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Abstract

Recently, ring laser technology has provided the first consistent ob-

servations 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 particular, transverse accelerations should

be in phase with rotation rate and their ratio proportional to local hor-

izontal phase velocity assuming plane wave propagation. The ring laser

installed at the Fundamentalstation Wettzell in the Bavarian Forest, SE

Germany, is recording the vertical component of rotation rate, theoreti-

cally a linear combination of the space derivatives of the horizontal compo-

nents of motion. This suggests that, in principle, rotation can be derived

from seismic array experiments 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
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present for the first time a comparison of array-derived rotations with di-

rect measurements of rotations for ground motions induced by the M6.4

Al Hoceima, Morocco, earthquake of February 24, 2004. With additional

synthetic seismograms we show that even low levels of noise may con-

siderably 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).

1 Introduction

A complete representation of ground motion consists of three components of

translational motion, three components of rotational motion and six compo-

nents of strain (e.g., Aki and Richards 2002). Standard seismometers, however,

only measure the translational components of ground motion. Even though the-

oretical seismologists have pointed out the potential benefits of measurements

of rotational ground motion, they were not made until quite recently. Nigbor

(1994) has successfully measured translational and rotational ground motion

during an underground chemical explosion experiment at the Nevada Test Site

using a triaxial translational accelerometer and a solid-state rotational veloc-

ity sensor. The same type of sensor was used by Takeo (1998) for recording

an earthquake swarm on Izu peninsula, Japan. Moriya and Marumo (1998)

introduced a rotational sensor consisting of two oppositely oriented seismome-

ters. Teisseyre et al. (2003) used a rotational-seismograph system with two

oppositely oriented seismometers, having pendulums suspended on a common

axis, to record small earthquakes at Ojcow Observatory, Poland and L’Aquila

Observatory, Italy.

However, the resolution of the instruments described above was too low to

be applicable in seismology in a broad magnitude and distance range. There-

fore, sensor developments in the past years focused on the development and

refinement of optical instruments, particular using laser technology. The appli-

cation of the Sagnac effect for sensing the inertial rotation using laser principles

was first discussed in the sixties (Post 1967). There are two approaches to ap-

ply the Sagnac effect for rotational measurements, namely active techniques, as

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

ters (Sanders et al. 1981). The first application of a ring laser gyroscope as a

rotational sensor in seismology was reported by Stedman et al. (1995). Further-
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more, McLeod et al. (1998) gave a detailed analysis of observation 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 consis-

tent with that of a collocated standard seismometer record, during the ML5.3

Kaikoura event on September 5, 1996. Pancha et al. (2000) analyzed the hori-

zontal and vertical components of teleseismic surface and body waves recorded

by larger ring laser gyroscopes (CII and G0) caused by M7.0 and M7.3 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

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

the rotational motions were compatible with collocated recordings 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 motion 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

motions might provide more detailed information on the rupture processes of

earthquakes (Takeo and Ito 1997). Rotational motions could also be used to bet-

ter estimate the static displacement from seismic recordings, identifying trans-

lational signals cased 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 collo-

cated standard seismographs, whereas the standard procedure to estimate phase

velocity is array measurements. Even though the comparison with theoretical

predictions of phase velocities look promising (Igel et al. 2005; Cochard et al. to

appear), it remains to be seen whether the estimates are accurate enough. In

earthquake engineering, observations of rotational components of seismic strong

motions may be of interest 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 motion in earthquake engineering are so

far still carried out by indirect measurements.

Indirect measurements of rotational motions using a seismo- (accelero-) me-

ter 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; Huang

2003; Li et al. 2001). However, to the best of our knowledge, there is no com-
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parison of array-derived rotation rate and direct measurement from rotational

sensors described in the literature to date.

Here we present for the first time a comparison of rotational 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 uncertainties

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 vs. array-type measurements becomes of interest in seismology, earth-

quake physics and geodesy. We will 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 components

of translation, (2) uncertainty in seismometer calibration, 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 record

for the M6.3 Al Hoceima, Morocco, earthquake of February 24, 2004. We con-

clude that the fit between these entirely independent measurements of the same

wavefield property is surprisingly good.

2 The experiment

Following the successful observation of fully consistent rotational motions (Igel

et al. 2005), a mobile seismic array experiment with eight stations (S1-8) was

installed around the geodetic station Wettzell, Southeast Germany, the location

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 at a distance of approximately 250 m from the broadband seismometer.

