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Summary. Over the last 40 years ring laser gyroscopes became one of the most
important instruments in the ﬁeld of inertial navigation and precise rotation measurements. They have a high resolution for angular velocities, a very good scale
factor stability and a wide dynamic range. These properties made them suitable for
aircraft and autonomous submarine navigation. Over the last decade we have developed several very large perimeter ring laser gyroscopes for the application in geodesy
and geophysics (Schreiber et al., 2001). Because of a substantial upscaling of these
ring lasers, their sensitivity to rotations has been increased by at least 5 orders of
magnitudes. At the same time the instrumental drift was reduced by about the same
amount. This progress in rotational sensor technology led to the successful detection
of rotational signals caused by earthquakes (Pancha et al., 2000) several thousands
kilometers away. These observations stimulated the development of a highly sensitive ring laser gyro for speciﬁc seismological applications. The GEOsensor provides
rotational motions along with the usual translational motions at a high data acquisition rate of at least 20 Hz. Observations of seismic induced rotations show that they
are consistent in phase and amplitude with the collocated recordings of transverse
accelerations obtained from a standard seismometer over a wide range of distances
and frequencies.
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1 Introduction
Currently there are primarily two types of measurements that are routinely
used to monitor global and regional seismic wave ﬁelds. Standard inertial seis-
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mometers measure three components of translational ground displacement and
provide the basis for monitoring seismic activity and ground motion. The second type aims at measuring the deformation of the Earth (strains). It is well
known (Aki and Richards, 2002) that there is a third type of measurement
that should be observed in seismology and geodesy in order to fully describe
the motion at a given point, the measurement of ground rotation. In the past
years, ring laser gyroscopes were developed primarily to observe variations
in Earth’s absolute rotation rate with high precision (Stedman et al., 1995;
Stedman, 1997). The recording of the (complete) earthquake-induced rotational motion is expected to be useful particularly for (1) further constraining
earthquake source processes when observed close to the active faults (Takeo
and Ito, 1997); (2) estimating permanent displacement from seismic recordings (Trifunac and Todorovska, 2001); (3) estimating local (horizontal) phase
velocities from collocated observations of translations and rotations (Igel et
al., 2005a) .
In standard analysis approaches in seismology earthquake induced rotations have been neglected in the past, because the corresponding magnitudes
were thought to be small and no suitable instruments with the required resolution existed. The high sensitivity for rotations of large ring lasers along
with their insusceptibility to linear translations makes the application of these
instruments very attractive for seismological studies. The required range of
angular velocities to be measured is expected to be 10−14 rad/s Ωs 1 rad/s
and the required frequency bandwidth for the seismic waves is in the range
of 3 mHz fs 10 Hz (Schreiber et al., 2004). Three such devices mounted in
orthogonal orientations will eventually provide the quantitative detection of
rotations from shear, Love and Rayleigh waves, thus providing the missing
quantities for a complete 6 degrees of freedom measurement system.

2 Instrumental Section
Ring lasers are active Sagnac interferometers, where two laser beams are circulating around a triangular or square closed cavity in opposite directions
(Aronowitz, 1971). If the whole apparatus is rotating with respect to inertial
space one obtains a frequency splitting of the two counter propagating waves,
which is proportional to the rate of rotations. The Sagnac frequency δf is
δf =

4A
n·Ω ,
λP

(1)

