J Seismol (2012) 16:745-755
DOI 10.1007/s10950-012-9304-9

ORIGINAL ARTICLE

Toroidal free oscillations of the Earth observed by a ring

laser system: a comparative study

M. F. Nader - H. Igel - A. M. G. Ferreira -
D. Kurrle - J. Wassermann - K. U. Schreiber

Received: 27 October 2011 / Accepted: 26 March 2012 /Published online: 10 May 2012

© Springer Science+Business Media B.V. 2012

Abstract In this study, we explore the potential of
measuring systematically the Earth's free oscillations
using ring laser gyro (RLG) vertical axis rotational
records. The RLG that we use is the vertical axis
G-ring laser system of the Geodetic Observatory
Wettzell (Germany). In 2009, its signal-to-noise ratio
was considerably improved over the broadband frequen-
cy range of seismic measurements. Since then, three
large magnitude earthquakes have occurred (Samoa
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Islands 2009; Maule, Chile, 2010; and Tohoku, Japan,
2011), leading to the first direct observations of rotation-
al ground motions induced by toroidal free oscillations of
the Earth. We compare these G-ring laser observations
with synthetic seismograms computed by summing nor-
mal modes. We also analyse amplitude spectra of real
and synthetic data to aid in the interpretation of the
observations. We show that several toroidal modes are
detected by the G-ring laser for earthquakes with a
moment magnitude My, >8.0 and that our observations
are in reasonable agreement with the synthetic spectra.
We also report evidence for mode coupling in both
translation and rotation spectra.

Keywords Free oscillations - Rotational
seismology - Love waves

1 Introduction

The Earth's free oscillations induced by large earthquakes
have been one of the most important ways to measure the
Earth's internal structure. They provide important large-
scale constraints on a variety of elastic parameters, atten-
uation and density of the Earth's deep interior (for exam-
ple, Gilbert and Dziewonski 1975; Giardini et al. 1987;
Beghein and Trampert 2003; Deuss et al. 2010; Ishii and
Tromp 1999; Laske and Masters 1999).

Very large earthquakes excite free oscillations signif-
icantly above our planet's background noise level. Nev-
ertheless, correct, unambiguous observations of free
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oscillation spectra remain challenging, in particular for
toroidal modes. The difficulty in the observation of
toroidal modes results from (1) toroidal modes—the
superposition of Love waves—have lower Q (higher
attenuation) than spheroidal modes, so toroidal oscilla-
tions decay more rapidly; (2) measuring horizontal
ground translations is more difficult due to the higher
noise levels in the records of horizontal seismometers;
and (3) the horizontal components of motions suffer
from cross-coupling effects so that surface tilts can lead
to apparent translational motions exceeding true transla-
tional motions (Widmer-Schnidrig and Ziim 2009). It is
here where improvements and complements to existing
techniques are helpful, and the contribution of rotational
records in the study of Earth's free oscillations could play
an important role.

Given sufficient sensitivity, rotational sensors can be
used to observe toroidal modes directly by recording
motions around a locally vertical axis with very low
(theoretically zero) cross sensitivity to translational
motions. Further, the quality of horizontal translational
observations can be improved if the rotational motions
(tilt around horizontal axes) can be corrected for.

Here we explore the potential of rotational measure-
ments by high-precision ring laser gyros (RLG) systems
for the study of long-period toroidal oscillations; we
focus on the comparison of RLG observations of free
oscillations caused by three recent, large earthquakes.
‘We compare rotational seismograms recorded by the G-
ring RLG to transverse acceleration records from a
collocated STS-2 seismometer.

The paper begins with a brief presentation of the ring
laser measurement principle after which we describe the
three earthquakes we use. We present long-period data
in both time and frequency domains, followed by com-
parison with synthetic seismograms and an analysis of

Fig. 1 Ring laser and
broadband receiver location
in Wettzell, Germany (red

triangle) and epicentres and

the spatial motion pattern. Finally we discuss the
possibility of Coriolis coupling between toroidal
and spheroidal modes in both translation and rota-
tion data.

