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Abstract Recently, ring laser technology has provided the first consistent obser-

vations of rotational ground motions around a vertical axis induced by earthquakes.

“Consistent,” in this context, implies that the observed waveforms and amplitudes

are compatible with collocated recordings of translational ground motions. In partic-

ular, transverse accelerations should be in phase with rotation rate and their ratio

proportional to local horizontal phase velocity assuming plane-wave propagation.

The ring laser installed at the Fundamentalstation Wettzell in the Bavarian Forest,

Southeast Germany, is recording the rotation rate around a vertical axis, theoretically

a linear combination of the space derivatives of the horizontal components of motion.

This suggests that, in principle, rotation can be derived from seismic-array experi-

ments by “finite differencing.” This has been attempted previously in several studies;

however, the accuracy of these observations could never be tested in the absence of

direct measurements. We installed a double cross-shaped array of nine stations from

December 2003 to March 2004 around the ring laser instrument and observed several

large earthquakes on both the ring laser and the seismic array. Here we present for

the first time a comparison of array-derived rotations with direct measurements of

rotations for ground motions induced by the M 6.3 Al Hoceima, Morocco, earthquake

of 24 February 2004. With complete 3D synthetic seismograms calculated for this

event we show that even low levels of noise may considerably influence the accuracy

of the array-derived rotations when the minimum number of required stations (three)

is used. Nevertheless, when using all nine stations, the overall fit between direct and

array-derived measurements is surprisingly good (maximum correlation coefficient

of 0.94).

Introduction

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 quan-

tity (e.g., Aki and Richards, 2002). Standard seismometers,

however, are designed to only measure the translational

components of ground motion. Even though seismologists

have pointed out the potential benefits of measuring strain

(e.g., Mikumo and Aki, 1964; Smith and Kasahara, 1969;

Sacks et al., 1976) and rotational ground motions (Aki and

Richards 2002), observations of the latter were not made

until quite recently. Nigbor (1994) successfully measured

translational and rotational ground motion during an under-

ground chemical explosion experiment at the Nevada Test

Site by using a triaxial translational accelerometer and a

solid-state rotational velocity sensor. The same type of sen-

sor was used by Takeo (1998) for recording an earthquake

swarm on Izu peninsual, Japan. Moriya and Marumo (1998)

introduced a rotational sensor consisting of two oppositely

oriented seismometers. Teisseyre et al. (2003) used a rota-

tional-seismograph system with two oppositely oriented

seismometers, having pendulums suspended on a common

axis, to record small earthquakes at Ojcow Observatory, Po-

land, and L’Aquila Observatory, Italy.

However, the resolution of the instruments described

previously was too low to be applicable in seismology over

a broad magnitude and distance range. Therefore, sensor de-

velopments in the past years focused on the refinement of

optical instruments, in particular, using laser technology.

The application of the Sagnac effect for sensing the inertial

rotation by using laser principles was first discussed in the

sixties (Post, 1967). Two approaches apply the Sagnac effect

for rotational measurements, namely active techniques, as in

ring laser gyroscopes, and passive techniques, as in fiber-

optic interferometers (Sanders et al., 1981). The first appli-

cation of a ring laser gyroscope as a rotational sensor in
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seismology was reported by Stedman et al. (1995). Further-

more, McLeod et al. (1998) gave a detailed analysis of ob-

servation with the ring laser named CI, installed in the so-

called Cashmere cavern, Christchurch, New Zealand. They

reported that the phase of rotation determined by CI is con-

sistent with that of a collocated standard seismometer record,

during the ML 5.3 Kaikoura event on 5 September 1996.

Pancha et al. (2000) analyzed the horizontal and vertical

components of teleseismic surface and body waves recorded

by larger ring laser gyroscopes (CII and G0) caused by M 7.0

and M 7.3 events at distances of 31� and 42.6�, respectively.

Apart from amplitudes of rotation rates larger than expected,

they showed—but only in a narrow frequency band—that

the sensors provided sufficient accuracy to record seismic

rotations. Fully consistent rotational motions were recorded

by a ring laser gyro installed at the Fundamentalstation

Wettzell, Germany (Igel et al., 2005). They showed that the

rotational motions were compatible with collocated record-

ings of transverse acceleration by a standard seismometer,

both in amplitude and phase. This implies that “standard”

rotational sensors with sufficient resolution may be possible

in the near future.

