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30.1 Introduction

The rotational part of earthquake-induced ground motion has basically
been ignored in the past decades, compared to the substantial research in
observing, processing and inverting translational ground motions, even
though there are theoretical considerations that suggest that the observation
of such motions may indeed be useful and provide additional information.
In the past years, interest in this potentially new observable for seismology
has risen, primarily because — with modern acquisition technology such as
fiber-optical or ring laser gyros — rotational motions have actually been
observed, the resolution is steadily increasing, and the observations are
becoming consistent with collocated recordings of translational ground
motions. Even though the real benefit to Earth sciences is still under inves-
tigation, recent results suggest that collocated measurements of rotations
and translations may allow the estimation of wavefield properties (such as
phase velocities, direction of propagation) that otherwise can only be de-
termined through array measurements or additional strain observations. In
this paper we focus on studies of the vertical rotational component (twist,
spin, or rotation around a vertical axis) and review recent results on the
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fundamental concepts that are necessary to understand the current broad-
band observations of a wide distance and magnitude range, and show that
the classical theory of linear elasticity is sufficient to explain these obser-
vations. In addition to direct measurements of rotational motions using
ring laser technology, we describe the method to derive rotational motions
from seismic arrays and present some initial results. Sophisticated 3D mo-
delling of the rotational ground motions of teleseismic events illustrate the
accuracy with which observed horizontal phase velocities match with theo-
retical predictions, even though the precise waveforms are quite different
due to inaccuracies in crustal models or kinematic rupture properties. This
may have implications for sparse networks or situations where extremely
few or even single-station observations are taken (e.g., in remote areas or
planetary seismology).

To fully characterize the motion of a deformable body at a given point
in the context of infinitesimal deformation, one needs three components of
translation, six components of strain, and three components of rotation, a
vectorial quantity. Rotational motions induced by seismic waves have been
essentially ignored for a long time, first because rotational effects were
thought to be small (Bouchon and Aki 1982), and second because sensitive
measuring devices were not available. Indeed, Aki and Richards (1980,
p. 489) point out that the state-of-the-art sensitivity of the general rotation
sensor is not yet enough for a useful geophysical application.

However, there have been many reports of rotational effects associated
with earthquakes (like twisting of tombstones, or statues). It is certainly
possible that some of these effects are due to the asymmetry of the con-
struction. Indeed, as is well known, when the center of mass is not located
at the geometric center, a mere translation may induce a local rotation of
that structure. However, some field evidences suggest that it is at least not
always the case (Galitzin 1914, p. 172). The rotational angles calculated by
Bouchon and Aki (1982) for realistic cases of earthquake scenarios (about
10 radians) seem indeed too small to be responsible for damages, except,
maybe for the case of long structures. However, as, roughly speaking, rota-
tions are proportional to displacement divided by the phase velocity (see
Section 30.2.3), when the wave velocity becomes smaller, rotations be-
come comparatively larger. This happens in soft or unconsolidated sedi-
mentary and/or fluid-infiltrated porous media, where wave speeds might
be as low as about 50 m/s, hence smaller than usual by about a factor of
50. Thus, it is not implausible that, near seismic sources — where rotations
and strains become relatively large even in normal media — rotations and
strains become really large and be responsible for the above mentioned
damages (there is also growing seismological evidence that rotational am-
plitudes have been underestimated (Castellani and Zembaty 1996)). Obvi-
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ously, in such a situation, the assumption of infinitesimal deformation
would then fail and the theory of finite deformations would be necessary.