where A is the area, P the perimeter enclosed by the beam path and λ the optical wave length of the laser oscillation. Ω is the angular velocity at which the
instrument is turning and n is the normal vector to the laser beam plane. The
resolution of a ring laser gyroscope is proportional to the ratio of the quotient
of area and perimeter enclosed by the beam path. Therefore, an increased size
of the laser cavity leads to an improved sensor sensitivity. For example, the
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4 by 4 meters square ring laser G installed in Fundamentalstation
Wettzell
√
(Germany) has a sensor resolution of δϕ = 9 · 10−11 rad/ s. This outstanding
sensitivity is good enough for the detection of both teleseismic waves and near
source seismic signals. Typical seismic signals require a high sensor stability
for up to one hour of continuous data acquisition. This requirement is much
reduced from the long-term stability necessity of an instrument for the measurement of Earth rotation variations. Of more importance is the short-term
precision and mechanical rigidness of the laser beam path for stable operation. The instrument must be capable of accurately recording seismic rotations
while keeping the scaling factor (the quotient in equation 1) constant. At the
same time the whole system must be relocatable, cost eﬀective and allow for a
relatively simple installation. Given the fact that a ring laser is a highly sensitive optical interferometer, all these requirements are essentially contradicting
design goals. For the data logging, a precise time stamping of the record is
absolutely crucial for the desired application. A typical requirement for timing
accuracy in seismology is to within 1 ms of UTC. As a consequence all data
must be sampled using a stable reference and an accurate time such as the
timescale represented by GPS.
2.1 GEOsensor Concept
In sect. 1 we have listed the requirements for a ring laser in seismology. The
frequency band of interest covers about 5 orders of magnitude, while the corresponding sensitivity for the measurement of rotations should cover 14 orders
of magnitude, the range between strong motions during a local earthquake on
one side and the signals of an earthquake more than 10000 km away on the
other side. However, if we exclude strong motion domain from the immediate
measurement interest, we obtain a viable measurement range for a prototype
sensor of approximately 10−12 rad/s Ωs 10−4 rad/s which still extends over 8
orders of magnitude.
The basic design of the GEOsensor is outlined in the block diagram of
ﬁg. 1. A synchronously generated dataset contains the precise timestamping
from a GPS system, the instantaneous Sagnac frequency from the ring laser
component, tiltmeter recordings in two directions about the normal vector of
the ring laser plane and the measured velocities of a seismometer.
In order to operate the GEOsensor, more signals such as the ring laser
beam intensity are required. However, such signals are used in a feedback
system to set the operation range of the ring laser and therefore are not
logged for further use.
2.2 The Ring Laser Component
In order to obtain a stable interferogram of the two laser beams the cavity
length has to be kept constant to within a fraction of a wavelength. Therefore, usually ring laser bodies are made from Zerodur, a glass ceramic which
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Fig. 1. Block diagram of the GEOsensor design.

exhibits a very small relative thermal expansion of α = 5 · 10−8 1/K. Since
a ring laser for seismic applications requires an enclosed area of more than
1 m2 , a monolithic ring construction would be both too expensive and not
transportable.

Fig. 2. Construction diagram of the GEOsensor ring laser.

Figure 2 gives an impression of the actually realized ring laser hardware.
The laser cavity has the shape of a square. The 4 turning mirrors are each
located in a solid corner box. As shown in the right side of the plot, a folded
lever system allows the alignment of each mirror to be within ±10 seconds
of arc. This high level of alignment is required to ensure lasing from an optically stable cavity. The mirrors are located inside steel containers which in
turn are connected together with stainless steel tubes, forming an evacuated
enclosure for the laser beams. In the middle of one side the steel tubes are
reduced to a small glass capillary of 4 mm in diameter and a length of 10 cm,
which is required for gain medium excitation. When operated, the ring laser
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cavity is ﬁrst evacuated and then ﬁlled with a mixture of Helium and Neon
reaching a total gas pressure of approximately 6 hPa. The left part of ﬁg. 2
gives an impression of the instrumental layout. The following two important
considerations are unique for the GEOsensor design.
•

•

Since the ring laser is constructed from several components, it requires a
stable concrete platform base at the location of deployment. Such a pad is
simple to speciﬁy and can be prepared totally independently of the actual
GEOsensor deployment.
The actual area of the ring laser component is not predetermined by the
design. The instrument can be built according to the available space at the
host observatory. Diﬀerent GEOsensor realizations may therefore have different size and consequently diﬀerent instrumental resolution. The length
of the current instrument is 1.6 m on a side, which provides an area of
2.56 m2 .

