invert the whole CMT tensor from the analysis of 15 modes
observed by the Global Seismograph Network after the 2011
Tohoku earthquake but the Mr# and Mru components were not
resolved. We demonstrate that the three resolvable CMT
components can be, in principle, obtained simultaneously with
the quality factors of the modes in a joint inversion procedure uti-
lizing long SG records. However, there is still a trade-off between
the quality factors and the Mrr component of the CMT. Therefore,
we deal also with the CMT inversion from short SG records where
influence of quality-factor uncertainties is more suppressed.
Synthetic calculations of SG signals

The total ground acceleration at xrðrr ; #r ;urÞ excited by a source
situated at xsðrs; #s;usÞ, is given by a superposition of spheroidal
and toroidal modes,

aðxr;xs; tÞ ¼ Re
X

k

Akðxr; xsÞ exp ixkt � xkt
2Q k

� �" #
; ð1Þ

where index k contains all degrees (angular order), overtones
(radial order) and singlets (azimuthal order), xk are angular fre-
quencies and Qk are quality factors of the modes. The coefficients
Akðxr;xsÞ are linearly dependent on M : ekðxsÞskðxrÞ, where M is

the source moment tensor, ek ¼ 1
2 rsk þ ðrskÞT
h i

is the strain and
Table 1
The ratios between maximal jAkj of vertical acceleration around the globe for
individual base moment tensors and maximal amplitude of a signal generated by the
sum of all 5 base moment tensors located at the 20 km depth.

Relative strength of signals

G1 G2 G3 G4 G5

0S2 0.907 0.045 0.0015 0.0015 0.045
0S3 0.670 0.165 0.0000 0.0000 0.165
0S4 0.589 0.204 0.0010 0.0010 0.205
1S2 0.404 0.282 0.0159 0.0159 0.282
0S5 0.553 0.221 0.0024 0.0024 0.221
skðxsÞ and skðxrÞ are eigenfunctions evaluated in a source and a
receiver location, respectively. We included the potential-perturba-
tion, free-air and tilt to model a realistic device response (Dahlen
and Tromp, 1998), as well as the Earth’s ellipticity and rotation
leading to multiplets splitting (Dahlen and Sailor, 1979), and calcu-
lated the coefficients Akðxr;xsÞ using the formulas that are given
explicitly for splitting of an isolated multiplet in (Dahlen and
Tromp, 1998; Chapter 14.2 and Appendix D1). We calculate the
eigenfrequencies and eigenfunctions by our pseudospectral finite-
difference matrix-eigenvalue approach (Zábranová et al., 2009)
applied to the spherical equivalent-rock PREM (Dziewonski and
Andersen, 1981), where the upper 3-km layer of water is replaced
by a 1.2-km-thick rock layer with the same mass. We thus keep
the mass of the Earth and avoid calculations in a thin water layer
at the surface.

Assuming negligible isotropic component of the source we
decompose the moment tensor M ¼ ðMrr ;M##;Muu;Mr#;

Mru;M#uÞ, where Mrr ,. . .,M#u are its spherical components, into five
suitable base moment tensors,

M ¼ MrrG1 þ
M## �Muu

2
G2 þMr#G3 þMruG4 þM#uG5; ð2Þ

where

G1 ¼ 1;�1=2;�1=2;0;0;0ð Þ;
G2 ¼ 0;1;�1;0;0;0ð Þ;
G3 ¼ 0;0;0;1;0;0ð Þ;
G4 ¼ 0;0;0;0;1;0ð Þ;
G5 ¼ 0;0;0;0;0;1ð Þ:

ð3Þ

We use this representation of the CMT to distinguish between the
CMT components that are able to generate strong vertical accelera-
tion and those of negligible influence. Relative strengths of signals
produced by the base moment tensors for the centroid depth of
20 km are shown in Table 1. The Mr# and Mru components do not
generate any significant vertical acceleration, i.e., tangential stress
vanishes near the surface, see also, e.g., (Dziewonski et al., 1981;
Ferreira and Woodhouse, 2006; Bukchin et al., 2010; Bogiatzis and
Ishii, 2014). The mode 0S2 is generated mainly by Mrr , and its
sensitivity to the remaining components is weak. Nevertheless,
the other modes are sensitive also to ðM## �MuuÞ=2 and M#u, and
these two components can thus be inverted together with Mrr . Note
that the signal generated by G3 and G4 raises with the source depth
and, in principal, full CMT of the deepest earthquakes could be
achieved from the SG-data inversion.
Determination of quality factors from GGP data and the CMT
inversion