As an attempt to measure rotational motions with high sensitivity, 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). One of these instruments — located near Christ-
church, New Zealand — recorded seismically induced signals of ground ro-
tation rate for several large earthquakes (McLeod et al. 1998, Pancha et al.
2000). These observations gave evidence that the optical sensors indeed
provide sufficient accuracy to record seismic rotations. However, they
were not fully consistent in phase and amplitude with translational motions
recorded with collocated seismometers, the limited consistency being ob-
tained only in a narrow frequency band. Earlier attempts to observe ground
rotations with other devices (e.g., solid state rotational velocity sensors, fi-
ber-optical gyros) were limited to large signals close to artificial or earth-
quake sources (Nigbor 1994, Takeo 1998) and did not lead so far to an in-
strument of general interest. This explains why Aki and Richards (2002,
p. 608) note that as of this writing seismology still awaits a suitable in-
strument for making such measurements. However, the subsequent devel-
opment of ring laser technology indicates that a significant part of the gap
has recently been filled, as demonstrated by Schreiber et al. (2003b) and
Igel et al. (2005b) and exemplified later in this paper. Rotations can also be
determined with array measurements, but with important limitations; see
Section 30.3.1 and Suryanto et al. (2005).

The recording of even small, non potentially damaging, rotational mo-
tions is expected to be very useful. First, translation recordings are polluted
by rotations. There is a purely geometrical effect (the reference axis of the
seismometer is rotated), introducing a cosine factor, hence negligible for
very small deformations, but which could become significant in case of
very strong ground motion. More importantly, there is also an inertial con-
tribution. It is well known that surface tilt (horizontal rotation — see Sec-
tion 30.2.2) induces a translational signal (Aki and Richards 2002, p. 604).
A similar effect exists for vertical rotation (Trifunac and Todorovska
2001). Measuring the three components of rotation allows in principle to
correct for these effects. Second, as the measure of rotation provides addi-
tional information, it helps constraining physical models. For example, the
measure of vertical rotation and horizontal acceleration allows the estima-
tion of the local Love wave phase velocity and of its propagation direction
(see Section 30.2.3 and Igel et al. 2005a). It is also expected (Takeo and
Ito 1997) that the measure of rotations will allow to better constrain earth-
quake rupture histories.
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The above discussion has been deliberately restricted to classical elastic-
ity, for which the stress and strain tensors are symmetric. In some extreme
cases (e.g., large stress gradient) near crack tips or in granular materials,
the material can no longer be treated as a continuum. A continuous formal-
ism may still be used for an effective medium in which additional — intrin-
sic — rotations (i.e., not related to displacement) may exist. In such
Cosserat/micropolar media, the stress and strain tensors are no longer
symmetric. See, e.g., Dyszlewicz 2004, Nowacki 1986, Maugin 1998,
Lakes 1995, Teisseyre and Majewski 2001, Teisseyre et al. 2003, and other
papers in this monograph. In the following of this chapter we remain in the
framework of classical elasticity.

30.2 Fundamental Theory

In the framework of classical elasticity, and further assuming infinitesimal
deformations, displacement of a point x is related to that of a neighbouring
point x+Jx by (e.g., Aki and Richards 2002, p. 13)

u(x + ox) =u(x)+ Gox
=u(x)+eox+Q0x (30.1)
=u(x)+edx+ mxoX,

where G, €, Q are the gradient, strain, and rotation second order tensors,
respectively, and

o= %v x u(x) (30.2)

is a (pseudo-) vector which does not enter Hooke’s law and represents the
angle of rigid rotation generated by the disturbance. This illustrates that
one needs three components of translation, six components of strain and
three components of rotation to fully characterize the change in the medi-
um around point X.

30.2.1 Rotations and strain due to a double couple
point source

Aki and Richards (2002, Fig. 4.4 and Egs. 4.32 and 4.33) give the expres-
sion for the displacement u(x) generated by a point source shear disloca-
tion (double couple) in an infinite, homogeneous, isotropic medium. The
dislocation is in the xy plane with slip along x (Fig. 30.1).

Following the same notations, we can then determine the rotation as
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Fig. 30.1 Geometry and notations for the double couple expressions
1
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where

is the radiation pattern of the three components of rotation (the radial com-
ponent being zero). Likewise, the divergence (or trace of the strain tensor,
representing volumetric change) is given by

—A°| 3 r 3 . r | r
Vau(x) = F{Z—SM{F _j"'TMo(t_ —)+—4Mo(r— —ﬂ . (30.5)
ol ar a) a'r a) a'r a

where

AP =cos¢ sin260 (30.6)

is the radiation pattern of the divergence.