In order to operate the GEOsensor, the cavity must be evacuated, baked
and ﬁlled with a Helium/Neon gas mixture. This procedure requires a turbo
molecular pump system and a manifold with a supply of 4 He, 20 Ne and 22 Ne.
The pump system is not required during the operation of the GEOsensor but
is necessary for the preparation of the instrument and once or twice during
a year in order to change the laser gas. Laser excitation itself is achieved via
a high frequency generator (Stedman, 1997), matched to a symmetrical high
impedance antenna at the gain tube. A feedback loop maintains the level of
intensity inside the ring laser and ensures monomode operation. When the
ring laser is operated it detects the beat note caused by Earth rotation. The
magnitude of this beat frequency is depending on sin(Φ) with Φ the latitude
of the ring laser location. Table 1 shows the value of the Earth’s rate bias for
a few locations of interest.
Table 1. Earth rotation bias for some GEOsensor locations
location

frequency [Hz]

Wettzell, Germany (49.145 N)
Pinon Flat, CA (33.6 N)
Tokyo (35.4 N), Japan
Cashmere (43.57 S), NZ

138
102
106
127

To date we have operated the GEOsensor at the ﬁrst two locations. Since
the Earth rotation acts like a rate bias on our ring laser measurements, any
rotations caused by earthquakes will show up as an alternating frequency
around the measured Earth rate.
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2.3 Auxiliary Sensors
Ring lasers are rotation sensors that give very localized information on rotations. This is in contrast to an array of seismometers for example. To fully
exploit the sensor potential and to investigate the properties of the GEOsensor instrumentation, other auxiliary data is measured along with the Sagnac
frequency. The temperature at the monument of the ring laser installation
provides informations on the scale factor variations due to the thermal expansion of the concrete foundation to which the ring laser hardware has been
matched by design. Atmospheric pressure variations may also cause scale factor changes and are therefore measured too. For the purpose of studies on
the general sensor behavior there is the option of logging the power of the
high frequency generator and the beam power ratio. However this is not done
routinely. The intensity of one laser beam is used to adjust the point of operation of the ring laser. This process is part of an automatic feedback loop
arrangement but the data is currently not logged.
Apart from these direct ring laser related sensors we are recording variations in the orientation of the ring laser with respect to local g as well as all
three components of translational seismograms. The tiltmeter measurements
are used to reduce the measured rotation rate from orientation eﬀects that enter the Sagnac frequency via the inner product in equation 1. The importance
of this eﬀect is discussed in section 2.7 in more detail.
2.4 Logging System
The logging system has to satisfy demanding realtime conditions. This requires that the epoch of an observation can be timestamped to better than
1 ms with respect to UTC. The concept chosen for that purpose is outlined
in ﬁg. 3. The GPS time-frequency receiver provides both the time stamping
and the data sampling frequency. The incoming PPS (pulse per second) signal
with an accuracy of 30 ns rms relative to UTC, triggers the acquisition. The
exact epoch of the trigger is also taken from the GPS receiver. The data sampling is based on a receiver reference frequency output, which has a relative
accuracy of better than 10−12 (while locked to GPS). To satisfy the 1 ms accuracy requirement for the application, the reference frequency (e.g. 10 MHz)
output is divided down to 1 kHz, which is the actual data acquisition rate.
This frequency is used as an external clock instead of the build-in computer
clock. This ensures that the data logging is always started at the full second
and the data samples are equidistant and phase locked to the GPS receiver
clock.
2.5 Deployment
After the development of the GEOsensor and including a test installation at
the Fundamentalstation Wettzell, the instrument was shipped to the Scripps
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Fig. 3. Dataﬂow chart for the realtime logging in the GEOsensor

Institution of Oceanography in San Diego, California. In January 2005 the
installation of the complete sensor took place at the seismological observatory
Pinon Flat as shown in ﬁg. 4. The observatory is located between the San
Jacinto and the San Andreas faults.