The full benefits of the determination of rotational mo-

tion in seismology are still under investigation. Rotational

motions can provide accurate data for arrival times of SH

waves and, in the near-source distance range, rotational mo-

tions might provide more detailed information on the rupture

processes of earthquakes (Takeo and Ito, 1997). Rotational

motions could also be used to better estimate the static dis-

placement from seismic recordings, identifying translational

signals caused by rotation (Trifunac and Todorovska, 2001).

Igel et al. (2005) introduced a method to estimate the

horizontal-phase velocity by using the ring laser data as well

as the transverse acceleration estimated from collocated

standard seismographs, whereas the standard procedure to

estimate phase velocity is array measurements. Even though

the comparison with theoretical predictions of phase veloc-

ities looks promising (Igel et al., 2005; Cochard et al., 2006),

it remains to be seen whether the estimates are accurate

enough. In earthquake engineering, observations of rota-

tional components of seismic strong motions may be of in-

terest as this type of motion may contribute to the response

of structures to earthquake-induced ground shaking (Li et

al., 2001). Most of rotational/torsional studies of ground mo-

tion in earthquake engineering are, so far, still carried out

by indirect measurements.

Indirect measurements of rotational motions using a

seismo- (accelero-) meter array have been studied by several

investigators (e.g., Niazi, 1986; Oliveira and Bolt, 1989;

Spudich et al., 1995; Bodin et al., 1997; Singh et al., 1997;

Li et al., 2001, Huang, 2003). However, to the best of our

knowledge, no comparison of array-derived rotation rate and

direct measurement from rotational sensors has been de-

scribed in the literature to date.

Here, for the first time, we present a comparison of ro-

tational ground motions derived from seismic-array data

with those observed directly with a ring laser system. The

goal of this study is to discuss the effects of noise and un-

certainties in the array observations and their relevance to

the derivation of rotation. In an era with more and more

array-type experiments and processing, the question of direct

versus array-type measurements becomes of interest in seis-

mology, earthquake physics, and geodesy. We first present

a synthetic study, in which we investigate the influence of

various effects on array-derived rotation rate. These effects

are (1) unwanted signals (i.e., noise) in the horizontal com-

ponents of translation, (2) uncertainty in seismometer cali-

bration, and (3) uncertainty in station coordinates. Finally,

we show the direct comparison of the vertical component of

array-derived rotation rate with the ring laser gyroscope rec-

ord for the M 6.3 Al Hoceima, Morocco, earthquake of 24

February 2004. We conclude that the fit between these en-

tirely independent measurments of the same wave-field

property is surprisingly good.

The Experiment

After the successful observation of fully consistent ro-

tational motions (Igel et al., 2005), a mobile seismic-array

experiment with eight stations (S1–S8) was installed around

the geodetic station Wettzell, Southeast Germany, the loca-

tion of the ring laser. A ninth station was located in the

geodetic station itself (12�52�44�E, 49�08�39�N), where a

broadband seismometer (station WET, part of the German

Regional Seismic Network, GRSN) is situated. The ring laser

is located approximately 250 m from the broadband seis-

mometer. The radius of the seismic array is about 1.5 km,

centered at station WET. The shallow subsurface structure

consists of metamorphic rock basement covered by glacial

till. The location of the array is shown in Figure 1.

Each seismic station consists of a three-component ve-

locity sensor (Le3D-5s) having a flat response in ground

velocity between 0.2 and 40 Hz, and a 400 V/m/sec gener-

ator constant. A 24-bit three-channel digital recorder was

used to record the data. The sampling rate was 62.5 Hz and

Global Positioning System (GPS) time synchronization was

achieved every 15 min. The experiment was running from

December 2003 until early March 2004. The seismometers

were buried in soft forest ground or they were deployed on

outcropping large igneous rock boulders. The GRSN (WET)

station is equipped with a STS-2 broadband instrument with

a response to ground velocity from 8.33 mHz (120 sec) to

50 Hz. The data are recorded with a sampling rate of 80 Hz.

The ring laser instrument, called “G,” consists of a He-

Ne gas laser with a ultrahigh-vacuum quality cavity enclos-

ing an area of 16 m2. The vertical component of rotation rate

is recorded by this instrument with a sampling rate of 4 Hz.