Figure 30.2 shows displacement, velocity, divergence and rotation, and
divergence and rotation rates, as a function of time at a given point (see
caption for details).
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Fig. 30.2 From top to bottom: Displacement, velocity, divergence and rotation, di-
vergence and rotation rates, as a function of time at a given point due to a double
couple in an infinite, homogeneous, isotropic medium. The dislocation is in the xy
plane with slip along x, as in Aki and Richards (2002, Fig. 4.4) and in Fig. 30.1.
The observation point is defined as (r, 8, ¢ ) = (3 km, /8, n/8) in spherical coor-

dinates. The moment is 10"> N'-m (M ~ 4) and the source time function rate is a
Gaussian of the form exp(—(#/T)*) with T=0.05 s. The density of the medium is

p =2800 kg/m’, the S and P wave velocities are =3 km/s and « = \/5[)’. Con-

cerning displacement and velocity, the usual terminology is used for the near, in-
termediate, and far fields, but not concerning divergence and rotation (and their

rates) (see text). The radial components (along ) are plotted black, the 6 com-
ponents, dashed, and the (13 components, dotted; the divergence and divergence
rate evolutions are plotted gray
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Since the gradient tensor is merely split into symmetric and antisym-
metric tensors, we intuitively derive from Eq. (30.1) and see from the fig-
ure, that rotations and strains are of the same order of magnitude.

Not surprisingly, rotations are zero at the P wave front, and only start at
the S wave arrival (and have no radial component), even in the displace-
ment near field region (this is also true for, e.g., single forces or single
couples). This could however appear strange at first sight, as, e.g., the rota-
tion associated with the far field P term is not zero. This is obvious when
looking at its radiation pattern (Fig. 4.5a of Aki and Richards 2002) and is
in fact given by —A*M (¢ —r/a)/(4npa’r?). It turns out that this contri-

bution cancels out with part of the curl of the intermediate field at the P
front, the other part canceling in turn with the near field contribution.
(Nevertheless, rotations may not be obtained by taking the curl of only the
transverse displacement terms in Eq. 4.32 of Aki and Richards 2002.)
Analogous comments may be made for strains, which are active around the
P front only. Therefore, the usual classification for displacement in near,
intermediate, and far field terms cannot be applied to rotations and strains.
As rotations and strains comprise terms proportional to 1/r, 1//, 1/7°, it is
convenient to refer to them as far, intermediate, and near field terms, re-
spectively, which has been done in Fig. 30.2. However, this could be mis-
leading, since, if the far and intermediate displacement fields also decrease
as 1/r and 1//%, respectively, the near field displacement term, proportional

4 rlp . 3
to (1/r )j ) tM(t—7)d7 essentially decreases as 1/7°, not 1/7°.

We conclude the section by noting that the rotation radiation pattern A*
can be calculated from the transverse (or S) far field radiation pattern

A =c0s20 cosg@—cosOsingd (Eq. 4.33 of Aki and Richards 2002,

p.78) as VxA™ = A%/r; thus, A™ and A" are orthogonal. Similarly, 4”
is related to the radial (or P) far field radiation pattern A" = A"r.

30.2.2 Effect of free surface — rotation and tilt

Assuming the surface corresponds to the xy plane, the zero traction bound-
ary condition at the free surface implies that o, =0 (i =x, y, z). Direct

application of Hooke’s law o, = 1¢,6; +2u¢; in a homogeneous, iso-
tropic medium leads to

X

oz o oz oy E_/l+2,u ox Oy

Ou __ow — Owy _ O - Ou_ A (% %j' (30.7)
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It then directly follows (Eq. 30.2) that

_ Ou, o __auz 308
o o (30.8)

X

hence that at the Earth’s surface, horizontal rotation corresponds to tilt.