Fig. 4. The ring laser vault at the Pinon Flat (CA) observatory and the GEOsensor
installation in one of the chambers.

The goal of this installation is the measurement of a number of earthquakes
at short distances from their epicenters. This will allow an extensive and systematic study of rotational motions with a particular emphasis on local and
regional scales with source distances of up to 1000 km. From basic theoretical studies (Takeo and Ito, 1997) it became apparent that rotational motion
information may contribute the most for local and regional earthquakes.
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2.6 Sensor Performance and Veriﬁcation
The validation of ring laser measurements as true rotational signals was an
important item during the integration phase. For the assessment of the quality
of the GEOsensor data it is necessary to distinguish true measured rotations
from unknown sensor artefacts. Since there are two collocated ring lasers with
identical orientation in the Cashmere Cavern in Christchurch, we used the
simultaneous earthquake recording of both C-II and UG1 for the Fiji event on
August 19, 2002. Figure 5 shows the Sagnac frequency as a function of time
converted to rotation rate in nanoradians per second using equation 1 for the
ﬁrst 15 seconds of this earthquake.
600

rot. rate [nrad/s]

400
200
0
-200
-400
-600
1350

1355

1360

1365

Time [s]
Fig. 5. Raw rotations obtained from an earthquake at Fiji (Aug. 19. 2002) with 2 collocated ring lasers C-II and UG1 located in the Cashmere Cavern near Christchurch
(New Zealand)

Because ring lasers are purely optical sensors, they do not depend on mass
inertia like ordinary seismometers. Therefore, there is no need for a restitution
process of the measurement quantity. According to the ring laser equation the
relationship between the obtained Sagnac frequency and the input rotation
rate is linear over a wide dynamic range. This important property is reﬂected
in ﬁg. 5. The data from the small C-II ring laser is much more noisy than
the data from the very large UG1, because there is almost a factor of 20
diﬀerence in the respective scale factors. Nevertheless one can see that both
ring lasers measure the same eﬀect, in phase as well as in amplitude. It has
to be noted that apart from the unit conversion we are comparing raw data
for this measurement.
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2.7 Sensor Orientation
Equation 1 shows another very unique property of ring lasers. They measure
absolute rotations and this includes also changes of the instrumental orientation as one can see from the inner product between the rotation axis and the
instrumental normal vector. Ring lasers may be subject to rocking motions
in the presence of S- and Rayleigh- waves one could argue. In order to identify such motions and to correct for this, the GEOsensor was equipped with
a sensitive tiltmeter. Figure 6 shows an earthquake in Northern Algeria on
May 21, 2003, which was measured at the G ring laser in Southern Germany
approximately 1600 km away. The top part of the diagram show the measured
rotation rates from the ring laser, while the lower part of the diagram shows
the corresponding contribution to the signal originating from variations of the
ring laser orientation.
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Fig. 6. Algerian earthquake real rotations and orientation induced variations of the
Sagnac frequency expressed in the same units

This tilt equivalent rotation rate was computed by
Ωtilt = Ω · sin(Φ − TN S ),

(2)

where Ω is the actual rotation rate, Φ the latitude of the sensor and TN S
the North - South component of the locally measured tilt. The contribution
of the East - West component is more than 2 orders of magnitude smaller,
since it appears under a cosine function which is always very close to 1.
2.8 Detection Properties
Ring lasers provide optical interferograms where the external rate of rotation
is proportional to the rate of change of the fringe pattern. This signal becomes
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available as an audio-frequency at the output of a photomultiplier tube. In
seismology it is important to detect the rate of change of this frequency at
50 ms intervals (20 Hz) very accurately. Since frequency counting techniques
do not provide a suﬃcient resolution at such short averaging intervals, a frequency demodulation concept has been developed. A voltage controlled oscillator is phase locked to the Sagnac frequency of the ring laser, exploiting
the fact that Earth rotation provides a constant rate bias in the absence of
any seismically induced rotation signals. In the event of an earthquake one
obtains the rate of change of the Sagnac frequency at the feedback line of the
voltage controlled oscillator. This voltage can be digitized and averaged at the
required 20 Hz rate or higher.
36
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Fig. 7. Comparison of recorded rotation spectra from an teleseismic event
(Hokkaido: Sept. 9, 2003) and a regional earthquake (France: Feb. 22, 2003). The
much higher bandwidth of the rotational wave spectra requires data acquisition
techniques such as the demodulator