We have used GGP data sets registered at the stations AP, BH
(averaged from three sensors), CA, CB, CO, ME, PE, WE (averaged
from two sensors) after the 2010 Maule earthquake and AP, BH
(averaged from three sensors), CA, CB, CO, ME, OS, PE, ST, after
the 2011 Tohoku earthquake having neither gaps nor steps in the
recordings and with only weak signals from aftershocks (Fig. 1).
We have averaged the signals from several sensors located at one
station to suppress the noise level and not to increase the weight
of such a station in the inversion. After correcting raw gravity data
(sampled at 1 s) for atmospheric effects using locally recorded
atmospheric pressure data and a standard barometric admittance
of �3 nm/s2/hPa (Hinderer et al., 2007), we apply a high-pass
Butterworth filter (above 0.1 mHz) to remove local tides. In the
studied frequency band, superconducting gravity data are less
noisy than seismometer data (e.g. Ferreira et al., 2006), but they
provide only the vertical component of oscillations.
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Fig. 1. GGP stations used in this study.
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The quality factors Q of individual modal multiplets are key
parameters, and their values used in synthetic calculations can
substantially influence the results. We determined the Qs by their
simultaneous inversion together with the three CMT components
Mrr ; ðM## �MuuÞ=2 and M#u. In all calculations two ‘‘low-sensitive’’
remaining components of M were fixed on the Global CMT
solution, i.e. Mr# ¼ 0:23� 1022 Nm, Mru ¼ �1:51� 1022 Nm for
the 2010 Maule earthquake (Ekström and Nettles, 2010) and
Mr# ¼ 2:12� 1022 Nm, Mru ¼ 4:55� 1022 Nm for the 2011 Tohoku
earthquake (Nettles et al., 2011). It is clear from Table 1 that such
a choice of Mr# and Mru influences amplitudes of all studied
fundamental modes negligibly when the remaining components
of the CMT are of the same order. The overtone 1S2 is the only
exception but still these two components generate much weaker
1S2 signal than the remaining considered components of the
CMT. Since the total amplitude of this overtone is about one order
of magnitude smaller than the amplitudes of the other modes, its
role in the CMT inversion is very small.

We define the misfit function calculated for each station s and
each mode m as the square of the difference between the data
and synthetic-signal-amplitude spectra averaged over a narrow
frequency range df sm covering all singlets, where the amplitudes
are above noise level, i.e. we minimize the functional

X
sm

1
df sm

Z
df sm

AðdÞs ðf Þ � AðcÞs ðf Þ
� �2

df ;

where AðdÞ (AðcÞ) is the amplitude spectrum of the data (calculated
synthetic signal). We do not employ the phase spectra since they
are sensitive to the source finiteness and duration, noise and
aftershocks (Lambotte et al., 2007; Bogiatzis and Ishii, 2014). We
calculated the misfit from the optimal record lengths according to
Dahlen (1982), see the last column in Table 2, derived for the case
Table 2
Periods T of the modes, their quality factors Q used in this study and optimal lengths
of the signals according to Dahlen (1982). Q 0 was calculated from the PREM, Q 1 is our
estimate contained by averaging over 4 inversion results: inversions started from the
Q-values of the PREM and were performed for the centroid depth of 10 and 20 km for
the 2010 Maule (20 and 30 km for the 2011 Tohoku) earthquake, Q 2 was estimated by
Tanimoto et al. (2012) and Q 3 by Deuss et al. (2013).

T [s] Q0 Q1 Q2 Q3 Q0 T=2 [h]

0S2 3234 510 496 � 16 525 477 � 177 230
0S3 2135 417 409 � 11 380 405 � 14 124
0S4 1546 373 394 � 27 365 373 � 9 80
0S5 1190 356 350 � 16 350 364 � 5 59
when amplitudes for the retrieval of source mechanism and the
Hann taper for spectra calculations are utilized. All records started
two hours after the origin time of the earthquakes and the synthetic
calculations were performed for the two centroid depths, see
Table 3.

We have used two-step iterative inversion procedure starting
from the Q-values of the PREM: in the first step all quality factors
are fixed and the three CMT components are inverted, in the
second step the obtained CMT is fixed and the quality factors are
inverted. The first step is then repeated with the new quality fac-
tors, then we continue with the second step etc. The convergence
is very fast and only several loops (up to ten) of both steps are
needed to reach misfit minimum. Note that we use grid-search
in both steps with higher accuracy than 1020 Nm in the first step
and 1 in the second step. Since the studied modes are isolated in
the spectrum, the quality factor of each mode can be inverted
separately in the second step. The first step could be solved as an
linear inverse problem but the direct linear problem is extremely
fast and thus this straightforward minimization method can be
easily implemented.