2 Instrumentation

Several different instruments have been developed to
measure the rotational part of a seismic wave field. So
far, the most successful results—at least in broadband
seismology—have been achieved using ring laser
technology.

RLGs are active interferometers that are highly
sensitive to rotations but highly insensitive to trans-
lations (zero sensitivity in the absence of structural
distortions caused by translational motions). In the
case of the G-ring laser in Wettzell (southern Bavaria,
Germany; Fig. 1), the laser cavity is a square with an
arm length of 4 m (area of 16 m?).

The RLG has two counter propagating single-mode
laser beams that are decoupled with respect to each
other (by Earth rotation). Since the effective perimeter
of the laser cavity differs minutely for the two direc-
tions of beam propagation, the beams are lasing at
slightly different optical frequencies. When the beams
are superimposed outside the cavity, one obtains an
interferogram whose beat frequency (Sagnac frequen-
cy) is proportional to the rate of rotation about the axis
perpendicular to the plane of the ring, so about the
vertical axis. In the case of the G-ring, the laser cavity
is filled with a helium—neon gas mixture and lases at
632.8 nm (Schreiber et al. 2006, 2009).

Since 2009, the use of highly polished super mir-
rors reduced the loss of the resonator to approximately
50 ppm. This made the sensor more sensitive and

Global CMT source mecha-
nisms of the three seismic
events used in this study
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Table 1 Global CMT catalogue parameters for the studied
events

Event Tohoku Chile Samoa

My 9.0 8.8 8.1

Date 11 March 2011 27 Feb 2010 29 Sept 2009
GMT time  5:47:32.8 6:35:14.5 17:48:26.8
Lat/Lon 37.5N/143.0 E 359 S/73.1 W 15.1S/171.9W
Depth [km] 20.0 23.2 12.0

minimised the attenuation of the beam. Smaller loss
translates into a narrower line width of the laser, a
more stable frequency reference and consequently into

0.8

lower sensor noise and higher resolution. Thanks to
these improvements, the G-ring laser now resolves to a
noise level of A2 =1,2 x 10~"'rad/s/v/Hz for the
continuous monitoring of the Earth's rotational ground
motions. This very high sensitivity for the measurement
of seismically induced rotational motions is now good
enough to detect multiple-orbit surface waves, as dis-
cussed below.

Because it is sensitive to Z-axis rotations, the G-ring
laser is primarily excited by horizontally polarised shear
motions (SH waves, Love waves) and is insensitive to
compressional waves and conversions (P-SV) and Ray-
leigh waves. Consequently, this instrument detects
mostly toroidal modes (assuming that there is no tilt-
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Fig. 2 Observed multiple-orbit Love waves for the a My 9.0
Tohoku (2011); b My, 8.8 Maule, Chile (2010) and ¢ My 8.1
Samoa earthquakes recorded in Wettzell, Germany. The rotation

rate around the vertical axis is the red trace and left axes and
transverse acceleration is the black trace and right axes. The
traces are band-pass filtered between 180 and 280 s
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to-laser coupling, which in general can be neglected,
Pham et al. 2009), unless there is coupling between
spheroidal and toroidal modes (Masters et al. 1983)

3 Observations and analysis

We report observations from three recent large earth-
quakes (Fig. 1 and Table 1). In temporal order, these
are the My 8.1 Samoa islands earthquake of Septem-
ber 29, 2009; the My, 8.8 earthquake off the coast of
Maule, Chile on February 27, 2010; and the My 9.0
Tohoku earthquake of March 11, 2011.

3.1 Time-domain observations and modelling

Observations of both translational and rotational
ground motions are shown in Fig. 2. The RLG seismo-
grams were compared to transverse accelerations
records of the collocated STS-2 seismometer (WET).
Transverse accelerations were obtained by rotating the
original seismograms into radial, transverse and verti-
cal directions, correcting for instrument response and
differentiating in time.