In principle, rotations as small as �1010 rad/sec/ Hz�
(Schreiber et al., 2003) can be observed (unfortunately this

limit is seldom reached). Further information on the ring

laser instrument is given in Schreiber et al. (2005). Several

teleseismic earthquake events were observed during this ex-
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Figure 1. Location of the array experiment.
The ring laser and GRSN (German Regional
Seismic Network) broadband station (WET) are
located at the center of the array marked by a
triangle. The ring laser and the broadband seis-
mometer are separated by approximately
250 m.

periment. However, very few of these events were recorded

with high signal-to-noise ratio by both the ring laser system

and the seismic array. We focus here on the event with the

highest signal-to-noise ratio.

Observations and Processing

The earthquake that is investigated occurred on 24 Feb-

ruary 2004 at 02:27:46.2 (UTC). The epicenter was near the

Mediterranean city of Al Hoceima (35.235� N, 3.963� W)

about 295 km northeast from Rabat, Morocco. This earth-

quake occurred near the eastern end of the Rift mountain

belt, which is part of the boundary between the African and

Eurasian plates. The distance between the epicenter and the

seismic network was about 2055 km (18.5�). This M 6.3

earthquake was recorded simultaneously by array stations

S1–S8, the broadband station (WET), and the ring laser. The

array and broadband data are corrected for the instrument

response and deconvolved to a uniform seismometer with a

corner frequency of 0.02 Hz. Figure 2 shows the corrected

horizontal components of velocity seismograms, including

broadband (WET) data. These components are needed to cal-

culate the horizontal spatial derivatives necessary to estimate

the vertical component of rotation rate. All the seismograms,

including the broadband data are then bandpass filtered from

0.03 to 0.5 Hz. As expected, after correcting for the instru-

ment response, for an earthquake at such an epicentral dis-

tance, considering the frequency band and the size of the

array, there is almost perfect match in amplitude and wave-

form between the array seismograms and the broadband sen-

sor, highlighting the successful correction of the instrument

transfer function. The maximum amplitude of the velocity

was about 0.8 � 10�4 and 1.2 � 10�4 m/sec for east–west

and north–south components, respectively. However, a cer-

tain level of noise is visible for some of the stations (e.g.,

S4, located on an outcropping boulder; and S5, located in

very wet forest mud). One of the key questions to be ad-

dressed here is how such noise affects the array-derived ro-

tational motions. In the following, we briefly describe how

rotation rate can be derived from the horizontal components

of array seismograms, and then apply the method to syn-

thetic and observed seismograms.

Deriving Rotation from Seismic-Array Data

The relation between rotational and translational mo-

tions is obtained through the application of the curl operator

�� to the seismic wave field v (x, y, z) by:

x � v � � vx x z z y

1 1
x � � � v � � v � � v . (1)y z x x z

2 2� � � �
x � v � � vz x y y x

This implies that, in principle, the rotational components can

be estimated if we are able to calculate the spatial derivatives

of ground velocity. As is well known from numerical math-

ematics, partial derivatives (in one dimension) can be ap-

proximated by introducing information from two or more

points sampling the vector field and solving an approximate

system of linear equations. In what follows, we restrict our-

selves to rotation around a vertical axis, because this is the

component the ring laser is measuring. The simplest method

to approximate the derivatives of the horizontal components

of motion is to subtract two recordings of ground displace-

ment and divide by their distance (finite-difference approx-

imation). This can be done especially when the points are

distributed regularly in an ideal cross-shaped array (e.g.,

Huang, 2003). In this article we apply a standard geodetic

method to estimate the static displacement for calculating

the space derivatives. This was used previously by Spudich

et al. (1995) to study the dynamic deformation induced by
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Figure 2. Velocity seismograms for the M 6.3 Al Hoceima Morocco earthquake of
24 February 2004 recorded by the array. A superposition of all seismograms in a 2-
min time window is shown in the lower part. All seismograms, including the broadband
seismogram (WET, top), are corrected for instrument response and bandpass filtered
from 0.03 Hz to 0.5 Hz.

the M 7.4 Landers earthquake of 28 June 1992, derived from

the U.S. Geological Survey Parkfield seismic array (UPSAR)

in Parkfield, California. This method was also used by Bodin

et al. (1997) to study dynamic deformations of shallow sed-

iments in the Mexico basin.