As a consequence, P waves generate horizontal rotation at the surface
whereas they are irrotational in the bulk. There is an additional contribu-
tion to horizontal rotation due to P-to-SV converted waves at the surface
(also due to the free surface boundary condition). It is still an open ques-
tion what technology is best for the various components of rotation. For
the vertical component, the results presented here and in other studies sug-
gest that the optical devices are the way to go. Those optical devices could
be advantageous compared to classical tiltmeters for the horizontal com-
ponents as well (regardless of metrological characteristics — accuracy, sen-
sitivity, etc. — which remain to be assessed): indeed, classical tiltmeters
measure a change of angle with respect to the local vertical, determined by
gravity; thus, they cannot discriminate between true rotation and a pure
change in the local gravity (e.g., due to mass redistribution).

30.2.3 Comparison of rotation and translations

Obviously, if we know, or assume we know, the full expression for dis-
placement u, we can determine rotation @ from the measurement of u
(Eq. 30.2) by differentiating. If we do not fully know u, the measurement
of ® brings in additional information.

First, consider the case of a transversely polarized plane wave with dis-
placement u(x,y, z, t) = (0, u,(t—x/c), 0) propagating in the x direction,
with ¢ being the horizontal phase velocity. Rotation is thus given as
o(x,y,z,t) =(1/2)V xu(x, y,z,t) = (0,0,—u (¢ — x/c) /(2¢)). Thus we have

u,(x,y,2,1) .

= (30.9)

wz(x,y,z,t) ==

Surface waves are composed of both Love waves, with horizontal trans-
verse polarization, and Rayleigh waves, with displacement in a vertical
plane assuming elastic isotropy. So Rayleigh waves do not generate a ver-
tical component of rotation. Thus, for a given earthquake for which the
distance to the station is large enough compared with the source dimension
and the wavelength of interest so that the plane wave assumption is valid,
from the measurement of rotation and displacement of a surface wave train
one can in principle infer both the phase velocity and the direction of the
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incoming wave train. In practice, we have so far dealt only with earth-
quakes of known location, and have assumed that the surface trains were
traveling along the great circle, thus providing the direction (Igel et al.
2005b, and Section 30.4 below). There are now observations of ground ro-
tations of several dozens of earthquakes with a wide magnitude and epi-
central distance range. The accuracy of the phase velocity estimates is cur-
rently under investigation by comparison with complete wave simulations
(see below), and array-derived phase velocities (Suryanto et al. 2005) as
well as theoretical predictions of Love-wave dispersion for local Earth
models.

30.3 Rotational Measurements

Rotational ground motions can be observed by (1) finite-differencing of
seismic array data or (2) directly (ring laser, fiber-optical or mechanical
gyros). In this section we briefly review both approaches and give relevant
references.

30.3.1 Array derived rotations

One way of estimating the components of the deformation gradient G,
hence of computing strains and rotations, is through array measurements
(e.g., Spudich et al. 1995, Bodin et al. 1997, Huang 2003). Using the first
of Egs. (30.1) with a non infinitesimal quantity R as the position vector be-
tween two points in place of dx, we get d = u(x + R)—u(x) = G™R where

G is a first order approximation of G, i.e., exact if u varies linearly be-
tween x and x + R. Using three non aligned points, one gets two such vec-
torial equations (six equations in Cartesian coordinates) with a common
point, relating, say, d; and d, to R; and R,, and one can then solve for the
six approximations of the partial derivatives in the plane defined by the
three points. Specifically, if we measure the ground displacement at three
stations on the surface, whose relative positions are known, we can deter-
mine (without using the free surface boundary condition) estimations of
ou,/0x, Ou,/0y, Ou,/0x, Ou,/0y, Ou./0x, Ou./0y. This is what is
commonly used in finite element methods to calculate the spatial deriva-
tives in triangular cells (e.g.,, Cook 1974); for example, one gets
Ou /0y=(d, R, —d, R, )/(2S), where S is the surface of the triangle.