No instrument correction is necessary for the ring
laser system because it has a flat response. As
explained in other studies (Pancha et al. 2000; Igel et
al. 2007; Ferreira and Igel 2009; and Kurrle et al.
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Fig. 3 Same as Fig. 2 but for synthetic seismograms calculated using mode summation with the PREM Earth model and Global CMT

source parameters
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Table 2 Phase velocities of Love waves for data and synthetics
generated by the Tohoku (2011), Chile (2010) and Samoa
(2009) earthquakes, calculated as one half of the ratio between
horizontal-transverse acceleration and the rotational rate

Event Phase velocity ~ Phase velocity Difference
Data [km/s] Synthetics [km/s] %
Tohoku 52 4.7 -9.6
Chile 4.6 49 +6.5
Samoa 5.1 4.7 —17.8

2010), transverse accelerations and rotation rate
around a vertical axis are expected to be in phase for
SH waves (that is, to have identical waveforms) and
the ratio of their amplitudes scales with phase velocity
for plane wave propagation.

The seismograms were band-pass filtered with a
“zero-phase Butterworth” filter (between 180 and
280 s). The polarity of the superimposed ground motion

components shown in Fig. 2 is adjusted so that G1 (the
Love wave propagating through the minor arc) corre-
lates positively. Since the rotational wave field is pro-
portional to the wave number vector (k) (Ferreira and
Igel 2009), it depends on the propagation direction.
Therefore, the polarity is reversed for all the major-arc
waves (G,,) because they travel on the opposite direc-
tion from the first arrival.

Synthetic seismograms for rotation rate and transverse
acceleration were calculated by normal mode summation
(Fig. 3). Synthetic computations were done with the
Mineos code (Masters et al. 2007) for a spherically sym-
metric PREM model (Dziewonski and Anderson 1981)
and earthquake source parameters from the Global Cen-
troid moment tensor catalogue (Dziewonski et al. 1981).
The reverse polarity for the G,,, waves is also observed in
synthetic seismograms, as expected, and the amplitudes
are in a good agreement with the data. We calculated
phase velocities of the Love waves for both synthetics
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Fig. 4 Observed power spectral density (PSD) for a 36-h time
window following the Tohoku earthquake on February 2011.
From the fop to the bottom, vertical component spectra recorded
at BFO and WET, transverse component spectra for BFO and
WET and the G-ring laser RLAS (multiplied by a factor of

10,000). Vertical lines indicate frequencies computed for the
PREM model of the fundamental spheroidal modes (vertical
component translations; green) and toroidal modes (transverse
component and rotations; blue)
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Fig. 5 Spectral noise level comparison between horizontal
transverse acceleration by station WET (fop) and rotational rate
by the G-ring RLG (bottom)—multiplied by a factor of 10,000—
for a 36-h time window following the Tohoku earthquake. Vertical
lines indicate frequencies of fundamental toroidal modes for the
PREM model

0 Ts 0 TlU

and data and represented them as one half of the ratio
between the peak amplitudes of each G,, wave for trans-
lations and rotations.

The average over the phase velocities from each Love
wave arrival is calculated for each event in a frequency
range between 3.6 and 5.6 mHz (280 to 180 s). Noting the
influence of the path and the local structure beneath the
receiver (Ferreira and Igel 2009), the results are in the
range of the expected values, with a differential percent-
age between 6.5 and 9.6 % for phase velocities between
data and synthetics as is shown in Table 2.

As expected, the amplitude of the waves for all the
events decreases as they orbit the Earth (at the same
rate for rotation and translation), and the waveforms
remain similar even for high-orbit Love waves. How-
ever, for the event in Chile, Love waves G2 and G6
show slightly smaller amplitude than G3 and G7,
respectively. This is probably due to focusing and
defocusing by lateral heterogeneity along those par-
ticular paths. Rotational and translational motions
show similar sensitivities to such heterogeneities.

Moreover, the amplitude of rotations for Love wave
G6 is smaller than the transverse acceleration
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Fig. 6 Observed PSD of the a Chile event for time series of
36 h and b Samoa event for a time series of 16 h recorded for
horizontal transverse acceleration by station WET (fop) and
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compared to other Love waves. This difference sug-
gests that rotational motions are more sensitive to
focusing and defocusing in this case. Since lateral
heterogeneity is not taken into account in the syn-
thetics shown in Fig. 3, focusing and defocusing
effects do not appear in the synthetics.