Obtained quality factors in our inversion procedure are almost
independent of changes in the source depth and the choice of the
earthquake. Fig. 2 shows the amplitude spectra of synthetic and
measured signals averaged by the time-window lengths to demon-
strate data fitting reached in our inversion procedure. We obtained
excellent fit for the modes 0S2; 0S3 and 0S5 but worse results for the
mode 0S4.

In order to estimate the errors of our inversion procedure, we
performed single-record inversions and then calculated the stan-
dard deviations of inverted parameters from the resultant set of
these individual inversions. We first determined the quality factors
from the records separately for each station (fixing the CMT
components on all-station inversion values) and then obtained
the CMT independently for each station (fixing the quality factors
on all-station inversion values).

In Table 2 we compare our Q values of fundamental modes
averaged over performed inversions for both earthquakes with
the results obtained by Tanimoto et al. (2012) from cross-
correlations in the time domain, by Deuss et al. (2013) performing
splitting function inversions, as well as with those from the PREM
(Dziewonski and Andersen, 1981). The fundamental-mode-quality
factors of the PREM and almost all of Deus et al. (2013) lie within
the obtained confidence interval but the results of Tanimoto et al.
(2012) differ more. The highest standard deviation was obtained
for the mode 0S4 which corresponds to the problems with its fit
as demonstrated in Fig. 2. We also tried to determine the quality



Table 3
The CMT components obtained from the joint inversion with the quality factors of the
records from the stations AP, BH, CA, CB, CO, ME, PE, WE (2010 Maule) and AP, BH, CA,
CB, CO, ME, OS, PE, ST (2011 Tohoku), see Fig. 1 and Q1 in Table 2.

Centroid depth
[km]

Mrr

[1022 Nm]

ðM## �MuuÞ=2

[1022 Nm]

M#u

[1022 Nm]

2010 Maule
20 1.10 � 0.01 0.55 � 0.19 �0.09 � 0.09
30 1.05 � 0.01 0.54 � 0.20 �0.10 � 0.09

2011 Tohoku
10 1.61 � 0.02 0.63 � 0.16 �0.52 � 0.10
20 1.70 � 0.02 0.60 � 0.17 �0.56 � 0.10
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factor of the mode 1S2 and attained its reasonable value of Q ’ 310
for the 2010 Maule earthquake but most of individual-station
inversions of this quality factor were unstable; therefore, we were
not able to obtain standard deviations. Moreover, the data for the
Tohoku 2011 earthquake exhibit much higher values (Q P 340).
These two analyses are not consistent, and we decided not to deal
with this mode.

The review of the obtained CMT components is in Table 3; we
used Global CMT source location. Our Mrr component for the
2011 Tohoku earthquake is in good agreement with the recently
published low-frequency-normal-mode inversion based on Global
Seismographic Network data, see Table 2 in (Bogiatzis and Ishii,
2014), but the remaining components are in better agreement with
the Global CMT solution (Nettles et al., 2011), the USGS CMT
solution (Polet and Thio, 2011) as well as the USGS Wphase
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Fig. 2. Vertical acceleration amplitude spectra of the studied modes from the SG data (r
panel) earthquakes. The synthetic signal was calculated for the solution of joint inversio
Fourier transform were applied to the time series of the length shown in the last column
windows. (For interpretation of the references to color in this figure caption, the reader
solution (Duputel et al., 2011). Note that the dependence on a
source depth (mainly that of the component Mrr) is primarily due
to the changes of the model elastic parameters. On the other hand,
inversions of individual records yield almost identical values of the
Mrr component for fixed depths that are, moreover, in a very good
agreement with the Mrr estimates obtained from the radial mode
0S0 inversion, see (Zábranová et al., 2012).