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 velocity sensor (Le3D-5s)

having a flat response in ground velocity between 0.2 and 40 Hz, and a 400V/m/s

generator constant. A 24-bit three-channel digital recorder was used to record

the data. The sampling rate was 62.5 Hz and GPS time synchronization was

achieved every 15 minutes. 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 flat
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response of to ground velocity from 8.33 mHz (120 s) 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 enclosing an area of 16 m2. The vertical

component of rotation rate is recorded by this instrument with a sampling rate

of 4 Hz. The G ring laser has a resolution of 9×10−11 rad/s/Hz (Schreiber et al.

2003). Further information on the ring laser instrument is given in Schreiber

et al. (to appear). Several teleseismic earthquake events were observed during

this experiment. 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.

3 Observations and processing

The earthquake that will be investigated occurred on February, 24, 2004 at

02:27:46.2 (GMT). The epicenter was near the Mediterranean city of Al Hoceima

(35.235◦ N, 3.963◦ W) about 295 km North-East from Rabat, Morocco. This

earthquake 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

M6.3 earthquake was recorded simultaneously by the array stations S1-S8, the

broadband station (WET) and the ring laser. The array and broadband data are

restituted by applying their seismometer response function. Figure 2 shows the

restituted horizontal components of velocity seismograms, including broadband

(WET) data. These components are needed to calculate the horizontal space

derivatives necessary for the estimation of the vertical component of rotation

rate. All the seismograms, including the broadband data are bandpass filtered

from 0.03 to 0.5 Hz. As expected – after correction of the instrument response

– for an earthquake at such an epicentral distance, considering the frequency

band and the size of the array, there is almost perfect match in amplitude and

waveform between the array seismograms and the broadband sensor despite

their very different instrument characteristics. The maximum amplitude of the

velocity was about 0.8×10−4 and 1.2×10−4 m/s for East-West and North-South

components, respectively. However, a certain level of noise is visible for some

of the stations (e.g., S4+5). One of the key questions to be addressed here is

how such noise affects the array-derived rotational 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 synthetic and observed
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seismograms.

4 Deriving rotation from seismic array data

The relation between rotational and translational motions is obtained trough

the application of the curl operator ∇× to the seismic wave field ~v(x, y, z) by:







ωx

ωy

ωz






=

1

2
∇× ~v =

1

2







∂yvz − ∂zvy

∂zvx − ∂xvz

∂xvy − ∂yvx






. (1)

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 mathematics, partial derivatives (in one dimension) can

be approximated introducing information from two or more points sampling the

vector field and solving an approximate system of linear equations. In what fol-

lows, we will restrict ourselves to the vertical component of rotation, as it 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 displacement (velocities, acceleration) and divide by their distance

(finite-difference approximation). This can be done especially when the points

are distributed regularly in an ideal cross shaped array (e.g., Huang 2003). In

this paper we apply a standard geodetic method to estimate the static displace-

ment for calculating the space derivatives. This has been previously used by

Spudich et al. (1995) to study the dynamic deformation induced by the M7.4

Landers earthquake of June 28, 1992, derived from the UPSAR array in Park-

field, California. This method was also used by Bodin et al. (1997) to study

dynamic deformations of shallow sediments in the Mexico basin.

We briefly describe this method in the following. At the free surface bound-

ary, it can be shown that the time-dependent displacement gradient matrix G

can be estimated from ground displacement components ui (i = 1..N) recorded

at N stations by solving the set of equations:

di = GRi

=







∂xux ∂yux ∂zux

∂xuy ∂yuy ∂zuy

∂zux −∂zuy −η(∂xux + ∂yuy)






Ri, (2)

where, η = λ (λ + 2µ), λ and µ are the Lamé parameters, di = ui − u0, Ri =

ri − r0, ui, ri, and u0, r0, are the displacements at the coordinates of the
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ith station and the reference station (subscript 0), respectively. At least three

stations have to 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 ωz can be obtained by solving equation

(2) using three stations (Si,Sj ,Sk):

ωz =
1

2A

([

biuiy
+ bjujy

+ bkuky

]

− [ciuix
+ cjujx

+ ckukx
]
)

, (3)

where A is the area bounded by the station Si, Sj and Sk, bi = (yk − yj)/2,

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, respec-

tively. 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).