3.2 Frequency-domain observations and modelling

We computed power spectral densities (PSDs) for the
toroidal free oscillations excited by the three events.
Once again, we compared records of transverse accel-
eration at WET to rotations of the G-ring RLG.

Ideally, for normal mode observations, the longer
the time window used, the better the peak resolution
i1s. However, the noise level increases with time as
well, and we found that a time series of 36 h from
onset provided the best available trade-off for the
Tohoku and Chile earthquakes. For the Samoa earth-
quake, we reduced that window to 16 h to exclude
seismic waves from another strong event (My 7.5,
near the coast of Sumatra). In spite of the shorter time
window, the normal mode peaks can be identified.

Data processing included (1) correction for the in-
strument response; (2) application of a Hanning (von
Hann) taper; (3) a high-pass filter with corner frequency
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Fig. 7 Same as Fig. 5 but for synthetics seismograms of a 36-h record of the a Tohoku and b Chile events and ¢ a 16-h record of the

Samoa event
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of 0.3 mHz and (4) computing the spectra via Fourier
transform. For comparison, we also analysed data
recorded with a set of STS-1 seismometers at the Black
Forest Observatory (BFO) for the Tohoku event. BFO is
about 350 km west of Wettzell (Fig. 4) and is known to
be one of the world's quietest observatories for the long-
period seismic signals (Richter et al. 1995).

Spheroidal modes detected in the vertical transla-
tional components at BFO and WET display compa-
rable PSDs up to a frequency of 2 mHz (500 s), where
the corresponding wavelength is much larger than the
distance between the stations. For toroidal modes, a
comparison between WET and BFO leads to the same
conclusions as those for the vertical component. Nev-
ertheless, when comparing WET translational and
RLG spectra, substantial differences are seen for the
Tohoku event, despite the fact that the instruments are
collocated (Igel et al. 2011).

Figure 5 shows in detail the behaviour of the G-ring
RLG spectra from 0 to 1.1 mHz in order to evaluate the
background noise level of the instrument in comparison
with the WET broadband station. From the figure, one
can see that the performance of the G-ring RLG in this
frequency band is still not as good as the STS-2 stations.
Therefore we focus on frequencies higher than 1 mHz.

The observed transverse acceleration and rotational
rate spectra for the Chile and the Samoa earthquakes
are shown in the Fig. 6. In common between the
events, one can identify contrasting amplitudes

Tohoku (2011)

Chile (2010)

between rotations and translations—Ilarge spectral
amplitudes in translation correspond to small ampli-
tudes in rotations and vice versa.

This contrasting pattern is uneven, meaning that it
was not observed for every mode. For the Tohoku
event spectra, this behaviour is clear, for example,
for the mode (To (a comparatively large amplitude
in rotation and small amplitude in the transverse com-
ponent) and vice versa for the mode (T;9. Since the
wave trains G,,, are anti-correlated for the two observ-
ables, it is natural that as a result the corresponding
rotation and acceleration spectra will be different (as
normal modes can be seen as resulting from the inter-
ference of multiple-orbit surface waves).

A slight difference from the eigenfrequencies pre-
dicted by PREM was observed in the spectra of all
three events. This deviation increases with the fre-
quency and may be due to the effect of the Earth’s
rotation, the ellipticity of the figure and lateral varia-
tions in density and elastic parameters. For a better
understanding of these observed differences between
the translational and rotational PSD amplitudes, we
computed synthetic spectra for the events (Fig. 7).