In order to study potential trade-off between the CMT compo-
nents and the quality factors, we chose the quality factors by
Tanimoto et al. (2012) and Deuss et al. (2013) in the role of starting
models and repeated the simultaneous inversion of all records. The
results obtained from the joint inversions starting from the differ-
ent quality factors lie within the confidence intervals obtained in
the inversion starting from the PREM quality-factor set Q 0. Then
we computed the CMT components for the fixed quality-factor sets
(Q0—Q 3) for both the 2010 Maule and 2011 Tohoku earthquakes
assuming the depth of 20 km. The lowest values correspond to
the Q0 quality factors (Mrr ¼ 1:06� 1022 Nm for 2010 Maule;
Mrr ¼ 1:70� 1022 Nm for 2011 Tohoku) and the highest values cor-
respond to the Q 2 quality factors (Mrr ¼ 1:11� 1022 for 2010
Maule; Mrr ¼ 1:77� 1022 for 2011 Tohoku). The spans of the
remaining two CMT components are within the confidence inter-
vals. The trade-off between the quality factors and Mrr is demon-
strated in Fig. 3. One can clearly recognize that an increase of the
Mrr component is connected with decreases of the quality factors
and the ‘‘minima valleys’’ are shallow. Since the trade-off between
the CMT and quality factors complicated the joint Q-CMT inversion
although relatively long records were utilized, we will continue
with the CMT inversion of short records fixing the quality factors.
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CMT inversion from short time series for fixed quality factor
sets

We will demonstrate now that relatively short SG records can
be employed to obtain reasonable low-frequency CMT parameters
provided the quality factor set is fixed on ‘‘reasonable’’ values.
From the point of view of mode-amplitude attenuation with time,
the optimal length of a signal to determine the amplitude of a
mode is given by its Q multiplied by half of the period (Dahlen,
1982). Therefore, when all studied modes are used in the inver-
sions together, it is important to employ signals where neither of
the modes is too much attenuated. This is the reason why we used
only 60 h-long signals; the Hann taper and Fourier transform were
applied to the time series starting again two hours after the earth-
quake-origin time. In principle, even shorter records could be
employed but too short time series would not lead to narrow spec-
tral peaks and an approach in the time domain would have to be
applied (Tanimoto et al., 2012).

We have inverted three ‘‘sensitive’’ components of the moment
tensor Mrr ; ðM## �MuuÞ and M#u again from the L2-inversion with
variable source depth. A depth-grid search with 1-km stepping
has been applied. The results of inversion are shown in Fig. 4; For
the 2011 Tohoku earthquake all inversions yield better misfit than
the reference Global CMT solution with the PREM Q-values, i.e.,
the re-evaluation of the CMT components plays a substantial role
in the misfit reduction. Moreover, our new re-evaluation of the
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off between the Mrr component and quality factors of the modes. The components ðM## �
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modal quality factors results in further misfit improvement. How-
ever, the misfits for the 2010 Maule earthquake were not improved.
The probable reason is that the fit of the mode 0S4 in the case of the
2010 Maule earthquake is poor for any choice of the quality factors
and most of the misfit is thus created by this mode as shown in
Fig. 5. The source of this misfit remains unclear but comparing Figs. 2
and 5 one can see that the mode 0S4 misfit is lower for shorter time
windows. The dependence of the misfit on source depth is rather
weak up to 30 km and it gets worse for higher depths for both
earthquakes. In principle, it confirms the already published results
showing that the centroid was located at shallow depths. The values
for the centroid depth 20 km are summarized in Table 4; they are in
good agreement with the values in Table 3.

The inversion of Mrr from the rather short 60-h signal is only
slightly influenced by considered choices of quality factors, and
the resultant differences are smaller than differences of the pub-
lished CMT solutions that are used here for comparison. The Global
CMT solution PS1 yields the Mrr component in very good agree-
ment with our inversion. This agreement confirms the analyses
of frequency dependence of the scalar moment showing that there
were no slow components of the two studied earthquake sources
(Tanimoto et al., 2012; Okal, 2013). Moreover, there is a good
agreement with the independent results of Zábranová et al.
(2012) where the value of Mrr was obtained directly from the radial
modes. Note that Mrr is clearly depth-dependent since it is
influenced mainly by the shear-modulus profile. The
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moment-tensor-diagonal term ðM## �MuuÞ=2 as well as the M#u

component are determined well for all the studied quality factor
sets. It is of interest that the results of inversions of these two com-
ponents are almost independent of the choice of the quality factors,
and they exhibit sensitivity to the centroid depth for the 2011
Tohoku earthquake.
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Table 4
Components of the inverted CMT located in 20 km depth from 60-h-long
records.