To outline the importance of the frequency demodulation technique we
compare two earthquakes with distinctly diﬀerent properties. Figure 7 shows
an example for a teleseismic event and an example from a much closer regional
earthquake. While for the remote earthquake the spectral power density essentially drops oﬀ to zero above frequencies of 0.1 Hz, one can still see some
signal signature up to about 4 Hz for the regional event. Frequencies with a
rate of change above 2 Hz; however, are already outside the regime of reliable
representation in phase and amplitude by conventional frequency counting
and second order autoregression frequency analysis (McLeod et al., 2001(@).
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2.9 Sensor Artefacts
Large ring lasers are currently the most sensitive operational devices for the
measurement of geophysically induced rotations. The GEOsensor combines
the high sensitivity of these gyroscopes with a technical design that allows a
relative simple deployment at an observatory with some basic infrastructure,
such as a concrete pad in a basement of a building, electricity and internet
connectivity. However, in the presence of even moderate temperature ﬂuctuations, one has to accept sudden mode jumps in the laser cavity, since thermal
expansion or compression changes the length of the ring laser cavity enough
that a neighbouring longitudinal mode starts to have more laser gain than
the currently supported one. Another side eﬀect of these mode drifts is a slow
change of mode pulling (Aronowitz, 1971) as the laser mode passes through
the gain curve. For frequencies below 0.01 Hz this may result in some ambiguities for the interpretation and some post processing may be required to
distinguish between seismically induced rotations and internal biases from the
ring laser.
Figure 8 shows a sample dataset from the GEOsensor measured at the temporary installation on the Fundamentalstation Wettzell. The upper diagram
shows a section of the measured rotations from the magnitude 7.4 Hokkaido
earthquake from Sept. 5, 2004.
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Fig. 8. Rotation measurements taken with the GEOsensor on Sept. 5, 2004. The
top diagram shows obtained rotation rate, while the lower plot illustrates the eﬀect
of a mode jump in the data

In the lower diagram one can see the eﬀect of a mode jump in the dataset.
For about one second there is a gap in the data. This is the time it takes for
the new mode to settle in and for the fringe pattern to become stable again.
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For teleseismic events it is not diﬃcult to interpolate the dataset and such a
sensor behavior will not result in data loss. However for local earthquakes this
may be diﬀerent.
The eﬀect of sensor drift is also apparent in ﬁg. 8. One would expect
the measured rotations to appear symmetrically about the rate bias of Earth
rotation. This is not the case for the displayed dataset because of variations
of the laser frequency pulling in the ring laser cavity. For earthquakes like the
one shown here this artefact can be fully removed.