These synthetic amplitudes are in reasonably good
agreement with the observations, given the simplicity
of the model we used; the synthetic seismograms have
the same relative-amplitude behaviour between rota-
tions and translation for some modes. Rotation rates in
the surface of the Earth are defined in the frequency

Samoa (2009)
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Fig. 8 Synthetic translational and rotational motions for toroi-
dal free oscillations for the Tohoku (2011), Chile (2010) and
Samoa (2009) events (stars) and Wettzell station (white dots).
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Fig. 9 Spectra for 48 h of 2 =
data following the Tohoku )
event. Comparison of ob- WET
served coupled modes be- i i

tween transverse
acceleration records at WET
(top) and rotations around
the vertical from the G-ring
RLG (bottom) (multiplied
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domain as the curl of the translational velocity spec-
trum for a given mode of vibration @/, . Therefore, one
expects that the superposition of the standing waves
leads to different nodal lines along the Earth for each
type of motion.

To understand the characteristics of toroidal mode
spectra for horizontal displacement and rotation rate,
we carried out a synthetic calculation of the complete
oscillation field of rotations and translations over the
globe. We computed the frequency-domain amplitude
of a single toroidal mode, ( Ts, for rotation and displace-
ment in each station located at 5 © distance (Fig. 8). A
double-couple source radiation pattern is seen in both
observables. Since the focal mechanisms of the earth-
quakes differ, they have different energy distributions.

For all three events, one can see spatial differences
between the rotational and transverse fields. Upon the

Fig. 10 Same as Fig. 8 but

2.0 2.2 2.4 2.6
Frequency [mHz]

2.8 3.0 3.2
location of the station, these differences range from
considerable to imperceptible. Focusing on the receiver
location in Germany (white dot in Fig. 8), contrasting
motions of (T for rotation and translation are observed
for the Tohoku and Samoa events. On the other hand,
this feature is not perceptible for the event in Chile. This
variation can also be seen in Fig. 7, confirming thatitis a
geometric effect depending on the number of nodal lines
generated by the mode, the source—receiver distance and
the source radiation pattern.

3.3 Coupled modes

In the real Earth, normal mode spectra become more
complex due to the Earth's daily rotation, its hydro-
static ellipticity and structural heterogeneity. As a con-
sequence of deviations from a spherically symmetric,

for the 2010 Chile
earthquake

Amplitude[x10~"m/s? Hz"?]

20 22 24 26 28 3.0 3.2
Frequency [mHz]
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non-rotating, perfectly elastic, isotropic Earth model,
one observes splitting of the eigenfrequencies in their
azimuthal order as well as coupling between modes. In
the range of our mode observations, coupling between
modes due to Coriolis forces is the dominant effect
(Masters et al. 1983).

In Figs. 9 and 10, PSDs for 48 h of data following
the Tohoku and the Chile events are shown; the pro-
cessing is the same as described above. Spheroidal
eigenfrequencies are present in the rotational and in
the acceleration spectra, and these may be due to
Coriolis coupling between fundamental spheroidal
and toroidal modes, ,S; and ,7;,;.

Once again, the comparison with the transverse
acceleration spectra shows substantial variation be-
tween events. For some modes, it seems that one
mode type (,S; or ,7;) dominates in amplitude, but
in some cases that dominant mode, in coupled modes,
differs between acceleration and rotation spectra. For
example, in Fig. 9 the coupled mode (S4—T;s has a
stronger toroidal contribution in the G-ring RLG
observation, while in the translational spectra sphe-
roidal and toroidal eigenfrequencies have similar
amplitudes.

On the other hand, the coupled mode (S;,— T3
has dominant spheroidal energy in the acceleration
spectra rather than in rotational spectra, indicating
that mode coupling may be asymmetric between
rotations and translations. This issue deserves fur-
ther investigation. We are currently carrying out
work towards the calculation of more sophisticated
rotational spectra simulations.

4 Conclusions

We show that the systematic observation with the G-
ring RLG of torsional normal modes is possible for
earthquakes of moment magnitude Mw>8.0. Our
observations are in good agreement with synthetic
calculations for the PREM model.

The high sensitivity of this instrument allows us to
observe possible coupling between modes in the fre-
quency band between 1.6 and 3.2 mHz (625 to 313 s).
Nevertheless, the effects generating such coupling
need to be investigated further. Our observations dem-
onstrate that rotational-motion measurements are com-
plementary to standard translational measurements in
long-period seismology studies.
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