Mrr [1022 Nm] ðM## �MuuÞ=2 [1022 Nm] M#u [1022 Nm]

2010 Maule
Q0 1.09 0.50 �0.11
Q1 1.10 0.50 �0.11
Q2 1.13 0.53 �0.13
Q3 1.11 0.54 �0.15

2011 Tohoku
Q0 1.73 0.74 �0.54
Q1 1.73 0.72 �0.53
Q2 1.78 0.78 �0.53
Q3 1.75 0.79 �0.51

−3

−2

−1

0

D
LP

50 100 150
Δt [hrs]

0S4

−1.0

−0.5

0.0

D
LP

0S2

−5

−4

−3

−2

−1

0

D
LP

50 100 150
Δt [hrs]

0S5

−3

−2

−1

0
D

LP

0S3

Fig. 6. Decadic logarithm of the powers (DLP) of the studied modes (integral over
narrow frequency range covering all singlets for each mode) with time shifts of time
windows applied to the data (black lines) and synthetic signals after the 2011
Tohoku earthquake calculated for the four sets of quality factors (red Q0, green Q1,
blue Q2, orange Q3) and for the CMT values from Table 4. All powers are normalized
by the powers of data for the time shifts Dt ¼ 0, i.e. time windows starting 2 h after
the origin time. Lengths of time windows are written in the last column of Table 2.
The slope of the curves for synthetic data corresponds to the values of the quality
factors. Since the modal multiplets consist of several singlets with slightly different
frequencies, the curves are oscillating. (For interpretation of the references to colour
in this figure caption, the reader is referred to the web version of this article.)
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becomes substantial. Combining these ‘‘critical-time shifts’’ for data
from fifteen records with the used lengths of time windows, one can
clearly see that maximal length of the signal undisturbed by the
noise is only about 200 h for the modes 0S4 and 0S5 and 280 h for
the modes 0S3 and 0S2. These numbers are only illustrative for this
particular earthquake as signal/noise ratio depends on earthquake
parameters and the station quality. Nevertheless, we think that they
represent typical maximal lengths of the signals from the GGP net-
work that can be used for individual modes after megathrust events.
Naturally, one can omit ‘‘more noisy’’ stations to obtain an agree-
ment between data and the synthetics for longer times. This figure
clearly demonstrates that applications of very long records, used to
determine quality factors of individual singlets, can be affected by
noise. On the other hand, if we do not deal with clear separation
of multiplets into singlets, e.g., when only the low-frequency
components of the CMT are determined, relatively short records
are sufficient and they have excellent signal/noise ratio.
Conclusions

In several studies (e.g., Okal and Stein, 2009; Okal et al., 2012;
Okal, 2013; Tanimoto and Ji, 2010; Tanimoto et al., 2012)
ultralong-period normal modes were employed to determine only
one low-frequency source parameter of giant earthquakes—the
scalar moment M0—assuming double-couple focal mechanism
and fixing the three remaining parameters (dip, strike and rake)
by means of values chosen a priori from independent studies. It
is well known that there is a trade-off between these parameters;
the choice of the dip, strike and rake thus also influences the
obtained value of the scalar moment M0. We demonstrated here
the three low-frequency components—Mrr ; ðM## �MuuÞ=2 and
M#u—can be obtained from SG records after the 2010 Maule and
2011 Tohoku earthquakes assuming that the isotropic component
of the CMT is negligible, and dealt with their trade-off with the
quality factors of the modes. For shallow earthquakes sensitivity
of data to the two remaining components— Mr# and Mru—is very
weak, these components cannot thus be inverted from the used
data, and the results are independent on their choice made a priori,
cf. (Dziewonski et al., 1981;Ferreira and Woodhouse, 2006;
Bukchin et al., 2010;Bogiatzis and Ishii, 2014).

We first performed inversion of quality factors jointly with the
three studied CMT components from long records of optimal
lengths to obtain amplitudes for each mode (last column in
Table 2). The resulted modal quality factors are in good agreement
with the PREM values and the results published by Deuss et al.
(2013), however, they differ more from the results by Tanimoto
et al. (2012). We then inverted the CMT components fixing the
quality factors on these published values. The resultant span of
the CMT values is smaller than mutual differences of the Global
CMT, USGS CMT and USGS Wphase solutions.

The question thus arises whether it is necessary to use such
long records. We thus finally employed only 60 h long records
and performed again the CMT inversions for the fixed four quality
factor sets shown in Table 2. The best solutions for each quality-
factor set are summarized in Table 4. They can be considered as
the low-frequency estimates of the CMT components independent
of previous results obtained in higher frequency ranges. The opti-
mal centroid depth were located into shallow depths and the dif-
ferences of the obtained inversion results are again smaller than
the mutual differences of the published agency CMT solutions.
Problem of proper determination of the modal quality factors in
inversion procedures of the low-frequency CMT of giant earth-
quakes utilizing relatively short records can thus be omitted and
the inversion can be, in principle, routinely performed for any of
the studied quality-factor sets.
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