We briefly describe this method in the following. At the

free surface boundary, it can be shown that the time-

dependent displacement gradient matrix G can be estimated

from ground-displacement components ui (i � 1 . . . N) re-

corded at N stations by solving the set of equations:

d � GRi i (2)

� u � u � ux x y x z x

� � u � u � u R ,x y y y z y i� �
� u �� u �g (� u � � u )x z z y x x y y

where, g � k (k � 2l), k and l are the Lamé parameters,

di � ui � u0, Ri � ri � r0, ui, ri, and u0, r0 are the dis-

placements at the coordinates of the ith station and the ref-

erence station (subscript 0), respectively. At least three sta-

tions must be used to determine the horizontal-displacement

gradient using this method.

Assuming the array stations were located at the same

elevation, the vertical component of rotation rate xz can be

obtained by solving equation (2) using three stations (Si, Sj,

Sk):

1
i i kx � ([b v � b v � b v ]z i y j y k y

2A
i i k

� [c v � c v � c v ]) , (3)i x j x k x

where vi is the velocity vector at the ith station, A is the area

bounded by the station Si, Sj, and Sk, bi � (yk — yj)/2, and

ci � (xk — xj)/2, and bj and cj obtained by index circular

permutation. Here, (xi, yi), (xj, yj), and (xk, yk) are coordinates

of stations Si, Sj, and Sk, respectively. When more than three

stations are used, equation (2) can be solved using a least-

squares procedure. More details can be found in Spudich et

al. (1995).

Spatial Characteristics of the Seismic-Array Wave
Field: Observations versus Simulation

One of the key goals in this study is to understand the

effects of various sources of uncertainties in the array ob-

servations on the array-derived rotational ground motions.

The method described earlier is therefore first tested against

a synthetic array data set. Complete theoretical seismograms

for translations and rotations were calculated by using a re-

cent 3D global tomography model (Ritsema and Van Heijst,

2000), and a point-source approximation of the Al Hoceima

event. Seismograms were calculated using the spectral ele-

ment method (Komatitsch and Tromp, 2002a,b) that was

extended to allow outputting the curl of the velocity-wave
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Figure 3. Synthetic velocity seismograms for the M 6.3 Al Hoceima Morocco earth-
quake of 24 February 2004 for all the array stations and the central station (WET),
calculated for a 3D mantle model (Ritsema and Van Heijst, 2000) and a recent crustal
model (Bassin et al., 2000). The seismograms are calculated using the spectral element
method (Komatitsch and Tromp, 2002a,b) and bandpass filtered from 0.03 Hz to 0.5 Hz.

field (i.e., rotation rate). The numerical simulation for this

short epicentral distance was carried out with a spatial and

temporal resolution allowing an accurate wave field up to

periods of 5 sec (Schuberth et al., 2003). The synthetic re-

ceivers were located at the same positions as our array seis-

mometers. Figure 3 shows the time histories of the horizontal

components of the synthetic ground velocity and superpo-

sition of all traces in a short time window. Due to the epi-

central distance (�2000 km) and the considered spatial and

temporal wavelengths, the waveforms are almost identical

across the array. In the following we aim at investigating the

effects of noise at some of the seismic stations. As the min-

imum number of stations to determine the spatial gradient is

three, we choose to estimate rotations from triangular (sub-)

array sections to investigate (1) the uniformity of the derived

rotation across the array and (2) to identify array sections

with high noise levels, coupling differences, or instrumental

problems. Because of the spatial wavelengths considered in

the synthetic wave field, we expect the rotational motions to

be close to uniform across the array. Figure 4 shows four

pairs of the vertical component of array-derived rotation rate

calculated using combinations of three stations of the out-

ermost array stations (S5, S6, S7, and S8) with WET as the

reference station (gray line) superimposed with synthetic ro-

tation rate (black line) at the center of the array (WET). The

normalized correlation coefficients (maxima) are given

above the trace pairs. The stations used to derive the vertical

component of the array-derived rotation rate are given in the

bottom of each trace pair. As expected with noisefree syn-

thetics, the array-derived rotation rate matches almost ex-

actly the rotation rate calculated at the central station WET

(correlation coefficient �0.99).

We now perform the same exercise with the observa-

tions of the Al Hoceima event. In Figure 5, the direct ob-

servation of rotation rate with the ring laser (black line) at

the center of the array is compared with the array-derived

rotation rate (gray line) using four different subtriangles.

First, we observe that the array-derived rotation rate (using

three stations only) varies substantially for the different tri-

angles, suggesting considerable amount of noise, propaga-

tion, or site effects across the array. Second, in one subtri-

angle (S6-WET-S7) the phase match is quite good, but the

amplitudes do not match well. In another one (S5-WET-S8)

the amplitudes are closer to the direct measurements, but the

phases match poorly in most parts of the seismogram. These

observations suggest that different sources of noise (ampli-

tude, phase, etc.) seem to affect the various array stations.