In particular, we can determine an estimation of the vertical component
of rotation
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o, =1 %O (30.10)
“2ley ax ) ’

When more than three stations are used, the equations d; = G™R, (where
i+ 1 is the number of stations) can be solved by using a least square pro-
cedure (e.g., Spudich et al. 1995). This is how we proceed in Sect. 30.4.2.

Note that the rotation-induced translational signals, as explained in the
introduction, affect the array-derived rotation calculations as described just
above. It should be possible to devise an iterative procedure to correct for
this effect, but this has not been attempted in this paper.

Using the free surface boundary condition, one can also estimate the
horizontal components of rotation, and, if further assuming the quantity
ANA+2u) known, ou_/0z (cf. Sect. 30.2.2). Note that w, cannot be de-

termined by means of tiltmeters or strainmeters. Array-derived rotations
are subjected to an important limitation. The instruments should be as
close as possible for the finite difference approximations to be as close as
possible to the true gradients. However, for a given instrumental noise
level, the uncertainty in the gradients will be larger if the instruments are
closer; see Suryanto et al. (2005) for a more in-depth discussion of noise
contribution. Finally, the assumption of linearity of the displacement will
be greatly affected by site effects at the stations.

30.3.2 Ring laser rotational measurements

In 1913, G. Sagnac showed that two counter-propagating light beams, stee-
red around a closed area 4 inside an interferometer, generated a phase shift
when the instrument was rotating at an angular frequency @ with respect
to an inertial frame. In our active square laser cavities, lasing at a single
mode per sense of rotation is achieved when an integral number of wave-
lengths circumscribe the ring perimeter. Since the path length is slightly
different for the co-rotating and counter-rotating laser beams, we obtain a
beat frequency Av instead of the phase shift. This has the advantage that,

technically, a frequency can be measured much more precisely than a pha-
se shift. With P the perimeter of our instrument, the Sagnac equation for an
active ring laser cavity reads

_44n-o
AP

Av : (30.11)

where A is the rest wavelength of the laser and n is the unit vector per-
pendicular to the ring laser area. Inherently, this equation has three contri-



30 Rotational Motions in Seismology: Theory, Observation, Simulation 401

butions which reflect upon the beat frequency Av. Variations of the scale
factor (44/AP) have to be avoided by making the instrument mechani-

cally as rigid and stable as possible. Changes in orientation enter the beat
frequency via the inner product. Finally, variations in @ are representing
the most dominant contribution to changes in Av and are the focus of our

seismic studies here. Technically, our rings are realized as high O Heli-
um/Neon lasers, operated close to laser threshold in order to satisfy the
single mode condition (Stedman 1997). The body is made from Zerodur, a
glass ceramic with extremely low thermal expansion, to ensure the re-
quired scaling factor stability. Mirrors with a total loss of around 15 ppm
each are used to minimize errors arising from coupling between the two
counter-rotating beams through backscattered light. The larger the ring la-
ser can be made, the higher is the sensitivity to rotation (Schreiber et al.
2003c).

All ring lasers are rigidly attached to bedrock and very small changes of
orientation caused by Earth tides, ocean loading (Schreiber et al. 2003a)
and, in particular, diurnal polar motion (Schreiber et al. 2004) were suc-
cessfully detected. Ring lasers have two major advantages for applications
in seismic studies. They are measuring absolute rotation with respect to the
local universe and they do not depend on accelerated masses. In particular
this last property ensures an extremely wide dynamic range of operation,
reaching from a few uHz for geophysical signals up to more than 10 Hz as
obtained from regional earthquakes.

30.4 Observations and Simulations of Rotational Motions

In this section we shall present direct (ring laser) and array-derived rota-
tions and compare them with observations of transverse acceleration and
theoretical rotation rate calculated for a 3D Earth model.