5 Spatial characteristics of the seismic array wave-

field: observations vs. simulation

One of the key questions in this study is to understand the effects of various

sources of uncertainties in the array observations on the array-derived rotational

ground motions. The method described above is therefore first tested against a

synthetic array data set. Complete theoretical seismograms for translations and

rotations were calculated using a recent 3-D global tomography model (Ritsema

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

event. Seismograms were calculated using the spectral-element method (Ko-

matitsch and Tromp 2002a,b) that was extended to allow outputting the curl

of the velocity-wave field (i.e., rotation rate). The numerical simulation for this

short epicentral distance was carried out with a spatial and temporal resolu-

tion allowing an accurate wavefield down to periods of 5 seconds (Schuberth

et al. 2003). The receivers were located at the same positions as our array

seismometers. Figure 3 shows the time histories of the horizontal components

of the synthetic ground velocity and superposition of all traces in a short time

window. Due to the epicentral 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 minimum number of stations to determine the spatial

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

sections to investigate (1) the uniformity of the derived rotation across the ar-
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ray and (2) to identify observed array sections with high noise level, coupling

differences, or instrumental problems. Because of the spatial wavelengths con-

sidered in the synthetic wavefield, 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 outermost array stations (S5, S6, S7 and S8) with WET as the reference

station (gray line) superimposed with synthetic rotation 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 noise-free synthetics, the array-derived rotation rate matches

almost exactly the rotation rate calculated at the central station WET (corr.

coeff. > 0.99).

We now perform the same exercise with the observations of the Al Hoceima

event. In Figure 5, the direct observations 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 sub-triangles. First, we observe that the

array-derived rotation rate (using three stations only) varies substantially for

the different triangles suggesting considerable amount of noise across the array.

Second, while in one sub-triangle (S6-WET-S7) the phase match is quite good in

the most part of the time series, the amplitudes not matching so well, in another

one (S5-WET-S8) the amplitudes are closer to the direct measurements, while

this time the phases poorly match in general. These observations suggest that

different sources of noise (amplitude, phase, etc.) seem to affect the various

array stations.

Note that here we have deliberately taken the decision to use only three (of

nine possible) stations to determine rotations in order to highlight noise in the

data. In the final comparison all stations are used. Before investigating spe-

cific noise effects more systematically, we demonstrate that – assuming random

noise added to the synthetic array seismograms – we reproduce a behavior sim-

ilar to what is seen in the observations. We add 3% Gaussian white noise to all

seismograms. Station 8, however, is additionally perturbed by 10% phase un-

certainty in the x-component. The sub-triangle determination of rotation rate

shown in Figure 6a now exhibits misfits similar to those of the observations in

Figure 5. The sub-triangles containing the phase-perturbed seismometer (S8)

compares 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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well with the (noise-free) rotational signal at the center of the array (Figure 6b).

This indicates that (random) errors in parts of the array 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

uncertainties with respect to final rotation estimates.

6 Effects of noise on array-derived rotations and

comparison with directly measured rotation

In this section we will examine the effects of various levels of synthetic un-

correlated random noise, real background noise (extracted from observations),

uncertainties in the position determinations and uncertainties in the seismome-

ter gain on the array-derived rotation rate. The vertical component of rotation

rate is calculated using all the data from the nine stations, as will be done when

finally comparing with direct observations.

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 maximum amplitude of the horizontal component of the syn-

thetic velocity seismograms. This random signal is added to the synthetic array

data. The array-derived rotation rate from 25 random signal realizations is de-

picted in Figure 7 (gray) and compared with the noise-free 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 waveforms 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, while, with 1%, the differences between the

curves is barely more than the thickness of the line.

The actual noise level in the observations can be estimated by taking signals

prior to the first arriving energy of the event under investigation. In the fol-

lowing, noise signals are extracted from the observations some minutes before

the first arriving energy for each of the nine stations. These signals are added

to the synthetic array seismograms and the rotational signal is estimated and

compared to the noise-free rotational signal at the center of the array. The

background 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
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results suggest that with the observed noise level – in the absence of other er-

rors (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 calculation 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 stations’ coordi-

nates. The problem with this kind of GPS is their 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 posi-

tion errors from -30 to +30 meters in the x and y coordinates and calculate the

rotation rate for 25 such realizations. The results are shown in Figure 8 (bot-

tom). The average rms-difference of the array-derived rotation rate is 0.38%.

From this we conclude that the uncertainties introduced through the GPS mea-

surements 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 investigate the effects we randomly modify

the overall amplitude 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 0.34%, 0.51%,

and 1.70%, 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 random (constant/static) amplitude errors are unlikely to

alter the final results – given our array configuration – significantly.

Finally, we derive the array-derived rotation rate for the Al Hoceima event

from the horizontal seismograms of all nine array stations (Figure 2). In Fig-

ure 10 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 coefficient 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 to the peak amplitudes of the

Love wave train. In addition, this time window contains the highest frequencies

and we expect the uncertainties to increase with frequency. The match between
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the direct and array-derived rotation rate is almost perfect in the three-minute

time window containing the fundamental and higher mode Love waves with cor-

relation coefficients above 0.95. The overall fit is worsening towards the end of

the signal due to decreasing signal-to-noise ratio. The surprisingly good fit of

those entirely different approaches to measuring the rotational part of the wave

field confirms the quantitative results of the synthetic study, particularly the

fact that the final similarity is obtained thanks to the relatively large number

of seismic array stations given the observed noise levels.