3 Data Analysis
3.1 Observations of rotations
In order to compare translations (measured by a standard seismometer) with
the vertical component of the vector of rotation - which is what the G-ring
is measuring - the horizontal components of seismic recordings were rotated
into radial and transverse directions. Note that Rayleigh waves should not
generate such a vertical rotation component, while Love waves are horizontally polarized hence generate rotations around a vertical axis only. To obtain
transverse acceleration, the transverse velocity seismograms were diﬀerentiated with respect to time. Let us now assume a transversely polarized plane
wave with displacement u = (0, uy (t − xc ), 0), c being the horizontal phase
1
velocity. The vector of rotation is thus given as 12 ∇ × u = (0, 0, − 2c
u̇y (t − xc ))
1
with the corresponding z-component of rotation rate Ωz (x, t) = − 2c üy (t− xc )).
This implies that - under the given assumptions - at any time rotation rate
and transverse acceleration are in phase and the amplitudes are related by
üy (x, t)/Ωz (x, t) = −2c. In practice, the phase velocities can be estimated
by dividing best-ﬁtting waveforms in sliding a time-window of appropriate
length along the seismic signal and rotation rate. Thus, under the plane-wave
assumption both signals should be equal in phase and amplitude (McLeod
et al., 1998; Pancha et al., 2000). This assumption is expected to hold for a
considerable part of the observed ground motion due to the large epicentral
distance compared to the considered wavelengths and source dimensions. This
property is exploited here to verify the consistency of the observations. Close
to the seismic source this assumption no longer holds and may form the basis
for further constraining rupture processes (Takeo, 1998; Takeo and Ito, 1997).
A data example (rotation rate and transverse acceleration) of the M8.1
Tokachi-oki event, September 25, 2003, and a time-dependent normalized
cross-correlation coeﬃcient (maximum in a 30s sliding window) is given in
ﬁg. 9. The time window also contains an event (increase in cross-correlation
at 3500 s) that was bearly visible in the seismograms without correlating
the two signals. When the waveform ﬁt between rotation rate and transverse
acceleration is suﬃciently good (e.g., a normalized correlation coeﬃcient >
0.95), we estimate phase velocities by dividing the peak amplitudes of both
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Fig. 9. Top: Observation of rotation rate (red) and transverse acceleration (black)
after the M8.1 Tokachi-oki event, 29-9-03. Middle: The cross-correlation-coeﬃcient
in a 30 s sliding window. Note the increase in correlation during the main shock
(>7500 s) and aftershock (>13800 s) to almost 1 (perfect match). Bottom: Estimates
of horizontal phase velocities in time windows with good phase match (> 9500 s).
Note the decreasing phase velocities in the Love wave train (e.g., 8000-10000 s,
indicative of Love wave dispersion).