30.4.1 Ring laser observation of rotational motions,
comparison with simulations

In the last years the capabilities of simulating the propagation of seismic
waves resulting from earthquakes on a global scale have improved signifi-
cantly. This is not only due to the still increasing computer resources, but
also due to improved and highly sophisticated numerical methods. The
“spectral element method” (Komatitsch 1997, Komatitsch and Tromp
2002a, b), for example, allows very accurate modelling of elastic waves in
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three-dimensional model structures of the Earth’s interior, additionally in-
corporating various effects, such as topography/bathymetry, anelasticity,
anisotropy, ocean loading and rotation as well as gravitation of the Earth.
The method proved to give very good results in terms of fit to observed da-
ta when using current 3D tomographic Earth models (Komatitsch et al.
2003, Igel et al. 2005b, Schuberth et al. 2005). For this study, we used a
modified version of the spectral element program SPECFEM3D, in which
we implemented the calculation and output of rotational ground motions
for comparison with the ring laser data from Wettzell, Germany. The ac-
tual computation of the rotations in the code is straightforward, the spatial
derivatives of the displacement ou _/0Ox etc. being already available as

they are needed for the calculation of the translational motions. Thus we
can easily obtain the rotational motion as the curl of the displacement field
(Eq. 30.2).

For this study, simulations were carried out using a finite source model
of the M7.3 Irian Jaya earthquake in Indonesia on 7 February 2004 (Ji et
al. 2002, Ji 2004). Most of the available options described above were in-
corporated in the model, thus including 3D models for the crust and the
mantle (crust2.0 and S20RTS, respectively), attenuation, transverse iso-
tropy, topography/bathymetry, ocean loading as well as gravity and rota-
tion of the Earth. The resolution of the model allowed for numerical seis-
mograms accurate down to periods of 20 s.

As shown in Section 30.2.3, the rate of rotation and the transverse com-
ponent of acceleration at the same location should be in phase for an in-
coming plane wave. Furthermore, when assuming a horizontally propaga-
ting wave, one can estimate the phase velocity. The results of the simula-
tion demonstrate this in a very clear way, as the seismograms are inher-
ently noise free. Figure 30.3 shows the comparison of observed rotation ra-
te (gray) and transverse acceleration (black) for the M7.3 Irian Jaya earth-
quake of 7 February 2004. The real data (top left) were filtered between
1000- and 20-second periods, that lower limit being controlled by the ac-
curacy of the synthetic data. The amplitudes of acceleration were scaled by
an arbitrary phase velocity of 3000 m/s. Shown in the lower left part of the
figure is the correlation coefficient of a 30-second sliding window. Despite
the relatively low signal-to-noise ratio in the ring laser data, the normal-
ized correlation coefficient reaches values close to one (perfect match) for
most of the surface wave train between 3200 s and 4200 s. The right part
of the figure shows the same for the modeled data which is inherently noi-
se free. The correlation is higher for the simulated data, but showing a
similar behaviour for the body and surface wave parts of the seismogram.
The synthetic data do not fit exactly the observed data, but show some
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strong similarities in the surface waves, where the signal-to-noise ratio
(especially for the ring laser) gets better. The difference between synthetic
and real data may either be due to an inaccurate model of the rupture pro-
cess and/or to incorrect crustal or mantle models.

In Fig. 30.4, horizontal phase velocities are estimated by sliding a 30 s
time window along the time series of rotation rate and transverse accelera-
tion and dividing peak amplitudes in time windows where the waveform fit
is good (normalized maximum correlation coefficient greater than 0.95).
The figure shows observed rotation rate and scaled transverse acceleration
(top), theoretical rotation rate and scaled transverse acceleration (mid) and
the phase velocity estimates (bottom) in a time window containing Love
waves. Despite the difference in waveform and amplitude between synthe-
tics and observations, the time-dependent phase velocities match sur-
prisingly well the observations, supporting the conclusions from the analy-
sis of another large event (Igel et al. 2005b). The Love wave phase
velocity curve as a function of frequency is expected to reflect the material
properties of some volume around the receiver location and may well be
used for structural inversion if other information is not available. However,
the uncertainties of this phase-velocity estimations still need to be investi-
gated.