7 Discussion and Conclusions

Recently, the interest in the observation of rotational ground motions has in-

creased 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 devel-

oped (e.g., Schreiber et al. to appear), there is more and more evidence that

rotational motions my indeed be useful for the understanding of earthquake

source processes (Takeo and Ito 1997), deriving the complete ground motion

from rotations and translations (Trifunac and Todorovska 2001), or in under-

standing local strong-motion effects due to rotations (Castellani and Zembaty

1996). Rotational motions can be derived from surface measurements of the

horizontal components of at least three stations. This was investigated in sev-

eral 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 provided the technical means to observe rota-

tional motions around the vertical axis with the required precision in broadband

seismology. The full consistency of the ring laser observations with broadband

translational motions was shown by Igel et al. (2005) and further studies by

Cochard et al. (to appear) and Schreiber et al. (2003).

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 sub-optimal because

(1) the seismic equipment we used (LE3D-5s) is not designed for teleseismic
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studies and 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 components resulted in a data set in which only very few large

teleseismic events were usable for the rotation estimates.

Nevertheless, in the light of the experimental circumstances the fit between

array-derived rotations and direct ring laser measurements (Figure 10) is stun-

ning, 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 play a stronger role particular when calcu-

lating spatial derivatives. The estimated noise level in the array seismograms

was around 3% and it is interesting to note that a quantitatively similar mis-

fit between array-derived rotation and direct measurements is observed for the

most dominant signals (Love waves). These results indicate that – given ac-

curate 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 ar-

ray (or the specific reference station). However, it is important to note that –

given the observations described in Figure 5 – it may be dangerous to use only

the minimally required three stations as even relatively small noise levels may

deteriorate the rotation estimates.

While the results suggest that the observation of array-derived rotations is

feasible, it is important to note that we considered a fairly long-period signal

in this study. Errors will certainly be more pronounced for earthquakes with

shorter epicentral distances and higher-frequency wave fields. In the light 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 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 seismometer

are separated by approximately 250 m.

16



0 5 10 15 20

0

2

4

6

8

10

12

14
x 10

−4

S1

S2

S3

S4

S5

S6

S7

S8

WET

Time [min]

E
W

−
V

el
oc

ity
 [m

/s
]

0 5 10 15 20

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

x 10
−3

S1

S2

S3

S4

S5

S6

S7

S8

WET

Time [min]

N
S

−
V

el
oc

ity
 [m

/s
]

10 10.5 11 11.5 12

−1

0

1

x 10
−4

Time [min]

V
el

oc
ity

 [m
/s

]

10 10.5 11 11.5 12

−1

0

1

x 10
−4

Time [min]

V
el

oc
ity

 [m
/s

]

Figure 2: Velocity seismograms for the M6.4 Al Hoceima Morocco earthquake of

February 24, 2004, recorded by the array. A superposition of all seismograms in

a 2-minute time window is shown in the lower part. All seismograms, including

the broadband seismogram (WET, top), are restituted and bandpass filtered

from 0.03 Hz to 0.5 Hz.
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Figure 3: Synthetic velocity seismograms for the M6.4 Al Hoceima Morocco

earthquake of February 24, 2004, for all the array’s station as well as the central

station (WET), calculated for a 3-D 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.
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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 sub-

triangles (indicated in each panel). The normalized correlation coefficients are

given for each trace pair.
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Figure 5: Non-uniformity of array-derived rotation rate (gray lines) across the

array in different sub-triangles, 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.
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Figure 6: Non uniformity of array-derived rotation rate across the array for dif-

ferent sub-triangles for synthetic data with a single phase-disturbed station (S8

– by 10%) and 3% of random noise added for all stations. (a) Vertical compo-

nent 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 cal-

culated from all nine stations and compared with the true rotation (black line).

The normalized correlation coefficients are given for each trace pair.
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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), superim-

posed with the noise-free 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.
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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 4. 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 in unlikely to affect our results.
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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).
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Figure 10: Vertical component of array-derived rotation rate from real array

data set (gray line) superimposed with ring laser data (black line). Nine stations

including the broadband data are used to calculate the array-derived rotational

signal. Both traces are bandpass filtered from 0.03 Hz to 0.3 Hz.

25