traces as explained above. These time dependent estimates of phase velocities
are shown in ﬁg. 9 (bottom). Despite the scattering the phase velocities in the
time window containing the Love waves (9000-10000 s and around 14000 s for
the aftershock) the estimates are in the right range of expected phase velocities
and the negative slope of the velocities with time suggest that the expected
dispersive behavior (earlier longer periods have higher phase velocities) can be
observed in the data using this processing approach. The lack of correlation
in the time windows excluding the Love waves may indicate that either the
(body-) wave fronts are not planar or that the energy comes from out-of-plane
directions through scattering. The consequence of non-planar waves on structural interpretation was studied by (Wielandt, 1993). To demonstrate that we
obtain such a ﬁt consistently we further show in ﬁg. 10 on p. 17 the standard
seismograms (blue) and a comparison between translations and observations
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for another event out of a data base with now over 40 events with epicentral
distances from 300-12000km.
3.2 Simulation of rotational motions in realistic Earth models
As there are basically next to no studies of rotational ground motions in the
seismological literature several classic schemes to calculate synthetic seismograms have been extended to also output rotations. These are (1) the full
space analytical solution of wave propagation due to a double couple point
source e.g. (Aki and Richards, 2002) (with a surprising result at ﬁrst sight: as
expected, the rotation generated by the P wave-front is always zero - hence
in particular in the far-ﬁeld - yet the rotation derived from the far-ﬁeld displacement alone is nonzero - as is obvious from the classical radiation pattern
plot; one has to take all ﬁeld terms into account. In other words, the usual
separation between far-, intermediate-, near- displacement ﬁelds is not valid
for rotations (Cochard et al., 2005)); (2) the Cartesian ﬁnite-diﬀerence algorithms with which we study near-source eﬀects (Cochard and Igel, 2004); (3)
the spherical ﬁnite-diﬀerence methods (Igel et al., 2002); and (4) the spectralelement code (Specfem) (Komatitisch and Tromp, 2002a,b). The latter algorithm was used to speciﬁcally model individual earthquakes using ﬁnite fault
models (Igel et al., 2004, 2005b). The M8.1, Sep. 25, 2003, Tokachi-oki event
was modelled with the Specfem algorithm (Igel et al., 2005a; Schuberth et
al., 2004) using a 3D tomographic model, crustal model and a ﬁnite source
model provided by Ji Chen (CalTech). The results of this modelling exercise
is shown in ﬁg. 11 on p. 18. The ﬁt between observations and modelling for
the shear-wave arrivals and the fundamental mode Love waves is excellent for
both translations and rotations. The amplitude mismatch in the Love waves
may be explained with the inaccurate ﬁnite source model leading to directivity
eﬀects that are not correctly modelled. However, it is important to note that
the observed phase velocities match well with the modeled horizontal phase
velocities (Igel et al., 2005a).
3.3 Long-period rotations
How much long-period information is contained in the ring laser recordings?
In ﬁg. 12 on p. 19 the transverse accelerations and rotations are again superimposed and ﬁltered in narrow frequency bands to highlight the ﬁt towards
lower frequencies. This also allows us to directly estimate best-matching phase
velocities in the Love-wave train and to see whether the expected dispersion
relation is visible. Figure 12 on p. 19 demonstrates that the ring laser rotations are matching the transverse accelerations down to periods of 150 seconds
(and possibly beyond). As expected the maximum amplitudes occur within
the Love waves. By dividing the peak amplitudes of acceleration and rotation
rate we estimate the phase velocities for narrow-bandwidth surface wave signals. As surface waves are dispersive as a consequence of the seismic velocity
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structure with depth we expect increasing horizontal phase velocities with
increasing dominant period. This is indeed what we observe at least in the
band between periods of 20 seconds to 100 seconds. It is important to note
that with the collocated recordings of rotations and translations one can estimate a quantity (phase velocity) that otherwise can only be determined with
an array of seismometers or with collocated strainmeters (Mikumo and Aki,
1973). The results in ﬁg. 12 on p. 19 are indeed promising. Even though this
is work in progress the frequency-dependent amplitude ratio of rotations and
translations suggests that a single-station measurement may allow estimates
of Love-wave dispersion. These in turn would allow estimates of local 1D velocity models and - by combining several of them - eventually 3D tomography.
However, whether the accuracy required for structural inversion is suﬃcient
remains to be seen.
In summary, to the standard seismologist the current data base of rotations, array data, and collocated translations provides a realm of new opportunities. Even though the potential beneﬁts to seismology, earthquake physics,
and earthquake engineering still need to be further explored, the preliminary
results indicate the many interesting new routes that can be taken.
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Fig. 10. Three components of translations (blue) and comparisons of transverse
acceleration (black) and rotation rate (red) for one example in the event data base
(superimposed traces at the bottom). Note the consistent match for most of the
seismogram except towards the end where scattering may lead to phases arriving
from out-of-plane directions. Conversion phase velocities are given in the lower left
corner.
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Fig. 11. Modelling of translational and rotational ground motions of the M8.1
Tokachi-oki event, September 25, 2003. Top: Observed (black) and modeled (red)
transverse acceleration. Bottom: Observed (black) and modeled (red) rotation rate.
All traces are shown with absolute amplitude. Note the excellent ﬁt in waveform and
amplitude of the direct S-wave (ﬁrst onset) and the phase match of the fundamental
mode Love waves. After 5500 seconds, not unexpectedly, the match is far from
excellent, caused by the arrival of multipathing, scattered and/or non-plane waves.
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Fig. 12. Frequency dependent comparison of rotations (red) and accelerations
(black). The vertical axis is central period of a very narrow band-pass ﬁlter. Note
the excellent match at periods down to 150 s. Note also the general increase in
best-matching phase velocities as expected from theoretical Love-wave dispersion.