30.4.2 Array based determination of rotational motion

As explained in Section 30.3.1, all three components of rotation can in
theory be derived from data acquired by an array of three-component
seismometers at the Earth’s surface. Indeed, in several array studies, rota-
tion rate of seismic wavefields after large earthquakes was estimated (e.g.,
Huang 2003). However, there is only one study where array-derived rota-
tion rate was compared with direct measurements (Suryanto et al. 2005)
and the results indicate that — as expected — array derived rotation is sensi-
tive to noise. As indicated above and shown in Igel et al. (2005b), with ap-
propriate scaling the broadband transverse acceleration can be almost iden-
tical to rotation rate provided that the assumption of plane wave
propagation holds. Here we compare array-derived rotation rate with
transverse acceleration scaled with the appropriate phase velocity, to match
the rotation rate amplitudes. This complements the studies of consistency
between rotations and translations in phase and amplitude.

In December 2003 an array of seismometers was installed in Wettzell,
about 150 km NE of Munich, Germany (Fig. 30.5) around the location of
the ring laser. The radius of the array was about 1.5 km. A broadband
seismometer of the German Regional Seismic Network (GRSN) is colloca-
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Fig. 30.5 Topographic map of the Wettzell area, SE Germany. The Fundamental
Wettzell Station (WET) is denoted by a triangle. The ring laser and the broadband
GRSN seismometer are both located in WET (about 250 m away from each other)

ted with the ring laser. The experiment ran up to early March 2004. The
observational system consisted of 3 components of a Le3D-5s velocity
sensor having a flat response in velocity between 0.2 and 40 Hz, with a
400 V/m/s generator constant. The seismometers were either buried in soft
ground at a bottom depth of about 50 cm or put on outcropping igneous
rock boulders. The GRSN station is using a STS-2 instrument, with a flat
response of the ground velocity from 8.33 mHz (120 s) to 50 Hz.

Several teleseismic events with magnitude larger than 5.5 were observed
during the experiment. Here we analyze one event: the M = 6.6 Bam (Iran)
earthquake of 26 December 2003, with an estimated moment of M,=
6.6x10" N'm and an epicentral distance of 4425 km. Rotations were de-
termined as described in Sect. 30.3.1. In this study, we use four stations for
both events to derive the rotation rates (Fig. 30.6).

In Section 30.2.3 we have shown that, assuming a plane wave propaga-
tion, the transverse horizontal acceleration and the vertical component of
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Fig. 30.6 Horizontal components of the velocity recorded by the array seismome-
ters for the 26 December 2003, Bam (Iran) earthquake. The data from stations 2,
5, 6 and broadband are used to derive the rotations. Top: E-W components, bot-
tom: N-S components

rotational rate should be in phase and their ratio equal to twice the horizon-
tal phase velocity. Since the data from the ring laser was not available for
this event, we use the transverse acceleration data to compare with the cal-
culated array-derived rotational rate. This is justified given the substantial
fit between rotation rate and transverse acceleration reported by Igel et al.
(2005b) and Igel et al. (2005a) particularly for time windows containing
the surface wave trains. For this purpose, a band pass filter (0.03—0.08 Hz)
is used to isolate the main phase of the surface waves contained in the seis-
mograms. The transverse acceleration is scaled (i.e., converted to rotation
rate) by dividing by twice a constant phase velocity (5000 m/s). Figure
30.7 shows the computed time histories of the scaled transverse accelera-
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tion (black lines) superimposed with the vertical component of ground ro-
tation rate (gray lines) across the array for the Bam earthquake. There is
considerable phase match (maximum correlation coefficient above 0.9) be-
tween array-derived rotation rate and scaled transverse acceleration. This
suggests and further supports the conclusion that the array seismograms,
the broadband sensor and the ring laser (Suryanto et al. 2005) consistently
provide the same information on the rotational part of the wave field.
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Fig. 30.7 Comparison of collocated (scaled) transverse acceleration (black) ob-
served by the GRSN broadband seismometer with array derived rotation rate
(gray) for the Bam earthquake