Note that here we have deliberately decided to use only

three (of nine possible) stations to determine rotations to

highlight noise in the data. All stations are used in the final
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Figure 4. Synthetic test of uniformity of rotation rate across the array. Vertical
component of rotation rate at the array center (black lines) and array-derived rotation
rate (gray lines) calculated using three stations for four different subtriangles (indicated
in each panel). The normalized correlation coefficients are given for each trace pair.

Figure 5. Nonuniformity of array-derived rotation rate (gray lines) across the array
in different subtriangles, as noted in each panel, for real data compared with the direct
rotational measurements at the center of the array by a ring laser (black lines). The
normalized correlation coefficients are given for each trace pair.

comparison. Before investigating specific noise effects more

systematically, we demonstrate that, assuming random noise

added to the synthetic array seismograms, we reproduce a

behavior similar to what is seen in the observations. We add

3% Gaussian white noise to all seismograms. Station 8, how-

ever, is additionally altered by phase perturbations in their x

and y components. Phase uncertainty is introduced by per-

turbing each phase component randomly by up to 2% (of

2p). The subtriangle determination of rotation rate with the

phase-perturbed synthetics shown in Figure 6a now exhibits

misfits similar to those of the observations in Figure 5. The

subtriangles containing the phase-perturbed seismometer

(S8) compare poorly with the (noise-free) rotational signal

at the center of the array. However, if we use all nine stations

to determine the rotational signal, most of the random noise

cancels out and the final array-derived rotation rate compares
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Figure 6. Nonuniformity of array-derived rotation rate across the array for different
subtriangles for synthetic data with a single phase-disturbed station (S8, by 2%) and
3% of random noise added for all stations. (a) Vertical component of rotational motions
at the center of the array (black lines) superimposed with array-derived rotation rate
(gray lines) calculated using three stations, as indicated. (b) Vertical component of
array-derived rotation rate (gray) is calculated from all nine stations and compared with
the true rotation (black line). The normalized correlation coefficients are given for each
trace pair.

well with the (noisefree) rotational signal at the center of the

array (Fig. 6b). This indicates that random errors and/or sys-

tematic differences (randomly distributed) in parts of the ar-

ray data may cancel out when a sufficiently large number of

stations is used. On the other hand, using only three stations

for array-derived rotations may considerably increase the un-

certainties with respect to final rotation estimates.

Effects of Noise on Array-Derived Rotations and
Comparison with Directly Measured Rotation

In this section we examine the effects of various levels

of synthetic uncorrelated random noise, real background

noise (extracted from observations), uncertainties in the po-

sition determinations, and uncertainties in the seismometer

response on the array-derived rotation rate. The vertical

component of rotation rate is calculated using all the data

from nine stations, as will be done when finally comparing

with direct observations. Clearly, intrinsic inhomogeneity of

displacement gradients (e.g., due to topography, structural

heterogeneity, etc.) might occur, but we restrict ourselves

here to the study of random (nonsystematic) perturbations.

To study the effects of uncorrelated random noise in the

array seismograms, we generate a Gaussian random signal

with maximum amplitudes of 1%, 5%, and 10% of the peak

amplitude of the horizontal synthetic velocity seismograms.

This random signal is added to the synthetic array data. The

array-derived rotation rate from 25 random signal realiza-

tions is depicted in Figure 7 (gray) and compared with the

noisefree exact rotation rate at the center of the array. The

average root-mean-square (rms) difference of the array-

derived rotation rate was 1.33%, 6.43%, and 12.87% for 1%,

5%, and 10% noise, respectively. With 10% noise the wave-

forms are severely distorted but the dominant phases are still

well matched with peak amplitude errors similar to the noise

percentage. With 5% noise the waveforms are affected by

the low-frequency part of the random noise, whereas, with

1%, the differences between the curves are barely visible.