30.5 Discussion and Conclusions

Are measurements of rotational ground motions useful for seismology and
related fields in the earth sciences? While the tremendous success of re-
search on the translational part of ground motions in the past decades
would suggest that this is not the case, the question posed can only now be
addressed in the context of real observations. The ring laser technology
that was extended towards high resolution measurements of absolute rota-
tions in the past years (Schreiber et al. 2003a, 2004) with the major aim of
measuring changes of the Earth’s rotation rate, was successfully trans-
ferred to the field of seismology, which required adaptation in terms of ac-
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quisition parameters and timing accuracy. The resolution of ring laser type
measurements is now such that observations can be directly compared with
those from broadband standard seismometers. In broadband global seis-
mology we do not expect major information gain from rotation sensors as
seismic network densities are ever increasing and many of the wavefield
properties can be extracted by array processing. However — given the fact
that we are dealing with a new observable — long period teleseismic broad-
band data provide an excellent opportunity to test the consistency of this
new observable, thus the correct measurement of the ring laser instrument
and its potential applicability in other domains of seismology (e.g., strong
ground motion, source inversion, etc.).

As motivated in the theoretical section, assuming plane wave propaga-
tion, we can directly compare rotation rate with transverse acceleration as
they should be in phase and related by a factor proportional to phase veloc-
ity. The first earthquake-induced observations with the German ring laser
system (Igel et al. 2005b) demonstrate that indeed — particularly for time
windows containing the transversely polarized Love surface waves — the
fit between those independent observations is almost perfect, providing the
test for phase consistency. The amplitude relation between acceleration
and rotation rate can be used to estimate horizontal phase velocities as well
as propagation directions. As shown in Fig. 30.4 these phase velocities
match well those predicted by the most sophisticated forward modelling
possible today. The accuracy and uncertainties of phase velocity estimates
are still being investigated but it is important to note that — with collocated
measurements of translation and rotation — it is thus possible to extract in-
formation from the wavefield that otherwise could only be obtained
through seismic arrays. This may be useful in case of a very sparse net-
work or when only single stations are possible, a situation likely in plane-
tary seismology, but current technology would not yet allow a light sensor
with the required sensitivity given the payload restrictions of space mis-
sions.

Sampling the seismic wavefield at the Earth’s surface with an appropri-
ate array allows the estimation of the rotational part by finite differencing
the three components of ground motion for the given array geometry.
While the first — surprisingly successful — direct comparison of ring-laser-
based direct observation and array-derived rotational motions is given by
Suryanto et al. (2005), it is clear that the logistic effort to determine rota-
tions from array is considerably larger than direct measurements. This
holds particularly for temporary arrays when the installation may be het-
erogeneous in terms of station quality. However, the fact that we are sam-
pling the same rotation wavefield properties with the ring laser, broadband
sensor and the array is further supported by the results shown in Fig. 30.7.
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The rotation rate converted from the broadband transverse acceleration is
close to the array-derived rotation rate as expected from theory.

We consider these studies as a contribution towards the demonstration
of the accuracy and consistency of a new observable quantity in broadband
seismology: the vertical component of rotation. While the acquisition
technology will continue to improve, there are still many open questions
that need to be answered before it is clear what the new observable is good
for. These questions involve: (1) the sensitivity of rotations vs. translations
with respect to the Earth structure; (2) the importance of ground rotations
in shaking hazard issues particularly in the presence of very unconsoli-
dated low-seismic-velocity near surface structures; (3) the effects of
strongly scattering structures and anisotropy; (4) the sensitivity of rotations
with respect to finite fault scenarios; (5) the development of low-resolution
portable sensors with the appropriate sensitivity for near source (e.g., after-
shock) studies. Many of these issues can now be addressed using modern
wave propagation simulation technology as was used in this study to
model teleseismic observations.
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