The actual noise level in the observations can be esti-

mated by taking signals prior to the first arriving energy of

the event under investigation. In the following, noise signals

are extracted from the observations some minutes before the

first arriving energy for each of the nine stations. These sig-

nals are added to the synthetic array seismograms and the

rotational signal is estimated and compared with the noise-

free rotational signal at the center of the array. The back-
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Figure 7. Vertical component of array-derived rotation rate from synthetic data with
Gaussian random noise (with 25 noise realizations) (gray line), superimposed with the
noisefree synthetic rotation rate (black line). The amount of noise is 10%, 5%, and 1%,
from top to bottom. Only for 1% noise is the rotation rate reasonably well retrieved.

ground noise is on average about 3% of the peak amplitude

of the velocity seismograms. The results are shown in Figure

8 (top). The rms difference of the array-derived rotation rate

with respect to the true signal is 3.58%. These results suggest

that with the observed noise level—in the absence of other

errors (e.g., systematic errors such as timing, filter problems,

etc.)—it should be possible to derive the rotational signal

from the array observations with similar certainty (within a

few percent).

Array-station coordinates are essential for the calcula-

tion of the array-derived rotational signal. In our experiment

we use a portable GPS receiver for synchronizing the time

and for the determination of the station’s coordinates. The

problem with this kind of GPS is its low accuracy in position

determination. In our experiment, the coordinate precision

was affected by the nearby presence of buildings or trees.

As a consequence, the uncertainty in seismometer’s position

in our experiment is several meters. To estimate the effect

of position uncertainties, we introduce random position er-

rors from �30 to �30 m in the x and y coordinates and

calculate the rotation rate for 25 such realizations. The re-

sults are shown in Figure 8 (bottom). The average rms dif-

ference of the array-derived rotation rate is 0.38%. From this

we conclude that the uncertainties introduced through the

GPS measurements are unlikely to deteriorate the final array-

derived estimates of the rotational signal.

Amplitude errors may be introduced through local site

effects at the stations and/or instrumental problems. To in-

vestigate the effects we randomly modify the overall ampli-

tude of the synthetic data by a factor of 1%, 5%, and 10%.

The calculated rotation rate from 25 realizations in each case

is depicted in Figure 9. The rms difference of the array-

derived rotation rate is 1.14%, 3.67%, and 10.12%, for 1%,

5%, and 10% amplitude uncertainty in each of the array

components, respectively. Even though this test is somewhat

simplified, the results suggest that, given our array config-

uration, random (constant/static) amplitude errors are un-

likely to alter the final results significantly,

Array-derived rotation rate is possible under the as-

sumption that the seismometers used in the experiment ex-

hibit the same behavior (i.e., have the same response func-

tion). The specific response function of the seismometers

used here and the low frequencies considered may poten-

tially introduce phase uncertainties. To investigate this ef-
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Figure 8. (Top) Vertical component of array-derived rotation rate from synthetic
data with real noise taken from the observed seismograms several minutes before the
event started. This shows that noise level is not the only cause of the poor results seen
in Figure 5. (Bottom) Effects of a �30-m maximum error in seismometer position on
the derivation of rotation rate for 25 realizations; this shows that inaccuracies in GPS

location are unlikely to affect our results.

fect, we alter the phase of all horizontal components in the

phase domain by 0.5%, 1%, or 2% (of 2p). The calculated

rotation rate from 25 realizations in each case is depicted in

Figure 10. The rms difference of the array-derived rotation

rate is 65.4%, 38.6%, and 15.5%, for 2%, 1%, and 0.5%

phase uncertainty in each of the array components, respec-

tively. Compared with other noise effects, this uncertainty

gives the most pronounced effects on the final results. Nev-

ertheless, note that the most dominant phases are still well

matched despite the bad overall fit.

Finally, we compute the observed array-derived rotation

rate for the Al Hoceima event from the horizontal seismo-

grams of all nine array stations (Fig. 2). In Figure 11 we

show the comparison between the array-derived rotation rate

with ring laser-based direct measurements of the same wave-

field quantity. We stress here that the traces are compared

with absolute amplitudes. The overall rms difference is

3.72%. The maximum normalized correlation coefficients

are given below each seismogram. The best correlation co-

efficient is 0.97 in the Love wave-time window. In the early

part of the seismogram, the fit is worse. This is probably due

to the low amplitudes compared with the peak amplitudes

of the Love wave train. In addition, this time window con-

tains the highest frequencies and we expect the uncertainties

to increase with frequency because of the finite size of the

array. The match between the direct and array-derived ro-

tation rate is almost perfect in the 3-min time window con-

taining the fundamental and higher mode Love waves with

correlation coefficients above 0.95. The overall fit worsens

toward the end of the signal because of the decreasing signal-

to-noise ratio. The surprisingly good fit of those entirely dif-

ferent approaches to measuring the rotational part of the

wave field confirms the quantitative results of the synthetic

study, in particular the fact that the similarity is obtained
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Figure 9. Vertical component of array-derived rotation rate for synthetic data with
amplitude uncertainty of 10%, 5%, and 1% (top to bottom), from 25 realizations (gray
lines) superimposed with synthetic rotation rate (black line).

thanks to the relatively large number of seismic-array sta-

tions given the observed noise levels.

Discussion and Conclusions

Recently, the interest in the observation of rotational

ground motions has increased after this type of motion has

been neglected for decades, despite the fact that theoreticians

suggest it should be observed (e.g., Aki and Richards, 2002).

While instruments that directly measure ground rotations are

still being developed (e.g., Schreiber et al., 2005), there is

more and more evidence that rotational motions may indeed

be useful for the understanding of earthquake source pro-

cesses (Takeo and Ito, 1997), deriving the complete ground

motion from rotations and translations (Trifunac and Todo-

rovska, 2001), or in understanding local strong-motion ef-

fects due to rotations (Castellani and Zembaty, 1996). Ro-

tational motions can be derived from surface measurements

of the horizontal components of at least three stations. This

was investigated in several studies (e.g., Bodin et al., 1997;

Huang, 2003). However, because at that time appropriate

instruments for the direct measurement of rotations were not

available, it was impossible to assess the accuracy of these

measurements. In the past years, ring laser technology pro-

vided the technical means to observe rotational motions

around the vertical axis with the required precision in broad-

band seismology. The full consistency of the ring laser ob-

servations with broadband translational motions was shown

by Igel et al. (2005) and further studies by Cochard et al.

(2005) and Schreiber et al. (2005).

Using ring laser technology we present here the first

comparison of seismic array-derived rotations with direct

measurements. The goal of this study was (1) to quantify the

accuracy with which rotations can be derived from seismic-

array data, (2) to investigate the effects of noise, and (3) to

discuss issues concerning array versus direct measurements

of rotations. The seismic-array experiment that was carried

out between December 2003 and March 2004 with a radius

of �1.5 km around the ring laser instrument was to some

extent suboptimal because (1) the seismic equipment we

used (LE3D-5s) is not designed for long-period signals, and

(2) as far as the array geometry goes, the emphasis was on

having a shape as close to a regular “finite-difference stencil”

as possible, resulting in heterogeneous site conditions (from

muddy forest ground to outcropping granite boulders).

These conditions and the high noise levels on the horizontal
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Figure 10. Vertical component of array-derived rotation rate for synthetic data with
phase uncertainty of 2%, 1%, and 0.5% (top to bottom), from 25 realizations (gray
lines) superimposed with synthetic rotation rate (black line).

components resulted in a data set in which only very few

large teleseismic events were usable for the rotation esti-

mates.

Nevertheless, in light of the experimental circumstances

the fit between array-derived rotations and direct ring laser

measurements (Fig. 11) is stunning, given the observation

of a wave-field property (rotation around a vertical axis) with

entirely different physical methodologies. We expected that

errors in individual station observations would play a

stronger role, in particular, when calculating spatial deriva-

tives. The estimated noise level in the array seismograms

was about 3%; a quantitatively similar misfit between array-

derived rotation and direct measurements is observed for the

most dominant signals (Love waves). These results indicate

that—given accurate measurements of translational motions

in an array of appropriate size and number of stations—the

array-derived rotation rate may be very close to the “true”

rotational signal that would be measured at the center of the

array (or the specific reference station).

However, given the observations described in Figure 5,

note that it may be dangerous to use only the minimally

required three stations because even relatively small noise

levels may deteriorate the rotation estimates. Whereas the

results suggest that the observation of array-derived rotations

is feasible, note that we considered a fairly long-period sig-

nal in this study. Errors will certainly be more pronounced

for earthquakes with shorter epicentral distances and higher-

frequency wave fields for a given array size. Because of this,

the necessity to develop field-deployable rotational sensors

with the appropriate resolution for use in local and regional

seismology remains an outstanding issue.
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Figure 11. Vertical component of array-derived rotation rate from real array data
set (gray line) superimposed with ring laser data (black line), with the difference trace
shown below (gray line). Nine stations including the broadband data are used to cal-
culate the array-derived rotational signal. Both traces are bandpass filtered from 0.03
Hz to 0.3 Hz.
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